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Chapter 2

Calibration of experimental setup,
bimolecular reactions and photoinduced
electron-transfer reactions
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Abstract

The calibration of the instrumental setup required for fluorescence correlation measurements is
reported. Calibration was performed using a commercially available organic dye ATTO655 and
recording its fluorescence intensities (autocorrelation functions) over time having different
concentrations. The instrumental factor “k” obtained through the calibration measurements has
been used for the fitting of the autocorrelation curves (ACF) of labeled Zinc and Copper azurin
samples in Chapter 3, 4 and 5. This chapter also includes a general discussion of bimolecular

interactions and photoinduced electron transfer reactions in proteins.
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2.1 Introduction

When diffusion was first analyzed by Stokes and Einstein(1)(2)(3), its importance soon
gained recognition in the scientific world and the concept of diffusional motion found use in the
fields of fluid mechanics, biophysics, soft-condensed-matter physics. Since then, a variety of
experimental methods has been developed to monitor particles in solution. Fluorescence
correlation spectroscopy (FCS) was introduced in the 1970s as a technique to study diffusion(4).
In the beginning, the main drawback with this method was the large observation volume and low
signal to noise ratio. Later on, with the implementation of confocal microscopy and advanced
hard- and software, it became a powerful technique for biological applications(5)(6)(7)(8)(9). In
recent years, this technique has been developed further, and FCS became widely applicable from

biology and chemistry in vitro to the study of molecular motions inside the living cells.

—> Laser

Confocal volume

— Illumination cone

v

Figure 2.1: A cartoon depicting the confocal volume and the illumination cone generated by a tightly
focused laser in solution. x-, y- and z-axis of the confocal volume have been represented by green, violet
and red arrows. A three-dimensional parameter k for the instrument is expressed as the ratio of the length

of z-axis to that of the axes in the xy-plane.

As discussed in the previous chapter, the principle of FCS is to measure fluorescence intensity
fluctuations caused by labeled molecules diffusing in and out of the confocal volume of a
fluorescence microscope. A schematic diagram of the confocal volume is displayed in Figure

2.1. Fluorescence fluctuations are correlated over time, and the autocorrelation function G(t) is
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generated. G(t) decays as the molecules diffuse out of the confocal volume with a characteristic
correlation time zp, which is related to the diffusion coefficient D of the diffusing molecules.
Accurate evaluation of the confocal volume is needed for the correct interpretation of
experimental data and the design of an appropriate diffusion model. The three-dimensional
parameters k and ro (vide infra) describe the geometry of the volume as displayed in Figure 2.1.
In a calibration procedure to be described here, a reference dye is used to measure those
parameters(10)(11)(12).

ATTOG655 is a dye well-suited to calibrate a confocal microscope. It has a strong
absorption, high fluorescence quantum yield and high thermal and photostability. It also has
good water solubility. The fluorescence excitation range of ATTO655 dye is from 640 - 660 nm.
The diffusion coefficient of ATTO655 NHS ester dye has been measured to be 425+6 um2/s at
295 K(11).

As the diffusion motion of dye molecules is influenced by the properties of the liquid in
which the dyes are dissolved, we can observe the reaction dynamics on a time scale between
picoseconds and milliseconds depending on the solvent by FCS. The lower limit is defined by
the instrument response function while the residence time of the labeled molecules in the
confocal volume controls the upper limit. This residence time can be varied by changing the
viscosity of the solution, or by linking the molecules to bigger, and thereby slower diffusing
particles. In the present thesis, sucrose has been used to increase the viscosity of the medium. In
our experiments, the solution conditions were varied from pure water (viscosity ~1 cP) to 57.0%
(w/w) sucrose (viscosity ~37.5 cP) at room temperature (22 °C). This has allowed investigation
of inter- as well as intra-molecular dynamics of the azurin-dye conjugate.

We calibrated our FCS setup using pure buffer and a 57.0% (w/w) sucrose solution
containing different ATTO655 dye concentrations. The main goal of this work was to precisely
determine the three-dimensional parameters (k and ro) of the experimental setup. The results

were used in our FCS measurements discussed in the next chapters.

2.2 Materials and Methods
2.2.1 Reagents and Samples

Unless stated otherwise, all the reagents were purchased from Sigma-Aldrich (Sigma-
Aldrich Corp., St. Louis, USA) and used as received. The fluorescent label ATTO655 N-
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http://www.atto-tec.com/fileadmin/user_upload/Photostabilitaeten/PS655_Cy5_Web.jpg

hydroxysuccinimidyl ester (NHS-ester: Product no. AD-655-31) was purchased from ATTO-
TEC GmbH (Siegen, Germany) as a powder and dissolved in water-free DMSO before use, as
suggested by the supplier. Sucrose was purchased from Sigma-Aldrich (Product no. 84100-
microbiology grade). Chemical structure of ATTOG655 has been shown in Fig. 1.4A in Chapter 1.
It has been reported that ATTO655 has a tendency to dimerize which could result in a reduction
of the diffusion coefficient at high concentrations(13). Hence, most of the diffusion
measurements were performed on samples in the concentration ranges of from pM to nM.
Samples for the FCS calibration measurements with different ATTO655 concentrations (100 pM
to 10 nM) were prepared by dissolving small amounts of the dye in 20 mM HEPES pH 7.0
buffer or in 57% (w/w) sucrose containing 0.05% Tween-20 (a detergent polysorbate) to prevent

any surface adhesion or aggregation.

2.2.2 Preparation of sucrose solution

A 75% (w/v) stock solution of sucrose was prepared by adding 10 ml of a 500 mM
HEPES pH 7.0 buffer solution to 37.5 g of high purity (purity >99.5%) D(+)-saccharose powder.
The volume was adjusted to 50 ml by adding Milli-Q water or buffer. The solution was
thoroughly sonicated to achieve complete dissolution of the sucrose and degassed to avoid the
presence of air bubbles. The precise concentration of the solution was checked by measuring the
refractive index n,, which was determined at 22°C with a Zeiss Abbe refractometer (Carl Zeiss,
Germany). The refractive index of several preparations of the stock solution was found to be
1.445 (£0.002) corresponding with a content of 61.4% sucrose (w/w) and a viscosity of 75
cP(14). Table 2.1 shows the variation of refractive indexes of the aqueous sucrose solutions

prepared for FCS measurements as a function of sucrose concentration.
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Amount of Amount of Refractive Composition Viscosity (cP)
sucrose stock | Buffer (ul) Index (n,)(a) (Yow/w)(b) (©)
solution (ul)

400 0 1.445+0.002 61.4 75.0
372 28 1.435+0.002 57.0 37.5
320 80 1.415+0.002 47.6 12.1
267 133 1.393+0.002 36.5 4.90
187 213 1.382+0.002 30.5 3.25
91 309 1.367+0.002 21.9 2.12
42 358 1.347+0.002 9.4 1.30
0 400 1.330+0.002 0 1.00

Table 2.1: Viscosity and refractive indexes for the sucrose solutions. (a) Data obtained using Zeiss Abbe
refractometer (Carl Zeiss, Germany), (b) Composition of the sucrose solutions according to the tables in
the CRC Handbook of Chemistry and Physics relating composition to refractive index (check ref(16)), (c)
Viscosities of the sucrose solutions according to the tables in the CRC Handbook of Chemistry and Physics

relating composition to viscosity (ref(16) for details).
2.2.3 Sample preparation for FCS experiments

For each measurement, a fresh sample solution was prepared by mixing 372 pl of the
sucrose stock solution (75 % w/v) with 4 ul of bovine serum albumin (BSA) stock solution (10
mg/ml), 4 pl of a 100 nM azurin stock solution and between 10 and 20 pl of 2 or 20 mM freshly
prepared stock solutions of ascorbate or hexacyanoferrate(ll) or (I11). The sample was adjusted to
400 pl by admixture (< 20 pl) of 100 mM HEPES buffer, pH 7.0. The precise concentration of
the sample solution was checked by measuring the refractive index n, at 22°C with a Zeiss Abbe
refractometer and the sucrose content of the samples was found to be 57.0% (w/w) (i.e. 70%
w/v) , corresponding to a viscosity of 37.5 cP at 22°C. The final sample concentration of labeled
azurin was around 0.4-0.8 nM (for azurin expression and purification, see Chapter 3 for details).
For calibration measurements of the instrument, samples were prepared containing only

ATTOG655 dye (no azurin) without redox agents.

2.2.4 FCS setup
The FCS calibration measurements were carried out at room temperature on a home-built
confocal setup (Fig. 2.2B) equipped with an Axiovert 100 inverted microscope (Carl Zeiss,

Germany) and a high numerical aperture (NA) water immersion objective (60x water, NA 1.2,
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Olympus UPLSAPOQ). Excitation at 639 nm was provided by a pulsed diode laser head (LDH-P-
C-635-B, PicoQuant GmbH, Berlin, Germany) driven by a picosecond laser driver (LDH-800-B,
PicoQuant GmbH, Berlin, Germany). The fluorescence from the sample was collected by the
water objective and spatially filtered using a 50 um pinhole. The fluorescence from the dye was
passed through an emission filter (HQ 675/50m, Chroma Technology Corp., VT, USA), and
focused onto a single-photon avalanche photodiode (SPCM-AQRH 14, Perkin Elmer Inc., USA).
The signal from the diode was read out by using a TimeHarp200 counting board (PicoQuant
GmbH, Berlin, Germany). The power used for the calibration and for other FCS measurements
amounted to 20 uW, as measured after the objective, corresponding to a specific power of ~4.3
kW/cm? at the sample. For both, ATTO655 in pure buffer and ATTO655 in sucrose solution,
five FCS experiments were performed. The dye concentrations were 100 pM, 250 pM, 500 pM,
1nM, 2 nM.

IHlumination Sample
zone
O Scanning stage
Microscope ils
objective

Lens

Dichroic \ |
' Mirror \ | Laser 635 nm
' Filter

Pinhole — | —

Filter

A L B
APD

Figure 2.2: (A) Representation of the effective volume (yellow) where molecules move freely in the
solution; the black dot represents a labeled molecule and it turns fluorescent (green) when it is in the

effective volume, (B) Scheme of the confocal setup used for the measurements.
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2.2.5 Fluorescence Lifetime Correlation Spectroscopy (FLCS) data acquistion

For the acquisition of FLCS data, the sample was deposited on a cleaned glass slide and
covered with the cap of a polypropylene test tube to avoid evaporation of the solvent during the
measurements. A new cap was used for each measurement to avoid sample cross-contamination.
For each experimental condition, time traces were recorded for durations varying from 5 to 10
minutes, depending on the conditions of the experiment. The raw data were stored as time-tagged
time-resolved (t3r) data files and subsequently elaborated using the SymPhoTime software
package. To eliminate the detector afterpulsing and other sources of noise due to detector
imperfections, the single photon arrival time data were filtered as described in reference (15). For
this, the internal dedicated routine of the SymPhoTime software package was used. Briefly, after
acquisition of the data, the time correlation single-photon counting (TCSPC) histogram for the
measurement was built. After narrowing down the time window of the TCSPS decay, fitting was
performed with an exponential function as described in ref. (16). Based on the fitted values the
software automatically generated a set of filter functions. The filter functions were subsequently
used by the software to select the photons for the calculation of the autocorrelation function. The
autocorrelation from the single-photon counting data was calculated using the SymPhoTime
software package and the data were analyzed using FCS equation as described in the section 2.3.

2.2.6 Preparation of glass slides

Round glass coverslips with 0.25 mm thickness (Marienfeld, VWR International) were
used for all FCS measurements. They were first cleaned with methanol and then treated with
4.0M sodium hydroxide, each step taking 30 minutes at room temperature. Afterwards, the
coverslips were rinsed several times with Milli-Q water and then sonicated in acetone for 15-20
minutes. The coverslips thus prepared were stored in Milli-Q water. A confocal image of a
cleaned glass slide is presented in Fig. 2.3. For nano-rod coating, ozone cleaned glass coverslips
were prepared using UVO-Cleaner Model 42-220, Jetlight Company Inc., Irvine, California,
USA.
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Figure 2.3: 40x40 pm? images taken under confocal fluorescence microscope of a glass slide: (A) before
and (B) after cleaning.

2.2.7 Preparation of gold nano-rods

The gold nano-rods were first prepared with the seed-mediated growth method as
described in the literature(17). A surfactant called Cetyl-trimethylammonium bromide (CTAB)
was added to a suspension of gold nano-rods in the buffer. The excess amount of CTAB was
washed out and the rods were dispersed into Milli-Q water. The nano-rods thus prepared, had
average dimensions of 45 nm x 100 nm. Their longitudinal plasmon resonates around 640 nm in
water. The nano-rods were spin-coated on a cleaned glass surface using a spin-coater
(SpinCoater Model P6700 Series, Specialty Coating System Inc., West Minnesota, Indianapolis,
USA) in two spinning steps: 2000 rpm for 30 sec and 4000 rpm for another 30 sec.

2.3 FCS calibration: results and discussion

ATTO655 was chosen for labeling purposes since its properties have been thoroughly
documented by Sauer, Tinnefeld and others((18)(19)(20)(21)(22) and references therein). This
dye is not easily oxidized whereas the reduced form is quickly oxidized back by oxygen. Under
aerobic conditions the dye is stable, shows little blinking and is not easily bleached.

2.3.1 Calibration of the probe volume

For the FCS measurements, a typical sample consists of a dilute water-based solution of
fluorescently labeled molecules. A laser beam is focused in the sample with a high numerical

aperture lens creating a measurement volume with a diffraction-limited spot (Fig. 2.2A). When
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using a dichroic mirror, a micrometer size pinhole, lens and beam splitter, only fluorescence
originating from the measurement volume is collected. A typical range of pinhole diameters is
30-100 pm. The pinhole is used to reject the out-of-focus light. The emitted fluorescence is
projected onto an avalanche photo diode (APD) and the autocorrelation function (ACF) is
generated. Analysis of the ACF gives us information about the time scale of the diffusion (zp),
the diffusion coefficient (D) and the number of molecules <N> in the effective volume. zp
depends on the size and shape of the measurement volume, referred to as effective volume, Vs
of the setup. It is necessary to know beforehand the size and shape of the effective volume.

Therefore, calibration of the setup is important and it is about determining the size of Ves.

For calibration of the effective volume in 20 mM HEPES pH 7.0 buffer and in 57%
(w/w) sucrose, it is assumed that the light intensity in the effective volume exhibits a three
dimensional Gaussian profile i.e. the intensity of the laser beam is represented by the formula:

52

72(x2+y2+—2)/r2

I =1, k
0

where lo describes the intensity at the center of the laser beam and x, y and z represent the
three coordinates of the illuminated volume (Fig. 2.1). Thus the confocal volume is an ellipsoid

where the ellipse is rotated around the long axis.

The autocorrelation function has the form:

Y
G(r) = G(O)( 4DT] -Ll 4?) 2.1)

:G(O) 1+— [ —0 i} (2.2)
T

ol o

where G(z) is the auto-correlation function, D is the diffusion coefficient of the molecule

j (2.3)

of interest, 7, is the residence time of the molecule in the confocal volume and ro and zo denote

the distances from the center of the confocal volume where the intensity has dropped by a factor
of 1/e% in the radial and axial direction, respectively. The diameter of the diffraction limited spot
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depends on the wavelength A of the probing light and the lens-numerical aperture for the

measurements.

Single molecule FCS measurements possess some intrinsic limitations. One of the pitfalls
is refractive index changes in solutions. It can cause distortions of the effective volume. Such
distortions appear in particular polymer solvents e.g. sucrose, glycerol-solution. Creating
different models with distorted volume is a hard even impossible task. For FCS analysis, we
assumed an ellipsoid shape of the effective volume in 57% w/w sucrose solution similar that in
buffer and determined Ve in 57% w/w sucrose solution. Apart from the refractive index, slight
changes in coverslip thickness, pinhole adjustments, laser beam geometry or optical saturation

can lead change in the effective volume.

One way to determine the confocal parameters is by plotting G(0) as a function of the
concentration of the dye (Eqgn. (2.4)). If the measured signal fluctuations are only due to the
diffusion, the amplitude of autocorrelation function equals to the inverse number of the
fluorescence molecules present in the effective volume Vi on average. Using a dilution series of

labeled sample, the effective volume can be determined(11),

11
<N> C'Veff'NA

G(0) = (2.4)

where <N> is the average number of particles in the probe volume, c is the concentration of the
dye, Ve is the effective probe volume, and Na is Avogadro’s constant 6.022x10% mol ™. Ve is
approximated with three-dimensional Gaussian shape function and is larger than the confocal
volume(23) by a factor of 2%,

3/2 3/2
e
First the autocorrelation amplitudes of a dilution series of ATTO655 in buffer and
sucrose were determined experimentally. Two datasets for FCS curves for buffer and 57% (w/w)
sucrose solution have been presented in Fig. 2.4 and Fig. 2.5. The concentrations of dye used
were: 2.0, 1.0, 0.5, 0.25, and 0.1 nM. A plot of <N> values versus the dye concentration was
obtained (Fig. 2.6). The slope of a linear fit of the data corresponds to V,¢¢N, from which the

size of the effective volume was calculated (Fig. 2.6). In buffer, Ve was 2.3+0.2 fL and in 57%
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(w/w) sucrose solution it was 2.9+0.1 fL. This approach is model free: it makes no assumptions
about the geometry of Ve or the diffusion model. It only measures the correlation amplitude of a

series of samples with known concentrations.

3.5

+ . 3-J
_}Ai?q, Dataset01 in buffer Dataset02 in buffer
3.0 3 nﬁ%&k
2.5+ 2.5 \s‘
% LY
T 2.0 2.0 b
3 S \
é
I.S—hﬁ U 1.5
1.0+ 1.0
0.54, 0.54
0.0+ 0.0 .
0.001 001 0.1 1 10 100 1000 0.001 001 0. 1 10 100 1000

7 (ms) 7 (ms)

Figure 2.4: FCS traces of ATTO655 obtained in the buffer. Two datasets are shown here. The buffer used
was 20 mM HEPES pH 7.0 and the concentration of the dye was 2.0 (orange), 1.0 (blue), 0.5 (pink), 0.25
(green), and 0.1 (red) nM. The dots are experimental data points and dashed lines are fits of the data.

Error bars denote the standard errors as obtained from the fitting procedure.

Dataset01 in sucrose Dataset02 in sucrose
4.0 4.5
[}
3.5- [y 4.0
3.5

(] { 0.\‘; T T T
0‘(;(" 0.01 0.1 1 10 100 1000 0.001 0.01 0.1 1 10 100 1000

7 (ms) 7(ms)

Figure 2.5: FCS traces of ATTO655 obtained in 57% (w/w) sucrose solution. Two datasets are shown here.
The buffer used was 20 mM HEPES pH 7.0. The concentration of the dye was 2.0 (orange), 1.0 (blue), 0.5
(pink), 0.25 (green), and 0.1 (red) nM. The dots are experimental data points and dashed lines are fits of

the data. Error bars denote the standard errors as obtained from the fitting procedure.
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Figure 2.6: Plots of <N> as a function of the ATTO655 concentrations in: (A) 20 mM HEPES buffer pH
7.0 and (B) 57% (w/w) sucrose solution. In both, the black dashed lines are linear fits of the data. (Average
values of <N> from two datasets for buffer and 57% (w/w) sucrose solution (See Figs. 2.4 and 2.5) have

been used to plot)

The other way to determine the probe volume is by fitting the autocorrelation data (Fig.
2.4 and 2.5) with Eqgn. 2.3 using a weighted least-square Levenberg-Marquardt method, where
the variance of each data point is used as a weighting factor. First, with known diffusion
coefficient of ATTO655 in water (426pm? s7), the diffusion coefficient of ATTO655 in 57%
w/w sucrose solution was estimated according to the Stokes-Einstein law (see 2.4 section). The
diffusion coefficient was found to be 11.0um? s™. Next, GraphPad Prism 5 and 6 (GraphPad Inc.
USA) was used as the fit program for fitting the autocorrelation data. After fitting the
autocorrelation curves obtained from a dilution series of ATTO655 in the pure buffer, the

resulting parameters were 386x1 nm and 6.5+0.2 for ro and k respectively (Fig. 2.7). The
effective volume was calculated by V., =+ z°kry (see Eqn. 2.5) giving Ve = 2.1+0.5 fL. Then,

the same procedure was applied to calibrate V. for the 57% (w/w) sucrose stock solution
resulting in ro = 389£2 nm, k = 3.84£0.4, and V¢ =1.3£0.2 fL, respectively. The experimentally
obtained “k” value in 57% (w/w) sucrose solution was used for the fitting of the ACFs of labeled

azurin samples (Chapter 3, 4 and 5).
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Figure 2.7: Experimentally obtained parameters (k, ro) for dilution series of ATTO655 in (A) buffer and (B)

57% (w/w) aqueous sucrose solution.

From the fits of the ACFs also 7p was determined (See Fig. 2.4 and 2.5). The average
diffusion times for the dye as obtained from the fits amounted to 0.102 + 0.01 ms (water) and 2.9
+ 0.3 ms (57% w/w sucrose solution) (Fig. 2.8). On the basis of the known diffusion coefficient
of ATTO655 in water (D = 383 pm?s™) and ry = 385 nm a value of 0.097 ms is calculated for tp
(Egn. 2.7), in good agreement with the experimentally determined value. Diffusion coefficient
depends on the viscosity of the solution (see section 2.4, Eqn. 2.11). In the present case, as the
viscosity increases by a factor of 40 going from 0% sucrose solution to 57% (w/w) sucrose

solution, the increase of the diffusion time is by a factor of 29 (Fig. 2.8).

o (2.7)
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Figure 2.8: Experimentally obtained ACFs for ATTO655 in buffer (red) and 57% (w/w) sucrose (blue)
solution. The black lines are the fits according to the Eqn. G(z) = G(0)Gyisr(z), with o = 0.102 ms in pure

buffer and o = 2.9 ms for the 57% (w/w) sucrose solution.

2.3.2 Determination of confocal volume by nano-rod scanning

It was an additional interest for us to determine the effective volume based on the
imaging of gold nano-rods. Besides laser excitation power, the measurement conditions were
kept similar as mentioned for previous FCS calibration measurements (see Section 2.3.1 for
details). The nano rods are treated as point sources and can be used in order to scan the volume.

Sample medium X (ro) (um) | y(um) | z (axial zo) (um) K Verr (fL)
Air 0.424 0.419 1.953 4.6 1.9
Buffer 0.380 0.455 1.579 4.2 1.2
70% (w/v) sucrose 0.520 0.590 1.895 3.6 2.8

Table 2.2: Experimentally obtained dimensions of the effective volume in micrometers determined from

Gaussian fits of the sections shown in Fig. 2.9. Mean values are shown here.

For effective volume determination, the MicroTime 200 system equipped with an axial piezo
positioner was used to scan the nano-rod coated glass substrate. It can scan in the lateral xy-as

well as in the axial xz-plane. The scanner accuracy is £3.0 nm and can be disregarded as a source
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of uncertainty. Approximately 200 ul of buffer or sucrose solution was added on the surface of
the nano-rod deposited glass slides and then the imaging was performed. First, an overview
image was taken from which bright spots were selected for further analysis. Then, from those
bright spots, sectional scans were recorded in a plane, e.g. xy-scan. Then, they were fitted with a
two-dimensional Gaussian distribution as described in the application note of PicoQuant(11). In
the present work, three scanning measurements were performed under air, water and in 57%
(w/w) aqueous sucrose solution respectively. Fig. 2.9 shows the images of 2D sections for the
effective volumes in air, buffer and sucrose solution. The experimentally obtained effective
volume under different conditions with the lateral radius (ro) and the eccentricity (k) have been
summarized in Table 2.2. Using the lateral and axial dimensions, extracted from the different

sections of the volume, Ve is calculated according to Eqgn. 2.8 as described in ref.(11):
Ve =7 2. x.y. z (fL) (2.8)

Although the imaging method resulted in slightly different values for Vi, the calculated volume

was found to be similar to the values (1-2 fL) reported in See section 2.3.1.
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Figure 2.9: xy sections of the effective volumes, measured with 45 nm x 100 nm gold-nano rods in (A) air
(B) buffer and (C) 57% (w/w) sucrose solution (z is along the optical axis). Along with the 2D sections line
profiles through the center positions are shown. Experimental data are shown in black whereas line

sections of the 2D Gaussian fits are represented by red.
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2.4 Diffusion, bimolecular interactions and their dependency on viscosity

In the present thesis, we have investigated short-time-scale dynamics such as
photoinduced electron transfer reactions in azurin-dye constructs or the blinking of the dye in the
presence of redox agents by fluorescence correlation spectroscopy. We need to consider
reactions of the label with a) chemicals in solution (intermolecular reactions) and b) the metal
center in the protein (intramolecular reactions). The intermolecular reactions between the label
(ATTO 655) and the redox agents (ascorbate, potassium hecacyanoferrate (111)) depend on the
diffusion times of those molecules. To assess this, we look into the diffusion time scales of
labeled proteins and into the rates of the bimolecular reaction between the labeled azurin and

redox agents. What are the association rates and how do they vary as a function of viscosity?

When reactions between molecules occur at every collision, the reaction is diffusion
controlled. Association rates in solution are determined by the time it takes to bring reactive
partners together by diffusion. Such association reactions, in general, have very small activation
barriers and diffusion controlled reactions have rates of kg = 10°-10"® M’s™ in aqueous solution
at room temperature(24)(25). In the present work, the reaction between the redox chemicals and
the dye is diffusion controlled (See Chapter 3 for details). After the redox reaction, the dye enters
into a dark state. To be observable by FCS, the reaction between the redox agent and the label

has to take place within the time it takes for the labeled protein to cross the effective volume.

As mentioned earlier, the diffusion can be varied by varying the viscosity () of the
solution. A rough estimate of the diffusion time of azurin in a sucrose solution can be obtained
from the rule of thumb that zp is proportional to the cube root of the molecular weight(26). With
a molecular weight 13998 for azurin and 887 for ATTO655 and a diffusion time of 2.9 ms for
ATTO 655 in 57% (w/w) sucrose solution (See page 13), the estimated diffusion correlation time
for azurin in 57% (w/w) sucrose solution would amount to 7 ms. Single molecule FCS
measurements on labeled zinc azurin samples in pure buffer showed that the diffusion time
amounted to 200 usec, which shifted to the millisecond range when a 57% (w/w) sucrose
solution was used. The average diffusion time was found to be 12+2 ms (Fig. 2.10) in agreement

with expectation.
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Figure 2.10: (A) Experimentally obtained ACFs for ATTO655 labeled Zn azurin in buffer and 57% (w/w)
aqueous sucrose solution without redox agents. (B) ACFs of ATTO655 labeled ZnAzu prepared in 57%

(w/w) sucrose solution without redox chemicals for five sets of experiments.

Within the sucrose concentration range from 70 %(w/v) to 60 %(wi/v), the diffusion
correlation time of labeled azurin changes from 12 to 3 ms. This range is preferred for FCS
measurements if we want to study any microsecond dynamics (blinking, electron transfer,
conformational changes etc.) in the sample. Our next interest was to estimate the bimolecular

rate constants between the label and the redox agents. How is it assessed?

The diffusion controlled bimolecular reaction rate kg can be estimated from
Smoluchowski’s principle(27)(28)(29)

kd = 4n(DA+DB)(rA+rB) = 47|:DABRAB (29)

where D and Dg are the diffusion constants (in cm®s™) and ra and rg are the hydrodynamic radii
(in cm) of the reacting spherical molecules, respectively. The unit of kg is M™s™. Rag = (ra + rg)
is the minimal distance between the centers of the two molecules. The diffusion constant for their
relative motion is represented by Dag = Da + Dg. In the present case, we are dealing with
molecules of different size (e.g. hexacyanoferrate (I11), ATTO655, azurin). The diffusion of
redox agents, e.g., sodium ascorbate is rapid in the solution compared to that of large azurin
protein (~ 3 nm). The labeled azurin and the redox chemicals are assumed to be spherical in

shape with ra>>rg. If Dag is in the order of 107 cm?s™ for small proteins(30)(31) and Rag is close
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to 1 A, the bimolecular rate constant amounts to ~7x10® M™*s™ at ambient temperature using
Eqn. 2.9. For small molecules with D in the order of 10° cm?™, this rate constant can reach
~10" M?s? in aqueous solution(32)(33)(34). This is the maximum diffusion controlled

bimolecular rate, known as Smoluchowski’s limit.

Another aspect is that ATTO655 labeled azurin is not reactive over its entire surface. For a
labeled species, the dye is attached to a particular position on the protein surface. The oxidant or
reductant will have productive associations with only a fraction of the total surface area of
azurin. The reaction rate will depend on the fraction of the reactive configurations of labeled
molecules in solution. For this, we consider the molecules to be spherical: molecule A (labeled
protein) and molecule B (redox agent). The labeled protein A of radius ra is chosen at the origin
of a spherical polar coordinate system (r, 6). B molecules are uniformly reactive over their entire
surfaces. The surface of the labeled protein is reactive only over the axially symmetric range
0<6<8o. A reactive encounter may only occur if the redox agent is located within the reaction
radius Rag and within the range 0<6<6y over the protein surface (Fig. 2.10). It has been
calculated(35) that

kd = 4nDABRABsin(Oo/2) (210)
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Figure 2.11: Schematic diagram of the reactive-patch geometry of the association complex [molecule A
with reactive surface patch (red)]. As discussed in the text, an association is assumed to take place only
after the two molecules have come into contact. The red area shows the reactive patch for the labeled
protein. The redox agents (B) are spherical and assumed to have homogeneous reactivity over their entire
surface. (Adapted from Biophysical Journal, 1981, volume 36, pp. 697-714)
If there are severe steric constraints, 6o may become very small, which will reduce the maximum
diffusion controlled bimolecular rate considerably. There are many other factors which can affect
the association rate constants e.g. short range forces, the presence of receptors on the molecular

surface, coupling of the diffusion processes(27)(28)(29)(36).

As mentioned previously (see section 2.3), according to the Stokes-Einstein law, the diffusion

coefficient depends on the viscosity of the solution as well as the temperature:
D = kg T/6mnr (2.11)

It predicts that the application of a high viscosity liquid such as a sucrose solution or glycerol can
slow down the diffusion processes as kq o 1/7. In glycerol (viscosity 950 cP), kg may reach
values of 10° M s, As a consequence, the reactions between the label and redox agent will be
slowed down. A flurry of experiments have been performed to understand the variation of

association rates as a function of diffusion coefficients and
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viscosities(29)(37)(36)(38)(39)(40)(41)(42)(43)(44). In our work, the use of 57% (w/w) sucrose
has increased the viscosity by a factor of 40 (Table 1), which suggests that kq can reach 107-10°
M?st in 57% (w/w) sucrose solution compared to 10°-10" M™s? in buffer. Using labeled
ZnAzu, the rates of reaction between the redox agents and the labeled protein have been
experimentally obtained from single molecule FCS measurements and will be discussed in
Chapter 3.

2.5 Photobleaching and blinking of fluorophore

The use of organic fluorophores and fluorescent proteins in biochemical and biophysical
applications  of  single-molecule  spectroscopy is a common practice now-a-
days(45)(46)(47)(48)(49). It is important to choose the appropriate fluorescent probe in order to
be able to interpret the results for each experiment. For this it becomes essential to understand
the photochemical and photophysical processes of the dyes. We briefly discuss the photophysical
processes in this section. Photoinduced processes of a dye can be observed in various ways (Fig.
2.12). After photoexcitation, either the excited molecules return directly to the ground state via
fluorescence (radiative process) or non-radiative decay or the molecules decay to triplet states
via intersystem crossing. Since the rate of conversion of a triplet state to the ground state is slow
due to spin conversion, the molecules stay in the triplet state for a long time. In solution, when
such deactivation processes are not too fast, i.e., when the lifetime is sufficiently long, a
molecule in the triplet state has a chance to react with other molecules in the surrounding
medium. For example, dissolved oxygen, which has a triplet ground state, can react with
fluorophores in the triplet state, leading to free radicals that are toxic to cells. On the other hand,
during photobleaching, a fluorophore permanently loses the ability to fluoresce due to photon-
induced chemical damage or covalent modification. Fluorophores in the excited singlet or triplet
state also can react with other small molecules or biomolecules. For fluorophores in solution,
redox blinking can be easily induced by the presence of oxidants such as oxygen,
methylviologen or by reductants such as ascorbate, DTT, potassium hexacyanoferrate (I1) etc.
For example, Vogelsang et al. in 2008 showed that the blinking process can be altered by
changing the ratio of reducing agents and oxygen in the solution(50). Molecules containing
heavy atoms, such as the halogens and transition metals, often facilitate intersystem crossing
resulting in blinking. Therefore, photobleaching and blinking of fluorescent dyes must be

controlled carefully, especially for single molecule analysis. Single-molecule measurements have
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been carried out to wunderstand the blinking properties of the conventional
dyes(50)(51)(52)(53)(54)(55). Mainly, the excitation conditions and local environment have
been varied to determine the various causes for the blinking.

Studies also have been performed to understand photoinduced electron-transfer reactions
involving fluorescent labels attached to the
proteins(22)(50)(53)(56)(57)(58)(59)(60)(61)(62)(63). To a lesser extent, the propensity of the
label to engage in redox reactions with protein residues and protein cofactors has been studied
for some fluorescent labels. In case of proteins, tryptophan was not the only moiety to show
redox activity towards the fluorescent probes, metal cofactors, NADH, FAD, porphyrins and

tyrosines also can show such activities.
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Figure 2.12: A “Jablonski diagram” of a fluorophore. The fluorophore (L) is excited from its ground state
(Sp) to the first excited state (S;) with an excitation rate ke, and it fluoresces with the rate k¢ with a lifetime
of a few nanoseconds. Competing processes are non-radiative decay to Sy and intersystem crossing to the
triplet state (°L) (kq, k). If an oxidant or a reductant is added, the triplet state may be depopulated quickly
and radical cations (L-+) or anions (L-—) (ks, k4, ks, ke) are formed, respectively. The triplet state can also
return to Sy (k7) by a radiative process (phosphorescence). Depending on the redox potentials, these dark
states (L-+, L-—) are comparatively stable but can be returned to S, by the complementary process in a

buffer containing a reducing as well as an oxidizing compound (kg, Ko).

In the present thesis, blinking of the fluorophore and photoinduced electron transfer in a labeled
azurin have been investigated in detail. It is shown how single molecule FCS can be utilized to

analyze diffusion, blinking and PET in a labeled sample.
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2.6 Photoinduced electron transfer (PET)

We have discussed in chapter 1 the electron transfer between a donor and an acceptor.
This reaction can be thermally or photochemically induced. In recent years, photoinduced
electron transfer reactions (PET) have been a studied (64)(65)(66)(67)(68)(69). Photoinduced
intramolecular and intermolecular electron-transfer reactions are of special interest due to their
importance in photosynthesis, photochemical reactions, photoimaging, solar energy conversion
and many other applications(70)(71)(72)(73)(74). For bimolecular electron transfer between two
species in their ground states, the standard free energy change is given by

AG’. =P, —EA, (212)

where, IPp is the ionization potential of the donor and EA, is the electron affinity of the acceptor.
These quantities are estimated from the energies of the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO) orbitals of the donor and the
acceptor, respectively. The PET reaction takes place when a short pulse of light activates an
electron-rich molecule, and an electron is transferred from the HOMO to the LUMO of the donor
and from there to the LUMO orbital of the electron deficient acceptor. When the donor absorbs

light and gets excited, it changes the redox properties of the donor.

hv
D —> D*
Then, it interacts with the acceptor, and there is formation of a short-lived intermediate called the
encounter complex. If we consider the PET reactions in solution, the lifetimes of these
complexes are of the order of nanoseconds, and the quenching occurs by the acceptor i.e. it
accepts the electron from the donor.

* +- -
D"+A=—>D +A

Now, (IPp - EAn) decides the feasibility of electron transfer between donor and acceptor in the
ground state. According to Rehm and Weller(75), for photoinduced electron transfer between an
a donor (D) and the acceptor (A) (either one of them may be the electronically excited molecular

entity), the change in standard Gibbs free energy can be approximated as
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which describes the driving force AG for the ET by a donor (D) to an acceptor (A) with

D+/ and Ey denoting the midpoint potentials of donor and acceptor, respectively. Here,

either the donor or the acceptor is optically excited with 4Gy denoting the energy of the
corresponding optical 0-0 transition, e denotes the electronic charge, d the distance between
donor and acceptor, ¢ the dielectric constant and na and np the charges of acceptor and donor in
units of lel, respectively. Eqn. 2.13 has been used to calculate the driving forces of the PET
reactions in Cu azurin-ATTO655 bioconjugate (See chapter 4). In addition to PET, various other
processes may occur e.g. formation of chemical products, radiative and non-radiative decay,
intersystem crossing.

A number of studies have been reported to determine the distance and medium
dependence of the electronic coupling in proteins ((76)(77)(78)(79)(80) and references therein).
Motivated mostly by the reaction mechanism of respiratory electron-transport chains and
electron-transfer reactions in redox enzymes, various experiments have been performed for a
precise understanding of PET rates in relation to reorganization energies of the proteins,
dependence on redox potentials of donor and acceptor etc. For reviews of these achievements the
reader is referred to the literature (81)(82)(83)(84)(85). Gray and coworkers, made major
contributions in understanding PET reactions in metalloproteins like azurin. They explored the
distance dependence of ET tunneling through the folded organic framework of the protein by

employing surface-attached coordination compounds(83).

Ruthenium and osmium compounds were attached at several locations in the B-strand
structure of azurin and the driving-force dependence of ET between reduced Cu(l) and oxidized
Ru(l11) or Os(I11) was examined by laser-flash quench studies. The distance between the redox
centers was varied from 16 to 26 A depending on the position of the label on the strand. The ET
times were found to increase exponentially from microseconds to milliseconds with increase in
the distance between the donor and acceptor. Close van der Waals contact (3 A) between two
redox centers results in a 10™* s ET rate. The results basically show that beyond this distance
(26 A) multiple tunneling steps are required for efficient ET reaction. Analysis of labeled azurin
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with Ru(111) or Os(111) metal complexes provided the driving forces and reorganization energies
for ET reaction between the two redox centers allowing for the calculation of the electronic
coupling matrix element and the decay constant (f). In all cases, the reorganization energies and
the decay constants were found to be 0.7+0.1 eV and 1.0+0.3 A™ respectively. Similar ET rates
in solution and crystal forms of Ru(ll) or Os(I11)-complexes suggested that bulk water played a
minor role in ET reaction and the intervening protein backbone is necessary for electron-transfer.
Gray also found that if Cu(l) is replaced by Zn(Il) in Ru-azurin complex, the photogenerated
holes remained localized on the Ru center. The ET rates from Cu(l) to Ru(lll) did not decrease
upon lowering the temperature(86)(87)(88). All these data proved that there was no hopping

mechanism operational in photogenerated Ru-azurin complexes.

Onuchic proposed a pathway model which supported Gray’s work on ET reaction. The
pathway model elaborates the issue of disparate contributions to ET from different pathways
connecting the redox centers. Later, it was modified to take into account the anisotropic
covalency of the copper site. Other supporting experimental data were provided by Farver and
co-workers ((89) and references therein). They developed their own scheme for studying long
range ET reactions. Their techniques did not require any modifications in azurin. Farver and
coworkers investigated the long-range intramolecular electron transfer reactions in azurin by
using pulse radiolytically generated CO;" radicals to observe the ET reaction between the Cys3-
Cys26 bridge (SS) in azurin and the oxidized copper ion similar to Ru-
complexes(89)(90)(91)(92). Similar experiments were performed to understand ET pathways in
TUPS-modified (thiouredopyrene-3,6,8-trisulfonate) proteins, where TUPS moieties are attached
to surface lysine and cysteine residues(93)(94)(95)(96)(97)(98). Later on, the influence of Trp48
on the ET kinetics was probed by working on azurin variants, where the tryptophan residue was
substituted by Ala, Phe, Ser, Tyr, Leu and Met amino acids. Farver and coworkers demonstrated
the occurrence of ET by a radical/hopping mechanism through aromatic residues, as
demonstrated in Rhenium-azurin complexes. Gray and coworkers also examined multistep
tunneling in Re-azurin where Trp is located between Re and the copper center. Cu(l) oxidation
was inhibited by the replacement of Trp by Tyr or Phe(99)(100)(101). The effects of solvent
dynamics along the ET pathways are also under investigation(102). They also have constructed
Ru-complexes-azurin systems in which proton-coupled electron hopping mechanism has been
demonstrated(103)(104).
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A recent development has been the application of electrochemistry to the study of
biological ET reactions. Ulstrup and coworkers have investigated electrode-mediated
ET(105)(106)(107)(108). Electron microscopic and XPS (X-ray photoelectron spectroscopy)
studies of monolayers of azurin adsorbed on gold revealed that azurin is linked via sulphur
linkages from the Cys3-Cys26 disulphide bridge to the gold. The measured ET rate of 30 sec™
agreed with the Farver/Petch measurements (44 s™) compatible with ET from the disulphide
interface to the copper center. The low reorganization energy (A) demonstrated that azurin can
retain its activity even with disrupted disulphide bonds and when packed into monolayers on an

electrode surface.

The crucial role of the protein framework in determining the electronic coupling still
remains a subject of debate. Various calculations have shown that the helix and beta sheet
content of a protein and its tertiary structure can influence the distance dependence of ET
coupling(109). All investigations suggest that the rate of ET in proteins rapidly decreases with
distance. Electrons can travel up to 15 A between the redox centers through the protein medium

and an electron can travel much longer distances along a chain of co-factors.
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