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ABSTRACT OF THE DISSERTATION
Spectroscopy of Tryptophan in Electron Transfer and Membrane Protein Folding
by
Ignacio Lopez Pefia
Doctor of Philosophy in Chemistry
University of California, San Diego, 2017
Professor Judy Kim, Chair

The tryptophan fluorescence of proteins has been widely used to examine protein
structure, ligand binding, and conformational changes. The triplet state is also well suited
for examining protein structure and dynamics because of its long lifetime in some proteins,
up to seconds. This dissertation focuses on several aspects of the tryptophan triplet,
especially the photochemistry and photophysics of this chromophore in electron transfer

and membrane protein folding.

Chapter 3 describes the role of the tryptophan triplet state in mediating

intermolecular electron transfer (ET). The ET rate across large distances is slow relative to

XV



a typical fluorescence lifetime. The photooxidation reaction of tryptophan in mutants of
apo- and Zn(Il)azurin is shown to involve the triplet state via measurements of triplet
absorption and phosphorescence in the presence of an external electron acceptor. The
formation of neutral radical is demonstrated to coincide with quenched phosphorescence.
The formation kinetics of the triplet state and neutral radical were modeled, and the results
of 1x107 and 8x10° sec™?, respectively, agree with a proposed intermolecular ET pathway

(~18 A) along 10 covalent bonds and two through-space steps.

The tryptophan triplet decay kinetics are known to be different in D>O compared to
H20. This isotope effect is correlated with local solvent accessibility, and can be used to
examine changes in hydration during membrane protein folding. Chapter 4 describes
experiments on a model tryptophan compound, a membrane-associated peptide (melittin),

and a transmembrane protein (OmpA). An isotope effect was present when tryptophan
was exposed to bulk solvent, such as in unfolded melittin (kHzo/szo:OJl), but
disappeared when buried in a bilayer, such as in folded melittin (ki , /Ky, =1.07).

Additionally, when OmpA was bound to the native molecular chaperone Skp, an isotope
effect was absent (kHZO / Kp,o = 1.00). These results suggest Skp plays a role in desolvating
OmpA, allowing OmpA to fold into the bilayer more easily. These data indicate that triplet

photophysics may be a general tool to determine changes in hydration for proteins.

Finally, spectroscopy of protein chromophores, including tryptophan, and
prosthetic groups reveals local structure and dynamics. Chapter 5 discusses applications of

UV and visible resonance Raman spectroscopy to proteins.
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1 Introduction

1.1 Motivation

Since Pauling and Corey deduced the structure of the a-helix and -sheet, chemists
have been curious about protein structure. The protein scaffold is involved in essentially
every cellular process. Proteins enable energy conversion, chemical storage, ion transport,
and many other biochemical transformations.! The three-dimensional shape of a protein is
key for its function. The native conformation is formed when a nascent polypeptide
spontaneously self-assembles in a remarkable process called folding.>® The one-
dimensional amino acid sequence contains all the information necessary for folding.
Misfolding can occur if there are mutants in the encoded gene of a protein, which in turn,
may lead to problems in folding kinetics and/or thermodynamics; these misfolded proteins
are implicated in several aggregation-related diseases. Given the fundamental importance
of protein folding, a natural question emerges: Can undiscovered concepts in catalysis or

disease be revealed by understanding the interplay between protein structure and function?

In protein structure elucidation, high-resolution X-ray diffraction and NMR
spectroscopy are powerful imaging tools. By combining optical spectroscopy with atomic-
resolution structures, a comprehensive mechanistic picture of a protein can be illustrated.
An optical spectrum of a chromophore or prosthetic group reveals information about
bonding and local environment. For example, an absorption spectrum reports on electronic
structure, and Raman spectra provide information about vibrational structure. In addition
to steady-state insights, the kinetics of transient species can be investigated using rapid

mixing or photolysis techniques. While structural tools only reflect the steady-state picture



of a protein, kinetics provides insight into the dynamics that is key for protein function.
Optical studies of protein dynamics have led to important contributions to our
understanding of ligand binding*®, light transduction in rhodopsin®, and allostery in heme
proteins”®. An important requirement for optical studies is a reliable chromophore that
reports on structures and/or dynamics. In proteins, the aromatic amino acid tryptophan is a
ubiquitous spectroscopic probe. Spectroscopic studies of tryptophan are the subject of this

dissertation.



1.2 Tryptophan optical transitions

The aromatic amino acid side chains, i.e. phenylalanine (Phe), tyrosine (Tyr), and
tryptophan (Trp), give rise to an ultraviolet absorption between 250 and 300 nm. The
complex photophysics and photochemistry of these aromatic residues in aqueous solutions
and proteins have been the interest of several theoretical and experimental investigations.
As shown in Figure 1.1, the maximum molar absorptivity of Trp is greater than that of Tyr
by a factor of 4, and exceeds the molar absorptivity of Phe by more than 20-fold. The broad
Trp absorption at 280 nm is the result of two overlapping absorption bands. These are the
La and Ly transitions in Platt notation.® The Trp absorption is slightly red shifted in
comparison to Tyr and Phe absorption maxima. This difference permits selective excitation
at 295 nm, which allows interrogation of Trp in proteins without interference from Tyr or

Phe.

The absorption of light promotes a molecule to a new electronic state (Sn). As
shown in Figure 1.2, several unimolecular pathways can dissipate the absorbed energy.°
Following photoexcitation, a molecule quickly relaxes to the lowest vibrational energy
level of the lowest singlet excited state (S1). The non-radiative deactivation of the singlet
excited state proceeds via internal conversion to the ground state (So). The efficiency of
internal conversion depends, in large part, on vibrionic coupling to the solvent. The
coupling efficiency of Trp with water has applications to membrane protein folding, and
this topic is the focus of Chapter 4. Another non-radiative pathway is intersystem crossing
to the triplet state (S — Tn). The rate of intersystem crossing can be enhanced by
bimolecular interactions with heavy atoms, whose large angular momentum enhances spin-

orbit coupling.!* The transition (n-n*) < 3(n-n*) is formally spin-forbidden by El Sayed’s



rules, but weakly allowed in Trp. Because of the forbidden nature of the transition singlet
o triplet, the triplet lifetime is on the order of ms, and is several orders of magnitude longer

than the ns lifetime of the singlet state.
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Figure 1.1 Absorption (A) and emission (E) of the aromatic
amino acid residues in aqueous buffer, pH 7. Reproduced
from ref 4.
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Figure 1.2 Jablonski diagram indicating electronic states and vibrational
sublevels. Absorption (A), fluorescence (F), and phosphorescence (P) are
shown as solid arrows. Higher-lying energy levels are denoted S, (singlet
states) or Tn (triplet states). Nonradiative transitions, such as internal
conversion (IC), intersystem crossing (ISC), and vibrational relaxation
(VR), are represented by wavy arrows. Reproduced from ref 10.



Fluorescence (S1 — So) and phosphorescence (T1 — So) are radiative transitions to
the singlet ground state. The fluorescence from Trp is intense, broad, and featureless.*
Furthermore, it is sensitive to the polarity of the local environment. For instance, Trp
displays an emission maximum of 308 nm when buried in the hydrophobic interior of
azurin. When solvent exposed, the Trp emission shifts to 355 nm. The fluorescence
emission maximum, anisotropy, quantum yield, and lifetime are important probes for
investigating protein conformational changes, such as in protein folding and unfolding.
Most proteins also display room-temperature phosphorescence in deoxygenated
solutions.?*3 The phosphorescence from Trp is easily distinguished from the fluorescence.
It has vibrionic structure with a 0-0 band at ~410 nm, as shown in Figure 1.3. In contrast
to fluorescence, phosphorescence is not sensitive to the polarity of the local environment.
However, the long phosphorescence lifetime is highly susceptible to bimolecular
quenching. In addition to radiative decay in the form of fluorescence and phosphorescence,
a variety of non-radiative deactivation mechanisms can depopulate excited states and
thereby quench steady-state emission; these mechanisms include bimolecular energy
transfer, charge transfer, electron transfer, collisions, and excited state chemical reactions.
The quenching of the phosphorescence in azurin by an external electron transfer is the

subject of Chapter 3.
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Figure 1.3 Absorption (A), fluorescence (F), and phosphorescence (P) of
the model compound N-acetyl-tryptophanamide (NATA) at room-
temperature in aqueous buffer, pH 7. The steady-state fluorescence and
phosphorescnece spectra were acquired with 295 nm excitation. The
phosphorescence spectrum was acquired in the presence of 4 M Kl and 1
mM NaS>04 to the NATA solution.



1.3 Excited state reactivity

The lowest singlet and triplet excited states of Trp are reactive. The excited state
energies from their respective 0-0 transitions are about 4.0 and 3.0 eV. When Trp is
photoexcited with ultraviolet radiation in aqueous solution, the primary photochemical
process is ionization, which may proceed via monophotonic ionization from a pre-
fluorescent state, or via two photon processes from a thermally equilibrated excited state.'*

In rigid solutions, the triplet state is the main precursor in ionization.*®

The reactivity of the excited states toward an electron acceptor (A) can be

characterized by electron transfer, such that

TrpH A —Y 5 “TroH .. A —KEL5 TrpH™ ... A™

The rate of electron transfer depends on the driving force, distance, and
reorganization energy as described by Marcus.!® The photooxidation of Trp produces
oxidized radical intermediates, and involves an initial electron transfer (ET) event followed
by a proton transfer (PT) event. The rate of deprotonation of the cation radical is estimated
to be on the order of 10° sec.}” The Trp cation and neutral radical in aqueous solution
have been characterized by transient absorption spectroscopy.'® The photoionization and
photochemistry of the triplet state, and its role in radical formation in azurin is the subject

of Chapter 3.



10

1.4 Overview

This dissertation examines the photochemistry and photophysics of tryptophan in a
protein electron transfer reaction, and in membrane protein folding. The triplet state
dynamics are a unifying theme of these studies. In Chapter 2, the general spectroscopic
instrumentation is described, and protein expression and purification procedures are

presented.

Chapter 3 is centered on the mechanisms of photooxidation of tryptophan in a
model protein, azurin. The UV-photooxidation of Trp in Zn-substituted azurin in the
presence of a suitable exogenous electron acceptor produces stable neutral radical.!® The
coordinated Zn-metal is not redox active in the photooxidation reaction. The backbone C,
rms deviation of Cu(I1)-, Zn(11)-, and apoprotein X-ray crystal structures is less than 2.0 A,
with most of the differences emerging from the metal coordinating ligands.?° The structure
of azurin is surprisingly rigid (Figure 1.4). What is the role of protein dynamics in the
photooxidation mechanism? In Chapter 3, the formation of Trp neutral radical in apoazurin
is investigated. The phosphorescence of apoazurin is shown to be quenched by an external
electron acceptor, and this quenching efficiency correlates with formation of the neutral
radical. The steady-state concentration of triplet under continuous illumination is
determined from the triplet-triplet absorption spectrum, and the susceptibility of the triplet
state to photoionization is described. The kinetics of photogeneration of neutral radical in
the presence of quencher is examined, and an intermolecular electron transfer pathway is
proposed. These results are the first to implicate the triplet state in formation of the neutral

Trp radical in azurin.
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Chapters 4 focuses on the triplet state as a probe of solvent exposure during
membrane protein folding. The outer membrane protein A (OmpA) is a beta-barrel
transmembrane protein that is capable of refolding spontaneously into synthetic lipid
bilayers from the denatured state.?’ The native protein contains five native tryptophan
residues in the transmembrane region that are excellent spectroscopic probes for folding.
These residues are shown in the folded structure in Figure 1.5, which is reconstructed from
X-ray crystal structures of the transmembrane (1-171) and soluble domains (171-325).
The high-resolution structure describes a steady-state picture of the protein. In protein
folding, one important thermodynamic driving force is solvent reorganization, also known
as the hydrophobic effect.?? How does protein hydration affect folding intermediates during
insertion and folding? In Chapter 4, the triplet decay kinetics of a lipid-associated peptide,
melittin, and single-Trp mutants of OmpA were studied in deoxygenated water and
deuterium oxide solutions. The decay kinetics exhibit an isotope effect due to vibrionic
coupling to the solvent. This isotope effect can be utilized to investigate the change in
hydration during the folding reaction, and help elucidate chaperone-binding events and
membrane protein folding mechanisms. These results are important for characterizing the

role of protein solvation in membrane protein folding.

In Chapter 5, the application of ultraviolet and visible resonance Raman in studies
of protein structure and dynamics is reviewed. The fast time resolution and high selectivity
of resonance Raman makes it a valuable tool for obtaining structural information about
protein chromophores and prosthetic groups. Examples include rhodopsin, soluble and
membrane proteins, and peptides. Despite numerous attempts to elucidate the vibrational

structure of Trp triplet, a clear spectrum is not yet reported, in part because of facile
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photoionization of the triplet state described in Chapter 3. Nonetheless, Raman spectra of
an unidentified species, possibly triplet state, that is resonant with blue excitation is

included in the Appendix.

Spectroscopy of tryptophan, as well as its photophysics and photochemistry, is a
valuable tool for investigating protein structure and dynamics. The benefits of my studies

to future investigations of proteins are presented as concluding remarks in Chapter 6.



Figure 1.4 X-ray crystal structure of Zn-substituted azurin from PDB 1E67.
The five coordinating ligands G45 (backbone carbonyl), H46, C112 H117,
and M121, as well as the single buried W48 residue are shown.

13



Figure 1.5 OmpA transmembrane (PDB:1QJP). The loops were reconstructed using
MODELLER. Native tryptophan residues in their respective positions are shown.

14
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2 Experimental techniques
2.1 Steady-state photolysis and absorption

The continuous excitation (photolysis) of protein samples with ultraviolet (UV) and
blue light was used to perturb the ground state equilibrium, creating transient species that
were analyzed using a dual beam scanning spectrophotometer. In Figure 2.1, a schematic
of the optical paths through the sample are shown. The absorbance of samples was
measured along the long 10-mm pathlength (£) of a 10 x 2 mm cuvette. The bandwidth of
the probe beam from the UV-Vis spectrophotometer was set to 2 nm, and the slowest
wavelength scanning speed of 300 nm/sec was used for optimal single to noise data. The
width of this probe beam was ~1.5-2.0 mm at the face of the cuvette, which ensured that
the probe beam was smaller than the 2-mm width of the sample in the cuvette. The

excitation sources A, and A, were aligned orthogonal to the probe beam along the short

pathlength (d). The concentration of the sample was chosen such that the absorbance along

the short pathlength was ~0.3 optical density (OD).

A UV light-emitting diode (LED) was carefully selected to provide intense actinic
light. The wavelength and power output of the LED is critical for achieving sufficiently

high excitation rates, and thus measurable steady-state concentrations of transient species.
The wavelength at 280 nm (1) was selected because it corresponds to the peak La/Ly
absorption. The power output of several LEDs from multiple sources were tested, and only
the Crystal IS light source was found to fall within the advertised binned power range of 1

mW. This LED uses a fused-silica ball lens integrated into a TO-39 package. The typical

peak profile is shown in Figure 1.2. The photolysis area on the sample was 8 x 8 mm square.

17
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In general, the power output and wavelength stability of thermally-stable UV LEDs are
excellent. The on-time of the LED was less than 5 minutes during the experiment, and

temperature during this time was stable as measured by the case temperature.

A blue laser diode was used as a second light source for photolysis. This diode was

harvested from a Pioneer BDR-209DBK drive. The output wavelength for the Blu-ray
specification is 405 nm (A, ). The blue light was focused using an AR-coated aspherical
F/0.7 lens, and made roughly collinear with the UV light through the sample. The average

output power at the sample was 440 mW and the beam dimensions were similar to the UV

beam.
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Figure 2.1 Steady-state photolysis paths of the cuvette. The optical axis is defined
by the spectrophotometer probe beam path. Actinic light with wavelengths A1
and/or A, entered the sample orthogonal to the optical axis of the UV-Vis
spectrophotometer with incident intensity lo. Typical dimensions for the UV and
blue actinic beams (A1 and A») are labeled; the excitation pathlength were €=2
mm; the incident beam with intensity lo had a typical width of 1.5-1.8 mm.
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2.2 Nanosecond (ns) time-resolved transient absorption

By monitoring the transient absorption signal of photoexcited samples, information
about the dynamics of the transient species can be obtained. The ns time-resolved
instrument is the same as described previously.! An optical parametric oscillator
(OPOTEK, Magic Prism) was pumped at 20 Hz using the third-harmonic of a Nd:YAG
laser (Quantel, Brilliant) to produce pulses at 580 nm. The output was directed through a
barium borate (BBO) crystal to generate frequency doubled actinic pulses at 290 nm with
an average energy per pulse of 50 pJ at the sample. This wavelength selectively excites Trp
in proteins containing Tyr and Phe. A continuous-wave 65 W Xe arc light (PTI, New
Jersey) was used as the probe beam. The damaging infrared and deep-UV light from the
lamp was eliminated with a 10 cm IR water filter and a UV (>390 nm) long pass filter. The
excitation and probe beams were made collinear with diameters of about 4-5 mm as they
entered the sample. A fiber optic was used to direct the probe light to the detector; this fiber
optic was unusually long (33 meters) because it also served to temporally separate Q-
switching noise from detection. The output from the fiber optic was focused onto a PTI
monochromator (bandpass 10 nm) and detected with a PMT (Hamamatsu R928) operating
with five biased dynodes. The anode current was converted to voltage using a
transimpedance amplifier (Edmund Optics 59-179), and recorded by a 500 MHz digital
oscilloscope (LeCroy Wavesurfer 452). The bandwidth was limited to 14 MHz. The
voltage transient was converted to an absorption signal using the pre-pulse voltage as the

incident intensity (lo).
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2.3 Expression and purification of OmpA and azurin
2.3.1 OmpA

The folding of recombinant wild-type and mutant outer membrane protein A
(OmpA) from Escherichia coli was examined using the tryptophan residue as a
spectroscopic probe for insertion and assembly into synthetic lipid bilayers. The procedure

for the expression and purification of OmpA was used as described previously.>®

Unless specified, all single-trp mutant constructs used the pET1102 vector
originally developed by Kleinschmidt et al.” This plasmid was a gift from Prof. Tamm,
University of Virigina. The plasmid was modified earlier using site-directed mutagenesis
to generate single-trp mutants,® and used here without any further modifications. In wild-
type OmpA, the native tryptophan residues are located at position 7, 15, 57, 102, and 143.
In single-Trp mutants, four of the five native Trp codons were changed to Phe. Single-trp

variants fold into synthetic bilayers.®

Recombinant protein was expressed using OmpA- and OmpC-free E. Coli strain
JF733. Bacteria were grown in six 1 L conical flasks with Luria Broth (LB) media.
Ampicillin was added to a final concentration of 50 ug/mL, and isopropyl B-D-
thiogalactoside (IPTG) to a final concentration of 1 mM. Each flask was inoculated with
overnight culture, and grown at 37 °C for about 6 hours (ODsgo=1) with constant shaking
at 180 rpm. Cells were pelleted by centrifugation at 6,000 rpm for 10 minutes, and the

pellets were harvested and frozen at -80°C overnight.

Cells were lysed in two steps. First, cells were resuspended in lysis solution (0.4 M

sucrose, 5 mM Tris-HCI, 10 mM EDTA, and 0.25 mg/mL lysozyme) containing 1 mM
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phenylmethylsulfonyl fluoride (PMSF) as a protease inhibitor. The resuspended cells were
stirred on ice for 1 hour. Second, the resuspended cells were sonicated using a %2 horn tip
for 5 minutes with a 50% duty cycle. The lysed mixture was first pelleted by centrifugation
at 5000 rpm to remove unwanted cell junk. The remaining supernatant was spun at 17,000
rpm for 90 minutes to separate a membrane protein pellet from the supernatant. The

remaining brown-red pellet contains OmpA.

The membrane pellet was further separated into peripheral and integral membrane
protein fractions. The pellet was resuspended in a pre-extraction solution (3.5 M urea, 20
mM Tris-HCI, 0.05 % 2-mercaptoethanol). This mild-denaturant solution releases
peripheral proteins from the membrane. The pre-extraction mixture was pelleted by
centrifugation at 17,000 rpm for 2 hours. The supernatant was then separated from the
membrane proteins and OmpA-containing pellet. The pellet was resuspended in 70 mL
solution a 1:1 mixture of denaturant (8 M urea, 20 mM Tris-HCI, 0.1 % 2-ME, pH 8.5) and
isopropanol. A final centrifugation at 17,000 rpm for 1.5 hours is used to separate OmpA-

containing supernatant.

The OmpA-containing supernatant was purified by anion exchange
chromatography. The supernatant was loaded onto a prepacked 5 mL HiTrap Q Sepharose
FF column (GE Healthcare) equilibrated in denaturant buffer (8 M urea, 15 mM Tris-HCI,
0.05 % 2-ME, pH 8.5). The protein was eluted using a salt gradient, and the eluent was
analyzed for absorbance at 280 nm. The fractions with the highest A2g0/A260 Were collected.
In addition, the purity was further was assessed by SDS-polyacrylamide gel electrophoresis

(PAGE). The fractions were concentrated, desalted, and buffer exchanged using an Amicon
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stirring cell with a YM-10 membrane. Purified, unfolded OmpA samples were frozen, and

stored at -80°C. Samples were thawed when needed.

2.3.2 Azurin
Apo- and metal-substituted azurin samples were kind gifts from members of the
Kim group. The expression and purification protocols are described by Larson et al® and

in the M.S. thesis of Justine Liang®.

For experiments that involved the triplet state, protein samples were prepared
anaerobically in atmospherically controlled cuvettes. Samples were subjected to repeat
cycles of vacuum and argon gas using a Schlenk line, and sealed under 1 atm of Ar. The
sample concentrations, optical densities, and pathlengths are described in respective
sections. Samples were stirred with a magnetic stir bar during the duration of the

experiment. The degradation was examined by absorption at the end of each experiment.
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3 Photogeneration of tryptophan radical from the triplet excited state in azurin

3.1 Abstract

Steady-state UV-photolysis experiments of tryptophan in azurin were used to
investigate the role of the triplet state in electron transfer within the framework of long-
range interprotein electron transport. The triplet absorption and phosphorescence are
guenched in the presence of an electron acceptor. The microscopic rate constants for

electron transfer (k. , 8x10° sec™) and deprotonation (k 4x10° sec™) were calculated

deprot !
from the kinetics of neutral radical formation. The two-photon ionization of tryptophan is
also reported. The tryptophan neutral radical can be generated from the triplet state either
by electron transfer or photoionization. These results agree with previous reports from

phosphorescence quenching experiments.
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3.2 Introduction

Long-range electron transfer (ET) is a key component of biological oxidation-
reduction reactions. The photosystem Il redox chain for example uses several redox
intermediates, including an essential tyrosine radical (TyrZ),! to generate a charge
separation greater than 20 A with a near unity quantum efficiency?2. Rapid multistep ET
via multiple redox centers competes favorably against deactivation processes. In proteins,
the side chains of aromatic amino acids (e.g., tyrosine and tryptophan) readily oxidize to
form radicals, and thereby these amino acids can act as important mediators in long-range
ET. Several studies have shown that aromatic amino acid radicals enhance enzymatic
catalysis.* Tryptophan radical intermediates have been detected in the mechanisms of
cytochrome ¢ peroxidase,® ribonucleotide reductase,® and DNA photolyase.’ In this report,

we focus on investigations of ET reactions involving tryptophan in a model protein azurin.

The type | blue copper protein azurin is a redox partner in the bacterial electron
transport chain. Azurin, with a molecular mass of 14 kDa, contains a Trp residue at position
48 buried inside a hydrophobic pocket. Trp48 has been oxidized using a photoactive redox
label,® and also directly photooxidized in a tyrosine-deficient mutant.>° The oxidation of
tryptophan is a stepwise proton-coupled ET (PCET) event producing a cation radical
intermediate followed by proton transfer. The resulting tryptophan neutral radical is a long-
lived species that is stable for several hours in an oxygen-free environment. This relatively
long-term stability has allowed for comprehensive spectroscopic characterization by
absorption, resonance Raman, and EPR. Previous work by Larson et al show that the
photogeneration of neutral radical is observed only in zinc-substituted azurin and not the

native holoprotein of copper-azurin.°
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The tryptophan fluorescence in copper-metalated holoazurin is noticeably
quenched compared to apoprotein and other metal-substituted azurins.*® Petrich et al
ascribed the quenching mechanism to electron transfer from the excited tryptophan singlet
to the copper center based on measurements of fluorescence lifetimes and theoretical

considerations for an intraprotein ET path (k. ~10° sec™).** In addition to fluorescence,

the phosphorescence is also quenched in metalated azurins. The quenching of the triplet
state may simply reflect short lifetimes of the parent singlet state, but may also reflect ET

from the triplet state to the metal.’

The zinc-substituted and copper metalated proteins are the subject of the current
study; Trp48 in zinc-substituted azurin exhibits relatively long excited singlet (~ns) and
triplet (~ms) state lifetimes compared to the copper-metalated system. In holoazurin, the
fast intra-protein ET rate between the singlet state and copper center outcompetes

intersystem crossing, ISC (k... ~107 sec’). Hence, when the excited state lifetime is long (

ISC

k., ~108 sect), the triplet state becomes a reasonable deactivation pathway for the excited

fluo

singlet state, enabling intra-protein ET from the triplet state to metal center.

The long-lived tryptophan triplet and neutral radical intermediates of azurin offer
an extraordinary opportunity to examine the photoinduced oxidation of tryptophan. The
focus of this study is to investigate the role of the triplet excited state in the intermolecular
ET reaction of azurin. We demonstrate that the quenched phosphorescence in azurin
samples containing an electron acceptor is associated with the formation of neutral radical.

The neutral radical formation kinetics are modeled to estimate the ISC, ET, and
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deprotonation rates. The estimated rates indicate that photooxidation of tryptophan can

generally be described by electron transfer from the triplet excited state.
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3.3 Materials and Methods

3.3.1 Sample preparation

The recombinant azurin mutant Y72F Y108F from Pseudomonas aeruginosa was
expressed and purified as described previously'®!® with modifications.!® The single-
tryptophan apoprotein mutant is referred to as apoAzW48, and the copper(l1) holoprotein
is Cu''AzW48. The copper-bound holoazurin was demetalated by dialysis against a 500
mM potassium cyanide solution.?’ The apoprotein was stored in 50 mM acetate buffer at
pH 4.5, and Zn-substituted azurin was reconstituted by dialysis in 7 mM ZnSO4. The ratio

ODs30/OD2g0 of the apoprotein and Zn protein were both less than 0.002.

3.3.2 Photolysis and photoionization assays

Samples of apoazurin and Zn(I1)-substituted azurin in deoxygenated solutions were
exposed to continuous UV light (280 nm), blue light (405 nm), or both wavelengths in the
presence and absence of cobalt pentaammine chloride [Co(NH3)sCI]?* acting as an electron

acceptor (quencher).

The UV beam from a light emitting diode LED280J OPTAN (Crystal IS, New
York) produced excitation at 280 nm with a fwhm of 10 nm as reported by the
manufacturer. The average UV output was 0.95 mW. A ball lens expanded the UV beam
perpendicular to the probe beam of a scanning spectrophotometer (Shimadzu UV-3600).
An 8 x 8 mm squircle of the UV beam overlapped with the probe beam (10 mm height) at
their intersection. Photoionizing blue light from a blue-ray laser diode was focused with an
aspherical lens and made collinear to the UV beam. The average 405 nm output was 450

mW. A 405-nm long pass filter (Semrock, New York) was placed after the sample, along
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the probe light path of the spectrophotometer during photoionization experiments. The
long-pass filter was not necessary for UV-only excitation experiments when spectra were

acquired above 285 nm.

Samples were excited with UV and blue light along the 2-mm path length of a
square 10 x 2 mm quartz cuvette. Absorption spectra were measured along the 10 mm
pathlength. Kinetic traces were collected at 0.1 sec intervals at 514 nm. Samples were not

stirred during photoexcitation.

3.3.3 Steady-state fluorescence and phosphorescence

Emission spectra of deoxygenated samples were collected at room temperature
using a Fluorolog-3 fluorometer (JY-Horiba, California). Samples in a square quartz cell
with sample dimensions 10 x 2 mm were excited via the long 10 mm pathlength, and
emission was collected through the shorter 2 mm pathlength in a right-angle geometry.
Emission and excitation monochromator slits were set to 1.5 nm, and spectra were

integrated for 1 sec per step of 1 nm.

3.3.4 Quantum Yield Calculations

The quantum yields for formation of the neutral radical and triplet state (i.e.
intersystem crossing) were calculated from the rates of appearance. Using the method of
Larson et al with modifications,*® the quantum yield for neutral radical formation was
calculated from the rate of formation of the radical in units of radicals sec™, and rate of
formation of excited singlet state with units of excited W48 sec™® such that,

_ k(W48e)
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In the present study, the linear dependence of the radical formation rate on the
incident power was used to calculate the quantum yield. In each experiment, neutral density
(ND) filters with values of 0.1, 0.2, 0.3, 0.4, 0.5, 1.0 optical density (OD) were used to
attenuate the UV excitation. The incident intensity was also corrected for the absorbance
of the sample at 280 nm. The initial rates in units of radical sec* were determined from the
change in absorbance at 514 nm (es1anm= 2,200 Mt cm™),*® and illuminated volume of 8

X 8 X2 mm.

The quantum yield for triplet formation was determined from the rate of intersystem

crossing k. such that,

k.
isc m = kisch (32)

The observed rate of triplet formation was fit to the following set of differential

equations,
d[Trp]l/dt = —K,i [ Trp] + (175 — ki )ITrp ]+ ki, Trp] (3.3)
d[Trp"]/dt = K,y [TrP] - (1/7)[ Trp’] (3.4)
d[*Trpl/dt = ky [ Trp"]- (/7 )[*Trp] (3.5)

The equations 3.3—3.5 are derived from the chemical reaction:

excit

"Trp* —)kisc "'Trp—>1/rT Trp

Trp+hv

r ic
The excitation rate is given as

Kot = 1 (1) 05 (1) D(4) (3.6)
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In this equation 1(1) is the photon irradiance in units of photons cm™ sec, &, (1)
is the absorption cross-section of the ground state in units of cm? molecule™, and ® (1) is
the probability for generation of W48* per incident photon (assumed to be 1). For the
highest absorbed power, the irradiance 1(1) was 1.3x10%° photons cm™ sec. The value
for o, (1) is £(1)x3.824x107* and equal to 2.5x10"*" cm? molecule™ at 280 nm for

apoAzW48. The singlet lifetime is defined aszg =7y, =1/(k, + k. +k.), where the

ISC

deactivation pathways include radiative (r), internal conversion (ic), and intersystem

crossing (isc), and the triplet lifetime is 7, =1/(k/ +k! ), where the deactivation pathways

are radiative (r) and non-radiative decay (nr). Using known experimental (k and rT) or

excit

published values (7, ), a fit to the rise in the transient triplet absorption was solved

numerically to obtain the rate of intersystem crossing.

3.3.5 Growth and decay of W48«
Absorbance data were converted to fraction of W48 converted to radical via

equation 3.7, where [W48]o is the initial concentration of WA48:

[W48 -]
f = 3.7
converted [W48]0 ( )
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To gain insight into the ET mechanism, time-resolved absorption data were fit to a
set of ordinary differential equations described by the kinetic model in the following

scheme:

1 ¥ leC 3 kET oF kdcpr(}t .
W48 ..Co(Ill) ——— -“W48...Co(lll) ——— W48*"...Co(II) — W48*---Co(Il)
H+

ky +w kdccuy

W48 - - Co(III) W48T... Co(II)

kcxcil

Scheme 3.1 Photooxidation of tryptophan in apoAzW48 in the presence of a Co(lll)
electron acceptor. The photoexcited trp48 residue is denoted *W48*, and the triplet as
3W48. The cation and neutral tryptophan radicals are denoted W48« and WA48s,
respectively. The unreactive oxidized tryptophan photoproduct is denoted W48

The differential equations that are solved for [W48e] are given:

d [‘2148] — K, [WAB] + (I/g) [\ WAS*] + (1, ) [P WAS] (3.8)
% = Koy [WA8B] — (1/75) [ WAB*] - k oo [ WAE*] (3.9)
% = Kisc["WA8*] - (1/ 7, )[*W48] - ke, [*W48] (3.10)
d[Wd—‘t‘S”] = Ker [PWA8] — Ky [WAS™] (3.11)
% = K[ WA ]~ Ky, [WAE'] (3.12)
dWABT]_\  rag] (3.13)

dt — Mdecay
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The set of equations were solved numerically with the initial condition [W48]o =1

k+k:i

excit ! "“nr r
Ts

(100% of molecules are in the ground state at t=0), and the rate constants k

,and k. +K/ _1 were fixed: k
Ty

was determined from experimental conditions (see

excit

equation 3.6). The four rate constants K.,k , K and k were determined through

deprot ! decay !

least-squares fitting. In this mechanism, W48" is an unreactive photoproduct that is

spectroscopically undetectable.

3.3.6 Molecular Dynamics (MD) Simulations

The crystallographic coordinates for apoazurin were obtained from the Protein Data
Bank (PDB:1E65), and processed to predict the protonation state of titratable residues at
pH 7.2 using the H++ webserver (http://biophysics.cs.vt.edu/H++).212 The system was
neutralized with 2 sodium ions, and solvated with 5644 water molecules in a cubic box.

The X-ray resolved disulfide bridge between residues 3 and 26 was maintained intact.

The AMBER 2016 package was used to perform GPU-accelerated MD simulations
with 2 fs timesteps and periodic boundary conditions using AMBER 2016 force-fields.?*
The system was minimized to correct atomic overlap, and then equilibrated by raising the
temperature from 0.1 to 300 K. In equilibration, a pressure of 1 bar was maintained, and
temperature was controlled using a Langevin thermostat with a collision frequency of 2 ps.
A harmonic restraint of 5.0 kcal/mol A% on backbone atoms was gradually removed over
the course of 300 ps. A 10 A cutoff radius was used for range-limited interactions. A set of

five independent 100 ns simulations were completed for analysis. The first 5 ns of each
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simulation were excluded to ensure equilibration. ET pathways were analyzed using the

pathways plug-in for VMD.

3.3.7 Calculation of ET rates
Knowledge of a possible pathway can be used to calculate the ET rate according to

Marcus theory treatment of Fermi’s golden rule,®

2m 1 (A +AG")? 2
k.o =" exp| 222 |IT 3.14
T n J(dnak,T) p[ 47Kk, T }' on (3.14)

where AG® is the driving force, A is the reorganization energy, kg is the Boltzmann constant,
T is temperature, % is Plank’s constant. The coupling term |TDA| was calculated from the

pathways model.?®
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3.4 Results

3.4.1 Phosphorescence quenching

The quenched phosphorescence in protein samples may involve long-range
intermolecular electron transfer from the excited triplet state of tryptophan to exogenous
electron acceptors.2’-2° To investigate this possibility, we examined the room-temperature
phosphorescence of a deoxygenated apoAzW48 sample in the presence of an irreversible
electron acceptor, [Co(NHs)sCI]?*. Figure 3.1 compares the emission spectra without and
with the Co®" electron acceptor. The emission above 400 nm vanishes in the latter. The
spectra were normalized to the intensity of the fluorescence maximum (Amax ~308 nm). The
inset shows the difference spectrum in which the normalized emission from the sample
with Co®* electron acceptor was subtracted from the normalized emission of the sample
that lacked Co®'. The remaining difference spectrum reveals a characteristic 0-0 triplet-

singlet emission band at ~414 nm.

3.4.2 Triplet-triplet absorption spectrum

To investigate the triplet state of apoAzW48, the absorption spectrum was
measured under steady-state UV irradiation. Figure 3.2 (top panel) shows that apoAz\W48
in the absence of Co** develops a light-induced change in absorption. The middle panel
displays the difference spectrum in which the pre-photolysis spectrum is subtracted from
the 280-nm illuminated spectrum. The difference spectrum displays an absorbance at 450
nm, and a decrease at 630 nm. The absorption at 450 nm is similar to the transient
absorption belonging to a triplet-triplet transition as reported by Bent and Hayon.*® The

time-constant for the decay of the absorption is 530 £ 0.10 ms (bottom panel), which is



38

1.0
0.03 o
>
0.8 — & 0.02
>
- B
3 0.6 _ & 0.01
- =
2 <
g 000 IIIIIIIIIIIIII
o 0.4
= 400 450 500 550
Wavelength (nm)
0.2
0.0 T T T T ...I.---I.-- T ] T

300 350 400 450 500 550
Wavelength (nm)

Figure 3.1 Room-temperature emission spectra of 50 pM apoAzW48 in
deoxygenated 20 mM phosphate buffer at pH 7.3 in the absence (solid line) and
presence (dashed line) of 100 pM [Co(NH3)sCI]?* as electron acceptor. Excitation
was at 292 nm. The spectra were normalized for peak fluorescence intensity. A
red shoulder 400-500 nm is present in the emission of the sample in the absence
of Co%*. The inset shows the difference spectrum of the emission in the absence
of Co®* minus the emission from the sample in the presence of Co®*. The
remaining difference feature resembles tryptophan phosphorescence.
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Figure 3.2 Room-temperature triplet-triplet absorption of 250 yuM apoAzW48 in
deoxygenated 20 mM phosphate buffer at pH 7.3 during UV photolysis. The electron
acceptor Co®" is absent from the sample. Top: Absorption spectrum before photolysis
(dashed line), and during 280 nm photolysis (solid line). Middle: The difference spectrum
after subtraction of the pre-photolysis spectrum from the 280-nm constant-photolysis
spectrum. Bottom: The triplet absorption growth and decay measured at 450 nm. The
arrows mark the points at which the excitation was turned (1) on, and () off.
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consistent with phosphorescence lifetime measurements. The quantum yield of the triplet
and rate for intersystem crossing are discussed below. The slight absorbance bleach at 630
nm is a known feature of copper azurin, and is caused by the reduction of trace amounts of
Cu''AzW48 to Cu'AzW48 in the nominal apoAzW48 sample. The small shoulder at 515
nm is a feature of the tryptophan neutral radical, and likely reflects the presence of trace
amounts of both Zn""AzW48 and Cu''AzW48; this combination has been shown to generate

neutral radical.X°

3.4.3 Photoionization of the triplet state

The photooxidation of triplet states can also occur via direct light-induced
ionization as demonstrated by Codogan and Albrecht.3! To test the possibility that
photoionization of the tryptophan triplet generates neutral radical, apoAzW48 samples
were simultaneously irradiated with UV and blue light. The top panel of Figure 3.3. shows
absorption spectra before photolysis and during simultaneous photolysis with both UV and
blue light. The bottom panel of Figure 3.3 shows the difference spectrum, and indicates
an increase in absorption at 488 and 514 nm with a concomitant decrease at 450 nm. The
absorption bands at 488 and 514 nm correspond to tryptophan neutral radical. The peaks
do not remain after the excitation sources are removed. In contrast, photogenerated neutral
radical is stable for hours in Zn(11)AzW48 samples containing Co**. Figure 3.4 shows the
control experiment with only blue light; illumination of the sample with blue light

generates no new spectral features and instead, slightly offsets the baseline absorbance.
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The formation of neutral radical in apoAzWA48 is a surprising result because previous

experiments have suggested that only Zn-substituted AzW48 produces neutral radical.

The photoionization of tryptophan triplet in Zn(11)AzW48 samples was also
examined. Figure 3.5 shows an increase in the absorption of Zn(11)AzW48 samples in the
visible region during UV excitation in the absence of Co*". The top panel show absorption
spectra before photolysis, during photolysis with UV light, and after photolysis. The middle
panel presents the difference spectra after subtraction of the prephotolysis spectrum.
Difference spectrum (D) shows an increase in the absorbance at 488, 514 nm, and 450 nm.
A decrease in absorption at 630 nm is attributed to Cu(11)AzW48 contamination, and the
subsequent bleach of Cu(ll) to Cu(l). The ratio of the steady-state magnitude in the
difference absorbance at 630 to that at 514 nm is about 0.5 in spectrum (E). This ratio
indicates that the amount of neutral radical generated during the experiment is greater than
the amount of Cu(I1)AzW48 reduction by about a factor of about 5 (g630=5900, £514=2200),
suggesting that other electron acceptors outside of Cu(l11)AzW48 must be in the sample.
However, this reduced product was not identified. In contrast to apoAzW48, the neutral
radical peaks in Zn(I1)AzW48 persist after the excitation source is turned off. The bottom
panel is a double difference spectrum, and reveals an absorption band centered at 450 nm
when the signal from steady-state buildup of radical is removed. This isolated transient
absorption resembles the apoAzW48 triplet (see Figure 3.2). The effect of 405 nm

excitation on the radical concentration was also investigated. In Figure 3.6, the top panel



oD

AOD

0.008

0.006 —

0.004

0.002

0.000

0.003

0.002 —

0.001 —

0.000

450

500

550

600
Wavelength (nm)

650 700

Figure 3.3 Photoionization of apoAzW48 triplet state via 405 nm
irradiation. The electron acceptor Co>" is absent from the sample. Sample
conditions were the same as in Figure 3.2. Top: absorption spectrum before
photolysis (dashed line), and during simultaneous 280 nm and 405 nm
photolysis (solid line). Bottom: the difference spectrum after subtraction of
the pre-photolysis spectrum from the constant-photolysis spectrum. The
difference spectrum shows new peaks indicative of the neutral radical.
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Figure 3.4 Top: Absorption spectrum of apoAzW48 before photolysis
(dashed line), and during 405 nm irradiation (solid line). The electron
acceptor Co®" is absent from the sample. Sample conditions were the same
as in Figure 3.2. Bottom: the difference spectrum after subtraction of the
pre-photolysis spectrum from the constant-photolysis spectrum. The
difference spectrum shows a baseline offset caused by 405 nm illumination
of the sample compartment.
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Figure 3.5 Triplet-triplet absorption of 250 puM Zn(I[)AzW48 in
deoxygenated 20 mM phosphate buffer at pH 7.3 during UV photolysis. The
electron acceptor Co®" is absent from the sample. Top: (A) Absorption
spectrum before photolysis, (B) during photolysis with 280 nm light, and
(C) after photolysis. Middle: Difference spectrum (D) during UV photolysis
and (E) after photolysis. Bottom: Double difference spectrum in which 0.8-
times graph (E), the neutral radical spectrum, was subtracted from (D),
transient absorption spectrum, to generate (F). The double difference
spectrum resembles the triplet-triplet absorption of tryptophan.
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Figure 3.6 Photoionization of triplet Zn(I11)AzW48 to neutral radical with 405 nm
irradiation. The electron acceptor Co®* is absent from the sample. Top: Difference
absorption spectrum (black) during simultaneous 280 nm and 405 nm photolysis, and (red)
after photolysis. Bottom. The sample represented by the red spectrum from the top panel
(i.e. the steady-state buildup of neutral radical) was considered to be a subsequent (second)
pre-photolysis spectrum, and was further illuminated with 405 nm light. The black graph
in the bottom panel is the difference spectrum in which the second pre-photolysis spectrum
was subtracted from the 405-nm constant-photolysis spectrum, and represents the bleach
caused by 405-nm illumination of steady-state radical. After the 405-nm light was turned
off, a final difference spectrum was generated to illustrate that there was a steady-state,
irreversible loss of radical with 405 nm excitation. See text for more details.
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indicates that simultaneous UV and 405 nm excitation increases the absorbance at 488 and
514 nm. This finding is consistent with the results in apoAzWA48, and suggests that greater
quantity of neutral radical is generated in the simultaneous presence of UV and 405 nm
light. The effect of 405 nm light on the radical concentration was also investigated. The
bottom panel shows that exposure of a small amount of neutral radical to only 405 nm light
decreases the absorption at 488 and 514 nm, indicating that 405 nm was able to successfully

bleach the radical.

3.4.4 Photogeneration of neutral radical.

The generation of neutral radical in apoAzW48 in the presence of Co** quencher
was investigated. This experiment was motivated by the fact that in the presence of the
electron acceptor [Co(NH3)sCI]?*, relatively stable neutral radical is generated from UV
excitation of tryptophan in Zn(1)AzW48.1° In Figure 3.7, the top panel shows the
photooxidation Kkinetics measured at 514 nm during constant UV excitation. The
absorbance of the sample was measured (A) before, (B) during, and (C) after photolysis.
The absorption spectrum during constant illumination displays neutral radical features at
488 and 514 nm (bottom panel of Figure 3.7). The kinetics of the formation of the radical
as a function of absorbed photon flux was investigated. In Figure 3.8, the left panel shows
the power dependence of the absorbance kinetics at 514 nm. The temporal response of the
inflection in the data depends on the rate of ground state depletion (fastest, 0.035 sec™?, see
below), and the observation of the inflection suggests that a non-productive product is
formed (e.g. decay of the neutral radical, see below). In the right panel, the decay curves

were fit to monoexponential functions, and revealed a time constant Tgecay = 0.025 sec™ that
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is independent of the absorbed photon flux, and is significantly shorter than the lifetime of

the neutral radical reported for Zn(11)AzW48 (~7 hrs).1°

The quantum vyield for generation of the neutral radical was calculated from the
power-dependence data. The top panel of Figure 3.9 shows linear least-squares fits to the
Kinetic traces to determine the initial rates of radical formation. These initial slopes were
converted to rate of formation of the radical using the published molar absorptivity of 2,200
M1 ecm™1% In the bottom panel, the quantum yield is calculated from the graph of initial
rates of radical formation (radicals sec™) and absorbed photon flux (photon sec™) based on
linear regression. The quantum vyield for neutral radical formation of photoexcited
apoAzW48 in the presence of Co®* is 0.009 + 0.003. This value is much lower than the
radical yield in Zn(I1)AzW48 (0.080 = 0.002) and Zn(I1)AzWT (0.045 + 0.004) in the

presence of the same electron acceptor.*®

3.4.5 Electron tunneling pathway

The curves with the second, third, and fourth highest excitations are shown in
Figure 3.9 are shown in the left panel of Figure 3.10; these curves represent the highest
incident powers. The curve with the highest inflection may include photoproduct

absorption, and thus was not included in the fits.

The data were fit to equations 3.8 to 3.13 (Scheme 3.1) The rate constantsk

excit !

k., +k,,and k/ +k’ were fixed: k. was determined from experimental conditions (see

nr? excit

equation 3.6), with values of 0.027 s, 0.024 s, 0.017 s*, for curves B, C, and D,

respectively; k. +k,, is 2.0x10® s*;333 and k' +k’ is 2 s (from Figure 3.8). The three
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rate constants K., Kgr, K and k..., were determined through least-squares fitting,

deprot ! decay
and the results from the fits are shown in Table 3.1. The residuals in the top panel of Figure
3.10 suggest a questionable fit to the data after the point of inflection, but generally the

amplitude is described well. Simulated results for all excitation rates are shown in Figure

3.11.

The ET rate predicted from fitting the data to Scheme 3.1 was compared to a
theoretical result based on the pathways model for electron transfer in proteins.?® As
illustrated in Figure 3.12, the positively charged cobalt may bind onto a negative patch of
the protein near His 83, such as near residues Asp 71 and Asp 76. One viable tunneling
pathway to this patch is shown below in Scheme 3.2 (and shown in Figure 3.12). The
pathway includes 10 covalent bonds, one through-space jump, and one through-space step
to an external electron acceptor. A distance of ~18 A between the donor and acceptor was
estimated from the apoprotein X-ray crystal structure (LE65) coordinates, and counting an

additional through-space step and covalent bond.

5C TS 4C TS 1C n
W48 indole > OW48 —» C His83— N ) His 83 — N (amine) of acceptor »> Co "~ (metal atom)
32A ¢ ¢ 3.5A

Scheme 3.2 Intermolecular ET pathway in azurin

The average electronic coupling from five 95 ns MD simulations was calculated

using the pathways plugin for VMD.3*% An additional 3.5 A through-space step and

covalent bond were included in the pathway, which led to a value for |TDA| of 3.5x10° eV.

Other input values were the reorganization energy A = 0.3 eV, driving force AG® =0 eV,
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and temperature T = 300 K. The distance-based decay factor B reflects the barrier to
through space tunneling in the pathways model. A decay of 1.1 A™* was chosen based on
theory and experiment, including estimates from ET in azurin.®®-*" The predicted maximum

ET rate from W48 to the acceptor based on Scheme 3.2 is ~2x10° sec™.



OD514

0.000 _mA c

Sttt
-200 0 200 400 600 800 1000
Time (sec)

0.085

0.080 —

0.075 —

oD

0.070

0.065

400 500 600 700
Wavelength (nm)

Figure 3.7 Photooxidation of 75 uM apoAz\W48 in the presence of 125 uM
[Co(NH3)sCI]* as electron acceptor. Top: the absorption kinetics were
measured at 514 nm, and interrupted to measure the absorption spectrum
before photolysis (Bottom panel A, black), during photolysis (Bottom panel
B, red), and after photolysis (Bottom panel C, blue).
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Figure 3.8 Photooxidation of 75 uM apoAz\W48 in the presence of 150 uM
[Co(NH3)sCl]? as a function of absorbed photon flux. The left panel shows
the rise of the absorption upon turning on the UV light. The right panel
shows the decay after the light source is turned off. An absorbtion spectrum
was taken at the end of the growth kinetics. The maximum photon flux
without attenuation was 1.3x10*° photon sec™ (0.95 mW). Inset labels A,
B, C, D, E, F correspond to absorbed photon fluxes: 9.0x10*, 7.0x10,
6.0x10%, 4.3x10™, 3.3x10%, 1.1x10%* photon sec?, respectively The
average decay of the signal on the right panel was Kgecay = 1/tdecay = 0.025
sec™.
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Figure 3.9 Determination of the neutral radical quantum vyield for
apoAzW48. Top: Change in absorbance at 514 nm (same curves as Figure
3.8), and (red) linear least squares fits. Inset labels A, B, C, D, E, F
correspond to absorbed photon flux: 9.0x10%, 7.0x10%, 6.0x10%,
4.3x10%, 3.3x10, 1.1x10% photon sec?, respectively Bottom: Graph of
formation rate of radicals per second as a function of absorbed photon flux.
The quantum yield was determined from the linear regression slope.
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Figure 3.11 Left: Experimental results. Right: Simulation of fraction of
W48 converted to neutral radical based on Scheme 3.1, and average rates
from Table 3.1. The indicated excitation rates correspond to experimental
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Table 3.1 Fit results for the triplet as the photooxidation intermediate

kexcit kISC kET kdeprot kdecay
U 2 -1 7 -1 5 -1 5 -1 2 -1
(10°s) (10s) (100s) (10s) (10°s)
A 3.5 - - - —
B 2.7 1.1 8 2 4.4
C 24 1.0 8 4 3.6
D 1.7 0.9 8 4 3.3
E 1.3 - - — —
F 0.4 - - — -
Average 1.0 8 4 3.8
. 1
Notes: 75 =74, =———=5.0nS;7; = =05s
K, +K, K/ +k,,
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3.5 Discussion

Steady-state UV photoexcitation of tryptophan in apoazurin samples provides
insight into the role of the triplet state in long-range ET reactions. The results suggest that
the triplet state is associated with neutral radical formation. The quenching of apoazurin
phosphorescence in the presence of an electron acceptor correlates with the
photogeneration of neutral radical. Tryptophan radical is observed only when
phosphorescence is quenched. These results agree with previous interpretations on the role
of ET as a mechanism to quench phosphorescence in proteins, and advance the role of the

triplet state as a precursor in interprotein and long-range electron transport.

3.5.1 Phosphorescence quenching

The room-temperature phosphorescence of deoxygenated protein samples is a
natural, widespread property.® Proteins with buried, solvent inaccessible tryptophan
residues typically exhibit long-lived phosphoresce on the order of 10 to 10%sec. The triplet
lifetime of apoAzW48 has been reported between 270, 400%, and 600%° ms. This
relatively long lifetime is consistent with the buried nature of W48. The long decay time
of the tryptophan triplet makes the photoexcited triplet state a favorable electron donor in
long-range ET reactions. Support for ET-based quenching of phosphorescence in
apoAzW48 is reported. The presence of the electron acceptor Co3* eliminated the
phosphorescence below our detection limit. A pathway model prediction estimates a
maximum tunneling rate constant through the protein backbone of 2x108 sec™. This
predicted ET rate is consistent with the experimentally determined value of 8x10° sec™
(Table 3.1). Therefore, it follows that quenching of the phosphorescence of the buried

tryptophan residue in apoAzW48 is due to an ET mechanism.?-? A previously reported
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linear dependence of phosphorescence quenching rates with concentration of acceptor
suggests that ET quenching can be the dominant mechanism for deactivation of the triplet
state.?® One other possible deactivation mechanism is triplet-triplet energy transfer based
on Dexter exchange. However, Dexter exchange requires relatively close distances
between electron donor and acceptor because the wavefunctions must overlap.*® This
overlap is unlikely in our experiments because the Co®*" quencher is presumably external
to the protein and more than 10 A from W48. Férster resonance energy transfer (FRET) is
also ruled out because the triplet-to-singlet transition is formally not allowed, and there is
no spectral overlap between donor and acceptor. The molar absorptivity of [Co(NH3)sCI]%*
in the region of W48 phosphorescence (400-550 nm) is also negligible (~0 M cm™)

relative to that of Trp (£202=5800 M cm™).

3.5.2 Triplet absorption

The T1-Tn absorption of UV-photoexcited apo- and Zn(I1)AzW48 samples was
examined under steady-state conditions. In the absence of quencher, a dominating feature
of the difference spectrum in apoAzW48 and ZnAzW48 samples is the triplet absorption
(Figures 3.2 and 3.5). The steady-state concentration of triplet can be estimated a priori

from the ground state depletion (hv+S, — S,). The rate of triplet production can be

determined by considering the quantum yield for intersystem crossing in the expression for

k... described by equation 3.6 above. In these experiments, a 1 mW beam of 280 nm light

excit
was expanded to a 0.8 cm square spot on the sample. The rate of triplet production based
on this power is 0.0028 sec? (I=1.1x10% photons cm? sec?, e25=6800 M cm?,

OD2mm=0.3, and ¢=0.10). As described by Mathies et al, ** the photoalteration parameter
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F =7k, can be used calculate the fraction excited, and F is 0.14% (z, =0.50 sec) in this

case. A sample concentration of 250 uM under steady state excitation creates a triplet
concentration of 0.35 uM, and is expected to generate an absorption of 1.4 mOD (460=5000
Mt cm™)#2, The calculations from this feasibility study are consistent with the magnitude

of the observed absorption at 450 nm.

The kisc value of 3x107 sec? calculated from a fit to the observed rate of triplet
formation (Figure 3.2) agrees with published transient absorption quenching experiments.
Published results of 5x107 sec’ for NATA and Trp, but can range from 2.1-7.6x107 sec*
depending on substituents.*® The quantum yield of 0.15 is identical to the value for NATA
and Trp reported by Chen et al. in aqueous solution.*® These result support the observed

absorption as triplet state in origin.

3.5.3 Two-photon ionization of the triplet

A second beam of 405 nm excitation transforms the triplet absorption of apoAzW48
samples into a spectrum with absorption peaks at 488 and 514 nm. These absorption bands
correspond to the one electron oxidized neutral radical intermediate. A similar decrease in
lifetime of the phosphorescence and triplet absorption of N, N, N’, N’-tetramethyl-p-
phenylenediamine (TMPD), which was explained by a two-photon processes involving the
triplet state.3l 4 The time constant for the phosphorescence decay of L-Trp in rigid
solutions is also sensitive to biphotonic ionization.*® In our two beam experiments,
photoionization of tryptophan generates oxidized radical intermediates, and we conclude

that neutral radical is generated directly from the triplet state.
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The triplet is readily ionized when the energy of the photon exceeds the ionization
threshold. The triplet energy is 3.0 eV above the ground state (phosphorescence emission
max of ~440 nm), and the second excited triplet state lies at about 5.86 eV (T1-Tn
absorption max of ~450 nm). The gas phase ionization potential of L-Trp is <7.5 eV.*
Solvent stabilization of the products may decrease the ionization potential by as much as
2.5 eV* and reasonable one-photon ionization of aqueous tryptophan and model
compounds has been reported with 266 nm in the solvated electron community. 8 It is
reasonable to expect that excitation into the continuum may lead to ionization. Due to the
short lifetime of the cation radical <us, only the neutral radical is expected to be observed

under steady-state conditions.

3.5.4 ApoAzW48e quantum yield

Samples containing [Co(NH3)sCI]?* generate neutral radical during UV excitation.
The radical in apoAzW48 has not been reported until now. The species apoAzW48e is
surprisingly less stable than its counterpart Zn(I11)AzW48e with the same electron acceptor
Co%*; the lifetimes are 40 sec and ~6 hrs, respectively. The quantum yield for radical
formation, as assessed by the initial slopes, is 0.9 %. The maximum vyield reported for
Zn(11)AzW48 is 8%.° This is a surprising result given that the backbone atom RMSD for
apo and Zn-substituted azurin from X-ray diffraction coordinates is less than 0.5 %. It

appears that differences in dynamics may affect radical stability and formation.

3.5.5 Neutral radical kinetics

A Kinetic argument can be made that if the rate of ET (k, ) is slower than the rate

of the singlet excited state lifetime (k, +k,, ), then oxidation will preferentially occur from
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the long-lived triplet state. The rate of ET from the photoexcited state is estimated from the
neutral radical formation kinetics measured at 514 nm as 8x10° sec™. It should be noted

the decay (k... ) of the neutral radical produces a non-productive product that is not

decay
spectroscopically identifiable. The data are consistent with a model that involves stepwise
electron transfer followed by deprotonation. The timescale for electron transfer is on the
order of us, and is slower than the excited singlet state lifetime of 5 ns.3? The triplet state
lifetime is reported as 230—-600 ms,*" 3% and easily quenched by an ET mechanism. The

rate constant for deprotonation of the cation radical is estimated as k. of 4x10° s,

deprot

which is within roughly an order of magnitude of previous estimates of 5x10° s.°

3.5.6 Electron transfer pathway

The kinetic model in Scheme 3.1 requires pre-association of the positively charged
quencher molecule with the protein. Since the pl of apoazurin from P. aeruoginosa is <7,%*
39 the surface charge is acidic as illustrated in Figure 3.12. One proposed binding spot is
near His 83.1° The electron transfer rate constant for the pathway shown in Figure 3.12
concurs with estimates from the rate of neutral radical formation within a factor two. A
second pathway to a disulfide bridge also exists. However, the phosphorescence was
unquenched in the absence of external acceptor. Therefore, it is unlikely that the disulfide
acts as an intramolecular electron acceptor. The ET pathway from W48 to His presented
here awaits investigation by protein modifications. A glutamine mutation at position 83 is
expected to produce a null result with respect to the ET rate constant because the hydrogen-

bonding properties of glutamine and histidine re similar, while mutation from histidine to
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glutamate may attract cobalt and enhance ET. An alanine or lysine residue may turn off

this pathway completely by preventing Co(ll) from binding.
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3.6 Conclusions

The transient and steady-state buildup of tryptophan neutral radical and the triplet
state have been observed in apoazurin samples during constant illumination. The triplet
state was generated under constant UV excitation, as evidenced by spectroscopic signature
of the T1-Tn absorption at room-temperature. In the presence of simultaneous UV and blue
excitation, a two-photon ionization process generated neutral radical in the absence and
presence of an electron acceptor (Co®"), with greater yield of formation of radical in the
presence of an electron acceptor. The observation of phosphorescence quenching of
apoAzW48 in the presence of Co®" suggests ionization proceeds primarily from the triplet
state. The kinetics of radical formation reveal a quantum vyield of 0.9% for the
photogeneration of radical, and allow for the examination of a previously proposed ET
pathway. The results from this study suggest that the long lifetime of the tryptophan triplet
state in proteins makes it possible to overcome kinetic barriers in long-range electron

transport.
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IS 83 > PHE 110

B
H

Figure 3.12 (A) The proposed binding site for Co®" and nearby negatively charged
residues (within 10 A). The surface charges are shown in red (negative) and blue
(positive). (B) Isolated view of the region near W48, and proposed electron transfer path
from trp48 to external electron acceptor Co®* from panel A (dashed line).
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4 Solvent deuterium isotope effect on the decay kinetics of the tryptophan triplet in

membrane protein folding
4.1 Abstract

The role of solvation in protein folding has been studied using a deuterium isotope

effect on the triplet decay kinetics. Unfolded melittin and OmpA exhibit an isotope effect

(kHzo/szo <1). The isotope effect is absent for OmpA bound to its chaperone Skp

(kHZo [Ko,0 zl), and for folded melittin. The differences in the observed isotope effect is

attributed to differences in solvation of the trp residue.

70
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4.2 Introduction

In a suitable environment, the folding of proteins into its native configuration is
spontaneous.! The folding process is well understood for small globular proteins via
statistical energy landscape theory,?* but far less is known about membrane proteins. There
are at least two important driving forces in protein folding. One driving force is the
formation of native contacts that stabilize the folded state.® The other driving force is
solvent reorganization, e.g. hydrophobic effect.® The dynamics of protein chains and
solvent water molecules are typically slaved to each other during folding,” and as such,
water molecules play an important role in the folding mechanisms via their de-solvation

dynamics.® Here, we characterize protein solvation in membrane protein folding.

The folding of membrane proteins in vivo and in vitro is complex. The production
of viable proteins in the cell begins immediately following translation. The leader
sequences of both types of membrane proteins, i.e. a-helical and pB-barrel, directs them to
the sec-translocon machinery. Whereas a-helical proteins are laterally inserted through a
channel into the cytoplasmic membrane,® outer membrane proteins are secreted into the
periplasm between the inner and outer leaflet.® Once in the periplasm, unfolded outer
membrane proteins are bound by molecular chaperones, such as the 17 kDa protein (Skp),
that prevent aggregation. Small outer membrane proteins spontaneously fold into synthetic
lipid bilayers in vitro from the denatured state,'! and are thought to be able to do so in vivo.
The ability of outer membrane proteins to spontaneous fold suggests that common themes
exist between globular and membrane protein folding. Consequently, the folding of outer

membrane proteins has been the subject of many biophysical studies aimed toward
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understanding the basic principles that govern the thermodynamics and Kinetics of

membrane protein structure formation,2-20

Isotopic substitution of the solvent with deuterium influences the phosphorescence
decay kinetics of small aromatic molecules.?!?®> When HO is substituted with D20, the
phosphorescence lifetime of the tryptophan residue has also been observed to display an
isotope effect.24? Specifically, Trp model compounds have been shown to exhibit longer
triplet lifetimes in D2O as measured by phosphorescence; this isotope effect is consistent
with the fact that coupling to D20 vibrations is less efficient than with H>O because of the
decreased vibrational frequency of O-D vs O-H. Many proteins exhibit a long lived triplet
lifetime.?® It follows that small differences in solvation will be reflected in the triplet
lifetime, and moreover, it is expected the transfer of a protein from aqueous solvent to a
lipid bilayer will exhibit a change in the isotope effect because of the elimination of bulk

water in a bilayer.

In this work, we demonstrate an isotope effect in the lifetime of the tryptophan triplet
in unfolded and folded membrane proteins that reflects the presence (or absence) of water
coupled to the chomophore. We examined the decay kinetics of the triplet via transient
absorption, and report an isotope effect that is opposite to that of phosphorescence
measurements. These results highlight the successful application of triplet lifetimes to

determine extent of solvent exposure in unfolded and folded membrane proteins.
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4.3 Materials and Methods

4.3.1 Protein, peptide, and reagents

Recombinant OmpA wild-type (WT) and a mutant were cloned, expressed, and
purified as described previously.'® The mutant studied here was W7, which is a full-length
OmpA variant that contains a single tryptophan residue at the native position 7 and the four
other native tryptophan residues mutated to phenylalanine. Melittin was purchased from
Genscript (New Jersey). The in vitro refolding of denatured proteins was performed using
lipids (1,2-dimyristoyl-sn-glycero-3-phosphocholine, DMPC) from Avanti Polar Lipids.
N-acetyl-tryptophanamide (NATA), urea-d4, and acetonitrile were purchased from Sigma
Aldrich. Acetonitrile was dried using molecular sieves. Ultrapure urea was purchased from
MP Biomedical. Ultrapure H.O (18.2 MQ cm) was obtained from a NANOpure
purification system (Barnstead), and D20 (99.9%) was purchased from Cambridge Isotope
Laboratories or Sigma Aldrich. Potassium phosphate, Tris base, n-octyl-p-D-

glucopyranoside (OG), and all other chemicals were purchased from Fisher Scientific.

4.3.2 Transient absorption measurements

The ns time-resolved absorption apparatus has been described elsewhere?’ and in
Chapter 2. Briefly, the absorption of the Trp triplet was detected at 450 nm using a
continuous-wave broadband probe light source and a monochromator (10 nm bandpass)
with a 5-stage photomultiplier tube. The excitation pulse was generated by pumping an
OPO with the third harmonic of a Nd:YAG laser. The output of the OPO was frequency-
doubled in a barium borate crystal to produce pulses at 290 nm (8-10 ns, 20 Hz, 50 puJ).

The continuous-wave probe beam and pulsed UV excitation beam were made collinear
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through the sample. The transient absorption after photolysis from the 290-nm laser pulse

was bandwidth-limited to 14 MHz and recorded using a 500 MHZ oscilloscope.

The samples were sealed under 1 atm of argon gas after cycling with vacuum in an
atmosphere-controlled cuvette. NATA and melittin samples were prepared to a final
concentration of 50 uM and volume of about 3 mL in a square 10 x 10 mm fused silica
cuvette. OmpA samples were prepared to a final concentration of 40 uM and a volume of
800 uL in a 4 x 10 mm fused silica cuvette. The transient absorption for the latter was
detected along the short pathlength. Each transient absorption trace that was recorded was
an average of 1500 shots. The decay kinetics were determined from an exponential fit to at

least 10x the nominal lifetime.

4.3.3 Indole H/D exchange

The indole nitrogen proton (NH) in NATA samples was substituted with deuteron
(ND) by dissolving fully protiated NATA in D20. The sample was lyophilized to remove
D20, and the resulting ND-NATA solid was redissolved in dry acetonitrile. Melittin

samples were prepared in H2O, D0, or deuterated Tris buffer without further preparation.

Deuterated OmpA was prepared by extensive buffer exchange against 8.0 M
urea—d4, 10 mM Tris/D20, pD 8, with the use of a Millipore Ultra 15 kDa centrifugal unit.
The dilution volume was approximately 100-fold. This sample was diluted an additional
10-fold during the final step of sample preparation. The chaperone Skp in deuterated

buffered was also prepared by buffer exchange.
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4.3.4 Vesicle preparation

The protocol for vesicle preparation has been described previously.'® 28 Briefly, the
chloroform was removed from a lipid stock using a stream of nitrogen gas. The dry lipid
was resuspended in Tris buffer to a concentration of 5 or 10 mg/mL using microtip
sonication. Vesicle solutions were passed through a 0.45 um filter to remove metal debris
from sonication. The final vesicle solution was equilibrated overnight at 37°C prior to
experiments. The final lipid concentration was 1 mg/mL for melittin and 2 mg/mL for

OmpA samples.
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4.4 Results

4.4.1 Isotope effect on the triplet decay kinetics of NATA
Figure 4.1 shows the decay of the triplet absorption of NATA in Tris buffered water

and deuterium oxide solutions. The data are fit to a single-exponential equation. The decay

rate (fl = k) when the indole ring nitrogen is in the protonated form (NH) is defined as

k,, , and when deuterated (ND), the decay constant is k. The decay lifetimes were 72 and

52 us for NATA in H20 and D20, respectively; these results are summarized in Table 4.1.

The triplet decay kinetics from transient absorption display an inverse isotope effect

(kH /Ko <1) compared to published reports that utilized phosphorescence measurements;

in these previous reports, the isotope effect k,, /k, was greater than 1. The triplet NATA

in aqueous 0.3 and 0.8 M urea solutions displayed the same trend as non-urea solutions,
i.e. the triplet state decays faster in deuterated water. The decay lifetimes were generally
longer by as much as 2-fold in urea solutions compared to non-urea solutions. All NATA
samples displayed a baseline offset due to a residual component with a long decay time

constant.

The triplet decay kinetics of protiated and deuterated NATA samples were
measured in aprotic solvent to determine if the isotope effect on the decay kinetics is due

to an intramolecular deuterium exchange or primarily influenced by solvent. Figure 4.2

shows the triplet decay kinetics of NATA (NH/D) samples after solvent exchange to dry

acetonitrile. These triplet lifetimes in acetonitrile were generally longer than in water, but

the samples did not exhibit an isotope effect, k, /k, ~1. This finding suggests that the
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isotope effect in aqueous solution largely reflects coupling of the triplet state to water, and
not intramolecular vibrational differences of NH- vs ND-NATA (discussed further below).
The magnitude of the transient absorption signal in acetonitrile was at least 4-fold greater

than in aqueous solution.

4.4.2 Isotope effect on the triplet decay kinetics of melittin

The triplet decay kinetics and corresponding isotope effect of the melittin peptide
are comparable to the results for NATA samples. Compared to NATA, the lifetime was
slightly shorter for melittin, but the decay traces were remarkably reproducible within the
same sample and different sample preparations; representative data are shown in Figure
4.3. When melittin was added to lipid vesicles (Figure 4.4), the lifetimes for the folded
peptide were relatively unchanged from the unfolded forms, but an isotope effect was

absent, k,/k, ~1. The vesicle-containing melittin samples became opaque during the

duration of the experiment. However, this optical obscurity did not affect the

reproducibility of the melittin triplet lifetimes during the duration of the experiment.

4.4.3 Isotope effect on the triplet decay kinetics of OmpA
The triplet decay lifetimes of unfolded/aggregated WT and W7 OmpA were
quenched by as much as 10-fold compared to unfolded melittin, with lifetimes less than 10

us for unfolded OmpA. The isotope effect was surprisingly opposite to that of NATA and
melittin, with k,, /k, >1. When WT and W7 OmpA was folded into detergent micelles (10
mg/mL OG), the triplet lifetimes of WT increased marginally, while W7 increased
substantially to ~100 ps. In contrast to folded melittin, which lacked an isotope effect, the

decay kinetics of folded OmpA in micelles displayed an isotope effect, k,, /k, <1.
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The triplet lifetimes of unfolded OmpA W7 bound by the chaperone Skp was ~20
us, which is an intermediate value relative to unfolded protein and folded protein in
micelle. This finding indicates that the Skp-bound unfolded form is different from the
collapsed/denatured form in 0.8 M urea (see below). The isotope effect for the Skp-bound

protein was Ky, /k, ~1, which suggests that Skp-encapsulated protein is not as sensitive to

solvent as unfolded in 0.8 M urea or folded protein in OG.

The triplet lifetimes for OmpA W7 were measured at three timepoints during the
folding reaction into lipid vesicles. Figure 4.5 shows that the increase in triplet lifetime
from 15 to 180 usec, which corresponds to 10 to 180 minutes after unfolded protein was
mixed with vesicle. The solution became opaque during the reaction. However, the results

were reproducible between sample preparations.
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45 Discussion

The decay kinetics of the triplet excited state of NATA in water and deuterium
oxide exhibits the normal, expected isotope effect (kHzo /Ko,0 >1) as determined from
phosphorescence lifetimes.?* We characterized the isotope effect on the triplet decay

kinetics of NATA, the single Trp-containing peptide melittin, and OmpA using transient

absorption. The results from transient absorption measurements show an inverse isotope
effect (kHZO /Koo <1); the reason for the opposite outcome from phosphorescence
measurements is the subject of future studies. Nonetheless, the results here illustrate that

the isotope effect can be used to report on the degree of solvent accessibility of the

tryptophan residue in unfolded and folded membrane proteins.

451 NATA

The normal isotope effect in the phosphorescence decay rate of simple aromatic
molecules has been attributed to vibrational contributions to the intramolecular T, —» S,
radiationless transition.?® Similar analyses have been made for intermolecular relaxation
that involves bath accepting modes, e.g. water O—H stretch. The non-radiative decay rate
of the triplet state (under the assumption of Born-Oppenheimer approximation) described
by El Sayed includes a term for vibrational overlap between the excited triplet and solvent

accepting modes: rate of non-radiative transition for the triplet state is

ocl_[‘(asf 1O, ‘2 ®,|V|D,* where @ and O, are the vibrational wavefunctions i and f of
if

the final solvent (S) and initial triplet (T) states, and @, and &, are the electronic

wavefunctions of the solvent and triplet states. The first term, ‘@Sf |®Ti‘2, is simply the
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Franck-Condon (FC) factor. The perturbation, V, could be spin-orbit coupling between the
two states. In the context of Fermi’s golden rule, the transition rate is also dependent on

the density of final states, p. Both the FC factor and density of states can lead to large

isotope effects between the vibrationally relaxed triplet and the singlet ground state.?=! In

this formulation, the rate is governed mainly by vibrational coupling and overlap while the

bath provides a continuum of states (o). The final vibrational states can also be treated.3*

33

In the state diagram shown in Figure 4.5, a lower isoenergetic quantum number for
H>0 (v ~8) compared to DO (v ~16) leads to greater FCs in water than deuterium oxide.
The harmonics were calculated from Tam and Patel.>* We assume that the triplet decay is
dominated by vibronic coupling and FC factors, although no attempt is made to calculate

the rate of decay. However, the observed inverse isotope effect k, , /k, o <1in our results

indicates that other considerations must be made, e.g. excited-state photochemistry or
photoionization. The observation of the normal isotope effect for NATA from
phosphorescence decays reported by Fischer et al. were determined using excitation
energies below 0.1 pl/pulse.?* Further, our decay lifetimes of 72 ps are longer than those
reported previously (NATA 40 ps?*, NATA 30 us®®, Trp 12 us®). One explanation for the
difference in lifetimes maybe due to different methods employed for preparation of

deoxygenated samples.

The central theme of this report is to utilize the isotope effect, regardless of the
direction of the isotope effect, as a measure of the presence of local water. The hope is that

the isotope effect is dominated by solvent accepting modes, and not by intramolecular
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modes on account of ND-NATA or NH-NATA. If the isotope effect can be attributed to
the presence of OH or OD in the solvent, then we expect the isotope effect to essentially
vanish in dry acetonitrile solutions. Indeed, this isotope effect is minimized in acetonitrile,
where the ratio of triplet decay rates of NH-NATA and ND-NATA is close to unity:

k, /Ko =1.07 . Further, the isotope effect is not present in N-methyl indole.?* In general,

this observation suggests that the isotope effect, either normal or inverse, can be used to

indicate the presence of agueous solvent.

45.2 Melittin

If protein hydration evolves during membrane protein folding, we can expect a
difference in isotope effect in unfolded and folded protein. Melittin is a small membrane-
interacting peptide containing 26 amino acids and a single Trp residue. The sequence is
GIGAVLKVLTTGLPALISWIKRKRQQ. The peptide is unfolded in buffered solutions,
and folded when bound to neutral lipids vesicles as determined from the fluorescence
emission. The tryptophan emission maximum blue-shifts 10 nm when bound to lipid
vesicles, suggesting a change from an aqueous to a hydrophobic environment. As expected
with this dehydration event, the isotope effect vanishes when melittin is bound to vesicles,
from 0.71 (unfolded) to 1.07 (folded). This result is consistent with the change in
fluorescence maximum. This finding suggests that isotope effect can be used to investigate

the extent of solvation for a membrane-associated peptide.
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453 OmpA

The isotope effect in unfolded and folded OmpA provides insight into the role of
protein hydration in folding. First, characterizing the unfolded state is just as important as
the folded state in the folding reaction. The triplet decay lifetimes in unfolded WT and W7
OmpA in 0.8 M urea are quenched, likely because of interaction with backbone or residues
known to quench the triplet state (e.g. cysteine, tyrosine, and histidine).®” The isotope effect
of unfolded protein is difficult to measure on account of the short lifetime of <10 ms;
nonetheless, it appears to be normal. It is worth noting that in 0.8 M urea, it may be more

appropriate to consider OmpA as aggregated, and not fully unfolded.

The chaperone protein Skp is known is bind unfolded OmpA. In fact, it has been
proposed that the unfolded form of OmpA bound to Skp is distinct from fully unfolded
OmpA, or aggregated OmpA, in aqueous solution. This difference in structure agrees with
our results. The lifetimes of Skp-bound OmpA are longer than in unfolded OmpA, and the
isotope effect vanishes for the Skp-bound form. It should be noted that approximately half
of the signal is due to a leader sequence in Skp, which contains one tryptophan residue.

Unfortunately, we were unable to obtain Skp that lacked this leader sequence.

We also examined the structure of OmpA folded into OG micelles. The triplet
lifetimes of WT and W7 are longer than unfolded protein. However, the WT lifetimes are
still quenched. In the single trp-mutant the lifetime is longer than the WT protein that
contains five trp residues. One possibility is that triplet-triplet energy transfer quenches the

lifetimes. The folded protein in micelles is distinct from the protein folded into lipid
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vesicles. The presence of an isotope effect in micelles may suggest the water is still

accessible to the W7 position in the folded protein in the micelle cavity.

Finally, the evolution of the triplet lifetime from unfolded to folded states is visible
in the folding experiment of OmpA. As shown in Figure 4.5, the lifetime evolves from 15
to 180 us in H20 during the 3-hour folding period. We have not yet performed the identical
experiment in D20, but expect to observe the disappearance of the isotope effect as the

protein folds.
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4.6 Conclusions

These results show that the decay kinetics of the tryptophan triplet as measured by
transient absorption exhibit an inverse isotope effect for D>O. We examined the triplet
decay kinetics of unfolded and folded membrane proteins. Both unfolded and folded
protein are sensitive to the isotopic composition of the solvent. However, the degree of
accessibility determines the extent of the isotope effect. This study shows that an isotope
effect on the decay kinetics of the tryptophan residue can be used as a measure of solvent

accessibility during folding.
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Figure 4.1 Transient absorption kinetic traces at 450 nm of 50 uM NATA
in H20 (pink) and D20 (green), 40 mM Tris pH=7.6 or pD=8.0. UV pump
power 290 nm was 50 pJ/pulse at the sample. Each curve represents the
average of 1500 pulses. The data were subjected to a 1 us box car average.
The different shades of pink and green (overlaid) are sequential
measurements in H>O and D,0, respectively. The traces of NATA in D2O
(green) were multiplied by a scalar 1.3 to match the amplitude of the traces
in H20 (pink)
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Table 4.1 The tryptophan triplet decay kinetics of n-acetyl-I-tryptophanamide, melittin,

and outer membrane protein A (OmpA) in H20 and D20

Solvent

40 mM Tris
0.3 M urea, 40 mM Tris

0.8 M urea, 40 mM Tris

acetonitrile
(solvent exchange)

40 mM Tris

40 mM Tris,
1 mg/mL DMPC

0.8 M urea, 40 mM Tris

0.8 M urea, 40 mM Tris,
10 mg/mL OG

0.8 M urea, 40 mM Tris

0.8 M urea, 40 mM Tris,
10 mg/mL OG

0.8 M urea, 40 mM Tris,
4x Skp

0.8 M urea, 40 mM Tris
1 mg/mL DMPC, 10 min
0.8 M urea, 40 mM Tris
1 mg/ml DMPC, 60 min
0.8 M urea, 40 mM Tris
1 mg/ml DMPC, 60 min

Lifetimes (us)
NATA NH ND
72+£12 52+6
128 £ 7 112 £10
109 =11 70£5
864 92+4
melittin
50+6 365
52+2 566
WT
27+03 32+03
8.7+0.1 6.3+0.2
W7
41+10 73x14
111 +£13 915
21+3 22%2
W7
15+3
808
180 =18

kH/kD

0.73+0.15
0.88 +0.09

0.64 +0.08

1.07 £0.07

0.71+£0.12

1.07+0.12

1.2+0.2

0.72+0.09

1.8+05

0.82+0.10

1.00+0.15

=k
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Figure 4.2 Transient absorption kinetic traces at 450 nm of
50 uM NATA-NH (pink) and NATA-ND (green) in dry
acetonitrile. UV pump power at 290 nm was 50 pJ/pulse at
the sample. Each curve represents the average of 1500
pulses. The different shades of pink and green (overlaid)
indicate sequential measurements for NATA-NH and
NATA-ND, respectively.
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Figure 4.3 Transient absorption kinetic traces at 450 nm of
50 uM melittin in H,O 40 mM Tris pH(D) 8. UV pump
power at 290 nm was 50 uJ/pulse at the sample. Each curve
represents repeat photolysis of the same sample over the
course of 12000 shots. The data were subjected to a 1 us box
car average.
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Figure 4.4 Transient absorption kinetic traces at 450 nm of
50 uM melittin in H20 (pink) and D2O (green) 40 mM Tris
pH(D) 8, 1 mg/mL DMPC. UV pump power at 290 nm was
50 wl/pulse at the sample. Each curve represents the average
of 1500 pulses. The data were subjected to a 1 us box car
average, the different shades of pink and green (overlaid)
indicate sequential measurements in HO and DO,
respectively. The traces of melittin in D.O (green) were
multiplied by the scalar 0.67 to match the amplitude of the
traces in H20 (pink).
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Figure 4.5 Transient absorption kinetic traces of 40 uM W7
folding into DMPC vesicles at 450 nm. UV pump power at
290 nm was 50 pJ/pulse at the sample. Each curve represents
the average of 1500 pulses. The data were subjected to a 1
us box car average, black is unfolded protein, and gray
curves are kinetic traces at 10, 60, and 180 min after
initiation of the folding reaction. The lifetimes are 15, 80,
and 180 us, respectively.
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Figure 4.6 State diagram for the rate of intramolecular radiationless decay
of the triplet excited state. The relative vibrational energy levels for the
fundamental O—H (3500 cm™) and O-D (2500 cm™) stretches were

calculated from ref 34.
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5 Insights into protein structure and dynamics by ultraviolet and visible resonance
Raman Spectroscopy

5.1 Abstract

Raman spectroscopy is a form of vibrational spectroscopy based on inelastic
scattering of light. In resonance Raman spectroscopy, the wavelength of the incident light
falls within an absorption band of a chromophore, and this overlap of excitation and
absorption energy greatly enhances the Raman scattering efficiency of the absorbing
species. The ability to probe vibrational spectra of select chromophores within a complex
mixture of molecules makes resonance Raman spectroscopy an excellent tool for studies
of biomolecules. In this Current Topic, we discuss the type of molecular insights obtained
from steady-state and time-resolved resonance Raman studies of a prototypical photoactive
protein, rhodopsin. We also review recent efforts in ultraviolet resonance Raman
investigations of soluble and membrane-associated biomolecules, including integral
membrane proteins and antimicrobial peptides. These examples illustrate that resonance
Raman is a sensitive, selective, and practical method for studying the structures of
biological molecules, and the molecular bonding, geometry, and environments of protein

cofactors, the backbone, and side chains.
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5.2 Introduction

The Raman effect was first reported by C. V. Raman in 1928%2 and describes
inelastic scattering of light from molecules. The difference in energy between the incident
and scattered photon corresponds to the vibrational frequency of one of the Raman-active
normal modes of the molecule. Hence, Raman spectroscopy reveals vibrational structures.
Raman scattering is observed for normal modes that are characterized by a change in
polarizability during vibration; in contrast, infrared absorption is associated with a change
in dipole moment during vibration. The Raman effect is inherently weak; ~1 in 10° of the
incident photons is inelastically scattered in the form of Raman scattering relative to
absorption in the form of an infrared transition. The energy of the Raman scattered photon
may be lower or higher than that of the incident light. In Stokes Raman scattering, the
energy of the scattered photon is lower than that of the incident photon (see Figure 5.1).
When the energy of the scattered photon is higher than that of the incident radiation, the
process is called anti-Stokes Raman scattering. Anti-Stokes scattering requires population
of higher-lying vibrational states and, therefore, is observed for only low-frequency or hot

vibrational modes.

In resonance Raman spectroscopy, the incident wavelength is resonant with an
electronic transition. Figure 5.1 shows both the Stokes and anti-Stokes resonance Raman
scattering process. The efficiency of Raman scattering is increased drastically, typically by
~10% to 10°, under resonance conditions.® Vibrational modes that are coupled to the
allowed electronic transition of the absorbing chromophore are selectively enhanced. Fully
symmetric modes generally exhibit the strongest enhancements because they can have

large displacement (A) between ground and resonant excited states (Figure 5.1).° In one
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limit, the Raman cross section of a mode is proportional to A% Separate from resonance
enhancement, the excitation (Eexc) and scattering (Escat) photon energies also play
important roles in determining Raman intensities because the resonance Raman cross
section is proportional to EexcEscarr 3. This wavelength dependence offers an important

advantage for ultraviolet (UV) resonance Raman spectroscopy.

The first biological application of resonance Raman spectroscopy (on carotenoids)
appeared in 1932, which is only four years after C.VV. Raman first reported the Raman
effect.> About four decades later, in 1970, Rimai and co-workers published the spectra of
carotenoid pigments from carrot root and tomato tissue and of the protein rhodopsin from
frozen bovine retinae.”® Raman measurements of the heme structure in hemoglobin®*° and
cytochrome c*' were reported afterward. In light of these studies, a strategy for the
calculation of resonance Raman scattering was presented by Warshel to facilitate
vibrational-mode assignment and the interpretation of spectra from proteins.*? Today, more
than 40 years after the first visible resonance Raman spectrum of a biological system was
published, Raman instrumentation is commercially widespread, and visible resonance

Raman spectroscopy has become a straightforward tool in biophysics research.

In the case of biological molecules, when the excitation wavelength is tuned to
coincide with a UV or visible absorption band of a chromophore, the scattering intensities
of the normal modes associated with that chromophore are enhanced while Raman
intensities of all other normal modes of the biomolecule and aqueous buffer remain weak.
In this manner, resonance Raman spectroscopy provides chromophore-specific signal

without the need for isotopic labeling or other chemical modification. This specificity
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contrasts with infrared absorption in which strong signal from IR-active water as well as
other molecules is a common problem. This increased sensitivity of resonance Raman
allows for the investigation of samples with low concentrations; resonance Raman spectra
of micro- to nanomolar concentrations are obtained in minutes. Raman spectroscopy, like
other vibrational techniques, has high time and structure sensitivity and can be used to
characterize nuclear motions that occur on the timescale of 1013 s and measure changes in
bond lengths of ~0.2 A.2 Collectively, these advantages make resonance Raman a valuable
method for studying the structures of biological molecules, and the molecular bonding,

geometry, and environment of protein cofactors, the backbone, and side chains.

The fact that resonance Raman is capable of yielding structural information with
fast time resolution and high selectivity makes it an excellent tool for the study of protein
dynamics. Steady-state and time-resolved optical techniques, including resonance Raman
spectroscopy, complement high-resolution structural methods in the characterization of
electronic and nuclear structures of biological molecules and reaction intermediates. High-
resolution methods reveal the average atomic coordinates of the protein ensemble, typically
under equilibrium conditions. In addition to static structures, knowledge of the dynamics
associated with proteins is essential for fully understanding their varied functions. A broad
range of dynamical events over several orders of magnitude in time scale have been probed,
such as bond formation and breakage, side-chain rotations, ligand binding, protein folding,
and aggregation. The large variation in biologically relevant time scales can be accessed
with a variety of methods. X-ray diffraction’* and multidimensional nuclear magnetic
resonance (NMR)*® techniques remain two of the most powerful structural tools for

biomolecules. Optical tools are also essential in the study of proteins. It is now standard to
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determine reaction kinetics of aqueous protein solutions using continuous-wave (CW) or
pulsed lasers combined with rapid-mixing, rapid-flowing, or pump-probe methods.
Techniques such as absorption, fluorescence, circular dichroism, and vibrational
spectroscopies offer advantages such as minimal sample preparation, dilute solutions, and
facile sample recovery. The advent of pulsed lasers has allowed for the measurement of
reaction kinetics with femtosecond time resolution, which is comparable to the time scale

for molecular vibrations.

We present in this Current Topic biological applications of resonance Raman
spectroscopy, with focus on time-resolved studies of a prototypical photoactive protein and
recent UV resonance spectroscopy of biomolecules. The first section provides background
on the experimental methods, and the second section discusses visible resonance Raman
studies of rhodopsin; we have chosen rhodopsin as a prototypical protein to illustrate the
depth and breadth of information gained from resonance Raman studies, in particular time-
resolved experiments. In the final section, we discuss investigations of the side chains and

backbone of soluble and membrane proteins using UV resonance Raman spectroscopy.
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Figure 5.1. Schematic of the Raman process for a single, harmonic normal
mode. Energies of the incident excitation and Raman scattered photons are
denoted Eexc (green) and Escart (red and blue), respectively. The zero—zero
energy of absorption is denoted Ego. Left: off-resonance Raman
spectroscopy (Stokes) in which Eexc does not coincide with an absorption
band. Middle: resonance Raman scattering in which Escart is lower than Eexc
(Stokes). Right: resonance Raman spectroscopy in which Escat IS greater
than Eexc (anti-Stokes). The difference in energy between Eexcand Escatt IS the
Raman shift, denoted Evin, and reflects the vibrational energy of the normal
mode. The difference in equilibrium geometry between ground and excited
states is denoted A.
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5.3 Experimental Methods

5.3.1 Picosecond and Femtosecond Resonance Raman Spectroscopy

The history of visible ultrafast resonance Raman spectroscopy is extensive, and
there has been rapid growth in the capabilities of this technique. The first picosecond
resonance Raman experiments were conducted in the early 1980s, which is approximately
a decade after the first CW experiment was described. In these initial studies of hemoglobin
and rhodopsin dynamics, a single-pulse method was used in which pump and probe
photons were contained within a single 30 ps pulse.'®!" Subsequent two-color, pump-
probe experiments based on dye lasers and solid-state, Ti:sapphire systems were
reported.®2% In the dye lasers, tunability was achieved by combinations of dyes and
nonlinear frequency conversion methods, such as second-harmonic generation or
continuum generation. Ultrafast resonance Raman experiments based on Ti:sapphire
systems relied on harmonic generation as well as Raman shifting. The stability and
commercial availability of Ti:sapphire lasers further expanded the capabilities of resonance
Raman to the femtosecond time regime in femtosecond stimulated Raman spectroscopy
(FSRS).2*?" Given the robust nature and ease of operation of Ti:sapphire systems, ultrafast
Raman studies have become common, and numerous reviews of picosecond
spontaneous?:-2® and femtosecond stimulated?*%’ resonance Raman experiments have been
published. FSRS has become a particularly valuable technique that has allowed
investigations of excited-state structures and dynamics. Experimental details will not be

described here.
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5.3.2 Ultraviolet Resonance Raman Spectroscopy

UV resonance Raman spectroscopy (UVRR) also has an extensive history of nearly
four decades and became widespread as laser and detection systems became more
sophisticated. The first UVRR spectra of nucleic acids and UV preresonance Raman
spectra of small molecules were acquired in 1975 by a doubled Ar ion laser at 257 nm,?82°
followed by preresonance Raman studies of benzene derivatives with a nitrogen dye laser.*°
These and other intracavity-doubled CW lasers are excellent for UVRR experiments
because they offer inherently narrow spectral bandwidths that give rise to high-resolution
spectra. Additionally, photolysis with CW lasers results in minimal photodamage relative
to pulsed systems. The drawback of CW lasers is that they are not tunable, with
wavelengths limited to harmonics of the lasing medium; useful wavelengths for UVRR
studies of proteins are 228.9 and 206.5 nm from doubled argon and krypton ion lasers,
respectively. Greater tunability is achieved with pulsed lasers, including Nd:YAG and
Ti:sapphire systems, that pump other media, such as Raman shifters that contain a variety

of gases (H2, Do, etc.), nonlinear crystals for frequency conversion, and dye lasers.

Currently, the most widespread UVRR systems utilize kilohertz nanosecond
Ti:sapphire lasers combined with harmonic generation. In this setup, the laser can typically
be tuned from ~700 to 960 nm and the third and fourth harmonics provide wavelengths in
the UV region of approximately 195-240 nm.?231-3% The advantages of this system are
numerous: the high repetition rate minimizes the probability for nonlinear phenomena in
the sample, the data collection time is reasonable, nanosecond pulses ensure narrow

bandwidths that are suitable for UVRR, and the system is entirely solid-state and, therefore,
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is robust and straightforward to operate. However, as with all pulsed lasers, high pulse
energies can cause significant photodamage, and the concentration of photodamaged
sample can continuously increase in the sample reservoir if one utilizes a recirculating
system. The 1 kHz repetition rate of a standard Ti:sapphire laser system combined with a
single-pass microcapillary flow system is ideal for preventing the accumulation of
photoproducts; the illuminated sample volume in a capillary or liquid jet can be replenished
between laser pulses, and the photolyzed sample can be discarded. With the right balance
among the sample flow rate, capillary diameter, and laser spot size, sample usage and signal
can be optimized. For example, a 10 min single-pass Raman measurement of a small (30

kDa) protein may require <1 mg of sample for a reasonable signal-to-noise ratio (S/N).

One of the most difficult aspects of UVRR is rejection of Rayleigh scattering. With
228.0 nm excitation, a 200 cm™* Raman-shifted photon has a wavelength of 229.0 nm,
which is only 1.0 nm shifted from the excitation wavelength. As a comparison, the same
200 cm ™! Raman-shifted photon with 514.5 nm excitation is separated from the excitation
wavelength by 5.3 nm. This difference illustrates one of the biggest challenges of UVRR:
it is difficult to obtain a commercial UV cutoff filter that can effectively separate 228.0 and
229.0 nm, whereas visible cutoff filters can easily separate 514.5 and 519.8 nm. For this
reason, the majority of Rayleigh rejection is accomplished with high-throughput prefilters
or other modified dispersing systems. Some examples of filters used in UVRR experiments
include low-dispersion, prism-based prefilters, 638 modified  double

monochromators,32%339 and a spatial filter.*
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5.4 Application of Time-Resolved, Visible Resonance Raman Spectroscopy

5.4.1 Protein Chromophores Investigated by Resonance Raman

Visible resonance Raman spectroscopy has been applied to a wide range of colored
proteins and related model compounds. Because the Raman effect is weak, chromophores
that exhibit low fluorescence and high absorptivity have been the main subjects of this
technique. Heme and retinal proteins are ideal for resonance Raman spectroscopy, and as
such, these cofactors have been and continue to be studied extensively. Metal-ligand
bonds, such as those in iron containing (e.g., ferredoxin) and copper-containing (e.g.,
azurin) proteins, have also been investigated by resonance Raman spectroscopy. It has been
possible to study fluorescent chromophores, including flavins** and chlorophylls,*>*3 using
fluorescence rejection techniques, such as gated detection®**° and shifted excitation Raman
difference spectroscopy (SERDS),*® as well as fluorescence quenching methods.* In the
past decade, stimulated Raman spectroscopy has allowed Raman investigations of
molecules with near unity fluorescence quantum yields, e.g., laser dyes and fluorescent
proteins.*>*” FSRS has become a powerful modern tool; the combination of femtosecond
time resolution and insensitivity to fluorescence has allowed researchers to investigate
complex dynamics without complications from fluorescence, such as excited-state proton
transfer in green fluorescent protein.*” Examples of proteins and cofactors investigated via
visible resonance Raman spectroscopy are shown in Figure 5.2. Here we discuss both
historical and modern experiments of one of the most widely studied photoactive proteins,

rhodopsin.
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5.4.2 Rhodopsin

Rhodopsins make up a class of photo-receptors that utilize a retinal chromophore
as the light absorber. These proteins are found in eukaryotes, bacteria, and archaea and are
essential for organism survival and adaptation to the environment.*® The two most widely
studied retinal proteins are the mammalian visual pigment, rhodopsin, and the microbial
proton pump, bacteriorhodopsin. Despite a divergence in function, they share a common
mechanism for photoactivation, which is photoisomerization of a retinal chromophore. In
both proteins, the retinal chromophores are attached to lysine residues via a protonated
Schiff base linkage and are located in the center of a membrane-embedded, seven-a-helix
structure. Because of the low fluorescence quantum yields and high molar absorptivities of
the reactants and photointermediates, rhodopsin and bacteriorhodopsin, as well as other

retinal proteins, have been investigated extensively with resonance Raman spectroscopy.

The visual pigment rhodopsin, herein simply termed rhodopsin, is the protein
responsible for vision in all vertebrates, mollusks, and arthropods. It is a well-studied G
protein-coupled receptor (GPCR) and, in fact, was the first GPCR to be crystallized in
2000.%° Early photochemical studies of mammalian rhodopsin were led by Wald and co-
workers, who demonstrated in the early 1950s that the molecular basis of vision is the 11-
cis-to-trans photoisomerization of a protein-bound retinal chromophore that absorbs

maximally at 498 nm.*° These and other foundational discoveries in vision were
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Figure 5.2 Absorption spectra of some biomolecules studied by resonance
Raman spectroscopy. Spectra are for the amino acid Ltryptophan (L-trp),
and proteins ferredoxin (fd), bovine rhodopsin (Rho), azurin, chlorophyll a
(Chl a), and bacterial chlorophyll a (BChl a). Representative excitation
wavelengths from frequency-doubled or fundamental lines of argon ion
228.9,257.2,351.1, 457.9, 488.0, and 514.5 nm), krypton ion (413.1, 568.2,
647.1, 676.4, and 752.5 nm), and diode (785 nm) lasers are indicated as
vertical lines along the top. Note the two scales of molar absorptivity for
solid (left axis) and dashed—dotted (right axis) traces. The absorption
spectrum of fd is from ref 167, and spectra of Chl a and BChl a are from
refs 168 and1609.
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recognized by a Nobel Prize in 1967, and several years later, the first resonance Raman
spectra of rhodopsin from intact bovine retinae’ and solubilized in detergent®® were

reported.

The initial, groundbreaking resonance Raman studies were followed by a suite of
rapid-flow, low-temperature, and pump—probe experiments that revealed the ground-state
structures of rhodopsin and its photoproducts and thermal products. The first resonance
Raman spectrum of the 77 K-trapped all-trans photoproduct,® called bathorhodopsin (Amax
= 543 nm), exhibited unusually intense peaks at 856, 877, and 920 cm™* that were not
present in resonance Raman spectra of the model compound, the all-trans protonated Schiff
base. These resonance Raman and related transient absorption spectra led some to
hypothesize that bathorhodopsin was not an all-trans species but instead reflected a cis
structure that had undergone proton translocation®® or tautomerization.> These hypotheses
were shown to be incorrect, and subsequent low-temperature resonance Raman studies of
isotopic derivatives led Mathies and co-workers to properly assign the intense
bathorhodopsin peaks to hydrogen-out-of-plane (HOOP) modes of a highly strained and
distorted all-trans chromophore.®>*® Resonance Raman spectroscopy was key in
establishing that the bathorhodopsin all-trans retinal chromophore is not planar, but instead,
exhibits ~40° dihedral twists about the C11=C12 and C12—C13 bonds because of protein—
chromophore interactions.®” This distorted photoproduct also exists at room temperature
and appears within hundreds of femtoseconds following photon absorption.® The
relevance of this distorted chromophore in bathorhodopsin has been the subject of many

papers. It is now well accepted that a significant fraction of the photon energy is stored in
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these distortions, and that this strained chromophore ultimately drives global protein

conformational changes for G protein activation.’

Other intermediates have also been investigated in detail with both low- and
roomtemperature resonance Raman spectroscopy; the room-temperature measurements
were performed with time-resolved methods, such as fast-flow and pump-probe
spectroscopy. Bathorhodopsin converts to the blue-shifted intermediate (BSI, Amax Of 477
nm), and this conversion is accompanied by partial relaxation in the all-trans structure.>®
The chromophore continues to relax and transfer energy to the surrounding protein as BSI
decays to lumirhodopsin (Amax = 492 nm), followed by Meta | (Amax = 478 nm).%° This
relaxation is evident in the comparison of the resonance Raman spectra of rhodopsin,®
bathorhodopsin,® and lumirhodopsin® in Figure 5.3; the intense, ~850 cm ™ HOOP modes
appear in bathorhodopsin but are absent in rhodopsin and lumirhodopsin. A comparison of
the protein and chromophore structures based on X-ray diffraction highlights the surprising
similarity between the 11-cis (rhodopsin) and distorted all-trans (bathorhodopsin) species
and shows the subsequent structural changes in the relaxed lumirhodopsin form (Figure
5.3). This analysis of rhodopsin and bathorhodopsin illustrates that resonance Raman
spectra of two species may exhibit significant differences despite relatively minor
variations in crystallographic structures. Meta | decays to Meta Il (Amax = 380 nm), which
exhibits a deprotonated all-trans retinal; Meta Il is the signaling state of rhodopsin during
which the G protein, transducin, is activated to initiate the enzymatic cascade. Finally, the

retinal chromophore is released to yield the apoprotein opsin and all-trans retinal.
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Our understanding of the chromophore dynamics as well as the global protein
response associated with the isomerization reaction has been enhanced through time-
resolved resonance Raman experiments. Picosecond visible pump-probe and femtosecond
stimulated Raman spectroscopy (FSRS) experiments demonstrated that the highly strained,
all-trans chromophore of bathorhodopsin is present within 200 fs following photon
absorption;®®5 this time scale was consistent with transient absorption data® that had been
reported at least 10 years prior to these resonance Raman studies. Analysis of the FSRS
data further indicated that the photoproduct approaches its equilibrium structure in ~140
fs,%3 and picosecond antiStokes experiments revealed vibrational cooling of the
chromophore in ~3 ps.®* Transfer of the photon energy from the distorted chromophore to
surrounding protein binding pocket has also been investigated with time-resolved UVRR

spectroscopy (see below).
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Figure 5.3. Crystal structures and resonance Raman spectra of rhodopsin
(gray) and two photointermediates, bathorhodopsin (red) and
lumirhodopsin (blue). The protein backbone is shown as yellow ribbons and
corresponds to that of rhodopsin. Crystal structures are from Protein Data
Bank entries 1U19 (rhodopsin), 2G87 (bathorhodopsin), and 2HPY
(lumirhodopsin). Tryoptophan, tyrosine, and phenylalanine residues within
4.5 A of the retinal chromophore are shown; Y178 has been omitted to
preserve the unobstructed view of the binding pocket. Pump—probe time
delays for resonance Raman spectra are indicated. Raman spectra are from
refs 58 (rhodopsin and bathorhodopsin) and 60 (lumirhodopsin).
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5.5 Ultraviolet Resonance Raman (UVRR) Spectroscopy

5.5.1 Protein Chromophores Investigated by UVRR

UV lasers have extended the application of resonance Raman spectroscopy to
chromophores that absorb UV light and are prevalent in all proteins, such as amide
backbone, aromatic amino acids, proline, and, to a lesser extent, sulfur-containing
residues.®>® As was demonstrated for visible resonance Raman spectroscopy, selectivity
in UVRR is also achieved by tuning the excitation wavelength. For example, the backbone
carbonyl n - =* transition is intense at wavelengths below ~210 nm, so excitation near
200 nm preferentially probes secondary structure. On the other hand, higher-wavelength
excitation (~230 nm) probes side-chain structure. This selectivity is illustrated in the
UVRR spectra of the peptide melittin, which has the primary sequence
GIGAVLKVLTTGLPALISWIKRKRQQ. Figure 5.4 shows that 210 nm excitation of
melittin gives rise to a UVRR spectrum of the backbone that is different from that of the

230 nm spectrum of the single tryptophan residue at position 19.

5.5.1.1 Secondary Structure

The UVRR spectrum of amide backbone can be used to characterize secondary
structure because of the sensitivity of vibrational frequencies to the hydrogen bonding
environment. Intense UVRR bands appear for vibrations that involve carbonyl and amide
functional groups: amide | (predominantly C=0O stretch), amide Il (~60% N-H bend +
~40% C-N stretch), and amide 111 (~40% C-N stretch + ~30% N-H bend) modes.%” In
addition to these well-known amide modes, the amide Ilp mode of proline and the amide

S mode are also utilized in UVRR spectroscopy.®®¢38 Analysis of the amide 111 (~1250—
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1350 cm™?), amide 11 (~1520-1560 cm™1), amide 1 (~1630-1680 cm™?), and amide S (~1390
cm1) regions reveals the relative content of random coil, a-helix, and psheet secondary
structure in proteins and peptides.%® 7%t A summary of vibrational normal modes and their

correlation to structure and environment in UVRR spectra of proteins is presented in Table

5.1.

The information gained from UVRR analysis of the backbone may be compared to
results from far-UV (190-250 nm) circular dichroism (CD) measurements. Because
normal-mode frequencies may reflect variations in backbone dihedral angles, UVRR can
report on a single turn of an a-helix.”? In contrast, CD reports on the global average of the
secondary structure of the peptide because of the effects of exciton coupling.” A
consequence of this difference is that UVRR intensities scale linearly with the fraction of
a-helix whereas in CD spectroscopy, the molar ellipticity per residue decreases as a-helical
content decreases, and a threshold length of a-helix must persist to give reliable results in
a CD spectrum.”® Exciton coupling is especially important in CD spectra of short peptides.
Short a-helical peptides result in CD spectra with variations in peak positions and relative
intensities.” An additional challenge inherent to CD spectroscopy is that highly scattering
samples are difficult to investigate. Differential light scattering and absorption flattening
from particles, such as membrane vesicles, may alter the observed shapes and relative
intensities in CD spectra.”® Finally, CD spectra are broad and generally featureless relative
to UVRR spectra and, therefore, do not easily reveal fractional contributions of mixed oa—8

sheet secondary structures. In summary, UVRR is an attractive alternative to far-Uv CD
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spectroscopy that will provide additional insights into the secondary structures of

challenging systems.

5.5.1.2 Aromatic Amino Acids

The majority of UVRR studies of side chains focus on tryptophan, tyrosine, and
histidine because these aromatic residues have strong Raman peaks that report on structure,
environment, and protonation state (see Table 5.1).”"-%" Phenylalanine, like tyrosine and
tryptophan, also exhibits strong resonance Raman peaks whose intensities depend on the
absorption cross section at the Raman excitation wavelength. However, in contrast to
tryptophan and tyrosine, the Raman peaks of phenylalanine are poor reporters of
microenvironment because their peak positions are unchanged in varied solvents.%® Hence,
the UVRR spectrum of phenylalanine is not commonly studied. Off-resonance Raman
studies of tryptophan and tyrosine have also played a critical role in interpretation of UVRR
spectra.®% These and other Raman studies have established empirical relationships
between Raman frequencies/intensities and molecular details, including hydrogen bond
strength, microenvironment, static structure, cation—r interactions, and protonation state.
Figure 5.5shows UVRR spectra of model compounds of tryptophan (N-acetyl-L-
tryptophan ethyl ester), tyrosine (N-acetyl-Ltyrosinamide), and phenylalanine (L-

phenylalanine).

Tryptophan exhibits an intense absorption band in the UV, and has consequently

been extensively studied by UVRR. Systematic analyses revealed spectral signatures of the
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indole ring that report on local hydrophobicity, the strength of the indole N-H hydrogen
bond, and the C>—C3—Cp—Ca torsional angle, x?*. Although the near-UV (>250 nm) CD
spectrum of tryptophan contains information about hydrophobicity and hydrogen
bonding, interpretation can be challenging because of broad and overlapping features of
varying sign, and analysis should ideally be aided by UVRR.%3°* Overall, the breadth of
information in a UVRR spectrum of tryptophan makes this an excellent tool for a wide

range of biophysical studies.

The ability of UVRR to report on tryptophan is advantageous because this amino
acid is one of the most important residues in terms of protein structure, function, and
dynamics. It is the least abundant residue in soluble proteins, accounting for only 1.1% of
the amino acids expressed in cytoplasmic proteins,®® but is more prevalent in membrane
proteins, with an abundance of 2.9% in transmembrane a-helical domains.®® This aromatic
residue plays key functional roles in proteins because of its unique properties among the
20 natural amino acids: tryptophan exhibits the largest accessible nonpolar surface area
that is polarizable, possesses an indole N—-H moiety that is capable of hydrogen bond

donation, and displays the greatest electrostatic potential for cation—n interactions.®”%

These important physical properties render tryptophan an ideal amphiphilic residue.
As such, it displays the greatest propensity to reside in the interfacial region of membrane
proteins compared to any other naturally occurring amino acid.®® Tryptophan has been
found to stabilize membrane-spanning proteins and peptides by acting as anchors along the
interface of the bilayer.1%%1%! Replacement of tryptophan residues with phenylalanine in

the 325-residue integral membrane protein, outer membrane protein A, destabilizes the
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protein relative to the wild type when the protein is folded into lipid bilayers.10210
Tryptophan residues in membrane-associated antimicrobial peptides also play important
functional roles in hemolytic and bactericidal activity.2%#1% These and other examples
illustrate that the presence, location, and environment of tryptophan residues are critical in
the study of folding and insertion of membrane proteins and membrane-associated

peptides.

5.5.2 Applications of UVRR Spectroscopy to Proteins and Peptides

Soluble and membrane proteins have been investigated via UVRR. We briefly
describe UVRR studies of soluble proteins and describe recent investigations of more
challenging membrane-associated and aggregated proteins and peptides. The choice of
biological systems that are discussed is intended to be representative of the array of
biomolecules that may be studied as well as the types of scientific questions that may be

investigated.

5.5.2.1 Soluble Proteins

A wide range of soluble proteins and scientific questions have been investigated
via UVRR. UVRR frequencies and intensities are sensitive to environment, so it is
relatively straightforward to correlate UVRR peaks with the local environment of
tryptophan and tyrosine residues in proteins, including interactions with metals and
charged residues.®%8106-111 One advantage of UVRR over electronic tools, such as
fluorescence, is that the effects of hydrogen bonding and local dielectric on UVRR peaks
are separable, thereby allowing independent investigations of changes in H-bonding or

hydrophobicity.8! Histidine protonation states are easily determined by UVRR studies of
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protein in D20 buffer, and such experiments have been performed on superoxide dismutase
and galectins.*211* An area with growing use of UVRR is the pharmaceutical industry, in
which UVRR experiments have been reported for recombinant therapeutic proteinst®® and
antibodies!'® as well as drug binding.1!"1'® Time-resolved UVRR experiments have also
probed dynamics of heme proteins and photoactive yellow protein,*'®?2 and a variety of
UVRR experiments have investigated intermediates in protein folding.?>?* In addition to
native side chains and the backbone, other moieties have been interrogated by UVRR, such
as unnatural amino acids*?® and flavins.1?® These and other examples illustrate the breadth

of information gained from UVRR studies of soluble proteins.

5.5.2.2 Membrane Proteins

Membrane proteins have also been investigated by UVRR, but these systems are
more challenging to study than soluble proteins because of limited sample quantities and
high background scattering from vesicles or micelles. Bacteriorhodopsin and rhodopsin are
perhaps the most well-studied membrane proteins, with UVRR papers on
bacteriorhodopsin first appearing nearly 25 years ago.'?"1?8 Since these initial reports, other
steady-state and pump-probe UVRR experiments have elucidated changes in structure
during the bacteriorhodopsin photocycle, such as modifications in local and hydrogen
bonding environments of tyrosine and tryptophan residues, opening of a water-permeable
channel, and the picosecond-to-nanosecond response of protein pocket to isomerization
reaction.’?>-1%  Experiments on the visual pigment rhodopsin have also been
reported.3*13613" The insights gained from these UVRR studies have revealed the response

of the retinal binding pocket to photon absorption. For example, it has been shown that
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there is a 3 ps response of tryptophan and tyrosine residues to the photoisomerization
reaction.>* A small number of other detergent-solubilized membrane proteins have also

been investigated, such as photosystem 11,13 cytochrome c oxidase,**

and cytochrome bcy
complex.}*® In the past several years, UVRR experiments have been extended to a
membrane protein embedded in a synthetic lipid bilayer.}43142 |In particular, UVRR studies
of outer membrane protein A (OmpA) and its mutants revealed tryptophan-lipid
interactions during the insertion and folding of OmpA into bilayers of small unilamellar
vesicles.**11%2 The ability to gain insight into the dynamics of membrane proteins is an

important advantage of UVRR and allows for investigations of complex reactions and

systems that may not be amenable to traditional tools such as NMR or crystallography.

5.5.2.3 Model Peptides for Soluble and Membrane Protein Folding

Small peptides provide an excellent opportunity to investigate protein folding.
Model peptides are especially valuable for studies of membrane protein folding because
experiments and data analysis can be simplified. Additionally, the expression and
purification of large quantities of integral membrane proteins is a challenging task, whereas
membrane-associated peptides can be synthesized in sufficient quantities. UVRR
spectroscopy is well-suited for the study of membrane-associated biomolecules because

the presence of lipid vesicles and detergents does not complicate the spectra.'#?

Several groups have measured UVRR spectra of small peptides to study the
structures and kinetics of soluble protein folding. Asher and co-workers,*3 for example,
have studied the kinetics and thermal stability of a-helix-like soluble peptides. In contrast,

only a small number of model membrane peptides have been studied. One such model
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membrane peptide, N-acetyl-tryptophan-pentaleucine (AcWL5), was found to have -
sheet-type structure in lipid vesicles based on results obtained from UVRR spectra;'** this
finding is in accordance with the p-sheet oligomeric structure previously reported for
AcWL5. The UVRR spectrum revealed that the tryptophan residue in AcWL5 is
hydrogen-bonded in a hydrophobic region of the lipid bilayer. This result provides a
molecular description of how tryptophan is able to help stabilize membrane proteins.'®
The hydrophobic a-helical model membrane peptide, MEL, has also been investigated
using UVRR spectroscopy. ME1 is a 32-residue transmembrane helix segment of the
natural membrane protein glycophorin A that has five additional mutations. Comparison
of the UVRR spectrum of this peptide to that of the soluble a-helical protein myoglobin
led to the conclusion that the intensity of UVRR amide bands serves as a reliable marker
to identify lipid-solubilized and solvent-exposed helical structure in proteins.’*® A final
example of a membrane-associated peptide for folding studies is the o-helical, pH low
insertion peptide (pHLIP). This peptide exhibits structural changes as a function of pH, and
UVRR experiments determined that this peptide is desolvated and structured as a

membrane-associated peptide.'4’

5.5.2.4 Antimicrobial Peptides (AMPs)

While the membrane peptides described above serve as model systems for protein
folding, some small membrane-active peptides fold and insert into lipid bilayers and
function as membrane disruptors. One such class of peptides is antimicrobial peptides
(AMPs). AMPs are an ancient component of innate immunity that are selectively toxic to

148

bacteria*® and are crucial for the survival of many organisms that do not possess
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lymphocytes or antibodies important for immunity, such as insects.*® AMPs typically have
fewer than 50 residues and generally exhibit segregated regions of cationic and
hydrophobic amino acid residues that give rise to an amphiphilic structure for binding to
membranes.'*® In the presence of a bilayer, they form a-helices or rigid B-sheet structures
with disulfide bridges and often exhibit primary sequences with an unusually high
abundance of select amino acids.*3%° Mutation or deletion of certain residues, including
tryptophan, has been found to be detrimental to the activity of many AMPs,104151-153 Thege
peptides are water-soluble yet spontaneously insert into membranes and, therefore, have
properties of both soluble and membrane proteins. The observation that bacteria do not
develop resistance to AMPs suggests that AMPs may serve as a novel class of antibiotics
to combat antibiotic-resistant bacteria. This potentially transformative use of AMPs

motivates UVRR and other studies of the mechanisms of membrane disruption.

The mechanisms of AMP insertion and folding into membranes are not well
understood. Electrostatic interaction between cationic AMPs and anionic bacterial
membranes is important for initial peptide—membrane binding. However, the formation of
salt bridges does not fully explain the selectivity of AMPs for bacterial over eukaryotic
membranes. Several models of AMP disruption mechanisms have been proposed. In one
model, AMPs carpet the membrane, causing an increase in the permeability of the
membrane. AMPs may form pores that cause ions and molecules to leak out through the
membrane. It has also been proposed that AMPs simply act to dissolve the membrane in a

manner similar to that of a detergent.4®
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One example of an AMP that has been successfully studied by UVRR is the human
cathelicidin, LL-37.2* This AMP is expressed primarily in neutrophils and epithelial cells
and shows broad-spectrum antimicrobial activity.*> An important goal of this project was
to elucidate the microenvironment of the peptide buried in a bilayer and thus shed light on
the mechanisms of membrane disruption. In this study, phenylalanine residues at positions
6 and 17 were replaced with tryptophan residues and yielded the two single-tryptophan
mutant peptides F6W and F17W. These mutations did not alter the antimicrobial activity
or the overall secondary structure compared to those of wild-type peptide LL-37. On the
basis of results obtained from fluorescence quenching experiments and UVRR
spectroscopy, the positions of tryptophan residues for both mutants were found to be deeply
buried in the lipid bilayer (~12 A from the bilayer center) of mixed anionic/zwitterionic
lipid vesicles (bacterial membrane mimics). UVRR data revealed a decrease in hydrogen
bonding and environment polarity for both tryptophan residues upon folding and insertion
of the peptide into the lipid bilayer; this finding is consistent with deep insertion of the
aromatic residues into the bilayer. The UVRR results, combined with fluorescence and CD
data, ruled out a detergent like mode of action for this AMP and, instead, supported

carpeting and/or toroidal pore mechanisms.

The UVRR and fluorescence results complement previous NMR studies by
Ramamoorthy and colleagues.™® Both studies support the possible mechanisms of
carpeting and/or toroidal pore and suggest that the orientation of LL-37 in the bilayer is
parallel, not perpendicular, to the bilayer surface. The solid-state NMR experiments also
suggested that LL-37 lies at the bilayer surface and is immobilized. One of the strengths of

UVRR is the ability to reveal microscopic detail near the tryptophan residue without the
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need for isotopic labeling or high concentrations typical of NMR studies. The UVRR
results suggest that tryptophan is not interacting with lipid headgroups but, instead, is likely
buried in the hydrocarbon core of the bilayer. Analysis of the W18 and W16 tryptophan
modes suggests that possible intramolecular cation—m interactions may stabilize one of the
buried tryptophan residues in the bilayer. UVRR data also directly reveal differences in the
level of hydration among random coil, soluble oligomer, and vesicle-bound forms of LL-
37. Collectively, these molecular insights augment structural information that is gained

through NMR studies and deepen our understanding of LL-37.

The AMPs lactoferricin B (LfB) and pEM-2 have also been investigated using
UVRR spectroscopy.’® LfB is an a-helical 25-residue peptide composed of a segment of
bovine lactoferrin, and pEM-2 is a modified 13-residue peptide derived from myotoxin
isolated from Bothrops asper snake venom. Both peptides have tryptophan residues that
are important for AMP activity against Gram-negative and -positive bacteria.’®®>® As
revealed by UVRR experiments, the hydrophobicity of tryptophan environments increased
when both peptides were introduced into the helix-inducing solvent 2,2,2-trifluoroethanol.
Additionally, the hydrophobicity near the tryptophan residues of LfB did not increase in
the presence of purely zwitterionic lipid vesicles (eukaryotic membrane mimic). However,
the hydrophobicity was enhanced in the presence of anionic lipid vesicles (bacterial
membrane mimic), indicating that LfB preferentially folds and inserts into lipid bilayers

that mimic bacterial membranes.

Similar results were found for the anoplin peptide, an a-helical peptide isolated

from the venom of the wasp Anthemis samariensis.!®® Modifications in the primary
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structure of the peptide, including full substitutions of L-amino acids for D-amino acids
and C-terminal deamidation, did not change the overall secondary structure of the peptide
based on the results obtained with UVRR spectroscopy. Furthermore, it was found that all

modified forms of the peptide adopted a-helical secondary structure in the presence of

anionic lipid vesicles.

Very little peptide structure was observed in the presence of zwitterionic lipid
vesicles, further confirming the preferential binding of AMPs for anionic synthetic lipid

bilayers.

A final example that illustrates the utility of UVRR experiments is the chimeric
peptide CM15, which is a hybrid peptide comprised of seven residues from the AMP
cecropin (from silk moth) and eight residues from the toxic peptide melittin (from
honeybee venom).1®* CM15 is engineered to combine the best of two worlds: it is potent,
like melittin, but selective and nonhemolytic, like cecropin. UVRR analysis of CM15 with
both 228 and 210 nm excitation led to the surprising result that unlike typical AMPs and
toxins, CM15 retains a predominantly unfolded, hydrated, conformation when bound to
vesicles comprised of zwitterionic lipids. Even more unexpected was the finding that this
unfolded CM15 is a potent membrane disruptor as assessed by fluorescence leakage assays.
UVRR spectra of melittin, cecropin, and the hybrid CM15 in three different environments

are shown in Figure 5.6; all three peptides are unfolded in buffer and fully folded as a-
helices in the presence of anionic lipid vesicles. The fraction of a-helix in the presence of
zwitterionic lipids was determined by using the unfolded and fully folded spectra as basis

spectra. CM15 was found to be only 23% a-helical when bound to zwitterionic vesicles,
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but it was nearly as potent as melittin (89% a-helical) in terms of membrane disruption.

This finding that an engineered, hybrid peptide exhibits high potency as an unfolded

peptide suggests that new models for peptide-membrane interactions may be needed. 6!
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Figure 5.6. 210 nm UVRR spectra of melittin, cecropin, and
CM15 in three different environments of buffer (fully
unfolded), zwitterionic lipid vesicles (partially folded), and
anionic lipid vesicles (fully folded). Fraction folded in
zwitterionic lipids was determined by linear combination of
fully folded and unfolded spectra, and best fits are shown as
black dashed curves that overlay red curves. Resulting
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5.5.2.5 Fibril-Forming Peptides

Another family of challenging biomolecules consists of the aggregation-prone
disordered peptides. Amyloid-g (AB) is an intrinsically unstructured peptide (29-43 amino
acids) derived from proteolysis of the larger AB precursor protein. For reasons that are not
yet understood, AB forms well-ordered insoluble aggregates, or fibrils, that collect as
plaques in the brains of Alzheimer’s patients. Because of the unique properties of this
peptide, techniques typically utilized to elucidate protein structure, such as X-ray
crystallography and solution NMR, are not well-suited for studying the structures of the
biologically relevant, unfolded forms of this peptide.’®> UVRR spectroscopy, however,
does not require a crystalline or homogeneous phase and, therefore, can be used to elucidate
structures of disordered peptides and proteins, including fibrils and heterogeneous
aggregates. An additional benefit is that UVRR spectroscopy specifically reports on
hydrogen bonding networks that give rise to peptide secondary structure, local
hydrophobicity, and tertiary contacts that are known to be associated with aggregate
formation.%31%% In the context of these advantages, UVRR spectroscopy, in particular deep
UV (<200 nm excitation), is ideally suited for the study of AB and other peptides that may

be linked to neurodegenerative disorders.

A relatively small number of UVRR studies of AB peptides have been published.
The deep UVRR spectra of AB peptides that form either parallel or antiparallel B-sheets
have been characterized. It was reported that these different B-sheet motifs of amyloid
fibrils could be distinguished via UVRR.1% This study further indicated that the parallel -

sheet conformation in fibrils is different from the analogous B-sheets in soluble proteins.
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In contrast, antiparallel B-sheet conformations were described to be similar for both fibrils
and soluble proteins. In another study, myricetin, a flavenoid known to interact with AB,
was observed to inhibit amyloid formation of AR via a thioflavin T assay. Additionally,
results from CD and UVRR experiments revealed that myricetin altered the conformation
of the hydrophobic segment of the peptide and may interact with the aromatic amino acids
present in AB. This finding indicates that UVRR spectroscopy may be sensitive to changes
in peptide structure when anti-amyloidogenic small molecules are introduced into the
sample.%® These important discoveries on the structure of AB in amyloid fibrils underscore
the flexibility of UVRR spectroscopy and the level of molecular detail that can be attained

by this technique.



132

5.6 Conclusion

Resonance Raman spectroscopy is a valuable optical technique that elucidates
structures and dynamics of biomolecules. A primary advantage of this method over other
vibrational and structural tools is the ability to interrogate select portions of the protein by
tuning the excitation wavelength to within an absorption band of the chromophore of
interest. Given the widespread availability of robust and tunable UV-to-visible lasers, it is
now relatively straightforward to obtain resonance Raman spectra of the protein backbone,
side chains, and colored prosthetic groups. In combination with modern pulsed methods,
resonance Raman spectroscopy is able to reveal structural changes and functional dynamics
of biomolecules over all relevant time scales, from femtoseconds to seconds. These
benefits make resonance Raman spectroscopy an excellent complement to the many other

tools used in the study of the most complex and experimentally challenging biomolecules.
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6 Conclusion

Tryptophan, although a relatively rare amino acid, is important in enzymatic catalysis’
and in membrane proteins as an interfacial residue?. Indeed, oxidized radical intermediates
can play an important role in long-range electron transfer,® and the large hydrophobic
surface-area and hydrogen bonding-capabilities result in tryptophan making a large
contribution to the thermodynamics of insertion and folding of membrane proteins®. In this
dissertation, the role of the tryptophan triplet state in the oxidation of tryptophan was
investigated, and furthermore, the tryptophan triplet decay kinetics were shown to be

sensitive to local hydration of the tryptophan residue in unfolded and folded proteins.

The photogeneration of tryptophan radical in apoAzW48 presented in Chapter 3
was unexpected. However, the role of the triplet in the photooxidation reaction is not
surprising based on simple kinetic arguments. A long-lived triplet excited state is expected
to be readily accessible to electron transfer in the presence of an acceptor if the driving
force is sufficient. Certainly, in short-range electron-exchange dye sensitization this is a
well-characterized excited state quenching mechanism.® However, a more general
question arises from these results. Is the observed photooxidation of the triplet a general
property of tryptophan, including in other proteins that exhibit long tryptophan
phosphorescence lifetimes? Or does the azurin scaffold play a significant role in enabling
long-range electron transport through the protein matrix? A systematic study of proteins
which exhibit both long triplet lifetimes and contain buried, solvent excluded tryptophan
residues, can be used to investigate the general oxidation of tryptophan in proteins. A few

candidates based on published results are promising.® The method of steady-state
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photolysis in the presence of electron acceptor described in this dissertation presents one
approach for investigating the photooxidation products. The method developed here allows
for simultaneous photolysis and interrogation of sample, and transient products with

lifetimes greater than ~0.5 sec can be accessed using a standard UV/Vis spectrometer. We

report the generation of relatively unstable neutral radical in apoprotein (Tdecay

= 40sec)

that enabled investigation of the neutral radical formation kinetics. The neutral radical in
metalated protein decays on the order of hours,” and accordingly, the metal cofactor
contributes to the decay dynamics in a significant way. The difference between metalated
and apoprotein dynamics can be investigated using molecular dynamics simulations or
NMR. It remains to be shown whether the local environment of the radical in apo- and
metalated protein differ. This may be accessible to EPR and resonance Raman. The
formation kinetics can be revisited with azurin mutants that affect the electron transfer,

deprotonation, and decay pathways using the method presented in this dissertation.

The influence of H,O and D.O on the triplet decay kinetics of NATA, melittin, and
OmpA, has been studied in Chapter 4. These experiments show that the solvent contributes
the most to the isotope effect on the triplet decay kinetics of tryptophan, while inherent
NH/D exchange makes little to no contribution to the isotope effect. The isotope effect
reported here is inverse relative to literature data,®° and the origin of this opposite trend
should be the focus of future studies. Despite this unexpected direction for the isotope
effect, nonetheless, the decay kinetics can be used to examine the local hydration of
unfolded and folded membrane proteins. We report that membrane protein bound by the

molecular chaperone Skp lacks an isotope effect. This finding suggests that the unfolded
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protein bound by chaperone maybe “pre-desolvated” prior to bilayer insertion, aiding in
folding. The results also indicate that the triplet lifetime increases on the same time-scale
as protein folding, and thus it may be possible to investigate the extent of solvation during
insertion and folding into a bilayer. In addition to experiments on the formation of tertiary,
secondary, and contact formation, solvation can be used to illustrate a complete picture of

OmpA folding.

In conclusion, this work has extended our understanding of the photochemistry, i.e.
triplet electron transfer, and photophysics, i.e. triplet decay kinetics, of tryptophan in
biological systems. As described in Chapter 5, spectroscopy of native residues and
prosthetic groups can provide a great deal of insight into local structure and dynamics of
proteins. These results provide an additional spectroscopic handles in protein structure

investigation.
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Appendix

A.1 Igor Pro procedures for modeling tryptophan photooxidation

Function TrpET_T(pw,tt,yw,dydt)

Wave pw
Variable tt
Wave yw
Wave dydt
// photooxidation scheme from the triplet state
//  k1/k2 k3 k5 k6 k7
// A <==>B* -——>T --> C+. --> D. --> E
/) N |
// k4
//pw[0] k1 excitation rate //yw[0] A
//pw[1] k2 1IC/fluorescence //yw[1] B*
//pw[2] k3 ISC_ST //yw[2] T
//pw[3] k4 ISC_TS, phosphoresc //yw[3] C+.
//pw[4] K5 ET //yw[4] D.
//pw[5] k6 Deprot //yw[5] E
//pw[6] k7 Decay
//dA/dt
dydt[0]=-pw[O]*yw[0] + pw[1]*yw[1] + pw[3]*yw[Z2]
//dB/dt
dydt[1]= pw[O]*yw[0] - pw[1]*yw[1] - pw[2]*yw[1]
//dT/dt
dydt[2]= pw[2]*yw[1] - pw[3]*yw[2] - pw[4]*yw[Z2]
//dc/dt
dydt[3]= pw[4]*yw[2] - pw[5]*yw[3] - pw[7]*yw[3]
//dD/dt
dydt[4]= pw[5]*yw[3] - pw[6]*yw[4]
//dE/dt
dydt[5]= pw[6]1*yw[4]
return O
End

// Fitting function for the curve fitting menu
Function FitTrpET _T(pw,yw,xw) : FitFunc
Wave pw
Wave yw // data y wave
Wave xw // x values to be solved
Make/0/D/N=(numpnts(yw),6) ODEsolution
ODEsolution=0
ODEsolution[0][0]=1

IntegrateODE/M=3/E=1e-9/X=xw TrpET_T, pw, ODEsolution
yw = ODEsolution[p][4] // offset
End
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A.2 Skp activity assay

Refolding experiments were performed on OmpA-Skp complexes to determine the
activity of Skp chaperone stock. The refolding kinetics of OmpA into
dimyristoylphosphatidylcholine (DMPC) vesicles was examined using an electrophoric
mobility assay previously described by Bulieris, P. V. et al.! OmpA-Skp complexes were
prepared by dilution of OmpA (8 M Urea) into 20 mM pH 7.3 buffer containing 4xSkp.
The residual urea concentration was 0.3-0.8 M. Samples were equilibrated at room
temperature for at least 30 minutes before being further diluted with DMPC vesicles. In
Figure A2.1, the electrophoric mobility of OmpA are shown for protein refolded from
dilute urea, and for samples refolded from a Skp bound complex. The results for the
refolding kinetics are shown in Figure A2.2. Folded OmpA migrates to lower molecular
weight, as previously described.? The kinetics for refolding into neutral vesicles from
OmpA-Skp complexes are inhibited compared to refolding directly from dilute urea. This
is consistent with previous observations of Skp activity.™ 3 This assay indicates the Skp
protein utilized in these experiments is in a functional form, and capable of binding OmpA

within its cavity.
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Figure A.2.1 SDS-polyacrylamide gel of OmpA refolding kinetics. Top:
refolding into DMPC vesicles from 0.8 M urea. Sample denatured in 8
M urea is shown in lane 1 as a reference. Samples were taken during the
folding reaction at 4, 8, 16, 30, 60, 90, 120, and 180 min and shown in
lanes 2-9. The unfolded bands (U) migrate to lower molecular weight
when folded (F). Bottom: refolding into DMPC vesicles from a complex
with the molecular chaperone Skp. The Skp band is indicated for
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Figure A.2.2 Densiometric analysis of OmpA refolding kinetics. The
fraction folded was determined for refolding into DMPC vesicles from
a denatured state (-Skp), and from a Skp-bound complex (+Skp).
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A.3 Raman spectroscopy of UV excited tryptophan-containing compounds

Visible resonance Raman spectra were acquired of n-acetyl-I-tryptophanamide
(NATA, Figure A.3.1) and azurin (Figure A.3.2). In Figure A.3.1, pump-only, probe-only,
and pump/probe spectra of NATA are shown. The pump (295 nm) and probe (442 nm)
wavelengths were chosen to simultaneously excite and interrogate the sample using the 3"
and 2" harmonics of a Ti:Sapph laser, respectively. Both beams were overlapped spatially
and temporally. The middle panel shows a transient spectrum present in pump/probe
experiments after subtraction of the pump-induced background and probe-only spectra. In
Figure A.3.2, the resonance Raman spectrum of NATA (middle) was compared to azurin
and calculated results for the tryptophan triplet state. The steady-state accumulation of
tryptophan triplet in apoazurin (apoAzW48) is expected under constant 280 nm photolysis
(see Chapter 3). The 456 nm resonance Raman spectra of apoAzW48 resembles the
spectrum of photogenerated tryptophan neutral radical in zinc-substituted azurin
(Zn(I1AzW48), in particular the intensity and position of the peaks at ~1560 and ~1590
cmL. The neutral radical in Zn(11)AzW48 was generated as described by Larson et al.* The
resonance Raman spectrum of the neutral radical in azurin has been previously described.®
The peaks in the NATA Raman spectrum (middle) in the aromatic region of the spectrum
may be explained by the presence of either an excited state, such as the triplet, or an
unknown aromatic photoproduct. The ground state spectra and calculated triplet spectra
support this explanation. However, a definite assignment of the spectrum is challenging
due to excited state photochemistry, i.e. photoionization, as shown to be the case in

apoazurin (See Chapter 3).
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Figure A.3.1 Raman spectrum of UV excited 300 uM N-acetyl-I-tryptophanamide
(NATA), 3 M KI, 3 mM Na>SOz. Using a Ti:Sapph laser with a fundamental ~884 nm
(1 kHz, ~100 ns) the sample was excited using the third harmonic (295 nm, pump) and
interrogated with the second harmonic (442 nm, probe). The pump (power = 3 mW) and
probe (power = 5 mW) beams were overlapped approximately 30% onto the face of
fused silicia capillary (250 um i.d.). The sample was flowed continuously at a rate of
40 um/msec through the capillary from a nitrogen pressurized reservoir. The scattering
was collected in a 135-degree backscattering geometry. Top: the probe- or pump-only
spectra each represent an accumulation of 60 minutes. The pump and probe spectrum
was accumulated for 120 minutes. Middle: subtraction of probe- and pump-only
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Figure A.3.2 Comparison of experimental and theoretical Raman spectra of tryptophan-
containing compounds. Sample type, probe wavelengths (2" harmonic 442 or 456 nm),
and repetition rate of pump and probe sources (continuous wave, CW, or pulsed) are
inset. Raman spectra of deoxygenated 250 uM azurin samples were collected in a right-
angle geometry using a cuvette. For apoAzW48, a 280 nm CW beam (power=1 mW)
was perpendicular to the Raman probe beam (power=15 mW), and the signal was
collected through a mechanical shutter (200 usec, 500 Hz). For NATA, the sample also
contained the reagents described in Figure A.3.1, and a 295 nm beam was either present
(3" spectrum) or absent (4" Spectrum). A vibrational spectrum of the 3-ethylindole
triplet (bottom) was calculated with B3LYP/TZVP using density functional theory
method.
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A.4 Transient absorption spectra of N-acetyl-I-tryptophanamide triplet

The transient absorption of N-acetyl-I-trytopanamide (NATA) was measured using
flash photolysis of deoxygenated samples for comparison with the steady-state results
observed in azurin. See Chapter 3 for details. Potassium iodide was used to enhance the
intersystem crossing yield. Sodium dithionite was used to maintain the samples oxygen
free, and prevent the formation of iodates. In Figure A.4.1, a transient triplet-triplet
absorption with a peak at 450 nm was observed with a ps lifetime following excitation with
a 295 nm pulse (~10 ns, see Chapter 2). This result agrees with previous reports of a triplet-

triplet absorption with a maximum at 450-460 nm for L-tryptophan.®
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Figure A.4.1 Transient absorption spectra of 100 uM N-
acetyl-I-tryptophanamide (NATA), 1 M KI, 1 mM Na,SO,,
40 mM Tris, using 295 nm 75 pJ pulses for excitation. See
text for details.
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