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Statement of Objectives

We shall combine experimental and computational approaches to explore the systems behavior of
agenetic switch in phage A. The molecular components of this switch are well understood. Though
structurally simple, this small regulatory network displays athreshold response with a controlled set-point.
We shall develop molecularly detailed, experimentally validated models of this processin order to divine
the engineering principles of this circuitry. We will then use this understanding to design and implement
novel “induction” switches with chosen threshold steepness and set-points to demonstrate that these
principles have indeed been understood and perhaps to be used for biotechnology purposes.

Statement of the Approach

A combination of genetics, site-directed mutagenesis, physiology and biochemistry will be used to
probe the contributions of switch components to the threshold and set-point of the switch. Concurrently,
our computational models of the A lysis/lysogeny decision will be extended to include the host SOS
response and the particular biochemistry and genetics of the switch. These models will be used to explain
the complex dynamical phenotypes scored during the experiments, and to design experiments that test and
validate each sub-part of the model. Thus, asin other engineering disciplines, atight cycle will be created
between theory and experiment. Finally, the model will be used as a computer-aided design tool for the
production of switches with specified thresholds and set-points.

Statement of Significance

A detailed understanding of cellular events at the molecular level must include an accurate
description of systems behavior. Currently, we do not have such a description for any system. PhageA is
one of the simplest biological organisms to exhibit interesting systems behavior. The wealth of
guantitative information in this system, and its powerful genetics and biochemistry, make it ideally suited
for producing and testing detailed models of systems behavior. In turn, such models are expected to
provide general insights into systems behavior, alow design of engineered systems, and serve as a basis for
designing interventionsin cellular events, eventually putting molecular medicine on the same practical
footing as other engineering disciplines.

Key Word/Phrases (5 items that are not represented in thetitle)

Molecular Bioengineering
Molecular Medicine

Genetic Network Analysis
Computational Biology
Genetic Engineering/Virology
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Body of Proposal

Synopsis

Phage A, which infects Escherichia coli, is atemperate phage. That is, after infecting acell, A can
follow either of two pathways. It can grow lytically, producing more virions, or it can set up a stable
association with the hogt, the “lysogenic” state. These states represent alternative patterns of gene
expression. Moreover, the lysogenic state can be switched to the lytic state by induction of the host SOS
response. Hence, A isone of the smplest organisms to exhibit interesting gene regulatory behavior. Both
host and virus have been fully sequenced and have been studied intensively and quantitatively for the past
fifty years. However, even thisrelatively simple system exhibits system behaviors that have not yet been
understood in sufficient detail to allow the robust prediction of the effect of mutation, pharmacological and
environmental perturbation on the regulatory circuitry. The A phage induction switch, mediated by the E.
coli SOS stress response system, is an excellent model system for studying, in quantitative molecular detail,
the cellular engineering principles by which the phage creates a threshold induction response to UV
damage of the host. In this study, we propose to dissect this switch through the use of directed genetic
engineering of the promoter structure, protein-protein and protein/DNA interaction strengths, and protein
and mRNA stabilities. The phenotypes to be scored include the steepness of the threshold of phage
induction as a function of UV exposure and the set-point of this threshold. These phenotypes are complex
system properties of the induction genetic network thus the data generated from these experiments will be
compared to prediction of arigorous computer model of the underlying molecular mechanisms. This model
will be constructed using models of the genetic apparatus previously constructed for prediction of the
lysig/lysogeny decision that occurs earlier in the infection process. The model will be supplemented and
augmented with data on the host SOS response and better parameters for the A-specific chemistry than was
available at the time of the previous model. The mismatch between the experimental results and the
mathematical model will be used to refine the model into a predictive tools which will then been used as a
platform for rationally design induction switches with chosen threshold steepness and set-point.

| ntroduction

It isasurprising statement in this era that even the simplest and best-studied biological systems
exhibit behaviors that are difficult to understand from the qualitative pathway diagrams of their
biochemical and genetic networks. However, as has been shown time and again, beautiful theories about
system functions are often brought down by a single new experimental fact. Of course, the reverse istrue as
well; experimental facts often need to be reinterpreted in light of a new theory. In no other system are these
maxims more elegantly demonstrated than in the study of the lysis/lysogeny and induction switches
fundamental to the infection of Escherichia coli by the bacteriophage.

This phage has been the focus of intensive study for decades, and its patterns of gene regulation
are well understood. When A infects an E. coli cell, the infected cell can respond in either of two ways.
First, it can follow a pattern of lytic growth, typical of many viruses, in which the virus expresses a set of
early genes, replicates its DNA, expresses late genes, packages the DNA into mature virions, and lyses,
releasing the virions. Alternatively, it can enter the lysogenic pathway. In this case, makes a regulatory
protein called ClI, which acts as a repressor to turn off the Iytic genes, and it physically integrates its DNA
into that of the host. In the descendants of the cell, expression of Cl continues indefinitely, leading to
continued repression of the lytic genes, and this lysogenic state is extremely stable. However, it is possible
to switch the regulatory state of the cell from lysogenic to lytic, in a process called " prophage induction”,
by inducing the host SOS regulatory system. When this happens, Cl isinactivated by proteolytic cleavage,
expression of the lytic genes begins, Cl expression is turned off, and the cell follows the lytic pathway.
This change of state, often termed the "genetic switch", is the main focus of the present proposal.

The regulation of the ¢l geneiscomplex. A cl is expressed from either of two different promoters,
and these promoters are used in different phases of the A life cycle. Theinitial lysis-lysogeny decision
depends largely on whether cl is expressed from an establishment promoter called Pre. Expression from
Pre depends in turn on the presence of a positive regulatory protein, Cll. The level of Cll in acell depends
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on the cell physiology in ways that are poorly understood. Once the lysogenic state is established, it is
maintained by a second promoter, Pry, whose expression is dependent on the presence of Cl inthecell. A
map showing the location of the relevant regulatory sites and genesis shown in Fig. 1.

Lambda has a second regulatory gene, cro, whose product actsin away antagonistic to Cl. If Cro
is expressed, it turns off Cl expression, favoring the lytic state. We may say that if Cro wins, it continues to
win, whileif Cl wins, it continuesto win. The situation is not entirely symmetrical, in that the lytic state
need not be stable indefinitely.

These two regulatory proteins both act at a complex regulatory region termed the Og region. This
site lies between the ¢l and cro genes. It contains three binding sites, Og1, Og2 and Og3, to which both CI
and Cro bind. Inwild type A, they bind to these sites with differing affinities. Cl bindstightly to Or1 and
weakly to sites 2 and 3; however, it also binds cooperatively, so that when Ogr1 is occupied, Og2 becomes
occupied aswell. Activation of Pgy requires binding of Cl to Og2, so that when these two sites are
occupied, Pry is stimulated. When ClI is bound to these two sites, it also represses expression of cro from
the P promoter (Fig. 1). Hence, the state of a cell containing Cl and no Cro is perpetuated. Conversely,
when Cro is present, it binds most tightly to Og3, repressing Pry without affecting its own expression from
Pr. Again, the pattern of expression is perpetuated.

As stated, these occupancy patterns are seenin wild type A. Indeed, for many yearsit was
believed that they are crucial to the proper operation of the regulatory circuitry, and was cited as the prime
example of the belief that "it'sall in the details", that is, the exact details of the circuitry are crucial.
However, this belief was never tested experimentally. We recently undertook such atest, and found,
perhaps surprisingly, that the differential occupancy patterns are not required for the qualitatively proper
operation of the switch (Little, Shepley et al. 1999). Three different variants were made in which the sites
at the locations Og1 and Og3 are the same. Strikingly, these phages had qualitatively normal behavior, in
that they could grow lytically, form highly stable lysogens, and these lysogens could undergo prophage
induction. Hence, for these parameters, the genetic switch is highly robust, a system property that is of
considerable importance for evolution. This finding also confirms the belief that intuition is an unreliable
guide for predicting system properties; despite its great intuitive plausibility, the reigning model was
incorrect.

Similarly, in theoretical and computational work, Arkin, Ross and McAdams have devel oped
detailed mathematical and computational models of the phage and Escherichia coli pathways that govern
the two A-phage decisions (Arkin, Ross et a. 1998). They have shown that, in a physically rigorous model
of the A lysisg/lysogeny decision circuit, the noise inherent in gene expression (McAdams and Arkin 1997)
can lead to irreducible heterogeneity in this decision; nonetheless, the phage robustly chooses one route or
the other. In addition, they tested a number of mechanistic hypotheses about the HflA/HfIB mediated
degradation of Cll and protection of CII by CIlI production. The model: 1) Better explained data about
percent lysogeny as afunction of average phage input than any other model and resolved a conflict with the
prevailing wisdom, 2) emphasized the importance of the HflA/HfIB proteolytic system as the basis for the
lysis/lysogeny switch during the initial infection rather than the OR1-OR3 competitive binding region (this
region is certainly more central to the induction process) 3) yielded a prediction for the most likely class
of CII/CIlI degradative function that was ultimately experimentally proven correct (inits basic
mechanisms). The study again proved that qualitative analysis of even this very simple four-promoter, five-
gene system was inadequate for predicting detailed system function and understanding its engineering
principles.

Thisfailure of qualitative analysisis rooted in the fact that complex systems often exhibit properties that
are not readily predicted from the behavior of their parts. Examples of system properties are feedback, in
which the output of a system serves asinput at alater time, and robustness, or the resistance of a system to
changesin its components. Particularly interesting systems are those, such as the system we propose to
study here, that exhibit multiple aternative stable states. Such systems have additional system properties
such as stability (resistance to change of state due to perturbations) and threshold behavior.
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These "emergent" properties of a complex system arise due to factors such as non-linearity,
feedback, and stochastic behavior. Because of these features, our intuition is apoor guide to predicting
system behavior. In order to understand this behavior, mathematical analysis and experimental testing must
be combined. Models are capable of predicting the effects of changesin system components on the
behavior of the system. Such predictions can then be tested experimentally, providing a check on the
model and allowing a dynamic interplay between model refinement and experimental validation. In this
proposal, we shall use atight cycle of experiment, theory and computation in order to elucidate the systems
engineering of the prophage induction processin A phage devel opment.

The induction process was not a part of the original computer model, but isa crucial part of the A
regulatory circuitry. Prophage induction occurs when the SOS response, a cellular response to DNA
damage, is activated. It exhibits two important aspects of system behavior: First, it shows threshold
behavior (Fig. 2). Below acertain level of DNA damage, little or no induction occurs. At acertain
threshold, induction abruptly becomes efficient, and most cells are induced. It is believed, though not
proven experimentally, that this threshold arises because of cooperative DNA binding by CI to Og1 and
Og2. Second, this threshold has a set-point. This set-point lies at about the level of DNA damage that
begins to kill the cells under laboratory conditions. It is believed, again without proof, that this set-point
has evolved so that lysogens will not induce at doses that the cells can survive. This property is often
likened informally to rats deserting a sinking ship.

Hence, the process of prophage induction exhibits two related system properties: It has threshold
behavior--that is, the curve describing the switch is steep over a narrow range of inducing doses—and the
threshold has a particular set-point. The goal of this proposal isto understand why the curve is steep, and
how the set-point is set at the particular value seen in wild-type. We propose to investigate these related
aspects of system behavior.

This proposal, then, has four specific aims:

1 The creation of a detailed computer model of SOS-mediated prophage induction of A and
analysis of this model to predict the determinants of the threshold steepness and set-point
position.

2. Use of the model to prototype genetic experiments to test these predictions.

3. Experimental implementation of genetic constructs designed to test these hypotheses and the

computer prediction. Quantitative analysis of the behavior of the modified phage to compare

to model predictions. Using this comparison to point to modification to the model in step 1.
4. Following validation of the wild-type model and mutant models, the use of these models as a

platform for designing induction switches with specified threshold gradients and set points.

It isonly by completing all four tasks that one proves compl ete engineering understanding of the switch
circuitry. The study serves as amodel for the experimental/computational cycle that will be necessary for
understanding more complex circuitry and will provide an example of how to combine experimenta and
computational approaches to engineer specific genetic network function. Finally, this project servesas a
step for producing a detailed model of the entire viral life-cycle.

Technical Approach

Both the Little and Arkin laboratories have experience working with A-phage. John Little has over thirty
years of experience with the experimental and quantitative aspects of A-phage infection and twenty years of
experience with the SOS system. Adam Arkin is an expert in modeling genetic and biochemical reaction
networks and was a devel oper of the A-phage lysis/lysogeny decision model.
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Experimental

1. Anaysisof prophageinduction is straightforward. Cellsare exposed to graded doses of UV
irradiation, which damages DNA, and the resulting burst of phage is determined (see Fig. 2).

2. Inthe course of our work on robustness, we discovered that the " symmetrical" variants are more
readily induced than is the wild-type (Fig. 2). This probably resultsin part because lysogens
contain lower levels of Cl. Asacomplication, recent evidence suggests that the promoter
strengths of at least one of these variants has been altered as well, despite the fact that the changes
do not affect the -35 and -10 regions of P or Pgy. In any case, these variants can be modeled as
aninitial test of the model for the genetic switch.

3. Starting from the most sensitive variant, Og323, we were able to isolate variants that were more
resistant to UV induction. Hence, these "hair-triggerless’ variants have altered patterns of gene
expression. These variants appear to be of several types:

a.  Afewmutantslieincl, and likely make the protein more difficult to cleave. A large
body of evidence from our work (Little 1993) strongly suggests that Cl contains a built-
in self-cleavage activity, which istriggered in the cell by interaction with an activated
form of RecA protein. Many mutations exist in cl that change the rate of this reaction,
and the hair-triggerless variantsin cl are presumably of thistype. The single mutants
(separated from Og323) are difficult to induce.

b. One mutation is probably an up-promoter in Pry, making this promoter several-fold
stronger. Presumably, this variant makes more Cl. This Pgy mutation has not yet been
separated from the altered Og1 site in this phage.

c. One mutation reverts the fifth position in the Og3 site at Ogr1 back to itsidentity in Og1;
this change represents a second example of evolution towards a wild-type state.

This approach of isolating hair-triggerless variants will be extended with Oz323.

4. We propose also to start with wild-type lysogens and isolate variants that have altered set-points.
Initial effortsto do this have revealed an interesting complication. A can form "double lysogens®,
in which two prophages are present in tandem. We found that double lysogens are more resistant
to UV induction. Thisisinteresting in that it suggeststhat A has a diversity of response to
induction, in that its set-point is not simply that of a single lysogen but has several values. At the
same time, it complicates genetic approaches to isolating hard-to-induce lysogens. We are
developing strategies to obviate this complication.

5. Finadlly, it has long been believed that the threshold is sharp due to cooperative binding of CI to
Or1 and Og2. We will test this model by reducing or eliminating cooperative binding. This will
be done by mutation of cl in residues known to be required for cooperative binding. Thiswill
probably require increasing the binding of Cl to Og2, either by mutation of the O region, an
increase in the strength of Pry, or by mutation of cl in away asto increase its affinity for its sites.
In addition, we will take a classical genetic approach to isolating such mutants, once we know the
phenotypes of site-directed changes.

Computer Modeling

All models for the A induction process will be constructed in the Bio/Spice biological modeling package
developed in the Arkin group. The package allows mixed ODE/stochastic simulation of prokaryotic cellular
chemistry and can track cell division and population level dynamics. Currently, the validated A
lysis/lysogeny decision model isresident in this system. This means that the lion's share of the A side of the
wild-type induction model is already in existence. However, models of the E. coli SOS response (in more
sophistication than simply the inclusion of RecA-mediated cleavage of CI monomers) need to be
developed. In addition, models of all the mutant strains of A described above need to be constructed and
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validated against the data from the Little laboratory. Each of these models will be analyzed for the
dynamical bifurcation structure in order to predict the parameters most important for determining threshold
steepness and set-point. The dependency on prophage number (1 or 2) will be tested. Because of the
complexity of the model, it islikely we will have to resort to numerical continuation to obtain these
parameters. Simulations of these models will then be used to predict total experimental outcome.

Finally, the Bio/Spice tools will be used in its design mode to come up with genetic circuits designed to
produce particular threshold/set-point behaviors. This relies on having the validated wild-type and mutant
models from which pieces may be rearranged to produce the desired results.

It should be noted, however, that Bio/Spice is far from afinished product. It is currently atool under
development and the rigorous and correct modeling of biological systemsisstill afield of intensive
research. There are a number of difficult challengesin creating accurate models of cellular systems. The
first isthe collection of quantitative kinetic, thermodynamic and mechanistic data necessary for creating
dynamical models of the piece parts of the system. The second is the collection of data on the system
properties of the process of interest in sufficient detail to allow comparison to model predictions. The third
isthe rigorous testing of model predictive power through the detailed measurement of the perturbed or
mutated system. In electronic and mechanical system these three tasks are achieved through very tight
association of the experimental and computational scientists. This association is till rare in biology. Thus,
the development of good “engineering” software for biology has been strongly hampered. In this work, not
only do we propose to cycle through all three tasks with amodel system that allows fine experimental
manipulation but we have an ideal team to rapidly test the efficacy of this cycle in biology.

Schedule

We anticipate a three year time-line for completion of all tasks:

Year 1: Construction of wild-type A-phage induction model and SOS response will be completed and
preliminary experimental validationswill occur (measurement of protein and gene expression,
characterization of dose-response curves). Initial models of all mutants from (Little, Shepley et a.
1999) will be built and tested against results from that paper. Initial models testing the role of operator
order and affinity, cooperative Cl binding, etc. on system properties will be made. Strains of A
necessary for testing these predictions will be made.

Y ear 2: Quantitative measurement of different strain dynamics following gene and protein expression
and graded UV dose-response. Collation of data into database and model testing. Revision of model
based on results, development of specific genetic tests of new model.

Year 3: With validated wild-type and mutant models, A phage with specified threshold and set-point
responses will be designed and implemented.

Summary

All of these tasks represent relatively straightforward low-risk subtasks. However, the unique
extremely tight coupling of experiment and theory makes this project innovative. Moreover, the
elucidation of an important class of genetic switching mechanismswill alow afiner understanding of
genetic control of developmental and infective processes. In addition this project will push us closer to a
complete and detail, experimentally validated molecular-level model of avira life cycle.
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Recombinant DNA

Many of the experiments described will involve the use of recombinant DNA. Thisuseisin compliance
with DHHS recombinant DNA regulations. The University of Arizona, where the experimental work will
be carried out, has an Institutional Biosafety Committee, and approval of this committee will be obtained.
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Facilities available, especially unique facilitiesor capabilities
University of California, Berkeley

Computational Facilities

In addition to a cluster of NT and Unix workstations and development software for development of the
biological models, the Arkin group is one of the recipient of an IBM SUR grant that has provided a four
node (8 processor) IBM SP paralel processing computer ideal for the execution of the Bio/SPICE
simulation kernel. In addition, a set of newly created biological network and modeling databases are
available on these computer systems. Thereis also access to the Lawrence Berkeley National Laboratory’s
NERSC supercomputer center for more intense model sensitivity analyses and testing.

Laboratory Facilities

Full molecular biological laboratory equipment and facilities are available at the same site asthe
computational core. This Arkin group has access and space in these facilitates suitable for any work
necessary to aid in this collaboration and so that visiting biologists may perform work on site next to the
computational chemists and biologists.

Office Facilities
Every post-doctoral, graduate student and programmer has his or her own desk, computer equipment and

materials. In addition, some of these have their own laboratory benches. There is room sufficient to expand
by one or two visitors during the year.

University of Arizona
Laboratory Facilities

The Little laboratory is well equipped for and highly experienced at standard recombinant DNA,
bacteriological, and biochemical work. The building has core equipment rooms and a dishwashing
facility. The Division of Biotechnology, located in the same building, routinely does DNA sequencing.

Office Facilities

The PI has an office and there is an additional office for housing visitors. In the lab, each investigator has
his’her own bench and desk.

11
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Annual Budget (indicate institutional matching where appropriate)

University of California, Berkeley

Personnel salaries, wages and fringe benefits (indicate % effort)

A. Salaries and Wages Effort Base Est. Cost
A.1Pl: Adam Arkin 0.05 105,000 5,290
A.2 Post-Doc 0.75 36,000 27,000
Total Labor 0.80

B. Fringe Benefits Rate Base Est Cost
B.1 Pl: Adam Arkin 0.092 5,290 487
B.2 Post-Doc 0.170 27,000 4590
Total Benefits

C. Total Salaries and Fringe Benefits
D. Scientific and Support Burden

D.1 Scientific Burden (on C) 0.0 0 0
Total Burden

Equipment purchase and maintenance

F. Purchases
F.1 Equipment $5,000
F.2 Other procurements; lab & office supplies $2,500
F.4 Procurement burden and Material Handling 720

Total Purchases

Materials and supplies (itemize major categories)
H. Other Direct Costs—Overheaded

H.1 Publications 1,100
H.2 Central Computing Facilities 1,000
H.3 Recharges 0

H.4 Miscellaneous expenses 0
Total

I. Other Direct Costs- No Overhead
I.1 Conferences and Workshops
|.2 Stipends
|.3 Electricity
Total

Travel

G. Trave
G.1 Domestic
G.2 Foreign
Total Travel

Totals (provide annual breakdown and cumulative summary)

12

Total Cost

32,290

Total Cost

5,077

37,367

8,220

2,200

0O OO

2,500

2,500
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J. Total Direct Costs and Burdens 46,060
L. Total Laboratory Costs 5,077
M. Total Costs 51,137

13
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University of Arizona

Personnel salaries, wages and fringe benefits (indicate % effort)

Salaries and Wages Effort Base Est. Cost
PI: John Little 0.33 72,000 24,000
Res. Spec. Sr., Robin Roberts 1.0 35,000 35,000
Total Salaries 1.25

Fringe Benefits Rate Base Est Cost
PI: John Little 0.182 24,000 4,368
Res. Spec. Sr. 0.224 35,000 7,840
Total Benefits

Total Salaries and Fringe Benefits

Equipment purchase and maintenance

Misc. small equipment 2,000
Service contracts 1,000
Total

Materials and supplies (itemize major categories)

Biochemical supplies, growth media 7,000
Oligonucleotide synthesis 5,000
DNA sequencing 5,000
Glassware 2,000

Total materials and supplies

Other Direct Costs

Publications 1,500
Office supplies, telephone, copying 750
Journals, books 500
Total
Travel

Domestic 2,500
Foreign 0
Total Travel

Total direct costs

Indirect Costs

Rate Base Est Cost
0.515 98,458 50,705.9
Total

Totals (provide annual breakdown and cumulative summary)

Total Direct Costs 98,458
Indirect Costs 50,706
Total Costs

Three-year total (including 4% increment per year for 2" and 3" years)
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Total Cost

59,000

Total Cost

12,208

71,208

3,000

19,000

2,750

2,500

98,458

Total Cost

50,705.9

149,164
465,630
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Budget Justifications

The salary of the PI (Little) is an academic year salary. The University of Arizona allows this salary to be
supplemented by up to 1/3 as a summer salary; the amount requested is the entire 1/3.

Supplies requested are required to carry out the microbiological, biochemical, and recombinant DNA work
entailed in the project.

Travel funds are requested for two purposes. First, frequent travel between Tucson and Berkeley, the two
performance sites, in order to foster interchange between the two groups; and second, for the PI to attend a
national meeting.

15
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CV'sfor investigator s and consultants
BIOGRAPHICAL SKETCH

Provide the following information for the key personnel in the order listed on Form Page 2.
Photocopy this page or follow this format for each person.

NAME POSITION TITLE
Adam P. Arkin, Ph.D. Assistant Professor

EDUCATION/TRAINING (Begin with baccalaureate or other initial professional education, such as nursing, and include
postdoctoral training.)

INSTITUTION AND LOCATION DEGREE YEAR(s) FIELD OF STUDY
Carleton College, MN B.A. 1988 Chemistry

Massachusetts Ingtitute of Technology, MA Ph.D. 1992 Physical Chemistry
Stanford University (Chemistry), CA Postdoc 1992-95 Nonlinear Chem. Systems
Stanford University (Developmental Biology), CA | Postdoc 1995-1997 Modeling Development

Professional Experience

July 1999- Present Assistant Professor, Departments of Bioengineering and Chemistry, University
of California, Berkeley

Faculty Scientist, Computational and Theoretical Biology Department, Physical
Biosciences Division, Lawrence Berkeley National Laboratory, Berkeley, CA

January 1998-July 1999  Staff Scientist, Computational and Theoretical Biology Department, Physical
Biosciences Division, E.O. Lawrence Berkeley National Laboratory, University
of California, Berkeley, CA

Address

1 Cyclotron Road, M S 3-144, Berkeley, California, 94720

Honors

M.1.T. Technology Review Top 100 Y oung Innovator Award Recipient.

Teaching

Chemistry 130A: Biophysical Chemistry

Selected Publications

Refereed Journals

1. Arkin, A.P.,, Youvan D.C. (1992) An Algorithm for Protein Engineering: Simulations of Recursive
Ensemble Mutagenesis. Proc. Natl. Acad. Sci. USA 89(16):7811-7815.

2. Arkin, A.P., Ross, J. (1994) Computational Functionsin Biochemical Reaction Networks. Biophysical
Journal. 67:560-578.

3. Arkin, A.P., Ross, J. (1995) Statistical Construction of Chemical Reaction Mechanisms from
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OTHER SUPPORT

J. W. Little
"RO1 GM24178-21 07/01/96-06/30/00 33%
NIH/NIGMS $148,402

"Gene Regulation in Phages Lambda and HK 022"
OVERLAP

This grant will end on 6/30/00. | intend to apply for arenewal to continue these studies.
The projectsin this renewal have a close relationship to the work proposed in the present
proposal, in the sense that they deal with similar issues and are addressed in similar ways,
using similar tools. | believe, however, that the two projects will be

synergistic rather than overlapping. Tools and mutants generated in each will be useful
for the other. One direct area of overlap that | anticipate is that the NIH renewal will
probably include studies of the genetic switch like those proposed here. How we will
deal with this depends on the timing of funding. If the present proposal is funded before
the NIH renewal is submitted, | will remove studies about the genetic switch from the
NIH renewal. If the present proposal isfunded while the NIH renewal is under review, |
will inform NIH that this specific am isto be deleted, and request that the funds be
reallocated towards the other specific aims of the NIH proposal. If both proposals are
funded, we intend to split the efforts of the Pl and the Research Specialist Senior equally
between the two grants, and to use the funds thereby made available in the present budget
to hire a post-doctoral fellow.

Recombinant DNA

Many of the experiments described will involve the use of recombinant DNA. Thisuseisin compliance
with DHHS recombinant DNA regulations. The University of Arizona, where the experimental work will
be carried out, has an Institutional Biosafety Committee, and approval of this committee will be obtained.
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For all current and pending support (including proposals under review)
of each investigator list:

1. Project title and summary

2. Source and amount of funding
(annual direct costs; provide grant numbers for current grants)

3. Percentage effort devoted to each project

4. State how projects are related to proposed effort and indicate degree of overlap
List other agenciesto which this proposal has been or will be submitted

Special information regarding certain types of experiments
1. Experiments involving animals require submission of a DOD approved protocol (call 703-696-4760 for a

copy)
2. Experiments involving human subjects require: @) Statement of compliance with DHHS regulations,

“Protection of Human Subjects’ (32 Code of Federal Regulations, Part 219, 1 July 1992); b)
Institutional Review Board Form
3. Experiments involving recombinant DNA reguire a statement of compliance with DHHS rDNA
regulations

Certifications

These are required per OMB Circular A-129, Executive Order 12549, PL 100-690, and, for proposals
exceeding $100,000, Section 1352, Title 31, U.S.C. (PL 101-121, Section 319). See your institutional
contracts office for certification forms or call 703-696-4509 (1 copy only)

Appendices

Preliminary data, manuscripts, reprints, and any other supporting materials (2 copies only)
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