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THE HAWTHORNE DELETION 

I N a  three-page  paper published in GENETICS in 
December 1963, DON HAWTHORNE  (1963a)  de- 

scribed  a simple observation  concerning yeast mating 
types that  confronted geneticists with both  a  paradox 
and a puzzle. He described  a  mutation,  the “HAW- 
THORNE deletion,”  that affects the mating type locus 
of an a cell and causes the cell to exhibit the a mating 
t Y  Pe. 

The  paradox concerns the relationship between a 
and a alleles of the mating type locus. First, let us 
look at what was known about  the mating type locus 
at  the time. There  are two alleles: MATa confers the 
a cell phenotype and MATa confers the a cell pheno- 
type (LINDEGREN  and LINDEGREN  1943). MATa and 
MATa are truly alleles: sporulation of a MATaIMATa 
diploid yields two a and two a segregants in essentially 
all tetrads.  ROMAN, PHILLIPS and SANDS (1955)  pro- 
vided the  other  concrete piece of information  about 
the alleles of the mating  type locus: they are codomi- 
nant.  They  constructed diploid strains of three geno- 
types, MATaIMATa,  MATalMATa and MATaIMATa. 
All three exhibited distinctive phenotypes. The 
MATaIMATa and MATaIMATa strains behaved like 
their haploid counterparts with respect to mating and 
could not  sporulate. In contrast,  the MATaIMATa 
strains  did  not  mate but could  sporulate. These obser- 
vations indicate  that MATa is not simply the absence 
of MATa and  that MATa is not simply the absence of 
MA  Ta. 

Given the codominance of MATa and MATa, HAW- 
THORNE’S finding-that it is possible to change MATa 
to MATa by a  deletion of the mating type locus-is 
paradoxical. We expect  that  deletions  should  remove 
genes and thus  create recessive mutations. The para- 
dox is how to convert  an a cell to  an a cell by a 
deletion when the alleles of MAT are codominant. 

The puzzle concerns the ability of cells to  change 
from  one  mating type to  the  other. a cells, by and 
large, give rise to progeny a cells. However, at low 
frequency  (something like IOw6), a cells can give rise 
to progeny  that are a. The first report of such a 
change in mating type was  by ROMAN  and SANDS 
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(1953).  Subsequently,  a “rare mating”  protocol,  de- 
scribed below, was used to identify changes in mating 
type. This was the  approach used by HAWTHORNE  to 
identify the deletion. In actuality, two types of changes 
from a to a are found. The first is a “simple” switch 
to a and  the second (the  HAWTHORNE  deletion) is a 
switch to a that is accompanied by a recessive lethal 
mutation. 

In the  rare mating  experiment, a cells  with two 
auxotrophic  mutations  are mixed with other a cells 
that have complementary  auxotrophic  mutations. The 
mixed culture is allowed to incubate awhile and is 
then assayed for  the  presence of prototrophs  (growth 
on minimal medium). One class of prototrophs is 
unable to  mate  but is able to sporulate efficiently and 
yields two a and two a segregants. These  prototrophs 
are apparently  formed by the following sequence of 
events: first, one of the original a cells changes its 
mating type to a; next, this a mates with an a cell 
carrying  complementary  mutations and forms  a 
MATaIMATa diploid able to grow on minimal me- 
dium. 

The ability of strains to switch mating types is a 
fundamental  genetic puzzle: how can cells be stably a 
but  then switch to become stably a? As noted  above, 
the frequency of the switching event is rather low. 
Hence, it can be suggested that  the  change may be 
due simply to  a  standard  mutational  event,  for  exam- 
ple, a base substitution. This explanation is difficult 
to reconcile with another  remarkable aspect of the 
switching process: in  closely related yeast strains,  the 
switching frequency is vastly higher and cells can 
switch from a to a or from a to a almost every cell 
division (STRATHERN and HERSKOWITZ  1979). These 
strains  carry  a  gene, originally termed D (for dipZoid- 
ization) and  later  termed HO (for homothallism), that 
catalyzes switching of mating types, and it is merely 
the  presence or absence of HO that  determines  the 
stability of the mating type (WINCE and ROBERTS 
1949; reviewed by HERSKOWITZ and OSHIMA 198 1). 
As HAWTHORNE describes in another of  his 1963 
publications (HAWTHORNE  1963b),  a  paper even 
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shorter  than  the HAWTHORNE deletion  paper,  strains 
carrying HO actually change  the allele of the mating 
type locus. “Slow-motion” demonstrations of this (in- 
cluding  segregation  data) are presented by TAKANO 
and OSHIMA (1970), OSHIMA and TAKANO (1971), 
HICKS and HERSKOWITZ (1976,  1977)  and STRATH- 
ERN and HERSKOWITZ (1 979). The puzzle, if mutation 
is ruled out, is how  cells  switch from  one MAT allele 
to  the  other. 

In the  deletion  paper, HAWTHORNE (1963a)  de- 
scribed a  sporulation-proficient,  nonmating  proto- 
troph  that gives a  striking result upon  sporulation: 
only two of the  four  spores grow into colonies, the 
viable segregants invariably being a. Even though two 
spores could not grow into colonies, their  mating types 
could be examined by cell-to-cell mating tests which 
show that  both are a. It is these  segregants  that  contain 
the HAWTHORNE deletion,  a  deletion  on  the  right  arm 
of chromosome ZZZ, extending  from  the  mating type 
locus rightward,  that removes the THR4 locus and 
comes close to the MAL2 locus. Although HAW- 
THORNE described only one such deletion, it is 
straightforward to  repeat  the  rare mating procedure 
and obtain other mutants in  which  cells have switched 
from a to a by an event  that  creates  a recessive lethal 
mutation (RABIN 1970; STRATHERN 1977). The le- 
thality was presumed to result from  deletion of essen- 
tial genes, which has turned  out  to be the case. 

The original explanation: Faced with the enigmas 
posed by the switching process and by what he  termed 
the “a-lethal”  mutation, HAWTHORNE explained his 
deletion by proposing  that  the  mating type locus is 
bipartite: MAT contains  information that is capable of 
conferring  the a phenotype and information  that is 
capable of conferring  the a phenotype.  In his words, 
“the mating type locus is a complex with an  operator 
and  structural cistrons for  both  the a and a products.” 
The difference between a and a strains was thus  a 
matter of  which information was expressed. He imag- 
ined  that  the  deletion  removed  “enough of the a 
cistron to  render it inoperative while leaving the a 
portion  functional.” 

The other end of the  deletion: HAWTHORNE’S ex- 
planation involved the left end of the deletion: it 
removed  part of the mating type locus and led to 
activation of the a regulatory  determinant. The ulti- 
mate  explanation for HAWTHORNE’S deletion  required 
understanding  the  other  end of the  deletion.  Work 
from  laboratories in Japan, Spain and  the U.S.S.R. 
had identified two loci, in addition to HO, that play 
important roles in the ability of  yeast  cells to switch 
mating types at high frequency (TAKANO and OSHIMA 
1967; SANTA MARIA and VIDAL 1970; NAUMOV and 
TOLSTORUKOV 1973; HARASHIMA,  NOGI and OSHIMA 
1974).  One of these loci is necessary for cells to switch 
from a to a; the  other is necessary for cells to switch 

from a to a. When JEFF STRATHERN, then  a  graduate 
student in my laboratory,  learned  about  the  map 
positions of these loci (HARASHIMA and OSHIMA 
1976), several things immediately clicked into place. 
The new fact was that  the  gene necessary for switching 
from a to a was located on the  right  arm of chromo- 
some ZZfi JEFF’S insight was that this gene  might simply 
be an ordinarily silent form of the a mating  type locus 
itself. HAWTHORNE’S deletion caused a switch from 
MATa to MATa by deleting the information at MATa 
and activating the  information at this ordinarily silent 
locus, which is  now known as HMRa. 

Some  immediate  predictions of the  cassette  model: 
STRATHERN’S explanation  for the HAWTHORNE dele- 
tion was crucial in the development of the cassette 
model for mating type interconversion (HICKS, 
STRATHERN and HERSKOWITZ 1977; HICKS and HER- 
SKOWITZ 1977). The key feature of this hypothesis is 
that HMR and HML contain silent versions of MAT 
information which become activated by transposition 
to  the “playback locus,” the mating type locus. This 
hypothesis led to many predictions,  elaborations, and 
tests, which included the following: (1) The proposal 
of silent copies of mating types locus information 
beautifully explained  a truly puzzling observation that 
JIM HICKS and DON HAWTHORNE had  made: cells with 
a defective (Y mating type locus could switch from a- 
to a and  then  to  a perfectly functional a (HICKS and 
HERSKOWITZ 1977; D. HAWTHORNE, personal com- 
munication). (2) The proposal that HML and HMR 
contain silent MAT information led us to search for a 
rearrangement  that could activate the ordinarily silent 
information  at HMLa. R. MORTIMER and D.  HAW- 
THORNE (personal communication)  had  found at least 
one  example of a switch from a to a that was associated 
with a recessive lethal event. We were readily able to 
identify more  strains of this type (STRATHERN et al. 
1979). We imagined that  one way to  produce such 
rearrangements would be by forming  a  large  circular 
derivative of chromosome ZZZ and were able to enlist 
the talents of CAROL  NEWLON to look for such a circle, 
which she found (STRATHERN et al. 1979). 

What  we  now  know: Of course,  the mating type 
locus alleles and  the silent versions have now been 
cloned and sequenced (STRATHERN et al. 1980; NAS- 
MYTH and TATCHELL 1980; ASTELL et al. 1981). We 
know much  about  the  mating type locus itself-it 
codes for  regulatory  proteins  that  govern  transcrip- 
tion of other genes (STRATHERN, HICKS and HER- 
SKOWITZ 198  1; JOHNSON and HERSKOWITZ 1985; 
BENDER and SPRAGUE 1987). We  know what HO 
does-it codes for  a site-specific double-strand  endo- 
nuclease that initiates mating type interconversion by 
cleaving the mating type locus (KOSTRIKEN et al. 1983; 
KOSTRIKEN and HEFFRON 1984).  And we know the 
outlines of mating type interconversion-HO protein 
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cleaves MAT and this break is then  healed by a repair 
process that copies in the  information  from HML or 
HA4R (STRATHERN ~t al. 1982). T h e  molecular  details 
of these  processes are  discussed in the  papers just cited 
and  need  not  be reviewed here. But what I would like 

to do  i n  closing is to  make a few comments  about 
some of the original  questions  that were raised by 
HAWTHORNE’S deletion and how we understand  them 

Codominance. T h e  key observation  indicating  that 
MATa and MATa are  codominant is the novel  behav- 
ior  of ,MATa/MATa strains, which had  been  inter- 
preted to indicate  that  both MAT alleles code  for 
distinctive products  that  function in these cells (see 
KASSIR and SIMCHEN 1976). This  interpretation is 
fully correct:  the novel properties  of a / a  cells result 
from  the  production  of a  novel  molecular  regulatory 
species, termed “al-a2,” that  requires  the a 2  polypep- 
tide  coded by MATa and  the a1 polypeptide  coded by 
MATa (STRATHERN,  HICKS and HERSKOWITZ 1981; 
KASSIR and SIMCHEN 1976). T h e  most recent bio- 
chemical  studies on al -a2  are described by GOUTTE 
and JOHNSON (1  988). 

Formation of the HAWTHORNE deletion. We  proposed 
that  the HAWTHORNE deletion  removes DNA to the 
right  of MATa and  extends to HMRa. Based on  the 
structure of MATa and HMRa, it appears  that  the 
deletion  resulted  from  recombination  between  tan- 
demly  repeated  sequences  located  at MAT and HMR 
(STRATHERN et al. 1980). As shown in Figure 1,  MATa 
and HMLa have  a  segment  of DNA “Ya” that is distinct 
from  the “Ya” segment  present  at MATa and HMRa. 
Flanking the Y regions  at all three loci is an identical 
sequence  of 707 bp,  the X region;  flanking  the Y 
regions on the  other side is an identical sequence of 
239 bp,  the Z I  region (ASTELL et al. 1981). T h e  
orientations of X ,  Y and 2 for all three loci (HML, 
MATand  HMR) are  the  same (STRATHERN et al. 1980). 
Hence,  the likely explanation  for  formation  of  the 
HAWTHORNE deletion is simply that it resulted  from 
recombination  between  directly  repeated X sequences 
at MAT and HMR (Figure 1). Formation  of  the  circular 
derivative  of  chromosome 111 can  be similarly ex- 
plained  as recombination  between  directly  repeated 
sequences to the left  of HMLa and MATa. 

Activation of the silent cassettes. We  originally pro- 
posed that  the  mating  type locus contains a promoter 
(or other essential  site) that  governs  rightward  expres- 
sion of the  mating  type locus and  that  the a cassette 
at HMRa lacks this  essential  site and is thereby silent. 
According to this view, the HAWTHORNE deletion 
activates HMRa by hooking  up its a cassette to  the 
mating  type locus (Figure 2).  Subsequent work (KLAR 
et al. 198 1 ; NASMYTH et al. 198 1) showed  that  expres- 
sion of the cassettes at HML and HMR is blocked at 
the transcriptional level. It  turns ou t  that  the cassettes 
at HML and HMR are  silent not  because  they lack an 
essential  site but  rather  because  they  contain sites that 
cause  them  to  be  repressed.  This  repression is brought 
about by the  Sir  products of the silent-information 
regulator (SIR) genes (RINE and HERSKOWITZ 1987): 

now. 
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mutations  that inactivate a SIR gene allow expression 
of the  ordinarily silent cassettes. Hence, the informa- 
tion at HML and HMR is intact and potentially func- 
tional. Much work has been done  on identifying the 
sites next to HML and HMR that  are necessary for 
repression of the cassettes located at these positions 
(ABRAHAM et al. 1984;  FELDMAN, HICKS and BROACH 
1984;  BRAND, MICKLEM and NASMYTH 1987). The 
most important site (the “E,” essential, site) is located 
to  the left of the HML and HMR loci (Figure 3): the 
HAWTHORNE  deletion activates the information at 
HMRa by removing the E site. 

Molecular analysis of the mating type locus has 
revealed a  surprise about Sir  and repression of the 
silent cassettes. Both MATa and MATa contain two 
genes (STRATHERN, HICKS and HERSKOWITZ  1981; 
TATCHELL et al. 1981). The surprise is that  transcrip- 
tion of these genes is divergent,  originating  from the 
Y region and  extending  outward  (Figure 3) (ASTELL 
et al. 198  1; NASMYTH et al. 1981). Thus Sir exerts 
repression by acting  downstream of the transcription 
initiation site in the Y region,  more  than  1400  bp  from 
this site. One  intriguing possibility is that Sir turns off 
the silent cassettes by condensing  their DNA (BRAND 
et al. 1985;  SCHNELL and RINE  1986). A biochemical 
attack  on this problem is underway (SHORE et al. 1987; 
BUCHMAN et al. 1988). 

We see that  the  HAWTHORNE  deletion activates 
cryptic a information by an  alteration  downstream of 
its transcription initiation site. Insertions of retrovi- 
ruses upstream or downstream of chicken c-my and 
mouse int- 1  proto-oncogenes can likewise activate 
these genes (PAYNE, BISHOP and VARMUS  1982; NUSSE 
et al. 1984). A further  understanding of the  HAW- 
THORNE deletion may shed light on such activation 
events.  HAWTHORNE’S  deletion lives on. 

It is a pleasure  to acknowledge  several stimulating conversations 
over  the years with DON HAWTHORNE. I thank JASPER RINE  and 
FLORA  BANUETT,  as well as others  from my laboratory,  for com- 
ments  on  the  manuscript,  and I thank TOM KING for  help with the 
illustrations. 

IRA HERSKOWITZ 
Department of Biochemistry and 

Biophysics 
University of California 
San Francisco, California 94  143 
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