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A Genetics Laboratory Module Involving Selection and Identification of Lysine Synthesis
Mutants in the YeastSaccharomyces cerevisiae

JILL B. KEENEY* ano RUTH REED
Department of Biologhyand Department of Chemistrd,Juniata College, Huntingdon, Pennsylvania 16652

We have developed a laboratory exercise, currently being used with college sophomores, which uses the yeast
Saccharomyces cereviside convey the concepts of amino acid biosynthesis, mutation, and gene complementation.
In brief, selective medium is used to isolate yeast cells carrying a mutation in the lysine biosynthesis pathway. A
spontaneous mutation in any one of three separate genetic loci will allow for growth on selective media; however, the
frequency of mutations isolated from each locus differs. Following isolation of a mutated strain, students use comple-
mentation analysis to identify which gene contains the mutation. Since the yeast genome has been mapped and
sequenced, students with access to the Internet can then research and develop hypotheses to explain the differences
in frequencies of mutant genes obtained.

The yeasBaccharomyces cerevisimea commonly used standard yeast genetic nomenclature, all genes are given a
organism in cell and molecular biology research (reviewdlree-letter designation followed by a number. Wild-type
in reference 9). The simple growth requirements and ragienes are written in uppercase, e¥$2 Mutant genes are
division time of yeast cells make them convenient for labwxitten in lowercase and often referred to by a specific muta-
ratory exercises in microbiology, cell biology, and genetit®n number, e.glys2-801) Thusa-aminoadipate medium
(4). The laboratory exercise described here uses the lysiag be used to select for spontaneous or induced mutations
synthesis pathway to explore the concepts of amino acid bivthese genes, allowing for a mechanistically simple but
synthesis, mutation, and complementation analysis. Labatagnitively informative laboratory exercise on mutation, se-
tory exercises involving yeast adenine mutants have preeistion, and complementation.
ously been published (5, 10). The system we describe re-For the selection, a yeast strain is grown on rich medium
guires a more in-depth study of a biochemical pathway, @asd then replica plated onto medium containag
the selection is based on the use of a specific nitrogen souateinoadipate and lysine. Following incubation, mutant
Additionally, mutations at several genetic loci are selectpdpillae are readily visible. Each colony arises from a cell
so that complementation testing can be used to identify that acquired a spontaneous mutatioly$2, lys5 orlys14
mutant locus. Finally, the resulting mutation may be in diutant colonies are then single-colony purified by a second
ther an enzyme or a regulatory protein, so that a full undegund of growth on selective media. Complementation analy-
standing of the exercise requires a student to comprehsisds used to determine which locus carries the mutation con-
how protein function relates to phenotype. ferringa-aminoadipate resistance.

Laboratory strains of yeast, in the haploid state, are eitherThe biochemical basis for selection @maminoadipate
a or a mating type, as determined by thiATa or MATa can be explained in the context of the lysine biosynthesis
locus, respectively. A cross between haploids of differgpathway. ThéYS2andLYS5genes each code for a separate
mating types forms a stable diploid. Wild-type (e.g., preubunit of the enzyme-aminoadipate reductase, which con-
totrophic) yeasts have no essential amino acids. Thus, yeasts
are able to form colonies on minimal media containing a car-

. Nitrogen

bon source (usually glucose), a nitrogen source (usually am-  assimiation
monium sulfate), and a minimal medium base containing in- ) “Bjsaemn:?;zgﬁ;;‘;'
organic salts and vitamins. Glutamate a-ketoglutarate ez .

Many of the yeast amino acid biosynthetic pathways have /-f;;ggg;g;w
been studied in detail, and it has been found that some AMINQ ouite VS a -aminoadipate _
acids (or synthesis intermediates) can be utilized by the yeast T Lysine
cell as a nitrogen source. In yeast and higher fungi, lysine

. .. . . . . : -aminoadipat
biosynthesis is achieved via theaminoadipate pathway (Fig. a(f?g:rllnr?widlig? )

1) (1, 11). Tha-aminoadipate, a precursor in this pathway, FIG. 1. An overview of tha-aminoadipate pathway for

can be used in place of ammonium sulfate as a nitrogen Spwg%e biosynthesis. In a cell growing with abundant nitro-

by S. cerevisiagbut only in strains carrying a mutation iy, 5 aminoadipate, produced from the transaminase reac-
either theL YS2LYSS orLYS14gene (2, 11). (Note that bysiq, 'is converted to lysine via several biochemical steps. Mu-

tations in thelys2 and lys5 genes (encoding tha-
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vertsa-aminoadipate inta-aminoadipate-semialdehyde (8)very short; we have the students do the replica plating and
The inactivation ofi-aminoadipate reductase (via a mutastreaking at the beginning of a lab period, prior to the start of
tion inLYS2orLYS}Y allowsa-aminoadipate in the mediuma longer laboratory exercise.

to serve as a nitrogen donorteketoglutarate. This occurs  (ii) Throughout the protocol, incubation times are given
by a reversal of the transamination step shown in Fig. 1. fbe30°C. Incubation at room temperature will generally re-
glutamate formed in this reaction then serves as a nitrogprire 3 to 5 additional days. Storing the plates between lab
source for the synthesis of other amino acids. In a wild-typeriods can accommodate variations in laboratory schedules.
(LYS2 LY Skstrain, the active reductase enzyme readily coRellowing any incubation step in the protocol, plates can be
vertsa-aminoadipate ta-aminoadipate-semialdehyde, thuplaced at 4°C until the next lab period. This will prevent
greatly reducing the reverse transaminase reaction (11). overgrowth of cells.

LYS14mutations are also selected araminoadipate Growth of yeast strains and isolation of mutants.In-
medium. Thed.YS14gene encodes a DNA regulatory proeculate a plate of YPD agar with strain F763. This should be
tein that increases the expression of several genes involsprbad as a 3 by 5-cm patch and allowed to grow for 1 to 3
in lysine biosynthesis, includingrS2andLYS53, 6). Thus, days at 3€C or 4 to 5 days at room temperature. One patch
in the absence of functiona¥ S14gene product, the level of will provide enough mutants for four students. Atthe same
a-aminoadipate reductase is sufficiently reducedder time, stock plates containing patches of the tester strains
aminoadipate to be the primary nitrogen source for the calhould also be prepared on YPD agar plates. Prepare one
Additionally, the lysine present in the selective medium relate containing the three tester strains for every four stu-
presses activation by thé&'S14product. dents and incubate at room temperature until needed.

Oncea-aminoadipate-resistant mutants are isolated, the Using a replica block, transfer the F763 cells to a plate of
gene locus containing the mutation that confers resistanca-aminoadipate medium (recipes are given at the end of this
identified by complementation analysis. “Tester” yeast straiagicle). After approximately 1 week at 30°C, colonies (called
containing a known mutation Igs2, lys5, orlysl4are each papillae) should be visible against a background of cells.
mated with the-aminoadipate-resistant mutant strains, thidhese papillae result from the clonal growth of a mutant cell.
forming stable diploids. The diploids are then replica plated Colony purification of mutants. Divide a fresha-
onto medium lacking lysine. Growth of the diploid on thigminoadipate plate in half, and label the halves mutant 1 and
medium indicates a functional lysine synthesis pathway. Thogjtant 2. Touch a sterile toothpick to one of the papillae,
the haploid parents contain mutations at different genetic lcdiid streak the cells along the top third of the area designated
and the wild-type loci from each parent are able to “complt®r unknown 1 on tha-aminoadipate plate (Fig. 2, area A).
ment” each other, generating a functional pathway. The Id8& sure to take care when streaking colonies with the sterile
of diploid growth on medium lacking lysine indicates thapothpicks, as the surface of the agar is fragile and easily
the parent haploid strains harbor a mutation at the sameg@+ged. Using a fresh toothpick, continue streaking the yeast
netic locus, and neither is able to provide a functional geflem the end of area A into the middle third of your plate

product to the synthesis pathway. (Fig. 2, area B). With a third toothpick, spread the streak
into the final portion of the plate (Fig. 2, area C). Understand
MATERIALS* that while the yeast cells will not be visible, the cells from

the original colony are being spread out to the point where
S. cerevisiastrains (readily available upon request to  individual cells will now give rise to distinct colonies. Simi-
Jill Keeney): larly, pick a second colony and streak it on the other half of
F763 MATa trpl ura3 gall
Tester strains
4NN-214 MATalys2-801 ade2-10 ura3-52
DG752 MATalyshH
8201-7A MATalys149 (available as ATCC

Unknown #1

204874) —="
Yeast-peptone-dextrose (YPD) plates - = :
a-Aminoadipate plates containing lysine ===

Synthetic dextrose medium lacking lysi{&D-lysine)
Sterile toothpicks
Replica blocks and velvet squares
Incubator at 30°C (optional)
*Instructions for media preparation are given at the end
of the paper.
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PROCEDURE
FIG. 2. Diagram of the procedure of streaking yeast
Notes. (i)The actual hands-on time for this exercise islls to obtain single colonies.
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the plate in the area marked unknown 2. Incubate the plategted will show growth. The intersecting region of the un-
at 30°C for 1 week until purified colonies appear in eadmown and the known producing no growth defines the mu-
sector. tation, as shown in Fig. 3B. Note tha$14 mutations are

Growth of mutants and tester strains for complemen- leaky; the entire strip will show slow growth on SD-lysine.
tation test. Using sterile toothpicks, transfer a single colonyhe mutatedi/s14gene product is unable to activate the lysine
arising from each of the unknowns onto a sterile YPD platsthway, but a low level of basal promoter activity remains
making a separate thick vertical strip that runs the lengthinfthe absence of this activator.
the plate for each mutant (Fig. 3). Four mutants can be in-
oculated on one YPD plate. Be sure that the cells from tBXPECTED RESULTS AND STUDENT OUTCOMES
colony are evenly spread across the plate. On a separate
YPD plate, similarly inoculate a small amount of each of the A large-scale screen faraminoadipate-resistant mutants
three tester yeast strains (previously grown on YPD), mdlas been conducted three times, and the results indicate that
ing a single vertical strip for each tester strain. Incubate although similar results are obtained in separate screens, the
plates at 3tC overnight. strain background and variations in the medium preparation

Mating and complementation testing.By replica plat- affect the percentage of each mutant isolated. In a research
ing, transfer the strips from the plate of tester strains ontpraject involving isolation of 34&-aminoadipate resistant
sterile velvet square. Then, place the YPD plate containimgitants of strain F763, 334 (97%) of the mutants were al-
the unknowns onto the same velvet so that the tester strégmed inlys2, 8 (2%) were altered itys5 and 3 (1%) were
and theunknown mutants are oriented perpendicular to eagliered inlys14 Analysis of 115 F763 mutants isolated in
other (Fig. 3A). Tap lightly on the plate to transfer the cellsur laboratory course yielded %2 (82%) mutations, 7
Finally, transfer the resulting grid to a fresh YPD plate. Thgs5(6%) mutations, and 1§s14(12%) mutations. Isola-
a-aminoadipate-resistaMATa cells and théVIATa tester tion of ~200 mutants from strain GRF184ATa his3 ura3
cells will form diploids at the intersections where they comresulted in a majority dffs2mutants, with 4%ys5mutants
into contact. Mating requires 4 h at 30°C; alternatively, plataad Olysl4mutants. As this latter selection was done in a
may be incubated overnight. Actively mating yeast cells prdifferent semester than the previous one, it is unknown
duce mating pheromone, causing the cell to form a peculenether the absence lg14 mutants was due to the strain
pear shape, often called a shmoo or propeller. This cell shdjference or differences in medium preparation. In tallying
can be observed microscopically in actively mating cells (i.¢he results, we emphasize that this exercise relies on sponta-
after 4 h at 3%C). neous mutations, which are then isolated through positive

By replica plating, transfer the cell grid from the YPBelection. Students are often amazed at the number of muta-
plate to an SD-lysine plate and incubate at 30°C overnigtibns that arise from a seemingly small number of cells, with-
Areas where two strains with complementing mutations haget application of a mutagen. Since a majority of our stu-
dents are health professions majors, this provides an excel-
lent background for a discussion of the genetic mechanism
of the rapid increase in antibiotic-resistant strains of bacteria
observed in medicine over the past decade.

At the conclusion of the exercise, students are required to
write an individual report, 4 to 6 pages in length, which in-
cludes Introduction, Materials and Methods, Results, Dis-
cussion, and Literature Cited sections. The report must in-
clude an explanation of the biochemical basis ofahe
aminoadipate selection. For the discussion, students are
SD-lysine expected to conduct a literature search and use the articles

they find to explain their results. Basic goals are to have the

FIG. 3. The complementation test. (A) Yeast strains costudents gain an understanding of how mutations in different
taining mutations irys2 lys5 andlys14 (horizontal lines) genes in a biochemical synthesis pathway can give rise to
were replicated onto YPD medium perpendiculamto similar phenotypes (in this cageaminoadipate resistance)
aminoadipate-resistant yeast strains (vertical lines) of opamd to understand how variations in phenotype relate to gene
site mating type. After allowing mating to occur, the platiinction. To this end, we give the students two basic ques-
was replica plated onto medium lacking lysine. (B) The reflens to be answered in the discussion: (i) why is the fre-
lica plate to medium lacking lysine, showing the results gfiency oflys2 mutations obtained so much higher than that
the complementation test. Unknowns 1, 2, and 4 containfahe other mutations? and (ii) why is tlys14 mutation
mutation inlys2 as shown by the lack of growth at the intedeaky? If Internet access is available, students can be di-
section with thdys2strain. Unknown 3 contains a mutatiorrected to th&Saccharomycegenome website (7). A search
in lys14 Note the leaky growth phenotype of th&l4strains, by gene name will bring up the general gene information, the
indicated by the light growth outside the squares of complgene sequence, and links to references about the gene. Stu-
menting growth. dents may notice thatyS2(4,179 bases) is much larger than
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theLYS5gene (819 bases) and thus is simply a bigger targfedr genetic research as undergraduates.
for genetic mutation. Students may also theorize how the
function and nature of the protein affect what kind of muta- MEDIA PREPARATION
tions will abolish protein function. For example, théS2
structural gene may be much more sensitive to mutational A class of 15 students will need ~20aminoadipate
changes thahYS5or LYS14 Perhaps this subunit containglates, ~45 YPD plates, and ~15 SD-lysine plates. The reci-
the active site or a critical structural domain. Students ofte@s given below will each yield ~20 plates, at a final concen-
come up with theories proposing hot spots for mutation, whightion of 2% agar. The agar and each medium recipe is for
may also be true. THerS14gene product activates severak50 ml of a 2x-concentrated stock. We make up the agar and
different genes and thus by nature is likely to have a l¢ggdium stock solutions in 500-ml bottles, autoclave them,
rigid structure that is tolerant of mutations. We encouraged store them at room temperature. The agar can then be
the students to research and think about their own theoriegted in a microwave oven and mixed with any 2x medium
explain the results. Beyond answering the questions lisggution to yield a 1x medium of choice ready for pouring.
above, the students are encouraged to discuss relevant ifibrays add molten agar to the liquid medium; it mixes bet-
mation they find concerning the pathway. We expect stig-
dents to find references relating to the biochemical function 4% Agar.
of a-aminoadipate reductase and the regulatory function2#0 ml of 2x agar
lys14and to be able to summarize the information in the cold g of agar
text of this experiment. Additionally, some students discudg0 ml of water
other genes in the pathway and/or the medical significarsgtoclave for 15 min at 12C in a 500-ml bottle.
of lysine. YPD plates.
250 ml of 2x YPD (makes ~20 plates)
EXTENSIONS 5 g of Bacto yeast extract
10 g of Bacto peptone
Close observation of the SD-lysine plates may demdh08 g of tryptophan
strate two other genetic phenomena. Some of the seled@d of dextrose
mutants will revert to lysine prototrophy at a high frequencgp0 ml of HO
as indicated by papillae that appear outside the interseciigsolve yeast extract, peptone, tryptophan, and dextrose in
regions on the SD-lysine plate. Additionally, intragenic réhe HO. Place the ingredients in a 500-ml bottle and auto-
combination may occur in the diploids. This can be seencigve for 15 min at 12C. Add 250 ml of 4% agar (molten,
papillae growing at the junctions of two noncomplementirgjerile), swirl gently to mix well, and pour plates.
strains. a-Aminoadipate plates(with lysine, tryptophan, and
Although we have not tried it, this assay could presuraracil).
ably be used to test mutagenic sources by observing the ndbf ml of 2xa-aminoadipate medium (makes ~20 plates)
ber of papillae generated on uniform-sized patches expodegiof yeast nitrogen base (without amino acids and
to UV light or other mutagens. It is expected that an unex- Without nitrogen)
posed control patch would have fewer papillae than a paiéhmg of lysine
that has been exposed to a mutagen. 11.2 mg of uracil
In summary, this laboratory exercise can be used to te&hmg of tryptophan
the concepts of genetic selection of spontaneous mutatidAsg of dextrose
in the context of a biochemical pathways and complemeng®0 ml of HO
tion analysis. At the conclusion of this exercise, we expd@issolve nitrogen base, lysine, uracil, tryptophan, and dex-
the students to understand the following: trose in the HO; autoclave for 15 min at 12T in a 500-ml
- how a cell can alter enzyme kinetics within a biochempottle. After autoclaving, add 25 ml afaminoadipate so-
cal pathway to utilize an alternate nitrogen source, lution (below) and swirl to mix well. Add 250 ml of 4% agar
that the spontaneous mutation rate within a cell will getmolten, sterile). Swirl gently to mix well, and pour plates.
erate a significant number of mutations that can be se- Preparation of a-aminoadipate solution.

lected for growth under specific conditions, 2 g of DLa-aminoadipate (Sigma A0637, keep desiccated,
how gene function relates to phenotype, and refrigerated)
genetic complementation. 30 ml of HO

Most students enjoy this lab and feel quite a sense of accoMith 1 M KOH, bring to pH 6 to dissolve (+/- 12 miFilter
plishment after completing the written report. Finally, it isterilize.

worth noting that several exceptionally bright and motivated SD-lysine plates (synthetic medium, no lysine, with
juniors and seniors currently doing independent research httygtophan, adenine, and uracil included to cover other
commented that their desire to do research was inspiredaicotrophic markers).

the “lyslab.” They found that the investigative nature of tha50 ml of 2x SD-lysine medium (makes ~20 plates)

lab in relation to gene function inspired them to pursue f@-85 g of yeast nitrogen base (without amino acids and
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without ammonium sulfate) 2.Chattoo, B. B., F. Sherman, D. A. Azubalis, T. A. Fjellstedt,
2.5 g of ammonium sulfate D. Mehnert, and M. Ogur. 1979. Selection dfs2mutants of the
11.2 mg of uracil yeastSaccharomyces cerevisiagthe utilization oa-aminoadipate.

; Genetics93:51-65.
92.5 mg of adenine 3.Feller, A., E. Dubois, F. Ramos, and A. Pierardl994. Repres-
80 mg of tryptophan ; e g o
sion of the genes for lysine biosynthesiSatcharomyces cerevisiae

10 g of dextrose is caused by limitation dfys14dependent transcriptional activa-
250 ml of HO tion. Mol. Cell. Biol. 14:6411-6418.
Dissolve nitrogen base, ammonium sulfate, uracil, adeniaémanney, T. R., and M. L. Manney.1992. Yeast: a research
tryptophan, and dextrose in the®] autoclave for 15 min at organism for teaching genetics. Am. Biol. Teachr26.
121°C in a 500-ml bottle. Swirl to mix well. Add 250 ml of5. Montelone, B. A., B. Williamson, and L. Mayo.1995. Rapid

4% agar (molten, sterile). Swirl gently to mix well, and poufansformation of a color mutant of yeast. Am. Biol. Teabiex71.
plates. 6. Ramos, F., E. Dubois, and A. Pierard1988. Control of en-

Ordering information. Siama Chemical Company sup2Y™e synthesis in the lysine biosynthetic pathwa§axfcharomy-
g g bany sup (fs cerevisiaeEvidence for a regulatory role of gelnéS14 Eur.

plies adenine sulfate (A9126), tryptophan (T0254), ura§| Biochem171171-176

(U0750), and.Db-aminoadipate (A0B37). Yeast nitmgeni. Stanford University. 25 August 1999 accharomyceSenome
base, ammonium sulfate, dextrose, and agar can be purchggeshase.

from any supplier of standard medium reagents 8. Storts, D. R., and J. K. Bhattacharjee.1989. Properties of
revertants ofys2 andlys5mutants as well as alpha-aminoadipate-
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ASM/NCID Postdoctoral Research Associates Program: ‘*l' '

Encourages postdoctoral scientists to conduct research in infectious diseases, medical microbiology, and
immunology at the National Center for Infectious Diseases. The fellowship is for two years. Web address:
http://www.asmusa.org/edusrc/edu23e.htm

Fellowship Programs in Microbiology -
Sponsored by the American Society for Microbiology

Graduate

Robert D. Watkins Minority Graduate Fellowship:

Encourages minority graduate students to conduct research in microbiological sciences. The fellowship is
for three years. Web address: http://www.asmusa.org/edusrc/edu23c.htm

Undergraduate

ASM Undergraduate Research Fellowship:

Encourages undergraduate students to conduct a research project in the laboratories of ASM sponsoring
members at their home institution for a minimum of eight weeks and to present the research findings at the
ASM General Meeting. Web address: http://www.asmusa.org/edusrc/edu23a.htm

ASM Minority Undergraduate Research Fellowship:

Encourages minority undergraduate students to conduct a research project in the
laboratories of ASM sponsoring members for a minimum of eight weeks and present
research findings at a national meeting. Web address:
http://lwww.asmusa.org/edusrc/edu23b.htm

For more information E-mail: Fellowships-Careerinformation@asmusa.org.
Call: (202) 942-9283 or (202) 942-9295. Fax: (202) 942-9329.




