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Chapter 1

Introduction

The more we recognize the limitations faced by digital computers, the more we
learn to appreciate the extraordinary information processing capability found in nat-
ural organisms. This appreciation led scientists to the idea of using nature’s com-
putational scheme to improve computer technology. The inspiration from biological
systems has helped advance today’s technology, as is exemplified by artificial neural
networks and evolutionary computation.

The progress, however, was not as successful as had been expected. Pattern
recognition, natural language processing, immune system (self recognition), and pro-
tein folding are examples of problems that digital computers still have a hard time
addressing but nature performs them seemingly without any great effort. The slow
progress of computer technology may support the argument that biological systems,
such as the brain, and classical machines, such as the digital computer, are funda-
mentally different (Conrad 1989).

The differences in terms of computational capabilities between biological systems
and classical machines have been discussed. According to the trade-off principle ad-
vocated by Conrad (1988), for instance, in order to achieve high programmability,
digital computers sacrifice efficiency by operating in a context-free mode. An inte-
gration of the individual computational units such as semiconductor logic gates does

not affect the function. On the other hand, biological systems which are sensitive
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Figure 1.1: Simple signal processing: Progress of a reaction catalyzed by the enzyme

malate dehydrogenase without MgCl, (A) and with 160 mM MgCl, (B).

to the context make use of numerous interactions with their environment (possibly
including self interaction) to achieve high efficiency.

An enzyme’s context sensitivity can be used for signal processing as illustrated in
Fig. 1.1. The chemical substance MgCly here forms the context for malate dehydro-
genase and affects its catalytic activity, which is monitored by measurements of the
light absorption. By setting an absorption threshold at 0.5, low absorption value at
60 seconds can be used to detect the presence of the chemical signal MgCl,. If low
absorption is interpreted as 0 output and the presence of MgCl, represents a 1 signal,
the system would implement a NOT gate.

This trivial example demonstrates a potential molecular signal processor using
malate dehydrogenase and MgCl, with the concentration of 160 mM. However, the

idea can be extended by varying three independent parameters:

1. The type of enzymes
2. The chemical substances used as signals

3. The concentration of each chemical substance

Thousands of enzymes are known and any of them are candidates when deciding on



the first factor. It is possible to choose multiple enzymes to construct enzyme networks
for information processors. Although not all chemical substances may interact with a
particular enzyme, numerous chemical substances can be used. For each of the signal
choices, its concentration, i.e. the strength of the signal, is also a factor.

From this it follows that the search space for investigating the context sensitive
behavior of biological systems is enormous. We developed the software for a computer
controlled experimentation setup, shown in Fig. 1.2, to automate the exploration of
enzyme behavior with respect to physiochemical milieu. The fluidics hardware had
been developed previously (Zauner 2001). The software is described in chapter 3, and

experiments with this system are described in chapter 4.

Figure 1.2: Laboratory setup. A peristaltic pump and a reservoir of distilled water
(a) serve to flush the cuvette that is installed in the spectrophotometer (b). Servo
driven syringe pumps and valves (c) are controlled through a serial interface (e) by
the computer that runs the evolutionary search program. The syringe pumps first
mix chemical milieus from stock solutions (d) in the photometer cuvette. A reaction
is then initiated by injecting enzyme solution into the cuvette and its progress is

monitored with the photometer.



Chapter 2

Background

2.1 Molecular computing

In the early 1970s, Conrad theoretically analyzed information processing schemes
of biological systems in comparison with the conventional computing model of digi-
tal computers (Conrad 1972). He realized that the hierarchical nature of biological
structures causes a distinction of information processing methods between biological
systems and digital computers. From this, he arrived at the idea of utilizing biological
molecules as part of man made information processors (Conrad 1985). He saw great
promise in this direction because biological systems show outstanding computational
capabilities in particular problem domains such as natural language processing and
pattern recognition (Conrad 1990).

At the time, Conrad’s ideas sounded like science fiction to most of his contem-
poraries. About 20 years later, however, molecular computing became practical at
least in the laboratory (Adleman 1994). Recently an image processor based on the
protein bacteriorhodopsin has become commercially available (Hampp 2000). DNA
computing which utilizes the hybridization logic of the self-assembly process is an-
other example of molecular computing (Colin et al. 1999). A different direction is
called molecular electronics, the goal of which is to develop molecular replacements
for semiconductor devices.

The discussion about molecular computing has two faces. The examples men-



tioned above are on the technological side, which mainly aims at the improvement of
the conventional computational model, i.e. a Turing machine with a limited tape, by
speeding up each operation or shrinking its size. The other side of the discussion is
to construct models of biological information processing (Conrad 1990).

Molecular computation naturally occurs in biological systems. Because the infor-
mation processing in nature is often mediated by functional proteins such as enzymes,
the behavior of enzymes is considered crucial for biological information processing.
The consideration of the enzyme’s shape-based recognition as the principle of biolog-
ical information processing led to the development of the trade-off principle, which
describes the information processing properties of any physical system (Conrad 1993;
Conrad 1995).

A computational model based on the self assembly mechanism of macromolecules,
e.g. proteins, was suggested by Conrad (1992a). In this hypothetical model, molecules
representing input signals assemble based on shape-based pattern recognition with
high specificity. The course of the computation is determined by free energy minimiza-
tion. The self assembled supramolecular structures are then detected by a readout
enzyme which amplifies the output signal (Conrad and Zauner 1995).

This self assembly model of molecular computing subsequently was evolved and re-
fined into a conformation-based computing scheme (Zauner and Conrad 1997; Zauner
and Conrad 1998). Conformation-based computing aims at utilizing the complexity
of intra-molecular forces for implementing complex input-output behavior (Zauner
and Conrad 2001b). Initial attempts to actually implement conformation-based com-
puting have been made (Zauner and Conrad 2000). In the future, this may lead to

artificial biochemical neurons (Conrad and Zauner 2000).



2.2 The enzyme malate dehydrogenase

Enzymes are proteins and consist of linear chains of typically a few hundred cova-
lently bound amino acids. Under the influence of intra- and intermolecular forces, the
chains fold into three-dimensional structures (Friedrich 1984; Stryer 1988), which are
typically in the size range of 5-10 nm diameter. The enzyme functions as an effective
and relatively specific catalyst and controls chemical reactions in biological cells.

The enzyme’s catalytic activity is modulated by its chemical milieu because the
spatial shape, which determines the functionality (Yon et al. 1998), is flexible and
sensitive to the physiochemical context (Gavish 1986). Signals from the the envi-
ronment are selected and fused through the enzyme’s conformational dynamics (Sols
1981; Conrad 1992b; Freire 1998). Consequently, chemical components in the milieu
interact with each other in a complex way facilitated by the non-linear conformational
dynamics of enzymes (Lebreton and Gontero 1999).

Malate dehydrogenase (MDH) is an enzyme that occurs in a wide variety of species
and is convenient for our kinetic studies. To measure the catalytic activity of an en-
zyme, the rate of product formation or substrate utilization is determined. MDH cat-
alyzes the oxidation of malate to oxalacetate by reducing the oxidized form (NAD™)

of nicotinamide adenine dinucleotide to the reduced form NADH:

MDH

L — malate + NADT «—=» oxalacetate + NADH + H*

NADH differs in its absorption of ultraviolet light significantly from NAD*. Because
of this property, the change in NADH or NAD™ concentration can be monitored with
a spectrophotometer (King 1965). When L-malate is used as a substrate under high
pH, e.g. 9.2, the reaction producing oxalacetate from L-malate dominates (Wong and
Smith 1976). Because the light absorption of NADH is significantly higher than that
of the oxidized form NAD* at a wave length of 339 nm, the concentration ascent of

NADH can be measured as increase of absorption (Smith 1983).



The progress of the reaction is affected by the composition of the reaction mi-
lieu. For example, citrate is a known regulator with context dependent activating
or inhibiting effect on MDH (Gelpi et al. 1992). MgCl, is also reported to have
both activating and inhibiting effects on MDH (Wong and Smith 1976; Bracht and
de P. Campello 1979; Dér and Ramsden 1998). Urea is known to affect an enzyme’s
functionality by changing the three-dimensional structure (Palmer 1985). Because
the search space includes all chemical compounds and their combinations, however,
most of the effects are unknown.

Malate dehydrogenase occurs in two forms found in different locations in the cell.
In our experiments we used mitochondrial malate dehydrogenase. Mitochondrial
malate dehydrogenase (nMDH) can be found in the matrix of a mitochondrion and
plays a role in the tricarboxylic acid (TCA) cycle. The TCA cycle, also known as the
Krebs cycle, is one of the major stages in the oxidative metabolism of glucose and
other simple sugars. Inside of cells glucose is converted into pyruvate, a product of
anaerobic oxidation, which can permeate the mitochondrial membrane. From pyru-
vate, acetyl-CoA is produced. The first reaction of the TCA cycle is the formation
of citrate with the acetyl-CoA and oxalacetate. The continuous regeneration of this
oxalacetate with the help of mMDH maintains the cycle (Armstrong 1989).

The main product of the TCA cycle is NADH, the reduced form of NAD™, as an
intermediate step for the synthesis of adenosine triphosphate (ATP), the principal
energy carrier of the cell. The electron pair given to NADH is used for the reduction
of oxygen to water. This process results in the release of large amounts of energy and
the energy is conserved through ATP synthesis.

The other form of MDH is called soluble or cytosolic malate dehydrogenase (cMDH)
and is found in the cytosol of cells. This cytosolic isoenzyme serves in an enzyme
shuttle mechanism. With the anaerobic oxidation of glucose, NADH is produced as a

subproduct together with pyruvate. Since the mitochondrial membrane is not perme-



able to NADH, the electron energy is passed to L-malate, which is permeative, and
utilized for the reduction of NAD™ catalyzed by mMDH. A detailed explanation can
be found in Armstrong (1989) and Voet and Voet (1990), Banaszak and Bradshaw

(1975) provide a review.

2.3 Evolutionary experimentation

2.3.1 Evolutionary optimization

Nature utilizes the evolutionary paradigm to solve optimization problems. The
fundamental concept is to iteratively select out of a population individuals most suit-
able to the environment. Evolution operates on a population of individuals, and
each individual is tested against the environment. Individuals showing appropriate
responses are favored in the selection. The genetic information of the selected indi-
vidual is forwarded to the next generation by means of a reproduction step. This
reproduction does not produce perfect copies, so alternative individuals with random
variations are created.

Nature’s strategy of optimization can be simulated in order to improve complex
systems (Box 1957; Rechenberg 1965; Rechenberg 1973). It has successfully been used
to search large parameter spaces in experimental settings. Both the refinement and
the discovery of solutions to engineering problems have been demonstrated (Schwefel
1968; Thompson et al. 1999). Aside from its engineering applications, evolutionary
experimentation appears to be well suited to investigating the behavior of biological
systems (Matsumaru et al. 2002).

A key feature of evolutionary experimentation is that the details of the exper-
imental strategy are not fixed from the outset, but rather each measurement can
have an immediate effect on the decision as to which test to perform next. Com-

plexity is crucial to the functioning of biological systems, and compressing it into



simple mechanistic models risks eliminating vital information (Conrad 1983). Dy-
namic experimentation allows us to investigate a complex system without the need to
compress the complexity. This is one of the reasons why evolutionary experimentation

is especially suited for the empirical exploration of biological systems.

2.3.2 Information theory and the scouting method

More recently, a new scheme for controlling experiments with computer simulated
evolution has been suggested (Pfaffmann and Zauner 2001). In this method, called
scouting, experimental conditions that yield surprising observations are rewarded
with high evolutionary fitness. The motivation for this approach comes from com-
munication theory, which associates surprise with the amount of information (Cherry
1966).

The quantity of information is measured by the amount of uncertainty before the
information is received, and the measure is additive (Schneider 1992). In general,
if there are A possible events equally likely to happen, the amount of information
can be calculated as logA. Let us consider the amount of information carried by
a string consisting of n symbols which are chosen from a code book of S symbols.
Suppose p; is the probability of the occurrence of the i** symbol of the code book.
The probability of the occurrence of a string out of S™ possibilities is calculated as

follows:
p(S) =pi* - pa?* - pPe (2.1)

If the length of the string is very long, we can assume each string is equally likely to
occur. In other words, p(S) is 1/S™. Therefore the quantity of information transfered
by a string of length n is:
S
H, =logS" = —logp(S) = — ; pi log pi (2.2)

The base of the logarithm determines the unit of the equation. If it is 2, the unit is
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Figure 2.1: Overview of the scouting method

bit. With a base of 10, digit is the unit of the equation.

Equation (2.2) can be interpreted as stating that high probability of occurrence
carries little information. If we use this definition for the amount of information,
then in order to get more information, we need to find “statistical rarity” (Cherry
1966). Pfaffmann and Zauner (2001) employed the association between statistically
rare events and transmission of a large amount of information to collect information
efficiently. Figure 2.1 illustrates this method.

A selected set of parameters for an experiment (genotype) is fed to two processes,
one to derive a value of expectation and the other to establish a value by observa-
tion. From the parameters, the expected value is computed using previously acquired
observation knowledge from a database. Also the experiment which is specified by
the given parameters is conducted and observation values are obtained. To find the

fitness of the genotype, the difference between the expectation and observation is
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calculated. In case the difference is large, the genotype is rewarded with high fitness
and selected for generating the next genotypes. If the expectation perfectly matches
with the observation, there is no information to explore and low fitness is assigned.
The information obtained from the experiment is stored as knowledge so that the
next prediction becomes more sophisticated.

The idea can be analogized to one of a natural information processor’s unique
characteristics: “curiosity”. When we find our prediction differs from our observation,
we are surprised and become curious. This results in an efficient information collecting
strategy. Here “efficient” means that the fixed amount of resources is allocated to
maximize the amount of information. In general experimentation is costly and the
number of experiments that can be conducted is limited. Efficiency is therefore very
important in designing an experimental strategy.

An important issue in the context of evolutionary experimentation applied to op-
timization is that the population may get stuck on local fitness peaks and not find
the global optimum. In the scouting method, however, as more information on the
search space accumulates, observations of the response to similar parameters will be-
come common knowledge. Therefore, the fitness of genotypes specifying experiments
in this region of the search space will be low. This property prevents the scouting

method from getting stuck on a local fitness peak.

2.4 Computer controlled experiments

Molecular computers are not programmable (Conrad 1988). If we want to ex-
ploit the computational ability of molecules, e.g. enzymes, we need to explore their
behavior. By automating the experimental procedure, a digital computer can use
sophisticated search algorithms to explore the computational capabilities of proteins.
At the same time, exploration-algorithms for autonomous experimentation can be

studied.
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Zauner (2001) constructed a fully automated system that has the ability to com-
pose chemical milieus from a variety of components and to perform enzyme assays
in these prepared milieus. This apparatus, shown in Figs. 2.3 and 2.2, provides com-
puter control over six disposable three-ml syringes, six T-valves, three on-off-valves
(T-valves with less servo movement), and a peristaltic pump. These elements can be
combined manually with nylon luer connectors and flexible tubes with an inner diam-
eter of 1.6 mm to form various fluidics circuits. Figure 2.5 illustrates the configuration
used in the experiments.

Each injection circuit (ic) consists of one syringe and one T-valve to inject chemical
solutions into a plastic cuvette installed in an Ultraspec II Model 4050 spectropho-
tometer. In order to easily distinguish each injection circuit, a color label is assigned.
The valves and syringes are driven by positive pulse-width modulated servos (sv0—
sv1l) controlled by two serial servo control interfaces. The system used for draining

the developed fluid from the cuvette is illustrated in Fig. 2.4.

Figure 2.2: Computer controlled fluidics; side view



Figure 2.3: Computer controlled fluidics; front view
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Figure 2.4: Outflow configuration of the computer controlled fluidics
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Chapter 3

Software for the Computer Controlled Experiments

3.1 Program structure and preparatory tasks

To control the system described in the section 2.4, a software package, named Yu-
Gong after a Chinese fable about making a seemingly impossible task possible (Zi),
has been implemented. It was built on a layer of low level drivers previously im-
plemented by Zauner (2001) along with the hardware. The software is written in
Tcl/Tk because of the rich support for graphical user interfaces and event-driven
programming capability provided by this language (Ousterhout 1994; Harrison 1998;
Clif 1999).

The software design is based on three hierarchical levels of abstraction. The
lowest level comprises the hardware parts, i.e. the servos and the spectrophotometer
of the fluidics system. Programs belonging to the software package at this level of
abstraction send commands to a serial port linked with the servo interface and a
serial port linked to the spectrophotometer. Each servo is connected with a fluidics
element, either a syringe or a T-valve. The state of the fluidics system is described as
a set of element conditions. This is the middle level of the abstraction. By changing
the conditions of the elements, chemical components are moved from reservoirs to a
reaction chamber, i.e. the spectrophotometer cuvette. The highest level of abstraction
considers fluidics circuits formed by the fluidics elements.

For testing and to demonstrate the software on a computer not connected to the
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experimental setup, pseudo devices for the servo interface and the photometer inter-
face are available. In both cases, procedures are redefined not to send commands to
the serial port. The pseudo-photometer generates pseudo-random absorption values.

An important feature of the low level control modules is that they prevent damage
to the hardware and instruments from either user mistakes or programming errors
in higher level modules. For example, more fluid than the maximum capacity of
the cuvette (3.0 ml) cannot be injected. Another restriction is the range of servo
moves. Because each servo is connected to a syringe element or a T-valve element,
and these elements have physical limits of movement, the servo movement needs to be
restricted. Otherwise, servos may force elements to move to unworkable positions and
may break the element or damage the servo. Another potential problem of exceeding
the normal movement range of a servo is that this would invalidate the calibration of
the apparatus. The range of each servo is bounded by an individual maximum and
minimum position.

In addition, a reset position is specified for each servo. Because the servo interface
does not provide for feedback of the actual servo position, it is necessary to synchronize
between a position the computer keeps track of and the state of the servo interface.
The servo interface initializes the servos to a default middle position (position 128)
of the maximum servo range (0-254) when the power is turned on, but the middle
position may be out of the physical range the element connected to the servo allows.
By initializing the servo position with the reset position when the program starts,
a synchronization between the positions memorized by the computer and the servo
positions in the memory of the interface is achieved.

Programs for the tasks necessary to prepare for an experiment are built on top of
the low level control modules described above. The software package also provides a
graphical user interface for each preparatory task. The first task is to set and adjust

the limits of the servo movements and the reset positions. A screen shot of the console
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Figure 3.1: Console for adjusting servo positions

for this task is shown in Fig. 3.1. Due to the complex arrangement of the servos and
the elements, there is no systematic rule about the physical limits of their movements
End positions are therefore determined empirically.

A servo is selected from the sixteen panels at the top right. The scale at right
allows for manually directing the servo. For each servo, the maximum endpoint,
minimum endpoint, and a reset position are manually determined. The three entry
windows located at the right bottom allow users to enter the new values of the maxi-
mum, minimum, and reset positions for the selected servo. These values are saved in
a file so that the adjustments are preserved for the the next program run.

The second preparation is calibration and the screen shot of the console for this

task is shown in Fig. 3.2. The volume to be injected is dependent on the servo position
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specified when the piston of the syringe is drawn. There is no direct proportionality
between the servo position and the volume of fluid injected; theoretically a part of
a sine curve would be expected. The purpose of the calibration is to obtain the
empirical relationship between specified servo position and injected fluid volume.

To calibrate one circuit, first, a set of data pairs, comprised in a servo position
specified and the volume injected, for this specification is obtained by pumping water
into a vessel on an analytic scale (Fig. 3.3). The weight is read with a precision of

1/1000 g. Next, the following equation is used to fit to the empirically obtained data:

Yy = Z a;x’ (3.1)
i=0

where z is the volume and y is the servo position. We used the gnuplot program

(Williams et al. 1999) to fit the data. The result of the fit and the residuals are
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Figure 3.3: Setup for calibration process

shown in Figs. 3.5- 3.7.

For verification purposes, the difference between specified and actual volume is
measured with the analytic scale. As can be seen in Fig. 3.10 the error, both sys-
tematic and random, is mostly within 50 1 and at most 0.1 ml. The best circuit,
i.e. injection circuit 3, is used as the enzyme injection pump because this volume is
the most critical parameter for comparing the context sensitivity of enzymes. For the
cleaning of the cuvette, one circuit is employed to inject distilled water. The worst
circuit, i.e. injection circuit 2, is chosen for this task so that its error does not affect
the experimental result.

The third preparatory task is to fill the fluidics circuits with chemical solutions.
For this purpose, an injection process is repeated several times with the maximum
syringe capacity (2.5 ml). A single cycle with a specifiable servo position is available
for the last moment of filling. This avoids pulling excessive amounts of solution out
of the reservoirs.

For filling, each circuit can be controlled independently. Therefore, the filling
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Figure 3.4: Console for filling and cleaning of the fluidics system

console, shown in Fig. 3.4, contains six frames, one for each circuit.
Using distilled water instead of chemical solutions, this console can be used to

clean the injection circuits, i.e. the nylon tubes, syringes, and T-valves.
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Figure 3.5: Calibration results and residuals for injection circuits 1 and 2. Equa-

tion (3.1) is used to fit to the data set.
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Injection circuit 3 with servo 5 and 8
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Figure 3.6: Calibration results and residuals for injection circuits 3 and 4. Equa-

tion (3.1) is used to fit to the data set.
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Figure 3.7: Calibration results and residuals for injection circuits 5 and 6. Equa-

tion (3.1) is used to fit to the data set.
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3.2 Concurrent programming

Tcl/Tk provides powerful commands for event-driven programming. These can
be employed to realize concurrent operations. An example of the concurrent pro-
gramming is to operate servos and a spectrophotometer simultaneously. While an
injection proceeds, the program is simultaneously recording the light absorption of
the reaction product so that the effect at the moment of the injection can be analyzed.
Both operations require commands to be sent to the serial ports periodically.

For the data recording, one absorption value comes back from the photometer
as a response to one command sent to the photometer via the serial port. Because
the purpose of the experiments for which this system was designed is to determine
the reaction speed, the command to poll the absorption data has to be periodical to
obtain a sequence of data.

Moving servos for an injection process also requires periodic issue of commands. A
servo is moved by sending a command with a servo address number and a destination
position coded by a number from 0 to 254. A servo can move within the range that
an element connected with the servo allows, but moving to a new position in one step
causes the servo to move at maximum speed, which is too rapid for the movement of
the fluid through tubes. When 20 positions are requested, for example, the program
will send the command to move three positions six times and will finish with the
command to move two positions. The period between any two commands must be
long enough to finish the first command.

To achieve this periodic issue of commands, an command is implemented

as an extension of the Tcl/Tk command set as follows:
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en 0 n to er Iport

This procedure recursively schedules itself twenty milliseconds later. Conse-
quently, this procedure is called approximately every twenty milliseconds, and every
time it is evaluated, one command is sent to the serial port. Figure 3.11 illustrates

this process.

return return return
y y A
every 20 ms every every
J\/L after J\/L after J\/L after
To
serial port

Figure 3.11: Periodic command issue

Implementing data polling and injection with the method described above makes
the concurrent operation, i.e. simultaneous operation of data polling and chemical
compound injection, possible. If two operations, data polling and injection, are im-
plemented with the command and invoked sequentially, then two independent
virtual threads are generated (Fig. 3.12).

When the data polling process is initiated, one command is sent to the serial port
and another command is scheduled for a later command issue. Next, the
command is evaluated at the end of the first procedure, and the process goes
back to the calling procedure. Then an injection process is started. Because the
injection process does not block the CPU, the procedure chain continues and

data is polled periodically.
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Figure 3.12: Concurrent operation

Another example of the use of concurrency is the placement of a mark in a data
file. The data from the spectrophotometer is periodically written in a file line by
line, and at the same time, solutions are injected as described above. The software
is designed so that a time stamp is inserted between the data lines in the file at
the time injection starts and also when it ends. This time stamp feature makes it
possible to see from the absorption data file exactly when the injection happened. The
implementation of the time stamp requires two processes, i.e. the injection process
and the data polling process, to write data in one file. The concurrent operation of
data writing by two processes utilizes Tcl/Tk’s command , which attaches a
handler to a variable so that a process is triggered by accessing the variable. A state
variable of the injection process is one variable to be watched. Another variable that
has a handler attached to it is accessed by the data polling process. The procedure
that will be triggered by the two variables writes a string to a data file. Registering
a procedure triggered by a state change of a running procedure is the key point in

implementing this concurrency.
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3.3 Exploration strategy

3.3.1 Experimental procedures

Generally in our experiments the analysis of a protein’s sensitivity to a specific

chemical context proceeds in three steps (Fig. 3.13)  The experiment starts with

Solutions
Cleaned

N e
= |

Data Detector

Figure 3.13: Experimental procedure. See text for the details

mixing the context from chemical solutions and the enzyme. Second, the reaction
is monitored with a detector. The last step is to clean the reaction chamber for the
next experiment. In the photometric method chosen here, the progress of the reaction
is measured with a spectrophotometer (see section 2.2 for details) and the reaction
chamber is a plastic cuvette in the photometer. Solutions are enzyme suspension,
substrates, and milieu components. As soon as the enzyme and the substrates come
together, the reaction starts and data from the detector shows the reaction rate, which
is affected by the context. The milieu components are used to compose the context
in the chamber. The observation continues until the cleaning process is initiated to
prepare the reaction chamber for the next experiment.

Injection circuits are filled with milieu components before experiments are started
by means of the console described in section 3.1. Since there are six circuits, it is

possible to use six different chemical mixtures, numbered from one to six. To inject
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a fluid, a procedure named is called with the milieu com-
ponent number and the volume to be injected as parameters. The milieu component
number is translated into the corresponding circuit number and from it the element
numbers for the syringe and outflow valve to be moved are derived. The volume is
converted into a servo position by the calibration function previously obtained (see
section 3.1).

Each of the six syringes is configured with a one-way valve inlet and a servo-

controlled outlet valve to act as a piston pump. One injection comprises five steps:

STEP 1: Insure the outflow valve is closed.

STEP 2: Draw in required amount of fluid from bottle by pulling syringe.
STEP 3: Open outflow valve.

STEP 4: Inject fluid by pushing syringe.

STEP 5: Close outflow valve.

In step 2, with the out-flow blocked, fluid is drawn from the reservoir by pulling the
syringe piston. Once fluid is drawn from the reservoir, the one-way valve prevents
the reverse flow into the bottle. The fluid is injected into the reaction chamber by
pushing the syringe piston.

To measure the reaction rate, the program communicates with the spectropho-
tometer through a serial port. Through the Tecl/Tk command , a pro-
cedure to record the data from the photometer whenever the serial port becomes
readable is registered. One absorption measurement from the photometer is obtained
by sending a “STATUS” command to the serial port. On receiving the command
string, the photometer returns one data string back to the serial port. The arrival of
data at the serial port makes the serial port readable. By the procedure registered to

the port, the absorption data from the photometer is written to a file.
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In order to find the speed of the reaction, the command has to be issued period-
ically (cf. section 3.2). The measurement process for observing the progress of the
reaction continues until the cleaning process is started.

After the reaction has been observed for a preset amount of time, the cleaning
process is initiated. The process begins with draining the developed fluid from the
reaction chamber (cuvette) with a peristaltic pump. Next, a cleaning cycle consisting
of two steps is repeated several times. The first step is to inject distilled water into
the empty cuvette. After a short pause, the water is pumped out in the second step.

For all experiments reported here, the cleaning cycle was repeated three times.

3.3.2 Single experiments

The basic step of the experimental strategies for investigating the enzyme’s con-
text sensitivity is the performance of a single experiment. Volumes for each milieu
component are decided by the experimenter, and this system conducts the single ex-
periment as described in section 3.3.1. For the experiments, two consoles have been
prepared. Figure 3.14 shows the main console for single experiments, and Fig. 3.15
shows the console for setting parameters. The latter shows up by clicking the

button located at the lower middle of the main console.

With the console shown in Fig. 3.15, the user can plan and specify the experiment
as described below. Comments and descriptions for the components entered into the
console are written to the data file. When comparing assays, the total volume and the
volume of enzyme solution should be fixed. Specifying the volumes and a component
as compensator will restrict the range of the volume scales on the main console.

Table 3.1 shows the parameters to be specified for the schedule of an experiment
together with typical values. Figure 3.16 illustrates the timing of injection events and

data polling. The time required for one experiment is calculated as follows:
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Figure 3.14: Main console for single experiments

=5 in don+ 1+in don+ 2+ 5+  (in  ion+ b) (3.2)

where in  ion represents the time required to complete an injection.

For the mixing process, five components are mixed consecutively. The reaction
does not start until the enzyme solution is also injected. Before the enzyme is in-
troduced in the cuvette, there is a waiting period to allow for air bubbles produced
by previous injections to disappear. With the injection of the last component, data
polling is initiated and continues until the cuvette cleaning process is started. The
polling frequency is not constant during the measurement cycle. The reaction is
fastest at the start and slows down as substrates are consumed. Normally every

400 ms a measurement is recorded, compared with every 1.5 s for the first polling
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Figure 3.15: Console for parameter setting

Mixing Cleaning
Component Enzyme Water
injection injection Injection
Reaction t5 t6I @ | @ | |
1 2 I \ I‘ I I
13 4 Draining

Polling 1 Polling 2  Polling 3

Figure 3.16: Schedule of an experiment: See table 3.1 for the description and typical

value of each parameter. The figure shows three cleaning cycles ( = 3)
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interval (pl) and every 2 s for the third polling interval (p3). The reaction is ob-
served by recording the absorption of the product for the specified time and then the
cleaning process is started.

By clicking the button located at the left top of the parameter setting console,
the modification becomes valid and the console is closed. When exiting the program,
the user has the option of saving the parameter setting in a file to initialize the setting
for the next program run.

The five vertical scales located at the right lower corner of the main console de-
termine the volumes of the chemical solutions to be injected, and the volume for the
enzyme is specified by the thinner horizontal scale located at the center bottom of the
console. The graph in the left window shows absorption measurements. It is created
and updated by interfacing the console with the plotting gnuplot program (Williams
et al. 1999). The current state of the experiment is indicated on the top portion
of the main console for a single experiment. For example, the stage at which the

figure was taken shows all solutions have been injected and the observation is seventy

Table 3.1: Parameters for scheduling experiments

Description Name on figure Typical value
Waiting time before enzyme injection 1 25s
Observation duration 2 6 min
Duration for polling 1 3 25s
Duration for polling 2 4 1540 s
Draining time ) 23.5 s
Time distilled water stays in the cuvette 6 DS
Number of cleaning cycles 3
Interval of polling 1 pl 1.5s

Interval of polling 3 p3 2s



36

percent completed.

3.3.3 Systematic strategy

By repeating the single experiment described in section 3.3.2 for different volume
settings of the milieu components with a fixed volume of enzyme and a constant total
volume, we can explore the context sensitivity of an enzyme. The question is now
how to change the volume settings. A basic strategy is systematic exploration.

The simplest way would be to locate the samples in the form of a regular grid
in the search space. Figure 3.17 shows an example of systematic sampling locations
where only the maximum square part inside of the search space is explored. The
search space is limited to the triangle because the total volume must be equal for

each assay.

Figure 3.17: Locations sampled by the systematic method

The problem with this strategy is that the number of experiments required grows

exponentially with an increase in the dimension of the search space. In the protein
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exploration experiments, each dimension corresponds to a chemical component. A
systematic strategy is not practical for the exploration of protein context sensitivity
because the enormous number of chemical components available as context results in
an extraordinarily large search space.

Furthermore sampling is costly and thus a systematic strategy is even less prac-
tical. Each sampling takes approximately ten minutes for the experiment described
here. Consequently, even in two dimensions, more than two hours are necessary for a
4 4 sampling. The fluidics system is capable of mixing up to four chemical compo-
nents. Systematic sampling at only four concentration points per component would
take almost two days.

Despite this, systematic sampling is useful for obtaining control data in low di-
mensions for the scouting method described below. The main application of this
method is coarse sampling to determine the concentration range to be explored by

scouting.

3.3.4 Scouting strategy

To overcome the limitation of systematic sampling, the scouting algorithm intro-
duced in section 2.3.2 was implemented as described below. For comparison, the same
number of samples as shown in Fig. 3.17 for systematic sampling is shown in Fig. 3.18
for the scouting method.

The algorithm starts with a population, labeled generation zero. Each individual
in this initial population is initialized with one of the extreme factor levels. For
example, if two independent factors are examined, generation zero will contain three
individuals. One contains none of the two milieu components, and for the remaining
two, either milieu component one or two is specified with the maximum volume.
Hence generation zero occupies the corners of the triangle shown in the Fig. 3.18.

Then the first genotype with unknown fitness found in the population is taken.
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Figure 3.18: First 16 locations sampled by the scouting method

The genotype representing the factor level is used to predict the phenotype, i.e. the
outcome of an experiment with these factor levels, through an experience database
containing the factor levels together with the parameters representing the observation
as knowledge. To obtain the expectation, the first n (or less if not enough entries exist)
nearest neighbors in the parameter space and their distances to the factor setting
under consideration are determined. Then the expectation a () is calculated from
the parameter sets of these n entries averaging with inverse cubic distance weighting
(o)
n
a () =7 al) (3.3)

=1

In the present experiments we used n = 5. For the first fitness evaluation, with no
prior experience available, we arbitrarily set a () = 0.

Every genotype evaluation causes a computer controlled experiment to be per-
formed. The outcome of the experiment is a time series of absorption measurements

reflecting the activity of the enzyme. Accordingly in the experiments reported here,
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the observed response to the factor levels prescribed by the genotype is a sequence
of over 300 measurements. To facilitate the representation of the response in the

experience database we fit the following expression to the measured data:
a() = 1 1-5 "+ + *+4 (3.4)

Fitting of the time development of absorption measurements for representation in the

experience database was performed through gnuplot. For this fitting the measured
absorption curves were aligned by first subtracting the base line (calculated by aver-
aging the 5 measurements taken before starting the enzyme injection), and second,
taking the end of the enzyme injection as the starting point (t=0) of the reaction.
To fit a new series of measurements, the parameters ( ;— of equation (3.4)) of the
closest observations available in the experience database are used to seed the curve
fitting algorithm.

We emphasize that equation (3.4) should not be construed as a mechanistic model
of the reaction process; there is no interpretation for the parameters ;— . Further-
more specific values for them cannot be ascertained from the measured data. Never-
theless, in combination the six parameters serve well to represent the measurements,
to interpolate for the brief moments between the measurements, and to smooth noise.

To evaluate the fitness of the genotype, a surprise value ( ) of the observation is
calculated by numerically integrating the absolute difference between the expected

absorption a () and the observed absorption a ( ):

t= 00

1
3 t=0

absa ()—a () (3.5)

The factor * normalizes the absorption values. Accordingly the fitness of a genotype
is the surprise value calculated from the expectation and experimental observation at
the factor settings represented by it.

The information gained in the experiment is added to the experience database

and the next genotype with unknown fitness is evaluated. Note that the content of
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the experience database constitutes an empirical model that characterizes the system
under investigation. When the fitness of all genotypes has been determined, the single
genotype with the highest fitness is chosen as the parent of the next generation.

We applied two different operators to derive the genotypes that form the next
generation. The first operator changes the volume of one of the milieu components
by a random amount consistent with the requirement that the normalized volume
has to be within the 0-1 range. The change is then compensated by adjusting the
remaining volumes so that the sum of the normalized factor levels equals one. For
each milieu component an offspring is created by changing the milieu components.
Thus the first operator creates three offsprings in the two-dimensional case.

The other operator creates two further genotypes by first assigning to each milieu
constituent a random amount of change and then attempting to scale these proposed
negative and positive changes such that the volume is kept constant. If such scaling
is not possible, a new set of randomly generated changes is assigned and scaling for
constant volume is again attempted.

Lastly, if required, an adjustment for rounding errors is made to insure that the
normalized volume contributions have a sum of one. In the case of a two-dimensional
experiment, i.e. using two independent chemical substances as a signal, thus, a new
generation of five genotypes is obtained. Note that the parent is not preserved. Once
evaluated, it has contributed an empirical observation to the experience database
and hence would have a low fitness (zero in the absence of measurement noise) in a

subsequent evaluation.



41

Chapter

Experiments with itochondrial alate eh drogenase

4.1 Two-dimensional experiment

The apparatus described in section 2.4 in conjunction with the software described
in chapter 3 was used to probe the context sensitivity of the enzyme mitochondrial
malate dehydrogenase.

As noted earlier, the fluidics system provides six pumping circuits. For the exper-
iments to be described, one circuit is used for the enzyme solution and another circuit
supplies distilled water for the cleaning process. The remaining four circuits are avail-
able to compose the chemical milieu in which the reaction takes place. The amount of
a chemical present in the reaction mixture is determined by the volume of the corre-
sponding solution injected into the cuvette. Because the reaction volume needs to be
constant to allow for comparison of the measured data, it is necessary to compensate
the volume difference caused by varying the chemical composition of the reaction
mixture. It is therefore necessary to assign to one pumping circuit a compensator
solution that contains no signal chemicals. Thus, the effect of three chemical compo-
nents that vary independently in concentration can be studied with the apparatus in
the configuration used here. So far, however, only two-dimensional experiments have
been conducted. These have the advantage that the results can easily be visualized.
The chemicals studied as signals are MgCl,, citrate, and urea. Magnesium is common

in biological cells and is known to affect many enzymes (Heaton 1993; Williams 1993).
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Citrate is produced in the TCA cycle from the product of the reaction catalyzed by
malate dehydrogenase and is known to be a regulator of malate dehydrogenase (Gelpi
et al. 1992). The third chemical, urea, has been chosen because it is known to affect
the three-dimensional structure of enzymes, which is critical to their function (Palmer
1985).

The general procedure for exploring the effect of signal substances on an enzyme
is to first use coarse systematic sampling to determine the concentration range of
interest. The second step is to apply the scouting method to construct an empirical
model of the enzyme behavior. In both of these sampling strategies, each sample is
obtained by running an assay.

The experimental procedure for the assay is as follows. First, the signal solutions
are injected into the cuvette one after another. Next, recording of the light absorption
at 339 nm is started with a 1.5 second interval. As described in section 2.2, the
absorption will increase with the progress of the reaction and is used to monitor
the activity of the enzyme. At this point, however, the reaction speed is negligible
because the enzyme has not been injected yet. After the start of the recording, a
twenty five second pause allows for air bubbles caused by the injection of the signal
solutions to disappear. Data taken during this pause is used to calculate the base line
of light absorption. The base line is determined for each assay mainly because small
air bubbles that stick to the surface of the cuvette can affect the light transmission,
but also temperature changes and voltage fluctuations cause the base line to drift.
The reaction is initiated by injecting enzyme solution. The injection of the enzyme
solution is not instantaneous but takes approximately five seconds. After the injection
of enzyme solution has started, the data polling interval is shortened to 400 ms. The
reaction speed is highest just after the enzyme injection and then falls off with the
decrease of substrate concentration. The rapid data polling continues for 1.5 minutes,

and then the interval time between data polling is increased to 2 seconds. The latter
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is sufficient for the later part of the reaction and is used to decrease the data volume.
Data is recorded for a fixed time period (in the experiment described below either four
or six minutes) after the end of the enzyme injection. This recorded data sequence is
considered to be the outcome of the assay. Finally, the cuvette is cleaned to prepare
it for a new assay. Cleaning of the cuvette comprises three cycles. Each cycle starts
with draining the cuvette for 23.5 seconds by means of a peristaltic pump. Following
this, the cuvette is filled with distilled water and after a delay of five seconds, the
cycle repeats. A final draining clears the cuvette.

An assay, i.e. the data sequence of a few hundred measurements, represents a
sample of the time development of the reaction under certain concentrations of the
signal substances. An experiment consists of a number of assays performed as de-
scribed above. Variations in the concentrations of the signal substances used in these
assays serve to analyze the response behavior of the enzyme. The data analysis and
visualization of the enzymatic response were performed with Ferret, a program de-
veloped in the context of oceanography and meteorology to manipulate large gridded
data sets (Hankin et al. 2000). To render the time and concentration dependence
of the absorption from the observational data collected by the experiments, we first
used linear interpolation to fill the gaps between measured milieu combinations and
then applied a Welch filter to reduce noise.

We first investigated the combination of urea and citrate with a coarse systematic
sampling. The result of this experiment is shown in Fig. 4.1. The density of the
sampling grid was set to 0.2 on the normalized scale. Four snapshots of the time
development of the absorption during the reaction are shown in the figure. Urea as
milieu component 1 varies over the concentration range of 0—1.7 M and citrate as
milieu component 2 does so over the range of 0-435 mM.

With the same experimental procedures and timing, the sensitivity of the reac-

tion catalyzed by mitochondrial malate dehydrogenase with respect to two signal
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Figure 4.1: Response surfaces of NADH absorption in arbitrary units at times 50s

(A), 100s (B), 150s (C), 200s (D). Milieu component 1 was urea and milieu component

2 was citrate.

substances, MgCl, injected first as milieu component 1 and citrate injected next as

milieu component 2, was also studied. Magnesium was chosen because it is known to

have a non-linear effect on the catalytic activity of malate dehydrogenase that can be

used for signal processing (Zauner and Conrad 2001a). Both of the signal substances,
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Figure 4.2: Response surfaces of NADH absorption in arbitrary units at times 50s (A),
100s (B), 150s (C), 200s (D). Milieu component 1 was MgCl, and milieu component

2 was citrate.

i.e. MgCly, and citrate, were varied over the concentration range of 0-300 mM.
The systematic sampling strategy with a 4 4 grid was applied (cf. Fig. 3.17) to
reduce the sampling time as compared to the previous experiment. The collected

data is shown in Fig. 4.2 to visualize the enzyme’s response to the chemical signals.
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For the experiment with urea and citrate, the effect of the two signals is monotonic.
The origin of the graph (0 0), i.e. no signal present, shows the highest enzyme activity.
As either one of the signal concentrations is increased, the reaction rate decreases, in
other words, the enzyme becomes inactivate. On the other hand, a non-monotonic
response with respect to MgCl, and citrate is exhibited by malate dehydrogenase. For
a small amount of MgCly, a relatively high absorption is observed at 50 seconds after
reaction start. However, an observation at 100 seconds after reaction start shows the
highest absorption for a higher amount of MgCl, in combination with some citrate.
In comparison, the latter experiment (MgCly and citrate) indicates a more complex

response of the enzyme.

4.2 Scouting exploration

From the data obtained with the systematic exploration strategy, as discussed
in the previous section, we decided to use the combination of MgCl, and citrate to
investigate the scouting algorithm described in section 3.3.4. Accordingly we set up
an autonomous evolutionary experiment aimed at mapping out the sensitivity of the
reaction catalyzed by mitochondrial malate dehydrogenase with respect to MgCl, and
citrate.

The experiment ran for 21 hours and 50 minutes. The size of the population
in the evolutionary strategy was five except in generation (. The latter was initial-
ized with the three genotypes that represent the extreme concentration values of the
signal substances, i.e. highest MgCl, concentration, highest citrate concentration,
and no signals. For 23 generations the parameters representing sampling locations
evolved. The fluidics system probed 120 locations (including two locations in the
last generation) in the factor space. Both milieu-factors were varied over the range
of 0-300 mM. The experimental procedure and timing are the same as previously

described (section 4.1).
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During the experiments all solutions were kept at room temperature ( 18 C).
Under this condition, the activity of the enzyme solution may drop over time. To
insure that the measured data is not biased by such loss of activity, a control assay
at a fixed factor combination of 0.25 relative concentration of both MgCl, and cit-
rate was inserted every three generations, i.e., approximately every 2.5 hours. No
systematic change in reaction speed was detected during the time of the experiment
(Fig 4.3). The control assays were withheld from the experience database, that means

the control experiments did not contribute to the prediction or experimental strategy.

1.2 T T T T T T T

e e A 1o e e O, PR R B R (Y

0.8 |

Absorption (339nm)
o
(@)

0.2 } _

O 1 1 1 1 1 1 1
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Figure 4.3: Control experiments performed every 2.5 hours during scouting

Since the decision what assay to perform next is made based on the difference
between the prediction, derived from the experience database containing the past

empirical data, and the actual observation, the details of the experimental protocol
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are adapting to the observations during the course of the experiment. Fig. 4.4 depicts
the progress of these sampling dynamics. At the left, the locations in the factor space
at which experiments were performed are shown for four time slices. Bars in the
right graph show the development of the maximum surprise value found within the
population; the curve shows the average surprise value in each generation.

After 120 assays that ran in 21 hours and 50 minutes, the experiment was stopped
because of restrictions on the available enzyme solution. If the experiment had been
continued, more detailed information on the enzyme’s behavior could have been ob-
tained. This can be seen from the fact that as late as generation 21 an unexplored
area of the factor space (0.29, 0.47) is discovered by the algorithm. A high surprise
value arises from the corresponding observation ( 113), pointed out in Fig. 4.4 by the
arrow. To get as much information as possible, the experiment should not be stopped
until peak surprise values have leveled off. However, because of measurement noise
caused by air bubbles or mechanical imprecision of the injection pumps, it is unlikely
to make observations that are in perfect agreement with the computed expectations,
and therefore unlikely for the surprise values to go to zero.

From the observations collected in the scouting exploration, an empirical descrip-
tion of the probed phenomenon is constructed. Two snapshots of the time develop-

ment of the reaction catalyzed by the malate dehydrogenase are shown in Fig. 4.5.
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