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ABSTRACT OF THE THESIS

Vibrational and Quantum Yield Studies of Deuterated Tryptophan Radical in Azurin

by

Justine Hwai-Han Liang

Master of Science in Chemistry
University of California, San Diego, 2017

Professor Judy Kim, Chair

Long-range electron transfer has been observed in several complex biological
systems, including photosynthetic complexes to redox enzymes in DNA repair
pathways. The efficiency of electron tunneling and hopping through amino acid
mediators, including tyrosine and tryptophan, has been reported in the past. In

particular, tryptophan residues are redox active and can function as electron transfer
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(ET) intermediates through progressive conversion to cation and neutral radical. The
current work extends upon the published studies of the tryptophan radical at position
48 of the zinc-substituted protein, azurin (denoted Zn"Az48W) by focusing on the
effect of isotopic substitution on electron and protein transfer steps. Two Zn"'Az48W
isotopologues of trp-48 are studied here: perdeuterated D5- Zn""Az48W and singly-
deuterated ND- Zn"" Az48W. These isotopologues were characterized by UV- and
visible-resonance Raman spectroscopy for both the closed shell and neutral radical
forms, respectively. Isotope effects were also observed in the fluorescence and radical
quantum yields. The fluorescence and phosphorescence intensities, in the presence and
absence of an external electron acceptor, indicate that the triplet state may be involved
in the ET and cation radical formation pathways. The quantum yield for formation of
D5- Zn"Az48W is consistent with ET from the triplet state. In the case of ND-
Zn"Az48W, ET also likely occurs from the triplet state, but there is an additional
effect because deprotonation of the heavy deuteron reduces the quantum yield for
radical formation by a factor of 0.67 relative to NH- Zn''Az48W. These isotope studies
of Trp-48 in azurin help clarify the sequential ET/PT steps for trp-48 in azurin, and

provide general insights into this complex biological process.
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1 General Introduction

Electron transfer is the simplest form of a chemical reaction, and yet is the
basis of the complex processes of energy storage and transduction in all biological
systems. It is well established that several types of redox-active moieties are effective
mediators in long-range electron transfer (ET). Nature has evolved to allow multistep,
long-range ET to occur efficiently via protein-protein interactions, propagating
electrons through metal cofactors, organic molecules, or the lesser- known aromatic
amino acid carriers. The expected kinetic and energetic barriers that come with charge
separation over long distances is logarithmically diminished for electron tunneling'
and multistep hopping facilitated by intermediates, such as amino acid residues.

The utilization of aromatic amino acid residues as “hopping spots” for long-
range ET reactions can be more complicated than a typical metal cofactor because the
formation of amino acid radicals involves a proton-coupled ET (PCET) mechanism.
Published studies on PCET are extensively devoted to tyrosine-based electron transfer,
with its concerted electron- and proton-transfers steps that result in the formation of
neutral tyrosine radicals, e.g. in ribonucleotide reductase and photosystem II****, Our
goal is to focus on the PCET mechanism of tryptophan, whose electron- and proton-
transfer events are generally not considered to be concerted; tryptophan neutral and
cation radicals are also observed in complex enzymatic systems, such as DNA
photolyase.

Both tryptophan- and tyrosine-mediated electron transfer is observed in a
variety of enzymes. In photosystem II, tyrosine-Z mediates electron transfer between

P680 and OEC (Oxygen Evolving Complex), subsequently generating molecular



oxygen and protons necessary for initiating ATP synthesis. Tyrosine as a conduit of
electron transfer in several enzymatic systems involves a direct hydrogen transfer,
where the PCET mechanism is a concerted step of electron ejection and deprotonation,
resulting in an energetically favorable formation of a neutral tyrosyl radical. This
concerted mechanism bypasses the formation of a high-energy Tyre" intermediate
(E°=1.45V vs NHE’). In contrast to the concerted deprotonation reported for tyrosine-
mediated ET, tryptophan exhibits a coupled, stepwise ET/PT mechanism that also
results in the formation of a stable, neutral Trpe radical. For instance, DNA photolyase
incorporates a chain of tryptophan residues that propagates charge transfer from
Tyr306 to FADH®, creating and filling holes from one tryptophan cation radical to
another, and lastly generating a neutral tryptophan radical after deprotonation of the
cation radical to bulk solvent®’. The observation of neutral tryptophan radicals in
proteins motivates in-depth studies on how the protein environment is able to
eliminate high-energy charged intermediates during long-range electron hopping
events.

The tryptophan radical has been observed in azurin, a type I cupredoxin
metalloprotein naturally found in Pseudomonas aeruginosa. This bacterial protein
participates in the denitrification cycle, and enables electron shuttling between redox
partners, cytochrome ¢551 and nitrite reductase®. Azurin has 128 amino acids that
form a globular structure composed of 12 beta sheet strands, 4 alpha helices, loops,
and a disulfide bridge (Figure 1.1). It contains one native tryptophan at position 48,
with two neighboring tyrosine residues at positions 72 and 108. The copper center is

ligated with five amino acids arranged in a specific conformation: His-46, His-117 and



Cys-112 coordinates with the metal and forms a trigonal planar structure, while Met-
121 and Gly-45 residues are axial ligands that weakly coordinate to copper. This
specific coordination sphere of the copper metal in azurin (Figure 1.2) gives rise to the
spectroscopically characterized ligand-to-metal charge transfer (LMCT) band, seen in
type I copper proteins, that has an absorption peak at 628 nm (Figure 1.3).

Our group has utilized azurin as a model system to study the tryptophan radical
at position 48. When the copper center is exchanged for redox-inactive zinc
(coordination sphere shown in Figure 1.2), and the two native tyrosine residues are
mutated to phenylalanine, the mutant is called Zn"Az48W. This mutant generates a
relatively stable tryptophan radical upon photoexcitation, and in the presence of an
electron acceptor. Previous studies on Zn"Az48W have proposed a mechanism of
neutral tryptophan radical formation’, including proposal of a path for trps”
deprotonation from the hydrophobic pocket'’. The location of the trp-48 residue
embedded in the hydrophobic pocket of azurin eliminates the possibility of solvent
interaction and, thus, favors the formation of a long-lived neutral trp radical. Our
current goal is to further elucidate the mechanism of trp-mediated PCET in azurin with
the study of tryptophan isotopologues.

Isotope effects are common tools for monitoring enzyme-substrate activity'',
whether in determining the rate-limiting step of enzyme kinetics or the geometries of
substrate bound to enzyme. Notably, kinetic isotope effects (KIEs), defined as a rate
ratio kh/kd, can play a large role in investigating PCET exchange'?. In this study, we
utilize the rates of formation of the neutral radical and compare the radical formation

kinetics for two types of Zn"Az48W isotopologue derivatives: 1) perdeuterated D5-



Zn"Az48W (full exchange of the five C-H bonds of the trp-48 indole ring to C-D), and
2) singly-deuterated ND- Zn" Az48W, where the exchangeable N1-H proton on the
indole ring undergoes H/D exchange to form N1-D on trp-48. Vibrational studies can
provide insight into the structures of closed- shell trp-48 and its neutral radical
(denoted W48¢) upon deuteratation. Paired with their vibrational structures, the radical
and fluorescence quantum yields of these isotopologue derivatives will be discussed.
Insight into neutral radical formation in single proteins can bridge the gap from
simplified single-protein and electron acceptor models to larger protein-protein
electron transfer complexes. We aim to unravel the mechanism of long range, protein
mediated ET, where nature has enabled proteins to simultaneously allow electron
conduction through long distances while minimizing the energetic costs of charged

cation byproducts.

1.2 General Methods of Zn" Az48W Sample Preparation

1.2.1 Az48W Mutant Expression

A modified version of published Azurin expression protocol'*'* has been
pursued in order to express the Az48W mutant (site-directed mutagenesis,
transformation to competent cells, and preparation of cell stocks were already
completed by previous group members). A generic recipe involving LB (Lysogeny
Broth) media was used to express Az48W. All steps for protein expression were
carried out under sterile conditions (i.e. autoclaving the media and/or working under
the flame). The starter flask was made with 500 mL of LB media and was inoculated

with a pipette-tip amount of Az48W frozen cell stock. An ampicillin stock of



100mg/mL was made, and 1 mL of the antibiotic stock was added to the starter flask
prior to inoculation. This 500 mL starter bacterial solution was incubated overnight for
12-14 hours (at 37°C). After 12 hours of incubation, 50 mL aliquots of the cloudy
starter solution were transferred directly to the larger flasks (6 L capacity). These large
flasks each contained 2 L of LB media with 2 mL of the ampicillin stock. The growth
of bacteria in the larger flasks was monitored using a UV-Vis spectrometer (Hewlett-
Packard 8453). Once the absorbance at 600 nm reached a range from 0.6 to 0.8, 2 mL
of 2mM isopropyl B-D-1-thiogalactopyranoside (IPTG) was added to each large flask
to initiate protein production. The cells are induced for at least 3 hours, or when the
maximum absorption limit was reached (OD600~1.5). The cells were then harvested
using a large centrifuge (6000 RPM at 4°C) and washed with 50mM Tris-HCI Buffer

pH=7.8. The final pellet of cells was stored in the -80°C freezer until ready to lyse.

1.2.2 Az48W Lysis

The frozen pellet was taken from -80°C and thawed at room temperature (the
freeze-thaw cycle aided the cell lysing process). The thawed pellet was resuspended in
40 mL of 20mM KPi buffer (pH 7.2) and mixed with 10mg/mL of lysozyme (Gold
Bio) and 500 units of DNAse I. The mixture was then incubated and shaken at 25 -
30°C for 90 minutes. The lysate was then separated from the cell debris through 30-
minutes centrifugation. A 1 M sodium acetate buffer of pH 4.5 was used to adjust the
pH of the lysate solution to acidic conditions, precipitating out unwanted species; 3

mL of this acetate buffer was needed to precipitate unwanted cell debris. The lysate



was equilibrated in the acidic solution for 30 minutes. After centrifuging (30 minutes
at 17000 RPM, 4°C) to separate the unwanted precipitate from the solution, 20mM of
CuS0O4+5H20 (calculated from total volume of lysate, estimated around 50 mL) was
slowly added to the lysate solution — this was the “salting-out” purification step before
running the sample through the FPLC. Upon addition of CuSO4«5H20 the solution
immediately turned to a deep, opaque blue color, and the mixture was allowed to
equilibrate for another 30 minutes before the solution was spun down. After separating
out the unwanted precipitate, the remaining blue protein solution was then stored at
4°C for at least 24 hours before purification via FPLC. The blue protein solution had a
typical volume of 50 mL, and at this stage, despite the goal of producing only
Cu"Az48W, the solution contained a mixture of Cu"Az48W and Zn"Az48W because

of the unavoidable presence of Zn" during the growth and lysis steps.

1.2.3 Az48W FPLC Purification and Cyanide Dialysis

Prior to injecting the sample into the FPLC column, the blue sample from
above was exchanged into ~ 150 mL of 1 mM sodium acetate buffer at pH 4.5. The
buffer exchange was performed using a 50 mL Amicon ultrafiltration cell with a 10
kDa ultrafiltration disk (Millipore). The purification of Az48W was completed in the
same method as previously described'” using a cation-exchange column (Source 15
column, GE Healthcare). The solutions used for equilibrating the column were 1 mM
and 250 mM sodium acetate buffers at pH 4.5. The 1 mM sodium acetate buffer

solutions used for the buffer-exchange (Amicon) step and the FPLC process were



from the same stock. After purification through the FPLC column, the samples were
de-metallated through cyanide dialysis. The previously established protocol for

e l5:16
cyanide dialysis >

was implemented. However, some changes were made. For
successful de-metalation of holo-Az48W, a protein sample stock of 1 mM in a total
volume of 3 mL was injected into a 3 mL dialysis cassette (3500 MWCO Slide-A-
Lyzer cassette). The sample was dialyzed in a 1 L solution of 0.5 M potassium cyanide
dissolved in 100 mM pH 8.0 phosphate buffer. Three rounds of dialysis with KCN
were completed, in which each round was 2 hours long. After each 2-hour cycle, the
old buffered KCN solution was replaced with fresh cyanide-phosphate buffer. The
dialysis beaker was surrounded with ice during the entire 6 hours of cyanide dialysis.
After the third exchange into fresh KCN buffer, the sample was placed in pH 8.0
phosphate buffer and dialyzed overnight at 4°C to remove the excess cyanide. The
sample was washed once more with pH 8.0 phosphate buffer for 4 hours before
exchanging via dialysis into the preferred buffer for apo-Az48W storage. Az48W
apoprotein stocks with high concentrations (greater than 1 mM) were stored in pH 4.5,
50 mM sodium acetate (NaOAc) buffer. The apoprotein form of Az48W was used to
make ZnllIAz48W and ND- ZnlIAz48W (refer to section 3.2.2). Since apo-Az48W has

a high affinity for Cull, it was important that all containers used to store the

apoprotein were washed with concentrated EDTA (250 — 500 mM EDTA solution).

1.2.4 Metalation with Zn"

The metalation of azurin proceeded from the previous cyanide dialysis step,

without removing the apoprotein from the dialysis cassette (however, concentration



adjustment may need to be made, see below). After exchanging the solvent to 50mM
NaOAc buffer, the dialysis cassette with apoprotein was placed in a 1 L solution of 7
mM ZnSO4+7H,0 dissolved in 50mM NaOAc buffer (pH 4.5). The buffer used for
Zn" dialysis should have an acidic pH (pH 4.5), since ZnSO4 has low solubility at
neutral or alkaline pH (i.e. precipitates out in pH 7.2 — 8.0 phosphate buffer). A second
round of dialysis with 7mM ZnSO,4 was completed to ensure that the protein stock was
fully incorporated with the Zn" metal. It was observed that high protein concentration
stocks were harder to metallate with ZnSO4; therefore, a protein concentration of
maximally 500 uM in a sample volume of 3 mL is recommended. Inductively coupled
plasma mass spectrometry measurements (ICP-MS from the ECAL lab) were
performed in order to check that the concentration ratio of Zn" to protein was at least
1:1 and ensure that there was minimal CullAz48W contamination. In all samples
discussed here, the amount of Cu"" contamination was<1%. The reason for pure
sample is because radical yield results would vary if there were Cu'- or apo- Az48W
present in the stock samples. For example, it was noted that apoAz48W does not
generate stable, neutral radical, which would cause an artificially lowered radical
quantum yield. After metalation, the high concentration protein stock samples were

stored in pH 4.5 sodium acetate buffer.



Figure 1.1: Crystal structure of native wildtype azurin with Cu*'metal center.
The Trp-48 and neighboring tyrosine residues are displayed. PDB ID: SAZU.
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Figure 1.2: Metal coordination sphere of Cu(Il) and Zn(II) derivatives of wildtype
Azurin. AzZWT-Zn" (PDB: 1E67) is tethered and overlaid with the native azurin
structure, AzZWT-Cu" (PDB: 5AZU). There are small differences for the Zn"
metallated wildtype azurin: the Met-121 residue is moved away from the Znmu center,
and the ZnlII metal is closer to the Gly-45 residue'’.



11

07 P80 nm
l 628 nm

o
(o]
|
-

-—292 nm

Absorbance
o
(o)}
|

o
S
|

0.2

T T T r r [ r rrr [ r 1T T rrtr[rrrr[rrrr[1rrr1r[1rrr1r[1rrrr [T T T T[T Tr T
T I T 1 T I I I I

300 400 500 600 700 800
Wavelength (nm)

Figure 1.3: Absorption spectrum of Cu"-Az48W mutant, with the LMCT band
indicated at 628 nm. The broad absorption at 628 nm represents the LMCT band seen
in type I copper proteins, where the molar absorptivity is measured to be 5900 M™'cm’

. Aromatic amino acids absorb 280 nm light, and the single tryptophan residue
absorbs 292 nm light. The ratio of absorbance at 280 nm (280 = 6690 M cm™) to
292 nm (280 = 5817 M'em’™) is characteristic of the azurin protein, and can be used
to quantify the purity of mutant samples.



2 Vibrational Modes
2.1 Introduction

Resonance Raman spectroscopy is a form of vibrational spectroscopy based on
inelastic scattering that provides environmental and structural information of a given

'®19 This method offers advantages over off-resonance Raman spectroscopy

molecule
because the resonance condition in which the incident excitation wavelength overlaps
with an electronic transition, or absorption band, leads to amplification of the signal up
to 10°~fold. Resonance Raman shifts are characterized as Stokes or anti-Stokes
inelastic scattering: in Stokes scattering, the energy of the scattered photon is lower
than that of the incident photon, whereas in anti-Stokes scattering, the energy of the
scattered photon is greater than that of the excitation photon. While both types of
scattering take place, the probability of observing anti- Stokes scattered photons is low
because in order for an anti-Stokes event to occur, there must be population in a
higher- lying vibrational mode, which is only relevant for low-frequency modes or
with high temperature. Therefore, in all spectra shown here, the peaks reflect Stokes
scattering.

An important advantage of resonance Raman spectroscopy is the ability to
reveal structural and environmental aspects of a single chromophore within large
molecules — in this case, the chromophore is a naturally found trp-48 residue in a
14kDa azurin protein. By tuning the excitation wavelength to within the absorption
band of tryptophan, there is minimal signal from the peptide backbone or other

residues. Another key benefit of resonance Raman spectroscopy is that it can be

performed on aqueous solutions without overwhelming interference from solvent

12
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vibrations. These advantages allow resonance Raman spectroscopy to be a more
effective vibrational technique than IR spectroscopy. In the present project, the
excitation wavelength is tuned to enhance signal from the closed-shell tryptophan
residue (UV resonance Raman) or the tryptophan radical (visible resonance Raman).
With the use of both UV and visible wavelengths, structural and environmental

information can be gained for the closed- and open-shell tryptophan-48 residue.

2.2 Materials and Methods

2.2.1 UV Resonance Raman with 228 nm excitation wavelength

The UV Resonance Raman setup for has been previously described®. Briefly,
a tunable Ti:Sapphire laser is adjusted to 1kHz fundamental output of 912 nm; the
resulting power ranges from 0.750 — 0.780 uW. The fundamental wavelength was
collimated into a lithium triborate (LBO) crystal in order to generate the second
harmonic wavelength of 456 nm (the polarization direction of the second harmonic is
flipped 90 degrees after exiting the LBO crystal). The fourth harmonic wavelength
was generated using a B-barium borate (BBO) crystal, resulting in the desired 228 nm
wavelength used to excite the Az48W protein samples (the polarization of the fourth
harmonic flips again, regenerating the same polarization as that of the infrared
fundamental). The fourth harmonic light was dispersed using a Pellin-Broca prism,
where the 228 nm wavelength was isolated. The power of the UV light after the
Pellin-Broca prism and the UV turning mirror ranged from 4 to 7 mW. The UV-
Resonance Raman spectra presented here were collected with UV power of ~4 mW.

The Az48W protein samples were flowed through a vertical quartz capillary,



14

with an outer diameter of 160um and inner diameter of 102pum. The angle between the
incident light and the capillary is 135°, in a backscattering conformation. For 228 nm,
the spectrograph was centered at 707 nm, and a 3600 grooves/mm holographic grating
dispersed the light; this configuration had the net result of the center wavelength of
235.6 nm on the detector. The pre-filter slit was set to 110 pm, and the intermediate
filter slit was set to 2.13 mm. The sample was flowed using a syringe pump at a rate of
0.16 mL/min. Acetonitrile was used to calculate the signal counts to ensure efficient
collection of scattered light for a given experiment; the peak at 918.9 cm™ was
monitored, and the counts per second were normalized with the power measured. The
acetonitrile spectrum was used to calibrate the pixels to Raman shift (cm™); the day-
to-day pixel calibration can result in Raman shift errors of +1 cm™. For all samples,
the gain of the CCD detector was set to 2, with a 100kHz readout rate.

Each sampled protein had a concentration of 25 uM in a total volume of 2 mL.
The integration time was 60 seconds, with 12-13 cycles that totals to 12-13 minutes of
total resonance Raman spectra collection. The protein samples were all diluted in pH
7.2 phosphate buffer (made with protiated, ultrapure water), and background spectra

of the phosphate buffer was collected in the same manner as the protein samples.
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2.2.2 Visible Resonance Raman with 514 nm and 488 nm Excitation Wavelengths

The laser setup of the visible resonance Raman (visible RR) and general data
analysis of the collected spectra have been previously described'’. A mixed-gas Kr- Ar
laser (Coherent Innova 70C) was used, and the laser output was tuned to 514 nm or
488 nm, with the laser aperture set at 7. An interference filter (either 514 nm or 488
nm, depending on the chosen incident wavelength) was placed in front of the exit slit
of the laser. In order to prevent Rayleigh scattered light from entering the
spectrograph, an appropriate edge filter was placed directly in front of the entrance slit
of the spectrograph (Jobin Yovin iHR 320). The spectrograph contained a 1200
grooves/mm grating and a CCD detector. The bandpass was 10 cm™ and corresponded
to a spectrograph entrance of 100 pum. The readout rate was set to 20 kHz during
visible RR data collection. With 514 nm excitation, the spectrograph was centered at
557 nm and 549 nm for D5-Zn"Az48We and H5-Zn" Az48W+ samples, respectively.
With 488 nm excitation, the spectrograph was centered at 527 nm for analysis of both
D5-Zn"Az48We and Zn" Az48 W+ samples. For both 488 nm and 514 nm excitations,
the signal counts (at Gain 2) were determined using spectroscopy grade ethanol, in
which the normalized counts per second per mW were based off the 883.3 cm™ peak
of ethanol. Acetonitrile (spectroscopy grade) was used to calibrate the pixels, in order
to convert to Raman shift (cm™) values. Again, the day-to-day acetonitrile pixel
calibration can have an error of 1 cm™.

For all visible RR analyses, the scattered light was collected at a 90° angle with
respect to the incident light. The protein samples were diluted to 25 - 50uM with pH 7.2

phosphate buffer. The [Co™(NH;)sCI]Cl, (referred to as Co'™) concentrations were
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approximately two times greater than the protein concentration. Power-dependence
studies, not discussed in this thesis, have indicated that there is no photodamage up to
14 mW; the incident power for the spectra reported here was 4-6 mW. There were no
new peaks seen (indicative of photodegradation byproducts) during the span of the
collection time. The power was measured at the sample position (above the final
focusing lens).

The samples remained in an atmosphere-controlled quartz cuvette, with the
dimensions of 2 mm x 10 mm. Each sample was deoxygenated (exchanged with Ar
gas) prior to visible RR collection. The photolysis setup for generation of the neutral
radical species is discussed in Section 3.2.4. Pre-photolysis visible RR spectra were
collected for 2-3 hours, then the samples were irradiated for 30-40 minutes, and
subsequent post-photolysis visible RR spectra were collected for the same amount of
time (2-3 hours). For each collection period, the integration time was 60 seconds with
a total of 30 cycles. This collection period was repeated 4-6 times for a total of 2-3
hours.

2.2.3 Density Functional Theory Calculations and Vibrational Mode Assignments

Density functional theory calculations were performed with B3LYP functional
using Gaussian 09W, and mode assignments were based off established mode

10,21 . .
“*. There are a few differences in

descriptions for tryptophan, as discussed previously
the current 3EI calculations compared to literature'’: the basis set was changed to 6-
311+G(d,p) and the input structure of closed and open shell 3EI (3-ethylindole) were

non- coplanar (Figure 2.1). This non-coplanar condition was derived from the crystal

structure (Figure 1.1). The mode displacements were viewed using both GaussView
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and a web-based graphic program, ChemCraft>. ChemCraft retains the same
vibrational frequencies and corresponding mode displacements as displayed in
GaussView. In order to quantify the similarities between normal modes of different
isotopologues, a web-based application, Vibalizer**, was used. The input structure of
both closed and open shell 3EI had a non-coplanar angle of 113.9°. With the
equilibrated output molecule of 3EI, the perdeuterated 3EI isotopologue vibrational
modes (for closed and open shell 3EI) can be obtained by directly changing the indole
C-H bonds to C-D bonds in GaussView (re-optimization is not necessary after isotopic
exchange). The isotopic shifts calculated between perdeuterated and protiated 3-EI
closed shell normal modes were used to guide the assignments of the experimental
vibrational frequencies of D5-Zn""Az48W. The vibrational modes of Zn"Az48W have
been discussed”, and can be identified with comparison to experimental UV
resonance Raman of H5-L-trp and the D5-L-trp analog (spectra taken from Dr.
Hannah Shafaat). However, with the closed and open shell Zn"Az48W, there are a few
labeling differences observed compared to previously published identifications'®*.
The differences in labels are attributed to the different 3-EI input structure used for the
calculations (non-coplanar vs. coplanar conformation in previous work). The new
mode labels for Zn"Az48W and Zn"Az48W-+ are based off both non-coplanar, 3EI
calculations and the comparison to established modes® of experimental L-trp in
solution.

The vibrational modes of closed and open shell ND-Zn"Az48W are based off
of NATA (open and closed shell) calculations and literature mode assignments for

indole ND- L-trp and ND- NATA*'?°. The input structures of NATA and NATA-« are
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non-coplanar (Figures 2.2 and 2.3) and mimicked the angle of Trp-48 in wildtype Cu"-
Azurin (5AZU structure, Figure 1.1). After optimization, the NATA isotopologues
were generated directly from GaussView. The closed shell NATA isotopologue had
all exchangeable protons deuterated, while open shell form had only the amide
backbone deuterated. The vibrational modes were compared and identified using the

previously mentioned web-based applications.

2.3 Results

2.3.1 Vibrational Modes of Closed Shell D5-Zn"Az48W

Vibrational modes of both the closed shell protiated and perdeuterated
Zn"Az48W are shown in the 228-nm UV resonance Raman spectrum in Figure 2.4.
Spectra of the model compounds D5-L-trp and H5-L-trp are also shown. The
nomenclature for the fully protiated form of Zn"Az48W will be abbreviated as H5-
Az48W (representative of HSNH-Az48W) while the perdeutero derivative will be
labeled as D5-Zn"Az48W (representative of DSNH-Zn" Az48W). The isotope shifts
for both closed shell and open shell perdeuterated Az48W are determined with density
functional theory calculations of 3-ethylindole (3EI), using a B3LYP functional and 6-
311+G** (6-311+G(d,p)) basis set. The original input structure of 3EI has a non-
coplanar dihedral angle of 113.9° in order to roughly mimic the 114.9° angle of trp-48
observed in native Az48W (refer to crystal structure in Figure 1.1). The output
structure of 3EI is shown in Figure 2.1. After equilibration of the structure in the
calculation, the dihedral angle of the closed shell 3EI shifts to 113.88°. In comparing

fully protiated Zn"Az48W (H5-Zn"Az48W) to its perdeutero isotopologue, there is an
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overall downshift in the majority of normal modes of closed shell D5-Zn"Az48W. The
W18, W17, and W16 modes for perdeuterated D5-Zn"Az48W are significantly
downshifted when comparing the UV Raman spectrum of the protiated form. The
W18, W17, and W16 vibrational modes of D5-Zn"Az48W have isotopic downshifts of
52 cm™, 54 cm™, and 164 cm’', respectively. Additionally, the W12 and W10 modes
have significant downshifts of 102 cm™ and 48 cm™, respectively. The perdeuterated
W7 mode at 1340 cm' loses the distinctive second peak, as seen in the protiated W7
normal mode, and develops a shoulder at a 1330 cm™.

With 228-nm excitation, the intensity ratio of W18 to W16 modes changes in
the spectrum of D5-Zn"Az48W. In H5-Zn" Az48W, the ratio for W18:W16 is 1.40,
while that of D5-Zn"Az48W is 0.50, indicating the greater W16 intensity seen in the
perdeuterated spectrum. As seen in Figure 2.4, the overall intensity differences can be
distinguished in the normalized vibrational spectra of both protiated and perdeuterated
Zn"Az48W protein. In addition to the aforementioned W18:W16 intensity ratio, the
W13 and W1 vibrational modes also exhibit different relative intensities for the
isotopologue. Both the W13 and W1 normal modes of D5-Zn"Az48W have increased
intensities compared to the protiated spectrum.

Table 2.1 presents an overall summary of Zn"Az48W and L-tryptophan normal
mode assignments, along with the respective deuterated and protiated derivatives. The
calculated isotope shifts are compared to experimental data to help identify the normal
modes in D5-Zn"Az48W. Additionally, comparison with spectra of model compound,

L-trp, and published results supports the assignments.
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2.3.2 Vibrational Modes of D5-Zn""Az48W Neutral Radical

Visible Resonance Raman spectra of tryptophan neutral radical (W48e) is
observed with both 514nm and 488nm excitations (Figure 2.5). The 514 nm excitation
shows larger Raman cross-sections because 514 nm overlaps with the absorption
maximum (refer to Figure 2.6). Table 2.2 provides a comparison of the isotopic shift
observed in experimental results and theoretical 3-El* calculations, where the input
dihedral angle for the structure of 3-El- is the same as the closed shell calculation for
3-EI previously mentioned. Figure 2.1 shows the calculated output structure of 3-Ele
with the angle optimized to 112.85°. Table 2.3 compares the calculated vibrational
frequencies of H5-3EI* and D5-3El- to the corresponding experimental peaks of H5-
Zn"Az48Ws+ and D5-Zn"" Az48W-e spectra. The scaling factor of Table 2.3 represents
the scaling factor needed to match the calculated and experimental results in the
visible Resonance Raman spectra of Figure 2.5. The general trend is that the scaling
factor is a value less than 1.00, indicating that the majority of calculated values are
higher than the experimental frequencies; however, there are a few exceptions where
the scaling factor is greater than 1.00, representative of calculated vibrational modes
with lower frequency than the experimental labels. In either direction, the scaling
factors deviate from unity by only 3%. Overall, the calculations serve as a guide for
the expected isotopic shifts between perdeuterated and protiated neutral radicals of
Zn"Az48W to aid in mode assignments.

As expected, the isotopically substituted Az48W neutral radical (D5-
Zn"Az48W+) have downshifted vibrational frequencies relative to the protiated radical

(H5-Zn"Az48 W) spectra, as summarized in Table 2.1. With 514 nm excitation, the
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greatest isotopic shifts are seen in W17+, W16e, W12, and W4e, all of which result in
a significant downshift with the exception of the W12+ mode. The W17+, W16+, and
W4e modes are downshifted by 59 cm™, 178 em™, and 66 cm™, respectively, relative
to the protiated radical; the W12+ normal mode of perdeuterated neutral radical is at a
higher frequency, with a 56 cm™ upshift, compared to that of the protiated radical.
Table 2.2 summarizes the difference in isotopic shifts observed between calculated
and experimental values. The Aj, ratios display the overall differences between
expected isotopic shifts of 3-EI+ and the observed shifts of Zn''Az48W+ seen in the
visible resonance Raman spectra of Figure 2.5.

The neutral radical of the perdeuterated isotopologue has different relative
peak intensities for the W19, W14e W7e W4e and W2 normal modes. The W19
mode, apparent only with 514 nm excitation, has an expectedly lower frequency
(located at 521 cm™) in the deuterated analog and becomes broader with a shoulder
near 542 cm’'. The W14s, W4e, and W2+ peaks have greater intensities in D3-
Zn"Az48W-+ than in H5-Zn"Az48W+. The W7+ mode loses its distinct peak in the
perdeuterated isotopologue compared to the doublet observed in the protiated radical.

Some changes are noted with 488 nm excitation compared to 514 nm. The
low-frequency W19+ mode disappears with 488 nm excitation, as shown in Figure 2.5.
In both perdeuterated and protiated derivatives of Az48We, the Wle, W2+, W3+ and
W7+ modes retain most of its peak intensities when comparing the two excitation
wavelength spectra. Furthermore, the shapes of the aforementioned peaks remain

consistent going from 514 nm to 488 nm excitation.
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2.3.3 Vibrational Modes of Closed Shell ND-Zn"Az48W

UV Resonance Raman with 228 nm excitation wavelength was used to
distinguish the differences between protonated and deuterated indole rings, i.e. ND-
Zn"Az48W vs. NH-Zn" Az48W. The nomenclature for the fully protiated form will
be abbreviated as NH-Zn" Az48W (representative of HSNH-Zn"Az48W) while the
singly-deuterated form will be labeled as ND-Zn""Az48W (representative of HSND-
ZnHAz48W). The most notable changes are the downshifts of W17, W12, W10, and
W6 modes upon deuteration of the exchangeable indole proton, as seen in Figure
2.7. The W17 mode of ND-Az48W has a 22cm™' downshift and a slightly lowered
intensity compared to the protonated counterpart. Table 2.4 lists the isotopic shifts
for Zn"Az48W where the experimental shifts are compared to calculated model
compounds NH-NATA (N-Acetyl-L-Tryptophanamide) and ND-NATA vibrational
frequencies. Figure 2.2 shows the corresponding calculated output structures of
NH-NATA and ND-NATA, where ND-NATA is deuterated at all exchangeable
protons on the indole ring and backbone (“B” of Figure 2.2). The W10 mode
displays an upshift of 9 cm™ and 6 cm™ for experimental and calculated modes,
respectively. The relative intensities of all modes are nearly identical between
protonated and deuterated analogs, with the exception of an increased intensity for

the W6 normal mode for in ND-Zn""Az48W.

2.3.4 Vibrational Modes of Neutral Radical of ND-Zn""Az48W

As expected, the visible resonance Raman spectrum (514 nm excitation) of the

neutral radical in Figure 2.8 (A) shows nearly identical normal modes for the neutral
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radical of ND-Zn"Az48W and NH-Zn" Az48W; this strong similarity is expected
because the radical is deprotonated, and the only difference between the two species is
the deuterated backbone that was not exchanged during dialysis back into H,O (refer
to Materials and Methods section 3.2.2). The considerable differences are denoted as
the peaks marked in Figure 2.8 (A) — these are additional peaks observed for ND-
Zn"AzW48+. Another difference is observed for the W10+ mode, with a higher
frequency (upshift of 8 cm™) compared to the NH-Zn"Az48Ws spectrum. These
differences are qualitatively reproduced in the calculations of NATAe, where the
protonated and deuterated forms of NATA« include either H or D on the amide
backbone of the model compound, respectively (the deuterated form is seen in “B” of
Figure 2.3). The W10+ mode has a calculated upshift of 5 cm™ for the backbone
deuterated NATA-, while additional peaks denoted with asterisks are also calculated
(“B” of Figure 2.8). While the calculation of the model compound does not take into
account the possibility of multiple-deuterated backbone, it nonetheless predicts
changes in the spectrum of the radical ND-Az48We spectrum that is observed

experimentally.

2.4 Discussion

The two deuterated isotopologues of azurin studied here (D5-Zn"Az48W and
ND-Zn"Az48W) exhibit varying isotopic shifts and intensities compared to the
protiated forms. The UV Resonance Raman spectrum of closed shell azurin
derivatives were taken using 228 nm excitation, an incident wavelength that overlaps

with the strong, deep-UV absorption band present in most proteins and aromatic
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molecules. ND-Zn""Az48W is analogous to the protonated form of Zn" Az48W, except
that the exchangeable proton on the indole ring is deuterated, substituting N-H to N-D.
Since this isotopologue is a singly-deuterated species, the vibrational frequencies of
closed shell ND-Zn"Az48W is similar to NH-Zn"Az48W, with exceptions for modes
that include displacement of the indole N-H group. On the other hand, the
perdeuterated form of Zn"Az48W (D5-Zn"Az48W) is expected to exhibit significant
differences in the vibrational spectrum because all the hydrogen atoms in the trp-48
indole ring are deuterated, while the N-H moiety remains unsubstituted. Through the
exchange of C-H to C-D bonds, the normal modes of closed shell tryptophan will
result in noticeably different vibrational frequencies due to the substitution of five
heavier atoms on the indole ring. The shift of these modes seen in the closed shell
forms provide vibrational information that can underlie the functionality and
mechanism of ET in perdeuterated and singly-deuterated Az48W.

Comparison of D5-Zn" Az48W and H5-Zn""Az48W. Differences in relative
intensities and frequencies are observed for the perdeuterated isotopologue (see Figure
2.4). In H5-Zn"Az48W, the W18 and W16 modes have a well-characterized intensity
ratio, where the W18 mode has a greater intensity than the W16 mode with 228nm
excitation. In contrast, the W18:W16 intensity ratio for D5-Zn"Az48W has the
opposite trend, where the W18 mode is less intense than the W16 mode. In resonance
Raman spectroscopy, absolute intensities of specific vibrational modes of a
chromophore reflect the extent of the geometry difference between the ground and
resonantly- excited electronic states. The intensities of normal modes are also

wavelength-dependent, and a plot of Raman scattering cross-section for each normal
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mode as a function of excitation wavelength (called a Raman excitation profile) is
needed to fully understand the origin of intensity differences between D5-Zn"Az48W
and H5-Zn"Az48W. In this study, an excitation profile was not pursued so further
insights into the differences in intensities are not offered.

Aside from changes in relative intensity, it appears that there are different
peaks in the D5-Zn" Az48W spectrum compared to H5-Zn"Az48W. For example, the
740 cm™ peak (marked on Figure 2.4) in D5- Zn""Az48W is not present in the model
compound D5-L-tryptophan, and the analogous peak in H5- Zn"Az48W is also not
observed. We are continuing to investigate the origin of this unidentified peak. The
W7 doublet in H5-Zn" Az48W is another example that is not observed in D5-
Zn"Az48W; this W7 mode peak difference can be clarified with the corresponding
comparisons between H5-L-trp and D5-L-trp. The W7 doublet arises from coupling
between different vibrational modes in H5- L-trp, and these couplings are not present
in D5-L-trp because the vibrational frequencies for D5-L-trp are different from
protiated L-trp.

A significant effect in deuterating Zn" Az48W is the large isotopic shifts
associated with exchanging the trp-48 indole moiety with heavier deuterium atoms.
In closed shell D5-Zn"Az48W, most normal modes have lower vibrational
frequencies compared to the protiated form, H5-Zn" Az48W (Figure 2.4). The
vibrational signatures that exhibit the largest downshifts are the W18, W17, W16,
W12, and W10 normal modes. These exceptionally large downshifts, up to 164cm™
(as seen in the W16 mode of D5-Zn"" Az48), reflect the change in C-H vibrational

frequency upon deuteration to C-D. With the heavier deuterium substitutions,
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Raman vibrational frequencies are expectedly lowered. Brief analysis of the W18,
W16 and W12 modes supports this expected trend: the W18 mode is the in-plane
ring- breathing vibration of the indole ring, the W16 mode is focused on the
benzene in- plane breathing vibration, and the W12 mode represents the in-plane
C-H bending mode localized primarily on the benzene ring. Upon H/D exchange,
these vibrations exhibit large downshifts because the frequency of a harmonic
oscillator with larger mass decreases. Both the W17 and W10 modes have indole
N-H motions in addition to motion of ring bonds, and these modes are sensitive to
changes in hydrogen- bonding properties'””. Even though the indole N-H moiety is
not deuterated in D5- Zn"Az48W, the W17 mode has a significant downshift
caused by the isotopic substitution along the C-H bonds of the indole ring.
Comparison of ND-Zn""Az48W and NH-Zn"Az48W. The closed shell ND-
Zn"Az48W vibrational modes have a few notable downshifts in the W17, W12, and
W6 vibrational frequencies (Figure 2.7). The singly-deuterated N-H moiety on the

indole ring has been previously identified*"*°

to have a large downshift of
approximately 20 cm™ for the W17 mode, which is expected since the W17 mode is
characteristic of N-H displacement. Similarly, the W6 mode also has a large downshift
of at least 40 cm™ due to the N-D isotopic substitution. The W6 mode is a combination
of indole stretching, benzene C-H bending, and N-H bending®'. The W12 mode also
includes N-H displacement along the indole ring, and exhibits an isotopic downshift of
15 cm™. Although upshifts are uncommon upon isotopic substitutions, there is an

occurrence of such anomalies, as seen in the W10 mode. A simplistic explanation of

this higher vibrational frequency upon deuteration is that the overall normal mode is
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perturbed in such a manner that the resulting vibrational frequency is higher for N-D
than for N-H. The DFT calculations of closed shell ND- NATA (Table 2.4), which
includes H/D exchange of the backbone (“B” of Figure 2.2), is consistent with the
isotopic shifts noted in the experimental spectrum.

Comparison of neutral radicals of isotopologues. Visible resonance Raman
spectroscopy was used to analyze the vibrational structures of the neutral radicals of
the Zn" Az48W isotopologues (Figure 2.5 and Figure 2.8). Since the peak absorption
band of the radical is at 515 nm (Figure 2.3.6), resonance Raman excitation with 514
nm excitation wavelength enhances signal from only the neutral radicals.

Significant changes in vibrational frequencies and intensities are observed for
D5- Zn"Az48We compared to H5-Zn"Az48We. The intense W19+ band is present in
both the perdeuterated and protiated Zn" Az48W neutral radicals. In a previous
publication'’, the W19+ mode was identified as an in-plane breathing displacement of
the indole ring. The significant downshifts of the W17+, W16+, and W4+ modes for
D5-Zn"Az48W-e are due to the previously mentioned heavy-atom effect on the C-H (or
C-D) bending modes. The small upshift of the W12+ mode is caused by a similar
effect as described for the higher frequency shift observed in the W10 mode of closed
shell ND-Zn""Az48W. The increased intensities of the W14+, W4e, and W2+ modes
may reflect differences in excited-state and ground-state structures of the
perdeuterated radical compared to the protiated radical; however, a full analysis of the
Raman excitation profile is needed to confirm the nature of the intensity differences.
In addition to enhancement of known peaks, there is also an appearance of new peaks

seen in D5-Zn""Az48We. In the spectrum of D5-Zn"Az48 W+, new peaks appear
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relative to the protiated analog, observed in in the lower vibration frequency region
(850— 950 cm-1) of Figure 2.5.

The spectrum of the radical resulting from ND-Zn"Az48W should, in
principle, be identical to the radical from the protonated NH-Zn"Az48W species
because the radical is deprotonated. However, there are a few differences that reflect
unavoidable deuteration of some regions of the amide backbone (displayed in Figure
2.8). In the process of generating the ND-Zn"Az48W species, the protein is
completely unfolded and refolded in D,O-based buffer (refer to Section 3.2.2). Despite
subsequent dialysis into H,O-based buffer, some protected amide regions remain
deuterated once Zn"Az48W is refolded. Calculations of NATA« with a deuterated
amide backbone reproduce the few peak shifts observed between the ND-Zn"' Az48 W
and NH-Zn" Az48 W+ spectra (Figure 2.8).

Overall, the visible Resonance Raman can characterize the novel isotopologue
species of Zn""Az48We while the UV Resonance Raman of the closed shell derivatives

can provide insight into the electron and proton transfer process of azurin.
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Figure 2.1: Optimized configurations of closed and open shell 3-ethylindole (3EI)
calculations, derived from Gaussian. The protiated closed (A) and open shell (B)
configurations are displayed with optimized dihedral angles marked (in degrees). The
optimization was performed in Gaussian and the display of both the angle and
molecule are from ChemCraft**. The perdeuterated forms (not shown) of the closed
and open shell (D5-3EI and D5-3Ele, respectively) have the same configurations,
except with the H/D isotopic exchange along the indole rings (C-H to C-D only).
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Figure 2.2: Closed shell protiated and deuterated configurations for N-acetyl-L-
tryptophanamide (NATA) DFT calculations. The protiated, closed shell form of
NATA is displayed with the optimized dihedral angle marked (A). The deuterated
form of NATA has isotopic exchanges for all acidic hydrogens, including the N-H
moiety of the indole ring and the amide and amine groups of the backbone (B). The
optimized configuration (using Gaussian) of the deuterated NATA is identical to the
protiated form. The display of both the molecule and the angle is taken from
ChemCraft?,

Figure 2.3: Open shell protiated and deuterated configurations for NATAe (N-acetyl-
L-tryptophanamide neutral radical) DFT calculations. The protiated, open shell form
of NATAue is displayed with the optimized dihedral angle marked (A). The deuterated
form of NATAe has H/D exchanges for all acidic protons of the amide and amine
groups (B). The optimized configuration (using Gaussian) of the deuterated NATAe is
identical to the protiated form. The display of both the molecule and the angle is taken
from ChemCraft*.
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Figure 2.4: UV Resonance Raman spectra with 228 nm excitation of closed shell D5-
Zn"Az48W, H5-Zn"Az48W, D5-L-Trp, and H5-L-Trp in pH 7.2 phosphate buffer.
The normal vibrational modes are labeled for the closed shell perdeuterated (D5-
Zn"Az48W) and fully protiated (H5-Zn" Az48W) protein spectra. The corresponding
L-tryptophan spectra are designated by either H5-L-Trp (protiated) or D5-L-Trp
(perdeuterated). The asterisk marks an enhancement of a peak at 740 cm-1 that is
present only in D5-Az48W UV Resonance spectrum. Both perdeuterated and protiated
L-trp spectra were acquired by Dr. Hannah Shafaat.
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Figure 2.5: Visible Resonance Raman spectra with 514 nm and 488 nm excitation of
neutral protein radicals, D5-Zn" Az48We and H5-Zn"Az48We in pH 7.2 phosphate
buffer. Both visible resonance Raman of the perdeuterated (D5-Zn"" Az48We, top) and
fully protiated (H5-Zn" Az48We, bottom) neutral radicals are displayed, with
excitation wavelengths of 514 nm (top overlays) and 488 nm (bottom overlays). The
peaks that are seen present in both 514 nm and 488 nm excitation are linked with
dashed lines.
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Figure 2.6: Difference absorption spectra of D5-Zn"Az48We with visible Resonance
Raman excitation wavelengths indicated. The difference absorption spectra after
photolysis of D5-Zn"Az48W are shown, where the growth of D5-Zn"Az48We during
40 minutes of photolysis is observed as the rise in intensity at 482 nm and 514 nm.
visible peak. The excitation wavelengths used to obtain the visible Resonance Raman
spectrum of D5- Zn'""Az48We are indicated, in which Raman analysis is taken after 40
min of photolysis. Both protiated and perdeuterated Zn"Az48We have identical
absorbance profiles at the 482 and 514 nm regions.
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Figure 2.7: UV Resonance Raman spectra with 228 nm excitation of closed shell,
fully protiated NH-Zn"Az48W and closed shell, singly-deuterated ND-Zn"Az48W, in
pH 7.2 phosphate buffer. The UV resonance Raman of ND-Zn"Az48W (top) and NH-
Zn"Az48W (bottom) are displayed. The normal modes that are shifted upon isotopic
substitution are marked with respect to the NH-Zn"Az48W modes of W17, W12, W10
and W6. The intensities are normalized by concentration of protein.
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Figure 2.8: Visible Resonance Raman spectra with 514 nm excitation of ND-
Zn"Az48We and ND-Zn" Az48We in pH 7.2 phosphate buffer, with comparison to
calculated deuterated and protiated NATAe spectra. The comparison of visible
resonance Raman spectra of ND-Zn"Az48We to NH-Az48We is displayed (A), where
the primary differences between the two spectra are indicated (*). The calculated
spectra of backbone protiated and deuterated NATAe are shown in (B). The
corresponding differences in the calculated spectrum of fully protonated

NATAe compared to the deuterated form are marked (*). Deuterated NATAe has
deuterons for all acidic hydrogens on the amine and amide groups (refer to Figure

2.3).



3 Fluorescence and Radical Quantum Yields
3.1 Introduction

Experiments to determine quantum yields for radical formation and
fluorescence were performed to explore the electron and proton transfer reactions that
lead to the formation of neutral radical. The fluorescence quantum yield is interpreted
in the context of the photoexcitation and subsequent electron transfer process for
tryptophan oxidation. The radical quantum yield reflects the overall efficiency of
formation of the neutral radical, which is dependent on the final deprotonation step.
Fluorescence is a common spectroscopy technique that can provide information on
excited state lifetimes, quenching activity by external acceptors, and environmental
aspects of a chromophore. Fluorescence is simply defined as the process of photon
emission resulting in electronic relaxation from the excited state, S, to the ground
state, So. A solvent-exposed chromophore will exhibit fluorescence quantum yields
that reflect interactions with bulk solvent. In contrast, if the chromophore is embedded
in a solvent-inaccessible, folded protein environment, the quantum yield reflects other
interactions between protein and chromophore, and excludes bulk solvent. In-depth
information on fluorescence can be found in several textbooks, notably the widely-
used reference book by Lakowicz’’.

Az48W has a unique fluorescence profile and peak position because the trp-48
chromophore is embedded in the hydrophobic pocket of the protein. The fluorescence
peak (Amax) of fully folded Az48W is blue-shifted to 306nm with a narrow profile,
while denatured azurin exhibits a broad band with low intensity, and a red-shifted Amax

of 357nm (Figure 3.1). Relative fluorescence quantum yield studies of each

40
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isotopologue are described in this chapter, where values are compared to the known
®gyor of the model compound, N-acetyl-L-tryptophanamide (NATA). Along with
external quenching, there are other competitive, non-radiative processes that can
decrease fluorescence quantum yield: electron transfer, intersystem crossing, internal
conversion, and energy loss in the form of heat to solvent. These competitive
processes will be discussed in the context of the quantum yields for radical formation.
The rate of formation of the neutral radical is also investigated here. This rate reflects
the efficiency of proton transfer in Az48W and hence, is a critical aspect of the
mechanism of radical formation. A previously published® study of Zn"Az48W
discussed the mechanisms, including pathways of ET/PT (electron transfer with
stepwise deprotonation) and formation of neutral radical in the Zn"Az48W mutant
studied here.

The ability of azurin to stabilize a neutral tryptophan radical makes it an ideal
system for studies of amino acid radicals. The tryptophan radical is most efficiently
formed in the absence of tyrosine residues, and therefore, the native tyrosine residues
are replaced with less polar phenylalanine residues. Previous work from our group
showed that the presence of the native tyrosine residues (Tyr-72 and Tyr-108) can
donate electrons to the tryptophan cation radical, W48 e, and rapidly reform the
closed shell W48. Another essential criteria for formation of neutral radical in azurin
is the replacement of the innate Cu(Il) cofactor with redox inactive Zn(II) metal,
which eliminates the possibility of intra-protein ET between Trp48 and Cu(II). A brief
observation of the significance of a metal cofactor will be presented in this chapter,

through photolysis of apo-Az48W. The first half of this chapter will be focused on the
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electron transfer pathway to an external acceptor, a proposed mechanism that is
summarized in Figure 3.2.

As mentioned above, the deprotonation step is a critical event for formation of
the neutral radical, and one goal of this chapter is to investigate this step. The
published mechanism'® of deprotonation is displayed in Figure 3.3. Briefly, after
electron transfer to an external acceptor, the highly energetic and charged W48 cation
radical is deprotonated and the proton exits into the solvent with a proposed pathway
based on the crystallography structure of azurin. It has been proposed that the proton
transfer pathway involves the pi-pi interaction between Trp-48 and Phe-110 which can
facilitate proton tunneling from the hydrophobic pocket to the bulk solvent. Therefore,
alterations in cation-pi and hydrogen-bonding interactions of the Trp-48 N-H moiety
may affect the deprotonation rate of Zn"Az48W isotopologues, consequently altering
the quantum yield of the respective neutral radical form. The second half of this
chapter will focus mainly on the effect of isotopic substitution on the radical quantum
yield of D5-Zn"Az48W and ND-Zn"Az48W isotopologues, compared to the
published data of protiated Zn" Az48W.

Overall, the radical and relative fluorescence quantum yields of the Zn"Az48W
isotope derivatives can extend on previously proposed mechanisms of ET and PT.
However, the complexity that comes from multiple competitive pathways in
fluorescence does complicate the correlation between molecular excitation and
electron transfer. Nevertheless, the quantum yields study of the aforementioned
isotopologues can unveil certain aspects of proton-coupled electron transfer that

cannot be observed solely with analysis of the protiated form of Zn'"'Az48W.
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3.2 Materials and Methods

3.2.1 D5-Zn""Az48W Preparation

The perdeuterated isotopologue, D5-Zn" Az48W, was provided by a previous
student of the Kim Group, Greg Shimamura. The present summary is derived from his
laboratory notebook. The D5-Zn" Az48W mutant was grown using a minimal media
recipe listed in previously literature™, and not the LB media used for growth and
protein expression of standard protiated Az48W. The cells (Invitrogen BL21 Star,
DE3, competent cells) were directly fed D5-L-Trp (Cambridge Isotopes), dissolved in
the minimal media prior to inoculation. The growth and expression protocol of D5-
Zn"Az48W mimicked the steps described previously in Section 1.2.1, with the
exception that the large 6-L flasks contained minimal media in place of LB media. The
500 mL overnight starter still had cells grown in LB media. The lysis and purification
steps were done in the same way as described previously, with the use of the same
chemicals and FPLC configuration. Demetallation, followed by incorporation of the
Zn" center, was done in the same manner as stated in Section 1.2.4. The fluorescence
and absorption profiles of D5-Zn"" Az48W exhibited minor differences compared to

Zn"Az48W, as shown in Figure 3.1.

3.2.2 ND-Zn" Az48W Preparation

Conversion of NH-Trp48 to ND-Trp48 required unfolding the protein because
Trp-48 is in a solvent excluded cavity, and H/D exchange does not take place when
folded azurin is stored in D,0 for days. We pursued H/D exchange of apo-Az48W to

avoid misligation of the metal center during the refolding process. The folding
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energetics of the apoprotein and holoprotein (Zn" or Cu") forms of azurin have been
previously discussed®’, along with pH dependence on the folded stability of holo-
azurin®’. With these parameters in mind, the apoprotein form of Az48W was used to
form ND-Az48W, bypassing the complexities of refolding with a metal ligand present.
After the purification step of Az48W with FPLC, the Cu" and Zn" metals were
removed via dialysis in cyanide solution. This dialysis procedure was the same as
previously described in Section 1.2.3. The resulting apo-Az48W was stored in 50 mM
sodium acetate buffer at pH ~4.5 for later use for generation of ND-Zn" Az48W or
Zn"Az48W. The preparation of ND-Zn"Az48W was separated into two parts:
unfolding apo-Az48W in guanidinium hydrochloride and refolding the protein in
buffered D20 solution. Standard protiated Zn"Az48W was also handled in the same
manner, except in H,O, to determine if there were any detrimental effects of the
unfolding-refolding process to the overall integrity of the protein.

After the dialysis step, apo-Az48W was unfolded using guanidium-HCI in
buffered D20. A 6M Guanidinium-HCI (GuHCI) stock was made with 50 mM sodium
acetate buffer in D20 (99.9% purity, Sigma-Aldrich). The final pD of this 50mM
sodium acetate buffer ranged from 4.70 to 4.90 (pH= pD £0.4). The final
concentration of the 6M GuHCI buffered D20 stock was checked with a
refractometer, using the 50 mM sodium acetate buffer in D20 as the reference. The
unfolding solution consisted of 3M GuHCI (diluted from the stock using 50 mM
acetate buffer in D,0) and approximately 500 uM of apo-Az48W in a total sample
size of 2.5 mL. The concentration of guanidinium chosen for denaturing apo- Az48W

was based off the unfolding curves of apo- and Zn"-azurin variants in literature®'. The
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final sample volume for denaturation was selected based on the size of the dialysis
cassette (0.5-3mL capacity, 3500 MWCO, Slide-A-Lyzer). The denatured apo-Az48W
sample was equilibrated for 1-2 hours in 4°C before a 200 uL aliquot of the sample
was checked on the fluorometer (Jobin Yvon FL3-11). The denatured protein sample
should not be diluted before checking the fluorescence, since dilution of the
guanidinium concentration could instantly refolding the protein. After equilibration of
1-2 hours in 4°C, the fully denatured protein should have a fluorescence intensity peak
(Amax) at 357 nm (refer to C’ trace on Figure 3.1).

After apoAz48W was confirmed to be denatured via fluorescence, the
concentrated 3M guanidinium was diluted out of the sample via dialysis with a Slide-
A-Lyzer cassette (3.5K, 0.5-3mL capacity). A neutral pH 7.2 phosphate buffer was
made in D,0, with a total volume of 200 mL, for dialysis. The neutral pH is preferable
for refolding of apoAz48W, in order to avoid protonation of the His-46 and His-117
residues noted in acidic pH buffers®® (i.e. pH 4.5 sodium acetate buffer). The dialysis
was performed overnight (for at least 12 hours) in room temperature. A 250 mL
beaker was used for dialysis in order to fully submerge the cassette. In order to ensure
that apo-Az48W was refolded in D,O-based buffer, the buffer fluorescence was
checked prior to the start of dialysis. When compared to H20O-based buffers, the water
Raman band of D20 should appear at a blue-shifted wavelength of 315 nm. Since the
3M guanidinium present in the sample was only diluted by a factor 1/80 after
overnight dialysis, a DG-10 desalting column (Econo-Pac 10DG, Bio-Rad) was used
to eliminate residual guanidinium. The aim was to ensure that the residual

guanidinium concentration, after dialysis and salt-exchange, was negligible and did
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not cause partial denaturation of apo-Az48W. The sample was eluted with either 50
mM sodium acetate buffer (pD 4.9) or 20 mM phosphate buffer (pD 7.6) — both pH
values this stage and would stabilize apo-Az48W and do not hinder the refolding
process. The fractions of sample were collected, and the absorption (UV-Vis
Spectrophotometer, Hewlett-Packard 8453) and fluorescence spectra were measured.
The absorption and fluorescence spectral profile of refolded ND-apoAz48W is
identical to fully protiated Az48W (refer to Figure 3.1).

After confirmation that the apo-Az48W was fully folded in D20 buffer, ZnSO4
was added to the sample to a final concentration of 7 mM. This ZnSO, was derived
from a stock solution of 60 mM ZnSO4e7H,0 dissolved in 2 mL of pure D,O (or
buffered D,0), and an aliquot of the stock was pipetted into the apoprotein solution,
still in D,O buffer. The ZnSO, dissolves readily in the neutral D,O solution because
the mass of solid needed for this concentration was relatively small (approximately 35
mg). After adding ZnSOj to the sample, the protein remained in D,O buffer and was
stored at 4°C overnight to equilibrate with the metal ion.

As a final step, all proteins were exchanged back to H,O via dialysis. It was
important to add the metal cofactor prior to exchanging the D,0O buffer with fully
protiated, H,O-based buffer. This conclusion is based on several attempts at forming
pure ND-Zn"Az48W (and not a mixture of ND- and NH-Zn"Az48W) in which the
metallation step occurred after dialysis into H>O. Radical quantum yield studies
showed that exchange of the D,O buffer for H,O right after removal of residual
guanidinium via the DG-10 column , while the protein is still in apo-form, resulted in

low-stability neutral radicals (the 515 nm band would decrease after a few minutes of
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irradiation). This instability may be caused by a modified protein structure. The
crystal structure of wildtype apo-azurin indicates that there are two possible forms of
apo-azurin that may be in equilibrium when in solution®”: one structure shows that the
metal coordination sphere looks identical to the holoprotein form, and a second form
has a water molecule (or solvent molecule) incorporated at the metal-binding site in
place of the Cu" metal. The presence of two structures of apo-azurin and observed
reduction in radical stability indicated that a metal is necessary for a complete
refolding of ND-Az48W prior to exchanging the sample with protiated buffer.

After overnight equilibration of azurin in the presence of 7 mM ZnSOs, a 3-mL
dialysis cassette was used to exchange the deuterated buffer to a protiated sodium
acetate pH 4.5 buffer. The purity of the resulting ND-Zn" Az48W sample was checked
with UV resonance Raman by confirming the ~22 cm-1 shift of the W7 mode shown
in Figure 2.7; this mode helps quantify the extent of NH-Zn" Az48W contamination.
The sample was also checked with ICP-MS to confirm that the sample was fully

metallated with Zn".

3.2.3 Measurement of Fluorescence Quantum Yield

All fluorescence quantum yield experiments were performed with
deoxygenated samples of D5-Zn"Az48W, ND-Zn"Az48W, and H5Zn"Az48W. The
concentrations of the proteins ranged from 15uM to 20 uM. For experiments with
Co™, [Co™(NH3)sCl]Cl, was 2x greater than that of protein. All samples were in pH
7.2 phosphate buffer. Each sample was deoxygenated using a Schlenk line prior to

measuring absorption and fluorescence spectra. The sample holder was an
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atmospheric-controlled quartz cuvette (dimensions 2mm x 10mm) that was attached to
a small glass bulb that allowed for facile degassing. The protein sample was initially
placed in the glass bulb; this bulb was separated from the cuvette by two Kontes
valves that prevented the contents of the bulb to leak into the cuvette portion. The
sample was subjected to repeated cycles of pumped-purge every five minutes for a
total of 20 minutes. During the time between each pump-purge cycle, the sample was
equilibrated with constant flow of argon gas while being stirred with a micro- stir bar.
After deoxygenating, the sample was transferred from the bulb to the quartz cuvette
via gentle shaking and tapping. An absorption spectrum of the sample was measured
with a dual-beam UV-Vis (Shimadzu UV-3600), followed by measurement of a
fluorescence spectrum using a fluorometer (Jobin Yvon FL3-11). The fluorescence
was recorded with 292 nm excitation wavelength, and the emission was collected from
300 to 500 nm. The fluorescence emission was collected at a 90° angle relative to the
incident light; excitation was along the 10 mm pathlength, and emission was along the
2 mm pathlength. The scanning speed was set to 1 nm per second (integration time
was 1 second per step). The excitation and emission bandpass were set to 2 nm. After
the acquisition of a fluorescence spectrum, and absorption spectrum was collected for
samples with [Co™(NH;)sC1]*"; in deoxygenated conditions, small amounts of neutral

radical can be observed at 515 nm in the presence of the external Co™"

acceptor.
Fluorescence spectra of the pH 7.2 phosphate buffer were measured at the beginning
and end of the experiment. The water Raman band, with a peak intensity at 324 nm,

was used as an internal intensity standard to calibrate the fluorimeter for day-to-day

fluctuations in lamp intensity. The fluorescence quantum yields of each Zn"'Az48W
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derivative were determined based on the normalized fluorescence intensity of a model
compound, N-acetyl-L-tryptophanamide (NATA), whose absolute quantum yield is
published®; the spectrum of the model compound was measured on an earlier date.
The experimental NATA sample was diluted in KPi buffer and deoxygenated in the

same manner as the protein samples.

3.2.4 Measurement of Quantum Yield for Radical Formation

Photolysis Procedure. The photolysis experiments for D5-Zn"Az48W, ND-
Zn"Az48W, H5-Zn"Az48W, and H5-apoAz48W were performed in a similar way as
previously discussed”"”. Briefly, deoxygenated samples (using the Schlenk line
discussed in Section 3.2.3) were irradiated with UV light from a CeraLux 175W
Xenon arc lamp found in an Aminco SPF- 500 system. The wavelength and bandpass
of the incident light was set to 292 nm and 8 nm, respectively. The wavelength and
bandpass were measured (Ocean Optics) to be 291.91 nm and 9.62 nm, respectively.
During photolysis, the samples were stirred with a flattened, rectangular magnetic
micro-stir bar placed at the bottom of the cuvette, away from the illumination path of
the UV light. This rectangular stir bar was unable to lie horizontally/flat in the cuvette
because it is too long for the 2 mm dimension of the cuvette; therefore, it could only
spin in the vertical position. The samples were irradiated along the short path
dimension (2 mm) for only 30 seconds at a time — the cuvette was taken out of the
path of the 292 nm light and the entire volume was stirred every 30 seconds. Stirring
was achieved by moving the cuvette across a large magnetic stir plate a few times

every 30 seconds, making sure the magnetic stir bar moved up and down the cuvette to
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ensure mixing along the entire height of the sample. This process was important for
thorough mixing so the entire volume of the sample would be irradiated during the
photolysis time. Absorption spectra (Shimadzu UV-3600) were collected along the 10
mm pathlength after every 5 minutes of photolysis; the photolysis time did not include
the time spent for stirring via the magnetic plate. All samples were irradiated for 30-40
minutes, and the data for the first 15 minutes (linear fit taken between 3-min and 15-
min marks) were used to calculate the rate of radical formation at 515 nm and this
linear growth, in turn, determined the quantum yield for radical formation.

Potassium Ferrioxalate Actinometry. The power measured from the Aminco
system, as described previously, was corrected with potassium ferrioxalate
actinometry. The experimental steps and sample preparation were taken from
literature”. An 800 pL solution of approximately 0.006M potassium ferrioxalate in
0.050 M H2S04 was irradiated with 292 nm from the Aminco system in the same way
as previously described for the Az48W protein samples. The solution was stirred using
a micro stir bar and a magnetic stir plate every 30 seconds. In order to ensure that the
potassium ferrioxalate did not degrade by over 10% of the initial concentration, the
total irradiation time was 3 minutes. A reference sample was prepared at the same time
as the irradiated sample; the reference sample was left in the dark during the 3-minute
photolysis of the irradiated sample. Immediately after photolysis, 320 uL of both the
reference and the irradiated samples were added to two separate vials that contained
1.28 mL of 0.1% (by mass) 1,10-phenanthroline solution, which led to a final sample
volume of 1.60 mL. The 0.1% phenanthroline buffered stock solution was

approximate, with the final mass of phenanthroline slightly lower than 0.1% of the
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buffered solution (sodium acetate buffer). After the ferrioxalate and phenanthroline
solutions were combined and allowed to equilibrate for 30 minutes, absorption spectra
of the reference and the irradiated samples were measured. The absorbance at 510 nm
was used to measure the concentration of ferrous ions generated from photolysis.

The derivation for the quantum yield associated with the potassium ferrioxalate
actinometer have been previously discussed®. For the single trial for the thesis, the
pre-photolysis spectrum was not measured before irradiation, and the fraction of 292
nm absorption was assumed from a separate 0.012 M potassium ferrioxalate solution
with 0.050 M H,SO; diluted from the same stock. The fraction of absorption was
calculated with the assumption that the dilution from 0.012 M to 0.006 M was precise,
and hence, the absorbance at 292 nm also differs by half. With those assumptions in
mind, the fraction of 292 nm incident light absorbed by potassium ferrioxalate was
determined by averaging the absorbance values from 287 nm to 297 nm (this range
takes into account the 10 nm bandpass of the excitation light) and correcting it with
the dilution factor of 2x. The calculated quantum yield of the ferrous ions from
potassium ferrioxalate was experimentally higher than the reference value for 292 nm
excitation®®. The published quantum yield of ferrous ions is 1.24 for 297/302 nm
excitation, while the value determined from the Aminco setup was 1.62. Therefore, the
power for the radical quantum yield calculations was corrected by multiplying the

measured irradiation power by a factor of 1.31.
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Figure 3.1: Fluorescence and absorption spectral profile of D5-Zn""Az48W (A, green),
Zn"Az48W (B, black), and ND-Zn"Az48W (C, blue) stocks. The fluorescence and
absorption profiles for Zn"Az48W and ND-Zn"Az48W are nearly identical — the
scaled fluorescence spectra overlaps well (B, C) and fluorescence Amax is at 307 nm
for both species. The inset shows the UV absorption profile of the Azurin derivatives.
The tryptophan absorption peak of ND-Zn"Az48W (C) is seen at 292 nm, identical to
the fully protiated form (B). The D5-Zn"Az48W fluorescence profile (A) is skewed
towards the higher energy wavelengths (slight blue shift), and the absorption spectrum
indicates that the tryptophan absorbance peak is blue shifted by 1 nm unit compared to
the H5-Zn" Az48W and ND-Zn"Az48W spectra. The spectrum of unfolded apo-
Az48W, denatured in the presence of guanidinium hydrochloride, has a broad
fluorescence, with a peak at 357 nm (C’, blue dashed curve).
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3.3 Results of Fluorescence and Radical Quantum Yield

Absolute fluorescence quantum yields of D5- Zn" Az48W, ND- Zn" Az48W,
Zn"" Az48W, Cu" Az48W, and apoAz48W. The fluorescence quantum yields of
deuterated and protiated azurin are summarized in Table 3.1. The fluorescence
quantum yield is determined by integrating the fluorescence emission from 300 to 400
nm, as indicated in the blue shaded region in Figure 3.4. The integrated fluorescence
intensity is normalized by protein concentration and water Raman intensity, with the
final units being counts per second per Molarity (cps/M). The final fluorescence
quantum yield value is calculated in reference to the known value of the model
compound, N-acetyl-L-tryptophanamide (NATA), in water. The overall ®gyor
calculation is briefly summarized in the following equation (1).

Normalized Integrated Fluorescence (C—Isls)

NATA Fluorescence in KPi (%)

(1) Dpuor = 0.13 X

The equation for fluorescence quantum includes the published value® for NATA in
water, which has a fluorescence quantum yield of 0.13. Table 3.1 shows that the
fluorescence quantum yields of D5-Zn"Az48W, ND-Zn"Az48W, and H5-Zn"Az48W
are 0.084, 0.167, and 0.19, respectively. The perdeuterated isotopologue has the
lowest fluorescence quantum yield. In addition, the phosphorescence intensity relative
to fluorescence is also listed, where D5-Zn"Az48W has the lowest relative
phosphorescence emission with a ratio of 0.0307. The phosphorescence ratio is taken
as the ratio of phosphorescence and fluorescence peak intensities, seen in Figure 3.4,
where the phosphorescence emission is in the range of 400 to 500 nm. Both H5-

Zn"Az48W and ND-Zn"Az48W have similar phosphorescence ratios, with values of
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0.032 and 0.034 respectively. In addition, the apoprotein form of protiated Az48W has
similar fluorescence quantum yield of 0.18 and phosphorescence ratio of 0.0362,
compared the holoprotein form (H5-Zn"Az48W). The Cu"Az48W mutant has the
lowest fluorescence quantum yield at 0.0292; no phosphorescence is observed for this
mutant. The absolute integrated fluorescence intensities are displayed in Figure 3.5,
with error bars that reflect either the number of trials or the estimated error in
calculations because of uncertainty in concentration.

Radical quantum yields of D5-Zn" Az48W, ND-Zn" Az48W, and apoprotein.
The radical quantum yields of all Zn"Az48W derivatives are listed in Table 3.2. For
Zn"Az48W species that generated neutral radicals, the radical quantum yields were
calculated in the same way as previously published®. The simplified form, or

definition, of the radical quantum yield is defined in equation (2).

__Rate of W48 Radical Formed per Second, k(W48e)
Rate of W48 Excitation per Second, k(W48%)

(2) cDrad

Zn"Az48W has the highest radical quantum yield of 0.127, ND-Zn"Az48W has the
second highest radical quantum yield of 0.086, while D5-Zn"Az48W has the lowest
neutral radical yield of 0.073. Figure 3.6 shows the photolysis of apo -Az48W, which
failed to generate stable neutral radical even in the presence of Co™ external acceptor.
The difference spectra of apoprotein Az48W, shown in the inset of Figure 3.6, has
little enhancement at the 515 nm region, where the only positive absorption peaks near
350 nm are attributed to damaged protein and/or Co(II). Figure 3.7 shows an example
difference spectrum during photolysis of ND-Zn""Az48W, where the inset displays a

linear fit that quantifies the rate of neutral radical formation (represented as AOD515
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per minute). Using the slope and the incident power, the radical quantum yield was
determined for each Zn"Az48W derivative. Figure 3.8 displays the difference spectra
for photolysis of ND-Zn""Az48W, D5-Zn" Az48W, and H5-Zn"Az48W in a span of 30
minutes. The difference spectra are normalized with initial protein concentration and
incident power, thus, clearly depicting the relative neutral radical yield for each

SpeCieS ((Drad, D5 < (Drad, ND < (I)rad, HS)-

3.4 Discussion

A comparison of the radical and fluorescence quantum yields can provide
insights into the mechanisms of tryptophan-mediated PCET in azurin. The first half of
this discussion will be based on molecular excitation and electron transfer, while the
second half will focus on the deprotonation pathway that results in the formation of
neutral radical. Collectively, these data may provide insights into the unique
tryptophan radical in azurin and open up new experimental questions for further study.

Fluorescence quantum yield and electron transfer. The relative fluorescence
quantum yield of each Az48W derivative is calculated in reference to the known ®gyor
of N-acetyl-L-tryptophanamide (NATA) in water. The buried nature of Trp-48 results
in a fluorescence intensity, with Amax at 307nm, greater than that of NATA, a model
compound that is completely exposed to the bulk solvent. As a result, the fluorescence
quantum yields are higher for Zn"Az48W and ND-Zn"Az48W, where the Trp
chromophore is protected from solvent accessibility and quenching. All samples are
deoxygenated, which allows observation of the phosphorescence intensities for protein

11T

samples that lack an external acceptor (i.e. Co ). Table 3.1 lists the relative
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fluorescence quantum yields and the corresponding ratio of peak intensities of
phosphorescence to fluorescence (Intensityss nm : Intensityzo7 nm)-

The fluorescence quantum yields of perdeuterated D5-Zn"" Az48W and singly-
deuterated ND-Zn" Az48W are compared to the protiated forms. ND-Zn"Az48W and
Zn"Az48W have similar fluorescence quantum yields, whereas D5-Zn"Az48W (which
has an NH indole group) exhibits the lowest fluorescence intensity amongst all three
Zn"Az48W analogs. The decrease in fluorescence quantum yield for perdeuterated
Az48W reflects non-radiative processes that compete with photon emission, such as
intersystem crossing and internal conversion. Since the perdeuterated isotopologue has
large differences in normal mode vibrational frequencies compared to the protiated
species, as discussed in the previous chapter, the vibrational differences may
potentially manifest in a change in the excited state lifetime (t). Based on the semi-
classical theory>> (Marcus Theory) of electron transfer, the rate of ET is dominated by
the reorganization energy (A) and the electronic coupling term, Hap. Therefore, with
the decrease in all vibrational normal modes of DS-ZnHAz48W, the overall lowered
energetics can alter the electronic coupling between reactant and product (or donor
and acceptor), decreasing the rate of electron transfer seen in the perdeuterated
residue.

A simplified view of fluorescence quantum yield can be stated as follows: the
quantum yield is the fraction of photons emitted per photons absorbed. Thus, by
viewing the fluorescence quantum yield as directly proportional to the probability of
deactivation of S; via photon emission, the fluorescence yield can be inferred as

proportional to the excited state lifetime of the tryptophan reside in holoAz48W. This
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correlation allows for interpretation of the fluorescence quantum yield in the context
of ET probability from the S; state of Trp-48. If we assume that non-radiative
processes are unperturbed by isotopic substitution, the differential fluorescence
quantum yields may reflect quenching of S; by enhanced ET. This model is illustrated
in the results for Cu"Az48W, where the low fluorescence quantum yield is attributed
to rapid charge transfer from photoexcited trp48 to the Cu(II) center’®”. This model
can be extended to our system, where a low fluorescence quantum yield is expected to
correlate to a high radical formation quantum yield if the ET process proceeds from
the S state. However, D5-Zn" Az48W exhibits both a low fluorescence quantum yield
and low radical quantum yield compared to ND-Zn"Az48W and NH-Zn"Az48W. This
observation suggests that additional considerations must be taken into account. One
possibility is that the low fluorescence intensity of perdeuterated Zn"Az48W can be
explained by a high internal conversion rate to ground state and hence, decreased
excited state lifetime; if the ET reaction were to occur from S;, this decreased lifetime
would result in low radical yield. The fact that the vibrations of D5-Zn"Az48W are
different from protiated Zn"Az48W could lead to enhanced non-radiative decay
mechanisms that depopulate S; faster in D5-Zn" Az48W* than in H5-Zn" Az48W*.
Another possible explanation involves another significant non-radiative
process that is known to take place in azurin, namely intersystem crossing (ISC) to the
triplet T, state. Intersystem crossing is evident in the observed phosphorescence
between 400 — 500 nm wavelengths for deoxygenated Zn"Az48W samples in the
absence of an external Co(III) acceptor. Comparing all three phosphorescence ratio

intensities, the phosphorescence emission of D5-Zn""Az48W is the least intense, while
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ND-Zn"Az48W has similar phosphorescence yield as Zn"Az48W. The low
phosphorescence observed in the perdeuterated isotopologue can, to a degree, provide
another explanation of the low radical yield.

In current studies done by the Kim Group’s Ignacio Lopez-Pefia, the excitation
of the triplet state (T;) can induce a higher radical yield, compared to direct excitation
of the singlet ground state, Sy. This observation provides evidence that the triplet state
may play a role in the formation of the cation radical, Az48W"s. While definitive
conclusions cannot be made at this time, it is hypothesized that the initial formation of
the cation radical originates from the triplet state. This hypothesis can explain the low
radical quantum yield of D5-Zn"Az48W because the efficiency of ISC is lower for
D5-Zn"Az48W than H5-Zn"Az48W (as shown by the decreased phosphorescence
intensity relative to fluorescence). It is important to note that the ability to generate
triplet state is not the sole governing criteria for radical formation; the lower radical
quantum yield for the ND-Zn" Az48W isotopologue cannot be explained by the
phosphorescence intensity. Both ND-Zn"Az48W and H5-Zn" Az48W have similar
phosphorescence-fluorescence intensity ratios, indicating that the final radical
quantum yield should also be similar in value based on the triplet-state hypothesis.
However, this is not observed, and the lower ®,,q of ND-Zn"Az48W can, instead, be
attributed to the proton transfer step of PCET.

Proton deprotonation and radical quantum yield. The proton transfer step can
be slow in both D5-Zn"Az48We and Zn"Az48We formation. Although the N-H
moiety of D5-Zn"Az48W indole ring is not deuterated, the vibrational frequency of

the W17 N-H bending mode is lower by 54 cm™ in D5-Zn"Az48W than the fully
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protiated form because of contributions from the C-D bonds. This 54 cm™ downshift in
the W17 mode of closed shell D5-Zn"Az48W is greater than the isotopic shift of 22
cm’' observed for ND-Zn"Az48W relative to the Zn"Az48W. The W17 mode likely
contributes to the deprotonation coordinate because it is reasonable to expect motions
that involve the N-H bond to facilitate deprotonation. The different vibrational
frequencies likely affect the deprotonation mechanism and proton transfer kinetics in
D5-Zn"Az48W and ND-Zn"Az48W. Other trp vibrational modes that involve the N-
H displacement (i.e. W17, W6, and W12 modes) can provide insights into the proton
transfer event from the indole N-H moiety. Most of these vibrational modes are lower
in frequency for D5-Zn"Az48W and ND-Zn"Az48W than for the fully protiated form,
and these downshifts of the closed shell vibrational energies will affect the
deprotonation event as well as the ET process (via the reorganization energy and
electronic coupling between reactant and product’™). However, these are hypotheses
that need to be investigated with direct measurements of the rate of deprotonation and
associated kinetic isotope effect (KIE). Upon H/D exchange of the indole N-H group,
the ND-Zn" Az48W derivative is hypothesized to have a slower rate of deprotonation,
thus, a lower radical quantum yield based on the KIE.

The KIE is defined as the ratio of the rates of deprotonation of the protonated
and deuterated (ku/kp) species. Here, we have not directly measured the rates of
deprotonation but instead, focused on the rates of formation of the neutral species. We
are assuming that the rates of formation of the neutral radical reflect deprotonation
kinetics. The formation rates lead to the reported quantum yield for radical formation,

and the ratio of these rates can be compared for NH-Zn" Az48W and ND-Zn"Az48W.
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The resulting isotope effect, @aq (NH-Zn"Az48W)/®,,q (ND-Zn"Az48W), is 1.47
(refer to quantum yield values of Table 3.2). The resulting value is greater than unity,
indicating that deprotonation of the proton proceeds more efficiently than the heavier
deuteron. This outcome suggests that the slower rate of formation of ND-Zn"Az48W e
is predominantly affected by the proton transfer pathway, as expected. The
comparison of fluorescence and radical quantum yield values provides evidence that
the rate-determining step is likely the final deprotonation of the cation radical (ND-
Zn"Az48W e or NH-Zn"Az48W"e) to form the neutral species, Zn"Az48We. In the
case of the perdeuterated species, the rate-limiting step is not clear because both the
fluorescence quantum yield and radical quantum yield of D5-Zn"Az48W differ from
the protiated form, indicating that changes are occurring in both the electron and
proton transfer steps.

Besides the rate-limiting steps observed in trp-mediated PCET, the
significance of the metal cofactor in forming neutral radical can be inferred from the
photolysis of apo-Az48W. When the deuterated and protiated forms of Az48W are
fully metallated with Zn(II), neutral radicals are observed upon photolysis of these
holoprotein derivatives. However, with apoAz48W, the stable, neutral radical is not
observed to buildup in the protein solution despite extended photolysis. Instead, a
“transient” neutral radical can be seen only with continuous photolysis of UV light
(based on results from Ignacio Lopez-Pefia). The absence of an equilibrium buildup of
the 515 nm band of the neutral radical during repeated photolysis of H5-apoAz48W is
evident (Figure 3.6). However, the fluorescence and phosphorescence intensities are

comparable to the protiated form of Zn"Az48W. These observations suggest that the
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absence of long-lasting, neutral radical may reflect changes in protein structure that do
not stabilize the neutral radical. For example, if the empty metal pocket enables water
to transiently enter the protein, the neutral radical may be overall unstable. Further
experiments are needed to investigate the reasons for the different behavior of apo-

Az48W relative to metalated forms of azurin.
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Anionic ZnAz48W-Co"' Complex Interface
UV

Figure 3.2: Proposed electron transfer mechanism of Zn"Az48W to external Co™
acceptor in neutral pH buffer. Upon excitation with 228 nm UV light, the excited Trp-
48 residue can donate its electron to the backbone of the nearby Thr-84 residue, where
the electron tunnels through the hydrogen bond between carbonyl oxygen and the
amino hydrogen. The electron tunnels through the backbone of Thr-84 to His-83,
exiting to the nearest electron acceptor, Co'". The Zn"Az48W-Co'"" anionic interface,
in red dashed curve, displays the areas where Co"" can complex to the protein — in this
case, it directly interacts with the negatively charged, acidic residues, Asp93 or Asp76.
The electron can tunnel through the His-83 residue and travel the short distance to
where Co™ is docked (at either sites of Asp-93 or Asp-76), reducing Co™" to Co".
This proposed path is deduced from the crystal structure PDB 1e67.
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Figure 3.3: Proposed mechanism of proton transfer from the cation radical, Zn"
Az48W's, to generate neutral radical in neutral pH environment. The proposed
mechanism of proton transfer is based off the crystal structure of wildtype Zn"Azurin
(PDB: 1e67). The proton from W48+, indicated in black, is able to tunnel through the
pi-pi interactions between Trp-48 and Phe-110.
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Table 3.1. Fluorescence quantum yields (®gyor) and ratio of phosphorescence
intensities to fluorescence for D5-Zn"" Az48W, ND-Zn" Az48W, and fully protiated
Zn"Az48W, Cu"Az48W and apo-Az48W.

Sample “Fluorescence Fluorescence PhosphorescencePhosphorescence
Quantum Quantum Yield, Intensity Ratio Intensity Ratio
Yield, @fuor, with Co™  in pH 7.2 Buffer with Co™
®puor, in pH  Acceptor? Only Acceptor’
7.2 Buffer

D5- 0.084° 0.11+0.01° 0.0307 0.00457

Zn"Az48W

ND- 0.167 £0.008 0.169 + 0.009 0.034+ 0.006 |0.00459

Zn" Az48W

H5- 0.19+0.06"  0.20 £0.07¢ 0.032 £0.007 0.0052 +0.0022

Zn"Az48W

H5- 0.0292+ 0.028 £0.005 0 0

Cu' 4z48W 10.0025

H5-apo 0.18 - 0.0362 |-

Az48W

“Relative fluorescence quantum yields calculated with respect to known value of NATA in water
(Ppyor= 0.13).

"“The values are from a single experimental trial for D5-Az48W and apo-H5-Az48W.

“These samples have a 1:2 protein to Co(I1I) acceptor ratio, all in pH 7.2 phosphate buffer. “The error is
derived from the uncertainty in the protein and Co™ concentrations after deoxygenating the system.
£The error is based on the number of trials for protiated HSNH-Zn"Az48W with Coll acceptor (N=2).
"The error is calculated from all the trials for both the refolded HSNH- Zn"Az48W (N=2) and that
which did not undergo refolding conditions (N=2). “The phosphorescence intensity ratio is defined as
Amax, phos max, fluor- listed from one trial for all species except H5 -Zn"Az48W (N=3 and N=4, for

with and without Co™, respectively).



Table 3.2. Radical quantum yields (®r,q) of D5-Zn"Az48W, ND-Zn"Az48W, and
fully protiated Zn"Az48W. All samples are in pH 7.2 buffer and contain Co(III)
acceptor in a protein:Co(III) ratio of 1:2.

SAMPLE TYPE RADICAL QUANTUM YIELD,
Drap

D5-Zn""AZ48W 0.073¢

ND-Zn"AZ48W 0.086 +0.012”

H5-Zn"AZ48W 0.127 £ 0.014°

APO- AZ48W 0

“The D5-Zn"Az48W radical quantum yield is only based on one trial.
b“The errors are reported as the standard deviation of the average value, where N=7 and N=5 for ND-
Zn"Az48W and H5-Zn"Az48W, respectively.

65
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Figure 3.4: Representative emission spectrum of deoxygenated ND-Zn"Az48W in pH
7.2 buffer, without Co™ electron acceptor. The fluorescence quantum yield, @gyor, 1S
reflected in the integrated area under the normalized fluorescence, ranging from 300 to
400 nm (colored blue). The phosphorescence emission ranges from 400 to 500 nm, as
indicated in red. The peak intensities of the fluorescence and phosphorescence were
taken at 307 nm and 440 nm, respectively, where the ratio of phosphorescence
intensity is calculated as L1aonm : I370nm.
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Figure 3.5: Summary of integrated fluorescence intensities of D5- Zn" Az48W, ND-
Zn"Az48W, H5-Zn"Az48W, Cu"'Az48W, and apo-H5-Az48W deoxygenated in pH
7.2 phosphate buffer, with and without Co™" acceptor. The normalized fluorescence
intensity is taken by integrating the area under the fluorescence profile (from 300 to
400 nm) for each species, and normalizing with respective protein concentrations and
water Raman band intensities. The water Raman intensity is taken in account to adjust
for power fluctuations from the fluorometer. All samples are in pH 7.2 phosphate
buffer, with or without Co™ acceptor. The designated error bars are derived from the
number of trials for ND-Zn"Az48W and H5-Zn"Az48W in buffer only, which are
N=2 and N=4, respectively. The error bars for D5-Zn"Az48W and ND- Zn"Az48W
with Colll acceptor are calculated from the corrected concentration of protein and
acceptor after deoxygenating. The error for H5-Zn"Az48W with Co™ is based off the
number of trials (N=2). The error for Cu" Az48W is based on the number of trials
(N=4 for with and without Co™), and the error for apo-Az48W is not reported because
a single trial was performed.
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Figure 3.6: Photolysis (292 nm wavelength) of NH-apoAz48W with Co™ acceptor in
20mM phosphate buffer, pH 7.2. The different colored spectra were recorded after
every 5-min interval, for a total of 30-min photolysis. An absorption at 515 nm of the
neutral radical is nearly nonexistent. Any slight absorption may reflect contamination
with holoprotein, Zn"Az48W. The inset displays the difference spectra after
subtracting the pre-photolysis absorption spectrum (dotted line) from the sequential
post-photolysis spectra. The absorption at around 320 nm can be attributed to the
presence of Co", reduced from Co'", and protein photolysis byproduct.
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Figure 3.7: Absorption spectra of ND- Zn"Az48W in pH 7.2 phosphate buffer and in
the presence of Co™ acceptor. The total photolysis time is 40 minutes with 292 nm
light. The top panel shows the absorption spectra of ND-Zn"'Az48W after subtraction
of the baseline, and subtraction of the buffer spectrum. The bottom panel shows the
difference spectra after subtracting the pre-photolysis spectrum (dotted line) from the
post-photolysis spectra at each time point. The neutral radical peak absorption band
grows in at 515 nm, as indicated. The inset displays AAbs at 515 nm over time (in
minutes), where the radical yield rate is determined by the linear slope between 3 min
and 15 min marks.
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Figure 3.8: Normalized difference spectra of D5-Zn" Az48W, ND-Zn"Az48W, and
NH-Zn"Az48W in pH 7.2 phosphate buffer and in the presence of Co™" acceptor. Each
spectrum displays spectra acquired at the 3-min mark and then at every 5-min interval
of photolysis time. All difference spectra are normalized for protein concentration and
photolysis power at 292 nm excitation. The dotted difference spectrum indicates the
zero-minute mark, after subtracting the pre-photolysis spectrum from each post-
photolysis spectrum.



4 Conclusion and Future Studies
4.1 Concluding Remarks

Electron transfer is modulated efficiently through amino acid
mediators, where long-distant ET can be seen in several complex biological
systems. In particular, tryptophan can facilitate electron transfer through a
proton-coupled mechanism, where ET and PT occur in a stepwise fashion.
Chapter 2 discussed the vibrational structures of the closed-shell and neutral
radical of Az48W isotopologues. The second chapter focused on the
mechanisms of electron and proton transfer of perdeuterated (D5-Zn"' Az48W)
and singly-deuterated (ND-Zn"Az48W) azurin derivatives.

The isotopic shifts apparent in the vibrational modes of D5-Zn"Az48W
and ND-Zn"Az48W provide structural information of the embedded Trp-48
residue in Azurin. The observed frequency differences in the Trp normal modes
upon isotopic exchange can provide insights into the electron and proton
transfer process that results in the neutral radical formation. For instance, the
lower vibrational frequency of the W17 mode may impact the deprotonation
path, which can alter the yield for formation of the neutral radical. However,
the mechanisms nor kinetics of ET and PT cannot be directly measured through
the observation of Raman shifts. Instead, the fluorescence and radical quantum
yields of isotopologues can provide some insights into the excited state of
Zn"Az48W and the deprotonation steps of Az48W s, respectively. There
appears to be a positive correlation between the phosphorescence intensities

and radical yield noted for D5-Zn" Az48W. However, an additional
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consideration must be taken into account for ND-Zn"Az48W because of the
heavier mass of the deuteron. The isotopic effect, defined here as the ratio of
the rate of neutral radical yield for Zn"Az48W and ND-Zn"Az48W, is greater
than unity, suggesting that the deprotonation of this isotopologue is affected by

the H/D exchange of the acidic proton on the indole ring.

4.2 Future Work

Besides fine-tuning the experimental values of fluorescence and
radical yield in the azurin isotopologues (i.e. increasing the number of trials),
additional methods and analyses should be performed to further define the
electron transfer process in Az48W. Since the fluorescence quantum yield
cannot absolutely define the excited state lifetime of Az48W, kinetic studies
using transient absorption or emission should be pursued. Both time studies
and spectral identification of the Trp-48 cation radical can be difficult to
obtain, due to the rapid electronic transfer and deprotonation rates. These
non-trivial studies are currently being pursued by a fellow Kim Group
member, Joel Rivera.

As previously mentioned, it is hypothesized that the formation of cation
radical is generated from the triplet state. The phosphorescence intensity can
only provide a positive correlation in D5-Zn"Az48W radical yield. Based
solely on phosphorescence intensity, it cannot be completely ruled out that the
singlet state does not contribute to radical generation. Therefore, further studies

with the excitation of the triplet state can provide more insight into the
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mechanism of cation and neutral radical formation. Ignacio Lopez-Pefia,
another member of the Kim Group, is currently studying the triplet state of
Azurin.

Lastly, neutral radical is not observed when exciting the apoprotein
form of Az48W. However, under constant illumination, the neutral radical
absorption band is observed (reported by Ignacio Lopez-Pefia). Therefore, the
metal cofactor seems to play a significant role in allowing stable, neutral
radical formation. Further experiments can be performed with Az48W
metallated with metals other than Zn(II), in order to confirm the importance

metal cofactor on redox protein function.
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