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INTRODUCTION

Organisms such as Saccharomyces cerevisiae can regulate the mechanisms of proteins

through post-translational modification. Posttranslational modification utilizes enzymes to target

pre-existing proteins by altering their chemical properties with the covalent addition or removal

of a variety of chemical groups (Rhee et al. 2005). These modifications play a vital role in

functional proteomic activity because they can regulate protein activity, localization, and

interaction with other cellular molecules (Hardman 2019). Some examples of posttranslational

modifications are phosphorylation, methylation, and the focus of this thesis, acetylation.

Protein acetylation was first discovered on histones nearly four decades ago (Norris et. al

2009). The research established that histone acetylation plays an important role in chromatin

remodeling that is important for gene transcription (Norris et al. 2009). This is carried out

through a specific type of acetylation known as lysine acetylation. Recent discoveries have been

made to reveal that histone proteins are not the only proteins that get acetylated at lysine

residues. Non-nuclear proteins, proteins that shuttle from the nucleus to the cytoplasm, and even

heat shock proteins can be acetylated, showcasing that acetylation has a multiplicity of cellular

targets that it may potentially regulate. (Kouzarides 2000 & Ohn and Anderson 2010).

Lysine acetylation is the process in which Lysine Acetyltransferases facilitate the transfer

of an acetyl from acetyl-CoA to an amino group in lysine (Ali, Ibraheem, et al. 2018). The

acetylation cancels out the positive charge of lysine, which can have many consequences to the

protein’s function (Ali, Ibraheem, et al. 2018). For example, those who suffer from chronic lung

disease have increased KAT expression and increased acetylation level, favoring increased

inflammatory gene expression (Bhavsar,Ahmad, Adcock 2008).  Acetyl Deacetylases can then

remove the acetyl group via Acetyl Deacetylases (KDACS) (Ali, Ibraheem, et al. 2018). Sirtuins
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can also remove acetyl groups from acetylated proteins, using NAD+ as a cofactor [Reviewed in

(Menzies et al. 2016)].

Figure 1 Schematic of regulation by reversible lysine acetylation. Lysine acetylation is a
post-translational modification where acetyltransferases (KATs) add an acetyl group to lysine,
deacetylases (KDACs), and sirtuins can remove acetyl groups from lysine. (Figure by Hardman
2019)
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Additionally, researchers found that many proteins modified by acetylation, including

intermediate metabolic enzymes, were conserved in different species and were heavily enriched

for cellular metabolism (Choudhary et al. 2009, Henriksen et al. 2012). This could imply that

acetylation may play some sort of regulatory role in metabolism. Notably, within Salmonella

enterica, the activity of the central metabolic enzyme Acetyl-CoA Synthetase is regulated by

lysine acetylation (Starai & Escalante-Semerena 2004). Sirtuin protein activity is necessary to

deacetylate Acetyl-CoA Synthetase, which activates it to synthesize Acetyl-CoA from acetate

(Starai & Escalante-Semerena 2004). The newly formed Acetyl-CoA can then be  shunted to

energy generation, lipid synthesis, and other processes. Protein acetyltransferase (Pat proteins)

can then mediate the transfer of an acetyl group from Acetyl-CoA onto lysine residue 609 of

Acetyl-CoA Synthetase to inactivate its activity when Acetyl-CoA concentrations are low (Starai

& Escalante-Semerena 2004). The regulation Acetyl-CoA Synthetase showcases how metabolic

processes within cells can be regulated through activation or inactivation of metabolic proteins

via acetylation and deacetylation activity.

Figure 2: Depiction of the Post-Translational regulation of Acs activity by Pat/Sir2 Acetylation
And Deacetylation (Figure by Starai & Escalante-Semerena)
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Global mass spectrometry studies have been conducted and found that many enzymes in

Saccharomyces cerevisiae involved in metabolism are acetylated (Henriksen et al. 2012). A

potential system that may follow a similar pattern of regulation via acetylation and deacetylation

of metabolic enzymes may be seen within Saccharomyces cerevisiae. Recall that the central parts

of carbon metabolism are glycolysis and the TCA cycle. Glycolysis utilizes glucose and converts

it into Pyruvate through the Glycolysis pathway (Rodrigues et al. 2006). That pyruvate can then

be used to go down two possible different pathways depending on the conditions the cell finds

itself in: (1) it can get converted into ethanol and exported from the cell via fermentation, or (2)

it can get converted into Acetyl-CoA via the multienzyme complex pyruvate dehydrogenase and

enter the TCA cycle and oxidative phosphorylation through respiration (Rodrigues et al. 2006).

Generally speaking, most microbes undergo respiration in the presence of oxygen because more

ATP is acquired out of respiration than fermentation.

Yeast are unique because they have the ability to ferment pyruvate into ethanol and

excrete the ethanol into the medium even when oxygen is present (Smidt et al. 2012). Adh1p is

responsible for carrying out this reaction by catalysing the reduction of acetaldehyde to produce

ethanol as seen in figure 4 (Denis et al. 1983). From an evolutionary standpoint, this is

advantageous to yeast because they often grow in glucose-rich environments, such as the leaves

of fruit trees, where competition from other microbes is high (SlÁviková et al. 2009).

Additionally, yeast also have higher ethanol tolerance than other microbes by being able to alter

its cellular lipid composition in response to ethanol exposure (Beaven et al. 1982). As such, by

excreting out ethanol, yeast are able to kill off their competitors to have more glucose for itself.

However, whenever glucose starts to run out, they switch their metabolism in what is known as

the diauxic shift (Galdieri et al. 2010). The diauxic shift is characterized by decreased growth
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and by switching its carbon source to aerobic utilization of ethanol (Galdieri et al. 2010). This is

when Adh2p comes into play by oxidizing ethanol into acetaldehyde, which can be directed to

the TCA cycle and the electron transport chain for energy synthesis as seen in figure 4 (Beier et

al., 1985; Young & Pilgrim, 1985)

Figure 3 Schematic representation of pyruvate pathways. Pyruvate synthesized in glycolysis is
converted to acetyl-CoA or oxaloacetate and is directed to the TCA Cycle. Pyruvate can also
synthesize acetyl-CoA via the PDH-bypass system (Figure by Rodrigues et al. 2006).
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Figure 4: Metabolism of Glucose and the role of Adh1p and Adh2p (Figure by Canonigo).

The metabolic mechanisms of yeast became of keen interest to our lab because our lab

noticed many stress defense proteins were being acetylated during stress heat shock. Notably,

Adh1p and Adh2p showed both an increase and a decrease in acetylation at two lysine residues

(K315 and K314) overtime during heat shock respectively. This type of regulation could be

similar to the Acs system present in S. enterica, though the exact purpose of this pattern of

acetylation exhibited is unknown. As such, the goal of this project is to determine the effect

acetylation has on Adh protein activity during heat stress.
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Figure 5: Acetylation of ADH1 K315 and ADH2 K314 overtime during heat shock. Unpublished
Data by Rebecca Sides. The data has also been normalized to protein abundance.

To determine the effect acetylation has on Adhp activity, I used site directed mutagenesis

to introduce mutations in the genome at lysine residue K315 in ADH1 and K314 in ADH2 by

replacing the lysine in three different ways. I replaced lysine with glutamine because glutamine

mimics acetylated lysine. I replaced lysine to arginine because arginine mimics un-acetylatable

lysine. For the final mutation, I replaced lysine to alanine to test whether these lysine residues are

even essential for Adh1p and Adh2p function. This was accomplished by carrying out a series of

E. coli transformations and yeast transformations. I then tested these mutant yeast strains against

the wild-type strain under normal growth conditions, 30°C, and growth under high temperature

conditions, 40°C.

Ultimately, the goal of this thesis was to understand what role acetylation plays during

environmental shifts. By having a better understanding of this, my project may provide novel
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insights into how lysine acetylation affects the capability of yeast to adapt to heat shock.

Moreover, understanding this mechanism can lay an important foundation to study other types of

stress such as oxidative stress, ethanol stress, salt stress, etc. The Adh enzyme is also conserved

in other species such as human beings (Cederbaum 2012). Adh is found in the liver and stomach,

which aids in the conversion of ethanol into carbon dioxide and water (Cederbaum 2012). As a

result, discovering new information about the Adh enzymes has implications for human disease

and even pathogenesis.
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METHODS AND MATERIALS

Testing for a Phenotype in ADH1 and ADH2

Yeast diploid strains JL1188 (ADH1 deletion), Jl1363 (ADH2 deletion), and JL2

(BY4742 wild-type) were streaked onto YPD (1% yeast extract, 2% peptone, 2% dextrose) agar

plates. Four isolated colonies from each plate were inoculated in 2-mL cultures of YPD and were

grown overnight at 30℃. A growth curve in a 24 well plate was then conducted. 1mL of YP 2%

Glucose and YP 20% Ethanol were placed in each well, and each strain was placed in each

medium in biological triplicate. The growth curve was grown in the EON plate reader with the

following conditions: 30℃, continuous orbital shaking at max speed for 48 hours with readings

taken every 15 minutes. Data from the growth curves were plotted using Graphpad Prism

software. The data was plotted by taking the mean of the triplicate cultures with error bars

representing the standard deviation.

Amplifying ADH1 and ADH2 for Cloning into pAG36

Since a phenotypic difference where growth was dependent on Adh1p function was

determined, a PCR and gel electrophoresis analysis was done to amplify ADH1 for future

cloning. Though a phenotypic difference where growth was dependent on Adh2p function was

not determined, it was still amplified for future cloning. The first attempt to amplify ADH1 and

ADH2 was done with the high fidelity polymerase known as KOD. ADH1 and ADH2 primers

were utilized. Description of these primers can be seen in Table 1. The following materials were

obtained to conduct a PCR and a gel electrophoresis analysis: PCR water, Buffer (10X), dNTPS

(2 mM each), ADH1 & ADH2 pAG36 F/R primers, MgSO4, and KOD polymerase. Two
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mastermixes were made with the following components: 92.4 uL water, 15 uL buffer, 15 uL

dNTPs, 4.8 uL F primer, 4.8 uL R primer, 9 uL MgSO4, and 3 uL of KOD. Genomic DNA of

ADH1 and ADH2 was extracted using the method of Looke (Looke et al. 2011). I collected 2-4

colonies, added LiOAc lysis buffer, incubated at 70°C for 15 min, washed with EtOH, spun in

the microfuge, resuspended the pellet with TE, then spun again to acquire DNA in the

supernatant. Six uL of template DNA of ADH2::kan for MM1 and ADH1::kan for MM2 was

collected using fresh Lithium acetate DNA prep. Twenty-five uL of each mastermix was divided

into 6 tubes and placed into the PCR machine with the following cycling parameters: initial

denaturation at 95℃ x 2min, followed by 40 cycles of denaturation 95℃ x 20sec, annealing at a

gradient of 45-60℃ x 10s, elongation at 70℃ x 1 min, and incubation at 70℃ x 5min.

Since the PCR using KOD was unsuccessful, a new polymerase known as Taq with a

lower fidelity will be used for the second trial. For the Taq polymerase PCR and gel analysis, the

mastermix components were 93.6-ul water, 24-ul of 5x buffer, 12-ul of 2mM dNTPs, 6-uL of

10uM primer, and 0.4-ul of Taq polymerase. DNA of ADH2 and ADH2 deletion strains were

extracted using Looke’s method (Looke et al. 2011). Nine uL of mastermix and 1-uL of template

DNA were divided into 6 PCR tubes. The PCR was then set with the following cycling

parameters: initial denaturation at 94℃ x 4 min, followed by 30 cycles of denaturation at 94℃ x

30 sec, annealing on a temperature gradient x 45 sec, elongation at  72℃ x 2.5min, and

incubation at 72℃ x 5 min. The temperature gradient for ADH1 was 48-58℃ and the

temperature gradient for ADH2 was 45-55℃.

Since Taq was successful, a higher fidelity polymerase than Taq but lower one than KOD

polymerase known as Herculase was conducted.  The final PCR and gel electrophoresis using

Herculase polymerase contained the following mastermix components: 28.22-uL water, 10-uL
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buffer, 6.26-uL dNTPs, 1.26-uL primers, and 1-uL Herculase. DNA of ADH1 and ADH2

deletion strains were extracted using the same method as above. Forty-eight uL of mastermix

with 2-uL of template DNA were divided into 6 PCR tubes. The cycling parameters for this PCR

were an initial denaturation at 95°C x 2 min, followed by 35 cycles of denaturation at 95°C x 20

sec, annealing at 50°C x 20 sec, elongation at 72°C x 1.5min, and incubation at 72°C x 5 min.
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Primer Name Sequence Purpose

ADH1 pAG36 F AAACGAGCTCGAATTCAGACAGG
TACATACAACACTGGAAAT

Pairs with ADH1 pAG36 R to amplify
2,124 bp fragments from S288c.
Product includes ADH1 gene + 929 bp
upstream + 148 bp downstream
flanking sequence.

ADH1 pAG36 R CGCATAGGCCACTAGTCCTGAGA
AAGCAACCTGACCTACAG

Pairs with ADH1 pAG36 F to amplify
2,124 bp fragment from S288c.
Product includes ADH1 gene + 929 bp
upstream + 148 bp downstream
flanking sequence.

ADH2 pAG36 F AAACGAGCTCGAATTCTGAAGAG
ACTAATCAAAGAATCGT

Pairs with ADH2 pAG36 R to amplify
2,334 bp fragment from S288c.
Product includes ADH2 gene + 641 bp
upstream + 646 bp downstream
flanking sequence.

ADH2 pAG36 R CGCATAGGCCACTAGTTACTTCCT
GTATAGGCCCGC

Pairs with ADH2 pAG36 R to amplify
2,334 bp fragment from S288c.
Product includes ADH2 gene + 641 bp
upstream + 646 bp downstream
flanking sequence.

ADH SEQ 234 F AAACGTTAAGGGCTGGAAGATCG Sequencing ADH1 or ADH2 on the
leading strand

ADH SEQ 389 R TTGAACAGCGTCAGCGGTAG Sequencing ADH1 or ADH2 on the
lagging strand

T7 Promoter TAA TAC GAC TCA CTA TAG GG To sequence DNA in vectors containing
the T7 Promoter

ADH1 K315A F CTTCGCCAGAGGTTTGGTCGCGTC
TCCAATCAAGGTTGTC

Site directed mutagenesis of Lysine 315
to Alanine

ADH1 K315A R GACAACCTTGATTGGAGACGCGA
CCAAACCTCTGGCGAAG

Site directed mutagenesis of  Lysine
315 to Alanine

ADH1 K315R F CTTCGCCAGAGGTTTGGTCAGGT
CTCCAATCAAGGTTGTC

Site directed mutagenesis of Lysine 315
to Arginine

ADH1 K315R R GACAACCTTGATTGGAGACCTGA
CCAAACCTCTGGCGAAG

Site directed mutagenesis of Lysine 315
to Arginine

ADH1 K315Q F CTTCGCCAGAGGTTTGGTCCAGTC
TCCAATCAAGGTTG

Site directed mutagenesis of Lysine 315
to Glutamine

ADH1 K315Q R CAACCTTGATTGGAGACTGGACC
AAACCTCTGGCGAAG

Site directed mutagenesis of Lysine 315
to Glutamine

ADH 540 SEQ F GGTGGTCTAGGTTCTTTGGC Used to verify presence of site directed
mutations

Table 1: List of primers, sequences, and purpose that were used for this thesis
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Cloning ADH1 and ADH2 into the yeast expression vector pAG36

I carried out a plasmid preparation using the Midi-Prep kit (Zymo Research) to purify

pAG36. I then eluted the DNA with water and calculated its concentration using a Nanodrop

machine. The concentration of my plasmid product was 151.4 ng/ul. From here I carried out a

DNA digest using 3-uL of the restriction enzymes EcoRI and SepI and 30-uL of pAG36 DNA at

37℃ to incubate overnight. The digest was then placed into the PCR machine at 37°C overnight

to incubate. Once completed, I purified the linearized vector using the Zymo DNA Clean and

Concentrator kit. I then cloned the ADH1 and ADH2 gene into it using the In Fusion Cloning Kit.

Details can be found in table 2. Reactions were incubated overnight at 37℃.

Vector Insert Reaction Conditions (uL)

Name ng/uL ng to
add

Name ng/ul ng to
add

Vector Insert Water Enzyme

1 pAG36 364.8 100 ADH1 99.5 69.4 1 0.27 0.70 3.03 1

2 pAG36 364.8 100 ADH2 278.8 76.25 2 0.27 0.27 3.45 1

3 pAG36 364.8 100 None 0 0 3 0.27 0.00 3.73 1

Table 2: In-Fusion Cloning Calculations for placing ADH1 and ADH2 gene into pAG36

The cloning reactions were then transformed directly into E. coli and plated onto LB

(Lysogeny broth) plates containing ampicillin. From here, ten clones (5 ADH1 and 5 ADH2

clones) were purified using the Promega purification kit and sequenced using Sanger sequencing

to verify the inserts.  Sanger sequencing using ADH SEQ 234 F, ADH SEQ 389 R, and the T7

promoter primers was then performed to verify that the ADH1 and ADH2 genes were inserted

correctly into the plasmid (table 1). The resulting plasmids were named pADH1-1for ADH1 into

pAG36 and pADH2-1 for ADH2 into pAG36.
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Complementation Growth Curve for Adh1p

Complementation analysis was conducted to determine whether expressing wildtype

Adh1p in the ADH1 deletion strain rescued the growth defect. pADH1-1 (pAG36 expressing

wildtype Adh1p) pAG36/ADH1 was then transformed into the yeast ADH1 deletion strain. This

transformation resulted in ADH1 deletion/pADH1-1 (WT). Additionally, pAG36 was

transformed into the wild type strain and the ADH1 deletion strain using the same technique to

create strains to serve as positive and negative controls respectively during growth curve

analysis. These strains were plated onto SD (Synthetic Minimal Glucose Medium) Ura- plates

(Sherman 2002). Three isolated colonies from each strain were inoculated into 2-mL cultures of

SD Ura- to select for the plasmid. They were then grown overnight. After, each strain was placed

in a 24-well-plate in triplicate fashion with SD Ura- 2% Glucose serving as the media. This

media was chosen because we have to use minimal media (SD) lacking uracil in order to

maintain selection for our plasmids. The growth curve was carried out at 30℃, continuous

orbital shaking at max speed for 48 hours with readings taken every 15 minutes. Data from the

growth curves were plotted using Graphpad Prism software. The data was plotted by taking the

mean of the triplicate cultures with error bars representing the standard deviation.
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Site-directed mutagenesis of ADH1

Site-directed mutagenesis of ADH1 was carried out to introduce mutations that mimic

acetylated lysine (glutamine) or uanacetylateable lysine (arginine) at lysine 315 in ADH1 gene

Additionally, I created a control strain by introducing an alanine mutation to assess if this lysine

residue is important for Adh1p function. I carried out site directed mutagenesis using the

Stratagene Quikchange Kit with primers shown in table 1. The plasmid I mutated was pADH1-1.

The PCR conditions were 95°C for 2 min, followed by 35 cycles of denaturation at 95°C for 20

s, annealing at 55°C for 10 s, and elongation at 70°C for 5 mins. One uL of DpnI was added to

each reaction to digest the original template plasmid. The mutated plasmids were then

transformed into chemically competent E. coli cells and plated onto selective plates. Sanger

sequencing using ADH 540 Seq F was used to verify the presence of the mutations (table 1).

After verifying the addition of these mutations, I transformed the mimetic plasmids I created into

the ADH1 deletion yeast strain.

Strain Name Synthesized Description

pADH1-2 (K315A) Yeast strain with an Alanine mutation introduced
at K315. The purpose of this mutation is to assess
if this lysine residue is important for Adh1p
function.

pADH1-3 (K315R) Yeast strain with an Arginine mutation introduced
at K315. The purpose of this mutation is to mimic
un-acetylatable lysine due to its structure and
charge.

pADH1-4 (K315Q) Yeast strain with a Glutamine mutation introduced
at K315. The purpose of this mutation is to mimic
acetylation due to its charge and structure.

Table 3: Strains Synthesized fromYeast Transformations
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Mimetic Growth Analysis

With the successful introduction of the mimetic mutations, growth curve analysis was

carried out to analyze whether acetylation has an impact on metabolism when yeast are subjected

to heat stress. Growth curves will be carried out at normal temperature conditions of 30°C and

heat shock conditions of  40 °C.

For my 30°C  growth curve, I prepared 2-mL cultures of the mimetic strains and control

strains in YPD +Nat. Samples were placed in the 30°C incubator to grow. The overnight samples

were then put into a 24-well-plate in biological triplicate in SD Ura- 2% Glucose Media. The

growth curve was carried out for 48 hours at 30°C with shaking in the EON plate reader. I

conducted a second growth curve to test these strains when subjected to heat stress. The same

conditions were used when preparing the samples, but I carried out the growth curve for 48 hours

at 40°C. Each growth curve data was plotted using prism software. The data was plotted by

taking the average of the triplicate cultures with error bars representing the standard deviation.
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RESULTS

Determining if ADH deletion strains have growth defects in Glucose and Ethanol

The purpose of these initial growth studies was to find a growth phenotype where growth

was dependent upon Adh function. We needed this as a tool to do mimetic experiments later on

to look at the effects of acetylation state of Adh on its function. Thus, establishing a growth

phenotype was needed in order to do mimetic growth curves.

For this experiment, the ADH1 deletion strain, ADH2 deletion strain, and the wild type

strain were grown on both YP 2% Glucose and YP 2% Ethanol. Glucose was selected because

glucose is needed for Adh1p function since it converts acetaldehyde into ethanol during

fermentation. Ethanol was selected because Adh2p converts ethanol back into acetaldehyde to

use the TCA cycle. Results of these growth curves are depicted in Fig.6.
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Figure 6: Growth of the ADH1 deletion (blue circles) and ADH2 deletion (green circles) in
comparison to wild type S. cerevisiae (black circles) in YPD (top) and YPE (bottom). Glucose
and Ethanol carbon sources were present at a final concentration of 2% (w/v). All growth curves
were performed at 30°C in biological triplicate.

YP 2% glucose growth (Fig.6, top panel) shows that the ADH2 deletion strain grows in a

similar fashion to the wildtype strain, whereas the ADH1 deletion strain presents a growth defect

because it is growing slower than the wildtype strain. This showcases that growth is dependent

upon Adh1p function when grown in glucose. Growth is not dependent on ADH2 in this

medium. YP 2% ethanol growth showcases that both the ADH1 and ADH2 deletion strains show

a very minimal phenotypic difference. For Adh2p, the difference in growth between the wildtype

and ADH2 deletion was not great enough to be an effective condition to use for the mimetic

growth analysis. This could be due to other ADH genes compensating for the ADH2 deletion.

In conclusion, it appears that I found a growth condition where growth is dependent on

Adh1p as evidenced by lack of growth when deleted in glucose. No growth dependence on

Adh2p is clear in both media since the difference between growth of the ADH2 deletion and wild
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type was minimal. Since a phenotype is apparent in ADH1, cloning experiments with ADH1 may

now be conducted. Even though minimal phenotype was seen with the ADH2 deletion strain,

ADH2 was still used for cloning experiments.

Cloning of ADH1 and ADH2 into a Yeast Expression Vector

To conduct further research on the Adh1p and Adh2p enzymes, the ADH1 and ADH2

genes needed to be amplified for cloning into a plasmid, then reintroduced into the deleted

strain’s genome. This is carried out to see if the wild-type phenotype can be recovered. If

successful, this strain can be used to introduce mimetic mutations for further experimentation. I

conducted three separate trials for amplifying these gene segments using different polymerases

with different fidelities for each.

The first trial gel analysis utilized KOD polymerase and ADH1 pAG36 F/R and ADH1

pAG36 F/R primers (table 1). KOD polymerase was chosen because it is a high fidelity

polymerase. I chose a high fidelity polymerase because it is important that I cloned the ADH

genes without any mutation introduced by PCR. As evidenced in figure 7,  KOD polymerase was

not successful because no bands are present. I used Taq polymerase in my second trial and the

same primers. Taq polymerase was used because I could not get KOD polymerase to work. The

primers as well as Taq polymerase were effective because bands appeared for both the ADH1 and

ADH2 gene with their respective expected product size. However, Taq polymerase is not the

ideal polymerase choice because it has low fidelity and it introduces mutations at an average rate

of 1 mutation per kb. I then decided to try one more high fidelity polymerase (Herculase) for my

third and final trial. The primers for ADH2 worked as evidenced by the presence of bands but not

ADH1. In the end, I had to go with ADH1 with Taq polymerase for cloning because I could not
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get any of the other polymerases to work and ADH2 with KOD polymerase. These samples were

then cloned into the yeast expression vector pAG36.
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Figure 7: KOD Gel Analysis (A), Taq Gel Analysis (B), and Herculase Gel Analysis (C). A 5kb
ladder was placed in well 1 for each trial. For KOD (A), lanes  2-6 were filled with ADH1 and
lanes 7-12 were filled with ADH2. For Taq (B), lanes 2-6 were filled with ADH1 and lanes 7-12
were filled with ADH2. For Herculase (C), lanes 2-4 were filled with ADH1 and lanes 5-7 were
filled with ADH2. Each trial used more than one lane for each PCR because a temperature
gradient was used in each trial. The expected product size for ADH1 is 2.214 kb and 2.334 for
ADH2.

From here I then transformed directly into competent E. coli cells and plated onto

ampicillin resistant plates. I took five distinct colonies from the ADH1 transformation and five

distinct colonies from the ADH2 transformation and carried out Sanger sequencing to check that

the ADH1 and ADH2 genes were inserted correctly into the plasmid. Upon analyzing the

sequences, ADH1 had no issues, only two silent mutations being added; however, sequencing for

ADH2 was not successful due to the introduction of unwanted mutations. From this point

forward, we decided to just study Adh1p because it had a more prominent phenotype in regards
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to metabolic growth when compared to Adh2p against the wildtype strain (Figure 6). Because all

of the initial transformations were done with E. coli cells, they needed to be transformed into

yeast cells to be able to conduct more growth curve analysis. I transformed the plasmid I created,

ADH1 into pAG36, into the yeast ADH1 deletion strain. I also synthesized a yeast strain that

expressed wild type in phenotype into the yeast expression vector and the ADH1 deletion strain

into the yeast expression vector to act as positive and negative controls respectively when

conducting growth curve experiments.

Complementation Growth Curve for ADH1

Prior to the introduction of mutations, I conducted complementation analysis to assess if

expressing wildtype ADH1 in the ADH1 deletion strain resulted in the wild type phenotype. I did

this complementation analysis in SD Ura- 2% Glucose to see if SD Ura- is a good media to use

for growth curve experiments later one. SD Ura- 2% Glucose was chosen because the original

experiments of analyzing growth curves were done in a rich medium containing glucose (top

panel Figure 6). Minimal medium (SD) lacking uracil needs to be used in order to maintain

selection for the plasmids I created. Additionally, I wanted to see if the growth phenotype

exhibited in rich media would be similar  in minimal media.

24



25

Figure 8: Complementation Growth Analysis in SD Ura- 2% Glucose. Wild type strain
introduced into yeast expression vector (black), ADH1 deletion strain in pAG36 (blue), and
ADH1 deletion strain with yeast expression vector expressing ADH1 (brown).  Glucose was
present at a final concentration of 2% (w/v). All growth curves were performed at 30°C in
biological triplicate.

The growth curve demonstrated that the wild-type phenotype was successfully rescued

when the ADH1 expression vector was introduced into the ADH1 deletion strain (brown). This

can be seen because the ADH1 deletion/pADH1-1 strain is growing in similar fashion to

WT/pAG36. The fact that expressing wildtype Adh1p in the ADH1 deletion strain rescues the

growth defect seen in the top panel of figure 6 means that the cause of the growth defect is the

lack of Adh1p activity. The growth curve also demonstrates that minimal media lacking uracil is

a good medium to use going forward as each strain grew in the way they were predicted to. Since

I verified that Adh1p is required for growth, and SD Ura- 2% Glucose was deemed as a good

media, I can now introduce mimetic mutations that mimic acetylation and deacetylation.
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Site-directed mutagenesis of ADH1

Now that ADH1 has been sequenced, verified, and introduced successfully into the yeast

expression vector, I can now introduce mimetic mutations at a specific lysine residue to test their

phenotypes against the wild type strains. The chosen lysine residue for creating these mimetic

mutations was K315. K315 was specifically chosen because as seen in figure 5, K315 showed an

increase in acetylation overtime during heat shock. Because of this, we wanted to know if

acetylation at K315 is affecting Adh1p activity in any way. The specific mutations that were

introduced at K315 were Lysine to Arginine, Lysine to Glutamine, and Lysine to Alanine.

Arginine mimics unacetylated Lysine because it has the same charge as Lysine, and it cannot be

acetylated. Glutamine mimics acetyl-lysine because of charge and structure similarity. Lastly,

Alanine was introduced because it mimics the loss of the lysine side chain. Each mimetic strain

was constructed by site-directed mutagenesis using the Stratagene Quikchange method. Sanger

sequencing was then completed to verify the introduction of the mimetic mutations into the

ADH1 gene. The plasmids containing the arginine and alanine mutations were implemented

successfully; however, the glutamine mutation primers did introduce a silent mutation at

Serine97. Since the mutation is silent and did not alter the amino acid, the plasmids were then

transformed into E. coli cells for further experimentation.
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Figure 9: Introduction of Mimetic Mutations. For each sequencing image, the top line of
sequence of the bottom half represents the wild type genomic sequence, and the bottom half with
the red highlight indicates the introduction of a mutation. A codon table in panel D is provided to
show the mutation was introduced. In panel A, Lysine is successfully mutated into Arginine as
indicated by a codon change from AAG to AGG. In panel B, Lysine is successfully mutated into
Glutamine as indicated by a codon change from AAG to CAG. In panel C, Lysine is successfully
mutated into Alanine as indicated by a codon change from AAG to GCG.
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Mimetic Mutation Growth Analysis Under Heat Shock

The purpose of introducing the mimetic mutations was to introduce the ability to mimic

acetylation and unacetylation so that growth curve analysis can be carried out to see if altering

Adh1p’s acetylation state would impact its activity. Prior to conducting growth curve analysis, I

took the E. coli transformations with the mimetic mutation plasmids and transformed them into

yeast (Table 4). Next, I carried out a growth curve under normal conditions of  30°C to see if any

phenotypic difference is apparent.

Figure 10: Mimetic Mutations Growth Curve at 30°C in SD Ura- 2% Glucose. Glucose was
present at a final concentration of 2% (w/v). All growth curves were performed at 30°C in
biological triplicate.

The results show that at 30°C, all of the mimetic versions grew similar to wild type as

indicated by the black line. Thus, under standard growth conditions, it appears that acetylation

state at Lysine 315 is not affecting Adh1p function. I wanted to see if the same results would

occur during elevated temperatures because previous data showed that acetylation increases
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during heat shock (figure 5). To test this, I conducted another growth curve analysis experiment

at 40°C.

Figure 11: Mimetic Mutation Growth at 40°C in SD Ura- 2% Glucose.  Glucose was present at
a final concentration of 2% (w/v). All growth curves were performed at 30°C in biological
triplicate.

Under heat shock conditions, it appears that the mutation mimicking acetylation (orange)

grew better than the wild type strain (black), whereas the unacetylated strain (brown) was

growing slower than the wild type strain. Additional experimentation, such as trying a growth

curve at 37°C to see if they still have the phenotype needs to be conducted to get a clearer result

of this phenomenon.
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DISCUSSION AND FUTURE DIRECTIONS

Discussion

Ultimately, the aim of this study was to assess whether changing the acetylation state of

Adh1p impacted Saccharomyces cerevisiae’s growth behaviors when subjected to different

temperatures. The first temperature I chose to analyze growth behavior was 30°C because it is

the standard temperature of growth for Saccharomyces cerevisiae. This investigation showed that

at 30°C, the strain that is mimicking acetylated Adh1p did not show improvements in growth in

comparison to the wild type (Figure 10). Similarly, the strain mimicking unacetylated Adh1p did

not show improvement in its growth (Figure 10). As such, it appears that the mimetic versions

are growing similar to wildtype, so under standard growth conditions, the acetylation state at

lysine 315 is not affecting Adh1p function.

I then analyzed the growth behavior at 40°C. This temperature was chosen because

previous data collected in our lab demonstrated that Adh1p experienced an increase in

acetylation when subjected to heat shock (Figure 5). I wanted to see if acetylation of Adh1p at

this temperature would lead to any changes in its growth behavior. Interestingly, it appeared that

the unacetylated version grew slower than the wild type strain, while the acetylated strain grew

better than the wild-type (Figure 11). This may be due to acetylation altering the activity of the

Adh1p. Acetylation may turn off the activity of Adh1p to make the cell stop producing ethanol,

and the ethanol already produced can be detoxified by using Adh2p to convert it back into

acetaldehyde (Figure 4). Then it can enter the TCA cycle to be used to generate more ATP.

Additionally, the alanine mimetic mutation was indistinguishable from the wild-type strain.
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Recall that yeast can take two different pathways of metabolism after Pyruvate synthesis

in Glycolysis: it can convert pyruvate into ethanol via fermentation and export out the cell, or

pyruvate can be converted into acetyl-CoA and enter the TCA cycle and the electron transport

chain for ATP generation in a process called respiration (Rodrigues et al. 2006). A precise

understanding of what is happening during yeast’s metabolic pathways during heat shock is not

known. There has been some research conducted in the past that shows yeast actually switching

to respiration during stress, resulting in higher activation of some respiration genes during stress

(Timón-Gómez et al. 2013). If yeast are still growing on glucose during that stress, it is likely

that they would be bypassing all of the Adh proteins and taking pyruvate synthesized from

glycolysis directly into the TCA cycle instead of converting into ethanol. However, this bodes a

problem for all the ethanol yeast have already made and that has accumulated in the medium.

Both ethanol stress and heat stress have similar effects on the cell, such that they can damage

mitochondrial DNA, inactivate some enzymes, and impact the fluidity of the cell membrane

(Kyung Man You 2003 & Galdieri et. al 2010). So, having both heat stress and ethanol stress

may be additive in the damage it is doing to the cell. It is probably beneficial to detoxify the

ethanol created in the medium by using Adh2p to convert ethanol back into acetaldehyde. Past

studies have reported that Adh2p has a high affinity, thus a low Km, for ethanol (Bakker et. al

2000). The acetaldehyde made from the ethanol can then enter the TCA cycle and be utilized to

generate more ATP. This is a win-win for the cell since it is both detoxifying itself and

synthesizing more energy.

Given all of this, I hypothesize that the acetylation of Adh1p turns off its activity.

Previous lab data has shown an increase in Adh1p acetylation and a decrease of Adh2p

acetylation (Figure 5). If the cell is trying to stop producing ethanol, turn off Adh1p activity, and
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detoxify the ethanol that has already been made by directing it back into the TCA cycle, turning

Adh2p on, it would seem more plausible to say acetylation turns off Adh1p activity during heat

shock. Additionally, I would hypothesize that heat shock also eventually turns off Adh2p activity

after all the ethanol has been detoxified because all Adh proteins have the same active site

architecture and the acetylation of both Adh1p and Adh2p occurred at Lysine 315 (Ganzhorn et.

al 1987). Though I cannot confirm this is the exact mechanism occurring in the cell, so further

research is needed.
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Future Directions

Ultimately, numerous steps were taken to understand the role acetylation plays on Adh1p

and metabolism. My data shows promise that acetylation may play an important role in turning

off Adh1p function in heat shock to lead to more efficient metabolism. The next steps from here

would be to see if my results are reproducible. I would redo the growth curves at 30°C and 40°C.

Additionally, I was going to try these growth curves at 37°C to see if I could potentially get a

clearer result of the acetylated form growing better than the wildtype and the unacetylated form

growing slower than the wildtype.

While I was in the process of redoing my heat shock growth curve experiments, the lab

shut down due to COVID-19, and I was unfortunately unable to continue experiments.

Nevertheless, this project will hopefully be continued in the future once COVID-19 restrictions

have been lifted. If the results are reproducible, then the next step would be to purify the Adh1p

in E. Coli with a yeast tag. A purified acetylated version and a purified unacetylated version

would need to be obtained. Then, a biochemical analysis would then be conducted to assay the

activity of the protein to confirm that acetylation is actually turning on the activity of the protein.

If this were to be true, it would provide novel insights for the organism's ability to metabolize

under heat shock conditions.

In regards to Adh2p, I did not find a phenotype where growth was dependent on Adh2p

activity (Figure 6). I can conduct a heat shock growth analysis of the ADH2 deletion strain to see

if growth is dependent on Adh2p activity. It may be the case that other ADH genes are

compensating for the ADH2 deletion, so I may have to delete several other ADH genes to assess

Adh2p function in vivo.
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Figure 12: Pattern of Deacetylation experienced by ADH2. Black represents Lysine 314, blue
represents Lysine 84, and red represents Lysine 92. The data have was normalized to protein
abundance

It may also prove beneficial to analyze other lysine residues that experience a similar

pattern of deacetylation when undergoing heat shock. In the lab, steps have been taken to

introduce mimetic mutations of acetylation and unacetylation in ADH2 at lysine residues 84 and

92. These mimetic mutations were introduced successfully, and were successfully transformed

into E. coli, but again further experiments were not able to be conducted due to COVID-19.

Once the lab re-opens, these transformations can then be introduced into yeast and used for

growth curve analysis at 30°C, 37°C, and 40°C. If a unique phenotype is apparent, such as

evidence of acetylation or unacetylation turning on or off the activity of Adh2p, then they can

also be purified and assayed to confirm the role of acetylation on the activity of the protein.

Adh proteins are conserved in other species such as human beings. Adh1p is found in the

liver and stomach, and it is the primary enzyme involved in alcohol metabolism. Previous studies

have found that variants (i.e. alleles) of ADH1 within humans are associated with altered kinetic
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properties. These allelic variants arise from post-transcriptional or post-translational

modifications. For example, different Adh1p variants encode for different activities of the Adh1

enzyme,which can result in more rapid conversion of alcohol to acetaldehyde (Edenberg 2007).

These variants have been shown to influence a person’s drinking ability, and, consequently, the

risk of developing alcohol abuse or dependence (Edenberg 2007).  As a result, discovering new

information about acetylation’s role on the Adh enzymes may have implications for studying

human diseases, such as finding new ways to metabolize ethanol more efficiently, and even

pathogenesis. If my findings could not be replicated or the purified acetylated version of the

protein does not turn on the activity of the protein, then it will show that acetylation of Adh1p

alone is not the underlying mechanism that affects improved cellular metabolism during heat

shock and that other pathways need to be explored to further investigate this phenomenon. For

example, it may prove beneficial to analyze different post-translational modifications like

phosphorylation or methylation and see if they play a role in impacting metabolism during heat

shock. Additionally, looking at whether acetylation increases during other environmental stresses

such as oxidative stress or cold shock could be potential avenues to investigate further.
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