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Chapter 5

Labeling and fluorescence correlation
spectroscopic studies on Lys122Ser and
Lys122GIn mutants of Copper Azurin
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Abstract

A detailed investigation of the products of the labeling reaction of K122S and K122Q Cu azurin
variants with the oxazine fluorophore ATTOG655 has been performed. Fluorescence correlation
spectroscopy was performed to understand the behavior of the labeled products under redox
conditions. In this work, we have tried to understand the ET reaction using a specific species
where the label is likely to be attached on a surface lysine and it reports sub-millisecond ET
reaction under redox conditions. Slower ET rates in variants of azurin than the rates in wt Cu
azurin reveal that these lysine residues must be at least 20 A away from the copper center. Two

different mechanisms are equally likely to be involved in the ET event.
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5.1 Introduction

Biological electron transfer (ET) is observed for many processes in living cells and
organisms. These processes include respiration, photosynthesis, immune response, solar-energy
conversion and collagen synthesis. In most of these processes, electron transfer reactions take
place with the help of redox proteins, with a certain prosthetic group, a metal ion or an organic
molecule, which mostly determines the redox properties of the protein(/)(2)(3). We have chosen
the prototype electron transfer (ET) protein, copper azurin from Pseudomonas aeruginosa for
investigating ET reactions(4). Azurin is easily obtained by heterologous expression in E. coli
bacteria in high yields(5), and the protein is very stable at room temperature(6)(7)(8)(9). It also
has a rigid scaffold for the metal-binding site, the properties of which are fine-tuned by the
surrounding protein matrix. Thus, azurin is among the most extensively studied redox enzymes.
It serves as a donor or acceptor for several other proteins and substances in bacteria(/0)(11)(12).
A remarkable amount of information is available in the literature regarding its spectroscopic,
structural and ET properties(/3)(14)(15). Also many variants have been studied.

Recent advances in optical imaging techniques have established that it is possible to
observe the dynamics of a protein at single-molecule level(/6)(17)(18)(19). Analytical
measurements at the single-molecule level using fluorescence techniques have become almost
routine in many research laboratories in the past few years. Among these techniques, single-
molecule fluorescence correlation spectroscopy (FCS) has proven to be valuable to investigate a
range of processes such as ligand binding, protein folding, protonation and deprotonation
20)(21)(22)(23)(24)(25)(26)(27)(28). Ultimate goal in these investigations is the direct
investigation of the molecular dynamics in vivo. In previous chapters, the inter- and
intramolecular electron transfer processes were addressed by a FRET (Fluorescence resonance
energy transfer)-FCS based approach.

Labeling oxidoreductases with a fluorescent dye has allowed the study of enzyme
turnover at single-molecule level, provided Forster resonant energy transfer (FRET) occurs
between the label and the active site(29)(30)(37)(32)(33). Our previous investigations on
ATTOG655 (oxazine dye) labeled azurin have revealed that it is possible to purify protein labeled
at a specific position from a mixture that is obtained after performing a labeling reaction of the
protein with a dye(34). In the case of azurin, we addressed the fluorescent behavior of those

individual components at the single-molecule level (see Chapter 3and 4 for details). That work
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has enabled us to understand ET dynamics as a function of the position of the label on the protein
surface. We have been able to monitor intramolecular ET dynamics in the microsecond region

between the label attached at the K122 position of the protein surface and the metal center.

Interestingly, among all the lysine residues present in the protein (Lys 24, Lys27, Lys128,
etc.) (Fig. 5.1), Lys122 was identified as the main reaction site during labeling with the NHS-
ester of ATTO655(34). Subsequently, further questions arose relating to the microsecond ET
process that emerged from the FCS curves of K122 labeled azurin. If single-molecule detection
for ET dynamics is possible for K122 labeled Cu azurin, would it be possible to encounter the
same decay in Cu azurin-ATTOG655 bioconjugates where the reaction sites are other surface
lysines of azurin (Lys24, Lys27, Lys128, etc.)? Will the time scale of intramolecular electron

transfer in those cases be similar to our previous results?

In order to answer these questions, we have mutated the lysine residue at position 122
into a serine (K122S) and a glutamine (K122Q). In the present study, our strategy was to label
the variants with ATTOG655, to characterize the products of the labeling reaction and then study
the properties of a specific species by means of FCS. Singly labeled azurin derivatives were
separated from one another and purified by ion exchange chromatography. The redox properties
of the solution containing the azurin-dye constructs were manipulated by using potassium
hexacyanoferrate (III) and sodium ascorbate. The reaction rates of the photoinduced electron
transfer from the Cu(l) ion to the label and for the back reaction from the label to the Cu(Il) were
obtained from FCS measurements. Analysis of the obtained rate constants for electron-transfer to
or from the copper center revealed a good correlation between the time scale of ET and the

length of the ET pathway.

5.2 Materials and Methods

5.2.1 Chemicals
Unless stated otherwise, all materials were purchased from Sigma-Aldrich Corp. St.

Louis, USA and used as received.
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Figure 5.1: Cartoon representation of the structure of azurin with its surface lysine residues (PDB: 2AZU).
The copper ion is displayed as a brown sphere. The lysine amino acids are represented by red sticks. The

model of azurin was prepared by using the DS visualizer program (Accelrys Discovery Studio 2.0).
5.2.2 Site-directed mutagenesis and proteins

Lys122 to Ser (K122S) and Lys122 to Gln (K122Q) mutations were introduced into the
azurin gene by site-directed mutagenesis (QuikChange Site-directed mutagenesis kit-Stratagene).
The primers used for the respective mutations are given below; mutations are in bold and

underlined. Primers were designed using the provided software of the QuikChange kit.

K122S_forward 5'-gtcagggtgccgetcatcagtgcgetatgacccg-3'
K122S_reverse 5'-cgggtcatagcgcactgatgageggcaccctgac-3'
K122Q_forward 5'-catagcgcactgatgcaaggcaccctgacce-3'
K122Q_reverse 5'-gggtcagggtgccttgcatcagtgegctatg-3'

Desired mutations were confirmed by DNA sequencing (BaseClear). The codon optimized gene

was synthesized by Life Technologies and was cloned into pET28 vector. The expression and the
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purification of the mutants were carried out as reported previously(5). The proteins were
aliquoted and stored at -80 °C till further use. Models for the variants are displayed in Fig. 5.2.
The absorption spectrum of w#-Cu Azurin, K122S, and K122Q variants are shown in Fig. 5.3.

Figure 5.2: Models for K122S (A) and K122Q (B) variants. The Models were generated by using “Whatlf
molecular modelling program”, Radboud University, The Netherlands (G. Vriend, J. Mol. Graph., 1990, 8,
52-26). Visual rendering of the molecules was performed by using the DS visualizer program (Accelrys
Discovery Studio 2.0). The copper ion is displayed as a brown sphere. Serinel22 and Glutaminel22

residues are presented as red sticks.
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Figure 5.3: Absorption spectra of wt (20 uM), K122S (30 uM) and K122Q (35 uM) Cu Azurin. The spectra
were measured in 20 mM HEPES, pH 7.0 at room temperature.
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5.2.3 Protein labeling and chromatography of labeled species

K122S and K122Q Cu-azurin from Pseudomonas aeruginosa were labeled using
commercially available N-hydroxysuccinimidyl-ester (NHS) of ATTO655 dye (ATTO-TECH,
GmbH, Germany). Elimination of the unreacted label from the labeling mixture and separation
of the different labeled species using ion exchange chromatography were executed as previously
reported(34). Labeling at pH 6.0 and pH 7.0 was performed using 20 mM HEPES. UV/Vis
spectra were measured on a Cary50 UV/Vis (Varian Inc. Agilent Technologies, USA)

spectrophotometer.
5.2.4 Fluorescence switching in bulk

Fluorescence spectroscopy experiments were carried out using a Cary Eclipse
Spectrophotometer (Varian Inc. Agilent Technologies, USA). The experiments were performed
in 20 mM HEPES, pH 7.0 at room temperature and the concentration of the labeled samples was
50-100 nM. The experiments were performed as previously described (See Chapter 3). Details

on the measurement of the fluorescence switching ratio have been discussed in Chapter 1.
5.2.5 Sample preparation for FCS experiments

Samples were prepared as discussed in Chapter 2 and 3. They contained 57.0% sucrose
(w/w) (viscosity 37.5 cP at 22°C)(35). All solutions were passed through a 0.22 pm filter to
avoid the presence of particulate. The final sample concentration of labeled protein was around
0.4-0.8 nM. Manipulation of the redox potential of the solution was established by employing
potassium hexacyanoferrate (III) and sodium ascorbate as oxidizing and reducing agents,

respectively.

5.2.6 Fluorescence Correlation Spectroscopy setup and data acquisition

FCS experiments were performed on a home-built confocal setup equipped for Time-
Correlated Single-Photon Counting (TCSPC) measurements (See Chapter 2 for details). All
experiments were performed at ambient temperature (22 °C). Excitation at 639 nm was provided
by a pulsed diode laser head (LDH-P-C-635-B, 20 MHz rep rate, PicoQuant GmbH, Berlin,
Germany) driven by a picosecond laser driver (LDH-800-B, PicoQuant GmbH, Berlin,

Germany). The power used for the calibration and for the FCS measurements amounted to 20
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uW, as measured after the objective, corresponding to a specific power of ~4.3 kW/cm? at the

sample.

For the acquisition of the FCS data, 80 ul of the sample solution was deposited onto a
glass slide (cover slips Nr. 1.5, thickness 0.16 - 0.19 mm, Gerhard Menzel GmbH, Germany) and
covered with the cap of a polypropylene test tube to prevent evaporation of the solvent during the
measurements. The focus was set at a distance of 20 um from the upper surface of the glass
coverslip to prevent detection of fluorescence from surface-adsorbed molecules. Time traces
were recorded with the SymPhoTime software package (PicoQuant GmbH, Berlin, Germany) for
durations varying from 5 to 10 minutes. Raw data were stored as time-tagged time-resolved (t3r)

data files and subsequently elaborated by using the SymPhoTime software package.

5.2.7 FCS data analysis

After acquisition of the data, the time-correlated single photon counting (TCSPC)
histogram was built, and fitting was performed after narrowing down the time window of the
TCSPC decay. The autocorrelation functions were analyzed by fitting to the following

equation(26):

G(0)=G(0)- Gy (1) G,(0)- G, (@) 5.

where G(0) is given by

1 1
= = 5.2
O (N) ¢V, N, 62

G(7), or both G;(7) and G,(7), were omitted when their inclusion in the fitting procedure gave no
significant improvement of the fit. Fitting of the autocorrelation data was performed in GraphPad
Prism 5 or 6.05 (GraphPad Inc., USA). The quality of the fits was judged by visual inspection of

the residuals.
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5.3 Results and discussion

5.3.1 Purification of labeled species and characterization

To isolate a homogeneous 100% singly labeled sample from the labeling solution, ion
exchange chromatography (IEC) of the reaction mixture was performed following the protocol
mentioned in(34). Fig. 5.4 shows the chromatogram of the labeling mixture of K122Q CuAzurin
after reaction with ATTO655 dye. Each peak corresponds to a different species. The fractions
were eluted under a gradient of 0 to 100 mM sodium chloride in 5 mM Tris pH 8.5 over 30
column volumes at a flow rate of 0.5 ml/min. The concentrations of the fractions were
determined from the extinction coefficients & Azurin280 =9.8 mM'cm™ and Edye663 =125 mM'cm™!
by UV/Vis spectrometry(36). K122S Cu azurin-ATTO655 displayed an elution profile similar to
K122Q. The UV/Vis spectra of the various species are grouped in two panels in Fig. 5.5. In
panel A the spectrum corresponding to fraction 1 is that of unlabeled reduced K122S Cu azurin.
Fraction 1’ (P1’) and fraction 2 (P2) show a main peak around 663 nm and a shoulder at 618 nm.
This pattern matches the spectrum of singly labeled azurin(37). Fractions 3 (P3) and 4 (P4) show
a major peak at 615 nm and a less intense peak at 663 nm, reminiscent of H-type dimerization of

ATTO dyes(38). Fractions 3-5 for both variants were not investigated further.

200
—— 280 nm
4 — 660 nm
P3
150 —
s pH 7.0
= 4
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» 100 —
=
= P4 P5
= 4
=
2 P1
ﬁ 50 — P1'
0
T I T I T I T [ T ] T
0 5 10 15 20 25 30

Elution volume (ml)

Figure 5.4: Elution profile of the reaction mixture after performing the labeling reaction for
K122Q with the NHS ester of ATTO655 at 20 mM HEPES, pH 7.0. The elution was performed in 5
mM Tris buffer, pH 8.5 with a 0 to 100 mM NaCl gradient over 30 column volumes at a flow rate
of 0.5 ml/min. Numerical tags are used to identify peaks. The chromatograms show the elution
pattern when monitoring at two wavelengths: 280 nm (blue line), characteristic absorption of the

protein; and 660 nm (red line), characteristic absorption of the label.
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Figure 5.5: UV/Vis spectra of the fractions isolated during chromatographic separation from
K122S Cu azurin-ATTO655 labeling mixture. The species are identified by the tag numbers used
in Fig. 5.4.

5.3.2 Influence of the pH on the labeling reaction

To investigate the product distribution for these variants, we performed the labeling
reactions at different pH values (6.0 and 7.0). In case of the K122S mutant (Fig. 5.6), when
comparing the intensities of the first four fractions with one another, it is clear that when going
from pH 6.0 to pH 7.0, fraction 1’ and fraction 2 decrease and fraction 3 increases. As a general
effect, an increase in pH increases slightly the yield of the labeling reaction. For both mutants,
when comparing the relative intensities, the amount of fraction 1’ was found to be lower than
that of fraction 2 at pH 7.0. In the present case, fraction 1 is assigned to unlabeled reduced azurin

as it shows no absorbance at 660 nm.
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Figure 5.6: Elution profiles of the reaction mixtures for the KI122S variant after performing the labeling
reaction at different pHs as indicated in the top left corner of each panel. The conditions used for the

separation are the same as indicated for Fig. 4. Numerical tags are used to identify peaks.

143



The pK, values of lysine122 and the N-terminus are known (~ 7.0 and 8.0 respectively).
But pK,s of other surface lysines (Lys24, Lys27, Lys41, Lys128, etc.) are not available in the
literature. It is expected that these lysine residues have pK,s higher than the pK, of K122(39).
Increasing pH to 7.0 or higher makes those lysines available for labeling with dye. We choose

fraction 1’ and fraction 2 for further investigation.

5.3.3 Fluorescence switching experiments

For each species, the sample was excited at 660 nm, and the fluorescence emission was
monitored at 685 nm after addition of redox agents (See Fig. 5.7). Upon addition of oxidant, the
fluorescence drops, the magnitude of the drop depending on the initial redox state of the protein.
Subsequent addition of reductant produces an increase of the fluorescence. This cycle was
repeated, and the switching ratio was calculated for each fractions. Details about the calculation
of the switching ratio have been discussed in Chapter 1. Table 5.1 presents the measured

switching ratios.

N-hydroxysuccinimide (NHS) ester-mediated derivatization generally involves the
reaction of the amine-reactive group with the primary amines of a protein or a biomolecule. We
may expect that ATTOG65S5 is not reactive towards a serine or glutamine residue at the 122
position of the protein. From experimentally obtained FRET efficiency or switching ratios and
comparing the results with our previous work(34), it is tentatively proposed that the position of
the label in fraction 1° is the N-terminus and that fraction 2 must contain a species where the
label is attached to a lysine moiety close to the copper center. In the present work, further

investigation was performed only on fraction 2.

Fractions Switching ratio
fraction 1' 0.68
fraction 2 0.83

Table 5.1: Experimentally obtained switching ratios for fraction 1’ and fraction 2.
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Figure 5.7: Fluorescence switching experiments on 50 nM of ATTO655 labeled K122S copper azurin in 20
mM HEPES, pH 7.0 at room temperature. The black numbers mark the addition of oxidant and reductant
in the samples. A: fraction 1’, B: fraction 2. The time points 1, 3, 5, and 7 correspond to the addition of
0.05, 1, 6, and 18 mM (final concentrations) of potassium ferricyanide to the sample, respectively. The time
points 2, 4, and 6 correspond to the addition of 0.25, 1.5, and 4.5 mM of sodium ascorbate (final

concentrations), respectively.

5.3.4 FCS experiments
FCS experiments were performed in 57% (w/w) sucrose solutions at room temperature
(295 K) in 20 mM HEPES buffer pH 7.0. Redox conditions were controlled by the addition of

potassium hexacyanoferrate (III) as oxidant and sodium ascorbate as reductant.

5.3.4.1 K122Q CuAzurin-ATTOG6S5S, fraction 2, under oxidizing conditions

When titrating K122Q -CuAzu with hexacyanoferrate(Ill), the observed ACFs could not
be fit adequately with the equation containing a single diffusion term (Fig. 5.8) and a two-term
function with Gg(7) and G;(t) was used to fit the data (Fig. 5.9). Fitting with two terms still did
not produce optimal fits (Fig. 5.9), but including a third term G(7) in the FCS equation did not

markedly improve the plot of the residuals.
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Figure 5.8: Experimentally obtained ACFs of fraction 2 from KI122Q Cu azurin labeled with
ATTO655 for samples containing 10 (A), 40 (B), 300 (C) and 500 (D) uM hexacyanoferrate (III).
The red lines are fits according to Egn. 3.1 G(t) = G(0).Gyy (t). The residuals of the fits in the

insets show unsatisfactory fitting of the ACFss.

Thus, it is clear that next to the diffusion term a blinking term is needed to fit the experimental
ACEF. After analysis, both F; and 7; (F; is the fraction of molecules associated with the blinking
reactions, and 7; is the relaxation time required for that reaction, see Chapter 4 for details)
appeared independent of the ferricyanide concentration with F; = 0.16 and 7; = 0.68 ms (Fig.
5.10). This blinking reaction was not observed in the case of the Zn containing wt¢ azurin (See

Chapter 3) and so the Cu center must be involved in this reaction (Scheme 5.1)
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Figure 5.9: Experimentally obtained ACFs of fraction 2 from KI122Q Cu azurin labeled with ATTO655 for
samples containing 20 (A), 70 (B), 100 (C) and 400 (D) uM hexacyanoferrate (Ill). The red lines are fits
according to Eqn. 3.4 G(t) = G(0).Guy (). Gy(t) with tp =12 ms.

kg, kS k}
LCu(ll) = L*Cu(ll) —L—s L*Cu(l) —— LCu(Il)
ko

Scheme 5.1: Light induced ET reactions in oxidized CuAz. LCu symbolizes the labeled azurin molecule in
which the Cu is in the reduced or oxidized form (Cu(l) or Cu(ll), respectively) and the label, L, is excited or

oxidized (L* or L*, respectively). The rates for intramolecular ET from L* to Cu(Il) and from Cu(I) to L*

are denoted by klf and klb.
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Figure 5.10: (A) and (B): Parameters (F; and t;) obtained by fitting the ACFs of KI122Q labeled Cu azurin
as a function of the concentration of added hexacyanoferrate (III). The equation used for the fits was G(t)
= G(0).Guy (v).G(t) with tp =12 ms. (C) and (D):(1-F;)/t; = K> and Fi/r;= K are plotted as a function of
potassium hexacyanoferrate (III) concentration, respectively. Vertical bars denote 95% confidence

intervals.

Consistent with the intramolecular character of the reaction, neither F; nor 7; appears to depend

on the concentration of oxidant (Fig. 5.10 A-B). Following the formalism discussed in Chapter 4,

one obtains
F]/T] :f(l) klf and
(]—F])/‘L’] = klb

k]f and ka are the forward and backward ET rate constants under Scheme 5.1. In oxidized azurin
the label fluorescence is partly quenched by the Cu center and the fluorescence life time is
shortened to 1.8 ns (See Chapter 4 for details and Fig. 4.5). It leads to f{I)= 3.2x10” where the
factor f{I) can be understood by considering that the optically excited label reacts with oxidant in

the solution (see Chapter 4 for details). With F; = 0.16 and 7= 0.54 ms, one obtains klf =
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6.1x10* s and kl" = 1.2x10% s’'. As before (see Chapter 4), these values can be used to obtain

the reorganization energy for electron transfer.

With Exrro+marro = 1.55 V (vs NHE) and 4Gy = 1.86 eV(40), natro = 0, ncyan=2 and a midpoint
potential of azurin at pH 7 of 0.31 V (vs NHE)(47)(42), one obtains driving forces of 4Gy = -
0.476 eV and 4G, = -1.384 eV for the reactions shown in Scheme 5.1. This, finally leads (see
details in Chapter 4) to A (K122Q) =0.76 eV.

5.3.4.2 K122Q Cu Azurin-ATTO655, fraction 2, under reducing conditions

Fluorescence time traces were recorded of 0.5-1 nM solutions of fraction 2 of K122Q Cu
Azu-ATTO655 in 57% w/w (i.e. 70% w/v) sucrose in the presence of varying amounts (0-500
uM) of ascorbate. For each time trace the autocorrelation function was calculated. It appears that
application of G(t) = G(0) Gui(t) and/or G(t) = G(0) Gaip(t) Gi(7) did not result in good fits: and
the residuals exhibited a noticeable non-random component (Fig. 5.11). Then the ACFs were fit
with an equation containing an additional term G(7) (G(t) = G(0) Gay(t) Gi(t) G2(7)) (see Eqn.
5.1) with the diffusion correlation time fixed at 7p = 12 ms (Fig. 5.12). Including the third term
G(7) in the Eqn. 5.1 resulted in good fits.

The amplitudes F; and F,, and the corresponding correlation times, z; and 7, are
presented in Fig. 5.13. After fitting the ACFs, it was clear that K122Q-labeled CuAz-fraction 2 is
involved in a reaction that occurs on a time scale of 400-500 us. Similar to our previous
experiments on wt Cu azurin, this reaction is ascribed to intramolecular ET from the Cu(]) site to
the excited label and back (Scheme 5.2). In case of K122Q variant, with F, = 0.23, 7, = 0.23 ms
and f(I)= 4.8x10° under reducing conditions (lifetime of the dye is 2.7 ns under reducing

conditions, See Chapter 4, Fig. 4.5), one finds sz =2.1x10° s and kf =3.3x10° s, Using

these rates and Earromrro- = -0.17 V (vs ~ NHE), narro = 0 and ncyp=1 (See Chapter 4), one
obtains A (K122Q) =1.08 eV.
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Figure 5.11: Experimentally obtained ACFs of K122Q Cu azurin labeled with ATTOG655, fraction 2, for
samples containing 20 (A), 50 (B), 300 (C) and 500 (D) uM ascorbate. The red lines are fits according to

G(1) = G(0).Gug (v).Gy(t) with t, =12 ms. The residuals in the insets show unsatisfactory fitting of the
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Figure 5.12: Experimentally obtained ACFs of KI122Q Cu azurin labeled with ATTO655, fraction 2, for
samples containing 20 (A), 50 (B), 300 (C) and 500 (D) uM ascorbate. The red lines are fits according to
Egn. 5.1 G(t) = G(0).Ggy (t).Gi(t) Go(t) with tp =12 ms. The residuals in the insets show satisfactory

fitting of the ACFs.
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Figure 5.13: Parameters obtained from the fits of the ACFs of fraction 2 (K122Q Cu azurin-ATTO655).

The equation used was G(t) = Guy(t) Gi(t) Go(t) with ©p =12 ms. Shown are, as a function of ascorbate

concentration: F; (A), t; (B), F, (C), and t; (D).

ko, ky k;’
LCu() — L*Cu(l) —2—s L Cu(ll) —*—s LCu(I)
ko

Scheme 5.2: Light induced ET reactions in reduced CuAz. Symbols have the same meaning as in Scheme 2.

The rates for intramolecular ET from Cu(I) to L* and from L™ to Cu(Il) to are denoted by sz and k;

G(7) is related to the reduction of the label by the reductant and F; and z; are analysed
as before (See Chapter 4 for details), taking into account that only a fraction (/-F>) of the labeled
molecules is in the bright state. From the experimentally determined value of k, f(I) a value of k,
can be extracted after an estimate of f{I) has been obtained (k. is the second order rate constant
for the reduction of the dye, See Chapter 3 for details). Fluorescence lifetimes of the labeled
variants were found to be similar to labeled wt copper azurin (1.8 ns and 2.7 ns under oxidizing
and reducing conditions respectively). With a fluorescence lifetime of 2.7 ns (See Chapter 4), an
incident light intensity of 4.3 kW/cm?” at 636 nm and an absorbance cross-section of the label of

1.3x107'° cm? (based on an estimated €g3¢ = 8x10" M'lcm'l), one finds that ol = 1.80x10° 57!
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and f(I)=4.8x10”. Taking K122Q Cu azurin under reducing condition as an example, with k;
fi)=3.4x10° M''s”, a value of k, = 7x10’ M's" is obtained. As discussed in Chapter 2,
considering that the experiments were performed in 70% (w/v) sucrose solutions, this is of the
order of a diffusion-controlled reaction rate. The analysis is presented in the Fig. 5.14 and data

are gathered in Table 5.2.
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Figure 5.14: Analysis of the ACFs of labeled Cu azurin variant (K122Q-fraction 2). ACFs were fitted with
the equation G(t) = G(0) Gy (t) G(t) Ga(t) with T, =12 ms. Parameters t; and F;, as obtained from the
fits, correspond with G(t). (A) (Fi/t))/(1-F,) (=ky) as a function of the concentration of ascorbate for
K122Q (B) and (B) (1-F)/t; (=ky) as a function of the concentration of ascorbate for the same variant. The

red straight line is least-squares fit to the data points.

ky appears to be constant, which is consistent with the idea that dissolved oxygen is responsible
for the back oxidation of the label as oxygen is present in the solution in large excess and its
concentration will not change appreciably over the duration of the experiment. This has been

discussed in Chapter 3. Data for the variants are gathered in Table 5.2.

5.3.4.3 K122S Cu Azurin-ATTOG55, fraction 2, under oxidizing conditions

When titrating K122S -CuAzu with hexacyanoferrate(Ill), the observation was similar to
K122Q. A two-term function with Gg(t) and G;(t) was needed to fit the data properly (Fig.
5.15). Fitting with two terms still did not produce optimal fits, but including a third term G»(7) in
the FCS equation did not markedly improve the plot of the residuals. The data is gathered in Fig.
5.16.
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Figure 5.15: Experimentally obtained ACFs of fraction 2 (K122S Cu azurin labeled with ATTO655) for
samples containing 20 (A), 70 (B), 300 (C) and 500 (D) uM hexacyanoferrate (Ill). The red lines are fits
according to Eqn. 3.4 G(1) = G(0).Guy(7).G(t) with tp =12 ms.
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Figure 5.16: (A) and (B): Parameters (F; and t;) obtained by fitting the ACFs of K122S labeled Cu azurin
(fraction 2) as a function of the concentration of added hexacyanoferrate (IIl). The equation used for the
fits was G(t) = G(0).Guigp (7).G(t) with p =12 ms. (C) and (D): F/t;= K and (1-F;)/t; = K are plotted as
a function of potassium hexacyanoferrate (IIl) concentrations, respectively. Vertical bars denote 95%

confidence intervals.
Applying the same formalism as discussed in Chapter 4 and for K122Q under scheme 5.1, one
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obtains k/ = 8x10* s and k! = 1.5x10% s™. As before (See Chapter 4), these values can be used
to obtain the reorganization energy for electron transfer. We obtained driving forces of 4Gy = -

0.476 eV and 4G, = -1.384 eV for the reactions shown in Scheme 5.1. This, finally leads (See
details in Chapter 4) to A (K122S) =0.75 eV.

5.3.4.4 K122S Cu Azurin-ATTOG55, fraction 2, under reducing conditions

The observations for K122S CuAzurin-ATTO655, fraction 2, were comparable to K122Q
species 2. For each time trace the autocorrelation function was calculated. Application of G(7) =
G(0) Guyft) and/ or G(1) = G(0) Gay(r) Gi(r) produced fits with a noticeable non-random
component (Fig. 5.17). Therefore, the ACFs were fit with an equation containing the additional
term, G2(7), (G(t) = G(0) Gup(t) Gi(t) Go(t)) (Eqn. 5.1) with the diffusion correlation time fixed
at tp = 12 ms (Fig. 5.18). The amplitudes F; and F,, and the corresponding correlation times, 7,

and 7, are presented in Fig. 5.19. The same scheme 5.2 can be applied here.
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Figure 5.17: Experimentally obtained ACF's of species 2 from K122S Cu azurin labeled with ATTO655 for
samples containing 40 (A), 70 (B), 300 (C) and 500 (D) uM ascorbate. The red lines are fits according to
Egn. 3.4 G(t) = G(0).Guy (7).Gi(t) with 7, =12 ms. The residuals of the fits in the insets show
unsatisfactory fitting of the ACFs.
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Figure 5.18: Experimentally obtained ACFs of fraction 2 from K122S Cu azurin labeled with ATTOG655 for
samples containing 40 (A), 70 (B), 300 (C) and 500 (D) uM ascorbate. The red lines are fits according to
Egn. 5.1 G(t) = G(0).Gy (t).Gi(t) Gat) with 1, =12 ms. The residuals of the fits (See insets) show
satisfactory fitting of the ACFs.
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Figure 5.19: Parameters obtained from the fits of the ACFs of K122S Cu azurin-ATTOG65S, fraction 2. The
equation used was G(t) = Guy(t) Gi(t) Gy(t) with ©p =12 ms. Shown are, as function of ascorbate

concentration: F; (A), t; (B), F> (C), and 7, (D).
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As discussed in Chapter 4, consistent with the intramolecular character of the reaction, 7, appears
independent of the reductant concentration. The fraction of dark molecules F», increases with
reductant concentration. The issue of dissolved oxygen in the solution has already been discussed
in the previous chapter (see Chapter 4 for details). As seen from the analysis, F», as obtained
from the fits, is not constant. Only with excess of ascorbate, F, approaches a constant value.

Applying the same formalism (Chapter 4) to find k7’ and k., we find,
F2/T2 :f(I) kif and
(1-F2)/vs =k}

Applying the same formalism for the K122S variant (see Chapter 4), we find k] = 1.1x10° s

and kf = 1.8x10* s! with F, = 0.23, 1, = 0.45 ms. The resulting intramolecular ET rates are

presented in Table 5.2.

L*—Cu(ll) Cu(l)—L" Cu(l)—L* L —Cu(ll)
Sample k/,s" (a) ks (a) ki, st (b) k7, s (b)
K122Q Cu-azurin 8.0x10" 1.5%x10° 2.1x10° 3.3x10°
K122S Cu-azurin 6.1x10° 1.2x10° 1.1x10° 1.8x10°
wt Cu azurin” 4.8x10 0.7x10° 3.3x10° 1.0x10*
labeled at K122

(#) see Chapter 4, page 120, Table 4.1

Table 5.2: Experimentally obtained intramolecular rate constants for K122Q and KI122S-species 2 and
K122 labeled wt Cu azurin.

(a) in presence of excess of hexacyanoferrate (II1) and

(b) in presence of excess of ascorbate

Using those experimentally obtained forward and backward rate constants and Exrro/arro-

= -0.17 V (vs NHE), narro = 0 and ncy,p=1 and the values used in chapter 4 for the other

parameters, one obtains A (K122S) = 1.05 eV under reducing conditions.

F and 7; are analysed as before (Chapter 4 for details), taking into account that only a fraction
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(I-F>) of the labeled molecules is in the bright state. Based on the value of f(I,) we can again

estimate k, f(I). The data for &, f{I) and k;, have been gathered in Table 5.3.
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Figure 5.20: Analysis of the ACFs of labeled Cu azurin variant (K122S). ACFs were fitted with the
equation G(t) = G(0) Gy (7) Gi(t) Gy(t) with T, =12 ms. Parameters t; and F), as obtained from the fits,
correspond with G(t). (A) (Fi/t))/(1-F,) (=ks) as a function of the concentration of ascorbate (B) (1-F;)/t;
(=ky,) as a function of the concentration of ascorbate for the same variants. The red straight line in (A) is a

least-squares fit to the data points.

Species kf(I),M It kb,s'l
K122Q-species 2 (3.4+0.7)x10° | (9.6+4.0)x10"
K122S-species 2 (4.240.8)x10° | (6.6+1.5)x10"

wt Cu azurin labeled at K122" (2.0£0.3)x10° | (5.6+0.6)x10"
wt Cu azurin labeled at N- (3.240.3)x10° | (3.5+0.2)x10"
terminus”

(#) see Chapter 4, page 120, Table 4.1

Table 5.3: Experimental values of k, f(I) and k;, for CuAzurin (wt and the variants) in presence of reducing

agents (ascorbate). See text and Chapter 4 for further explanations.
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Species Oxidizing condition(a) Reducing condition(b)

K122Q-species 2 0.76 1.08
K122S-species 2 0.75 1.05
Wt azurin labeled at K122* 0.75 1.16

(#) see Chapter 4 for details

Table 5.4: Experimental values of reorganization energies (eV) for Cu Azurin (wt and the variants) in
presence of redox agents (ascorbate). See text and Chapter 4 for further explanations.

(a) in presence of potassium hexacyanoferrate (III)

(b) in presence of ascorbate

5.4 Comparison of fluorescence resonance energy transfer (FRET) and photoinduced

electron-transfer (PET) reaction in Copper Azurin-ATT0655

In view of the increasing use of fluorescence labeling of biomolecules in vivo and in vitro
the quenching of dye fluorescence in a labeled protein is an important subject. FRET and PET
may occur simultaneously and it will be helpful to obtain an idea when PET may be expected to
occur and when not. Whereas the FRET between ATTO655 and the Cu(Il) center occurs on the
nanosecond scale, the PET occurs on the microsecond-sub-millisecond scale, several orders of
magnitude larger than FRET. With the experimental data (AG, A for the wild type and the
variants of azurin) in hand, we can calculate the dependence of the FRET and PET rates on the
Cu-label distance in the azurin-ATTOG655 system. Calculations of the two rates (kgrpr and kgr)

have been performed over a distance from 0 to 80 A of the Cu-label system.

Calculation of the rate of FRET (kprer) Was performed using the following equation:

kprer = = (%)6 (5-3)

7L

where 77 is the lifetime of the fluorescent donor in the absence of the acceptor (ATTO655 in
sucrose, 2.7 ns), Ry is the Forster radius of the ATTO655-azurin pair and R is the donor-acceptor

distance. The so-called Forster radius is given by (43)

Ro = 0.211[x*n*QpJ(1)]"° (5.4)
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where Ry is the distance at which the transfer efficiency is at 50% of its maximum value, Qp is
the fluorescence quantum yield of the donor in absence of the acceptor, 7 is the refractive index
of the sample, « is the orientation factor for the dipolar interaction and J(4) is the overlap integral

which is given by (see Chapter 1, Eqn. 1.3)

J) = j: LA)e(DAdA] j: I(A)dA

The spectral calculator in the Quick Fit 3.0 software was used to obtain the FRET radius between
Oxidized copper azurin and ATTO655. A value of Ry of 37 A was calculated for the donor-
acceptor pair ATTO655-oxidized Cu Azurin, based on the absorption spectrum of the oxidized
form of wt Cu Azurin and on the emission spectrum of ATTO655 measured

experimentally(43)(44)(45).

Photoinduced electron transfer may occur next to FRET. For the calculation of the PET

rates, two models are at our disposal: “Pathway model” and “Organic glass model”.

When structural information is available a pathway can be delineated along which ET
may be effectuated. The most efficient pathway is usually the shortest one that can be
constructed. It will contain mostly covalent bonds with an occasional through space jump or a
step comprising a hydrogen bond. The formula to calculate the ET rate according to this
“pathway model” has been discussed already in Chapter 4 and is reproduced here(46)(47)

(AGp+2)?
kgr = 3 x 1013e=Booct o™ 27kT
(5.5)
where, ,is the electron transfer attenuation factor (0.7, or 1.4 A'l, vide infra), € is the length of a
C-C bond (1.4 A) and oc is the number of equivalent C-C bonds in the path, AG is the driving
force for the electron transfer reaction, 4 is the reorganization energy of the electron donor-

electron acceptor system, k is Boltzmann’s constant, 7 is the temperature in Kelvin.

In case, no detailed structural information on donor-acceptor pair is available or when
donor and acceptor are not covalently linked, the “organic glass” model of Moser and Dutton

may be applied according to which the ET through a protein can be linked to tunneling of
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electron through an organic glass. The formula to calculate the ET rate according to this model

is(48)(49):
log kgr = 13 — 0.6(R — 3.6) — (AG + 1)?/4AkT (5.6)

where, AG is the driving force for the electron transfer reaction, 4 is the reorganization energy of
the electron donor-electron acceptor system, k is Boltzmann’s constant, 7 is the temperature in
Kelvin and R is the distance between donor and acceptor molecule. The coefficient “0.6” reflects
the quantized nuclear term as provided by extensive studies in the photosynthetic reaction-
centers. This pathway model might apply when the dye forms an association complex and an

electron jumps directly from the dye to the copper center and vice versa.

The variation of PET and FRET rates over a distance from 0 to 80 A for ATTO655
labeled Cu azurin is depicted in Fig. 5.21 when oxidizing conditions apply. Under reducing
conditions, FRET between ATTO655 and the reduced Cu site in azurin does not occur, and it is
likely that PET is the main event occurring upon excitation of the label. We have used the
parameters that correspond with the case of CuAz-K122-ATTO655. The PET rates were
calculated by using the experimentally obtained AGy (free energy change for the ET reaction
from the label to the metal center), AG, (free energy change for the ET reaction from the label to
the metal center) and A (reorganization energy of ET reaction in wt CuAzurin-ATTO655)
(Chapter 4 for details). Three different values of £, were used for the calculation of PET. ) =
1.0 A™" reflects the situation encountered for the label on Lys122, where a clear through bound
pathway is identifiable, whereas fy = 1.4 A™! is more suitable to model the situation where the
label is on Alal and an electron most likely would have to travel to the copper center through a

mixed pathway (through bond as well as through space hops) (Fig. 5.21).
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Figure 5.21: FRET and PET rates and quenching
efficiencies for labeled azurin as a function of length
parameters. (A). FRET (black) and PET quenching rates as a
function of the distance R between Cu center and
chromophore. The FRET rates were calculated with Eqn. 5.3
with a Forster radius R, = 37 A and life time of the dye in the

absence of quenching of © = 2.7 ns. PET rates were

(AG+2)?
47kT

(49)with A= 0.76 eV, and AG = —-0.476 (k/, red solid line);
A= 1.16 eV, and AG = -1.67 (kgf, red dashed line); A= 0.76
eV, and AG = -1.384 (k/’, blue solid line); A= 1.16 eV, and
AG =-0.19 (kzb, blue dashed line)

calculated from logkgr =13 —0.6(R —3.6) —

(B). PET quenching rates as a function of the number of
covalent bonds n between chromophore and Cu site. Rates
were calculated from Eqn. 5.5(50)(51), with By = 1 per bond.
Different lines refer to similar cases as in panel (4). (C).
Quenching efficiency Qg = (Fy — F)/F, = kl(ky + k) calculated
as a function of distance between chromophore and Cu
center. Here kg = 1/t and k is either the PET or the FRET
rate. FRET rates were calculated as in panel (A). PET rates
were calculated as in panel (A) with A = 0.90 eV and AG =
-09, -0.6 and -0.3 eV (green, blue and red lines,

respectively).

The data in panel (C) clearly show that quenching by PET is
short ranged while FRET quenching extends over a much

long range.



It is seen that PET may occur much more generally and may take place over large
distances between the dye and the redox center in azurin. PET rates may slow down to 10’ s™ for
pathways longer than 1943 effective C-C bonds. In practice it means that when the label is more
than 18 A away from the copper and attached more than 17 equivalent bonds away from the
copper center, PET quenching can be ignored for the type of experiments described in this thesis.

The FRET rate, on the other hand, shows a much shallower distance dependence.

5.5 Future prospects and concluding remarks

In the present work a single-molecule based approach for the study of electron-transfer
process within proteins was presented. In some of the isolated species an electron-transfer
reaction between azurin and the attached ATTOG655 is observed using FCS. In future, the
position of the label in the variants will be established by mass spectrometry experiments.
Improvements in the separation, as well as application of methods other than ion exchange
chromatography will be useful for other proteins as well. A most important finding is the
observation of ET reaction between the label and the metal center when the former is bound to
surface lysines (Lys 24/Lys27/Lys128). Proximity of those lysines to the copper site makes it
possible that either through-bond electron tunneling or back-folding of the label toward the
surface of the protein allows transfer of electrons. As kgr and 4 have been determined
experimentally and good estimates of AG are available, the electronic couplings between the
donor and the acceptor can be extracted and its value can be compared with predictions from

currently prevailing models.

Overall, we see that it be possible to encounter intramolecular ET reaction in Cu azurin-
ATTOG655 bioconjugates where the reaction sites can be surface lysines of azurin (Lys24, Lys27,
Lys128, etc.) other than Lys122 and the time scale of intramolecular electron-transfer in those
cases might not be similar to our previous results obtained in wt azurin. In case of the variants,
no extra decay was observed in autocorrelation curves for the electron-transfer reactions and the
inverse of kgr is found in the sub-millisecond time scale. As the ET parameters (driving forces,
reorganization energies) were determined experimentally for a number of cases (wt Cu azurin,
K122S and K122Q), the variation of the rates with distance was calculated with ET-models and

it was our additional interest to see how these rates compare to FRET promoted deactivation of
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the excited labels. The PET rates observed in fraction 2 of K122S and K122Q Cu-Azurin
indicate that the label is likely to be attached to the one of the lysine residues e.g. Lys
24/Lys27/Lys128 which is > 20 A away from the copper center. Previously, PET was thought to
occur only when donor and acceptor are in Van-der-Waal contact. We show here that PET still
may occur over large distances in labeled oxido-reductases. Thus, our study provides insights on
discovery and characterization of long-range photo-induced electron-transfer processes in dye

labeled proteins.
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