o)
C
5
-
=9
o)
c O
w 2
C©
O 4
B <
S 2
+— @©
n O
c
o O
O

ERDC/CERL TR-18-6

ERDC

INNOVATIVE SOLUTIONS
Us Army Corps for a safer, better world
of Engineersg

Engineer Research and
Development Center

Environmental Quality and Installations

Development of a Genetic Memory Platform
for Detection of Metals in Water

Use of mRNA and Protein Destabilization Elements as a Means to Control
Autoinduction from the CUPZ Promoter of Saccharomyces cerevisiae

Jamie L. Luther, Holly V. Goodson, and Clint M. Arnett May 2018
Cu*2 Cu*?
. Cu*2
Cu*!
Cu*!
Cu*’

in the nucleus

Copper Sensor:

Cubindng 77 °°° >
CUA protein !

—( Copper Promoter )—I( 2x mCherry )—(LexA Binding Domain)—

Autofeedback loop:

BD

Pgyc promoter

2x Venus LexA Binding Domain

Approved for public release; distribution is unlimited.



The U.S. Army Engineer Research and Development Center (ERDC) solves
the nation’s toughest engineering and environmental challenges. ERDC develops
innovative solutions in civil and military engineering, geospatial sciences, water
resources, and environmental sciences for the Army, the Department of Defense,
civilian agencies, and our nation’s public good. Find out more at
www.erdc.usace.army.mil.

To search for other technical reports published by ERDC, visit the ERDC online library
at http://acwe.sdp.sirsi.net/client/default.



http://www.erdc.usace.army.mil/
http://acwc.sdp.sirsi.net/client/default

Environmental Quality and Installations ERDC/CERL TR-18-6
May 2018

Development of a Genetic Memory Platform for
Detection of Metals in Water

Use of mMRNA and protein destabilization elements as a means to control autoinduction
from the CUPI promoter of Saccharomyces cerevisiae

Clint M. Arnett

Construction Engineering Research Laboratory

U.S. Army Engineer Research and Development Center
2902 Newmark Drive

Champaign, IL 61822

Jamie L. Luther and Holly V. Goodson

University of Notre Dame, Department of Chemistry and Biochemistry
251 Nieuwland Science Hall
Notre Dame, IN 46556

Final report
Approved for public release; distribution is unlimited.

Prepared for U.S. Army Corps of Engineers
Engineer Research and Development Center
3909 Halls Ferry Road
Vicksburg, MS 39180-6199

Under Project 447761, “Genetically Engineered Memory Circuits as Bio-alarms”



ERDC/CERL TR-18-6

Abstract

As of 2017, the United Nations estimated that globally, over 80% of all
wastewater is released into the environment without treatment. Often, the
water is contaminated with toxic heavy metals, which ultimately enter po-
table water supplies. Contamination is especially prevalent in low- and
middle-income countries, a fact that poses a significant threat to indige-
nous populations as well as to deployed troops in these areas. Standard
methods for detecting trace levels of metals in water requires expensive
equipment and highly trained personnel, both of which most developing
countries lack. To address this issue, authors designed a fluorescent yeast
biosensor capable of detecting a model heavy metal, copper. The biosensor
was responsive to copper at concentrations from 1 to 100 ppm. However in
the absence of copper, autoinduction was observed. To decrease autoin-
duction, researchers explored the use of various mRNA and protein desta-
bilization motifs such as adenylate-uridylate-rich elements and peptide
sequences rich in proline, glutamic acid, serine, and threonine. Prelimi-
nary results demonstrated that the addition of destabilizing mRNA had no
effect on levels of autoinduction within the system. However, integration
of protein destabilizing amino acids effectively reduced autoinduction, but
not without also decreasing the dynamic range of the sensor system.

DISCLAIMER: The contents of this report are not to be used for advertising, publication, or promotional purposes.
Citation of trade names does not constitute an official endorsement or approval of the use of such commercial products.
All product names and trademarks cited are the property of their respective owners. The findings of this report are not to
be construed as an official Department of the Army position unless so designated by other authorized documents.

DESTROY THIS REPORT WHEN NO LONGER NEEDED. DO NOT RETURN IT TO THE ORIGINATOR.
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Figures

Figure 1. Copper memory platform overview. In response to copper, the first

component of the copper sensor produces the RFP mCherry and a DNA binding

protein. The DNA binding protein induces the second component of the system,
producing the YFP Venus and self-sustaining DNA binding protein production
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Figure 2. Summary of sequences cloned in to yeast integrative plasmids,

pRS305 and pRS306; (a) native cupl sensor gene with the copper promoter, 2

copies of the mCherry fluorescent protein, LexA DNA binding domain, VP64

activator, SV40 Nuclear Localization Signal (NLS), stop codon, and the ADH1

terminator, (b) cup1-8xARE, N1 destabilized stabilized cupl sensor, (c) cupl-

MFA2, MFA2 3' UTR destabilized cupl, (d) cup1-8xARE-PEST, N1 and P1 PEST
destabilized cupl, and (e) autofeedback loop which differs from the cupl sensor

by a LexA DNA Binding Site, Pcye minimal promoter, and 2 copies of Venus
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Figure 3. Fluorescence microscopy of cells expressing the cupl sensor treated

with O to 100 ppm copper; (a) PSY580A negative control, (b) cupl sensor treated

with O ppm copper, (¢) 1 ppm copper (c), (d) 5 ppm copper, (€) 10 ppm copper,
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Figure 4. ImageJ quantification of cells expressing the cupl sensor treated with O

to 100 ppm copper. Each bar represents the average mean intensity (n = 10

cells). Error bars represent standard deviation. Inset highlights difference in

fluorescence between cupl sensor (O ppm copper) and the negative control

(PSYBBOA). c.ueeierererenersrsesesssseesesssstesssesesessesesssss s st ssssssssassesssssesssessensesssessssssessessssasasssesesssssensesnas 10

Figure 5. Flow cytometry analysis of untreated S. cerevisiae cells expressing the

cupl sensor; (a) density plots of PSY580A cells, (b) cells expressing untreated (O

ppm copper) cupl sensor, (c) histogram representation of mCherry intensity for
PSY580A, (d) and histogram representation of mCherry intensity in cupl sensor............ 11

Figure 6. Fluorescence microscopy of untreated (O ppm copper) cells expressing

N1 mRNA destabilized cupl sensor in glucose or galactose media; (a) PSY580A,

(b) cupl sensor, (¢) cupl1-8xARE sensor in 2% glucose media, (d) and cupl-

8XARE sensor in 2% galactose, (e) Imagel quantification of Cells......cvrvrerrincserccrencennes 13

Figure 7. Flow cytometry analysis of untreated (O ppm copper) cells expressing

the N1 mRNA destabilized cupl sensor in glucose media: (a) PSY580A, (b) cupl,

and (c) cup1-8xARE. Histogram representations of mCherry intensity; (d)

PSY580A, (e) cupl, and (f) CUPL-8XARE.......ueceeeerieerieeeeee e sr e sne e snees 14

Figure 8. Fluorescence microscopy of untreated (O ppm copper) cells expressing
MFA2-3'UTR mRNA destabilized cupl sensor; (a) PSY580A, (b) cupi, (c) cupl-

MFA2, and (d) ImageJ quantification of cells; each colored bar represents the

average mean intensity (n = 10 cells), and error bars represent standard
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Figure 9. Flow cytometry analysis of untreated (O ppm copper) cells expressing

the MFA2-3'UTR mRNA destabilized cupl sensor: (a) PSY580A, (b) cupl, and (c)
cupl-MFA2. Histogram representations of mCherry intensity: (d) PSY580A, (e)

CUPL, AN (f) CUPLIMIFAZ. ...ttt s s s saesaessesaeese s saesss s e e saesaesaenesanenenssnnnenes 16
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Figure 10. Time course of fluorescence intensity for mMRNA destabilized

constructs treated with O to 100 ppm copper: (a) cupd, (b) cup1-8xARE, (c) cupl-

MFA2, (d) absorbance of cupl at 600 nm, and (e) comparison of mCherry

fluorescence from each strain after 12 hr incubation. Each point represents the

average fluorescence intensity of 4 technical replicates from one experiment.

Error bars represent standard deVIiation. ........cuceeeererrierernieneseses e 17

Figure 11. Fluorescence microscopy of cells expressing P1 PEST destabilized

cupl sensor; (a) PSYS80A, (b) cupl, and (c) cup1-8xARE-PEST with O ppm

copper, (d) 0.5 ppm copper, (e) 1 ppm copper, (f) 2 ppm copper, (g) 10 ppm

copper, and (N) 200 PPM COPPE. .evrerererrerererserreressessesessessesessessssssssssssssssssssesssssesssssssssssssssssens 20

Figure 12. ImageJ quantification of cells expressing the P1 PEST destabilized

sensor treated with O to 100 ppm copper. Each bar represents the average mean
intensity (n = 10 cells). Error bars represent standard deviation. Quantification of

cell fluorescence from cup1-8xARE-PEST demonstrates a dose response to
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Figure 13. Flow cytometry analysis of cells expressing the P1 PEST destabilized

sensor treated with O to 100 ppm copper; (a) PSY580A, (b) cupl, (c) cupl-

8XARE-PEST treated with O ppm copper, (d) 0.5 ppm copper, () 1 ppm copper, (f)

2.5 ppm copper, (g) 10 ppm copper, and (h) 200 PPM COPPET...ccrrrrerrrerererrerseserersssessenens 22

Figure 14. Flow cytometry analysis of untreated (O ppm copper) cells expressing
autofeedback constructs; (a) PSY580A, (b) cupl, (c) cupl-autofeedback, and (d)
CUPL-8XARE-PEST-aULOfEEADACK. ....eeireeeerececce s sse s s s e snesse s saesaesneenesnnenes 24

Figure 15. Time course of fluorescence for autofeedback strains treated with O to

100 ppm copper; (a) mCherry fluorescence cupl-autofeedback, (b) Venus

fluorescence cupl-autofeedback, (¢) mCherry fluorescence cup1-8xARE-PEST-
autofeedback, (d) Venus fluorescence cup1-8xARE-PEST-autofeedback, (e) cupl-
autofeedback growth curves, and (f) cup1-8xARE-PEST-autofeedback growth
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1.1

Introduction

Background

As of 2017, the United Nations (UN) estimated that 80% of all wastewater
is released into the environment without treatment. Often, the water is
contaminated with heavy metals. This is a global issue, especially in low
and middle-income countries (LMICs), where only 8%—28% of wastewater
is treated, due lack of infrastructure and funding (United Nations World
Water Assessment Programme 2017). Most often, metals enter the water
supply via poorly treated domestic, industrial, and agricultural
wastewater. Common toxic metal contaminants include arsenic, lead, cop-
per, iron, cadmium, and zinc (Chowdhury et al. 2016). Current standard
methods for detecting heavy metals in water include atomic absorption
spectroscopy (AAS) and inductively coupled plasma-optical emission spec-
troscopy (ICP-OES). Comprehensive metal analysis of a water samples us-
ing ICP-OES can cost in excess of $100,000, and it requires a trained
technician to operate and maintain the instrument (Wilbur 2005). How-
ever, many LMICs lack the laboratory infrastructure to conduct compre-
hensive water screening using standard methods, which increases risk of
exposure to toxins. This not only adversely affects the local population but
also U.S. troops stationed in these areas. Thus, robust, low-cost technolo-
gies to detect trace levels of heavy metals in water supplies are needed.

To address this issue, a biosensor engineered in Saccharomyces cerevisiae
(yeast) was designed, capable of detecting copper at parts per million
(ppm) levels. Copper was chosen for initial sensor development because it
is a relevant drinking water contaminant (U.S. EPA 2016), the yeast cop-
per-responsive CUP1 promoter has been well characterized (Etcheverry
1990; Maya et al. 2008), and yeast cells have been genetically engineered
to create biosensors capable of responding to a wide range of analytes
(Wang 2006; Adeniran et al. 2015). Additionally, S. cerevisiae are an ad-
vantageous chassis for such biotechnologies because they are inexpensive,
easy to propagate, tolerant to pH and temperature fluctuations, and highly
sensitive and specific towards a target analyte. They also have a nonthreat-
ening public perception and are amenable to long-term storage in a dried
state (Baronian 2004). Previous research has demonstrated that genet-
ically modified yeast are capable of detecting trace amounts of analyte



ERDC/CERL TR-18-6

even after storage for a year in a hydrogel matrix on paper, making them
ideal for use in austere environments (Weaver et al. 2013).

The structure of the biosensor is based on a yeast memory system devel-
oped by the Pamela Silver Laboratory at Harvard (Ajo-Frankin et al.
2007). Transient exposure of yeast to an analyte above a threshold concen-
tration initiates a gene expression cascade, which allows the system to
yield a sustained response without an additional supply of analyte. Simi-
larly, the yeast copper biosensor was composed of two chromosomally en-
coded components: copper sensor and autofeedback loop (Figure 1).
Ideally, exposure to copper above a threshold concentration will induce
production of the red fluorescent protein (RFP) mCherry and the deoxyri-
bonucleic acid (DNA) binding protein LexA, which in turn binds the CYC1
promoter of the autofeedback loop of the second component. This induces
production of the yellow fluorescent protein (YFP) Venus and another
copy of DNA binding protein, which stimulates its own sustained produc-
tion. Thus, transient exposure of the engineered yeast to copper above a
threshold concentration yields a sustained response. The bistable design of
this genetic circuit allows the yeast to “remember” exposure to copper,
even after its removal from the system.

Figure 1. Copper memory platform overview. In response to copper, the first
component of the copper sensor produces the RFP mCherry and a DNA binding
protein. The DNA binding protein induces the second component of the system,

producing the YFP Venus and self-sustaining DNA binding protein production

(autofeedback loop).

Copper Sensor:

Cu binding FTTTT »
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DNA
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Although similar memory systems have been designed to detect galactose
and DNA damaging agents (Burrill and Silver 2011), the yeast biosensor
described here is the first of its kind to have memory of exposure to a
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1.2

1.3

metal analyte. The sensor construct will serve as a scaffold to design yeast
sensitivity to other toxic metals such as lead and arsenic, which both have
more complex genetic machinery. Previous work by the Holly Goodson La-
boratory at the University of Notre has identified multiple genetic arsenic-
responsive elements that could be engineered into the system (un-
published data). The technology could be utilized by Department of De-
fense (DoD) personnel, industry, regulatory agencies, field workers, and
wastewater treatment facilities across the globe to monitor water quality at
a fraction of the traditional cost.

Objective

The objective of this work was to create a S. cerevisiae genetic memory
system capable of detecting copper at levels less than 10 ppm in water
sources.

Approach

The genetic components which contribute to the copper response in S.
cerevisiae are relatively simple and well characterized, making it ideal for
proof of principle. However, it is known that the copper response in S.
cerevisiae suffers from autoinduction, which could lead to a false positive
response. To decrease autoinduction and increase system dynamic range,
researchers explored the use of messenger ribonucleic acid (mRNA) and
protein destabilization motifs.

To achieve this work’s objective, multiple copper-sensitive, fluorescent S.
cerevisiae strains were constructed using standard molecular biology tech-
niques. Strains differed by number and type of mRNA or protein destabili-
zation element. Additionally, certain strains contained the memory genetic
loop in combination with mRNA or protein destabilizers. The first task
was to use fluorescence microscopy to screen each strain for the desired
phenotype. Cells were grown to mid-log phase, induced with copper for a
fixed time period, and analyzed for fluorescence. While microscopy can
screen small populations of cells, it cannot provide details about entire
populations in a high-throughput manner. The second task was to charac-
terize the fluorescence of larger cellular populations (10° cells) using flow
cytometry. This technique was used to determine the percentage of cells
that were fluorescent relative to the total population and to what extent
(intensity). The third task was to characterize strains using a fluorescence
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plate reader, which has the advantage of being able to analyze a large cel-
lular population over the course of time.

A complete discussion of the work’s materials and methods is contained in
Chapter 2.
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2.1

2.2

2.3

Materials and Methods

Materials and reagents

Materials and reagents were purchased as follows: Corning 96-well clear-
bottom black polystyrene microplate, 37% (volume/volume [v/v]) formal-
dehyde and D-galactose (Fisher Scientific, Hanover Park, IL); yeast nitro-
gen base, without amino acids (Bioworld, Dublin, OH); dextrose (BD
Diagnostics, Franklin Lakes, NJ); drop-out mix without yeast nitrogen
base (US Biological, Salem, MA); low-fluorescence yeast nitrogen base
without amino acids, folic acid, and riboflavin (Formedium, Norfolk,
United Kingdom); and 4% (weight/volume [w/v]) copper (II) sulfate solu-
tion (Sigma Aldrich, Milwaukee, WI). All other chemicals and supplies
used were of the highest quality available and were purchased from major
commercial vendors.

S. cerevisiae growth conditions

All yeast strains were cultured overnight in a shaking water bath at 30°C
and 250 revolutions per minute (rpm) in 125 mL baffle flasks with the ap-
propriate drop-out medium, as previously described (Amberg et al. 2005).
Then, 0.5 mL of overnight culture was used to inoculate 25 mL of fresh
media. Cells were grown to log phase, optical density at 600 nm (ODsoo) of
0.3 to 0.5, before induction with copper sulfate. Where applicable, sup-
plies and media where sterilized by either autoclaving at 120°C for 15 min
or passing through a 0.2 um filter prior to use.

Yeast plasmid and strain construction

Memory system sequences, integrative plasmids, and S. cerevisiae strain
PSY580APSY580A (MATa, ura3-52, trp1A63, leu2A1) were obtained from
the Pamela Silver Laboratory at Harvard Medical School (Boston, MA).
The CUP1 yeast copper promoter was used to replace the galactose pro-
moter (GAL1) in the sensor gene of the original memory system (Ajo-
Frankin et al. 2007). The copper sensor gene and autofeedback loop were
synthesized and cloned into the integrative plasmids pRS305 and pRS306,
respectively, by GenScript (Piscataway, NJ). The copper sensor gene was
cloned into pRS305 using restriction enzymes BamHI and PstI. The au-
tofeedback loop was cloned into pRS306 using BamHI and EcoRI. The na-
tive cup1 sensor platform consisted of the copper promoter, two copies of
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the mCherry fluorescent protein, LexA DNA binding domain, VP64 activa-
tor, SV40 Nuclear Localization Signal (NLS), stop codon, and the ADH1
terminator (Figure 2a). This sequence was integrated at the LEU locus of
PSY580A to create strain “cupi1.” The N1 destabilized cup1 sensor was inte-
grated at the LEU locus to create strain “cup1-8xARE” (Figure 2b). The re-
sultant plasmids were referred to as pRS305-cup1 and pRS306-
autofeedback. Plasmid pRS305-cup1-8xARE was created by cloning the N1
mRNA destabilization motif (adenylate-uridylate-rich [ARE]) 5'-
UUAUUUAUU-3' from c-fos into the 3' untranslated region (UTR) of the
copper sensor gene (Zubiaga et al. 1995), directly after the stop codon us-
ing the Nsil restriction enzyme (Figure 2c¢). Short oligonucleotide se-
quences containing the ARE motif flanked with Nsil sites were used for
cloning. The clone with the greatest number of ARE inserts was chosen.
Plasmid pRS305-cup1-MFA2 was created by cloning the 3' UTR from the
MFAZ2 gene directly after the stop codon of the cup1 sensor as shown in
(Figure 2d). The 3' UTR sequence from MFA2 was obtained from the Sac-
charomyces Genome Database (SGD).” This sequence was synthesized and
cloned into pRS305 by Genscript (Genscript Biotech, Piscataway, NJ) us-
ing the restriction enzymes BspEI and Nsil. Plasmid pRS305-cupi-
8xARE-PEST (proline, glutamic acid, serine, threonine sequence) was cre-
ated by cloning 8xARE in tandem with P1 PEST at the C-terminus of the
copper sensor (Figure 2e). The P1 PEST sequence was obtained online
from the commercially available plasmid, pd1EGFP-N1. The 8 copies of the
ARE and P1 PEST were synthesized by GenScript and cloned into pRS305
using BspEI and Nisil restriction enzymes. Copper sensor and autofeed-
back genes were integrated into PSY580APSY580A at the LEU2 and URA2
loci, respectively, using a standard protocol to create the strains “cupi-au-
tofeedback” and “cup1-8xARE-PEST-autofeedback” (Sikorski and Hieter
1989). All chromosomal integrations were confirmed using colony poly-
merase chain reaction (PCR), as described by Bruno (2008). (Insert se-
quences and plasmid maps are shown in this report’s appendix).

* https://www.yeastgenome.org
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2.4

Figure 2. Summary of sequences cloned into yeast integrative plasmids, pRS305 and
pRS306; (a) native cupl sensor gene with the copper promoter, 2 copies of the
mCherry fluorescent protein, LexA DNA binding domain, VP64 activator, SV40 Nuclear
Localization Signal (NLS), stop codon, and the ADH1 terminator, (b) cup1-8xARE, N1
destabilized stabilized cupl sensor, (¢) cup1-MFA2, MFA2 3' UTR destabilized cupl,
(d) cup1-8xARE-PEST, N1 and P1 PEST destabilized cupl, and (e) autofeedback loop
which differs from the cupl sensor by a LexA DNA Binding Site, Pcye minimal
promoter, and 2 copies of Venus fluorescent protein.
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Fluorescence microscopy and Imagel quantification

Yeast cells were screened for mCherry fluorescence using a Nikon TE-
2000U epifluorescence microscope equipped with a 100x oil immersion
objective (Nikon Instruments Inc., Melville, NY). Live cells were applied to
a glass slide with cover slip, spotted with immersion oil, and imaged. An
X-Cite 120 lamp (Excelitas Technologies, Fremont, CA) was used as a light
source. Excitation and emission was achieved by using a Nikon Cy3HQ fil-
ter cube equipped with 535/585 nm excitation filter and 590/630 nm
emission filters. A Hamamatsu Digital Camera C1140 (Hamamatsu Pho-
tonics K.K., Hamamatsu City, Japan) was used to take images. All images
were taken with the same exposure and 1x1 binning. Images were saved as
16-bit, uncompressed tagged image files (TIF) with 2048 x 2048 pixels.
The brightness and contrast of each image (Figures 3, 6, 8, 11) were nor-
malized for comparison within each experiment and cell mean intensity
was quantified using ImageJ software” (Rasband 1997—2016). The ellipti-
cal tool was used to draw a circle around 10 cells in each slide. The mean
intensity was measured via the analyze menu contained within ImageJ.

* A public-domain, Java-based image processing program developed at the National Institutes of Health.
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2.5

2.6

Flow cytometry

Yeast cells were screened for Venus and mCherry fluorescence using a BD
LSRFortessa X-20 cell analyzer (BD Biosciences, San Jose, CA). Cells were
grown and treated as previously described. After induction with copper for
2 hr, cells were fixed with formaldehyde at a final concentration of 4%
(v/v) for 20 min at room temperature. Following fixation, cells were pel-
leted, resuspended in 1x phosphate-buffered saline (PBS) buffer, and
stored at 4°C for less than 24 hr. Venus fluorescence was detected using a
488 nm excitation in conjunction with fluorescein isothiocyanate (FITC)
emission at 530 nm. Fluorescence from mCherry was detected using a 561
nm excitation in conjunction with the phycoerythrin (PE)-Texas Red (610
nm emission) bandpass filter. Cell populations (10° cells) were analyzed
using FCS Express 6 Plus software (De Novo Software, Glendale, CA).
Cells were gated relative to a negative control strain (PSY580APSY580A)
lacking either fluorescent reporter.

Plate reader

A BioTek Synergy H1 Microplate reader (Winooski, VT) was used to moni-
tor the development of Venus and mCherry fluorescence over a 24 hr time
period. Cells were grown as previously described to ODeoo of 0.3 to 0.4 be-
fore dilution with appropriate media to ODsoo = 0.05. To each well of a
Corning 96-well plate, 180 uL of dilute yeast culture plus 20 pL of appro-
priate copper stock was added. Cells were grown in the 96-well plate at
30°C using continuous orbit at 800 cycles per minute. Venus and mCherry
fluorescence was monitored using 500 and 580 nm excitation and 530 and
610 nm emission, respectively. Absorbance at 600 nm was measured to
monitor cell growth.
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3.1

Results and Discussion

Expression from the copper sensor gene is leaky in the absence
of inducer

The CUP1 promoter is a strong, inducible promoter that is endogenous to
S. cerevisiae, and it is often used to drive heterologous expression of pro-
teins in cells by the addition of copper to the growth media (Labbé and
Thiele 1999). However, the promoter is subject to autoinduction in the ab-
sence of copper (Tauseef et al. 1984; Peng et al. 2015; Rugbjerg et al.
2015). To confirm the leaky nature of the CUP1 promoter, log phase S.
cerevisiae cells expressing the cup1 sensor gene (Figure 2a) were treated
with 0 to 100 ppm copper for 2 hr prior to fluorescence microscopy
(Figure 3). An increase in mCherry fluorescence was clearly observed as
the concentration of copper was increased in the system in a dose-depend-
ent manner. ImageJ was used to quantify the mean fluorescence intensity
from cells in each slide (Figure 4). The microscopy images and ImageJ
quantification demonstrate that the system responds robustly to copper
over 3 orders of magnitude. However, the untreated sensor (0 ppm cop-
per) demonstrates autoinduction with roughly double the fluorescence of a
negative control.

Figure 3. Fluorescence microscopy of cells expressing the cupl sensor treated with O
to 100 ppm copper; (a) PSY5S80A negative control, (b) cupl sensor treated with O
ppm copper, (¢) 1 ppm copper (c), (d) 5 ppm copper, () 10 ppm copper, and (f) 100
ppm copper.

a. b. C.
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Figure 4. ImageJ quantification of cells expressing the cupl sensor treated with O to
100 ppm copper. Each bar represents the average mean intensity (n = 10 cells). Error
bars represent standard deviation. Inset highlights difference in fluorescence
between cupl sensor (O ppm copper) and the negative control (PSY580A).
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One disadvantage to using microscopy to screen a cell population is that it
can only analyze a small fraction of the cells per any given slide. To better
understand how a larger population of cells were reacting, flow cytometry
was performed on 10° cells of the untreated (o ppm copper) cup1 sensor
(Figure 5). Quadrant nomenclature in Figure 5a, and Figure 5b was de-
fined as: quadrant I (no fluorescence), quadrant II (mCherry only), quad-
rant III (Venus only), or quadrant IV (both mCherry and Venus). Flow
cytometry demonstrated that a significant portion of the population auto-
induced in the absence of copper. Roughly 1.5% of the PSY580a popula-
tion exhibited fluorescence, whereas nearly 99.5% of the cup1 population
showed some degree of fluorescence. The mean mCherry intensities (Texas
Red) for the sample populations of negative control strain and cup1 sensor
were 163 and 3998, respectively (Figure 5c and Figure 5d). Although a very
small percentage of the PSY580A population did weakly fluoresce, it was
minimal fluorescence compared to cup1 sensor, which showed strong fluo-
rescence. This analysis clearly demonstrated that nearly the entire cup1
population was leaky and sensitive to autoinduction in the absence of cop-
per.
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Figure 5. Flow cytometry analysis of untreated S. cerevisiae cells expressing the cupl
sensor; (a) density plots of PSYS580A cells, (b) cells expressing untreated (O ppm
copper) cupl sensor, (c) histogram representation of mCherry intensity for PSY580A,
(d) and histogram representation of mCherry intensity in cupl sensor.

. [0.05% 0.14% . 10.00% 0.41%
10" 10°
10 10
s <
Q o
SR E i
™ 10 1 III ™ 10
10 10
10}
-10” {98 32." 1 49/ -10" 10.06% 99.54%|
-10% 10° 10’ 10’ 10’ 10 10
PE Texas Red A PE-Texas Red-A
8159 8694
6119 6671
E €
3 4080+ 3 44474
] ]
20404 2224
o 0= T T T T
-10% 10? -“ 10! 102 10° 10¢ 10°
PE Texas Red A PE-Texas Red-A

Autoinduction within the system is problematic in that it can significantly
decrease the dynamic range of a bio-based sensor system. Additionally, it
can be inhibitory for a memory platform because both gene circuits in the
sensor will continuously be in the induced or “on” state in the absence of
analyte. In order to create system memory, sensor gene products need to
reach a threshold level to successfully activate the autofeedback response
in the presence of analyte and remain “off” in the absence of copper. How-
ever if the system is always on, analyte-dependent bistable behavior will
not be achieved, leading to a false positive response. In order to eliminate
autoinduction, mRNA and protein destabilization elements were explored
in an effort to reduce initial transcripts and translational products of the
cup1 system.
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3.2

MmRNA destabilization elements as a means to control CUP1
autoinduction

Short-lived genes involved in cellular proliferation and differentiation,
such as cytokines, transcription factors, or proto-oncogenes, are often reg-
ulated at the mRNA transcript level. AREs present in the 3' UTR often reg-
ulate the decay rate of these unstable transcripts (Chen and Shyu 1995).
ARE:s function by recruiting ARE-sequence-specific proteins to the 3' UTR,
which helps to modulate deadenylation of the poly (A) tail (LaGrandeur
and Parker 1999; Vasudevan and Peltz 2001; Duttagupa et al. 2003). It has
been demonstrated by others that AREs can be used to decrease the half-
life of a variety of proteins by modulating their corresponding mRNA lev-
els. For example, the N1 ARE (5'-UUAUUUAUU-3') motif, which is pre-
sent in the 3' UTR of the c-fos proto-oncogene, was inserted into the 3'
UTR of a luciferase reporter. Incorporation of this ARE reduced the re-
porter half-life from 14—17 hr to 6—12 hr (Voon et al. 2005). To control
leaky expression from the cup1 sensor gene, 8 copies of the N1 ARE were
cloned into the 3' UTR to create the S. cerevisiae strain cup1-8xARE
(Figure 2b).

Initially, fluorescence microscopy was used to monitor mCherry produc-
tion of untreated S. cerevisiae cells expressing either cup1 or cup1-8xARE
(Figure 6). Strains PSY580A and cup1 were grown with 2% glucose and
served as the controls. Strain cup1-8xARE was grown with 2% glucose or
2% galactose. Minimal florescence was observed in PSY580A (Figure 6a);
however, florescence could be easily seen for cup1 and cup1-8xARE when
grown with glucose as a source of carbon and energy (Figure 6b, Figure
6¢). The ARE present in the 3' UTR of cup1-8xARE are derived from the
unstable c-fos proto-oncogene transcript present in mammalian cells. In
another study, which sought to determine whether mammalian AREs
function in yeast, it was determined that 3' UTR of c-fos has a stabilizing
effect on transcripts when cells were grown in 2% glucose (Vasudevan and
Peltz 2001). However, when cells were grown in media with 2% glyc-
erol/3% lactic acid, 2% galactose, or 2% raffinose as a carbon source, the
researchers observed transcript destabilization. To test this hypothesis,
cells expressing cup1-8xARE were grown in media with 2% galactose as a
carbon source (Figure 6d). ImageJ was used to quantify florescence of
each strain. In Figure 6e, error bars represent the average mean intensity
(n = 10 cells) and error bars represent standard deviation. Fluorescence
microscopy analysis of cells expressing the cup1-8xARE destabilizing motif
did not exhibit a significant reduction in fluorescence relative to cup1
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when grown on glucose or galactose, indicating the N1 ARE had no appar-
ent overall effect on minimizing autoinduction from CUP1 promoter. How-
ever, it should be noted that changes in mRNA levels do not always
correlate with reporter protein abundance (Maier et al. 2009). Thus, it is
possible that mRNA levels may be lowered without changing reporter out-
put. Testing this hypothesis will be the focus of future quantitative poly-
merase chain reaction (QPCR) experiments with cup1-8xARE.

Figure 6. Fluorescence microscopy of untreated (O ppm copper) cells expressing N1
MRNA destabilized cupl sensor in glucose or galactose media; (a) PSY580A, (b)
cupil sensor, (c) cup1-8xARE sensor in 2% glucose media, (d) and cup1-8xARE
sensor in 2% galactose, (e) ImageJ quantification of cells.
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As previously described, flow cytometry analysis was used to confirm mi-
croscopy data on untreated strain populations of 10° cells (Figure 7). As
observed previously, the vast majority (>99%) of the PSY580A population
showed no florescence (Figure 7a). Roughly 92% of the cup1 and cup1-
8xARE exhibited florescence (Figure 7b and Figure 7¢). The average mean
mCherry intensities of PSY580A, cup1, and cup1-8xARE were 80, 1847,
and 2124 respectively (Figure 7d, Figure 7e, and Figure 7f). Flow cytometry
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analysis confirms that N1 mRNA destabilization had no apparent effect on
decrease reporter levels in cupi.

Figure 7. Flow cytometry analysis of untreated (O ppm copper) cells expressing the
N1 mRNA destabilized cupl sensor in glucose media: (a) PSY580A, (b) cupl, and (c)
cup1-8xARE. Histogram representations of mCherry intensity; (d) PSYS80A, (e) cupl,

and (f) cup1-8xARE.
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The transcript encoding the S. cerevisiae mating pheromone a-factor
MFAZ2 is known to be unstable (t1/2 = 3.5 min), and studies have deter-
mined that the 3' UTR of the protein is entirely responsible for rapid tran-
script decay (LaGrandeur and Parker 1999; Vasudevan and Peltz 2001;
Mubhlrad and Parker 1992; Muhlrad et al. 1994). To further explore mRNA
destabilization as a means to control leaky expression from the CUP1 pro-
moter, the effects of this endogenous ARE were tested. The entire 3' UTR
of MFA2 was inserted directly after the stop codon of the cup1 sensor to
create cup1-MFA2 (Figure 2¢). Again, fluorescent microscopy revealed
minimal florescence in PSY580A (Figure 8a), but florescence was easily
detected in cup1 and cup1-MFA2 (Figure 8b and Figure 8c). Fluorescence
quantification using ImageJ showed no significant decrease in intensity
between cup1 and cup1-MFA2, and both strains were shown to autoinduce
relative to the control strain PSY580A (Figure 8d). These findings were
confirmed using flow cytometry (Figure 9). Of the 10° cells interrogated,
more than 99% of PSY580A showed no fluorescent signature, and the



ERDC/CERL TR-18-6 15

mean intensity was only 75 (Figure 9a and Figure 9d). Approximately 97%
of cup1 and 99% of cup1-MFA2 populations exhibited red fluorescence
(Figure gb and Figure 9c), and the average mCherry mean intensities were
1840, and 1961, respectively (Figure 9e and Figure 9of). These data demon-
strated that the addition of the 3' UTR of the mating pheromone a-factor
MFAZ2 had no quantifiable effect on limiting autoinduction of CUP1 pro-
moter. However as stated previously, changes in mRNA abundance do not
always correlate strongly with protein levels, and qPCR experiments of the

cup1-MFAZ2 transcripts will be required to determine the effect on overall
concentrations.

Figure 8. Fluorescence microscopy of untreated (O ppm copper) cells expressing
MFA2-3'UTR mRNA destabilized cupi sensor; (a) PSY580A, (b) cupi, (¢) cup1-MFA2,
and (d) ImageJ quantification of cells; each colored bar represents the average mean

intensity (n = 10 cells), and error bars represent standard deviation.
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Figure 9. Flow cytometry analysis of untreated (O ppm copper) cells expressing the
MFA2-3'UTR mRNA destabilized cupl sensor: (a) PSY580A, (b) cupl, and (c) cupl-
MFA2. Histogram representations of mCherry intensity: (d) PSY580A, (e) cupl,
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Although both fluorescent microscopy and flow cytometry demonstrated
no significant reduction in mCherry fluorescence with either mRNA desta-
bilized strain tested after 2 hr, greater incubation may be required for de-
stabilizing effects to be observed. To determine if the mRNA
destabilization motifs had an effect on cup1 autoinduction over time, a flu-
orescent plate reader was used to monitor mCherry fluorescence over a

24 hr time period, with varying concentrations of copper (Figure 10).
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Figure 10. Time course of fluorescence intensity for mRNA destabilized constructs
treated with O to 100 ppm copper: (a) cupl, (b) cup1-8xARE, (c) cup1-MFA2, (d)
absorbance of cupl at 600 nm, and (e) comparison of mCherry fluorescence from
each strain after 12 hr incubation. Each point represents the average fluorescence
intensity of 4 technical replicates from one experiment. Error bars represent standard

deviation.
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Yeast cells expressing cupi, cup1-8xARE, or cup1-MFA2 were treated with
0—100 ppm copper, and then mCherry fluorescence was monitored over
24 hr and fluorescent readings were taken every 2 hr. In addition, growth
of cup1 was also monitored by tracking the ODe¢oo, which was also used as
a measure of toxicity to copper exposure over time. Each engineered strain
exhibited a similar dose response to copper from 0—100 ppm, with each
showing the greatest mCherry fluorescence when incubated with 100 ppm
copper (Figure 10). Maximum growth of cup1 was observed after roughly
12 hr, and copper concentrations up to 100 ppm had little to no apparent
effect on growth over the 24 hr incubation period (Figure 10d). Thus, gen-
eralized toxicity was believed not to have affected reporter protein output.
Intensities of mCherry for all strains correlated with growth, exhibiting
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3.3

maximum fluorescence after approximately 12 hr, and intensities re-
mained relatively stable for the remainder of the study for each copper
concentration tested (Figure 10a, Figure 10b, Figure 10c). The fluorescence
of each strain was compared after 12 hr, and in all cases, no significant var-
iations in mCherry intensity were observed between any of the destabilized
strains at each copper concentration, indicating no reduction in the sensor
transcripts due to mRNA destabilization (Figure 10e).

However, it is important to note that in the Voon et al. (2005) study that
used the N1 nonamer to decrease the half-life of a luciferase reporter, the
tetracycline-controlled transcriptional activation system was used to con-
trol expression. In their system, the addition of the antibiotic tetracycline
to the growth medium shuts down transcription by rapidly degrading any
remaining mRNA, thus preventing translation of a new reporter. The cop-
per sensor gene design in this study works in the opposite manner, be-
cause addition of copper to the growth medium turns on transcription.
While the mRNA may have been degraded faster, it is likely accumulating
to levels that yield significant levels of reporter, which may explain the lack
of repression in cupi. As stated previously, qPCR experiments are neces-
sary to determine if this is the case; nevertheless, alternative destabiliza-
tion methodologies similar to the Tet-Off system will likely need to be
explored to lower or eliminate autoinduction.

Protein destabilization elements as a means to control CUP1
autoinduction

Cells are constantly synthesizing and degrading proteins as part of the cen-
tral dogma of genetics. Many short-lived proteins, such as the transcrip-
tion factor c-Fos or the metabolic enzyme mouse ornithine decarboxylase
(mODC), contain specific amino acid sequences which target them for
rapid proteolytic destruction (Loetscher et al. 1991; Salvat et al. 1999). One
such motif is a PEST sequence, which is enriched in the amino acids pro-
line (P), glutamate (E), serine (S), and threonine (T) (Rechsteiner and
Rogers 1996). The presence of a PEST motif targets a protein for degrada-
tion by the proteasome or makes it more susceptible to enzymatic destruc-
tion. The PEST motif from mODC has been used in several studies to
reduce the half-life of the stable reporter green fluorescent protein (GFP)
(tiy/2 = 26 hr) (Li et al. 1998; Kitsera et al 2007). To decrease autoinduction
from the cup1 sensor, we took a similar approach and fused the P1 PEST
sequence from mODC (amino acid residues 422—461) to the C-terminus of



ERDC/CERL TR-18-6 19

cup1-8xARE to create cup1-8XARE-PEST (Figure 2d). Copper dosing ex-
periments with cup1-8xARE were performed as previously described in
this section, and fluorescent microscopy and flow cytometry were per-
formed to determine the effect of PEST on the reporter protein mCherry.

Fluorescence microscopy of yeast expressing cup1-8XARE-PEST demon-
strated that addition of a PEST sequence significantly decreased autoin-
duction from the CUP1 promoter (Figure 11). A decrease in reporter
protein intensity was easily visualized in cup1-8xARE-PEST when com-
pared to untreated cup1 (Figure 11b and Figure 11c). Fluorescence was also
found to be visually similar to the control strain PSY580A (Figure 11a). In
addition, mCherry output remained suppressed when dosed with copper
up to 100 ppm (Figures 11d—11h). These visual observations were con-
firmed by ImagedJ analysis, and fluorescence intensities were found to be
significantly lower than for untreated cup1 (Figure 12). These findings sug-
gested there was a decrease in autoinduction in cup1-8xARE-PEST; how-
ever, that decrease was at the expense of sensitivity as there was no
apparent dose response to copper.
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Figure 11. Fluorescence microscopy of cells expressing P1 PEST destabilized cupl
sensor; (a) PSY580A, (b) cupl, and (c) cup1-8xARE-PEST with O ppm copper, (d) 0.5
ppm copper, () 1 ppm copper, (f) 2 ppm copper, (g) 10 ppm copper, and
(h) 1200 ppm copper.

a. b. C.
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Figure 12. ImageJ quantification of cells expressing the P1 PEST destabilized sensor
treated with O to 100 ppm copper. Each bar represents the average mean intensity (n
= 10 cells). Error bars represent standard deviation. Quantification of cell
fluorescence from cup1-8xARE-PEST demonstrates a dose response to copper.
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Flow cytometry analysis was performed on 10 cells expressing cupi-
8xARE-PEST. Similar to previous findings, the pys508a population (nega-
tive control) exhibited minimal fluorescence (<1%), whereas nearly the en-
tire cup1 population (>99%) showed fluorescence associated with mCherry
(Figure 13a, and Figure 13b). Untreated (0 ppm copper) cup1-8xARE-
PEST population demonstrated roughly a 45% reduction in reporter pro-
tein (Figure 13c). The median mCherry intensities of PEST-destabilized
cells in quadrants I and IT were 383 and 847, respectively. The median
mCherry intensities of PSY580A and cup1 were 164 and 3874, respectively.
Because the reporter protein that is tagged with a PEST sequence will
eventually become degraded, it was believed that the less-fluorescent pop-
ulation of cup1-8XARE-PEST expressing cells contains less reporter, due to
degradation. Strain cup1-8xARE-PEST appeared to respond to copper to a
certain extent in a dose-dependent fashion (Figures 13c—13h), where
nearly the entire population exhibited fluorescence at a copper concentra-
tion of more than 10 ppm (Figure 13g and Figure 13h). The quadrant II -
cup1-8xARE-PEST cells were treated with 1, 2, 10, and 100 ppm copper
and had median mCherry values of 976, 1041, 2251, and 3964, respec-
tively. The average median mCherry intensity of all copper-treated cells in
quadrant I was 448+37, which is consistent with a weakly fluorescent pop-
ulation of cells. The decreased autoinduction from cup1-8xARE-PEST
makes it a good candidate for evaluation as the first component in the
memory Sensor.
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3.4

Figure 13. Flow cytometry analysis of cells expressing the P1 PEST destabilized
sensor treated with O to 100 ppm copper; (a) PSY580A, (b) cupl, (c) cup1-8xARE-
PEST treated with O ppm copper, (d) 0.5 ppm copper, () 1 ppm copper, (f) 2.5 ppm
copper, (g) 10 ppm copper, and (h) 100 ppm copper.
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PEST-destabilized CUP1 sensor gene used in a memory platform

To create a bistable memory system, expression of activator from the cup1
sensor gene should be off in the absence of copper. Ideally, induction of
the cup1 sensor would turn on the autofeedback loop only above a certain
threshold concentration of copper. Once the threshold is met, the au-
tofeedback loop will sustain itself even in the absence of copper, providing
memory of exposure. However, because of the leaky nature of the CUP1
promoter, engineering a bistable system is challenging due to autoinduc-
tion and subsequent expression of the autofeedback loop in the absence of
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copper. Nevertheless, it is not always possible to predict how a system will
behave a priori. To determine if a copper-sensitive memory system could
be constructed using the CUP1 promoter, we engineered two yeast strains.
One strain contained the leaky cup1-sensor with the autofeedback loop
(Figure 2a and Figure 2e), and the other strain contained the destabilized
cup1-8xARE-PEST sensor with the same autofeedback loop (Figure 2d and
Figure 2e). Theoretically, exposure to copper will activate the first compo-
nent of the system and induce production of RFP mCherry and LexA, and
in turn, the proteins will bind with the CYC1 promoter of the autofeedback
loop contained in the second component. This protein binding induces
production of Venus and another copy of LexA, which stimulate its own
sustained production to provide memory to the system, as was shown in
Figure 1.

Flow cytometry analysis of cupi-autofeedback or cup1-8xARE-PEST-
autofeedback memory strains is shown in Figure 14. The entire population
of the control strain PSY580A exhibited no fluorescence (Figure 14a) and
approximately 90% of cup1 population expressed mCherry with a median
intensity of 1148, but none of the cells were positive for both mCherry and
Venus (Figure 14b). This finding was expected because the control strain
did not have the autofeedback loop containing YFP. Over 91% of cup1-au-
tofeedback sensor cells expressed mCherry with a median intensity of 1611,
and 7.5% were positive for both mCherry and Venus with median intensi-
ties of 4519 and 475, respectively (Figure 14¢). In contrast, only 4% of
cup1-8xARE-PEST-autofeedback sensor cells expressed mCherry (with a
median intensity of 691), and less than 1% were positive for both mCherry
and Venus, having median intensities of 848 and 391, respectively (Figure
14d). Production of mCherry and Venus in the cup1-autofeedback demon-
strated the functionality of the two-component memory system, and the
significant reduction in cells expressing mCherry and Venus in cup1-
8xARE-PEST-autofeedback demonstrated PEST control of autoinduction
in the absence of copper.
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Figure 14. Flow cytometry analysis of untreated (O ppm copper) cells expressing
autofeedback constructs; (a) PSY580A, (b) cupl, (c) cupl-autofeedback, and (d)
cup1-8xARE-PEST-autofeedback.
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To determine if the autofeedback loop is activated with copper at certain
points during growth, a plate reader was used to monitor the development
of mCherry and Venus in cells expressing either the cup1-autofeedback
sensor or the cup1-8xARE-PEST-autofeedback sensor (Figure 15). Both
autofeedback sensors were found to produce a dose response from 0 to
100 ppm in the presence of increasing copper. This became apparent after
roughly 6 hr of growth. Dose like differences in Venus fluorescence began
after 10 hr of growth. After 16 hr of growth, the Venus fluorescence of
cupi-autofeedback increased significantly for cells treated with 2.5, 5, 10,
or 100 ppm copper (Figure 15b). However, by this time, the Venus fluores-
cence of cup1-8xARE-PEST-autofeedback had already begun to stabilize
(Figure 15d). Most of the prominent changes in mCherry fluorescence took
place in the log phase of cell growth, while most changes in Venus fluores-
cence took place near when the cells were in stationary phase (Figure 15¢
and Figure 15f). This delay in Venus fluorescence likely results from de-
layed accumulation of autofeedback loop components and reporter matu-
ration. In S. cerevisiae, YFP has been documented to take up to 40 min to
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fold and mature (Gordon et al. 2007). Both strains containing the au-
tofeedback loop responded to copper by producing mCherry in a dose-de-
pendent manner. The fluorescence intensity of the PEST-destabilized
strain was much less overall (i.e., lower dynamic range). Cup1-autofeed-
back produced Venus in a dose-dependent manner, particularly at concen-
trations greater than 2.5 ppm. Venus levels from cup1-8xARE-PEST-
autofeedback were not considerably greater than a negative control. As
with the previous evaluation, no significant differences in growth could be
attributed to the inserted constructs, and no apparent toxic response was
exhibited by increasing concentrations of copper (Figure 15e and Figure
15f). Ultimately, these results demonstrate that the PEST destabilization
autofeedback loop was turned on in the absence of copper.

Figure 15. Time course of fluorescence for autofeedback strains treated with O to
100 ppm copper; (a) mCherry fluorescence cupl-autofeedback, (b) Venus
fluorescence cupl-autofeedback, (c) mCherry fluorescence cup1-8xARE-PEST-
autofeedback, (d) Venus fluorescence cup1-8xARE-PEST-autofeedback, (e) cupl-
autofeedback growth curves, and (f) cup1-8xARE-PEST-autofeedback growth curves.
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However, it is important to note that although copper was excluded from
the medium, trace amounts about the experiments done in this study was
that copper levels in the components used to create the yeast media were
not controlled. This was done in order to determine if a copper-sensitive
memory platform could be created without stringent growth requirements.
At minimum, the yeast media contains 0.04 ppm copper as a contribution
from the nitrogen base. This minimum does not include the sugar, double
deionized water (ddH-0), or drop-out mix. It may be worth using ICP-OES
to verify copper levels before each experiment. To rule out effects from
trace levels of copper, future experiments will be performed in media pre-
pared from low-fluorescence, copper-free nitrogen base, and 18 M(Q water.
Copper levels will be verified using ICP-OES.
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Conclusions

We have developed an S. cerevisiae sensor for the detection of copper. The
sensor responds robustly to treatment with 0—100 ppm copper. However,
in the absence of copper the system is still highly active. For detection of
copper in drinking water sources, a leaky system is not ideal. We explored
the use of various mRNA and protein destabilization elements to in an ef-
fort to eliminate background signal from the system. We determined that
the addition of the P1 PEST protein destabilization element to the copper
sensor dramatically reduced background expression from the system. The
destabilized sensor responds robustly to copper in excess of 1 ppm. This is
beneficial because the World Health Organization (WHO) states that safe
drinking water should not contain more than 2 ppm copper. However, de-
spite destabilization, the system still remains on in the presence of low lev-
els of copper. Our results demonstrated that the second component in the
memory platform, the autofeedback loop, is still turned on in the absence
of copper, despite destabilization efforts. Thus, due to the pervasive leaky
nature of the copper promoter, it is not certain whether that will be a pos-
sibility. An important point to note is that the copper levels were not con-
trolled in the media used to culture the yeast in the experiments outlined
in this report. At minimum, the media could have contained about 0.04
ppm copper. To rule out effects of sources of exogenous copper, future
work will focus on studying the behavior of the copper memory platform in
the total absence of exogenous copper. This work will be accomplished in
conjunction with the ICP-OES analysis.
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Appendix: DNA Sequences and Vector Maps

Native cupl

1

61
121
181
241
31
361
421
481
541
601
661
721
781
841
901
961
1821
1881
1141
1201
1261
1321
1381
1441
1581
1561
1621
1681
1741
181
1861
1921
1981
2041
2101
2161
2271
2281
2341
2401

GGATCCCTAG
GGCATTTCTT
AAAGACTACC
TGTCTTGTAT
CGAAACTAGA
TAAGGAGTTC
AATAGAAGGT
TACTAAGGGT
GTCAAAGGCT
CGAAGGGTTT
TCAGGATTCG
CTTTCCATCT
ACGAATGTAC
AGATGGTGGA
GCTCCCAGGT
TACGATAGTT
ACTATACAAA
AGAAAATAAC
TGTAAATGGA
CCAAACCGCG
TAGCCCTCAA
CTATCTAAAG
CGGETGGCGTG
AGTCAAATTA
GGGECTGGEGAG
TAAACAAAGA
CAAAGCTAAG
TACATCACAT
TAGTACTGGT
AACGGCCAGG
GCCGCCGACG
AGAACATCTG
CGGGATTCGT
CGGTGAACCA
TTTGGACGAC
CATGTTGGGT
ACCTAGGCCC
TACCGCACCC
AAAAATAAGT
CTTGAGTAAC
TATTGACCAC

TTAGAAAAAG
CTAGAAGCAA
AACGCAATAT
CAATTGCATT
GCAACTAGCG
ATGAGATTCA
GAAGGAGAAG
GGCCCATTAC
TATGTCAAGC
AAGTGGGAGC
TCCCTGCAAG
GACGGCCCGG
CCTGAAGATG
CATTATGACG
GCTTACAATG
GAACAATACG
GGTTCTGGTA
ATGGCAATCA
CATGAATTTG
AAGCTAAAAG
TTCATGTATG
TTATCTTTTC
GTAACAGTGA
AGAGGAACTA
GCCTCCTCAG
TTGAAATTGA
AAACCTGTCC
AATGAAGATT
GGCATGGATG
CAACAAGAGG
CGTGCGEAAA
AAGGCGCTGG
CTGTTGCAGG
ACTAGAGACG
TTCGACTTGG
TCTGACGCTT
AAGAAAAAGC
GGGGCGAATT
GTATACAAAT
TCTTTCCTGT
ACCTCTACCG

ACATTTTTGC
AAAGAGCGAT
GGATTGTCAG
ATAATATCTT
GCATGGTTAG
AAGTTCACAT
GAAGGCCTTA
CATTTGCATG
ACCCCGCCRA
GTGTGATGAA
ATGGTGAATT
TTATGCAAAA
GTGCCTTGAA
CTGAGGTTAA
TAAATATAAA
AMAGGGCTGA
CCGCAACTAG
TTAAGGAGTT
AMAATAGAAGG
TTACTAAGGG
GGETCAAAGGC
CCGAAGGGTT
CTCAGGATTC
ACTTTCCATC
AACGAATGTA
AAGATGGTGG
AGCTCCCAGG
ATACGATAGT
AACTATACAA
TGTTTGATCT
TCGCGCAGCG
CACGCAAAGG
AAGAGGAAGA
CTTTGGACGA
ACATGTTGGG
TGGACGACTT
GCAAGGTATC
TCTTATGATT
TTTAAAGTGA
AGGTCAGGTT
GCTGCAG

TGTCAGTCAC
GCGTCTTTTC
AATCATATAA
CTTGTTAGTG
TAAAGGAGAA
GGAAGGTTCT
TGAAGGAACC
GGATATCCTT
CATTCCAGAC
CTTCGAAGAC
TATCTACAAA
AMGACAATG
GGGETGAGATT
AACGACATAC
ACTTGATATT
GGGGAGACAT
AGCAACTAGC
CATGAGATTC
TGAAGGAGAA
TGGCCCATTA
TTATGTCAAG
TAAGTGGGAG
GTCCCTGCAA
TGACGGCCCG
CCCTGAAGAT
ACATTATGAC
TGCTTACAAT
TGAACAATAC
ACCATGGGGT
CATCCGTGAT
TTTGGGGTTC
CGTTATTGAA
AGGGTTGCCG
CTTCGACTTG
TTCTGACGCT
CGACTTGGAC
CGGAGGTACC
TATGATTTTT
CTCTTAGGTT
GCTTTCTCAG

TGTCAAGAGA
CGCTGAACCG
AAGAGAAGCA
CAATATCATA
GAAAATAACA
GTAAATGGAC
CAAACCGCGA
AGCCCTCAAT
TATCTARAGT
GGTGGCGTGG
GTCAMATTAA
GGCTGGGAGG
AAACAAAGAT
AAAGCTAAGA
ACATCACATA
AGTACTGGTG
GGCATGGTTA
AMMGTTCACA
GGEAAGGCCTT
CCATTTGCAT
CACCCCGCCa
CGTGTGATGA
GATGGTGAAT
GTTATGCAAA
GGTGCCTTGA
GCTGAGGTTA
GTAAATATAA
GAAAGGGCTG
ACCGCAGCTA
CACATCAGCC
CGTTCCCCAA
ATTGTTTCCG
CTGGTAGGTC
GACATGTTGG
TTGGACGACT
ATGTTGGCAT
GCAAGATCTT
ATTATTAAAT
TTAAAACGAA
GTATAGCATG

TTCTTTTGCT
TTCCAGCAAA
AATAACTCCT
TAGAAGTCAT
TGGCAATCAT
ATGAATTTGA
AGCTAAAAGT
TCATGTATGG
TATCTTTTCC
TAACAGTGAC
GAGGAACTAA
CCTCCTCAGA
TGAAATTGAA
AACCTGTCCA
ATGAAGATTA
GCATGGATGA
GTAAAGGAGA
TGGAAGGTTC
ATGAAGGAAC
GGGATATCCT
ACATTCCAGA
ACTTCGAAGA
TTATCTACAA
AMAAGACAAT
AGGGTGAGAT
AAACGACATA
AACTTGATAT
AGGGGAGACA
GCAAAGCGTT
AGACAGGTAT
ACGCGGCTGA
GCGCATCACG
GTGTGGCTGC
GTTCTGACGC
TCGACTTGGA
GCGGTACCGC
AAATGCATGG
AAGTTATAAA
AATTCTTATT
AGGTCGCTCT
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Cup1-8xARE

61
121
181
241
3Je1
361
421
431
541
6081
661
721
781
841
981
961

1821
1881
1141
1201
1261
1321
1381

1581
1561
1621
1681
1741
1881
1861
1921
1981
2041
2181
2161
2221
2281
2341
2481
2461
2521
2581

GGATCCCTAG
GGCATTTCTT
AAAGACTACC
TGTCTTGTAT
CGAAACTAGA
TAAGGAGTTC
AATAGAAGGT
TACTAAGGGT
GTCAAAGGCT
CGAAGGGTTT
TCAGGATTCG
CTTTCCATCT
ACGAATGTAC
AGATGGTGGA
GCTCCCAGGT
TACGATAGTT
ACTATACAAA
AGAAAATAAC
TGTAAATGGA
CCAAACCGCG
TAGCCCTCAA
CTATCTAAAG
CGLTGECGTG
AGTCAAATTA
GGGCTGGERAG
TAAACAAAGA
CAAAGCTAAG
TACATCACAT
TAGTACTGGT
AACGGCCAGG
GCCGCCGACG
AGAACATCTG
CGGGATTCGT
CGGTGAACCA
TTTGGACGAC
CATGTTGGGT
ACTTAGGCCC
ATTTATTTTA
ATAAATGCAT
TAAATAAAAT
TATTATGCAT
ATAAGTTATA
AABATTCTTA
TGAGGTCGCT

TTAGAAAAAG
CTAGAAGCAA
AACGCAATAT
CAATTGCATT
GCAACTAGCG
ATGAGATTCA
GAAGGAGAAG
GGCCCATTAC
TATGTCAAGC
AAGTGGGAGC
TCCCTGCAAG
GACGGCCCGG
CCTGAAGATG
CATTATGACG
GCTTACAATG
GAACAATACG
GGTTCTGGTA
ATGGCAATCA
CATGAATTTG
AAGCTAAAAG
TTCATGTATG
TTATCTTTTC
GTAACAGTGA
AGAGGAACTA
GCCTCCTCAG
TTGAAATTGA
AMCCTGTCC
AATGAAGATT
GGCATGGATG
CAACAAGAGG
CGTGCGGAAA
AAGGCGCTGG
CTGTTGCAGG
ACTAGAGACG
TTCGACTTGG
TCTGACGCTT
AAGAAAAAGC
TTTATTATGC
AATAAATAAA
AMTAAATGC
GGTACCGCAC
AAAAAAATAA
TTCTTGAGTA
CTTATTGACC

ACATTTTTGC
AAAGAGCGAT
GGATTGTCAG
ATAATATCTT
GCATGGTTAG
AAGTTCACAT
GAAGGCCTTA
CATTTGCATG
ACCCCGCCGA
GTGTGATGAA
ATGGTGAATT
TTATGCAAAA
GTGCCTTGAA
CTGAGGTTAA
TAAATATAAA
AAAGGGCTGA
CCGCAACTAG
TTAAGGAGTT
AAATAGAAGG
TTACTAAGGG
GGTCARAGGC
CCGAAGGGTT
CTCAGGATTC
ACTTTCCATC
AACGAATGTA
AAGATGGTGG
AGCTCCCAGG
ATACGATAGT
AACTATACAA
TGTTTGATCT
TCGCGCAGCG
CACGCAAAGG
AAGAGGAAGA
CTTTGGATGA
ACATGTTGGG
TGGCCGACTT
GCAAGGTATC
ATAATAAATA
ATAAATAAAT
ATAATAAATA
CCGARGGCGAA
GTGTATACAA
ACTCTTTCCT
ACACCTCTAC

TGTCAGTCAC
GCGTCTTTTC
AATCATATAA
CTTGTTAGTG
TAAAGGAGAA
GGAAGGTTCT
TGAAGGAACC
GGATATCCTT
CATTCCAGAC
CTTCGAAGAC
TATCTACAAA
AAAGACAATG
GGGETGAGATT
AACGACATAC
ACTTGATATT
GGGGAGACAT
AGCAACTAGC
CATGAGATTC
TGAAGGAGAA
TGGCCCATTA
TTATGTCAAG
TAAGTGGGAG
GTCCCTGCAA
TGACGGCCCG
CCCTGAAGAT
ACATTATGAC
TGCTTACAAT
TGAACAATAC
ACCATGGGGT
CATCCGTGAT
TTTGGGGTTC
CGTTATTGAA
AGGGTTGCCG
GTTCGACTTG
TTCTGACGCT
TGACTTGGAC
CCGAGGTACC
AAATAAATAA
GCATAATAAA
AAATAAATAA
TTTCTTATGA
ATTTTAARAGT
GTAGGTCAGG
CGGCTGCAG

TGTCAAGAGA
CGCTGARACCG
AAGAGAAGCA
CAATATCATA
GAAAATAACA
GTAAATGGAC
CAAACCGCGA
AGCCCTCAAT
TATCTARAGT
GGTGGCGTGG
GTCAAATTAA
GGCTGGGEAGG
AAACAAAGAT
AAAGCTAAGA
ACATCACATA
AGTACTGGTG
GGCATGGTTA
AAAGTTCACA
GGAAGGCCTT
CCATTTGCAT
CACCCCGCCG
CGTGTGATGA
GATGGTGAAT
GTTATGCAAA
GGTGCCTTGA
GCTGAGGTTA
GTAAATATAA
GAAAGGGCTG
ACCGCAGCTA
CACATCAGCC
CGTTCCCCAA
ATTGTTTCCG
CTGGTAGGTC
GACATGTTGG
TTGGACGACT
ATGTTGGCAT
GCAAGATCTT
ATGCATAATA
TAAAATAAAT
ATGCATTTAT
TTTATGATTT
GACTCTTAGG
TTGCTTTCTC

TTCTTTTGCT
TTCCAGCAAA
AATAACTCCT
TAGAAGTCAT
TGGCAATCAT
ATGAATTTGA
AGCTAAAAGT
TCATGTATGG
TATCTTTTCC
TAACAGTGAC
GAGGAACTAA
CCTCCTCAGA
TGAAATTGAA
AACCTGTCCA
ATGAAGATTA
GCATGGATGA
GTAAAGGAGA
TGGAAGGTTC
ATGAAGGAAC
GGGATATCCT
ACATTCCAGA
ACTTCGAAGA
TTATCTACAA
AMMAGACAAT
AGGGTGAGAT
AAACGACATA
AACTTGATAT
AGGGGAGACA
GCAAAGCGTT
AGACAGGTAT
ACGCGGCTGA
GCGCATCACG
GTGTGGCTGC
GTTCTGACGC
TCGACTTGGA
GCGGTACCGC
AMATGCATTT
AATAAAATAA
AAATGCATAA
TTATTTTATT
TTATTATTAA
TTTTAAAACG
AGGTATAGCA
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Cupl-MFA2

1

61
121
181
241
381
36l
421
481
541
681
661
721
781
841
981
961
1821
lea1
1141
1281
1261
1321
1381
1441
1581
1561
1621
1681
1741
1881
1861
1921
1981
2841
2181
2161
2221
2281
2341
2481
2461
2521
2581

GGATCCCTAG
GGCATTTCTT
AMAGACTACC
TGTCTTGTAT
CGAAACTAGA
TAAGGAGTTC
AATAGAAGGT
TACTAAGGGT
GTCAAAGGCT
CGAAGGGTTT
TCAGGATTCG
CTTTCCATCT
ACGAATGTAC
AGATGGTGGA
GCTCCCAGGT
TACGATAGTT
ACTATACAAL
AGAAAATAAC
TGTAAATGGA
CCAAACCGLG
TAGCCCTCAA
CTATCTAAAG
CGGTGGCGTG
AGTCAAATTA
GGGCTGGGAG
TAAACAAAGA
CAAAGCTAAG
TACATCACAT
TAGTACTGGT
AACGGCCAGG
GCCGCCGRACG
AGAACATCTG
CGGRATTCGT
CGGTGAACCA
TTTGGACGAC
CATGTTGGGT
ACCTAGGCCC
AAATCAATAT
TCTCATCATT
TTATCACTTT
GATTTATGAT
GTGACTCTTA
GGTTGCTTTC
G

TTAGAAAAAG
CTAGAAGCAA
AACGCAATAT
CAATTGCATT
GCAACTAGCG
ATGAGATTCA
GAAGGAGAAG
GGCCCATTAC
TATGTCAAGC
AAGTGGGAGC
TCCCTGCAAG
GACGGCCCGG
CCTGAAGATG
CATTATGACG
GCTTACAATG
GAACAATACG
GGTTCTGGTA
ATGGCAATCA
CATGAATTTG
AAGCTAAMAG
TTCATGTATG
TTATCTTTTC
GTAACAGTGA
AGAGGAACTA
GCCTCCTCAG
TTGAAATTGA
AAMCCTGTCC
AATGAAGATT
GGCATGGATG
CAACAAGAGG
CGTGCGGEAAA
AAGGCGLTGG
CTGTTGCAGG
ACTAGAGACG
TTCGACTTGG
TCTGACGCTT
AAGAAAAAGC
CTACCCTTTC
AGCTCACCCT
AACAGATTTT
TTTTATTATT
GGTTTTAAAL
TCAGGTATAG

ACATTTTTGC
AAMGAGCGAT
GGATTGTCAG
ATAATATCTT
GCATGGTTAG
AAMGTTCACAT
GAAGGCCTTA
CATTTGCATG
ACCCCGLCGA
GTGTGATGAA
ATGGTGAATT
TTATGCAAAA
GTGCCTTGAA
CTGAGGTTAA
TAAATATAAA
AAAGGGECTGA
CCGCAACTAG
TTAAGGAGTT
AAATAGAAGG
TTACTAAGGG
GGTCAAAGGC
CCGAAGGGTT
CTCAGGATTC
ACTTTCCATC
AACGAATGTA
AAGATGGTGG
AGCTCCCAGG
ATACGATAGT
AACTATACAA
TGTTTGATCT
TCGCGCAGCG
CACGCAAAGG
AAGAGGAAGA
CTTTGGACGA
ACATGTTGGG
TGGACGACTT
GCAAGGTATC
ATTTATTACG
TTCCATACTT
TTCATGATGC
AMATAAGTTA
CGAAAATTCT
CATGAGGTCG

TGTCAGTCAC
GCGTCTTTTC
AATCATATARA
CTTGTTAGTG
TAAAGGAGAA
GGAAGGTTCT
TGAAGGAACC
GGATATCCTT
CATTCCAGAC
CTTCGAAGAC
TATCTACAAA
AAAGACAATG
GGGTGAGATT
AACGACATAC
ACTTGATATT
GGGGAGACAT
AGCAACTAGC
CATGAGATTC
TGAAGGAGAA
TGGCCCATTA
TTATGTCAAG
TAAGTGGGAG
GTCCCTGCAA
TGACGGCCCG
CCCTGAAGAT
ACATTATGAC
TGCTTACAAT
TGAACAATAC
ACCATGGGGT
CATCCGTGAT
TTTGGGGETTC
CGTTATTGAA
AGGGTTGCCG
CTTCGACTTG
TTCTGACGCT
CGACTTGGAC
CGGATAATTT
TGTTGCTGGC
TTTCATACTT
ATGGTACCGC
TAAAAAAAAT
TATTCTTGAG
CTCTTATTGA

TGTCAAGAGA
CGCTGAACCG
AAGAGAAGCA
CAATATCATA
GAAAATAACA
GTAAATGGAC
CAAACCGCGA
AGCCCTCAAT
TATCTARAGT
GGTGGCGTGG
GTCAAATTAA
GGCTGGRAGG
AAACAAAGAT
AAAGCTAAGA
ACATCACATA
AGTACTGGTG
GGCATGGTTA
AAAGTTCACA
GGAAGGCCTT
CCATTTGCAT
CACCCCRCCG
CGTGTGATGA
GATGGTGAAT
GTTATGCAAA
GGTGCCTTGA
GCTGAGGTTA
GTAAATATAA
GAAAGGGCTG
ACCGCAGCTA
CACATCAGCC
CGTTCCCCAA
ATTGTTTCCG
CTGGTAGGTC
GACATGTTGG
TTGGACGACT
ATGTTGGCAT
TTGACGACAA
AAACTAATTT
TTATACATAT
ACCCGLEGLG
AAGTGTATAC
TAACTCTTTC
CCACACCTCT

TTCTTTTGCT
TTCCAGCAARL
AATAACTCCT
TAGAAGTCAT
TGGCAATCAT
ATGAATTTGA
AGCTAAAAGT
TCATGTATGG
TATCTTTTCC
TAACAGTGAC
GAGGAACTAA
CCTCCTCAGA
TGAAATTGAA
AACCTGTCCA
ATGAAGATTA
GCATGGATGA
GTAAAGGAGA
TGGAAGGTTC
ATGAAGGAAC
GGGATATCCT
ACATTCCAGA
ACTTCGAAGA
TTATCTACAA
AAAAGACAAT
AGGGTGAGAT
AMACGACATA
AACTTGATAT
AGGGGAGACA
GCAAAGCGTT
AGACAGGTAT
ACGCGECTGA
GCGCATCACG
GTGTGRETGE
GTTCTGEACGC
TCGACTTGGA
GCGGTACCGC
CCAAGAGGTC
ATTCCAATTC
GTATTTGTAG
AATTTCTTAT
AMRATTTTAAA
CTGTAGGTCA
ACCGGCTGCA
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Cupl-8xARE-PEST

1

61
121
181
241
381
361
421
481
541
681
661
721
781
841
91
961
1821
18a1
1141
1281
1261
1321
1381
1441
1581
1561
1621
1681
1741
1881
1861
1921
1981
2841
21e1
2161
2221
2281
2341
2481
2451
2521
2581
2641
278l

GGATCCCTAG
GGCATTTCTT
AAAGACTACC
TGTCTTGTAT
CGAAACTAGA
TAAGGAGTTC
AATAGAAGGT
TACTAAGGGT
GTCAMAGGCT
CGAAGGGTTT
TCAGGATTCG
CTTTCCATCT
ACGAATGTAC
AGATGGTGGA
GCTCCCAGGT
TACGATAGTT
ACTATACAAA
AGAAAATAAC
TGTAMATGGA
CCAAACCGCG
TAGCCCTCAA
CTATCTAAAG
CGGTGRCGTG
AGTCAAATTA
GGEGCTGGEAG
TAAACAAAGA
CAMAGCTAAG
TACATCACAT
TAGTACTGGT
AACGGCCAGG
GCCGCCGALCG
AGAACATCTG
CGGGATTCGT
CGGTGAACCA
TTTGGACGAC
CATGTTGGGT
ACCTAGGCCC
GGCGCAGGAT
CCCTGCAGCC
ATTTATTGTG
CTTATTTATT
ATTTATTGTG
CATGCATGGT
AGTTATAAAA
ATTCTTATTC
GETCGCTCTT

TTAGAAAAAG
CTAGAAGCAA
AACGCAATAT
CAATTGCATT
GCAACTAGCG
ATGAGATTCA
GAAGGAGAAG
GGCCCATTAC
TATGTCAAGC
AAGTGGGAGC
TCCCTGCAAG
GACGGCCCGE
CCTGAAGATG
CATTATGACG
GCTTACAATG
GAACAATACG
GGTTCTGGTA
ATGGCAATCA
CATGAATTTG
AAGCTAAMAG
TTCATGTATG
TTATCTTTTC
GTAACAGTGA
AGAGGAACTA
GCCTCCTCAG
TTGAAATTGA
AAACCTGTCC
AATGAAGATT
GGCATGGATG
CAACAAGAGG
CGTGCGGAAA
AAGGCGCTGG
CTGTTGCAGG
ACTAGAGACG
TTCGACTTGG
TCTGACGCTT
AAGAAAAAGC
GATGGCACGC
TGTGCTTCTG
AACTTATTTA
TTATTTATTG
AACTTATTTA
ACCGCACCCG
AAAATAAGTG
TTGAGTAACT
ATTGACCACA

ACATTTTTGC
AAAGAGCGAT
GGATTGTCAG
ATAATATCTT
GCATGGTTAG
AAGTTCACAT
GAAGGCCTTA
CATTTGCATG
ACCCCGCCGA
GTGTGATGAA
ATGGTGAATT
TTATGCAAAA
GTGCCTTGAA
CTGAGGTTAA
TAAATATAAN
AAAGGGCTGA
CCGCAACTAG
TTAAGGAGTT
AAATAGAAGG
TTACTAAGGG
GGTCAAAGGC
CCGAAGGGTT
CTCAGGATTC
ACTTTCCATC
AACGAATGTA
AAGATGGTGG
AGCTCCCAGG
ATACGATAGT
AACTATACARA
TGTTTGATCT
TCGCGLAGCG
CACGCAAAGG
AAGAGGAAGA
CTTTGGACGA
ACATGTTGGG
TGGACGACTT
GCAAGGTATC
TGCCCATGTC
CTAGGATCAA
TTTTATTTAT
TGAACTTATT
TTTTATTTAT
GGGCGAATTT
TATACASATT
CTTTCCTGTA
CCTCTACCGG

TGTCAGTCAC
GCGTCTTTTC
AATCATATAA
CTTGTTAGTG
TAAAGGAGAA
GGAAGGTTCT
TGAAGGAACC
GGATATCCTT
CATTCCAGAC
CTTCGAAGAC
TATCTACAAA
AMAGACAATG
GGGTGAGATT
AACGACATAC
ACTTGATATT
GGGEAGACAT
AGCAACTAGC
CATGAGATTC
TGAAGGAGAA
TGGCCCATTA
TTATGTCAAG
TAAGTGGGAG
GTCCCTGCAA
TGACGGCCCG
CCCTGAAGAT
ACATTATGAC
TGCTTACAAT
TGAACAATAC
ACCATGGGGT
CATCCGTGAT
TTTGGGGTTC
CGTTATTGAA
AGGGTTGCCG
CTTCGACTTG
TTCTGACGCT
CGACTTGGAC
CGGAAGCCAT
TTGTGCCCAG
TGTGAGATCT
TGTGAACTTA
TATTTTATTT
TGTGAACTTA
CTTATGATTT
TTAAAGTGAC
GGTCAGGTTG
CTGCAGGAAT

TGTCAAGAGA
CGCTGAACCG
AAGAGAAGCA
CAATATCATA
GAAAATAACA
GTAAATGGAC
CAAACCGCGA
AGCCCTCAAT
TATCTAAAGT
GGTGRCGTGG
GTCAAATTAA
GGCTGGGRAGG
AAACAAAGAT
AAAGCTAAGA
ACATCACATA
AGTACTGGTG
GGCATGGTTA
AAAGTTCACA
GGAAGGCCTT
CCATTTGCAT
CACCCCGCCG
CGTGTGATGA
GATGGTGAAT
GTTATGCAAA
GETGCCTTGA
GCTGAGGTTA
GTAAATATAA
GAAAGGGCTG
ACCGCAGCTA
CACATCAGCC
CGTTCCCCAA
ATTGTTTCCG
CTGGTAGGTC
GACATGTTGG
TTGGACGACT
ATGTTGGCAT
GGCTTCCCGE
GAGAGCGGGA
TAAGTGAACT
TTTATTTTAT
ATTGTGAACT
TTTATTTTAT
ATGATTTTTA
TCTTAGGTTT
CTTTCTCAGG
TCGATATCARA

TTCTTTTGCT
TTCCAGCAARA
AATAACTCCT
TAGAAGTCAT
TGGCAATCAT
ATGAATTTGA
AGCTAAMAGT
TCATGTATGG
TATCTTTTCC
TAACAGTGAC
GAGGAACTAA
CCTCCTCAGA
TGAAATTGAA
AACCTGTCCA
ATGAAGATTA
GCATGGATGA
GTAAAGGAGA
TGGAAGGTTC
ATGAAGGAAC
GGGATATCCT
ACATTCCAGA
ACTTCGAAGA
TTATCTACAA
AAAAGACAAT
AGGGTGAGAT
AAACGACATA
AACTTGATAT
AGGGGAGACA
GCAAAGCGTT
AGACAGGTAT
ACGCGGCTGA
GCGCATCACG
GTGTGGCTGEC
GTTCTGACGC
TCGACTTGGA
GCGGTACCGL
CGGCGGTGGEC
TGGACCGTCA
TATTTATTTT
TTATTGTGAA
TATTTATTTT
TTATTGTGAA
TTATTAMATA
TAAAACGAAN
TATAGCATGA
GCTT
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Autofeedback loop

1

61
121
181
241
301
36l
421
481
541
601
661
721
781
841
9e1
961
1821
1881
1141
1281
1261
1321
1381
1441
1581
1561
1621
1681
1741
18@1
1861
1921
1981
2841
2181
2161
2221
2281
2341
2481
24561
2521

GGATCCCTGT
GGTTATATGT
TATATAAAAC
CGTGGATGGC
ACACATGATC
TTCTCTAMAT
ATAGACACGC
GAGACTAGAG
CCAATTTTAG
GGTGAGGGTG
CTGCCTGTTC
AGATACCCAG
GTCCAAGAAC
AAATTCGAAG
GATGGTAATA
ACCGCCGACA
GATGGTGGAG
GTTTTGCTAC
GAAAARAGAG
ATGGATGAAC
AAAGGAGAAG
AACGGTCATA
ACTTTGAAGT
ACGTTAGGTT
TTCTTTAAAT
GACGGTAATT
ATAGAGTTAA
TATAACTATA
GCCAATTTTA
CAACAAMATA
TATCAAAGCA
TTTGTAACAG
GCAACTAGAL
ATCAGCCAGA
TCCCCAMACG
GTTTCCGGLG
GTAGGTCGTG
ATGTTGGGTT
GACGACTTCG
TTGACTAGAC
ATGATTTTTA
TCTTAGGTTT
CTTTCTCAGG

ATATAAAACC
ACAGACTAGA
CAGTGGTTAT
CAGGCAACTT
ATATGGCATG
ATTCTTTCCT
AAACACAAAT
CAACTACCGG
TTGAACTAGA
ATGCAACGTA
CCTGGCCTAC
ATCACATGAA
GTACTATTTT
GTGACACACT
TTCTAGGCCA
AGCAGAAGARN
TACAGCTTGC
CCGATAACCA
ACCACATGGT
TATACAAAGC
AACTTTTCAC
AGTTCAGTGT
TAATATGTAC
ATGGGTTGAT
CTGCAATGCC
ATAAMACTAG
AGGGGATTGA
ATTCACACAA
AGATTAGACA
CCCCGATCGG
AATTGTCAAA
CTGCTGGGAT
AAGCGTTAAC
CAGGTATGCC
CGGCTGAAGA
CATCACGCGG
TGGCTGCLGE
CTGACGCTTT
ACTTGGACAT
CCAAGAAAAN
TTATTAAATA
TAAAACGAAA
TATAGCATGA

AGTGGTTATA
CTGTATATAA
ATGTACAGAC
TAGTGCTGAC
CATGTGCTCT
TATACATTAG
ACACACACTA
TATGGTTAGT
TGECGACGTG
CGGTAAGTTA
CCTGGTGACA
AAGGCATGAC
CTTTAAAGAT
TGTAAATCGA
TAAACTTGAA
TGEAATCALN
TGATCATTAC
TTATCTGTCC
ACTCTTGGAA
TAGCGGTACC
TEEAGTTGTC
CTCCGRLGAL
AACCGLCAAG
GTGCTTTGCT
AGAAGGTTAC
GECTGAAGTT
TTTCAAAGAG
CGTTTACATT
CAATATTGAG
TGATGGACCA
AGATCCTAAC
TACACATGGC
GGCCAGGCAL
GCCGACGCGT
ACATCTGAAG
GATTCGTCTG
TGAACCAACT
GGACGACTTC
GTTGGGTTCT
GCGCAAGGTA
AGTTATAAAA
ATTCTTATTC
GGTCGCTCTT

TGTACAGACT
AACCAGTGGT
TAGACAGATC
ACATACAGGC
GTATGTATAT
GACCTTTGCA
AATTAATAAA
AMAGGAGAAG
AACGGTCATA
ACTTTGAAGT
ACGTTAGGTT
TTCTTTARAT
GACGGTAATT
ATAGAGTTAA
TATAACTATA
GCCAATTTTA
CAACAALATA
TATCAAAGCA
TTTGTAACAG
GCAACTAGAG
CCAATTTTAG
GGTGAGGGTG
CTGCCTGTTC
AGATACCCAG
GTCCAAGAAC
AMATTCGAAG
GATGGTAATA
ACCGCCGACA
GATGGTGGAG
GTTTTGCTAC
GAAAALAGAG
ATGGATGAAC
CAAGAGGTGT
GCGGAAATCG
GCGCTGGCAC
TTGCAGGAAG
AGAGACGCTT
GACTTGGACA
GACGCTTTGG
ACTAGATAAT
AMMATAAGTG
TTGAGTAACT
ATTGACCACA

AGACTGTATA
TATATGTACA
CGCCAGGCGT
ATATATATAT
AAAACTCTTG
GCATAAATTA
CTAGACCCGC
AACTTTTCAC
AGTTCAGTGT
TAATATGTAC
ATGGGTTGAT
CTGCAATGCC
ATAAAACTAG
AGGGGATTGA
ATTCACACAA
AGATTAGACA
CCCCGATCGG
AATTGTCAAA
CTGCTGGGAT
CAACTAGCGG
TTGAACTAGA
ATGCAACGTA
CCTGGCCTAC
ATCACATGAA
GTACTATTTT
GTGACACACT
TTCTAGGCCA
AGCAGAAGAA
TACAGCTTGC
CCGATAACCA
ACCACATGGT
TATACAAAGG
TTGATCTCAT
CGCAGCGTTT
GCAAAGGCGT
AGGAAGAAGG
TGGACGACTT
TGTTGGGTTC
ACGACTTCGA
AAGCGAATTT
TATACAMATT
CTTTCCTGTA
CCTCTACCGG

TAAMACCAGT
GACTAGACTG
GTATATATAG
GTGTGCGACG
TTTTCTTCTT
CTATACTTCT
CGCCACCATG
TGGAGTTGTC
CTCCGGCGAA
AACCGRCAAG
GTGCTTTGLT
AGAAGGTTAC
GGCTGAAGTT
TTTCAAAGAG
CGTTTACATT
CAATATTGAG
TGATGGACCA
AGATCCTAAC
TACACATGGC
CATGGTTAGT
TGGCGACGTG
CGGTAAGTTA
CCTGGTGACA
AAGGCATGAC
CTTTAAAGAT
TGTAAATCGA
TAAACTTGAA
TGGAATCAAA
TGATCATTAC
TTATCTGTCC
ACTCTTGGAA
CGCCGGTACC
CCGTGATCAC
GGGGTTCCGT
TATTGAAATT
GTTGCCGLTG
CGACTTGGAC
TGACGCTTTG
CTTGGACATG
CTTATGATTT
TTAAMGTGAC
GGTCAGGTTG
GAATTC
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Figure Al. Plasmid pRS305 (www.snhapgene.com/resources).
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Figure A2. Plasmid pRS306 (www.snapgene.com/resources).
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Figure A3. Plasmid pd1EGFP-N1 (www.snapgene.com/resources).
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