Day 2: Applications of Fluorescence Spectroscopy I

5. Data manipulation and data analysis

Spectral manipulation
‘Least-squares analysis

*Other approaches: Maximum entropy
*Global analysis



Fluorescence intensity depends on both excitation and
emission

Generally, spectrofluorimeters scan the emission or the excitation
wavelength, one a a time

For a sample containing one fluorescent species, the emission
spectrum is (most of the times) independent on the excitation
wavelength and the excitation spectrum is independent on the
emission wavelength

The intensity at each combination of excitation-emission (2D
spectrum) is proportional to the product of the corresponding 1-D
spectra

I(Aexs Aem)=H(Ae)1( Agrn)

Such 2-D spectra can be collected as a combination of emission
spectra at different excitations or as excitation spectra at different
emissions.



If the sample contains several fluorescent compounds, the 2-D spectrum
contains the contribution of the sum of the independent species weighted by
their concentration

I()\ )\em)=zcili()\ex’)\em)= zCili()\ex)*l()\em)

ex?

However, the information on a single 2-D spectrum is not sufficient to
uniquely determine the responses and concentrations of the independent
species due to rotational ambiguity in the mathematical treatment

If a set of 2-D spectra are available, then the ambiguity can be removed.

The method is called the Procrustes rotation and was originally developed
for 2 data sets.

The following figures are from the commercial software DATAN, by M. Kubista



POSSIBLE VARIABLES

Excitation wavelength
Emission wavelength
Sample composition
Decay time

Reaction time
Polarization
Coordinates

POSSIBLE APPLICATIONS

Characterizing test samples
Studying chemical equilibria
Measuring reactions rates
Studying photochemical reactions
Microscopy
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Decomposition of a mixture of 3 components
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Rhodamine B. By trilinear decomposition excitation and emission spectra, as
well as component concentrations are determined.



Procrustes rotation decomposition of fluorescein data using 3 components
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Principal component analysis (PCA) is the traditional method to
analyze matrix data (equivalent to singular value decomposition).
The matrix is decompose into the product of a target and a projection
matrix with orthogonal columns and rows

A:Zq:ti b,
i=1

Where A is the data matrix and t, and p, are called the target and the
projection vectors. These are mathematically defined and do not
necessarily represent the response of specific chemical components.

Q is the number of projection vectors used to represent the data. The
large the value of g the better the agreement with the data. If q is at least
equal to the smallest of the dimensions of the data matrix, the agreement
is perfect, including the noise.

However, this is not interesting. What is interesting is to find a smaller
number of components that still agrees with the data. Generally these
components are identified with different species of the mixture.



Principal component analysis of the 3-dye mixture

2 BE+06

2 0E+06

1.5E+06 -

1.0E+06 -

5.0E+05

RO0

I I 1 1 1 I 1
R40 A
W avelength

| I 1
atalll

BO0

Intensity  Prncipal components Intenzity  Principal components
T

0.60
-1.0E +0& -

0,40+

020 -2 [E +05 -

.00 - -3.0E +0B

-0.20 -4.0E +0& -

-I:Ilq-l:l ] 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 -5. DE+|:IE ) 1 1 1 I T 1 1 I T 1 T I 1 1 1 I 1 T

460.0 470.0 420.0 490.0 500 B20 B40 BEOD  5E0
W avelength W avelength
| Fiterzity Expernmental 5pechra

BO0



Principal component analysis of fluorescein titration experiments
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Least-squares analysis
*Resolution of multi-exponential component decays
*Discrete exponentials
-Lifetime distributions

*Global analysis methods



Purpose of least-squares analysis

When is it applicable?
What does it provides?
What is the rigorous error analysis?

For the frequency-domain data, G. Weber proposed an exact
solution (J. Phys. Chem. 83, 1333 (1979)). However, the exact
solution requires “infinite” precision of the data. It works well for 2-3
frequencies. Still used for fast evaluation and for microscopy where

lifetime is measured in a large number of pixels.

When more data points are available and for time-domain data the
least-squares method provides a statistical basis for the evaluation of

the parameters



Definitions:

X* = (1-W) Y [(¢5 — g™/ N> + WY [(M; =M ) /o))’

X “Reduced = X° /v

w is the relative weight of phase and modulation
o represents the standard deviation of the phase and modulation
v is the number of degree of freedom

It is important to have the correct evaluation of the uncertainties of the
data points

2-3 exponential analysis is done in less than one second in modern
computers

Understanding the correlation between parameters!




The chi-square value must be close to 1 for a good fit

In the time-domain data fit analysis, the chi-square is typically close to
1 for a good fit

In the frequency-domain, frequently the chi-square value is below 1.
This value simply implies that the evaluation of the errors is done
incorrectly.

In the frequency-domain technique, it is assumed that the phase
uncertainty is about 0.2 degrees and the modulation uncertainty is

0.004. These uncertainties correspond to a relative error on the order
of 0.2-0.4%.

In many modern instruments and for bright samples, the errors could
be below these values, and the chi-square will be below 1.

In the time domain, the uncertainties of each data point are calculated
assuming a Poisson statistics of the counts in each data bin.



Errors at each point must be evaluated
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2-components lifetime resolvability plot
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Figus 10: CHEQUARE CONTOUR PLOT OF THE TWO FITTING PARAMETERS “P" AND “Q".
THE SHADED REGION SCHEMATICALLY DEPICTS THE IERO'TH ORDER ERROR ANALYSIS US-
ING THE lingar apprommation. THE LINES “A-B* AND “C-D" REPRESENT THE REGION
OF TIE ERROR SURFACE EXAMINED BY wm-dimenmsional SEARCH ALONG EACH PARTICU-
LAR PARAMETER AXIS, HOLDING ALL OTHER FITTING FARAMETERS FIXED. THE LINES
“E-F" AND *G-H" REPRESENT THE REGION OF THE ERROR SURFACE EXAMINED BY THE
diregind-snarch ALONG THE EIGENVECTORS OF THE CURVATURE MATRIX AT THE MINIMUM
CHEQUARE. THE echaustive seareh ALGORITHM, PERFORMS A WHOLE SERIES OF MINI-
MIZATIONS ALONG EACH PARAMETER AXIS (DENOTED AS DIRECTED ARROWS ORIGINATING
FROM THE PARAMETER AXIS TO THE LOWEST CHISQUARE CONTOUR AVAILABLE) ALLOWING
THE ALL OTHER FITTING FARAMETERS TO COMPENSATE.
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Continuous distribution of lifetime components

What is a distribution?
When should it be used?

What parameters provide?

Use and abuse

Fractional contribution

»

Lifetime




Type of distributions

Uniform
Gaussian
Lorentzian
Gamma
Plank
Arbitrary

Uniform Gaussian Lorentzian Gamma Plank
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Maximum entropy method

The shape of the distribution is not assigned. A number of exponential
components are used to obtain the best distribution that maximizes the
“entropy”. The first guess is a uniform distribution. Then the computer
algorithm modifies the amplitude of the components to obtain a best fit

Definition of entropy: In the information theory sense. It is an inversion
method:

Given a set of data c, find the best function u (sum of exponentials) that
maximizes the probability to represent the data with some conditional
information |.

Prob(c|ul)=exp(-X?)Au, Au,... Au,,

X2 is the chi-square as defined previously and Au,, are (constant)
increments of the parameters.

[Quote from Numerical methods: “The maximum entropy property has
caused MEM to acquire a certain cult popularity; one sometimes hears
that it gives a better estimate than it is given by other methods. Don't’
believe it’]



Two-discrete exponentials (2 ns and 5 ns) fitted with two gaussians
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Gaussian distribution, center 5 ns, width 2 ns
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Global analysis methods

(originally developed by J. Beechem and J. Knutson)

It applies to multiple decay curves

Strategy:
Establish a decay model
Establish links between parameters in different files
Judge the “global” fit based on the global chi-square



Globals Unlimited entry screen
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Select model screen
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Pre-selected models
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Enter your own model
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Fit using 2 exponential decay, lifetime linked Global chi-square 6.37

| 18] |

i 2 Final chisquare = 6.36699
2 1 o . = Total degrees of freedom = 112
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f" S ) = Final fitting parameters are:
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Example of application of Global Methods to the analysis of “real”
data. From D. M. Jameson

T RNA Et-Br binding experiments

“Strong” binding site “Weak” binding site
/ s
Increase EB conc. \ \
> —> \

& N
Question: What is the lifetime of the strong and the weak
binding site???

D. M. Jameson



If the tRNA is in excess only one EB will bind to the “strong” binding site which has
a K, of around 1 micromolar. If the EB/tRNA ratio is increased, one or more
additional EB’s will bind and the question is: What are the lifetimes of EB bound to
different sites on tRNA?” Show below are phase and modulation data for a solution
containing 124 uM yeast tRNArhe and 480 uM EB

a0 4

The phase and .
modulation data 60
werefirst fit to a oo
single exponential 40

component shownas &
the solid linesin the 20
top plot. The 10- E | |
residuals for thisfit L l - — . —y
are shown in the - -

bottom plot.
Inthiscase t = 18.49
ns and the 2 value
was 250.

Phaze (deqg) (circles)

Freguency (MHZ)




The data were then fitto a
2-component model shown
here In this case the two
lifetime components were
22.71 ns with a fractional
intensity of 0.911 and 3.99
ns with a fractional intensity
of 0.0809.

The y2 for this fit was 3.06
(note the change in scale
for the residual plot
compared to the first case
shown).
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In this case
24.25 ns, f, = 0.83
8.79ns, f,=0.14
2.09 ns, f;

A 3-component model

improves the fit still
more.

T4

12

13

v? = 0.39.




Adding a fourth component — with all parameters free to vary - does not
lead to a significant improvement in the y2. In this case one finds 4
components of 24.80 ns (0.776), 12.13ns (0.163), 4.17 ns (0.53) and 0.88
ns (0.008).

But we can actually fix some of the components in this case. We know that
free EB has a lifetime of 1.84 ns and we also know that the lifetime of EB
bound to the “strong” tRNA binding site is 27 ns. So we can fix these in the
analysis. The results are four lifetime components of 27 ns (0.612), 18.33 ns
(0.311), 5.85 ns (0.061) and 1.84 ns (0.016). The y? improves to 0.16.

One can also carry out “Global Analysis” on such data. In Global Analysis
multiple data sets are analyzed simultaneously and different parameters
(such as lifetimes) can be “linked” across the data sets.



In this system, 8 data sets, with increasing EB/tRNA ratios, were analyzed.
Some of the data are shown below for EB/tRNA ratios of 0.27 (circles), 1.34
(squares), 2.41 (triangles) and 4.05 (inverted triangles).
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Global Analysis on seven data sets fit best to the 4 component model with
two fixed components of 27ns and 1.84ns and two other components of
17.7ns and 5.4ns.
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As shown in the plot below, as the EB/tRNA ratio increases the fractional
contribution of the 27ns component decreases while the fractional
contributions of the 17.7ns and 5.4ns components increase.
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The Model

“Strong” binding site e “Weak” binding site
Lifetime ~ 27ns Lifetime decrease e 5
To 17.7ns Lifetime ~5.4ns
/ =i\
Increase EB conc. \ \
4 — \

/
Question:

Is the drop in the lifetime of the “strong” binding site due to
a change in tRNA conformation or energy transfer???



Globals demo



