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1 Introduction

A photosensing protein directs light energy captured by its chromophore into a photocycle. The
protein’s structure must accommodate the photocycle and promote the resulting chemical or con-
formational changes that lead to signal transduction. The 1.4 A crystallographic structure of
photoactive yellow protein provides (PYP) the first view at atomic resolution of a protein with
a photocycle [1]. PYP is a water soluble signaling protein involved in sensing blue light isolated
from a halophilic phototrophic bacterium [2]. It serves as a prototype for a wide array of signaling
proteins that contain the PAS domain structural motif [2]. PYP undergoes a self-contained light
cycle. Light-induced trans-to-cis isomerization' and coupled protein rearrangements produce a new
set of active-site hydrogen bonds. Resulting changes in shape, hydrogen bonding and electrostatic
potential at the protein surface form a likely basis for signal transduction. The structural results
suggest a general framework for the interpretation of protein photocycles [4].

The photocycle of PYP can be divided into several stages. First, the chromophore undergoes
isomerization, initiated by the absorption of a photon in the ground state (P) and completed
within a few nanoseconds to form the intermediate I;. A deprotenated chromophore changes its
isomerization state to cis by flipping its carbonyl group [5]. By convention, I is designated to be
structurally the furthest intermediate from the ground state before recovery, though the formation
of an I} intermediate has been observed, during which proton transfer and conformational changes
occur [2].

Functional activity of almost any protein, particularly of all enzymes, requires rapid dynamical
fluctuations in its structure. In photoactive proteins light absorption by the chromophore leads
to excited state formation, followed by a series of transient and reversible colour changes, usually
referred to as its photocycle. This reversibility facilitates kinetic studies through the application
of signal-averaging techniques in e.g. laser-induced transient absorption spectroscopy (TAS). The
measured light-induced absorption changes as a function of time can be subjected to mathematical
analysis to determine properties of relevant intermediates [6].

Several key mathematical terms discussed later will be defined. Let V and W be finite-
dimensional inner product spaces, and let T' : V' — W be a linear transformation of rank r.
Then there exist orthonormal bases {v1,vs,...,v,} for V and {uy,us,...,u,} for W and positive
scalars o1 > g9 > ... > o, such that T'(v;) = oyu; if 1 <i<ror0ifi>r. Let Abean mxn
matrix of rank r. Then there exists a unique n xm matrix B such that (L4)" : F™ — F™ is equal

!Coordination compounds that exist in two or more isomeric forms may undergo reactions that convert one isomer
(in this case 4-hydroxycinnamic acid chromophore) to another.



to the left-multiplication transformation Lg. We call B the pseudoinverse of A and denote it by
B = A! [3]. The pseudoinverse can computed using a singular value decomposition 4 = UXV*.
Let 8 and <y be the ordered bases whose vectors are the columns of V' and U, respectively, and let
o1 > 09 > ... > o, be the nonzero singular values of A. Then 8 and 7y are orthonormal bases for
F™ and F™, respectively. Defining ZZT]- as + if i = j < r and 0 otherwise, A" = VETU*, and this

a;

is a singular value decomposition of Af.
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Figure 1: Overview of the photocycle of PYP. The key intermediates in the photocycle of PYP
as detected with transient absorption spectroscopy at ambient temperature are indicated in the
(redundant) nomenclature that is currently in use in the scientific literature. The inset shows the
UV /vis spectra of these intermediates [5].

It is of interest to be able to model the kinetic phenomena that PYP undergoes leading to signal
transduction under physiological conditions. Assuming there exists a direct relationship between
protein folding and signaling [6], factors such as amplitude, wavelength, time, temperature and pH
could thus be investigated in relation to one another. For example, both photocycle kintetics and
spectra of photocycle intermediates are strongly dependent on pH [7]. Moreover, the ability to
predict kinetic properties, relating structure to function, would prove useful in analyzing mutants
of this protein. In this paper I present the findings thus far, including a simple model relating
absorption to time, as well as an outline of what is yet to be completed.

2 Findings

The initial model is created by solving a system of linear equations with given [experimental] rate
constants. Suppose y'(t) = (y{(t), v (1), y4(t), v5(t)), the absorption rates, and that

-zl z1 0 0
A zl  —(22+ 21) 22 0
N 0 x2 —(z3+22) =23

0 0 3 —23

where x;’s and z;’s are the forward and reverse rate constants, respectively, as given in Fig. 2.
Solving %y = log(2) * A x y yields a 232x4 matrix y consisting of absorbance values changing
over time, each column representing an intermediate. Hence we can plot this, as seen in Fig.
4. The method of solving this exponential matrix equation lies is the diagonalizability of A. Let
A = PDP !, where the columns of P are eigenvectors and the diagonal entries of D are eigenvalues



of A. In this case,
0.6674  0.0400  0.0133 0.0000
—0.7411 0.6837  0.2657 0.0001

P= 0.0738 —0.7287 0.5277 0.0002
—0.0001 0.00560 —0.8067 1.0000
and
—5.2776 0 0 0
0 —0.7241 0 0
— 103
D =107+ 0 0 —0.0033 0
0 0 0 —9.7518 ¥ 10718
Hence et x yg = etPDP™1 yo=PxeP x« P lxy, = Z;”Zl ei % w;j where w; depends on yp.
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Figure 2: A simplified reaction scheme showing the reaction rates (forward above, reverse below)
in inverse seconds between the intermediate states.

To model the behavior of the intermediates I used Matlab’s stiff ordinary differential equation
solver, odel5s. An initial value of 1 was assumed for the absorbance (yo = [1,0,0,0] ). To make
sense of the model, since it is on a time scale of ten powers of ten, a semi-logarithmic plot was
made, taking the absorbance versus the log of time (see Fig. 3, 4).
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Figure 3: Semi-logarithmic scale of absorbance simulating a forward rate constants.

When considering only forward-rate reactions (Fig. 3), as each intermediate begins decaying,
the following intermediate begins formation in a relatively smooth manner. However, when both
forward and reverse rates are used, the decay and formation of intermediates becomes a more
complex function (Fig. 4).
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Figure 4: Semi-logarithmic scale of absorbance simulating forward and backward rate constants.

To determine the model that best fits the absorbance values at different wavelengths (see fig.
5), I constructed a matrix using four different wavelengths

460*
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350%
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and determined its pseudoinverse (using pinv(Wy, le—6) to allow for a tolerance of 10~%), and mul-
tiplied that by each intermediate’s absorbances given by column matrices (A4g0, A120, A3s0, A350),
yielding the coefficient matrices (a, b, ¢, d, €)intermediate corresponding to az* 4 bz® + cz? + dx + e.
These experimental numbers, however, can only provide an insight as to how the intermediates

actually behave at different wavelenghts.

Given a 17x4 matrix representing wavelengths (ranging from 500nm to 340nm in intervals of
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Figure 5: Plot showing absorbances of intermediates P, I, I5, and I} at 350nm, 380nm, 420nm,
and 460nm. The model that fits this data has been reduced to a 4th-degree polynomial, as anything
above that behaves in the same manner.

10) and absorbance values of the intermediates (I, Io, Ié, p),

.07 .00 .00 .00
14 .00 .00 .02
26 .00 .00 .10
37 .00 .00 .30
43 .00 .00 .60
43 .01 .00 .74
38 .02 .00 .74
31 .02 .00 .65
Ay=1| 24 03 .00 50
19 .07 .00 .40
14 .12 .01 .28
09 .18 .05 .20
09 23 .14 .12
07 25 .21 .08
05 .23 .25 .05
05 .21 .27 .03
04 .18 25 .01
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we can create a function relating these wavelength-specific absorbances showing, at each wavelength,

the transition between intermediates over time.
For mapping the wavelength-specific absorbance values, we can create another matrix M) of
size 232x17 where each column represents a particular wavelength. To create this matrix we use

the following:

My = (Ax*y) (1)

Therefore if we plot M) against log-scaled time we can see the transition of absorbance from
each wavelength (Fig. 6), going from I on the left (faster times) to P on the right (slower times).
Given the complexity of the graph, a useful tool in Matlab (version 7+) is employed, allowing
the user to select a given point on any curve and receive the coordinates (in this case, time and
absorbance). This should allow us to predict absorbance, given a wavelength, at a specific time,
and thus see what intermediate the reaction is in.
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Figure 6: Semi-logarithmic scale of wavelength-specific absorbance showing transition between
between intermediates.



Wavelength-Specific Absorbance v Time

05k o

Absorbance
o
d
T
—
|

02f % /

ol ! / |

0 PRI B R T TTT| AT A TTY] A ST B T T B AT T B SR T RS a T riT R e

] T ) ] -4 -3 ] -1 ) 1

10 10 10 10 10 10 10 10 10 10
Time

Figure 7: Semi-logarithmic scale of wavelength-specific absorbance showing transition between
between intermediates having selected two plots in Matlab.

Furthermore, Matlab (again version 7+4) permits a selection of plots to be shown. For example,
one may want to compare absorbance as a function of time for only two wavelengths, say 460nm
and 450 nm. This is shown in Figure 7.

3 Future Work

So far this model system is functional enough to provide rough predictions of results obtained in
a laboratory setting. Certain parameters (initial absorbance, rate constants, wavelength-specific
absorbance) can be modified to some extent, though more work is required to allow for inputs such
as pH and temperature. In addition, inherent noise has not been accounted for, thus experimental
results can not be judged for accuracy using this model as a comparison, as the noise may be
indicative of strange behavior (especially at very fast times, where the noise is most abundant).
Alas, given the few numbers of parameters that can be varied, a graphical user interface has not
been developed, though this could easily be employed.
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