N
COVER SHEET FOR PROPOSAL TO THE NATIONAL SCIENCE FOUNDATIO

FOR NSF USE ONLY

m
CTATION MO JCLOSING DATES st in resperma i 3 progree wreusoemenfecicision ee M55

LAM ANNDUNCEME

OR/16/99

RATION BY NSF ORGANZATION UNIT[S] (nicate b soet apecib unt inown, | & prgram, dhisem, ke |

NSF PROPOSAL NUMBER

DIRECTORATE FOR ENGINEERIN — — — —
DATE RECEIVED | NUMBER OF COPIES | DIVISION ASSIGNED | FUND CODE | DUNSS it trmveesl Rty :!

1 FILE LOCATION

NUMBER {EN) OR
BER [TIN)

oY

RENEWAL

876000525 — T TZIF CODE
T AD SHOULD ADDRESS OF AWARTEE DRGANIATION,
NAME OF DRGANZATION TO WHICH AWARD SHOULD BE MADE liur:;r ty (|f['i_:lh
U ity of Utah 1471 Federal Way
:.Tum: : GANTATION CODE (F Knvow Salt Lake City, UT. 841021807

D036TS6000

IT ZIF COOE

TS G DAGANZATION, F DIFFERENT, INCLUOING &

5 CIMINORITY BUSINESS

ANZATION O] SMALL BUSINE!

DPROECT Structured Multi-Enzyme Nano-Complexes for Enhanced Biosensors

COUNTRIES

BPG V.G

PUPD POSTAL A
1480 MEB
50 8 Campus Center Dr

PIPDEXCHEER | Salt Lake City, UT 84112-920
e High :J":'mll: h‘f['l:{"'fr;u Teiephana Number l Elscironic Mail Address
1
.J ;cph I Andrade Ph.D 1969 $01-581-4379 | jocandrade@m.cc.uiah.edu
(1] v NN
CO-PPD
COPWD
Pagetol2

NSF Form 1207 [VOBE)

M — T orlrhip Exam

R——

CERTIFICATION PAGE

Certification for Principal Investigators and Co-Principal Investigators:

| ettty 1o Bhe best of my knowledge tat

{1 siaterrerts heren (rciuding scentific hypothases and scientfic cpinions) Aig and complate, and
At ared graphics hevein as wel as any accompanying pubi thanwisa indicsted, ara the sngral wark of the
o fhsr suparvision. | agree io sccept responsi Wi canduct of e project and 10 provide the

s mada a5 @ resull of {fs appdcation

oviskn of falss mformation or concealing & material fart in this prepsssl oF @ny ofher communication submitted 1o NSF s a
Title 18, 5 & 1K

Name [Typed) i Goeial Securty No [T
BirD S &
’ i L -
Joseph D Andrade {/ L il
FD TE o
S8
Lga
R
L
£ 25
ZTE
-
7
"

e knowledge. a:

uk of 1his appiication

sbarmnent and suspemion, dnag-tree workplace, and ko
Wi yrmaitio: i B

50 employ: o than Ity pemons, the autharized official of the appiicant instiution s certifying that ihe insitudion baes
B wrifls and onforced conflict = corsstent with the provisiors: of Grant Pokcy Manual Section 510; that o (he best

3 ot of indwsmst policy have ksen mads; ard that af iderd fied conflicts of rdersst will have
e institubion's expercitum of sy furds urder the award, in accordance win the
=nnct be satistactorly managed, reduced or slimiraind mus be disckossd in NSF

et of intanet policy, Canflct whict
Debt and Dabarment Certifications
9 omancation d 3

[¥ armwer "y ko ather, thetse provide sxplanasion )

Yes O B
rily debared, susponded, priposed for debarmest, declsred relgtia, or voluntanly excliced
peartmant o agancy? Yes [ Ne O

. of conparative agresmant sxceeding § 10
rise 3 loan exceeding §150 000

Certification for Contracts, Grants, Loans and Cooperative Agreemants
The und. amgred cendies, 10 the Dost of his or har krowiedge and sabal, St

{00 and tor an awand of & Federal loan or

{ faderal apprognatad funds have been
an gffcar or employes of any aQency, @ Mamber ¢
with tha awarding of
and the exdersio

" will ber piad, by or on ehall of the undersigned, o any pensan for infigoncng of aterping i influence
Congress, an o employes af Congress, or an empioywe of & Mamiber of Congress: in connaction
fedecal cartract. the making of any Faderal g, the making of any Federal loan, the amering into of any cooperative agresmart

watian, renewal, amendrment, o modfication of any Federal cortrad, prant, o, o cooperative agresmart

(2} # any fuds olner than Federal sppimpriated funde v been paid or will be paid to any persom for infisencing or stiempting ta influsnce an officer ar
ampicyes of any agency, & Member of Congress, an officer or ampioyes of Congresa, or an emploves of & Mamesr of Congress in correction with tha
Federul corfract. grant, iean, or eooperatve agreemant. e wndermsigned shal compiste and submit Sandard Fam-LLL. clogate Fomm o Report

Lobbyng,” in sccordance with its instructions

{3) The undansgred shal mquine fia he Brguage of this cerdication be ncluded in the award dacuments far alf subaweris it all fers including

subcortracts subgranis. and contracts urder graris, losns, and cooperafive agresments and that @¥ subrecipierts shall certfy and disciose accoedingly.
This cenfication is & material mpressntation of fact wpon whic
canification is & prerequisite for making of e laring ino

IMSAClSn was made of enlered inic. Submission of this
52, 1kle 31, U S Code. Any pemon who fals to fik the
than $H00 000 for egch such falure

NATLIRE | DATE

TELEPHONE NUMBER

ELECTRONIC MAIL ADDRESS ’ FAX NUMBER

IMBSION JCIAL SECURITY NUMBERS 15 VOLUINTARY AND WILL NOT AFF
TEGRAL PART OF THE INFORMATION SYSTEM AND ASSIST N PROCESS

THE ORGANIZATION'S ELIGE
THE PROPOSAL. 55N SOLICITED L

Y FOR AN AWARD. HOWEVER, THE ¥ ARE AN
IDER NSF ATT OF 1950, AS AMENDED

Page Zof2




Project Summary

We will soon have incredibly sophisticated means with which to assess our genetic makeup
and therefore our susceptibility to genetic diseases. In the next decade or two we will also know
the result of that genetic coding, our specific individual proteome. But the output of the proteome

— our specific individual metabolism — is virtually inaccessible today and there appears 1o be
relatively little activity in addressing the situation. Our specific, individual metabolism — our

biochemical individuality — is called the metabolome

The sensitive and specific analysis of practically all major metabolites and nutrients can be
performed by several bioluminescent enzyme systems (luciferases). Bioluminescent analvsis may
be made even more sensitive, suitable for analysis of sub-micromolar concentrations in microliter
volumes, using organized multienzyme nanocomplexes. The key objective of this feasibility
study in the Nanoscale Biodevices program is to engineer such multienzyme complexes, based
initially on the bacterial luciferase system, which are likely to be orders of magnitude more
“efficient” than present bioluminescence technology, thus permitting a relatively small 100
microliter blood droplet to be used to simultaneously measure some 20 to 50 rent analytes.

One objective of this proposal is to recombinantly produce specifically biotinylated
phenylalanine dehydrogenase, which can then be complexed to both engineered bacterial luciferase
and oxidoreductase, hopefully producing efficient, bioluminescent phenylalanine-s pecific
multienzyme nanocomplexes. ’

With such technology, we will be in a position (in phase 2 of the Nanoscale Biodevices
Program) to design and construct additional analyte -specific nanocomplexes and to begin the
design and development of a dipstick type analytical device which will literally be able to measure
metabolism. Our goal is to measure 30 to 50 individual, distinct metabolites, including all of the
amino acids, the major carbohydrates, key vitamins, several intermediary metabolites, and a
number of other important biochemicals, resulting in a chemical “image” of basic metabolism

We are tentatively calling the dipstick portion of this analytical system the MM chip, the
metabolic map chip. Initially the MM chip would contain an active analytical zone about 4-5 mm
diameter with 20 to 50 different, specific, spatially separated analytical regions. The entire chip
would be imaged in time using a small CCD luminometer whose ﬁutpul will provide a chemical
“image” of metabolism '
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Project Description

L._Perspective

There has been a great deal of activity and progress in the study of the genome. We now
have the complete genomes of a number of organisms; the entire human genome sequence will be
available in the next few years. Since genes code for proteins, there is now growing inferest in the
proteame (1). The proteome may be defined as the complete set of properties and characteristics
of the proteins which are coded by the genome. It is likely that much of the proteome, including the
human proteome, will be known within the next decade or two.

Many and perhaps most of the proteins in the proteome, however, are enzymes, and many if
not most of those enzymes are directly involved in metabolism. Metabolism is defined as all
biochemical reactions in a cell, both anabolic and catabolic (2). Metabolism is a subject which
many believe was largely completed several decades ago and is well covered in basic biochemustry
texts. Although ba: elabolic reactions and indeed complex metabolic pathways are well known
and readily available (www.expasy.ch/cgi-bin/search-biochem-index), the incredible complexity of
metabolism is really only now beginning to be addressed (3). The relatively new fields of
metabolic control analysis (http://ir2lcb.cnrs-mrs. fr/~athel/mcafag. htm), metabolic engineering (2),
and metabolic mapping are dealing with the complexity inherent in thousands of biochemical
reactions which are all interdependent. Given the importance of metabolism it is surprising that
there has been relatively little effort in attempting to analyze and measure key metabolites

Although clinical chemistry and analytical laboratories can routinely measure carbohydrates,
amino acids, vitamins and other low molecular weight biochemicals important to metabolism (4),
in practice most of the major metabolites are rarely measured. One would think that the circulating
sma levels of the 20 major amino acids would be easily and readily measured, given tods
& Iytical capabilities. This is not the case. It is relatively unusual for a physician
or a nutritionist to order a total amino acid analysis, because it is expensive. Indeed the direction in
clinical medicine has been to order less chemical or analytical tests rather than more, This of course
has to do with the interest in minimizing health care costs and thus in minimizing “unnecessary
tests". The expense of most tests, given typical cost-benefit analyses, argues against more
comprehensive biochemical analvses

We will soon have incredibly sophisticated means with which to assess our genetic makeup
and therefore our susceptibility to genetic diseases. In the next decade or two we will also know
the result of that genetic coding, our specific individual proteome. But the output of the
proteome — our specific individual metabolism, is virtually inaccessible today and there
appears (o be relatively little activity in addressing the situation. Qur specific, individual

metabolism — our biochemical individuality (5,6) — is called the metabolome

The measurement of low molecular weight metabolites relies almost exclusively on separation
methods: high-pressure liquid chromatography, mass spectrometry, and gas chromatography (4)
With the practical exception of glucose, inexpensive means for the specific, quantitative, and
highly reliable analysis of key low molecular weight metabolites are not readily available. Because
there are literally millions of diabetics who must monitor glucose at least several imes per day,
there has been an economic incentive for the development of dipstick type, reliable, quantutative
sensors and simple, inexpensive, but highly reliable instruments — glucometers — for the
measurement of glucose (7). This development has been made possible by the strong commercial
incentive, but also because glucose is easy to measure, as it is present in high concentration
(millimolar). The measurement of other key metabolites, 1m'imimg nearly all of the amino acids,
generally requires more sensitive means of analysis (4). The relatively simple colorimetric and
electrochemical methods used for the analysis of glucose (7) and several other analytes of wide




interest (cholesterol, lactate) are generally not sensitive enough for the analysis of most other
metabolites, many of which are in the micromolar range

The diabetes community is leading and dnving major research and development activities to
further improve the measurement and monitoring of glucose and of other metabolites important to
diabetes, with an emphasis on sampling methods which do not involve the trauma and discomfort
of blood sampling. Considerable research and development is now being focused upon minimally
invasive approaches for obtaining samples of interstitial fluids for glucose analysis. Such fluid can
be collected from the skin epidermal layer, which is devoid of blood vessels or nerves. The
process is therefore painless and bloodless. There are many groups developing means for
interstitial fluid collection and analysis (www.jdfcure.com and www.diabetes.org). It is likely that
these efforts will be successful and that truly, minimally invasive, painless means for acquiring
samples for biochemical analysis will become available in the very near future

A problem with minimally invasive approaches to sampling is that the volume collected is
often one microliter or less, presenting a considerable challenge for current analvtical methods of
detection and measurement. A typical blood glucose sample is about 15 microliters.

2= Frogress to Date and General Objectives

Some years ago (8) we became interested in the application of bioluminescence (11) as a
means by which to analyze a wide range of important metabolites. We also became interested at
that time in patient empowerment (9,10) and in-home based medicine
(www.ee.cua.edu/~winters/ HCTWorkshop). We felt strongly that if patients were going to be
sigmficantly involved in the management of their health, they were going to need tools by which to
monitor and measure their physical and chemical states. Again, with the exception of glucose and
cholesterol, there are no chemical tools for patients to use in the home environment for the
monitoring and measurement of their metabolism or nutrition

Bioluminescence has the advantage that it is generally at least 100 times more sensitive than
common spectroscopic/colonmetric methods (11,12). Bioluminescence is light produced by
biological compounds undergoing specific, enzyme catalyzed chemical reactions. The most well
known example is the firefly, however, other organisms employ similar reactions to produce light,
c.g., bacteria, fish, and fungi (12). All bioluminescent reactions employ an enzyme called a
luciferase, e.g. there is a firefly luciferase, a bacterial luciferase, etc although the luciferases are all
different. The bioluminescence of fireflies is based on the enzyme catalvzed oxidation of luciferin
utilizing adenosine triphosphate (ATP) as a highly specific co-reactant. The blue bicluminescence
of marine bactena is closely coupled to a reduced nicotinamide adenine dinucleotide (NADH)-
dependent enzyme reaction. ATP and NADH represent the "energy currency” of metabolism —of
all life forms on the planet 4 ;

Thus, Mother Nature has literally given us two unique, ultra sensitive and highly specific
reactions for the measurement and monitoring of ATP and of NADH (and NADPH). The readout
15 photons, green-yellow in the case of the firefly reaction and blue for the bacterial reaction. The
reactions are highly sensitive to ATP or NADH/NADPH over 5 orders of magnitude in
concentration (11). Since most of biochemistry depends on ATP and/or NADH, practically all
metabolic reactions can be monitored by bicluminescence via one or more enzyme catalyzed linked
reactions

There is a large body of literature on the development of sensors for ATP- and NADH-
dependent processes, using the firefly luciferase and bacterial luciferase enzyme reactions,
respectively. For some of the analytes of interest, the bioluminescence is of sufficient intensity that
the unaided eye can serve as the detection instrument (10), although generally, a relatively

-

inexpensive charge coupled device (CCD) 15 used for detection. For very low concentration
analytes, a photomultiplier tube (PMT) based luminometer is used (11). The intensity of
bioluminescence measured can be related to the concentration of the specific biochemical of interest
in the sample

Several years ago, sponsored by the Whitaker Foundation/National Science Foundation
Program in Cost Reducing Health Care Technologies (CRHCT)
(www.healthtechcosts. med. utah edu), and in collaboration with a local company, Protein
Solutions, Inc. {www.proteinsolutions,com), we began a project to develop dipstick sensors for
the monitoring and management of selected inborn errors of metabolism (13): phenylalanine in the
case of phenylketonuria (PKU) and galactose in the case of galactosemia. We have also done
preliminary work on sensors for lactate, creatine, creatinine, and tyrosine

Although our original goal was the development of simple dipstick devices which would not
require an instrument (instrument less biosensors) (8,10), our interactions with the clinical
community have taught us that they prefer an instrument be used in order to provide an objective
number, w0 record data, to process and analyze data and establish trends, and to transfer that data
and those trends 1o the health care provider. Although we are still interested in instrument less
biosensors also clear that having an instrument with which to read the signal produced from
-h sensors greatly expands their analytical capabilities. The remarkable sensitivity of
oluminescence, coupled with the sensitivity of a modern handheld, CCD-based luminometer,
makes possible the measurement of micromolar concentrations in small samples.

It has become clear that virtually any metabolite whose circulating biood level or urine level is

in the micromolar range or higher can be readily measured by a dipstick type bioluminescence
procedure, using less than 100 microliters of sample. Thus it 1s perfectly reasonable to develop a
galactose sensor for the management of galactosemia (14), a phenylalanine sensor for the
management of PKU (18), a creatinine sensor for the monitoring and management of renal

transplant patients, etc

What is not possible is the analysis of many different metabolites at the same time on
the same sample, ideally a very small sample which, even more ideally, is noninvasively
denved

A very sensitive and very efficient technigue is required to specifically and sensitively measure
the wide range of different analytes in an extremely small sample. Although bioluminescence is
incredibly sensitive, and is comparable in sensitivity to flucrescence and radioisotope methods, not
even bicluminescence has the sensitivity for our ultimate goals. We suggest that bioluminescence
can, however, be made orders of magnitude more sensitive

The key objective of this feasibility study in the Nanoscale Biodevices
program is to engineer multienzyme complexes, based initially on the bacterial
luciferase system, which are one to several orders of magnitude more “efficient”
than the present technology, thus permitting a relatively small 100 microliter blood droplet to
be used to simultaneously measure some 20 to SO different analytes using a modern,
mexpensive, hand-held luminometer

These multienzyme nanocomplexes will include the substrate specific enzyme (for example, a
dehydrogenase), the bacterial oxidoreductase enzyme, and the bacterial luciferase enzyme (see
Technical Background). Such a structured complex will result in far more efficient mass transport
d possibly even some rudimentary channeling (16), likely producing a far more efficient
action. The application of such a multienzyme nanocomplex to a biosensor for phenylalanine
would likely permit practical analysis using very small submicroliter samples.




During the past several years we have learned how to engineer and produce maodified
recombinant luciferases, both firefly (17) and bacterial (15}, and recombinant, m\'dlr:cq
oxidoreductase (15). We have produced these enzymes with a polyhistidine tail, permitting a
highly efficient, single step purification using a nickel chelate column, [n addition these enzymes
have been produced with the so-called BCCP domain (19), which results, via a post translational
modification, in & biotin group expressed in a precise position and onentation on that domain. The
presence of this stereospecific biotin functionality permits these enzymes 1o be easily immobilized
to avidin or streptavidin proteins (15,20). We thus have the means to -_-IL;J; the sell-assembly of
luciferase/oxidoreductase enzyme nanocomplexes through biotin-strepavidin interactions

One objective of this proposal is to recombinantly produce specifically
biotinylated phenylalanine dehydrogenase, which can then be complexed to both
bacterial luciferase and oxidoreductase to produce efficient, bioluminescent
phenylalanine-specific multienzyme nanocomplexes Given that we already have
considerable experience with assays for phenylalanine using standard bioluminescence J
technologies (18), we can easily assess the feasibility of structured multienzyme nanocomplexes of
these proteins for such sensor applications

We now have experience with several key enabling technologies for this project. Given that
we demonstrate feasibility in the construction, characterization, and application of these
multienzvme bioluminescent nanocomplexes, we will be in a position (in phase 2 of the Nanoscale
Biodevices Program) to begin the design and development of a dipstick type analytical device
which will literally be able to measure metabolism. Our goal is to measure 30 to 50 individual,
distinct metabolites, including all of the amino acids, the major carbohydrates, key vitamins,
several intermediary metabolites, and a number of other important biochemicals. We will have,
therefore, a chemical “image” of basic metabolism. Imagine a metabolic pathway chart, and
imagine that each major biochemical of clinical or nutritional importance in the chart is measured
The analytical information can be presented in a visual and spatial pattern, literally providing a
chemical image of metabolism — & metabolic map. A good metaphor is a world map with
the population (concentration) of each major city (metabolite) indicated by the diameter g
(bioluminescent intensity) of its location symbol. We are tentatively calling the dipstick portion of
this analytical system the MMehip, the metabolic map chip. Initially the MM chip would contain
an active analytical zone about 4-5 mm diameter — suitable for a 100 microliter droplet. The entire
chip would be imaged in time using a small CCD luminometer detecting the 20 10 30 different,
specific, spatially separated analytical regions

3. Results from prior NSF support

The PI's current major grant is from a joint NSF-Whitaker Foundation Program on Cost
Reducing Health Care Technologies (CRHCT). The grant was awarded July 1, 1997 for three
years. We have just staried the third vear of the grant. The original proposal was reviewed by NSF
procedures. those grants selected for funding were funded either by NSF or by the Whitaker
Foundation. Although our grant received its funding via the Whitaker Foundation, it is part of the
joint program and it is appropriate for our progress and results 1o be noted here. The arllr!u_.'!l
progress reports (submitted 1o Whitaker Foundation and to Drs. Fouke and Devey at NSF) can be
viewed on the project web site: www.healthtechcosts. med utah.edu - Most of the papers published
are listed in the Biosketches and included in References 50 and 51.

4 T ical Background

A cntical factor in the design of an optimal biosensor is maximal retention of activity and

stability of biological molecules. Immobilization of enzymes by covalent attachment,
microencapsulation, adsorption, or cross-linking generally extends the shelf-life of the sensor,
allowing significant simplification of the analytical apparatus and permitting reuse of the sensor,
resulting in reduced costs (21,22), Sequential cnzyme (or multienzyme) systems are often used for
ious binsensors. Partially organized enzymes, through coimmobilization, generally show better
s than free or individually immobilized enzymes, due to matrix effects, diffusional elfects,
and proximity effects (23)

However, using traditional coimmobilization, the probability of the intermediate reacting with
the second enzyme is still relatively low, because enzymes are randomly and one-dimensionally
bound on a solid surface (Fig. 1{a)). The product of the first reaction diffuses into the bulk
solution, 5o only a few molecules will collide with and interact with the second enzyme. Such
effects are even more pronounced if multiple enzymes are involved. In addition, if one of
intermediates in a multienzyme system is unstable (for example, it is quickly oxidized by oxygen),
diffusion distance/time is also important for the reaction efficienc

Cell metabolism is characienized by the action of sequences of enzymes involving chemical
reactions and diffusion processes. In the cell, proteins are densely and efficiently organized. For
example, the density of soluble enzymes in the cytosol is so high as to create a gellike state
(23,24); in mitochondria, citric acid cycle enzymes are organized into a mutienzyme cluster (25); in
the citric acid cycle, o-keto acid dehydrogenase system is an enzyme complex consisting of three
enzymes (26). Most sequential enzymes form associations or complexes in order to process
intermediates efficiently with minimal “waste” (27). Enzyme reactions in such natural
environments are kinetically different from typical in vitro reaction conditions: clustered enzymes
generally show faster kinetics than diluted (or isolated) enzymes (28-30)

Channeling is a mechanism whereby metabolites are transferred efficiently from enzyme to
enzyme. There are two different channeling types: “direct transfer” and “indirect transfer.” Direct
transfer channeling is the site-to-site transfer of metabolic intermediates betwieen enzyme molecules
without allowing the diffusion of intermediates into the bulk solution. In indirect transfer
channeling, the intermediate dissociates from the enzyme producing it but remains near the second
enzyme, resulting in a higher probability of reaction with the second enzyme. In principle,
metabolic channeling could be enhanced if the sequentially acting enzymes are maintained in close
proximity (23,24.30).

Protein associations in the cell are olten very delicate and their complex structure is generally
not preserved in vifrg. Association of citric acid cycle enzymes, for example, showed specific
enryme-enzyme interactions, dependant on the particular solution environment, and involving
umdentified components (25). The study of cell metabolism based on kinetic data with isolated
enzymes in vitro does not come close to physiological conditions. The intrinsic properties of
enzymes in vitro are generally different from the in vive situation, due to different
microenvironments

Construction of protein complexes in vifro, as a mimic of native intracellular enzyme
organization, is of interest in various biotechnology areas, including biosensors. One method to
construct such complexes is by using genetically fused and/or specifically cross-linked proteins.

The avidin (or streptavidin)-biotin system is been applied for protein immobilization due to its
strong binding interaction (K =10"/M): biotinylated proteins can be conveniently immobilized onto
surfaces containing streptavidins (20). Conventional enzyme biotinylation introduces biotin
chemically through a functional group reaction (generally amino groups), problems include enzyme
inactivation and random and multiple biotinylation (31). Specifically biotinylated proteins,
produced by fusion with the biotin carboxy carrier protein (BCCP), are of specific interest. BCCP




is one of three functional subunits of the acetyl-CoA carboxylase of E. cofi. Biotin, derived from
the culture medium, is attached post-translationally to a specific C-terminal lysine residue of
BCCP by biotin ligase. The 87 residue C-terminal of BCCP (BCCP domain, % kDa) has been
shown to be sufficient for biotinylation (19.32).

Avidin (or streptavidin) is a tetramer (15 kDa monomer) with four binding sites for biotin |
Streptavidin is usually used for fusion proteins, due Lo ils easy expression in E. coli. Several ! §
groups have produced streptavidin-enzyme hybrids (33-35). Biotinylated protein and streptavidin i
hybrids can be cross-linked 1o cach other ¥

Bacterial bioluminescence is an interesting mode! system for the study of channeling and is ra. |
critical to bioluminescence-based biosensors. This system consists of two enzymes, bacterial |

luciferase (luciferase) and FMIN:NAD(P)H oxidoreductase (oxidoreductase) (15). The luciferase, a

heterodimeric protein (LA, 40 kDa) and B(LuxB, 37 kDa) subunits), catalyzes the reaction of : f
reduced flavin mononucleotide (FMNH.,), a long-chain aliphatic aldehyde (RCHO), and molecular s | '

oxygen 1o yield flavin mononucleotide (FMN), the aliphatic carboxylic acid (RCOOH), and blue- ! !
green light !
i
FMNH, + O, + RCHO — FMN + RCOOH + H.O + light [1] %
In bicluminescent bacteria, FMNH, is generated by the oxidoreductase, a homodimeric enzyme -I
(24.5 kD monomer) (43), which catalyzes the reduction of FMN at the expense of reduced |

pyridine nucleatides (NADH or NADPH)
NAD(PJH + FMN + H' — FMNH, + NAD(P)' [2] Hirg {

In the coupled reaction of oxidoreductase and luciferase, production of light by the luciferase is
directly proportional to the NAD(P)H concentration at limiting concentration of NADXP)H. In
addiuon, when the oxidoreductase-luciferase system is coupled 1o NA D{P)H-dependent enzymatic
reactions, such as dehydrogenase reactions, light production can be proportional to the
concentration of the substrate of the dehydrogenase reaction, and thereby used as a sensitive
method to quantify medically important metabolites. including lactate and phenylalanine
(11,1836)

The fact that the luciferase uses FMNH, as a substrate is an important issue. Free FMNH, is
subject to rapid autooxidation (k=10/sec, 25 °C) in the presence of oxygen; the autooxidation of
FMNH, 15 20 times faster than its enzymatic oxidation (37). This non-enzymatic oxidation of
FMNH, competes with the enzymatic oxidation which produces light. Many research groups have
coimmobilized both the oxidoreductase and the luciferase on solid surfaces, because they believed
the organized oxidoreductase-luciferase system should have a higher probability of FMNH,
Interactions with the luciferase before the non-enzymatic oxidation, by decreasing the distance
between both enzymes. The coimmobilized oxidoreductase-luciferase system showed higher
bioluminescence activity than the free enzymes at a low enzyme concentration (15,36).

In vitro enzyme catalytic turnover times are typically in the range of | msec, which is very
slow when compared to diffusion coefficients (about 1 flem*sec) of small molecules (metaboliites)
in water (24). When one enzyme reacts with its substrate in vitro, its products will diffuse into the
bulk solution. In addition, each enzyme has specific activity, the first enzyme usually has higher
activity than the second enzyme in enzyme cascades. For example, the specific activity of
oxidoreductase is nearly higher than that of luciferase: the oxidoreductase tums over 580 times
faster than the luciferase in the bioluminescent bacterium, Vibrio fischeri (38). In bioluminescent
bactena, the amount of luciferase is 30 to 60 times more than oxidoreductase (38). Thus, in
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sequential enzyme systems, to increase the possibility of the intermediate reacting with the second
enzyme it is likely that the first enzyme must be surrounded by as many of the second enzymes as
possible (Fig. 1(b))

We propose the construction of a structured enzyme complex using l:l'!rﬁ_r
engineered enzymes produced by genetic recombinant means and using biotin-
streptavidin interactions for self-assembly. The phenylalanine
dehydrogenase/oxidoreductase/luciferase system (Fig. 2) will be used as a model
system, because it is very organization-sensitive and bio-medically relevant.

(a)

Fig. 1. (a) Utilization of intermediates produced by the first enzyme (A) in a cascade using .
traditional, random coimmobilization. Most intermediates diffuse away and very few interact with
the second enzyme (B), (b) Effective enzyme organization in a sequential enzyme system. The [irst
enzyme (A) is surrounded by the second enzyme (B), resulting in an enhancement of the reaction
of the product of the first enzyme with the second enzyme.

PDH
phenylalanine + NAD' + H.O — phenylpyruvate + NADH + NH,"

Oxidoreductase
NADH + H' + FMN — NAD" + FMNH,

Luciferase
FMNH, + RCHO + O, — FMN + RCOOH + H,O + light (490 nm)

Fig. 2 The phenylalanine dehydrogenase/oxidoreductase/luciferase system. The phenylalanine
concentration is measured using bacterial bioluminescence

5. PI's_Goal

The PI's goal is to develop technologies and devices for patient empowerment and for the
characterization of biochemical individuality— the metabolome — with the goal of improving health
and well being while decreasing the costs of health care. A specific goal is to develop sensitive,
multi-analyte, and competitive biosensors based on multienzyme systems. To achieve this goal,
enzyme organization in the sensor is important, affecting system efficiency, sensitivity,




dimensions, and cost. The Pl and Dr. Dong Min, postdocioral lellow, wish to construct spatially
localized protein complexes using streptavidin-biotin interactions and DNA recombinant
technology. We want to use the PDH/oxidoreductase/luciferase system, because it can detect the
medically and nutntonally important metabolite phenylalanine and serves as an excellent model
system

Dr. Min recently completed his Ph.D. studies on the bioluminescent measurement of
phenylalanine and lactate using bacterial oxidoreductase and luciferase

6. Objectives

The general objectives were noted earlier, including the goal for Phase 11 of the Nanoscale
Biodevices program. This Phase [ study has the specific research objectives and Time Plan given
in Table 1. The main categones are:

1) construction of plasmids,
2) expression and punification of fused proteins,
3) construction of protein complexes,
4} immobilization of the final protem complex, and
5) charactenization of activity of the immobilized protein complex
The tasks are described in detail in the Experimental Section; a very brief description follows

Table 1. Research objectives and lime plan

Task Ist Year 2nd Year

Construction of plasmids

Expression and purification
of lusion proteins
Construction of protein
complexes

Immaobilization of the final 4
protein complex
Characterization of activity of 1

the immobilized complex

BCCP, Lux A and B(V. harver), FRase | (FMN:NAD(P)H oxidoreductase of V. Jischeri),
streptavidin, and PDH (phenylalanine dehydrogenase) genes will be prepared by PCR. A
streptavidin gene will be ligated to the 5' end of LixA gene (o subunit), and then inserted into an
expression vector (plasmid I). A LuxB gene (B subunit) will be inserted into an expression vector
(plasmid II). Both plasmids will be coexpressed in an expression E. cofi strain, resulting in the
production of a hybrid protein: a streptavidin connected with four luciferases, The BCCP gene will
be ligated to the 5" end of the FRase | gene, inserted into an expression vector (plasmid I11), and
expressed in E. coli, resulting in the production of biotinylated dimeric oxidoreductase (each side
of dimeric oxidoreductase is connected to a BCCP domain). The BCCP gene will be ligated to the
3" end of the PDH gene (plasmid IV) and biotinylated octamer PDH (from Bacillus badius ) will be
produced (each subunit is connected to a BCCP domain)

To form a protein complex, the hybrid streptavidin/luciferase proteins will be mixed in vitro
with bictinylated dimeric oxidoreductases, resulting in a dimeric oxidoreductase surrounded by
eight luciferases (oxidoreductase/luciferase complex). Then, the oxidoreductase/Tuciferase cc ymplex
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and the biotinylated PDH are mixed in vitro and self-assembled 1o a three enzyme complex: a PDH
molecule is surrounded by exght dimenc oxidoreductases which are in turn surrounded by eight
luciferases (PDH/oxidoreductase/lucilerase complex)

The complexes will be characterized and purified by gel filuation chromatography. The
PDH/oxidoreductase/luciferase complex will be immobilized on avidin-conjugated surfaces and its
bicluminescence output and efficiency will be measured

7. § icanc

The general significance of the work was discussed earlier in the sections on Perspective and
Background

Biochips, including DNA and peptide chips, are being developed and applied to screening
many samples simultaneously: currently, three gene-chips, an HIV chip, p53 chip, and cytochrome
P40 chip, are available commercially (39). “Bio-enzyme chips” are needed for metabolite
screening. The efficient and condensed enzyme organization proposed here are required o develop
enzyme chips. Our goal is the development of a dipstick-like device (called tentatively the MM-
Chip) which can literally measure some 30 to 50 key metabolites in a single 100 microliter sample
Such chips could be produced in very large quantities and used for a wide range of general and
specialized measurement applications, including research. The proposed protein complexes are a
mimic of the native intracellular protein organizations, and will be used in the study of channeling
and of multienzyme interactions. Multienzyme systems can also used for biochemical and
biopharmaceutical syntheses. The reaction efficiency of enzymes determines the cost of
synthesized products

The MM-Chip would be a multichannel, bioluminescence-based analytical device to sense and
quantitatively measure up to 50 metabolites; such a chip would, literally, quantitatively *image
metabolism. The image of a PKU patient’s metabolism would be dramatically different from that of
a galactosemic patient, or a diabetic. The ability to measure - to IMAGE, in chemical terms —
metabolism would be a great assel to research as well as to clinical and preventative medi
including nutrition

It is economically very difficult 1o address the needs of PKU patients (the disease incidence is
one in 10,000 in the USA) because the market is so small. Development of tools for the
management of Galactosemia is even more difficult, as the incidence is about one in 50,000. Such
“orphan diseases” (13) are technologically neglected. At the recent home telehealth workshop
spansored by NSF and the Food and Drug Administration
(www.ee cua.edu/~winters' HCT Workshop) it became clear to us that the only practical way to
address this problem is via technology and economies of scale

S0 a major benefit of such a chip will be reduced cost. Using the ubiquitous
microprocessor as a metaphor, Metabolite Chips could be manufactured by the millions, thus
greatly reducing the cost per chip. A physician, patient, or consumer need not use all the data
generated, but merely focus on the several channels of immediate clinical need and interest. The
other channels could simply be ignored by the custom programmable device, much as is now the
case with microprocessors used for specific, embedded, applications

The other great advantage is reduced sample volume. Using only about 100

microliters of blood or urine, 50 simultaneous, specific analyses could be performed, using only |
microliter of sample per analysis channel. Such low volume is possible due to the great sensitivity
of the enhanced bioluminescent approach to enzyme-based substrate analysis made possible by
structured multienzyme nanocomplexes (this proposal)




The design and development of an MM Chip is a major Phase 11 activity, as well as the design
and construction of many different analyte-specific bioluminescent multienzyme nanocomplexes
Our experience in the biosensor measurement of phenylalanine and other amino acids, glicose,
galactose, galactose-1-P, creatinine, creatine, and ATP - all current activities ~ provide a strong
foundation for the design and construction of such complexes and for the development of the MM-
Chip

The strepiavidin gene (from Streplomyces avidinii ), the LuxA gene and the LixB gene (from
V. harvei), the BCCP gene, and FRase [ gene will be obtained by PCR from the genomic DNA or
the plasmids having those genes (15,40)

The streptavidin gene will be ligated to the 5' end of the LuxA gene and then inserted into an
expression vector pACY C184 (New England, Beverly, MA) (plasmid ). The LuxB gene will be
individually inserted into an expression vector pET28C (Novagen, Madison, WI) (plasmid I1). An
His-tag wall be introduced onto the end of N-termini of the [ subunit of luciferase as a result of
subcloning, because the pET28C encodes an His-tag upstream of the multiple cloning sites. Both

plasmids will be cloned in a cloning host, E. coli DH5a (Novagen). Positive both plasmids will be
coexpressed in a expression host, E. coli HMS174(DE3)pLysS (Novagen). Expression cells must
carry plysS plasmid because streptavidin is toxic to E. coli. (33). In addition, to ensure complete
formation of the hybrid protein, an excess of the f subunit of luciferase is generated by strong

promoter while the streptavidin/a subunit of luciferase is expressed from a weak promoter (41)
Several groups (33 35,41,42) showed a multimeric hybrid protein with multimeric proteins or a
hybrid streptavidin with proteins. Thus, since the natural streptavidin subunit forms a tetramer, a
streptavidin will be connected with four luciferases as post-translational processes

The BCCP gene will be ligated 1o the 5* end of the FRase I gene and then inserted into the

PET28C (plasmid IIT). Positive plasmid IT1 obtained from E. coli DH5¢ will be expressed in a
expression host, Nova Blue(DE3) (Novagen). A homodimeric oxidoreductase will be connected
with two BCCP domains at its opposite sides, as well as an H-tag will be introduced onto the end
of N-termini of the fused protein as a result of subcloning, Cell culturing will follow a previous
method (15). Terific Broth and Luria-Bertani media with kanamycin will be used for the hybrid
streptavidin/luciferase and for the hybrid BCCP/oxidoreductase, respectively. The BCCP domain
can be fully biotinylated by adding excess free biotin to the medium and by coexpression with
biotin ligase (15)

The hybrid streptavidin/luciferase and BCCPloxidoreductase proteins will be purified using
Ni-NTA columns (Qiagen, Valencia, CA) (15). Frozen cell pellets will be resuspended in lysis
buffer (0.1 M phosphate, 0.5 M NaCl, 10 %(v/v) glycerol, 60 mM imidazole, 0.1 %(v/v) Tween
20, | mM phenylmethylsulfony! fluoride, and 10 mM mercaptoethanol, pH 7.0). The resuspended
cells will be sonicated in order to break the cell and be centrifuged. The supematant will be applied
to & Ni-NTA column pre-equilibrated with wash buffer (0.1 M phosphate, 0.5 M NaCl, 10 %(v/v)
glycerol, and 60 mM imidazole, pH 7.0). The Ni-NTA column will be washed four times with five
packed bead volumes of the wash buffer, then eluted with elution buffer (0.1 M phosphate, 0.5 M
NaCl, 10 F(v/v) glycerol, and 200 mM imidazole, pH 7.0). Each fraction will be monitored for
the fused proteins on native and/or denatured PAGE gels as well as by gel filtration
chromatography. The positive fractions will be pooled and buffer exchanged into 0.1 M phosphate
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(pH 7.0) using a prepacked Sephadex G-25 column (Pharmacia, Piscataway, NJ). The desalted
fused proteins will be concentrated with “centricon™" (Amicon, Beverly, MA) and then stored at
=70 *C until used. The activity of oxidoreductase and luciferase in punified hybnd proteins will be
determined spectrophotometrically and by bioluminescence assay, respectively (15)

To construct a protein complex, hybrid streptavidin/luciferase and BCCPloxidoreductase
proteins will be mixed together in vitro o facilitate biotin-streptavidin interactions; gel filtration
chromatography will be used to select the correctly formed protein complex. A dimenic
oxidoreductase should be surrounded by eight luciferases.

Plasmid | Plasmid 1l Plasmid 111
T T —{a i — [ ACCrl FrRgeT]

(Construction of plasmids)

' f

Streptavidin
(SA) subumt

& subumit
of luciferase

B subunit
of lucilerase

FRase |

BCCP
It
SAn

Fig. 3. Construction of the oxidoreductase/luciferase complex. A dimeric oxidoreduciase is
surrounded by eight luciferases.

10n bewtween
nd BOCCP

(Construction of the complex in vifro)




Stenic effects can predicted from geometrical calculations (Fig. 4). The dimensions of
streptavidin, dimeric oxidoreductase, and luciferase are about 54x58x48 A (44), 36x60x40 A (45),
and 75x45x40 A (46), respectively. Assuming protein molecules are approximately spherical in
shape and the size of the small BCCP domain is ignored, the radii of streptavidin (R, ), dimenic
oxidoreductase (R}, and luciferase (R,) are about 33.0, 274, and 31.8 A, respectively. In Fig 4,
if the protein molecules are in contact each other and other effects, including charge, are ignored,
the length of “side O™ is 2(R,+R.), which is 1208 A, and is larger than the diameter of luciferase,
63.6 A The length of * between streptavidin and luciferase molecules, 1s R1+R3, which is
64.8 A. Assuming the angle between the streptavidin-luciferase A and streptavidin-luciferase B is
S0, the length of “side P” calculated is 91 6 A, which is larger than the diameter of luciferase. We
believe that the construction of this complex will not be greatly hindered by stenic effects

. Lusciferase

I @ Streptavidin
e Dimeric FRase [

The PDH gene will be obtained by PCR from the genomic DNA of Bacillis badius. The PDH
from Bacillus badius is an octamer (47). The BCCP gene will be ligated to the 3" end of the PDH
gene and be inserted into the pET28C (plasmid IV). Only PDH from Rhodococcus sp. M4 is
discovered recently its crystal structure: the N-terminal domain contributes to the subunit-subunit
interactions (48). Since we believed that most PHDs have similar structure, we choose the C-
terminal of the PDH as a fusion site. Positive plasmid I'V obtained from E. coli DHS5a will be
expressed in Nova Blue(DE3). Hybrid PDH/BCCP protein will be purified using Ni-NTA
columns as mentioned above Each subunit of the PDH should be connected with a BCCP domain

To construct a PDH/oxidoreductase/Tuciferase complex, the oxidoreductase/luciferase complex
and the hybrid PDH/BCCP protein will be mixed together in vitro to facilitate biotin-streptavidin
interactions, gel filtration chromatography will also be used 10 select the comrectly formed protein
complex. Each octameric PDH should be surrounded by eight oxidoreductase/luciferase
complexes. This structure of the PDH/oxidoreductase/luciferase complex is reasonable, because
the specific activity ol PDH (partially purified) from Bacillus badius and oxidoreductase and
luciferase from V. fischeri are 70 U/mg (47), 18 U/mg (11), and 3 U/mg (1 1), respectively, where
1U equals to 1.67x10® mole/sec

The calculated dimension of the oxidoreductase/luciferase complex is about 185x155x155 A
Although the dimensions of PDH from Bacillus badius are not known, the dimensions of the
octameric leucine dehydrogenase from Bacillies badins,120x 100x100 A (49), can be used, because
both dehydrogenases have similar morphology and subunit molecular weight. The radii of the
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oxidoreductase/luciferase complex (r,) and the PDH molecule (r,) are about 102 and 70 A,
respectively. In Fig. 6, if the oxidoreductase/luciferase complex and the PDH molecule are in
comtact cach other and other effects, including charge, are ignored, the length of the “diagonal line
Q r,), which is 344 A. If the PDH/oxidoreductase/luciferase complex is a cubic, the length
of “side P"1s 199 A, which is a little shorter than the diameter of the complex, 204 A If the
dimension of the BCCF domain and the flexibility of protein molecules are considered, the steric
effects will not be serious

Plasmid IV
e § PDH LBCCE —

(Construction of the plasmid)

FOH +
subunil

Streptavidin

Luciferase

BC (The oxidoreductase/luciferase complex)

(Expression and punfication)

Sweptavidin

(Construction of the PDH/oxidoreductase/luciferase complex)

Fig. §. Construction of the PDH/oxidoreductase/luciferase complex. A octameric FDH is
surrounded by eight oxidoreductase/luciferase complexes




The protein complex will be immobilized on biotin-conjugated surfaces prepared :
commercially. We will purchase biotin-conjugated acrylic beads from Sigma (St. Louis, MO). Ifa
longer spacer between the bead surface and the complex, due to size of the complex, is needed, we
will modify the bead surface. PEO-biotin dimer (Pierce, Rockford, IL), in w hich biotins are
connected to both sides of the PEO chain (spacer length: 43 A), and avidin-conjugated acrylic
beads (Sigma) will be mixed to create a biotin-conjugated surface having a long spacer. The
complex will be immobilized using a packed column with acrylic beads prepared previously, as
before (15). The complex will be bound on the beads through streptavidin-biotin interactions
Bioluminescence aclivity and stability of the immobilized complex will be measured

Avidin-conjugated surface PEO-biotin dimer

-0

Ulctamenc
@ PIH
O The OR/LE
complex

O Biotin

L

Fig. 6. Immobilization and structure of the PDH/oxidoreductase/luciferase complex. The complex
will be immaobilized on the biotin-conjugated surface, through streptavidin-biotin interactions. The
steric effects are not senious, OR: oxidoreductase, LF. luciferase

To evaluate the effect of protein organization, we will compare the results with free and
randomly coimmobilized enzymes al the same assay conditions, in terms of flash peak light
intensity, light decay rate, photons produced at a given time, detection limit, and linearity. Light
intensity is related to the distance between enzyme molecules. For example, at a given substrate
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amount, its concentration relates to solution volume by,

[S],,=(Vo/V)IS],, 131

where [S],, and [S],, is a substrate concentration at solution volume V, and V,, respectively. In the
multienzyme system, a “reaction volume”, the space needed for products of the first enzyme o
reach the second enzyme, determines the initial concentration of ilermediates reacting with the
second enzyme. The reaction volume depends on the distance between sequentially reacting
enzyme molecules, so longer distance between enzyme molecules results in lower initial
concentration of intermediates.

Assuming enzyme reactions are faster than the diffusion rate and the autooxidation of FMNH,
is ignored, in the oxidoreductase/luciferase complex light intensity (I) at a given imitial NADH
concentration will be changed by the distance between oxidoreductase and luciferase, because the
light intensily is proportional to a limited substrate concentration and the volume equals

3n(radius)’/d4,
1,=(d.fd,¥l,, [4]

s a mean distance between both enzymes randomly distributed in the assay solution and
stance in the complex. Since d, is usually much shorter than d, and d,/d, is a cubic
actor, the value of I, for the complex will be much higher than that of 1, in the solution

Likewise, in the PDH/oxidoreductase/Tuciferase complex, light intensity ata given mitial
phenylalanine concentration will be influenced by the distance between PDH and oxidoreductase,
as well as by the distance between oxidoreductase and luciferase,

Ly =(d./d) (A1 V] e [5]

where d, is a mean distance between PDH and oxidoreductase in the assay solution and d, 1s the
distance between PDH and oxidoreductase in the complex. The value of [, for the complex will
be much higher than that of 1, . in the solution. These results show that the effect of the distance
between enzyme molecules on the output becomes more critical with increasing number of
enzyvmes.

The average distance between PDH and oxidoreductase and between oxidoreductase and
luciferase in a 200 microliter solution having 10 picomole PDH, 160 picomole oxidoreductase, and
640 picomole luciferase (i.e. PDH:oxidoreductase (dimeric):luciferase=1:8:64 in molecular
number) is about 1000 A and SO0 A, respectively. In the PDH/oxidoreductase/luciferase complex,
PDH is about 10 A away and luciferase 1s about 90 A away from oxidoreductase. This analysis
indicates that the light intensity of the complex may be up to 8-orders higher than in free enzyme.
Since the light intensity of the randomly coimmobilized enzyme system is 1- to 2-orders higher
than in free solution, the complex produces up to 6-orders more light than traditional
coimmobilization. However, this result will be greatly influenced by enzyme specific activities, the
migration of substrates or products, steric hindrance effects, and the autooxidation of FMNH,

This preliminary analysis suggests that biosensors constructed with
bioluminescent multienzyme nanocomplexes will show much high sensitivity and
an expanded linear range, resulting in ultrasensitive high resolution biosensors
using very small sample volumes
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50). Papers Published and in Press from the NSF-Whitaker CRHCT grant (see page 4)

1. “Toward Dollar Devices for Measuring Metabolic Biochemistry,” (J.D. Andrade, C.Y
Wang, D.-J. Min, et al.) in 5.P.Sawan and G. Manivannan, eds, Anti-microbial, Anti-
infective Materials, Technomic Publishing Co., 1999 (in press)

2 “Bioluminescence Assay for Galactokinase Activity,” J. Eu and J.D. Andrade
Bioluminescence and Chemiluminescence: Perspectives for the 21" Century, A Roda, et
al., eds., Wiley, 1999, pp. 489492

3. “Specific Immobilization of invivo Biotinylated-Bactenial Luciferase and
FMN:NAD(P)H Oxidoreductase,” D.J Min, J.D Andrade, and R.J Stewart, Anal.
Biochem. 270 1999)133-139.

4. “Biosensor for Phenylalanine based on Bacterial Bioluminescence,” D.J. Min,
R.J.Stewart, andJ.D Andrade, in Bioluminescence and Chemiluminescence
Perspectives for the 217 Century, A .Roda, et al , eds., Wiley, 1999, pp. 520-523

5. “Homogeneous Bioluminescence Assay for Galactosuria: Interference and Kinetic
Analysis,”J-Y Eu, C-Y Wang, and JD Andrade, Anal. Biochem., 271(1999)168-176

6. “Thin-layer ion-exchange chromatography of proteins,” Q. Luo, J.D. Andrade,
K.Caldwell, J. Chromatography A, B16(1998)97-103.

7. “Cooperative adsorption of Proteins onto Hydroxyapatite,” Q). Luo and J.D. Andrade, J.

Colloid Interface Sci. 200( 1998)104-113
8. "Behavior of Model Proteins, Pretreated in Urea and/or Dithiothreitol, at Air/Solution
Interfaces,” D. J. Min and J.D. Andrade, J. Colloid Interface Sci. 197(1998)43-47.
9. "Minimizing Interferences in Multi-Element Analysis by ICP-MS," C.-5. Hsiung, J.D.
Andrade, R. Costa, and K.O. Ash, Clinical Chemistry 43(1997)2303-2311
10, "Specilic Immobilization of Firefly Luciferase through a Biotin Carboxyl Carrier
Protein Domain," C-Y Wang, S. Hitz, ] D. Andrade, and R. Stewart, Analytical
Biochemistry, 246(1997)133-139
11. "Biotinylation of Firefly Luciferase in Vive: Punfication and Immobilization of
Bifunctional Recombinant Luciferase,” (CY Wang, S Hitz, JD Andrade, RJ Stewart) in
W.J. Hastings, L.J. Kricka, P.E Stanley, eds, Bioluminescence and Chemiluminescence:
Molecular Reporting with Photons, Wiley, 1997, pp. 224-227
12 "Surfactants and Coenzyme A as Cooperative Enhancer of the Activity of Firefly
Luciferase,” (C-Y Wang and J.D. Andrade) in W_.J. Hastings, L.J. Kricka, P.E. Stanley,
eds, Bioluminescence and Chemiluminescence: Molecular Reporting with Photons, Wiley,
1997, pp. 253-256
13, "Preliminary Study of the Optimum Conditions for a Lactate Sensor Based on Bacterial
Bioluminescence,” (D.J. Min and J.D. Andrade) in W.J. Hastings, L.J. Kricka, P.E.
Stanley, eds, Bioliminescence and Chemiluminescence: Molecular Reporting with
Photons, Wiley, 1997, pp. 275-278.

51. Papers Planned and in Preparation from the NSF-Whitaker CRHCT grant (see page 4).
I. Book: We are planning to produce a book based on our Sympaosia at the Feb. 2000
AAAS meeting, on the three meetings of our CRHCT National Advisory Board, and on
our experience and work during the three years of this grant
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2. Theme issue of journal: We are assessing the feasibility of orgamzing a theme issue of a
major technical journal, wherein the activities of many investigators in the CRHCT
program could be represented

3. R. Huefner, Simple Rules for Preliminary Assessment of the Cost Effectiveness of
Proposed New Technologies and Devices, journal to be selected

4. N. Waitzman and eollaborators, Effects of Testing Frequency on Phenylalanine Levels
in PKU, Amer. J. Public Healih, to be submitied.

5. N. Waitzman and Collaborators, Effect of a Free Diet on Phenylalamne Levels in PKU,
Journal to be selected

6. R. Huefner, Progressive Precision: An lierative Model for Cost-Benefit Analyses of
very early stage Technologies, journal to be selected

7. R. Huefner, “Orphan” Devices for Rare Conditions: Incentives and Assessment, journal
to be selected.

8 E Clark, A Pediatrician's Technology Wish List for Bioengineers, probably Ann
Biomed. Engrg

9. 8. Kern, Healthcare Economics Issues for Medical Technology Developers, journal to
be selected

10. 5. Kemn, Cost to Whom? Understanding the Impact of Technology on Healthcare
Costs, joumal to be selected.

11. R. Davies, J. Andrade, et al., A Homogeneous, Bioluminescence Assay for Creatine
and Creatinine, Anal Biochem., to be submitted

12. A set of technical biosensor papers will be presented at the 11th International Symp on
Bio- and Chemi-luminescence, Asilomar, Calif. in Sept. 2000, extended abstracts will
appear in the Proceedings; full papers will be submitted to the appropriate technical
Jjourmals.



