United States Patent

US006472163B1

(12) (10) Patent No.: US 6,472,163 B1
Coleman et al. 45) Date of Patent: *Oct. 29, 2002
(54) SOLID PHASE ENZYME KINETICS WO WO 99/35496 7/1999
SCREENING IN MICROCOLONIES
OTHER PUBLICATIONS
(75)  Inventors: William J. COlFman, Mountain View; Advertisement entitled “Evolve into something powerful,”
Edward J. Bylina, Douglas C. Nature biotechnology, 17(4), Apr. 1999
Youvan, both of San Jose, all of CA . el >aR ’ .
(US) Advertisement entitled “Evolve into something powerful,”
Chemical, Oct. 19, 1998.
(73) Assignee: Kairos Scientific, Inc., San Diego, CA Advertisement entitled “Evolve into something powerful,”
(US) Chemical & Engineering News, Mar. 29, 1999.
) ) o ) Boardman, et al., “ Automated Spectral Analysis: A Geologi-
(*) Notice:  Subject to any disclaimer, the term of this cal Example Using Aviris Data, North Grapevine Moun-
patent is extended or adjusted under 35 tains, Nevada,” Proceedings of the Tenth Thematic Confer-
U.S.C. 154(b) by 0 days. ence re Geologic Remote Sensing, vol. 1, May 9-12, 1994,
) ) ) ) ) San Antonio, TX, pp. [-407-1418.
This patent is subject to a terminal dis- Cover Figure, Current Opinion in Microbiology, 2(3), Jun.
claimer. 1999.
Fox, Jeffrey L., “Hercules and Kairos catalyze enzyme
(21) Appl. No.: 09/520,106 deal,”, Nature Biotechnology, 17(5), p. 417, May 1999.
(22) Filed: Mar. 7, 2000 Green, Andrew, et al., “A Transformation for Ordering
Multispectral Data in Terms of Image Quality with Impli-
Related U.S. Application Data cations for Noise Removal,” IEEE Transactions on Geo-
science and Remote Sensing, vol. 26, No. 1, Jan. 1988, pp.
(63) Continuation-in-part of application No. 09/309,189, filed on 65-74.
May 10, 1999, now abandoned, which is a continuation of
application No. 09/098,202, filed on Jun. 16, 1998, now Pat. (List continued on next page.)
No. 5,014,245,
(60) Il’;(;\éisional application No. 60/082,440, filed on Apr. 20, Primary Examiner—Louise N. Leary
) (74) Attorney, Agent, or Firm—Bingham Mccutchen LLP;
(51) Int. CL7 oo C12Q 1/44; C12Q 1/37; Michael J. Shuster
C12Q 1/48
(52) US.Cl oo 435/19; 435/23; 43524, C7) ABSTRACT
435/15; 435/25; 435/4; 435/808; 435/283.1;  Improvements in calorimetric assays, surfaces for arraying
435/968; 422/50  microcolonies and instrument hardware for screening
(58) Field of Search ... 435/19, 23, 24, mutagenized enzymes and proteins in a solid phase format
435/14, 15, 25, 4, 808, 283.1, 968; 422/50 are presented. These improvements permit new enzyme
) activities to be screened. New filter membrane materials and
(56) References Cited formats for arraying the microcolonies provide higher
throughput, better solvent resistance and ease of handling.
U.S. PATENT DOCUMENTS Modifications to the instrument heating and illumination
5,914,245 A * 6/1999 Bylina et al. ................. 435/19 systems provide improved temperature control and a more
compact, folded light path.
FOREIGN PATENT DOCUMENTS
EP 0496 345 A1 7/1992 175 Claims, 1 Drawing Sheet

Copy provided by USPTO from the PIRS Image Database on 02-10-2003



US 6,472,163 B1
Page 2

OTHER PUBLICATIONS

Hercules Incorporated News Release, Hercules Establishes
Partnership with Kairos Scientific, 99-5-C, Mar. 10, 1999.
“Hercules licenses Kairos biocatalysis technology,” Chemi-
cal & Engineering News, p. 12, Mar. 22, 1999.
International Search Report, mailed Feb. 8, 2002, corre-
sponding PCT US/01/02180.

“Kairos” kCAT Service” web posting to Kairos Scientific
web page on Aug. 4, 1998.

“News—Collaborations & Agreements,” Genetic Engineer-
ing News, 19(7), Apr. 1, 1999.

Reisch, Marc S., “A Modern—-Day Hercules Bulks Up,”
Chemical Engineering News, pp. 13-15, Apr. 5, 1999.
Written Opinion, mailed Jun. 26, 2001, International Appli-
cation No. PCT US/99/13824.

Yahoo Finance Web Site Press Release “Hercules Estab-
lishes Partnership with Kairos Scientific,” Mar. 12, 1999.
Yang, M.M.et al,, “Applications of Imaging Spectroscopy
in Molecular Biology: I. Screening Photosynthetic Bacte-
ria,” Biotechnology, 6:8, (Aug. 1988), pp. 939-942.

Yang, M.M,, et al., “High Resolution Imaging Microscope
(HIRIM)”, Biotechnology et alia, ISSN 1532-5474 (1998)
4:1-20, XP002186904.

Yang, M.M,, et al., “Graphical User Interface for single—pi-
xel spectroscopy,” Biotechnology et alia, ISSN 1532-5474
(Sep. 08, 2000) 5:1-8, XP002186905.

Youvan, Douglas C., “Imaging Spectroscopy and Solid
Phase Screening,” IBC World Congress on Enzyme Tech-
nologies, Mar. 10-12, 1999, San Francisco, California.

Caldwell et al., “Imaging of Bacterial Cells by Fluorescence
Exclusion Using Scanning Confocal Laser Microscopy,” J.
Microbiological Methods; vol. 15(4), pp. 249-261, (1992)
(Abstract).

Weaver et al., “A General Method for Separating Cells by
Function and Composition,” Methods (San Diego, vol. 2(3),
pp. 234-247, (1991) (Abstract).

* cited by examiner

Copy provided by USPTO from the PIRS Image Database on 02-10-2003



U.S. Patent Oct. 29, 2002 US 6,472,163 B1

TH

FlG

Copy provided by USPTO from the PIRS Image Database on 02-10-2003



US 6,472,163 Bl

1

SOLID PHASE ENZYME KINETICS
SCREENING IN MICROCOLONIES

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a continuation-in-part of U.S. appli-
cation Ser. No. 09/309,189, filed May 10, 1999 (abandoned),
which is a continuation of U.S. application Ser. No 09/098,
202, filed Jun. 16, 1998, now U.S. Pat. No. 5,914,245, which
claims the benefit of U.S. Provisional Application No.
60/082,440, filed Apr. 20. 1998 (abandoned).

STATEMENT AS TO FEDERALLY SPONSORED
RESEARCH

This invention was made with Government support,
awarded by the National Institutes of Health. The Govern-
ment may have certain rights in the invention.

TECHNICAL FIELD

The invention relates generally to enzymes, and specifi-
cally to solid phase enzyme kinetics screening in microcolo-
nies of biological cells.

BACKGROUND OF THE INVENTION
Demand for New Enzyme Activities

Enzymes are increasingly being used as catalysts in
industry, agriculture, medicine and scientific research. Due
to their substrate specificity, chemical selectivity and envi-
ronmental compatibility, enzymes offer advantages for such
applications as the synthesis of chirally pure
pharmaceuticals, textile processing, food processing, medi-
cal diagnostics and therapy, biotransformation and bioreme-
diation (Ogawa & Shimizu, 1999; Marrs et al., 1999; Bull et
al., 1999). Enzymes are proving to be superior to traditional
chemical processes for modifying high molecular weight
polymers (Akkara et al., 1999). A review of enzymes as
biocatalysts and their incorporation into industrial processes
can be found in Uhlig et a. (1998).

Although many wild-type enzymes (i.e., those whose
amino acid sequences are the same as those found in
naturally occurring organisms) can be used without any
modification, there are many instances wherein the physical
properties of an enzyme or its chemical activity are not
compatible with a desired application. Novel physical prop-
erties which might be desirable could include, for example,
thermal stability, resistance to non-aqueous solvents, salt,
metals, inhibitors, proteases, extremes of pH and the like.
Reducing the size of the enzyme, abolishing its dependence
on cofactors or other proteins, improving its expression in
the host strain and other similar changes might also be
desirable for a particular application. Improved chemical
activities might include, for example, enhanced catalytic
rate, substrate affinity and specificity, regioselectivity,
enantioselectivity, reduced product inhibition, or an altered
pH-activity profile. In addition, it may be desirable to alter
the properties of one or more enzymes that function together
as part of a metabolic pathway (Nielsen, 1998; Hutchinson,
1998; Jacobsen & Khosla, 1998).

Mutagenesis Techniques for Improving Enzymes

Mutations that encode amino acid changes can be useful
for generating novel enzyme activities. The genes can be
obtained using any method known to one of skill in the art,
e.g. by isolating clones from a genomic library of a given
organism, by polymerase chain reaction (PCR) amplification
from a source of genomic DNA or mRNA, or from a library
of expression clones from a heterogeneous mixture of DNA
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from uncultivated environmental microbes (U.S. Pat. No.
5,958,672). There are numerous methods that are well
known to those skilled in the art for mutating the genes
encoding enzymes and other non-catalytic proteins and
peptides. These methods include both rational (e.g., creating
point mutants or groups of point mutants by site-directed
mutagenesis) and stochastic (e.g., random mutagenesis,
combinatorial mutagenesis and recombination) techniques.
One embodiment of rational design, termed protein design
automation, uses an algorithm to objectively predict protein
sequences likely to achieve a desired fold. Stabilized protein
sequences can be designed by combining potential functions
that model a protein sequence’s compatibility with a desired
structure, and fast optimization tools that can search the
enormous, number of sequence possibilities that occur in
sequence space (Dahiyat & Mayo, 1996; Dahiyat et al.,
1997, Dahiyat, 1999; Pat. Application No. WO 98/47089).
In one embodiment, this method of quantitative protein
design and automation can be used to search sequence space
to pre-screen enormous sequence libraries, thereby reducing
the size of the library that must be experimentally screened.
Stochastic methods include, for example, chemical
mutagenesis (Singer & Kusmierek, 1982), recursive
ensemble mutagenesis (Arkin & Youvan, 1992; Delagrave et
al., 1993), exponential ensemble mutagenesis (Delagrave &
Youvan, 1993), sequential random mutagenesis (Chen &
Arnold, 1991; 1993), DNA shuffling (Stemmer, 1994a,b)
and the like. These techniques may be used individually or
in combination to produce mutations. However, because the
mutations are produced randomly or semi-randomly, a selec-
tion or screen must be used to identify which clones contain
desirable mutations.

The stochastic methods can be used to generate an
ensemble or library of mutated genes that have been cloned
into plasmids or other vectors, wherein each copy of the
gene may have a different sequence. The mutagenized
library may contain up to 107 or more different members,
and is therefore often. referred to as a high-complexity
library. Generating a high complexity library is essential if
a desirable mutation or class of mutations is represented at.
a very low frequency within the population. When all or part
of the library containing the mutated genes is expressed in
an appropriate host organism (e.g., E. coil), the expressed
enzyme activity can be assayed, and the clones containing
the desired activity can be purified. DNA encoding the
desired enzyme or protein can then be isolated from this
expression library and sequenced. By repeating the steps of
mutagenesis and screening, novel enzymes and other pro-
teins can be artificially created. This iterative process is
known as directed evolution. The genes of interest do not
necessarily have to be expressed on plasmids. They can also
be expressed following integration into the host chromo-
some or as a result of mutating the chromosomal copy of a
gene. Note also that high complexity expression libraries
can be created without mutagenesis. This can be done by
cloning and expressing DNA from a source that already
contains a large number of different sequences, such as
highly heterogencous genomic DNA from a mixture of
environmental microbes.

Activity Screening of Expression Libraries

Screening for the desired biological activity can be done
by contacting the host cells expressing the enzyme with a
chromogenic or fluorogenic compound that is appropriate
for the enzyme reaction and monitoring the formation of
color in the cells or their surroundings. In the solid-phase
assays described in U.S. Pat. No. 5,914,245, these com-
pounds are referred to as optical signal substrates because
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they produce a measurable change in absorbance,
reflectance, fluorescence or luminescence when they come
in contact with active enzyme or with a product of the
enzymatic reaction. These substrates can be obtained from a
variety of suppliers, including Molecular Probes (Eugene,
Oreg.), Sigma-Aldrich (St. Louis, Mo.), Biosynth
(Naperville, I11.), Research Organics (Cleveland, Ohio), Car-
boMer (Westborough, Mass.) and Megazyme (Wicklow,
Ireland). For liquid phase assays, activity screening can be
done, for example, by picking individual colonies from a
growth plate, transferring each colony to an appropriate
buffer solution in the well of a microplate, adding a chro-
mogenic or fluorogenic substrate, and monitoring the change
in absorbance or fluorescence with a microplate reader. An
example of this method can be found in Moore & Arnold
(1996). For solid phase assays, which are described in U.S.
Pat. No. 5,914,245, the colonies can be maintained on a
substantially continuous base, such as a microporous poly-
meric membrane filter, during the steps of deposition,
growth, induction, lysis and assay. Microporous membranes
contain numerous randomly distributed pores having a
diameter of less than about 20 micrometers, and typically
less than about 1 micrometer.

U.S. Pat. No. 5,914,245 also describes why it is advan-
tageous to use microcolonies instead of colonies for screen-
ing biological activity. A microcolony is a clump of cells that
are clonally derived from a single parent cell. A microcolony
differs from a colony in that a colony is visible to the naked
eye, whereas a microcolony need not be visible. A micro-
colony can be composed of any biological cells, including
those from the domains Archaea, Bacteria or Eucarya. Note,
however, that in addition to microcolonies, the solid-phase
technique can also be used to screen phage plaques. Advan-
tages of solid phase screening include ease of handling and
reduced substrate usage. Advantages of using microcolonies
versus colonies for this purpose include improved unifor-
mity of color development across each colony and higher
overall throughput per assay.

Screening Using the MicroColonyImager (MCI)

KAIROS has developed the MicroColonyImager (MCI)
in conjunction with a colorimetric solid phase assay system
to screen libraries expressing mutagenized enzymes or other
proteins for enhanced biological activity. Using microcolo-
nies grown at a nearly confluent density of 50,000 colonies
per assay disk, this high-throughput system: (a) obtains
high-resolution spectral data and makes kinetic measure-
ments on each microcolony on the assay disk, (b) requires
less than 100 nanoliters of substrate per assayed
microcolony, and (c) detects as little as a two-fold difference
in enzyme rates among microcolonies. The instrument can
be used in conjunction with various chromogenic,
fluorogenic, lumigenic and fluorescence resonance energy
transfer (FRET) substrates to measure biological activity.
We have previously demonstrated, for example, that the
MCI technology can be used in multiplexed assays to
distinguish microcolonies that show a preference for hydro-
lyzing the substrate Red-gal (6-Chloro-3-indolyl-Beta-D-
galactopyranoside) over its epimer, X-glu (5-Bromo-4-
chloro-3-indolyl-Beta-D-glucopyranoside). A description of
the MCI device and methods for employing the device for
solid-phase screening, as well as examples of the MCI
graphical user interface can be found in U.S. Pat. No.
5,914,245.

As the need for large, highly complex mutagenized librar-
ies increases, there is a concomitant need to develop better
solid-phase screening technology to find desirable mutants.
Accordingly, new methods and hardware are provided
herein for accomplishing this end.
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SUMMARY OF THE INVENTION

The present invention provides assay methods and mem-
brane filter materials as well as hardware modifications for
performing solid-phase enzyme screening in microcolonies
of biological cells. These improvements make it easier to
assay a wide variety of enzymes, provide assay membranes
that have easier handling characteristics and chemical
resistance, increase the overall throughput of the device,
permit better temperature control of the reaction chamber
and reduce the optical light path for the illumination system.

The present invention provides a means to improve meth-
ods for imaging and analyzing microcolonies of cells, for
performing solid-phase directed evolution enzyme
screening, and for performing solid-phase enzyme discovery
screening. These methods are improved by incorporating
additional solid-phase assays, including direct and indirect
assays using indicators, coupled assays using indicators and
indicator enzymes, coupled assays wherein the enzyme
being screened produces a reaction product that is not a
substrate for the indicator enzyme, inhibitor desensitization
assays, and assays for screening enzymes that synthesize,
modify or depolymerize high molecular weight substrates.
In particular, additional types of optical signal substrates are
described for use in microcolony screening, as well as
methods for incorporating them into high-throughput solid-
phase assays. Many of these assays are useful for screening
enzymes that transform high-molecular weight substrates.
Such enzymes are difficult to assay without using the solid-
phase format. The improvements described in the present
invention permit the user to more easily screen these enzyme
activities in a high-density solid-phase format.

The present invention also incorporates additional poly-
mer compositions for the substantially continuous base or
membrane which is used to hold the microcolonies. Addi-
tional materials for the wick, which supplies optical signal
substrate to the microcolonies, are also described.
Microporous polyester membranes, for example, were found
to provide better membrane handling characteristics and
resistance to warping, particularly in the presence of non-
aqueous solvents. There was also a need to expand the size
of the substantially continuous base for each assay so that
more microcolonies can be simultaneously measured.
Increasing the size of the assay membrane to occupy more
of the viewable area of the device improves the overall
throughput for each assay. The original paper wick can be
replaced by a hydrated gel comprising a polymer, such as
agarose or polyacrylamide, in addition to the substrate. This
provides highly uniform contact between the microcolonies
and the substrate.

The invention further provides improvements to the illu-
mination systems and temperature control of the MicroColo-
nylmager. The light path and overall size of the instrument
can be reduced by replacing the integrating sphere with a
glass diffuser. More uniform heating of the sample compart-
ment can be achieved by incorporating an electrical heater
and a temperature feedback circuit. The present invention
also describes additional types of detectors that can be used
with the MCI system.

DESCRIPTION OF THE DRAWINGS

FIG. 1. is a depiction of the improved Microcolonylmager
with a compact light path and a temperature-controlled
sample chamber.

DETAILED DESCRIPTION OF THE
INVENTION
Unless otherwise defined, all technical and scientific
terms used herein have the same meaning as commonly
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understood by one of ordinary skill in the art to which this
invention belongs. Although methods and materials similar
or equivalent to those described herein can be used in the
practice or testing of the present invention, suitable methods
and material are described below.

Other features and advantages of the invention will be
apparent from the following detailed description, the
drawings, and from the claims.

Microcolony Assays

Additional types of solid-phase assays using optical sig-
nal substrates can be applied to screening biological activity
in microcolonies. These include: (1) direct or indirect assays
using various indicators, (2) coupled assays using at least
one additional indicator enzyme and at least one additional
indicator, (3) coupled assays that rely on activation or
deactivation of a compound that is not a substrate for an
indicator enzyme (e.g., an inhibitor of the indicator enzyme),
(4) inhibitor desensitization assays, and (5) assays employ-
ing substrates that comprise high molecular weight poly-
mers.

(1) Indicator compounds can be used to detect one or
more products of an enzymatic reaction by interacting either
directly or indirectly with the products. In one embodiment,
these indicator compounds can be included as part of the
optical signal substrate solution. For example, U.S. Pat. No.
5,914,245 describes a lipase assay that detects fatty acid
interactions with the fluorescent dye Rhodamine B. Other
assays that can utilize indicator compounds include those
wherein protons are generated or wherein transmembrane
proton, electron or ion transfer occurs during an enzymatic
reaction. These activities can be detected in microcolonies
by including various dyes in the substrate solution. Fluo-
rescent indicator dyes that can be used to monitor pH
changes include fluorescein and seminaphthorhodafluors
and their derivatives for the pH range 6—9 and LysoSensor,
Oregon Green and Rhodol and their derivatives for the pH
range 3-7. These fluorescent pH indicators are available
from Molecular Probes (Eugene, Oreg.). Chromophore dyes
whose wavelength of maximum absorption changes as a
function of pH include Thymol Blue (approximate useful pH
range 1.2-2.8 and 8.0-9.6), Methyl Orange (pH 3.2-4.4),
Bromocresol Green (pH 3.8-5.4), Methyl Red (pH 4.2-6.2),
Bromothymol Blue (pH 6.0-7.6) and Phenol Red (pH
6.8-8.2). Phenolphthalein (pH 8.2-10.0) turns from color-
less to pink as the pH becomes more alkaline. These
colorimetric pH indicators are available from Sigma-Aldrich
(St. Louis, Mo.). There are numerous examples in enzymol-
ogy of using pH indicators for detecting enzymatic activity
(Wajzer, 1949; Darrow & Colowick, 1962; Crane & Sols,
1960; Lowry et al., 1951; Khalifah, 1971; Rosenberg et al.,
1989; Whittaker et al., 1994). Indicators such as Bromothy-
mol Blue and Phenol Red have been used to assay the
activity of various hydrolases in solution (Moris-Varas et al.,
1999).

Hydrolase activity within a microcolony can release pro-
tons during the enzymatic reaction. Thus, many hydrolases
such as esterases, lipases, amidases, hydantoinases and
proteases, can be assayed in solid phase by using the
appropriate indicator and monitoring the decrease in pH
over time. The direct interaction between the released proton
and the indicator molecule changes the chemical and elec-
tronic structure of the indicator such that its optical absorp-
tion properties also change. Thus, for example, the activity
of a lipase expressed in a microcolony can be assayed by
contacting the microcolonies with a substrate solution con-
taining 20 mM potassium phosphate buffer at pH 7.2, about
15 mM of an enantiomerically pure ester (e.g., (R)-Methyl
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mandelate) and 0.001% Bromothymol Blue indicator. The
buffer concentration is set just low enough to allow the
lipase-catalyzed production of the mandelic acid product to
overcome the buffering capacity of the phosphate buffer and
lower the pH. The kinetics of the reaction in the microcolo-
nies are monitored at 430 nm and 615 nm. Microcolonies
expressing active enzyme variants convert the yellow indi-
cator (absorbing maximally at about 430 nm) to a blue
indicator (absorbing maximally at about 615 nm) as the pH
drops below about 7.2. The rate of change of the indicator
is proportional to the amount of ester being cleaved. These
indicators have been shown to be useful for assaying the
activity of purified lipases in solution (Moris-Varas et al.,
1999) and lipases expressed in bacterial colonies on agar
growth medium (Bornscheuer et al., 1999), but the tech-
nique has not been applied to enzymes expressed by syn-
chronous induction in microcolonies on solid phase, wherein
the change in the optical signal due to enzyme activity is
automatically monitored over time.

Indicators can also be used to monitor the distribution of
inorganic ions across cell membranes as well as the redox
state of the microcolonies. Thus, enzymes such as ion
channels, transmembrane transporters or oxidoreductases
can be assayed. The interaction of the indicator dye with the
reaction product can be either direct or indirect. The assayed
products comprise electrons or small ions (such as sodium,
potassium, chloride, calcium or reactive oxygen). Intracel-
lular calcium can be measured by numerous fluorescent dyes
that directly bind the metal ion (Takahashi et al., 1999).
Examples of these indicators are the UV-excitable dyes
Fura-2 and Indo-1 from Molecular Probes (Eugene, Oreg.).
Fura-2 can be monitored by measuring the fluorescence
emission at about 510 nm while measuring the fluorescence
excitation between 300 and 400 nm. Binding of calcium to
the indicator dye creates a shift in the absorption spectrum
of the fluorophore that can be detected by ratio imaging.
Binding of calcium to Indo-1 can be determined by exciting
the microcolonies containing the fluorophore at about 340
nm and monitoring the shift in the maximum wavelength for
fluorescence emission from about 475 nm in the absence of
calcium to about 400 nm when the fluorophore is completely
saturated. The intracellular and extracellular concentration
of ions such as sodium and potassium is controlled by
membrane transporters, and can be measured with fluores-
cent benzofuranyl crown ethers and their cell-permeant
acetoxymethyl ester derivatives. These dyes exhibit a
change in their fluorescence properties when they directly
bind the ions. As the sodium concentration increases, the
sodium-sensitive dye SBFI (Molecular Probes; Eugene,
Oreg.) shows a concentration-dependent increase in quan-
tum yield, as measured by the increase in fluorescence
emission at 505 nm when excited at 340 or 380 nm.
Similarly, the potassium-sensitive dye PBFI, also available
from Molecular Probes, shows an increase in the quantum
yield of fluorescence emission at 505 nm when excited at
340 or 380 nm. The fluorescence emission of the chloride-
sensitive indicators MQAA and MQAE (Molecular Probes;
Eugene, Oreg.) is collisionally quenched as the chloride
concentration increases. The chloride-sensing dyes can be
excited at about 350 nm and the fluorescence emission is
monitored at 445460 nm. All of these ion-sensing indica-
tors can thus be used to monitor the activity of ion transport
across cell membranes.

The activity of electron transfer enzymes can be moni-
tored by measuring the fluorescence or absorption of redox-
active indicator dyes that act as electron acceptors. In this
case, electrons are tranferred directly to the dye. Reduction
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