SEARLE SCHOLARS PROGRAM

FUNDING EXCEPTIONAL YOUNG SCIENTISTS
Searle Funds at The Chicago Community Trust

Application Instructions

These instructions are intended to be useful in preparing the hard copy application. They should
be read thoroughly before completing the online application form. Inquiries regarding scientific
aspects of an application or about eligibility should be addressed to the Scientific Director. Other
questions should be directed to the Administrative and Grants Coordinator.

Scientific Director
Douglas M. Fambrough, Ph.D.
Phone: 410-842-7477

E-Mail: ssp@jhu.edu

Administrative and Grants Coordinator
Jennifer Stadler

Searle Scholars Program

Phone: 312-803-6200

E-Mail: jennifer.stadler@kinshipfoundation.org

COMPLETING THE APPLICATION FORM

Adobe Acrobat Reader XI or greater must be downloaded in order to input information directly
into the application form, print, and save completed information on your desktop. The latest
version of Adobe Reader can be downloaded for free. Tips for completing interactive forms are
available on the Adobe website under “Acrobat Help: Filling In PDF Forms”. Please note that
11 point Times New Roman font is the default font in the application form and should
always be used. The Adobe fillable PDF form only allows for limited text editing in responses.
Text may be bolded, underlined, or italicized but special characters may not be inserted. We are
aware of the limited formatting and therefore, do not expect responses to be fully formatted.

If a technical question or problem completing the application form arises, please view the
detailed Application FAQ page on the Searle Scholars Program website. If assistance is still
needed, please feel free to contact Jennifer Stadler at the phone number or e-mail address listed
above.

ASSEMBLING THE HARD COPY APPLICATION MATERIALS

When assembling the application, do not staple or double-side pages! Please use binder clips or
paper clips to secure the application materials. Please pay careful attention to the instructions
regarding collating and assembling the components of the application.
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SEARLE SCHOLARS PROGRAM

FUNDING EXCEPTIONAL YOUNG SCIENTISTS
Searle Funds at The Chicago Community Trust

Instructions Continued

THE COMPLETED APPLICATION COMPONENTS SHOULD BE ASSEMBLED AS
FOLLOWS:

1. File folder containing one completed abstract page (original)
2. Application Cover sheet (original)

3. One printout of the completed application form collated and clipped as follows:

a. Application Form: 18-page form plus any additional continuation pages for item
23 (assembled behind the application). Page 1 of the application must be signed by
both the applicant and the authorized official (one page with both original
signatures, no e-signatures please);

b. Department Chair Statement with an original signature (if not sent under separate
cover by the Chair). Please do not staple or double-side;

c. Reference cover sheets and letters with original signatures (if not sent under
separate cover by the referee) Please do not staple or double-side.

All hard copy application materials (including letters of reference and Department Chair
Statements) must be received in our office by Friday, September 26, 2014 in order to be
considered and should be sent, preferably through a traceable mail delivery service such as
FedEx or UPS, to:

Jennifer Stadler

Administrative and Grants Coordinator
Searle Scholars Program

225 West Washington Street, 28" Floor
Chicago, IL 60606

Phone: 312-803-6200



SEARLE SCHOLARS PROGRAM

Searle Funds at The Chicago Community Trust

Application Cover Sheet
(One original to be submitted with application)

Applicant’s Name: Kosuri

FUNDING EXCEPTIONAL YOUNG SCIENTISTS

Sriram

Last

Institution Where
Award will be Held:

First Ml

University of California, Los Angeles

Title of Proposed Research:

Synthetic Approaches to Understand Cis-regulation

Does the proposed research involve:

Human subjects? Yes [ ] No
Recombinant DNA? Yes No [ ]
Warm-blooded animals? ~ Yes [] No

Hard Copy Application Instructions:

1. Please make sure that all application materials
HAVE NOT BEEN stapled or double-sided.

2. The original Abstract page must be collated in a
separate file folder from the application but
submitted within the same mailing. PLEASE
DO NOT SEND EXTRA COPIES of the
abstract, only one original!

3. Please use 11 point Times font throughout the
application, including any figure legends.

4. Reference Cover Sheets and supporting letters -
if returned with the application, attach the cover
sheet and corresponding letter(s) of reference
behind the application. PLEASE SUBMIT
WITH ORIGINAL SIGNATURES.

Print Application

Be sure that the following are included:

[ ] Original abstract page (submitted in a
separate file folder from the application)

[] Completed application cover sheet (this page)

[ ] One printout of the completed application
with the addition of original signatures from
both parties on page 1- NO E-
SIGNATURES, STAPLES OR EXTRA
COPIES - collated as follows:

A. Application Form: 18-page
form plus any continuation
pages for item 23 collated
behind the application. Please
collate the application in page
number order.

B. Department Chair Statement
with original signature (if not
sent under separate cover)

C. Reference Cover Sheets and
supporting letters with original
signatures (if not sent under
separate cover)




SEARLE SCHOLARS PROGRAM

FUNDING EXCEPTIONAL YOUNG SCIENTISTS
Searle Funds at The Chicago Community Trust

Abstract

Applicant's Name: Kosuri Sriram

Last First Ml

Institution Where

Award will be Held: University of California, Los Angeles

Title of Proposed Research:

Synthetic Approaches to Understanding Cis-regulation

Please provide an abstract (limit 250 words) which summarizes the proposed research and its significance.

Differences in our individual genomes give rise to much of human diversity and pathology. A decade removed
from the Human Genome Project, much of how the genome directs phenotype still remains a mystery. Consortiums
like ENCODE seek to identify functional DNA elements in humans and other model organisms by correlating
functional outputs with sequence using genome-wide data sets. However, these studies do not necessarily improve
our ability to interpret how DNA elements act in new contexts or when mutated. Such an understanding will be
critical to predict the effects of sequence alterations on phenotype and to engineer biology for future medicinal or
technological purposes.

Combinations of DNA elements act as codes controlling particular functions like transcription, splicing,
localization, and silencing. Deciphering these codes is difficult, as the limited set of natural variants is typically
insufficient to control for variables such as sequence composition or element combinations. Proving that particular
sequences have causative effects on gene expression requires carefully controlled reverse genetic studies.
Conducting such experiments on genome-wide scales is difficult because of our inability to (1) rapidly alter the
sequence and context of individual genetic elements and (2) quantify the consequences of thousands of such
changes.

My central vision is to decipher cis-regulatory codes controlling gene expression by scaling reverse genetics
experiments to genomic scales using multiplexed measurements of defined synthetic DNA libraries. I will build
upon my work developing next-generation gene synthesis technologies and multiplexed reporter assays to
systematically determine how sequences governing mammalian gene expression act in concert by doing thousands
of controlled experimental tests simultaneously.

Major Areas of Doctoral

and Post-Doctoral Research: Systems Biology, Gene Regulation, Gene Synthesis




SEARLE SCHOLARS PROGRAM

FUNDING EXCEPTIONAL YOUNG SCIENTISTS
Searle Funds at The Chicago Community Trust

Application

1. Applicant Name

Kosuri Sriram

Last First MiI
2. Title of Proposed Research (abbreviate as needed)

Synthetic Approaches to Understanding Cis-regulation

3. Physical Mailing Address (applicant’s office location at affiliated institution)

607 Charles E Young Dr. East

Number and Street

Los Angeles California 90095
City State Postal Code
4a. Office Telephone Number 4b. E-Mail Address

310-825-8931

sri@ucla.edu

Area Code Number
4c. Lab Website

http://kosurilab.org

5. Present Affiliation (institution, division, and department)

Chemistry and Biochemistry

If institution which is to receive award differs from above, include expected affiliation below:

6. Present Position (Title) 6a. Position on desired start date (if different from #6)
Assistant Professor

7. Authorized Official Signing for Institution (name, 8. Institutional Official to be Informed if Award is
title, address, email, and telephone number) made (if different from #7) (name, title, address,

email and telephone number)

Evan Garcia

Sr. Grant Analyst, UCLA OCGA

11000 Kinross Ave. Suite 211

Los Angeles, CA 90095-1406
egarcia@research.ucla.edu (310) 794-0171

9.  Original Signatures

By signing below, both parties verify that the applicant has been authorized by the institution to submit this application and
that the information contained herein is correct to the best of their knowledge.

Applicant Date Authorized Official Date

This page must be printed, contain original signatures from both parties above and should be sent with the rest of the completed
application, preferably by a traceable mail delivery service to the address listed in the application instructions. Applications, letters of
reference and Department Chair Statements must be received in our office no later than Friday, September 26, 2014 to be considered.
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Kosuri, Sriram

Applicant Name: (Last, First MI)

Synthetic Approaches to Understanding Cis-regulation

Title of Proposed Research

10. Date of Birth [1979-08-23

Year, Month, Day

11.  Education (list most recent training first, include any post-doctoral experience and note with Postdoc 1
and Postdoc 2 when applicable)

Degree Dates Attended Area of
Institution (abbreviate as needed) (i.e. PhD) (Yr—=Yr) Supervisor Name Concentration
UC Berkeley BS 1997-2001 Adam Arkin Bioengineering
MIT ScD 2001-2007 Drew Endy Biological Eng.
Wyss Institute/Harvard Univ. Postdoc | 2009-2011 George Church Genetics

12. Professional Experience (begin with most recent, include any internships and residencies)

From To
Name and Location Occupation/Title Name of Supervisor Mo/Yr | MolYr
UCLA Assistant Professor 01-2014
Wyss Institute Staff Scientist George Church 01-2012 l0o1-2014
Joule Unlimited Sr. Scientist Dan Robertson 08-2007 [05-2009

13. Professional/Academic Honors

2014 National Academies of Science Workshop on Industrialization of Biology (Invited Participant)
2014 Linda and Fred Wudl Term Chair

2012 PopTech Science Fellow

Training Grant. Center for Bits and Atoms, MIT. September 2005.

NIH Biotechnology Training Program Fellowship, MIT. September 2002.

Andrew and Edna Viterbi Fellowship in Computational Biology, MIT. September, 2001.
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14.

15.

Kosuri, Sriram

Applicant Name: (Last, First MI)

Synthetic Approaches to Understanding Cis-regulation

Title of Proposed Research

Please list the title of your doctoral dissertation, if submitted, and provide a brief summary of the dissertation
and its importance to its field of study.

Title: Simulation, Models, and Refactoring of Bacteriophage T7 Gene Expression

Bacteriophage T7 is an obligate lytic phage and has served as a simple model for gene expression programs
during development for over 75 years. Thus T7 is a good model for testing how much about a genetic system
do we need to know before we are able to predict the consequences of arbitrary perturbations to the system. I
developed new computational algorithms (single-molecule stochastic simulation algorithms) that allowed
more detailed simulations of gene expression than ever possible before (e.g., by tracking all individual
polymerase and ribosome molecules that traverse the phage genome and RNA). Combined with new genome-
wide absolute RNA measurements of gene expression over the course of infection, we were able to show the
importance of rapid mRNA degradation to the phage developmental program. These new models of phage
infection were able to also better predict the expression changes for some but not all genetic perturbations.
Thus, we started an alternative approach that rather than continuing to improve our computational models,
could we make a new phage that was a more direct representation of our models. We defined, separated, and
enabled independent manipulation of primary genetic elements such as promoters, ribosome bindings sites,
RNA structural elements, and genes for a large fraction of the wild-type genome and showed that the
refactored phage was viable. To test our initial design, we replaced the left 11,515 bp of the wild-type genome
with 12,179 bp of engineered DNA. The resulting chimeric genome encodes a viable bacteriophage that
appears to maintain key features of the original while being simpler to model and easier to manipulate. This
work was one of the first of now many examples of using genetic refactoring and whole genome synthesis to
better understand simple genetic systems.

If applicable, please provide a brief summary of your post-doctoral research, including its importance to its
field of study.

After graduate school, I decided to help start a company (Joule Unlimited) to engineer photosynthetic
organisms to make biofuels. In less than two years, we developed plans, set up the company and space,
quickly showed many proof-of-concept fuel products, developed precise measurements of carbon flow, and
improved flow to our chemical products of interest, which included ethanol and alkanes. As the company grew
larger, I left to focus on more long-term objectives and joined the Church lab when the Wyss Institute was first
started.

At the Wyss, I began working on technologies to increase the scale and reduce the cost of gene synthesis.
Both at Joule and at MIT, constructing DNA would be the most limiting step for piloting genetic designs.
Technologies to reduce the cost an order-of-magnitude would increase both the time and scope researchers
have to conduct experiments. I developed reliable and scalable protocols to do just that, and transitioned this
work in 2011 to a startup company called Gen9, which is now a commercial leader for cheap synthetic genes
to industrial and academic labs. In turn, I transitioned my focus to leveraging cheap DNA to ask questions in
biology that have been difficult to tackle otherwise by developing multiplexed measurements of transcription
and translation of large reporter libraries using next generation sequencing. For example, in a single pooled
experiment we built and measured >14K reporter constructs designed to tease apart the various factors
controlling N-terminal codon usage in bacterial genes and resolved some long-standing controversies as to the
causes and consequences of codon biases. I spent much of my remaining time at Harvard piloting the
technologies that I will require to transition my work to human genomics by helping with several cell culture
and genome editing projects that lay the foundations for this proposal.
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Kosuri, Sriram

Applicant Name: (Last, First MI)

Synthetic Approaches to Understanding Cis-regulation

Title of Proposed Research
16.  Anticipated Activities during Award Period (percent effort out of 100):

Year Research Teaching Other (Specify)
1 75 25
2 75 D5
3 75 25

17.  Other Sources of Support (awarded or pending): Give title, term, amount, sponsor, and relationship to current
proposal. Indicate whether amount covers direct or direct plus indirect costs. Please note that the Searle
Scholars Program has no restrictions regarding the use of funding from other sources of support.

Awarded:

1. "Technologies to Enable BioMolecular Origami", PI, 7/15/2014 — 6/30/2017, $458,530 (direct + indirect
costs), NSF MCB-1445112; No overlap with current proposal.

2. "Understanding the combinatorial logic of gene regulation in pluripotent stem cells", co-PI,
9/1/2014-8/31/15, $200,000 (direct costs split amongst 3 PIs), Eli & Edyth Broad Center of Regenaritive
Medicine and Stem Cell Research at UCLA Innovation Award; No overlap with current proposal

Pending:

1. "Reverse Genomics of Regulatory Elements Governing Splicing", PI, 10/1/2014-9/30/2019, $1,500,000
(direct costs), NIH DP2; This pending proposal covers much of the same material, though focused more on
the splicing outcomes rather than on technological developments.

2. "Multiplexed Olfactory Detectors for Flexible and Rapid WMD Detection", PI, 10/1/2014-9/30/2019,
$2,405,802 (direct + indirect costs), US Defense Threat Reduction Agency; No overlap with current proposal.

3. "Ribonomics of Gene Regulatory Networks to Predict Innate Immune Reponse", Co-Investigator,
10/1/2014-9/30/2017, $150,000 (direct costs), NTH/NIGMS; Slight overlap in that we use the same splicing
reporter construct developed here to look at cis-regulation of splicing in innate immune response.

4. UCLA-DOE Institute of Genomics and Proteomics, Co-PI, 01/01/2015-12/31/2020, $450,000 (direct costs
to co-PI), US Department of Energy; No overlap with current proposal.
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Kosuri, Sriram

Applicant Name: (Last, First MI)

Synthetic Approaches to Understanding Cis-regulation

Title of Proposed Research

17. Other Sources of Support (awarded or pending) Continued:

18.

Facilities Available to Conduct Research (i.e. lab location and amenities):

The Kosuri Lab is located in the Molecular Biology Institute at UCLA. The laboratory has ~1500 square feet of
office and wet-lab space to support the group, and includes space for molecular biology, computation, and a
BL2/BL2+ tissue culture room. In addition, the lab has access to several shared equipment, sterilization, and
temperature control rooms. The laboratory is outfitted with state-of-the-art molecular cloning equipment
including PCR machines, gel imager, electrophoresis equipment, freezers (-20, -80, LN2), centrifuges, shakers,
incubators, spectrophotometers; as well as tissue culture equipment including hoods, CO2 incubators, and
microscopes. All laboratory members are equipped with computers. In addition we have built a dedicated
server with 40-cores (2.8 Ghz Xeon processors), 16TB redundant storage, 600GB SSD, and 256GB of DDR3
ECC memory. The laboratory has access to necessary core facilities including microscopy (inverted and
confocal microscopes), next-generation sequencing (three core facilities with [llumina sequencers), FACS (3
independent core facilities for cytometry and sorting), chemical and automation resources (California
Nanoscience Institute (CNSI) Molecular Screening Shared Resource), viral vector core (lentiviral generation),
structural biology (DOE Center for Genomics and Proteomics), and computational resources (Hoffman2 11,000
processor cluster) to accomplish all required experiments. The PI has access to both production and research-
grade oligo libraries under collaborative agreement with Agilent Technologies. In addition, the PI actively
collaborates with CustomArray, another provider of oligo libraries, and has access to a CustomArray
microarray synthesizer in collaboration with the Wyss Institute (Harvard). The PI also has special access and
pricing to gene library products from Gen9 as a member of the Scientific Advisory Board.
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19.

Kosuri, Sriram

Applicant Name: (Last, First MI)

Synthetic Approaches to Understanding Cis-regulation

Title of Proposed Research

REFERENCES: We request a minimum of three letters of reference and completed cover forms; including
one each from your doctoral and post-doctoral mentors or from similarly placed individuals who are
acquainted with your research, achievement, and potential. It is preferred that the letters and cover forms come
from outside the institution which would receive the award. In addition, your department chair should submit a
statement which details the department's commitment to your research. If your department chair was also your
doctoral or post-doctoral mentor, please facilitate submission of an additional reference cover form and letter.
Below, please include the contact information for these individuals and whether these supporting documents
will be enclosed with the hard copy application or will be mailed directly by the referee or chair. All of
the cover sheets (reference and chair statement) should be completed on the forms provided by our Program
located on our website in the same location as the link to the application and should be submitted in hard copy
and contain original signatures. These supporting documents must be received in our office no later than
Friday, September 26, 2014.

Department Chair

Name: Miguel Garcia-Garibay Title: Professor

Institution: UCLA Dept/Div: Chemistry and Biochemistry

Address: 607 Charles E Young Dr East City: Los Angeles State: CA Zip: 90095
Phone; 3108253159 Email: meg@chem.ucla.edu Enclosed: [ x| Submitted Separately: [ ]
Referee 1

Name: George M. Church Title: Professor

Institution: Harvard Medical School Dept/Div: Genetics

Address: 77 Avenue Louis Pasteur City: Boston State: MA Zip: 02115
Phone: 0174321278 Email; gchurch@genctics.med harvard.edu g0 osaq: [X] Submitted Separately: [ ]
Referee 2

Name: Drew Endy Title: Associate Professor

Institution: Stanford University Dept/Div: Bioengineering

Address: Y2E2-269B, MC4201 473 Via Ortega City: Stanford State: CA Zip: 94305
Phone: 6507237027 Email; Sndy@stanford.edu Enclosed: [ ] Submitted Separately: [ ]
Referee 3

Name: Adam P. Arkin Title: Professor

Institution: UC Berkeley Dept/Div: Bioengineering

Address: 1 Cyclotron Road, MS Stanley-922 City: Berkeley State: CA Zip: 94720
Phone: 3104952366 Email; 2Parkin@lbl.gov Enclosed: [ | Submitted Separately: [ X]
Referee 4 (if department chair was also doctoral or post-doctoral mentor)

Name: Title:

Institution: Dept/Div:

Address: City: State: Zip:

Phone: Email: Enclosed: |:| Submitted Separately: |:|
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Kosuri, Sriram

Applicant Name: (Last, First MI)

Synthetic Approaches to Understanding Cis-regulation

Title of Proposed Research

20a. PUBLISHED WORKS LISTING: List all of your authored and published works and provide hyperlinks to
the internet pages of no more than five published papers which you believe exemplify your scientific
abilities.

1. Direct Mutagenesis of Thousands of Genomic Targets using Microarray-derived Oligonucleotides
Mads Bonde*, Sriram Kosuri*, Hans Genee, Kira Sarup-Lytzen, George Church, Morten Sommer, Harris
Wang

ACS Synthetic Biology 2014 doi:10.1021/sb5001565

2. Large-scale de novo DNA synthesis: Technologies and Applications
Sriram Kosuri, George Church
(Nature Methods 2014 11:499 doi:10.1038/nmeth.2918

3. Causes and effects of N-terminal codon bias in bacterial genes
Daniel Goodman, George Church, Sriram Kosuri

Science 2013 342:475 doi:10.1126/science.1241934
http://dx.doi.org/10.1126/science.1241934

4. Probing the limits of genetic recoding in essential genes

Marc Lajoie*, Sriram Kosuri*, Joshua Mosberg, Christopher Gregg, Di Zhang, George Church
Science 2013 342:361 doi:10.1126/science.1241460

http://dx.doi.org/10.1126/science. 1241460

5. Composability of regulatory sequences controlling transcription and translation in E. coli.

Sriram Kosuri*, Daniel Goodman*, Guillaume Cambray, Vivek Mutalik, Yuan Gao, Adam Arkin, Drew
Endy, George Church

IPNAS 2013 110:14024 doi:10.1073/pnas.1301301110

http://dx.doi.org/10.1073/pnas. 1301301110

6. RNA-guided transcriptional regulation via Cas9-gRNA offers insights into the versatility and efficacy of
CRISPR mediated human genome engineering

Prashant Mali*, John Aach*, P. Benjamin Stranges, Kevin M. Esvelt, Mark Moosburner, Sriram Kosuri,
Luhan Yang, George M. Church

[Nature Biotechnology 2013 31:833 doi:10.1038/nbt.2675

7. Next-Generation Digital Information Storage in DNA
George Church, Yuan Gao, Sriram Kosuri
Science 2012 337:1628 doi:10.1126/science. 1226355

8. When It Rains, It Pores
Sriram Kosuri, A. Michael Sismour
ACS Synthetic Biology 2012 1:109 doi:10.1021/sb300015f

9. Gene assembly from chip-synthesized oligonucleotides
[Nikolai Eroshenko*, Sriram Kosuri*, Adam Marblestone, Nicholas Conway, George Church
Current Protocols in Chemical Biology 2012 doi:10.1002/9780470559277.ch110190
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Kosuri, Sriram

Applicant Name: (Last, First MI)

Synthetic Approaches to Understanding Cis-regulation

Title of Proposed Research

20a. PUBLISHED WORKS LISTING CONTINUED

10. Efficient construction of sequence-specific TAL effectors for modulating mammalian transcription
Feng Zhang*, Le Cong*, Simona Lodato, Sriram Kosuri, George Church, Paola Arlotta
Nature Biotechnology 2011 29:149 doi:10.1038/nbt.1775

11. Scalable gene synthesis by selective amplification of DNA pools from high-fidelity microchips
Sriram Kosuri*, Nikolai Eroshenko*, Emily LeProust, Michael Super, Jeffrey Way, Jin Billy Li, George
Church

Nature Biotechnology 2010 28:1295 doi:10.1038/nbt.1716

http://dx.doi.org/10.1038/nbt.1716

12. Tabasco: A single-molecule base-pair resolved gene expression simulator
Sriram Kosuri, Jason Kelly, Drew Endy
BMC Bioinformatics 2007, 8:480 doi:10.1186/1471-2105-8-480

13. Refactoring Bacteriophage T7

Leon Chan*, Sriram Kosuri*, Drew Endy

Molecular Systems Biology 13 September 2005 doi:10.1038/msb4100025
http://dx.doi.org/10.1038/msb4100025

2015 Searle Scholars Program Application Page 8 of 18



Kosuri, Sriram

Applicant Name: (Last, First MI)

Synthetic Approaches to Understanding Cis-regulation

Title of Proposed Research

20a. PUBLISHED WORKS LISTING CONTINUED
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Kosuri, Sriram
Applicant Name: (Last, First MI)

Synthetic Approaches to Understanding Cis-regulation

Title of Proposed Research

20b. LISTING AND SUMMARY OF WORKS SUBMITTED FOR PUBLICATION: For any papers submitted but
not yet published, please include the date of submission in your listing and no more than a one-page
summary of what was submitted in the continuation pages included within the application. Please do
not exceed the space provided.
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Kosuri, Sriram
Applicant Name: (Last, First MI)

Synthetic Approaches to Understanding Cis-regulation

Title of Proposed Research

20b. WORKS SUBMITTED FOR PUBLICATION CONTINUED
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Kosuri, Sriram
Applicant Name: (Last, First MI)

Synthetic Approaches to Understanding Cis-regulation

Title of Proposed Research

20c. If you have not published any papers in the last two years, please provide a brief explanation of why in the space
provided below.

20d. SELECTED PUBLICATIONS: Please comment on the importance for each of the five or fewer selected
papers of which you provided a hyperlink to the paper in item 20a. Where there are multiple authors, please
describe your contribution to the design and execution of the project and to the analysis of the results and the
preparation of the manuscript (continuation pages are provided within the application). Please do not exceed
the space provided.

3. Causes and effects of N-terminal codon bias in bacterial genes — This work exemplifies our labs first efforts
at combining computational design, DNA synthesis, next-generation sequencing, and statistical analysis to
systematically decompose different mechanisms that control aspects of gene expression. It was previously
found computationally that rare codons are preferentially enriched at the N-terminus of most organisms'
genes. To disentangle the various hypotheses that people put forth to explain these results, we designed
>14,000 synthetic proteins that were designed to alter codon usage and amino acid content systematically in a
controlled manner. We built these reporters in a single pool using microarray-derived oligo libraries and
cloned them into a custom reporter construct. Using DNASeq, RNASeq, and a new method we developed
called FlowSeq, we were able to measure the DNA, RNA, and protein levels of all reporters in a single
experiment. We showed that rare N-terminal codons increase expression ~14 fold on average when compared
to using common ones. Because our constructs were designed to do so, we were able to build statistical
models for how each codon’s choice affected expression, and showed that rare codons were increasing
expression by reducing mRNA secondary structure and not due to factors such as tRNA pool availability or
ribosomal speed. Importantly, this style of experimental design and analysis defines the approaches that we
will expand and bring to a variety of problems in gene regulation. I conceived and designed all experiments
and conducted most of them alone, oversaw all computational work, and co-wrote the paper with DBG.

5. Composability of regulatory sequences controlling transcription and translation in E. coli — In this paper,
we demonstrate new methods for characterizing DNA, RNA, and protein levels simultaneously from large
synthetically derived reporter construct libraries (same methods we used in the #3). Briefly, we used DNASeq
and RNASeq to quantify DNA and RNA levels for the constructs. For the protein levels, we flow sorted
populations of cells into bins of increasing reporter fluorescence, and then used next-generation sequencing to
quantify where individual constructs fell. We show that this method accurately recapitulates the fluorescence
levels of the constructs. We used these new techniques to quantify >12,000 constructs that varied promoters
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20d.

Kosuri, Sriram
Applicant Name: (Last, First MI)

Synthetic Approaches to Understanding Cis-regulation

Title of Proposed Research

SELECTED PUBLICATIONS CONTINUED

and ribosome binding sites, and quantified relationships between how translation rates affects steady-state
RNA levels and how secondary structure affects translation strength. For this work, I conceived, designed, and
carried out all experiments, worked with and oversaw DBG on all computational work for the project, and led
writing and submission of the manuscript.

4. Probing the limits of genetic recoding in essential genes — Here we used chip-based DNA synthesis to ask
the question of what non-coding features of essential genes are important. We redesigned all essential genes in
E. coli and used chip-based DNA synthesis to make genes with very little sequence homology (by flipping
every codon), and seeing if it would complement natural function. This also served as a test-case for our
efforts to reclaim ~13 codons from the genetic code for purposes of synthetic amino acid usage in vivo. We
tested this on ~50 genes, including all essential ribosomal genes (assuming these would be the most stringent
test), and while we were able to remove all instances of the 13 codons from these genes, the full recodings
where we flipped all codons sometimes failed. We mapped the locations of those genes that failed and mostly
these fell within the 5° end of the gene, leading us to later investigate codon usage (see #3). I conceived and
designed these experiments, developed the methods to synthesize the designs from DNA microarrays, and
helped with the manuscript preparation.

11. Scalable gene synthesis by selective amplification of DNA pools from high-fidelity microchips — In the
past, the cost of a synthetic genes was largely dominated by the cost of component oligos. In 2004, several
groups including the Church lab demonstrated that oligos from microarrays, which are order of magnitude
cheaper, could be used to construct synthetic genes. However, these demonstrations projects failed to scale
into successful commercial endeavors because as one tried to construct larger gene libraries, the ability to
construct individual genes in the face of this larger oligo complexity became more difficult. In this paper, we
used computational design of orthogonal barcodes to amplify subpools of oligos only needed for a single
assembly. After PCR amplification and enzymatically removing these barcodes, individual gene assemblies
took place very reliably even at large scale. This technology was licensed and commercialized by Agilent and
Gen9, and is the basis for the lowest-cost gene synthesis service on the market. I conceived, designed and
optimized the methods described in the paper; the demonstration projects were conducted in conjunction with
NE, and I led writing of the manuscript and was corresponding author.

13. Refactoring Bacteriophage T7 — This work was the culmination of my thesis project in graduate school. |
worked on understanding the gene expression program of bacteriophage T7. I had previously improved our
ability to predict gene expression in T7 by developing more detailed simulations, models, and genome-wide
characterizations of gene expression over the course of infection. However, these models still failed to
recapitulate T7 behavior when we made modifications to the genome. So rather than continue to make our
models more detailed, here we tried to design a viable T7 phage that was a more direct representation of our
models. We physically defined, separated, and enabled independent manipulation of primary genetic elements
for a large fraction of the wild-type genome and showed that the synthetic refactored phage was viable. This
work was the first of now many examples of using genetic refactoring to better understand genetic systems,
and has driven much of my intellectual approach to studying gene expression that remains today. I initially
conceived of this project with DE, and trained and worked hand in hand with a technician in the lab (LC). All
experimental work was done 50/50 with LC and author order was alphabetical (all authors contributed to
writing the manuscript).
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RESEARCH PROGRAM: Using only this page, provide an overview of the specific areas of research you
would like to perform in your laboratory in the next few years. Please explain why this work is particularly
novel and important.

My laboratory will explore the relationships between DNA sequence and genetic function in a variety of
contexts such as gene regulation and gene function. We will do this using a combination of four fundamental
enabling technologies that have only recently been developed by us and others. First, we will utilize and
develop methods in DNA synthesis to construct libraries of thousands to millions of sequences that we can
design de novo. This allows us to test genomic-scale hypotheses by enumerating thousands of experimental
tests and controls in a manner that is not possible by studying natural sequence alone. Second, we will
develop novel multiplexed screens that allow us to link phenotype to assays that can be measured by next-
generation sequencing. These assays will look at a variety of functions such as transcription, translation,
splicing, epigenetic modification, protein function, receptor binding, and protein-protein interactions. Third,
we will use new genetic engineering such as Cas9-mediated genome engineering, serine recombinase-
mediated library constructions, and other techniques to allow facile multiplexed screens in human cell lines.
Finally, we will develop computational tools that not only allow us to interpret these large-scale experiments,
but also allow experimental design on these unprecedented scales. Together these technologies will allow us
to explore many fundamental questions about how sequence affects function in a well defined manner. For
example, how do combinations of regulatory elements combine to determine complex gene regulatory
function? How do SNPs affect their functioning? How these such control sequences evolve over phylogenetic
space? How doe these same forces affect other genetic factors such as protein function, or protein-protein
interations, functional RNAs?

The use of nucleic acid synthesis to study how sequence defines function is not a novel idea, and was perhaps
most powerfully demonstrated to crack the genetic code almost seventy years ago. However, understanding
how sequence encodes other functions such as gene regulation, epigenetic modification, and protein-protein
interactions on genomic scales has proven much more difficult. Our work attempts to scale the synthetic
approach to understanding these questions by vastly improving our ability to define a genetic sequence and
measure a functional output, and thus bringing reverse genetic approaches to the genomics age. I feel that
because the technologies, scientific problems, and the experimental systems are all so tightly linked, it's
important that their are laboratories working on all aspects of the problem at once, rather than loosely coupled
collaboration. Our laboratory is unique because we work on those problems from beginning to end, which I
feel is important in order to understand where technology development needs to go, and how new scientific
questions can be answered by emerging technologies. We have only begun to show that these approaches are
powerful at disambiguating many conflicting hypotheses and quantitatively examine which are most
important. Perhaps most importantly, these new methods could vastly lower the cost of gene synthesis, which
could have vast spillover effects to all of biological research.
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RESEARCH PROPOSAL: The prime objective of the Searle Scholars Program is to support the career
development of early-career scientists with outstanding potential. Part of the assessment of candidates is a
review of research that might be undertaken as a Searle Scholar. Describe, in greater detail, a part of the
research included in item 22. The research proposal will be evaluated on the basis of its potential for successful
results and for its evidence of creativity as well as for feasibility and clarity of thought. The proposal may
overlap research for which other funds, outside of the Searle Scholars Program, are available or are being
sought. Funds awarded by the Program are not intended to replace grants or awards obtained from another
funding source but may be used to supplement on-going research. You may use this page and no more than the
three continuation pages provided within the application to describe your research proposal. You may use
additional continuation pages (not provided within the application) for a bibliography and figures. A
maximum of 4 figures may be included on no more than 2 continuation pages. There is no limit to the
number of continuation pages used for a bibliography. Please use 81/2 by 11 size blank copy paper for
continuation pages used for the bibliography.

Differences in our individual genomes give rise to most of human diversity. A decade removed from the
Human Genome Project'?, much of how the genome directs phenotype still remains a mystery>+. Consortiums
like ENCODE seek to identify functional DNA elements in humans and other model organisms by correlating
functional outputs with sequence using genome-wide data sets’. However, these studies do not necessarily
improve our ability to interpret how DNA elements act in new contexts or when mutated. Such an
understanding will be critical to predict the effects of sequence alterations on phenotype and to engineer
biology for future medicinal or technological purposes.

Combinations of DNA elements act as codes controlling particular functions like transcription, splicing,
localization, and silencing. Deciphering these codes is difficult, as the limited set of natural variants is typically
insufficient to control for variables such as sequence composition or element combinations. Proving that
particular sequences have causative effects on gene expression requires carefully controlled transgene
expression or gene editing studies. Conducting such experiments on genome-wide scales is difficult because of
our inability to (1) rapidly alter the sequence and context of individual genetic elements and (2) quantify the
consequences of thousands of such changes.

My central vision is to decipher cis-regulatory codes controlling gene expression by scaling reverse
genetics experiments to genomic scales using multiplexed measurements of defined synthetic DNA
libraries. I will build upon my work developing (1) next-generation gene synthesis technologies and (2)
multiplexed reporter assays to (3) systematically determine how sequences governing mammalian gene
expression act in concert by doing thousands of controlled experimental tests simultaneously. As an initial
demonstration, we will apply these technological developments to study how genetic regulatory elements
control the process of pre-mRNA splicing.

The remainder of this proposal is structured as follows: First, [ summarize my previous work on developing
reverse genomic approaches to quantify how CREs affects bacterial expression, which helps set the stage for
this proposal (Previous Work). Second, I outline the technological developments required in gene synthesis,
genome engineering, multiplexed assays, and informatics to move from bacterial to mammalian systems
(Technology Development). Third, I discuss how we will apply these technological developments to better
understand how CREs direct pre-mRNA splicing in human cell lines (Pre-mRNA Splicing). Finally, I will
discuss why the importance of private money to catalyze this work (Private Foundation Need).

A. Previous Work: The foundations for the approaches in this proposal comes from my postdoctoral work. I
had been developing new technologies for gene synthesis using microarray technologies for the purposes of
low-cost, high-throughput hypothesis testing. After some initial successes®’, it became clear that we would
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have the ability to generate thousands of synthetic genes, and the question quickly moved to what we could
do with these new capabilities. Even if we could generate thousands of hypotheses of how DNA sequences
might affect expression, testing all of these reporters individually would require herculean effort. Thus I
began to develop rapid ways of quantifying the effects of large reporter libraries using next-generation
sequencing. We designed ~27,000 reporters to test how promoters, ribosome binding sites, and N-terminal
codon usage combine to quantitatively determine gene expression levels in E. coli®? (Fig. 1). Briefly, we
designed and synthesized the library from DNA microchips and cloned them into a reporter plasmid in-frame
with a GFP reporter. After pooled transformation resulting in a bacterial library, we measured DNA and
RNA levels using DNASeq and RNASeq. For protein levels, we split the library into 12 equally log-spaced
bins, high-throughput sequenced the bins, and used that information to accurately estimate the average
protein levels for each construct (FlowSeq). We were able to show quantitative relationships between
translation rates and mRNA stabilization as well as N-terminal codon use and translation rates, and resolved
long-standing controversies regarding mechanisms for these effects. These experiments were vital for this
proposal for two reasons. First, they demonstrate that we can accurately quantify RNA and protein
expression from large CRE libraries. The techniques including DNASeq, RNASeq, and FlowSeq can easily
be used in mammalian cell lines. Second, they indicate that such large multiplexed reporter experiments
allow analysis of a large number of dependent processes in order to establish causality and their quantitative
importance.

B. Technology Development

B.1. Next-generation gene synthesis — We will develop a new emulsion-based gene synthesis technology to
build libraries of regulatory elements and genes for orders of magnitude cheaper than existing technologies. I
have previously developed, applied, and commercialized methods to synthesize genes in a highly parallel
method using DNA microarrays®!%!!. Here, we will utilize two approaches for generating our synthetic gene
libraries. First, and most straightforward, we continue to work with most major oligo library providers
(Agilent, Gen9, CustomArray) to help develop and improve oligonucleotide libraries using our previously
developed next-gen screens for quantifying error rates and distributions. Currently, we have access to oligo
libraries of up to one million sequences of up to 300nt long. As mentioned, synthesizing longer gene libraries
would be tremendously useful. Thus the major efforts here will be to develop a multiplexed protocol for
assembly of long DNA libraries from the microchip using emulsions. As shown in Fig. 3, we have previously
developed a parallel approach for gene assembly using oligo pools®. In this new approach, we can multiplex
the synthesis of genes using emulsion-based techniques. We will attempt to construct assemblies of 1000
construct libraries of up to 6 assembled oligos, resulting in constructs up to 730bp in length. At this length,
we can synthesize 97% of all exons with up to 200 bases of intronic sequence on each side. Our initial efforts
for producing 250-plex assemblies of synthetic genes of up to 500nt long have been successful (in prep).

B.2. Multiplexed reporter assays — Simply making large libraries of synthetic genes is not very useful without
simple methods for analyzing their function. Using novel multiplexed assays in bacteria, we have previously
quantified the expression of large (>10,000) synthetic reporter libraries in a single experiment using next-
generation sequencing (Fig 1). However, gene regulation in mammalian systems can be much more complex,
necessitating specialized reporter constructs for various aspects of gene regulatory control. For example, our
preliminary efforts have focused on the regulatory elements that control exon splicing efficiencies. Our
approach (Fig. 2) uses a novel multiplexed splicing reporter containing a 3 exon, 2 intron gene that codes for
GFP, which is connected in-frame by the self-cleaving 2A peptide to mCherry. The middle exon codes for
the exon we are interested in examining, and the ratio of GFP to RFP reflects the efficiency of that exon. This
reporter construct is based upon other recent screens for splicing regulator
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elements using FACS!>13 and is designed to be clonally integrated into human cell lines using site-directed
integration into the AAVSI safe-harbor locus'®. Other reporters that can link genotype to phenotype to
analyze other regulatory elements such as enhancers, 5° and 3° UTRs, microRNA binding sites, and other
regulatory elements controlling gene regulation will be constructed in time.

B.3. Genome Engineering — In moving from bacterial to mammalian cell lines, we must overcome several
technical hurdles. For the described multiplexed splicing reporter (Fig. 2), we require that each cell have only
a single reporter construct for quantification using FlowSeq. In addition, clonal integration into the genome at
specified locations will allow testing at endogenous expression levels, reduce heterogeneity, and allow us to
dissect very particular genomic regulatory positions. Finally, library sizes must be large enough to
accommodate our expected synthetic throughput. We will develop methods using targeted Cas9-based
nucleases combined with site-specific phage integrases to allow for the construction of high-efficiency, site-
directed, clonal reporter libraries in cell lines'>. For example, in collaboration with Ron Weiss (MIT) we have
integrated our splicing reporter into the AAVSI1 safe-harbor locus using BxBI integrase to allow for large
>IM individual integrations in a lab-scale (T225 Flask) experiment'*. We will expand these efforts to
introduce landing pads in new cell lines as well as in new locations (e.g., ROSA26 or specific genomic sites
of interest). This involves integration of an integrase landing-pad that encodes hygromycin resistance.
Reporter constructs include a recombinase site that allows integration of a promoter-less puromycin cassette
in place of the hygromycin conferring puromycin resistance.

B.4. Informatics — The reverse genomics approaches we will develop here require new tools for the design
and analysis of thousands experiments simultaneously. Rather than just extracting information from natural
sequences, we must become adept at designing libraries that will best answer questions on how combinations
of regulatory elements act in concert to direct the various processes governing splicing. To this end, we will
develop informatics tools that will help automate the design of such libraries and then analyze and learn from
them to design the next iteration. This will require us to compile and annotate all putative regulatory elements
found in large-scale genomics projects such as ENCODE. Then we will develop a framework for mutating
and altering these sites to automatically design libraries of regulatory elements for testing. We have already
begun developing such a tools for our splicing studies called SpliceMOD (Fig. 4) that integrates existing
datasets for regulatory elements in splicing and combines them into an integrated framework that can
annotate genomic sequences, systematically mutate them individually and in groups, and outputs large
libraries of exons for testing. During the course of this grant, we will continue to extend this software to 1)
integrate new datasets from ENCODE and elsewhere to be more comprehensive, especially with regard to
secondary structure, 2) take feedback from analysis of multiplexed reporter assays and define the next set of
goals based on machine learning techniques, and 3) modularize and extend the code-base to apply them to
regulatory elements controlling other aspects of gene expression.

C. Pre-mRNA Splicing: The average human gene will undergo 10 RNA splicing events that remove introns
from pre-mRNA to bring together the exons that code for the protein sequence. Splicing acts as a point of
regulation across time and cell-types as the level of splicing for a particular exon can alter a protein’s
quantity and activity. The major sequence determinants of splice sites are directly located at the splice
junctions, however, the combined degeneracy of all these sequences results in many more possible splice
sites and false exons in a given pre-mRNA than are utilized in vivo'®!”. Numerous computational and in vitro
studies have shown that other cis-regulatory elements are required to distinguish false splice sites from real
onesis. These sequences are short motifs that are broadly classified as exonic splicing enhancers (ESE) and
suppressors (ESS) as well as intronic counterparts (ISEs & ISSs). How the complex interaction of these
sequences and other factors combine to direct splicing has been collectively termed the “splicing code™!%-24.
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We will use the technological developments described above to dissect CREs controlling pre-mRNA splicing
to help elucidate this code. We will construct exon libraries that will quantitatively test the effects of CREs on
splicing. First, we will test a library of natural exons to see how well our splicing reporters recapitulate
splicing levels of the endogenous exons. Second, we will identify known regulatory motifs and features in our
natural exon libraries and systematically mutate or move them to test their direct effect on splicing. Third, we
will construct a designer exon library that will test a large number of exon/intron pairs coding for the same
sequence to understand how such splicing elements act given constraints on amino acid sequence. Finally, we
will explore how these CREs act in different cellular contexts by both modulating levels of important splicing
regulators and testing exon libraries in different human cell lines to better understand alternative splicing.
More broadly, the approaches described here will be generally applicable to a wide variety of CREs. For
example, understanding how cis-sequences modify methylation and histone patterns are important for
understanding establishment and maintenance of epigenetic phenomena. As another example, micro-RNA
target sites in 3° UTR affect many transcripts and the rules for how these sequences interact to quantitatively
control transcription and translation levels are still unclear. Both of these examples, and many more, are
accessible to the reverse genomic technologies and approaches developed in this proposal. Deciphering how
our genome sequence regulates function will allow us to better understand how sequence variation affects
traits, and how genetic interventions and therapies might be better designed.
D. Private Foundation Need: This proposal outlines methodologies that will require new developments in
chemistry (emulsions), molecular biology (gene synthesis), genetic engineering (genome editing), genomics
(next-generation sequencing), and bioinformatics (design and analysis). As a new investigator that began my
lab in January 2014, the Searle Scholar