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Abstract

The Caenorhabditis elegans gene gro-l belongs to the Clock group of genes. The

four known genes making up this class are believed to be involved in a general

mechanism acting ta coordinate the time-dependent processes in the organism.

Mutation of these genes alter the timing of Many disparate processes. This results in

the mean lengthening of embryonic and post-embryonic development, as weil as in

a lengthening of the periods of a number of adult behaviours including pharyngeal

pumping, swimming and the defecation cycle. These mutants also exhibit a

significantly increased life span. The gene gra-l has been cloned and encodes a

metazoan N'-(ô.l) isopentenyl PPi: tRNA isopentenyl transferase. In S. cerevisiae

and hacteria this enzyme has been shown to modify tRNAs that code for codons

begining with U. This modification consists of the isopentenylation of the adenine

residue at position 37, adjacent to the anti-codon. Interestingly, gro-l is the fifth

member of an operon. Preliminary expression studies with GFP reporter constructs

suggest that as in yeast, GRO-l is expressed in the cytoplasm and mitochondria, as

well as in the nucleus.
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Abrégé

Le gène Caenorhabditis elegans gro-l appartient au groupe Clock des gènes. On

croit que les quatres gènes connus qui font partie de cette classification sont engagés

dans un méchanisme général qui agit à coordiner les opérations qui sont sensible

du temps dans l'organisme. La mutation de ces gènes change l'horaire de plusieurs

opérations différentes. Il s'ensuit qu'il y a une prolongation du développement

embryonique et post-embryonique. En même temps, il y a aussi une prolongation

des périodes dans une grande partie du comportement des adultes y compris le

pompage pharyngéal, la natation et le mouvement de défécation. Ces mutants

démontrent aussi une vie énormement prolongée. La gène gro-l a été cloner et

coder un metazoan lf-(J!2) isopentenyl , PPi: tRNA ispoentenyl transferase. On a

prouvé que cette enzyme, dans s. cerevisiae et bactéria, modifie tRNAs qui codent

pour des codons commençants avec U. Cette modification consiste de

l'isopentenylation du résidu de l'adenine à la position 37 près de l'anti-codon. C'est

bien intéressant que le gro-l est le cinquième membre d'un operon. Des études

préliminaires d'expression avec des mécaniques GFP rapporteur suggèrent que,

comme dans la levure, GRO-l s'exprime dans le cytoplasme et la mitochondria

aussi bien que dans le nucléon.
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Introduction

Clocks

Throughout history, man bas endeavored to subdivide time into increasingly smaller

units. Probably the earliest example of this is the week.. In different parts of the

world the week bas varied from five to ten days, but third century Rome settled at

seven. With the advent of the sundial, the water clock and the pendulum clock, man

bas managed to define the units we know today: the bour, the minute and the

second. Without these invented measures of lime, modem man would be lost in the

rhythm of the universe that had for 50 long dictated human life. The earliest

measures of time were an attempt to predict the cyclic nature of the universe; for

example, the repeat of the seasons 50 crucial to agriculture. The Babylonians and

the ancient Greeks invented complex calendars based on the lunar cycle, the most

obvious of nature's cues. Their calendar had to be adjusted to the solar year by

adding extra months. These adjustments undermined the attempts of the carly

calendar to coordinate people with their environment, as different towns and regions

added months according to their own liking. The Egyptians were the first to devise

a calendar based on the solar year. This 36S~ day calendar was adopted by Iulius

Caesar and its inaccuracy corrected by Pope Gregory xm in 158-2 to give us the

Gregorian Calendar that we use today (the actual salar year of365 dayst 5 hours, 48

minutes and 46 seconds is Il minutes and 14 seconds shorter than the original

Egyptian year).
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Independent of man's attempts to measure and organise time, evolution bas

developed its own clocks to keep organisms synchronised with their environments.

Throughout biology there are behavioural and physiological examples of

rhythmicity and timing. Circadian clocks allow organisms to stay in time with, for

example, the day/night, lunar or seasonal cycles. When an organism is sequestered

and cut off from environmental cues (such as lightldark changes), the timed

behaviours continue. This ufree-running" suggests that the circadian clocks are

independent of environmental cues and an intrinsic part of the organism. Ultradian

rhythms such as walking, heart rate, and sleep patterns are examples of other

rhythmic biological processes.

The circadian clock has been well studied, both morphologically and genetically.

Vertebrate circadian pacemakers have been localised ta the pineal gland in the cases

of birds. reptiles and fish, and to the hypothalamus in the case of mammals. These

regions bave been shown to secrete neuropeptides and honnones with a circadian

rhythmicity (Klein et al., 1991; Foulkes et al., 1997). ln a number of insects.

circadian pacemakers are known to exist in the optic lobe (Fleissner, 1982; Loker,

1972; 1974; Page, 1984; and Sokolove and Loker, 1975).

Genetics bas also contributed to the understanding of circadium clocks. period

(per) and timeless (tim) are two genes known in Drosophi/a me/anogaster. These

genes are expressed in the CNS and are required for the mainte~anceof the flies
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circadium rhythm. Different mutations have been known to shorten (pef) and

lengthen (pe(; Konopka and Benzer, 1971) as weil as completely eliminate (pero;

Hardin et al., 1990; Zerr et al., 1990) the circadian rhythm. The Neurospora crassa

frequency (frq) gene is involved in the regulation of the circadian clock responsible

for timing asexual reproduction. The level of frq rnRNA oscillates with the

circadian rhythm, peaking at the time of spore production (Gardner and Feldman,

1980). Genes involved in mammalian circadian clocles have been identified. The

tau gene of the golden hamster Mesocricelius auratus alters the nonnal 24 hour

circadian rhythm associated with locomotion to 22 hours in heterozygous mutants

and to 20 hours in homozygous mutants (Ralph and Menaker, 1988). In mice three

homologues of the Drosophila per gene are known. mperl, mper2 and mper3 are

all expressed in the CNS (Albrecht et al., 1997; Sheannan et a/., 1997; Sun et a/.,

1997; and Tei el al., 1997). Another gene, clock, has aIso been shawn ta effect

circadian rhythm in the mouse (King et a/., 1997). In the nematode C. elegans, the

Clock genes have been implicated in biological timing, based on the slowing of

Many developmental and behavioural processes in the mutants (Hekimi et al., 1995;

Wong et al., 1995). The Clock genes are examined in detail below.

Aging

Ofparticular interest in any discussion oflime is the life span ofan organisme How

long will it take for the cells or organs ofan organism ta fail and cause death? This

is a problem that has been thoroughly debated and much scientific evidence has
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been generated in the past couple of decades to support a number of the proposed

theories.

Many ofthese theories support the notion ofa degenerative senescence; that death is

caused by the gradual failure 0 f organs or critical processes. Among the more

popular are the somatie mutation, the mitochondrial, the evolutionary, and the free­

radical theories of aging. One of the earliest theories of aging is the rate of living

hypothesis, which suggests that energy consumption is responsible for senescence

(pearl, 1928; Rubner, 1908; Sohal, 1976). This would mean that the higher the

metabolic rate of an organism, the shorter its maximum life span (Rubner, 1908).

More receot theories such as the mitochondrial and free radical theories (discussed

below) have a basis in the rate of living hypothesis.

[t has been proposed that the accumulation of mutations in somatic DNA is a factor

promoting degenerative senescence (Bohr and Anson, 1995; Evans et al., 1995;

Miquel, 1992; Morley, 1995; Vilg and Gossen; 1993). The majority of these

mutations would be corrected by the eell's repaîr mechanisms, but as time

progresses the chance of hitting a very critical gene, such as a component of the

repaîr mechanism itself, increases.

The mitochondrial and the mtDNA mutation theories of aging suggest that either

through mtDNA mutation or simply mitochondrial tiring, dysfimction of the
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mitochondria would lead to the death of the organism (Luft, 1994). This lethality

would stem from the mitochondria's critical role as energy supplier to the eell.

The evolutionary theory of antagonistic pleiotropy suggests that oatural selection

acts in favor of factors promoting carly reproduction rather than the preservation of

non..germ..tine eells (Kirkwood and Rose, 1991; Kirkwood, 1997; Rose and Finch,

1994). For a mutation to aid in post-reproductive preservation, it therefore must oot

interfere with processes involved in reproduction.

Probably the most popular mechanism used to explain aging is that of destructive

free-radicals. This theory is supported by a large body of experimental evidence

and also manages to include and support the above hypotheses. This mechanism

involves the oxidative destruction of biological macromolecules such as lipid,

nucleic acid and protein (Harman, 1956). A group of free radicals, collectively

referred to as oxidants, can be produce in vivo from O2 (reviewed in Jazwinski,

1996). Experiments have shown that mitochondria are a major source of

eodogenous superoxide anion (02-·), an oxidant, the result of an imperfect electron

transport chain (Chance et al., 1979). This would be a likely mechanism to explain

the rate of living hypothesis; the more energy used by an organism the greater the

Ievel of oxidant production and the shorter the life span. The mutagenic oature of

oxidants bas been characterized (Feig et al., 1994; Grollman and Motiya, 1993) and

presents a mechanism for the accumulation of mutations. Furthermore, if these

reactive by..products are produced by the electron transpon chain, the mitochondria
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would he the first organelle attacked. This is a likely mechanism to explain the

mitochondrial and mtDNA theories ofaging.

It has aIso been proposed that death may he programmed; the final stage of the

developmental process. Such a notion is supported by the differential expression of

genes in later adulthood, after reproduction is complete. With the aduIt body and

reproduction complete, what could these genes be doing? (Kelly, 1989; Sameroff,

1983). Although, the idea of a programmed death and the theories of a degenerative

senescence are by no means mutuallyexclusive. For example, the program could be

a relief of the cell's oxidant defense and repair mechanisms in arder to promote

degenerative senescence.

As with the biological clack, genetics bas aIso contributed to the understanding of

aging. To suggest that genes have a raie in senescence does not imply that a genetic

program contrais life span. Aging must be considered a stochastic process, where

life span is affected by many environmentai and biochemical determinants, and the

genetic constitution of the organism aIso has its effects (Jazwinski, 1996).

Mutations in Many of the favorite model systems have been identified that affect,

either positively or negatively, the maximum life span of the organism.

Experiments in the budding yeast Saccharomyces cerevisiae, the nematode

Caenorhabditis e/egans and the fruit tly Drosophila me/anogaster have all

contributed to the genetic study of agiog. Genetics bas been used in mammalian

systems, but has provided much less insight into the aging process.
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In Saccharomyces cerevisiae, life span is measured by the number of progeny

produced by a particular eeU rather than by the tinte elapsed from birth or adulthood

to senescence (Mortimer and JoOOston, 1959). A mother eeU dies after a finite

number of eeU divisions. A number of genes have been identitied that seem to be

invalved in yeast ageing. LAGI has been shown to determine bath mean and

maximum life span (D'mello et al., 1994), and RASI and RAS2 manipulation

shortens and increases life span respectively (Sun et al., 1990). RAS2 aets as an

interface between the eell and the environment, sensing the nutritional status of the

cell and responding to stresses such as starvation and crowding (Broach and

Deschenes, 1990). Jazwinski (1993) bas reported an increase in metabolic capaeity

and efficiency in the RAS2 long lived cells, and suggests that this is likely the cause

ofthe long life.

A number of genes in C. elegans have been shawn to affect aging. One group of

genes that has been weIl studied are those involved in Dauer formation. The Dauer

state is an alternative stage of larval development that L2 larvae enter under certain

environmental stresses sueh as starvation and crowding (Riddle, 1987). The genes

daf-2 and daf-23 are of the Oaf-c (Dauer formation ~onstitutive) type. Sorne of

these alleles are temperature sensitive and when the worms develop at the restrictive

temperature they enter the Dauer pathway regardless of the growth conditions. But

when these mutants are allowed to develop at the permissive temperature, normal

development is observed and the Dauer pathway is ooly entered in the presence of



•

•

•

8

the proper eues. Once adults, if mutants are shifted to the restrictive temperature, an

increase in longevity is observed (Kenyon et al., 1993; Larsen et al., 1995). A

second set ofgenes involved in Dauer control is the Daf-d (gefective) genes. daf-16

is an example of a Daf-d gene and mutant animais are unable to enter the Dauer

pathway (Riddle et al., 1981). 00[-16 mutations aIso suppress the constitutive

Dauer phenotype and increased life span resulting tram daf-2 and daf-23 mutations

(Kenyan et al., 1993; Larsen et al., 1995). The gene age-l (actuallyan allele ofdaf­

23) exhibits long life and is suppressed by daf-16 (Larsen et al., 1995). The genetic

interaction suggests that the Dauer genes may be involved in a common system

affecting liCe span in C. elegans (Larsen et al., 1995).

The Clock genes are another set of genes known to affect aging in C. elegans

(Hekimi et al., 1995; Lakowski and Hekimi, 1996). They are discussed in detail

below.

Tbe Clock Genes

The Clock genes are a class of genes that when mutated affect developmental and

behavioral timing (Hekimi et al., 1995; Wang et al., 1995). There are four members

to this class: clk-l, c/k-2, clk-3 and gro-l. The first three were uncovered by Hekimi

et al. (1995) in a screen for maternai-effect viable mutations. Ofthem, only clk-l

bas been thoroughly studied: a comprehensive genetic analysis by Wong et al.

(1995) and the molecularcloning by Ewbank et al. (1997). gro-l was uncovered as
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a spontaneous mutant from the wild type strain PaC1 by Jonathan Hodgkin

(Hodgkin and Dornach, 1997) and has been shown to exhibit the Clock mutant

phenotype (Wong et al., 1995; Lakowski and Hekimi, 1996).

The detailed phenotypic analysis by Wong et al. (1995) revealed that clk-J mutants

exhibit a mean lengthening of embryonic and post-embryonic development, as weil

as a lengthening of the periods ofa number of adult behaviors including pharyngeal

pumping, swimming and the defecation cycle. Although not studied as thoroughly,

the other Clk genes exhibit the same phenotype as clk-J (Hekimi et a/., 1995).

Subsequent work by Lakowski and Hekimi (1996) has shown that mutations in the

Clock genes also increase both mean and maximum life span.

Another interesting feature of the Clk genes is their maternaI effect. The screen by

Hekimi et al. (1995) that isolated c/k-l, c/k-2 and clk-3 was designed to only pick up

genes with a maternai effeet. gro-J was isolated originally based on its slow

development and the maternai effect was only detected after closer examination

(Wang et al., 1995). In the case ofmatemai effect mutations, homozygous mutant

progeny (clk-J/clk-J) from heterozygous hermaphrodites (clk-l/+) are

phenotypically wild type. Due to the full zygotic rescue ofthe Clk genes (Hekimi et

al., 1995), only progeny homozygous for the mutant aliele from homozygous

mutant hermaphrodites will exhibit the mutant phenotype.
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Using a genetic approach to study the Clk genes, Lakowski and Hekimi (1996)

looked at the genetic interactions orthe Clk genes by constructing double mutants.

These double mutants took longer to develop than each of the individual mutations

and most had a longer Mean and maximum lire span. Contradicting this general

trend were double mutants made with gro-l(e2400). While each of the mutations

on their own increased mean and maximum life span, gro-l with clk-2 and c/k-3 had

a mean life span not significantly different than that of the wild type. However, this

suppression of extended life span was not observed when gro-l was paired with

age-Jo

When the suppressing activity of daf-16 was tested on the Clk genes, it was unable

to suppress the long-life of clk-l, c/k-3 and gro-l (c/k-2 was not tested; Lakowski

and Hekimi, 1996). This suggests that while the dauer genes may act by a common

mechanism affecting life span, the Clle genes function in a distinct pathway

(Lakowski and Hekimi, 1996). However, this evidence does not exclude the

possibility that the Clk genes act downstream of the Dauer genes. But the fact that

with the exception of the aging phenotype there is absolutely no overlap between

the two phenotype and that these phenotypes are additive, lend strong support to the

notion ofdistinct pathways.

An interesting aspect of the elk genes that is absent from daf-2 and age-l

containing straiDS, is that development and Mean adult life span are affected in a

linear fashion (Lakowski and Hekimi, 1996). That is, when one of the Clk genes is
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mutan~ both the length of development and mean life span are increased. In the

case of daf-2 and age-], when mean adult life span is increased, the length of

development is deereased. This and the fact that clk-l bas been shown to affect a

diverse range oftimed events has led to the proposai that the Clk. genes are involved

in sorne general physiological clock coordinating timed events in the development

and life of the wonn (Lako\vski and Hekimi, 1996). Such a meehanism could

impact on life span in a number of ways. For example, it seems that a11 of

metabolism is slowed in the Cloek mutants. This would result in the decreased

production of the destructive metabolic by-products believed to be a cause of

degenerative senescence (Hannan, 1981; Orr and Sohal, 1994). The importance of

the Clock genes is highlighted by the sterility seen at 25°C of clk-2 and gro-1

wonns (Lakowski, 1998.). This sterility suggests an essential role. However the

Clock genes effeet life span, understanding the Clock mechanism would shed light

on Many important and fundamental biological questions.

ClonÎng the Cloek genes

An essential step in the understanding of the Clock mechanism is detennining the

molecular identity of the genes involved. clk-I bas been cloned by Ewbank et al.

(1997) and shown to encode a protein similar to the S. cerevisiae gene CAT5/COQ7.

Homologues have also been identified in rat (Jonassen et al., 1996) and human

(Ewbank et al., 1997).
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The remaining three C/k genes have been genetically mapped to varying degrees of

accuracy. c/k-2 has been assigned to the third linkage group (LGllI), along with c/k­

l, and mapped between sma-4 and mab-5 (Hekimi et al., 1995). c/k-3 has been

assigned to the second linkage group and mapped to the left ofeat-l, near the end of

the chromosome's right arm (Hekimi et aL, 1995).

Mapping by Hodgkin and Doniach (1997) had placed gro-l in the vicinity ofclk-l.

Examination of the gro-l(e2400) phenotype revealed that not only did it grow

slowly as Hodgkin and Doniach (1997) reported, but it also had a reduced

defecation rate, lived long and was maternally rescued (Wong et al., 1995,

Lakowski and Hekimi, 1996). Based on their similar phenotypes it was possible

that the only gro-l mutant allele, e2400, could he another allele ofclk-l. In arder to

facilitate the cloning ofgro-l, Lakowski (1998) carried out further genetic mapping

in an attempt to separate the two genes. Initially, gro-I was placed with clk-l,

approximately 0.2 cM to the right of dpy-17 on linkage group (LG) ill. Hawever,

further mapping separated the two genes and indicated that e2400 was 0.3 cM to the

left of e2519 (see Figure 3). With the cloning of clk-I by Ewbank et al. (1997) it

was possible to transfer by mating into gro-l one of the extracbromosomal arrays

that was able to rescue clk-l(e25/9). It was unable to rescue the gro-l mutant

phenotype (Lakowski, 1998). Based on these results it was concluded that gro-l

and clk-I were different genes. From the genetic mapping it was possible to

estimated that gra-I should lie approximately 20 kb to the [eft of clk-1 (Lakowski,

1998; sec Figure 4).
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With such precise mapping data, 1was able to clone gro-l by injection rescue. gro­

1 encodes a protein bomologous to the enzyme fI-(â2
) isopentenyl PPi :tRNA

isopentenyl transferase (IPP Transferase; Bartz et al., 1970), which bas been sbown

to modify an adenosine nucleotide ofcertain species oftRNA (reviewed by Bj6rk,

1987.). This protein has homologues throughout evolution including yeast ModSp

(Dihanich et al., 1987) and bacterial miaA (Connolly and Winkler, 1991). There

exists a considerable body of work conceming these genes, their function and their

regulation. The following is a review ofthis work.

The Modification orTransrer RNA

Transfer RNA from eubacteria to higher eukaryotes contain a wide variety of

modified nucleosides. There bave been more than 75 modifications identified,

found in all three phylogenetic domains (Edmonds et al., 1991). Many of the genes

directly responsible for individual modifications have been identified. In sorne of

these mutants, the absence ofthe particular modification bas (ittle or no effect on the

cell's growth rate. For example, the E. coli trmA5 and S. cere:visiae tnn2 mutants

lack 5-methyluridine at position 54 (mSUS4) and their growth rates are a1tered very

little as a result (Bjt5rk and Neidhardt, 1975; Hopper et al., 1982). But the absence

ofother modifications cause a significant effect on growth rate. A reduction of20­

50% bas been observed in the bacterial mutants miaA, trmD and hisT which lack the
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modified nucleosides 2-methylthio-J'f-(cis-hydroxyisopentenyl)-adenosine at

position 37 (ms2i6AJ7), 1-methylguanosine aIso at position 37 (m1G37) and

pseudouridine (\\1) at positions 38, 39 and 40, respectively (Ericson and Bjork, 1986;

Palmer et al., 1983 and Bjork et al., 1989).

A number of roles have been assigned te these modifications. The primary and

most obvious role is in translation. Modifications at position 34 of tRNA (the

Wobble position of the anticodon) affect the tertiary structure of the base and its

ability ta form hydrogen bonds. This has the result ofeither extending or restricting

the decoding capaeity of the tRNA (reviewed by Penson, 1993). For tRNA specifie

for A-U rich codons, modifications at position 37 (3' end of the anticodon) act to

stabilize and thus compensate for the weaker base pairing (reviewed by Grosjean

and Chantrenne, 1980). Modifications at position 37 are aIso believed to aid in

maintaining the translational frame (Jukes, 1973; Pieczenik, 1980). trmD3 mutant

hacteria lack the m1G37 modified nucleoside which results in a +1 framesbift (Bjork

et al., 1989; Hagervall et al., 1992). The role ofmodified nueleosides in tRNA have

aIso been linked, through their effects on the translation apparatus, to various

regulatory processes in bacteria! metabolism (Buck and Ames, 1984; reviewed by

Persson, 1993). Based on the wide variety of phenotypes seen in the absence of

individual modifications and on their involvement in Many different metabolic and

molecular processes, it is believed that modified nucleosides serve a crucial role in

the fine tunïDg of the translational apparatus and that through this role May act in

Many regulatory processes.
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The addition ofan isopentenyl group is one ofthe modifications found on adenosine

at position 37. Isopentenyl-adenosine 37 is found in tRNA specific for codons that

begin with U. These include tRNAPhc
, tRNATyr, tRNAcys, tRNATIll and certain

species of tRNALeu and tRNASer (reviewed by Bjork, 1987). While in eukaryotes

A37 is simply isopentenylated, in bacteria the adenosine cao be further modified,

the primary derivative being 2-(methylthio)-N'-(â2-isopentenyl) adenosine (ms2i6A;

Agris el al., 1975; Geffer, (969). For ail the various derivatives, the tirst step is the

addition of the isopentenyl group. This step is catalyzed by the enzyme fI-(â2)

isopentenyl PPi : tRNA isopentenyl transferase (IPP Transferase; Bartz et al., 1970).

The gene encoding the transferase has been cloned in a number of organisms

including bacteria (miaA; Caillet and Droogmans, 1988; Yanofsky and Sol, 1977)

and yeast (MDD5; Dinanich et al., 1987).

Isopentenyl Adenosine in Bacterial tRNA

In miaA mutants, the lack of the modified nucleosides al position 37 has efrcets on

cellular growth, translation, and the regulation of gene expression. In S.

typhimurium, miaA- cells exhibit an up to 50% decrease in growth rate. Significant

changes in the sensitivity to a variety ofamino acid analogs have also been reported

(Ericson and Bjork, 1986). At the level of translation, miaA mutants show a 30%

decrease in translation chain elongatioD, a decrease in translational error, an

increased sensitivity to codon context. and a decreased stability ofcodon-anticodon
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interactions (Ericson and Bjork, 1986; Bouadlown et al., 1986; Vacher et al., 1984).

The expression of certain operons is also affected. There is a decrease in Leu

operon expression and a relief of transcription termination at the Trp and Phe

operon attenuators (Blum, 1988; Gourisharkar and Pinard, 1982; Yanofsky and Sôll,

1977).

It has been proposed that modifications to tRNA, specifically at the position 3' of

the anticodon, alter tRNA tertiary structure in a way that stabilizes the codon­

anticodon pairing in order ta reduce the chance of mispairing and the addition of

incorrect amino acid (Jukes, 1973). Using purified tRNAPhc: with and without the

ms2i6A modification, Wilson and Roe (1989) have shown that in the absence of

ms2i6A, the first position of the codon is allowed to ~'wobble", resulting in Phe

incorporation at CUU codons (intended to code for Leu). This quite clearly

demonstrates that the ms2i6A modified nucleoside is required to stabilize the pairing

at the tirst position of the codon, and that in its absence ''wobble'' can occur. The

role ofms2i6A in proper codon-anticodon pairing is further supported by the reduced

efficiency of serine- and tyrosine-inserting UGA suppressor mutants in miaA- cells

(Bouadlown et al., 1986; Petrullo et al., 1983). Misreading of the genetic code

would, for obvious reasons, have disastrous consequences on the organism. But in

miaA- cells, even though this A37 modification required for proper reading of the

code is absent, a decrease in translation errors is observed (Bouadlown et al., 1986).

These seemingly contradictory results can he explained by the intrinsic proofreading

of the ribosomal complex. Even though the absence of the A37 modification
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destabilizes the codon-anticodon pairing, allowing the opportunity for the improper

aminoacyl-tRNA to be loaded at the A-site of the ribosomal complex, when the

ribosome attempts to shift the improperly paired aminoacyl-tRNA to the P-site

during peptidyl transfer, the destabilîzed pairing fails and translation stalls. This

dislodging of the improper aminoacyl..tRNA allows a second try at proper pairing

and thus reduces the chance for the incorporation of erroneous amino acids. The

stalling of the ribosomal complex due to an increase in the number of mispaired

aminoacyl-tRNAs would explain the observed slow rate of translation. A global

slow down of the rate of translation May explain the slow growth observed in miaA

mutants.

miaA and A37 modification also seems to be involved in the expression of certain

genes. In the absence of the modification, a decrease in Leu operon expression and

an increase in Trp and Phe operon expression has been observed (Blum, 1988;

Gourisharkar anù Pittard, 1982; Zurwaski et al., 1978; Yanofsky and Soli, 1977).

There is an increased expression of the aromatic permeases (Buck and Griffiths,

1981) and it is also believed that there May be an increased expression of the

tyrosine-sensitive first enzyme of common aromatic biosynthesis (McCray and

Hermann, 1976). Interestingly, it bas also been observed that the degree to which

A37 is modified depends on the growth medium. Hydroxylation ofms2i6A to form

ms2i06A occurs only when the ceUs are growing aerobically (Buck and Ames, 1984;

Bjôrk, 1980). The dependency of hydroxylation on oxygen does not exist for aU

tRNA modifications. The synthesis of the modiJied nucleosides cmoSU and
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mcmoSU occurs during anaerobic as weil as aerobic growth (Buck and Ames, 1984).

Another example of the effect of growth conditions on A37 modification is the

absence of methylthiolation (i6A to ms2i6A) when the hacteria are starved for either

iron or cystein (Buck and Ames, 1984). The involvement of miaA in gene

expression and the dependency of the state of A37 modification on growth

conditions suggests rotes in addition to the fine tuning of the translational apparatus.

lt has been proposed that through the state of A37 modification, the translational

apparatus is able to alter gene expression (possibly through an effect on attenuators)

in an attempt to compensate for adverse growth conditions (Buck and Ames, 1984).

[sopentenyl Adenosine in the tRNA ofS. cerev;s;lle

In comparison with the consequences seen in bacteria lacking isopentenylation at

adenosine 37, in yeast the phenotype is very different. The gene encoding the

isopentenyl transferase in yeast is MOD5. As in bacteria, whenMOD5 is mutant the

adenosine at position 37 of tRNA specifie for codons that begin with U is not

isopentenylated, but there is no etIect on amino acid acceptanee nor on eell growth

(Laten et al., 1978).

ln eukaryotes there are two populations of tRNA. The cytoplasmic tRNA is

encoded by the nuclear genome and the mitoehondrial tRNA is eneoded by the

mitochondrial genome. These two pools of tRNA do not mix. The mitochondrial

genome encodes a limited number of proteins and many genes involved in
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mitochondrial structure and function are therefore encoded by the nucleus. There

are Many instances, including tRNA modification, where analogous biochemical

processes take place in the nucleuslcytoplasm and in the mitochondria (reviewed by

Martin and Hopper, (982). While in Many cases the enzymes involved in these

processes are encoded by distinct nuclear genes, there are examples where enzymes

that act both in the nucleuslcytoplasm and in the mitochondria are encoded by single

nuclear genes. For instance, trml and trm2 are nuclear genes involved in the post­

transcriptional methylation of tRNA in the cytoplasm and the mitochondria (Hopper

et al., 1982; Philips and Kjellin-Straby, (967). MOD5 falls into this category of

nuclear genes with bath cytoplasmic and mitochondrial roles (Martin and Hopper,

(982).

Expression pattern studies have revealed that there are three different forms of

ModSp. The tirst (IPPT-1) is localized to the mitochondria, but is also round in

small amounts in the cytoplasm (Najarian et al., 1987; Gillman et al., 1991). The

second fonn (IPPT-II) was shown ta be in the mitochondria (Najarian et al., 1987;

Gillman et al., 1991). There are four mechanisms that could explain how MOD5

encodes an enzyme that is targeted both to the mitochondria and cytoplasm. The

mechanism could be based on differential initiationltermination of transcription,

differential RNA processing, differential initiation of translation or differential

protein processing. Analysis of the genomic MOD5 sequence revealed that there

was a second ATG ten codons downstream of the one which was predicted.

Mutational analysis was used to eliminate each ofthe start codons in tom and it was



•

•

•

20

shown that IPPT-1 was a product of initiation at the first start, and that IPPT-II was

the product of initiation at the second {Gillman et al., 1991}. Using passenger

proteins in vivo and in vitro, Boguta et al. (1994) were able to show that while the

difference between IPPT-I and IPPT-II (the Il aa N-tenninal extension of IPPT-I)

was essential for mitochondrial targeting, it was in faet the first 21 aa that were

sufficient for targeting. The third form (IPPT-III) is the smallest and was found in

ail three compartments. Its size is consistent with initiation at the third ATG codon.

The expression of IPPT-ID alone is not sufficient to restore isopentenylation. How

it is targeted to the mitochondria without the 21aa signal sequence and what its

function may be are not known (Gillman et al., 1991; Boguta et aI., 1994).

One surprising result was that IPPT-II, as well as being in the cytoplasm, is targeted

to the nucleus (Boguta et al., 1994). Based on a number of findings it is believed

that isopentenylation ofA37 in cytoplasmic tRNA oceurs in the cytosol, after tRNA

processing and export from the nucleus (Buguta et al., 1994). The rnal-l mutation

in yeast prevents intron excision which results in the nuclear accumulation of pre­

tRNA. This aecumulated pre-tRNA does not contain i6A37, although other

modified nucleosides are present (Hopper et al., 1978; Knapp et al., 1979). This

however does not exclude the possibility that intron-containing pre-tRNA are not

able to serve as a substrate for IPP transferase. It bas also been observed that when

yeast tRNATYT is injected into Xenopus oocytes, isopentenylated A37 is only found

after intron excision in mature cytoplasmic tRNA (Nishikura and DeRobertis,

1981). The final supporting evidence is that wben mature tRNA lacking the
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isopentenylated adenosine nucleoside are injected into Xenopus oocytes,

isopentenylation occurs in the cytosol (Boguta et al., 1991). If tRNA

isopentenylation does in fact occur in the cytosol, why then would the IPP

transferase have to be targeted to the nucleus? Boguta et al. (1991) presented two

possible explanations. It is possible that nuclear and cytosolic IPPT-II could modify

different subsets of tRNA. For instance, some tRNA do not have Întrons. It is

possible tbat nuclear IPPT-II modifies introns-Iess tRNA, while cytosolic IPPT-II

might modify tRNA that do have ïntrons. Altematively, MOD5 IPPT-II could aIso

have functions in addition to tRNA modification that take place in the nucleus.

There are examples where other tRNA modifying enzymes have been proposed ta

have additional raIes. In bacteria missing the mSUS4 modification from the

initiator tRNAMet as a result of environmental limitations, the tRNAMet is able to

initiate without being fonnylated. These ceUs show no reduction in growth rate

(Baumstark et al., 1977; Samuel and Rabinowitz, 1974; Bjark and Neidhart, 1975).

However, when the gene trmA (responsible for synthesizing the mSU54

modification in the initiator tRNAMet) is mutated, the tRNAMet again does not

require formylation to initiate, but growth rate is considerably reduced. In both

cases the modification is absent. But in the case of the trmA mutant, growth rate is

aIso reduced. This suggests that tnnA bas a function in addition to synthesizing the

mSUS4 modification, and that this role somehow impinges on cellular growth

(Persson, 1993). This may also be the case with }tlOD5 in yeast.
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These findings and the work done on the hacteria! miaA propose a biochemical

function for GRO...l based on the similarity of the proteins. Different roles for this

function in other systems have been proposed. Why the Clock phenotype is

observed in gro...} mutants is not immediately clear but a number ofpossibilities are

discussed here.
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Materials and Metbods

Publicly Available Data, StraiDs and Clones

c. elegans physical and genetic map data was obtained from the public repository at

ncbi.nlm.nih.gov/repository.celeganslace2 and viewed using the program AceDB, A

C. elegans Database (Eeckman and Durbin, 1995). Database searches used the

algorithm BLAST (Altschul el al., 1990). The strains used include the wild type

strains N2 (var. Bristol) and PaCl, gro-l(e2400) in the PaCl strain (CB4512), and

gro-l(e2400) out-crossed with N2 (MQ520). Nematodes were cultured according

to the methods developed by Sydney Brenner (1974). Cosmid clones were obtained

from Dr. A. Coulson (Cambridge).

MicroinjectioD and Molecular Techniques Required for SubcloaiDg

Cosmid and plasmid DNA was prepared by the boiling miniprep technique (Holmes

and Quigley, 1981). The concentrations were estimated after electrophoresis

through a 0.4% agarose gel and vîsualized by ethidium bromide staining. The RNA

was removed by precipitation witb LiCI (Ausubel et al., 1992). Cosmids were

injected individually at the typical concentration of 50 f.lglml along with the

coinjection Marker (pRF4), aIso at a concentration of 50 f.lglml (Mello et al., 1991).

The methods for microinjection developed by Fire (1985) and Mello et al. (1991)

were followed.
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The constnlcts used to reduce the rescuing region were all based on the cosmid

clone ZC395 (sec Figure 5). The deletion construct pMQ2 was made by deleting

the 29.9 kb SpeI fragment of ZC395, and pMQ3 by deleting the 31.4 kb NdeI

fragment. The frame-shift construct pMQ4 was made by cutting pMQ2 at the

unique ApaI site in the second exon of ZC39S.7 and degrading the resulting 4 bp

overhang with Mung Bean nuclease. pMQ5 was made by cutting pMQ2 at the

unique NdeI site in the second exon of ZC39S.6 and filling in the resulting 2 bp

overhang with Klenow fragment ofDNA polymerase.

The transgenic lines produced by microinjection were established by propagating

rolling (Roi) lines. This was possible because of the use of the coinjection marker

pRF4 which carries a dominant mutant allele of rol-6. Any worm expressing an

extrachromosomal array in their epidermal cells with exhibit the RoI phenotype.

The presence of pRF4 is used as a marker for animaIs that carry an

extrachromosomaI array and could be expressing the clone of interest. Lines were

tested for rescue by comparing their developmental rates with that ofN2 (wild-type)

and gro-/(e2400). Approximately 20 young adults (N2, gro-l(e2400) and the

transgenic line separately) were allowed ta lay eggs for one hour. The adults were

then removed and the progeny aIlowed ta develop. The time it took for the

transgenic animaIs to reach adulthood was compared to each of the controls; if it

was comparable to the wild-type then it was considered rescued for development



•

•

•

25

DNA Amplification by PCR

For peRs using clean, abundant template, a single pair of primers was used. The

notation A:B is used here, where A is the fust primer and B the second. In cases

where the template of interest is rare and non...specific amplification is likely, nested

PCR was used. In this case, two separate PCR are run, the second with primers

"nested" within thase of the first, and the product of the tirst used as template. The

notation Ale:DIB is used here, where A and B are the primers in the tirst reaction,

and C and D are the primers in the second "nested" reaction.

SequencÎng

DNA sequences were detennined by the chain termination method (Craxton, 1993).

ThefmolDNA Sequencing System (promeg~ http://www.promega.com) was used

and the primers were end...labeled with y)2p. The products were separated by

electrophoresis in a standard buffer gradient 6% polyacrylamide gel. After

separation, the gels were exposed to x...ray film for visuaiizatioD.

Seareb for the e2400 mlltadoD

Nematode genomic DNA was prepared using standard techniques from wonns that

had been prepared by sucrase tlotation (Sulston and Hodgkin. 1988). The primers

SHP93:SHP92 were used to amplify the gro-l region ftom N2, PaCI and gro-
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1(e2400) genomic DNA with the regimen (94°C for 20 sec, SSaC for 1 min,72aC

for 2 min) for 30 cycles. Taq Polymerase (pharmacia, http://www.apbiotech.com)

was used in the PCR and the bands were purified by agarose gel electrophoresis and

Phannacia BandPrep Kit. These products were sequenced in search of the gro­

1(e2400) mutation. The primers used were: SHP93, 94, 95, 96, 97, 98, 99, 100, and

92. The sequence of these primees is given in Appendix F and their positions are

illustrated in Appendix A.

Confirmation of predicted splicÎng patterns

The cDNA of each gene in the operon was sequenced ta confirm the predicted

splicing patterns. Mixed-stage nematode RNA was prepared using Trizol

(GibcoBRL, http://www.lifetech.com) in a method based on that of Chomczynski

and Sacchi (1987). This RNA was used to prepare reverse-transcribed libraries by

the method of Frohman et al. (1988). The poly..T primer Rt was used for the

amplification of the cDNA. Using this reverse-transcribed cDNA as template, the

mRNAs of the five genes of the operon were amplified by PCR. Each orthe genes

was amplified in a number of pieces. The S'end using a primer corresponding to

the trans-spliced leader sequence SL2 (if the gene was trans-spliced, see

"Operonicity" in the Results section) and two internal primers, and the 3' end uSÏDg

the primers Ri and Ra along with an internai primer. The primer Rt used to amplify

the cDNA had two primer landing pads Ri and Ro built into its S'end. This allowed

priming for peR at the end of cach cDNA. gop-l was amplified in three pans~ S'
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part was amplified with the nested primers SHP190:SHP174/SHP176, the middle

part with SHP172/SHP173:SHP176, and the 3' end with SHP17S:RiI'Ro. gop-2 was

amplified with the primers SL2:SHP143/SHPl44 and SHP180:Ri/Ro. gop-3 was

amplified with the primers SL2:SHP184/SHP135 and SHP138:Ri/Ro. hap-l was

amplified with the primers SL2:SHP130/SHP119 and SHPl18:Ri/Ro. And finally

gro-l \Vas amplified \vith theprimers SL2:SHP99/SHPIOO, SHP94:SHP99/SHPIOO,

and SHP97:Ri/Ro. The sequences ofthese primers is given in Appendix F and their

positions illustrated in Appendix A. The regimen used for each was: (94aC for 20

sec, 60aC for 1 mm, 72aC for 2 min, for 20 cycles) for the tirst PCR, and (94aC for

20 sec, 60aC for 1 min, 72aC for 2 min, for 30 cycles) for the second, ')}ested" PCR.

The products were purified by gel electrophoresis and sequenced.

Table 1 lists the primers and template amplified from cDNA used for confirming the

predicted genomic organization of the gro-l operon. The primers were designed so

that the splice sites of interest in the cDNA would easily fall within their sequencing

reads. By looking at the positions of predicted spliee sites in the sequence of the

cDNA, unpredicted introns can be detected or the presence of predicted introns that

do not really exist can be determined. Errors in the predictions will cause the

position of correct splice sites to shift as a result of the added or subtracted

nucleotides in the cDNA. The sequences of these primers is given in Appendix F

and their positions illustrated in Appendix A.
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Table 1: Confirming the predicted splicing pattern ofthe gro-l operon

GENE PRIMER STRUCTURE TEMPLATE

gap-/ SHP141 splices 1 and 2 SHP190: SHP174/SHP176

SHPI72 splices 3 and 4 ibid.

SHPI73 splices 4, 5 and 6 ibid.

SHPI74 splices S, 6 and 7 SHP172 1SHP173 : SHP176

SHPI85 splices 8, 9 and 10 ibid

SHPI75 splices 10, 11 and 12 ibid.

SHP176 splices Il, 12 and 13 SHP17S : R,I Ro
SHPI77 splices 14 and IS ibid

SHP178 poly-A ibid

gop-2 SHP179 S'end and splice 1 SU: SHP143 1SHPl44

SHP181 splices 3 and 4 SHP180 : Ri! Ro
SHPl44 splice 2 ibid

SHP182 poly-A ibid.

gap-J SHP183 S' end and splice 1 SL2 : SHP184 f SHP135

SHPI46 splice 2 ibid.

SHP138 splices 3,4 and 5 ibid.

SHP184 splices 4 and 5 SHP138 : Ri' Ro
SHP140 splices 6 and 7 ibid.

SHP163 splices 7 and 8 ibid.

SHP134 splice 8 and poly-A ibid.

SHPl64 poly-A ibid

hap-/ SHPI65 S" end and splice 1 SU: SHP130 1SHPl19

SHP1l8 splices 1 and 2 ibid.

SHP1l9 splices 3 and 4 SHP1l8 : Rïl Ro
SHP120 poly-A ibid.

gro-l SHP95 S'end and splice 1 SL2:SHP9S/SHP99

SHPIS9 splice 2 ibid.

SHP96 splices 3 and 4 SHP94 : SHP99! SHP100

SHP99 splices 4 and S ibid.

SHP98 splices 6, 7 and 8 SHP971 SHP98: Ri! Ra
SHPIOO splices 6 and 7 ibid

SHPllO poly-A ibid
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Determining membenbip iD the gro-l operon

To determine wmeh of the genes in the region were members of the gro-l operon,

the 5' ends of eaeh was amplified (see Figure 6 and uOperonieity" in the Results

section). Two PCR were earried out for each gene, one using a primer

corresponding to the first spliced leader sequence (SL1) and another using a primer

corresponding to the second spliced leader sequence (SL2). These primers were

used in conjunction with a pair of internai, gene-specifie primers. The use of two

internai primers allowed for nested PCR in order to increase the speeificity of the

reaction. For gop-l the internai primer pair used was SHP141/SHP142 and the

expected product size (based on GeneFinder predictions) was -570 bp. The primer

pair for gop-2 was SHP143/SHPl44 to produce a product of -510 bp. The primer

pair SHPI 45/SHP146 was used ta amplify the 440 bp gop-3 5' end. For hap-l, the

primer pair SHP130/SHPl19 was used in the amplification of the 465 bp 5' end.

Finally, to amplify gro-l's 390 bp S'end, the primer pair SHP9S/SHP99 was used.

The sequence of these primers are given in Appendix F and their positions

iIIustrated in Appendix A. The regimen used for each reaction was: (94°C for 20

sec, 60°C for 1 min, 72°C for 2 min, for 20 cycles) for the first PCR, and (94°C for

20 sec, 60°C for 1 min, 72°C for 2 min, for 30 cycles) for the second, "nested" PCR.

The products were separated by gel electrophoresis and visualized by ethidium

bromide staining and exposure to uv.
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Identification and Sequenciog of the EST correspoDding to the humao

homologue ofgr0-1

A human Expressed Sequence Tag (EST) was identified usmg the BLAST

algorithm (Altschul et al., 1990) to compare the gro-l sequence with EST

sequences in the public database. An entry (accession F07677) with a St read of the

clone c-2ec05, very similar to gro-l was discovered. Upon investigation, a 3' read

of the same clone was identified (accession Z40724), indicating that the clone

contained the poly-A tai1. Because the 5' read was very near to the S'end of the

gro-l sequence, of all the EST clones, c-2ecOS contained the MoSt sequence. The

clone was ordered from Genome Systems (http://genomesystems.com). The

c1one's sequence was detennined by assembling the S'and 3' reads of other ESTs

found in the database, and sequencing the missing regions using primers based on

the known sequence. The primers used were: dml, SHP193, 212, 213, 226, 227,

239, 256, 263, 264, 265, and 266. The sequences of these primers is given in

Appendix F.

Simplifying the Operoo: pMQS

Because gro-l is the fifth member of an operon (see i~Operonicity" in the Results

section) its promoter is more than 10 kb upstream (see Appendix A. pos. -9643 to ­

9351). In arder to more easHy assemble the variaus constructs, gro-l was placed

immediately adjacent ta its promoter, essentially deleting the first four genes ofthe
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Fipre 1: Bi-partite PCR. This technique involves three independent PCRs
used to joïn two separate DNA pieces. A: PCR#l and PCR#2 use primer pair
1:2 and 3:4 respectively to amplify the two pieces ofDNA. The hybrid nature
of primers 2 and 3 results in there being complementary portions in the
products trom each reaction. B.: After gel purification the products from
PCR#l and PCR#2 are used as templates for PCR#3. The complementary
regions of the two templates anneal and present ftee 3' ends for extension,. in
early cycles, by the polymerase. This extension May be a rare event but when
it occurs it produces the final, fused product which allows the tlanking
primers l and 2 to anneal and ampüfY the desired product during the
remaining cycles.
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operon. This may also eliminate any problems associated with the overexpression

of the tirst four genes in transgenic animais. The absence of unique restriction

endonuclease site that could be used to delete the region between gro-l and its

promoter was not surprising considering the size of the region. Bi-partite PCR was

therefore used to generate the desired product. The general concept of this

technique is il1ustrated in Figure 1. The hybrid primers used \vere SHP159 and

SHP160. The flanking primers used were SHP161 and SHP162, whicl1 had the

restriction enzyme sites SacI and PstI, respective, built into their 5' ends in order to

facilitate cloning. The sequence of these primers is given in Appendix F and their

positions illustrated in Appendix C. PCR#1 used the primers SHP161 and SHP160,

and N2 genomic DNA as template to amplify the promoter. PCR#2 used the

primers SHP1S9 and SHP162, and N2 genomic DNA to amplify gro-l. PCR#3

used the tlanking primers SHP161 and SHP162, and the gel purified products from

'PCR#l and PCR#2 as template to fuse the two products. The high fideLity

polymerase VENT (New England Biolabs, http://www.neb.com) was used because

of its 3'-5' exonuclease activity. This feature reduces the chance of PCR error, but

more importantly eliminates the additional nucleotides (usually A) added to the 3'

end of Taq Polymerase products. The presence of these additional nucleotides

would prevent the extension of the template's 3'end in the early rounds ofPCR#3

(see Figure 1Cl. The product from peR#3 was then cloned inta the SacIIPsti site of

vector pUC18 (Messing. 1983; Norrander et al., 1983, and Yanisch-Perron et al.,

1983). The sequence ofthis construct is presented in Appendix C.
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The Green Fluorescent Protein (GFP) reporter consnet pMQIB

The gro-l::gfp reporter construct pMQ18 used the Fife GFP vector pPD9S.77 (Fire,

http://ciw2.ciwemb.edulpublFireLabVectors). The structure of the construct and the

fusion protein produced are illustrated in Figure 2. Using pMQ8 (see above) as

template, the primers SHP151 and SHP170 were used to amplify gro-l and its

promoter with the regimen: (94°C for 20 sec, 55°C for 1 min, 72°C for 2 min 30

sec, for 30 cycles. The high fidelity polymerase VENT (New England Biolabs,

http://www.neb.com) was used to reduce the chance of PCR error. The restriction

enzyme sites SphI and XbaI, respectively, were built into the 5' ends of these

primers. This allowed the PCR product to be cloned into the SphIlXbaI site of the

vectors MCS, upstream ofGFP. The primerSHP170 was designed to ensure that no

frame-shift occurred between gro-l and GFP. The sequence of these primers is

given in Appendix F and their positions illustrated in Appendix C.

This plasmid pMQ18 was microinjected, along with the marker plasmid pRF4, and

transgenic lines established as described above. The GRO-l ::GFP fusion protein

was visualized in live transgenic worms using fluorescent microscopy.
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Figure 1: Thegro-I::gfjJ reporterconstnlctpMQ18. A: The structureofpMQ18. Gro­
1 and its promoter are amplified by PCR and cloned into the SphIlXbaI site of
pPD95.77. B:This a1lows theexpressionofa GRQ-l::GFP fusion protein in transgenic
worms.
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Results

Cosmid Rescue

Based on the genetic mapping, gro-l was estimated to lie approximately 20 kb to

the left ofclk-l (see Figure 3, Lakowski, 1998). \Vith clk-l already cloned (Ewbank

et al., 1997) and the estimated physical position based on the genetic dat~ it was

possible to select a number of cosmid clones as candidates for injection rescue (see

Figure 4). Of the eight cosmids selected, ooly B0498, C34EIO and ZC395 were

able to rescue the mutant phenotype when microinjected (see Figure 5). Based on

these results, attention was focused on the region common to the three overlapping

clones. The 7 kb region was predicted by GeneFinder to encode four genes (see

Figure 5).

Subcloning

Deletion constructs of the cosmid ZC395 were generated in an attempt to reduce the

rescuing region and try to narrow down the candidate genes (see Figure 5). The first

construct, pMQ2, deleted a large SpeI fragment of ZC395, leaving the 3.9 kb left

end of the cosmid. This fragment contained the two predicted genes known to have

homologues, ZC395.7 and ZC395.6. pMQ2 was able to rescue the mutant

phenotype when microinjected.. A second construct deleted a larger NdeI fragment

ofZC39S, leaving ooly ZC39S.7. This constnlc~ pMQ3, was unable to rescue gro­

1(e2400).
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Figure 3: The genetic map ofLinkage Group (LG) min the region ofgro-J. This data
was generatedby Lakowski (1998)



•
37

...JW.I1L
ZC401 -SOkb

C01A1

--WJL ~
~

YSLa76
~

YSL363
...rœŒ11.

YSL358 ZK121
~

K01D2 Y3D5

K08C11 ~ F52C9

T22B6
~ T15B12• T01F2

YSL341
tH02CA3

clk-1

Figure 4: The physical map ofthegro-1 region. lliustrated are the cosmid clones ofthe
region. While each clone is 40 kb in size, they are drawn ta the number ofbands that
correspond to their fingerprint during map construction. The clones selected for
microinjectionare inbold.
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Figure S: Clones used ta identify the gro-l sequence. (+) ta the right of the clone
indicates its ability ta rescue gro-l(e2400) when microinjected. (-) indicates its
inability. A: The cosmid clones able ta rescue gro-l(e2400) when microinjected. B:
The plasmids constructed to subclone the 7 kb common rescuing region defined by
cosmid clone rescue. mustrated are the four predicted genes in this region. The
endonuclease sites used in the subcloningare indicated. The(-)regions illustrate the
region that would he out-of·frame in the frame-shift constructs. The scale zeros at the
leftendorthecosmidclone ZC39S.
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Based on the negative result obtained by the microinjeetion of pMQ3, it was

believed that ZC395.6 was in faet gro-l. In order to obtain a positive, and therefore

more reHable, resu14 frameshift eonstruets were generated (see Figure 5). For the

first ofthese, a unique ApaI site in the second exon ofZC39S.7 was used to induee

a frameshift by degrading the site's 4 bp overhang. The resulting eonstruet, pMQ4,

therefore encoded a non-fimctional" copy of the gene. Another construct pMQS,

funetionally knocked out ZC395.6 in the same fashion. When mieroinjeeted only

pMQ4 was able to reseue the gro-l mutant phenotype. This positive result

supported the results obtained with the deletion constructs and strongly suggested

that ZC395.6 was in fact gra-l.

The constructs considered able to rescue caused the transgenic animals to develop at

a wild type rate. These constructs also eonferred a maternai effeet: non-RoI wonns

also developed at an N2 rate.

Identification of the e2400 Lesion

In order to confirm that gro-l is ZC395.6 the genomic copy of ZC395.6 was

sequenced from mutant worms in an attempt to discover the e2400 mutation.

Sequencing with the primer SHP 99 (and SHP97) revealed that there was a 9 bp

deletion and 2 bp insertion in the forth exon of ZC395.6 (actually the tifth exon of

gro-l; see Figure 7). N2 and PACl genomic DNA were sequenced as wild-type

controls. The sequences were consistent with those generated by the Genome

Sequencing Consortium (Eeckman and Durbin, 1995). This mutation causes a
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frameshift and a 33 aa out.af-frame extension in the mutant protein (see Figure 7C).

With the agreement of a number of independent results, it was concluded that the

gene ZC39S.6 predicted by GeneFinder is in factgro-1.

"Operoaicity"

It has been shown that in C. e/egans groups of genes can he organized inta operons

(Spieth al al., 1993; Zorio et a/., 1994). For genes to be organized into such a

transcriptional unit they must obviously share the same 5'-3' orientation and be

closely positioned. The maximum intercistronic distance observed for two genes in

an operon is 409 bp (Zorio et al., 1989). Approximately 70% of C. e/egans genes

are trans-spliced at their S' ends to a 22 hp sequence known as the first spliced

leader (SL1) sequence. The downstream genes of operons are unique in their post­

transcriptional modification; they are trans-spliced to a second spliced leader (SL2)

sequence (Huang and Hirsh, 1989). Therefore, the presence of SL2 in an rnRNA

can he used as a marker indicating a gene's membership in an operon. There are

four genes upstream ofgro-1 that are in close enough proximity to he in an operon.

To examine this possibility, SL1- or SL2-specific primers were used in conjunction

with a pair of gene-specifie primers to amplify the S' ends of these genes from

Reverse Transcriptase-derived cDNAs (see Figure 6 and the MateriaIs and Methods

section). gro-1 and the three genes upstream were ail shown to he trans-spliced to

SL2. Therefore, gro-1 is the tifth member of a five-gene operon (see Appendix A

for the full sequence and organization). The first three genes have no known

homologues and have been named gap (gro Q2eron gene) 1-3t and the fourth gene is
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gop-1 go".2 go".3 hap-1 gro.1

1

~~ ~~ ~~ ~~ ~~ 4~ ~~ ~~ ~~ O~ 1~ 2~ 3~

•

B

900bp ­

450bp -

•

Figure 6: The gro-l operon. A: The five genes ofthe gro-l operon. Open sequence
represents coding DNAt closed sequence represents non-coding DNA. The reverse
primers used to detennine the membership ofeach ofthe genes are îllustrated. B: The
PCR products generated using primers corresponding to SL1 or SL2 paired with two
internai reverse primers for eachofthe genes inthegro-l operon.
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homologous to the yeast gene HAMI and has therefore been named hap <HAMl­

like nrotein)-1.

Confirmation of Predicted SpliciDg Patterns

The splicing patterns predicted by GeneFinder for the tive genes in the gro-l operon

were confinned by sequencing of their cDNAs. AlI the predictions were correct

with three exceptions (see Appendix A for the full sequence of the operon and the

splicing patterns). What was thought to be the last exon of gop-3 actually splices

over C34EIO.9 (a smalt predicted gene on the other strand) to pick up two

additional exons. This was originally detected when the gop-3 3' end was amplified

and produced a product slightly larger than what was expected based on the

prediction. The actual splicing pattern was then predicted manually and confirmed

by sequencing. There was an additional intron in the predicted second exon ofgro­

1. This was detected when the positions of the first predicted splice and the 5' end

occurred eartier in the sequence generated by SHP95. This suggested that there was

fewer nucleotides between the primer SHP95 and the tirst predicted splice site. The

presence of an additional exon, between the OOt and second predicted exons, was

confirmed by sequencing with the primer SHP159. Finally, the true gro-l initiating

AUa was actually 42 bp upstream orthe predicted start. This was determined when

sequencing the 5' end ofgro-l with SHP95.
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GATCTTATTAAAgtgcttaattcgccaccttttgaacttgaccctaattttcataattttcagAAAAT~CGTTCAAAAATTCCTOTAATTCTCG1794
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S S SEC TEE Cl l S N Q E L N 0 ~ L K K l 0 E K S A L L L H P N 182

ATCOTCATCTCAAGACACTGA llGJ' 'CGJ P.TTACTAATOAGAATTAT'OOGATaAAT'roJ a. A A AA ATCGAC'GAAAAATCAOCACTTCTTCTACATCCAAAT 1994
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aaatatttgaatttttccag&aaaaaaaagaaaattttttattattttgtttttttttcattctttactattttceaaaaaagtttaaacttttgaaaac 2394

Filure 7: The gro-l sequence. A: The entiregro-Lgenomic sequence is shoWD. The
codingsequence is incapitaIs. The protein sequence is given above the DNA sequence
insingle letter code. The trans-splice sites. the sites ofPQly-adenylation and the e2400
mutation are shown. The proposedalternative initiatorcodonis boxed. B: The resultof
tbee2400mutation.. The2bp insertionand33 aaout-of-frameextesionareboxed.
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Tbe bumaD gr0-1 homologue

Using the BLAST algorithm (Altschul et al., 1990) the clone c-2ecOS, containing

the Expressed Sequence Tag (EST) corresponding to the human gro-l homologue

was identified. The sequence of the clone was determined and is presented in

Appendix B. The protein sequence, based on the sequence of the cDNA, is very

homologous to gro-l and the other known homologues (see Figure 8 for protein

alignment).

Tbe expressioD pattern of the GRO-! ::GFP reporter

Two independent transgenic Hnes expressing the gro-l::gfjJ reporter construct

pMQ18 were established. In general, the level of expression was low, making the

signal wealc. The tirst of the two lines (MQ698) expressed the reporter gene mainly

in the gut9 with sorne staining in a few other cell types in a small subset of the

animais. The second line (MQ697) expressed the fusion protein in muscle cells, the

pharynx, the celomacytes, the somatie gonad, the excretory canal and in the gut. In

general, the fusion protein filled that cytoplasm and in most cases the nucleus.

These preliminary results suggest that GRO-l is localized to the cytoplasm and

mitochondria, as weil as to the nucleus.
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... . ..
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C2H2 zinc finger •
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•
Figure 8: Alignment ofGRO-l and its homologues. A: Includes C. e/egans~ S.
cerevisiae and E. coli. B: Includes C. e/egans and human. Conserved residues are
marked with adot above~ similar residues are in bold•
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CS:rcNISMrGKDNkJOKHItGIOOiKiiHOKKLAETRT
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Discussion

The Clock gene gro-l has been cloned

The Clock genes have been implicated in a mechanism that controls and co­

ordinates the timing ofmany metabolic, physiological and behavioural events in the

development and life of the nematode Caenorhabditis elegans. Mutations in four

Clock genes have been identified and result in a slowing of embryonic and post­

embryonic development, the cell cycle and the periods of behavioural processes

such as swimming and defecation (Hekimi et aL, 1995; Wong et aL, 1995). It is this

effect on the temporal element of such a wide variety of seemingly unrelated

biologicaI events that bas led to the proposai of a general "clock" that is responsible

for coordinating the temporal aspects of the worm. Of the four Clock genes, only

c/k-l has been cloned (Ewbank el al., 1997).

From the genetic mapping ofgro-l (Lakowski, 1998) a number ofcosmid clones to

the left of c/k-l were microinjected in an attempt to rescue the mutant phenotype.

Three of these clones (B0498, ZC39S and ZC400) were able to rescue and the 7 kb

common region was subcloned. Of the four genes predicted in this region, only

ZC395.6 was able to rescue. After identification of the e2400 lesion it was

concluded that gro-I was indeed ZC39S.6.
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GRO·l and its homologues

The C. e/egans gene gro-l encodes a protein of430 amino acids, homologous to the

enzyme fi>-Cd2) isopentenyl PPi :tRNA isopentenyl transferase. The gene encoding

this enzyme in hacteria (MiaA) and yeast (MOD5) are known. Using the gro-l

sequence, a human Expressed Sequence Tag (EST) corresponding ta the human

homologue ofgro-l was also identified. The protein in H. sapiens, C. elegans and

S. cerevisiae are longer than that of E. coli. It is the N-terminal two thirds of the

protein, common throughout evolution, where there is the most conservation at the

amino acid level. There are about halfa dozen blocks ofamino acids that are highly

conserved from bacteria to human. Based on the high degree of conservation it is

likely that GRO-l and the human GRO-l are in fact the IPP-transferase in the worm

and human respectively. This enzyme is responsible for the modification oftRNA

that code for codons starting with U. The enzyme catalyzes the isopentenylation of

the adenine residue at position 37, adjacent to the anti-codon. (see Figure 8 for the

alignments of these proteins).

There are a number of recognizable motifs that are conserved in the IPP-transferase.

Near the N-tenninus there is an ATP/GTP binding site. This sequence is conserved

in all four species (see Figure 8). Near the C-terminal ends of the human, worm and

yeast protein is a C2H2 zinc finger motif. This motif is in the sequence that extends

past the end of the bacteria! protein. There are a number of other blacks of

conserved sequence that do not correspond to any known motifs. One in particular

may be of interest simply because it lies downstream of the e2400 lesion. This
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black and the zinc finger would be the two regions ofconservation absent if the gro­

1 mutant protein were expressed.

The e2400 allele

gro-l (e2400) \vas isolated as a spontaneous segregant from the wiid type isolate

PaCl (Hodgkin and Doniach, 1997). It is the anly mutant allele ofgro-l. With the

cloning ofgro-l, the e2400 lesion was sequenced and shawn to be a 9 bp deletion

and 2 bp insertion in the fifth intron (see Figure 7). The PaC1 strain is believed to

contain an active transposon, the cause of the e2400 mutation. While this lesion

does not correspond exactly to the excision footprint of previously investigated

transposons (Ruan and Emmons, 1987; Eide and Anderson, 1988; van Luenen and

Plasterk, 1994), it is of a similar nature and could weil have been caused by a

transposon.

The mutation causes a frame shift that creates a 33 aa out-of-frame extension

beginning at the 27Sth amino acid (see Figure 7). Because of the nature of the

mutation, it is not clear at this point ife2400 is a null mutation. If it were a massive

deletion or if a stop codon was introduced in the tirst intron, it would ~e safe ta

conclude that no functional protein is expressed. But because the majority of the

conserved sequence is present in the e2400 protein, it is possible that if the out-of­

frame extension does not cause the protein to be unstable or interfere with its
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function, the protein could at least be partially functional. Further experiments are

required.

gro-l Expression

In yeast, ModSp is found in the cytoplasm, nucleus and mitochondria. This

expression pattern is brought about because different fonns of the protein are

generated by alternative translation. Initiation of translation at the tirst AUG codon

produces a protein targeted to the mitochondria by an N-tenninal targeting signal.

The cytoplasmic and nuclear fonn are generated when translation is initiated at the

second AUG codon, 14 codons downstream of the first. This shorter form lacks the

N-tenninal mitochondrial targeting sequence. By this mechanism, both the

cytoplasmic and mitochondrial populations of tRNA are isopentenylated by the

klOD5-encoded enzyme (IVlartin and Hopper, 1982). It is possible that GRO-l is

targeted by the same mechanism. As with MOD5, there are two ATG codons that

could act as alternative sites for gro-l translation initiation (see Figure 7, the second

ATG is boxed).

In order ta determine the general expression pattern of gro-l in the worm and

whether GRO-l is expressed in the same sub-cellular compartments as ModSp, a

Green Fluorescent Protein (GFP) reporter construct was made. When introduced

into gro-l(e2400) worms by microinjection, this GRO-l::GFP fusion protein was

able to rescue the mutant phenotype. This indicates that whatever the expression
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pattern of the fusion protein, it is active and targeted at least when and to where it is

needed. The fusion protein was clearly expressed in muscle cells, the pharynx, the

gut and the somatic. Expression in all cell types might be expected of a protein

involved in a process such as tRNA modification. The reporter suggests that GRO­

l is localized to the nucleus and mitochondria, as weil as to the cytoplasm. The

same sub-cellular localization is seen in yeast but whether GRO-l is targeted by a

similar mechanism (see Introduction) can not be determined from such preliminary

studies. This second ATG ingro-l could simply code for met and not a second start

codon. This is a question that goes beyond what the molecular cloning can address

and will have ta be dealt with independently in the future (see Appendix E).

The otber genes in the gro-l operon

The significance of gro-l's membership in an operon may be greater than just the

nature of its genomic organization and simple expression. In hacteria, genes that

operate in a common system are grouped in operons in order ta organize their

expression. The most classical example of this if the E. coli LacZ operon. This

operon contains three genes required for the metabolism of lactose. The

orgamzation of these genes in an operon allows for their coordinated expression and

function (reviewed by Lodish et al., 1996). It is unclear in C. e/egans whether

genes organized in operons are functionally involved.. In most cases theyare not,

but some notable exceptions exist. For example, the lin-J5 locus has two
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independently mutable activities and its cloning has revealed two non-overlapping

transcripts organized in an operon (Huang et al., 1994). The four other genes in the

gro-l operon therefore deserve consideration.

BLAST (Altschul et al., 1990) of the databases revealed homologues throughout

evolution for each gene in the gro-I operon. gop-l bas a human homologue of

unknown function. gop-2 aIso has a human homologue, as weIl as mouse and S.

cerevisae homologues. None of the gop-2 homologues have a known function, but

sequence predictions indicate that it May be a GTP-binding protein. Homologues of

gop-3 of unknown function were round in human, mouse, rat, S. pombe and S.

cerevisae. hap-l, as its name indicates, is homologous to the S. cerevisae gene

HAMJ. hap-J aIso has homologues in humans and mouse, in the bacteria Bacillus

subtilis, E. coli, H. influenza, Mycobacterium /eprae and M tuberculosis, and in the

primitives Methanococcus jannaschi, Pyrococcus furious and Synechocystis sp.

The presence ofgro-I homologues and homologues of the other genes in the gro-I

operon throughout evolution suggests that they May ail be important and may

operate in processes fundamentaI to the organism. This and their organization into

an operon suggests that gap-J, gop-l, gop-3 and hap-l May function in pathways

aiong with gro-J. Ifthis were the case, understanding these genes May give insight

into the processes of the clock or aging. or tRNA modification and its role in

cellular physiology.
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A number ofexperiments can be imagined to address the possibility that gro-l and

the other genes in the operon act in common pathways. The most direct approach

would be to knock them out, either by a PCR based screen (see

http://snmcOl.omrf:uokhsc.edu/ revgenlRevGen.html) or by RNA interference (Fire

et al., 1998), to see if they produce phenotypes similar to gro-l (ie. a Clle

phenotype). With mutations in the other genest double mutants cauld be made ta

see if there is any genetie interaction between the genes. A less direct approach may

involve the examination of their expression (either with antibodies, GFP reporters

or Northem blots) in a gro-l(e2400) background, to see if it is altered with respect

to the wild type.

How does gro-l fit with the "clock" hypothesis

The gro-l(e2400) phenotype is reminiscent of the bacteria! miaA phenotype. The

mutation affects a wide variety of physiological, metabolic and behavioral

processes. Parallels can also he drawn between the regulatory raie proposed for the

Clock genes and for the isopentenylation of tRNA in baeteria. But how does the

gro-l encoded IPP-transferase and the isopentenylation of tRNA fit into the concept

of a "clock" mechanism responsible for temporal coordination in the worm? The

results ofLakowski and Hekimi (1996) indicate thatgro-I and the clk genes interact

genetically, suggesting that they do in fact operate in the same mechanism effeeting

longevity. Based on what is known in bacteria and yeast and the mechanism by

which the "clock" is believed to operate. at least two main hypothesis could be
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imagined to marry the IPP-Transferase to the theory of the 6·clock". The tirst

suggests that the transferase acts in the "clock" through the isopentenylation of

tRNA that it catalyzes. Alternatively, there is evidence to support a role for IPP­

Transferase other than tRNA modification.

A mechanism such as translation, a point of regulation in the expression of most

genes, could he a powerful point of regulation, having a substantial impact on

cellular physiology, metabolism and development In hacteria it has been proposed

that through the effeet on translation, tRNA modification acts as an interface

between the environment and the cells response to the absence of nutrients (Buck

and Ames, 1984). This could be a point ofregulation useful to a mechanism such as

the "clock", trying to coordinate the temporal aspects of a wide variety of unrelated

processes.

An alternative explanation for the involvement of IPP-Transferase in a "clock"

mechanism is that the enzyme bas a role in addition ta the modification of tRNA,

and that it is this role that is involved with the "clock". Isopentenylated adenosine

has heen shown to have Many ditTerent roles in biology. The most common plant

cytokines are adenine derivatives, such as i0
6-adenine and ms2io6-adenine (Skoog

and Annstrongt 1970). These cytokines affect respiration in plants (Skoog and

Schnitz, 1979) and the induction of nitrate reductase is under cytokine control in

plant tissues (pandeyand SabharwaYt 1982; Kende et QI.~ 1971). In hamster ceUs it

is beüeved that i6-adenosine May be involved in triggering DNA replication during
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the S phase of the ceU cycle (Quesney-Huneeus et al., 1982). With isopentenylated

adenosine carrying out such a wide range of functions it does seem possible that the

IPP-transferase could function in processes other than the modification oftRNA.

Subcellular localization experiments in yeast have provided results that support the

theory of an additional IPP-transferase function. By a mechanism involving

alternative translation, different forms of ModSp are produced (see Introduction).

The longer form is imported into the mitochondria, while the shorter form remains

in the cytoplasm (Najarian et al., 1987; Gillman et al., 1991). Interestingly, this

shorter form was also found to be targeted to the nucleus (Boguta et al., 1994). This

is surprising since there is a significant amount of evidence indicating that the

cytoplasmic tRNA, while it is synthesized and receives certain modifications in the

nucleus, is acted on by IPP-transferase in the cytoplasm (sec Introduction). This

would seem to suggest that the enzyme is targeted to the nucleus for no reason,

unless it is to carry out this proposed additional function.

Another observation that hints at an additional mie for IPP-Transferase is the

increased level of spontaneous mutations in miaA mutants (Connolly and Winkler,

1989; 1991). Preliminary results indicate that there May also be an increased

mutation rate in C. e/egans gro-l mutants (Bernard Lakowski persona!

communication). These mutations are not simply phenocopies caused by

isopentenyl deficient tRNA during translation, as they are heritable. In fset, it bas

been shown that in miaA mutants the translation error rate is actually reduced
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(Bouadlown et al., 1986). These mutations may be a result of the absence ofDNA

isopentenylation that are required, for example, for the proper replication of DNA.

The fact the ceU does not catch these errors suggest that perhaps the

isopentenylation is required for the proper function of the ceU's DNA repair

mechanisms.

IPP·transferases involvement in DNA modification may also be able to expIain the

maternai effect of gra·}. It is difficult to imagine that an enzyme that modifies

tRNA could result in a maternai effect. If maternaI IPP·transferase or its mRNA

were deposited in the oocyte, it seems unlikely that it would be capable of carrying

out the isopentenylation oftRNA in aIl the cells and overthe entire life orthe worm.

But if the maternai enzyme were ta modify the oocyte or embryonic DNA, it could

cause the observed maternai effeet.

Summary

The C. e/egans Clock gene gro-} has been cloned and it encodes a metazoan N'.(â2)

isopentenyl PPi :tRNA isopentenyl transferase (IPP-transferase; Bartz et a/., 1970).

There are homologues known in bacteria (miaA; Connoly and Winkler, 1991) and

yeast (MOD5; Dihanich et al., 1987). This enzyme is responstble for the

isopentenylation of the adenosine residue at position 37 of certain tRNA (Bartz et

al., 1970). Preliminary expression studies suggest that GRO-l is expressed in Many

ceU types and that as in yeast, it i5 localized to the mitochondri~ nucleus and
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cytoplasm. A much more in depth study will have to be carried out in an attempt to

determine the mechanism driving GRO-l localization. An interesting result was

that gro-l is the fifth member of an operon. This may identify four more genes of

interest to the study of the "clock" or tRNA modification and its role in cellular

physiology. gro-l has been shown to be involved with the cfk genes~ in a

mechanism proposed to control and coordinate the temporal aspects of Many

processes in the development and life of the wonn. While it is not possible to

fonnulate a unifying theory of IPP·transferase involvement in the "clock"

mechanism based on the results from bacteri~ yeast and C. elegans, a number of

interesting possibilities have been proposed.
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Appendix A: Sequence of the gro-1 operon

Included in this appendix is the entire genomic sequence of the gro-I operon. The

coding sequence is in capitalletters. The protein sequence is given in single letter code

above the DNA sequence. The trans-splicing sites, the sites ofpolyadenylation and the

el400 mutation are marked. AIl the primers used to confirm the splicing and to identify

the e1400 mutation are illustrated. Below is a graphicaI representation ofthe genes in

the gro-1operon. The nucleotide scale in the figure and in the sequence is zeroed at the

leftend 0 fthe cosmidclone ZC395.

su u u su

=~6'c::'='=V"-..o'-!,-·:'='=6'r:1'r:=.-'ck:::l'=\dca\f:lt=I"=b:l'l~\A:6'="=-"c'='=='=',='r:l':'c'':zJ

gop-1 gop-2 gop-3 hap.1 gro-1

•

1

-9 kb -a kb ·7 kb -6 kb -5 kb -4 kb -3 kb -2 kb -1 kb a kb 1 kb 2 kb 3 kb

N.B. The coding sequence is represented by open boxes. S'and 3' UTRs are
represented by tilled boxes. Trans-spüce leader sequences are drawn as lines
move~ecoœmgsequence
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gop-l

atcgegttccaggtgcaactaeatattgagcaggaggacgagttgtttgtttcatgctgcttaaaaataaaaatggaaaattgagtcaaaaagttgagat

aaaacaaattaaaacaattttctgaaaaataaacaactgaaatttgaagtaataaacaacacgcgaaaacgttatttcggagcatcgtttgagaagtaaa

actttttttcggcgcacccttgtgcgcagtttttatcttctcttttaatttaattttcaagctaaatctttcttt:taaactttgaataaatatttaaat

M F R K L G S S G S L W K P K N P H S L E
attcagaatgcaccaataaacet99aacaaaatC98taATGTTCCCCAAGCTTQGtTClfC~fCACTATGGAAGCOGAAAAATCOGCATTCIIVGGA

5HP190 •
y L K Y L Q G V L T K ~ E K V T E N N K KIL V E A L RAI A E t

ATACCTCAAATATTTACAAGOAG'I'OC'rCCAAAAAATGAGAAAGTTACCGAAAACAATAACiAAAATATTAGTAGMGCA'tTACOAGC'l"ATCGCAGAAAtt

L l W G 0 0 ~ 0 A S V F 0 F F L E R
CTCATTTGGOGCGATCAOAATCATGCTTOGGTTTTTOAgtg8gtttttttccaatgttttttttcaaatctgatgt:gaatttcagTTTCTTCCTTGAGC

o M L L Y F L K t M E 0 G N T P L ~ VOL LOT L ~ t L F E ~ l R
GGCAAATCC'1'TcrrrATTI'C'l'TGAAAATTATGGAACA~AI\CACACCAcrAAATGTACAAttACTCCAGAC"1'T!CAACATTTTA'r"t'COAAAATA'I'TCG

• 5HP171
H E T S L y F L L S N N H V N SIL

ACATGAAACTTCACTTTgtaagttttttatatggattttcgCttaaaattgccagttttcagAlflcCTTCTAACTAACAATCATCTAAACTCOATTATT

S H K F 0 ~ Q NOE l M A Y Y l S F L K T L S F K L N PAT t H F F
TCCCACAAA'lTc:cATTrAc:AAAATCATCAGATCATCGCTTACTACA'r"t'AOTr'ITC'rGAAAAC1'CTTTCATT't'AAAC'l'GAATCCAGCTACAATCCAC'rrC't

F N S T TEE F P L ~ V E V L K L Y N W NES M V ~ l A V R ~ l ~

TCT'1'CAATGAAACGACTGAAGAA"I'T'l'CCAI rcTTGGTAGAAGT"l"I't'CTTTATAATTOOAATGAA.TOA~c:GAATTGCTO't'TAGAAATATTCT
• 5"P141 5HP112.

L N t V R V 0 0 0 S M tIF A t K H T K
TTTAAATA~TCA'tTCAATQATTATTTTCGCTATCl\AGCATAClAAAgttagtagaaaattattttgaaaaggtgtatttaagcaa

E Y L SEL les L V G L S LEM C T F V R S A ENV LAN
taaatattacagGAATATCTATCGOAGTTAATAGA'1'"l't:TCTAGT'lOGTctC'rCACTrOAAA'lGGACACAT'r"IGTACOATC'I'CCTGACiAA'I.'CTGTrACCTA.--

RER L R G K V CCL l 0 L l H Y IGE LLO V E A V A E S L S l
ATCGAGAGAGAnACGACCAAAAQTGGATGA"l'TTAAT'I'CATr'I'OATTCA'tTATAT'I'GC'rGAAC'1"ATTGGA~CCGAAAGT'ITATCAAT

SHP142 5"'173 •
LV TTRYLSPLLLSSISPR

TTTAGgtcagttttact9CtggaaaatcaagtttttaatgttaaattttcagTAACAACACCAT~CCCTCT.ATT.I\CTTTCAAGTATATCACCAA

R D N H S L L L T PIS A L F F F S E F L L
GAAGAGATAATCA'rrCACTTCTACTCACTCCGA~T'lTl'rA'r'lGgtgagttttaacatttaaaattacatttttct

l V R H H E T l Y T F L S S F L F D T Q N T L T T H W l
aatttatttatttttcaqATAGTTCGTCACCA'1.'OAAACAATATATACA'tT'rrTATCA1C1IICCTAT"l"lGACACTCAGAATAC'IT'rGACGACCCA'rl'CGA

R H N E K Y C LEP l T L S S P T G S y V N S D H
TACGTCATAA'I'CAGAAATATTCC't'TAGAACCCATTACATTATCATCACCAACCCGAGAA.TA'lG'lGAA'l'GAAGACCAqcaagagctgaaattttaaaatt.t

V F F 0 F L L E A F D S S Q A DOS K A F Y G L M
ttgctetgaatatagtattt.t.cagCGTA~'lTlGA'tTC~CAGACGA:rrc:aAAGGCATTC'I'ATCGA'rTAAm

-9557

-9357

Sol

-9157

72

-9057

105
·n57

123
-BaS7

157
·87S7

190

-8657

210
-aSS7

240

-U57

273
-8357

291
-82S7

313
-US7

341
-S057

366
-7957

391
·7857



•

•

71

gop-] continued...

L l ï S M F Q N N A 401
CTGATTtATTCAATGTTTCAGAATAATGgtgagttttaaaaaattgatttgttaaattaaaatttccatttceaacaaceeetctteagacagtaagttt .7757

tcaatgttgtaaagttcctgttcatetgtgatcgttttcttcatttttttagttttgeatgaacagtttteaaatttttttgataceatacagtaaacat .7657

egtcatccagataattttetatttaaaaaaaacgaataaaaagagggegcgcagaaattgcegaagtaatgtaaatttaaaqggacaeatgegcagettg -7557

tt9t9t999tctcgccgegetttgtttgatttatcttgttttctgcteaaagagctgtttttaetttagegttgaatgettttttacegtteteatcggc .7457

ttttt4ataggaatatt~aaaaaaggtttaataaatcttcgtttt:acaaaatc:atctaagatt:;catttgtgaagc:C3acaagtaaa;:ttta-7357

agcaacattgttttttaaaaaaeaattga&ccaaattttgcegaaacattaataacatgaegataetctataaaatattcctctttteaaaataaatttt -7257

o V G li L L S A ANF Il V L K EST T T S L A Q Q N ~27

caaaaaaaatccatttttcagCCGA't'GT'rGGAGAAc:TrCTATCTG~'1'CAACOACAAC'rl'CATTAGCTO~c;p.A. -7157
• 5HP114

L A R. L RIA S 'r S SIS K R 'r R. AIT E l G V E A TEE 0 E t F oUa
'l'C'I'TOC'rCG'l'CTCCGAATAGCATC'l'ACGTC'r1'CCATA~ATc:ACTGAAATTGGAGTACAAGCGACCGAGGAAGATGAGAT'1'TTT .7057

5HP115 •
H 0 V il E E Q T t. .us
CATGA~CAA.ACGTTGgtaagtaaataaatcaacattgattgttacacaaactttaatatttttaaatttgaaaattttetteaaagtg·6957

E 0 L V 0 D V L V D T ENS AIS 0 P E ~a9

cteaaaaatcetgtegaaaattacagGAAOATCTGGTCGATGATCTATTGGTTGATACTCAAAATTCAGCAATAACTGATCCAGAAqtgagtagaaaaeg -6857

il K N V E SES R " 98
tgeat;tattaattattaaaaaaaaaatatagttttceccagttttcettgaectaaaacteageaatttca9CCT~TCTCOT -6757

S R. r Q S A V 0 E L Il Il PST S G C D G R. L F D A L S S l K A V G Sl2

TCTCGATTTCAATCTGC'rG'rroATGAGC'1"1'CCACCTCc::crrCOACTTC"l'GGATOTGATGGTCGACTTT'rTOATGCACTTTCATCGA'I'TATCAAAGCAG'n'G . 6657

T 0 D N R t R PtT L ELA C LVI R Q l L M T V D 0 li K sn
GMc:AGATGACAATCGAATTCGACCAATTACATTCiCAAC'rrCCATCTCîiGîAATTCCGCAAAT"lTrAATGACTGTTGATOATGAAAAAgtaagattaca -6557

5HP115 •
v H T S L T K L C F E v R L K L L S 579

aatteaaaattgaqcaaaateagaatctaaattteataaattgttcagGTACATACCAGT'îTAACGAAAT'I'ATGC'l'TCGAAGTrCAAAACT'r'TTAT - 6457

S ! G Q ~ V N G E N L F L E W F EDE ~ A E F E 603
CATCAAn'OGACAATATG'rrAA'1'GGAGAOJl A.TC'lUî l î l ïGGAGl'GGII iGAGGA'IGAATATGCACAATTTCAAqtaagceaagaggtcegaaaacaatt - 63 57

V N H V N F D l l lJ K E M L L P P A A T il L S N L L L 630
taatteatcetttttattcagGTGAATCACGTGAATTTCGATA~TCGGTCACGAAATCCTTCTTCCTCCAGCAA.CICCICIIICGAATCTGCTAC-6257

H K R L P S lJ FEE R l R. T Q l V 647
TTCATAAGOGA~TTTGAAGAAOGAATAAGAACTgtaggaaactttetaaatttgaa.attaattatacatatatttgcagCAAA~-6157

F ~ L H t R te L E R 0 L T G E lJ D TEL P V R V t. N S D Q E P V A t 681
'tTCTACCTACATAttCGAAAATTGCAACOAGA'lTtOAc:cGlJ'l"œ.~CAGAATTACC'l'GTOAGAGTTCTGATCAGGAACCAG'rTGCCA-6057

Ci Del N L K N SOL L seT 696
TCGGTOATTGTATTAA'rl:TAcgtgagttcatctgcatagaaaacaccatatl:cctacteaaattaacaatttteagATAA~- 5957

•

v v Il Q Q L C S L G K P GOR L A R F L V T D R L Q L l L V E il 0
.. rOl.'........":...CrCAAc:AA~A~f ... l. !. ....!C!!aGAAAAcc::roGTGA~'!':-Ci ithCA.C"ït!A~~CT'!'CAA-r:-..J.:î lCI rGîCCiAACCCGA

• SHP11.
S R K A G W A l V R F V G L L Q D T TIN G DST D S K V L K V V

'rTCTC:GAAAAlJCTGGGCAAIIG'l'fCGA'tTCG'l"ACGAC'r'1'C'1TCAAGACAACAATTAATGGAGA'rrCTACGGATTCGAAAGl'T'rTG'fCT'rG'tG
SHP17T •

VECiQPSRIIC ICRHPVLTA
~TTAAGgtaagaatactaac:gggaaaaaaaaatcaaaaaattaet:tetgttteag#aAAGACA~

729
-Si!i7

762
-5757

779

-5657
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gop-l eontinued...

A FrF 0 0 H l ReM A A K Q R L T K 798
AAG':'!'CATATTCGA'I'GATCACATTCGGTGTATGOCAGCAAAGOACOCC'rCACCAAGqcaac:ggaaaaaataaccaaaaagacqqaaagtcaccgtaaac -5557

ggacgaaatcgsogaaattaattgaaaacqtttgaatttgccgctaaaaccaaacgaaaaccaaac:qaaagcqaaatttaactatcccttcaqgtagaat -5457

a R Q T A R G L K L Q Ale S A L G V P RIO PAT 824
atac:attttatttctctttatagGGTCQCCAAACAOCA~TGTTCAGc:TCTTGGAO'r't'CACGTATCOATCCAGCGAC -5357

M ~ S S P R M N P F R l V K G CAP a S v R K T V S T S S S S S Q 857
AA'I'GACG"l'CATCACCACGAATGAATCCATTCAGAAT"I'GTGAAAGGATGCGCAcc:cGGAAO'l'G'rACGAAAAAC'l'G'ITTCCACATCATCA"rCG'l'CAAGCCAA -5257

a R P G H '{ SAN L R SAS R tl A a M [ POO P T Q P S S S S ERR 891
OOAC'::ITCCCGOACATTATTC'1'CCAAATCTTAGATCAGCA'l'CTAGAAA'l"GOGGAA'roATACo.oA'l'GATCCAAC't'CAACCOAGTAG'rt'CT'1'COOA -5157

SHP171 •
S • 892

OATCCtagggatc:aacatctcctcagcttcatcattttatgctgtaaattgtatttaagtattcctattctttgtagtactgtatttac:acatc:gtctag -5057

ttaaaatcacaaatc:tc:cgaaaaaacaaaccagtgaacatgtgatatttc:tcttgcceatagttctc:ttttttttttgaaacaaaaacaattacttttat -4957

P)!!IA
gct:acc:tattcgagceatatttttttceeaattacc:ggttgtttattttaatttc:ttttttttttc:tgtaaatc:tac:tttatttttaaaaetgcatttg ·4857

agattgtgtatattttttcaaaacg9tteaaatgeegaatctatetaett -4807
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gop-2

•

IL\ MAElCAEtlLPSSSAE'ASE
tttaatcattattcaaacaqaaaaaccqattatttattcaqattctcaaaaATCGCTGAAAAAGCTGAAAATCTTC~TCrTC!TCOGCCGAAGCTTCAG

EPS P Q T a P tl V N Q K PSI L V L G MAG S G K T T F V Q
AAGAOCCATCACCTCAAAC'rOGACCAAATG'1.'GAATCAAi\AACCA~l 1rrGGnC'rTGGAA~CGACAr '!TGT rCAGqtaac

R L T A F L K A R lC T P P y VIN L 0 P
tttcattcaattttqaqaqttttcaaacattactattttcaqCGTCTCACAGCATTCCTACATGCTCGTAAAACACCTCCATATGTGATTAATCTQGATC

A V S K V P Y P V tl ver R 0 or v lC y K E' V M KEF G M G P tl a A
CCCCAG'TTAGCAAAOTACC'I"l'ATCCAG'tGAATG't"1'CACAT'l'CGAGATAC"1'G"1'OAAATACAAGGAAGTTATGAAAGAAT'1'CGGAA'IGGGACCMATGGAGC

• 8H'179

r H T C L tl L MeT R F ~ lC VIE L l tl K R S S 0 F S V C LLO T
AATTA'I'GACATGTC'rrAAe:t:'tGATG'rGTAC'l'c:GT'I"t'tGATAAAGTAA't'I'GAGTTGATTAATAAGAGATCT't'C't'CATTTCTCAGIIIGICrrCll'GATACT

8HP110 •

P G Q l E A F T W SAS G SIL T 0 S LAS S H P T
CCTGGACAAATTGAAGCATTCACT'I'GGAO'tCCTAG't'GGATCTA'rrATCAC'l'GATTCATTGGCAAGTAOCCATCCCACC9taaqqgatt t tqat t tatqaa

• 8HP143

atctgcttqaaatqaaaaaaqattctaataaatttttqacttttaaacattttttacagttatatttgqcctattttctatcattaaaaqcaaaatgaaa

v V M Y l VOS A RAT N PTT F ~ S tl
agtcgattctactccacatttattaatttcgactttt:a~AATGTACATTGTGGATTCCGCT~CAAATCCAACTACATTCATCTCCAAT

• 8HP1....

M L Y A C SIL Y R T K L P F l V V F N KAC l V K P T F A L K W M
ATGCTCTACGCATGTTO:ATTCTCTACCQTACCAAACT'l'CCA~T'IGTCGr r 1rCAAOA~TATTG'1'CAAACC'ACATTTGCACTCAAA'I'GGA

o C FER FeE ALE DAR S S y M NOL S R S L S L V L D E F Y
TCCAAGA'I'1'TCGAAAGA'l"l"l'GA'IGAAGC'lTI'AGATtiCCAGI.AGCAG'!TATATGAA'IGAT't'rGAO't'CGTT'r'lGAGTCTCGTTCl lOATGAATTCTA•8HP111

C G L K T V C v S S A T G E G F E 0 V
'tTOCGGACTQ;.AAACAGqtttttattcgaaataaaaccttttttaaataataaatttcagTTTOCQ'l'CAGTTC'tGCCTOOAG.'AGGATTCQAAGATGT

M TAI 0 E S V E A Y K KEY V P MYE K V L A E K K L L D E E E
AATGACAGCAAT~TAOAAAA~ATA'IG'rTCCAATGTA~CTATTGGA'I"GACCiAGGAG

R K K ROE E T L K a K A V K 0 L tl K V
~tGAAGAGgeaatt9taqeaatttaattctgattatcttcaaattttcagA~CGACCTGAACAAAG

17
-4707

48

-4607

6a
-4507

101
-4407

134
-U07

160

-4207

-4107

l80

-4007

214
-3907

247
-3807

266
-1707

299
-3607

lU

-1507

•

A N POE F LBS E L tl SKI D R l H L G G V D E E tl E E 0 A E L 352
TCGCCAATCCCGACCAA~TTCAAAAATCQATAGAATTCAT'l"l'CGGCGOAG~'tGCTGAACT -3407

1"'112 •

ERS 355

~TOCtqattttctttttgttttt9aatttttattctattttqatccct9tttacttcttattgttctcattttqttgcgttqttttacatttta -3307

polyA
r-

ctcatttttqcacaaacttgttgcaaaaatcaacacaatttttgatctggaaatggttttaaaccttaacctttcatatattaataattttttttcaaaa -3207

aaacgttccaaaaaggttcctcattttttcaatataggaaattttgaaga .1157
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go,-3

su
~ M S E K T F H K

ccccccccaaaaacgaggccccccgcccgaaaagccaacacetaaaacccccccccccccagaaacctagtggccaATGTCTGAAAAG~CCACAAG

A Q TIR A KAS G V PSI V E A V Q F H G V RIT K ~ 0 A ~ V K E

GCACAGACCATCCG'I'GCAAAGGCTCCGCAGTGCC'l"l~TCGAG'l'TCCCATCACAAAAAACGATGCIIIGG'r'rAAGG

v S E ~ '! R.
AGgcaccacccaaaectcaaaaegttgcacaacccaaccgaaaatataaatcgcgaactaaattcaacccacacgccctttcagCTTTCOGAATTATACA

S K ~ ~ 0 E ~ V H N S H L A A R H ~ Q E V G L MON A V A LOT
GAAG1'AAAAATCTAGATGAAC'l'"l'Gn'CATMCTC'1'CATCTGGCCOCTCG'1'CA'l'C"rl'CAAGAAGT'rCGA'l"1'AATGGATAATCCACTTOCTCTAATTCATAC

• SHP113

s p S SNE G '! V V N F ~ V R E P K S F T A G V K A G V S T N G 0
ATCTCCAAGC't'CAAATGAAOOA'rATGTTGTCAA'ITl'CCTAOTrCGAGAACCAAAATCA'rTCAC'l'GC'roGACïrCAAAGCAGGAGTr'l'CAAOGAA'I'OOAGAT

A 0 V S L N A G K Q S V G G R G E A N T Q '! T '! T V K

GCGCA'IGTCAGTT'rAAATGCCGCAAAACAAAG'1'O'I"l'CGACGAGAGGCAATCAATACACAQTATACATATACTGTAAAGgtaaggacgagagttg

• SHP1'5

gcactgccagtttggcatgtcctcccaacattttttaattataaaatttggaagtataaaaaaatgtttgcttcatctaaaaatagcctttttcacatga

aaaaaattgaaaaaaagtgcccaaaaatttcagaaacttccaatttccaaacaaccctggagaactctcaaaaacccccccaactgaaateaaagctata

G 0 Fi C F

ttctatcactaaattttatacaagtctcaagagaaaatgacgaagcggctcatcttgcagaatttcccaaaaaataatatcttcagGGCGATCACTCCTT

N t S A [ K P F L G W Q K '! S N V S A T L Y R S L A H M P W N Q S
CMCAI'tl'CCGCMTCMA~'r1'CC'l'GGGATGGCAAAAA'rATTCCAATG'1'A'1'CAGCOAC"1'C'1'ATACCO'l'TCAC'l'TGCACATATGCCA'1'fMICMTO.

SHP131 SHP141

D V 0 ENA A V LA'! N a 0 ~ W N Q K ~ ~ H Q V K ~ N A
GA'I'Ci'M'CA'I'GAGAATOCAOCTOEICl''rOCATATAATCGAOACTA'1'OOAATCAAAACiC''r'rICATCAAGTCAAArrcAATGCGgtaaagtattacaagt

l N RTL RAT RDA A F S V R E Q A G H T ~

gccccgtc:caaaccacgacac:agttctccagATATGGAGAACACT'I'CGTGCCACTCGAGATGCCGCAT'1'Tt'CAG'1TCGOAGCCGGACACACT'l"rG

K F S L ENA V A V D T R D R P l ~ A S R G [ L A
~lTCTOGI~AATCCTGTAGCTGTTGATACAAGAGATAGACCTATTCTTGCAAGTCGTCGAATTCTTCgtaagagcaacaacgactactcttaaa

aaacatctttttcgaaaaaactacgaacgaaaaaaaactgtattacgtacccaaacgcgaaattccgcagtcctcgc:gc:gtCctcgctgacaaaaaatat

Et F A Q

gtaaaaaatCggaaaaaccacgaaaagtcgacaaaaattccgtaccaaccggaaaacgcctc:attaatttctcCtccttcttccag~

E '! A G V F G D A S F V K N T L D L 0
GAGTA~lttGGTGATGCGTCA~CATT.AGATTT.ACAG9taacaaccttacttcaacaattatcccaaacectactaaaaa

SHP13t •

8
-3057

42
-2957

81
-2757

114

-2657

1012

-2557

-2457

-2357

180
-2157

20&

-2057

231
-1957

256

-1857

-1757

260

-1657

279

-1557

•
A A APL P ~ a F

taactcca~

SHP140 •

l L A A S F Q A K H L K G LaO R E V H l L
rrtGAAAGGAC'l'CTCCiAGAAG't'tCATA'rrT

310
-1457
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gop-3 condnued...

ORe '{ L G G Q Q 0 V R G F G L N T l G 330

TGGATAGATGTrATTTOGG'1'GGACAA'rGTl'CGAGGA'rT'IGGTC'ICAATAC'I'A'ntiGAgegagetetaac:qaaattcccctgaaagtcaaataate - L3 57
Y SHP114

V K ADN SeL G Cl GAS L A Cl V V K L '{ R PLI P P N fol L F 361
atcttcagGTTAAAGCAGAT~CTTGC'1'CCrotCG'tCAT't'tCTATCCGCCAT'tOA'tTCCACCAAATA'tGCTAtt -1257

A K A FLA S G S V A S V H S K N L V Q Q L Q 0 T Q R V S A G F Cl 394
'roCACACGCATTCC l CGCATCTOOAAG"l'GT't'GCATCAa-rt'CATTCCAAAAAI 'L'ClGTGCAACAATTACAGCATACTCAACGAGTATCAGCCCGAT'l'TGcJe - t 157

SHP183 •

gagtttgaaaettaggaaacatttggaegaaatqtattttetaaaaatagatcagctttatttatttgaaaaaaaacgctcattaatcaatagtgatagt -l057

cccattctgagtttettcetcttcctcgcggaatacaatttttgacttgttcgcatccttcttgegtactttgtcaccaatcetctcatcaactaaatcc ·957

cgaaaccgaaaaaatttcaaaattattccaaaaaatattgatgeagactacctttttgatggcttctggtac:qtttctagcgtcgaatggattggc:cct -857

ccaataattaaagtetcgttcggtagtttagccagaeggacggtgtgcttcaacatttttctaattaatctatttcaattcaagtcactcactctctctt -757

gacgtcetcetctatattccaagaactccgcagaaaatccgtgtccgcctegtgtgtttceagttggcgccggaggatccacgggtccaagacgaatgga ·657

tgtctaaaaaatgttatatttttgcataaagaaaacaccatacettcaccactttttgagetgtgggcgetctgaatggaattgatcgattattattgce -557

ctttctegatetgcttceatcagcegcgtaatgaggtgttctaaagatcagceetaattcatttggacaagegctcctetaataaacttaccctgtaetc -.57

atttttgaaacgateeacgatgataagattgaaageggaagttaaatttagectetcaaagttgaaataaaatcteeataaataaataaatttaaatgaa -357

L A F V F K S .Ol
agattaaataaattaacgttcacgeagttaaaaaaataatttaaatcttaaacetctaataaaaaatctcaattttccagGActCGCArtOOrGT~CAAAA-257

•

l F R L E L N '{ T '{ P L K '{ V L Cl D S L L G Cl F K l GAG V N F L
GTA'l"l'TTCC'OOCTGGAACTCAACTACACGTATc:CA'n'GMATA'1'GTGC'1'C'GGC'rl'CA'l"l'OC"l'CCG't't'CCATATTGOAGC'l'GGTCiC"t"1'Ctt

Gtagagattaatt92atgcaagcacccetcaaaaagatetttttgaaaaacgataaattcaeagaaettcagttcettetctcccccttttattgttatt
SHP134 •

ttcategtaae9ctqtqe~aqaageca9a.~aaaeaegageeeeeet9tgetceaggaaetceatteeetcaggaagcaaaettaataaaaattatcgaa

SHP1'"
polyA
r-

tttCet9Ceeeaaagaegttgeacaetteae~aaaegttcgtatageaa

SHP135

H4
-157

-57

94



•
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/.ap-l

su
" MSLRKINFVTCi 11

etcgaacac~etatat~~c~cg~tttaaaact9tcg9t9ttttata9taaactaccetcaqaaaaaaA~ACGAAAAATCAATTT~194

SHP.1 .. SHP11. ..

~ V K K LEE V KAt L K N F E 27

AAOGTO~CAAGCCTATTTTaAAGAATTTCGAGqcaaaataeatttgatatCactcgaacgcqaaatttegcgccaaaaqcacga294

eqcctggtctcaacacgacaatattttqttaaatacaaacgaatgtqcgccttcaaagaaaagtttcaatctttcgttgccqtggagatatttttagagt 394

v s ~ V D VOL 0 E F 38
ttttqtttaaatcaeatatttgtcqtatcgaaaccqggcaccgtaatcaatcaattaaatattttca~CGTOOA~~TGAATT 494

.. SHP185

Q Ci E P E FIA. E R K CRE A V E A. V K Ci il V L 62

CO~~CCCGAATTrATrGCCGA.AAGAA.AGTGC"1"GTTGAAGC'1'Ci1'AAAAOOGCCC:C;lr 1tciqtatqgaaaattgtatttgttctaaaa 594

Ci L K N M ~ A cr F 5 D K T A Y " Q C r F III
AAOOACTACATAATA'l'CCTAGqtaaatattttaattttttgaaaaaacttattttecagCCGCiATTT't'CTGACAAAACCGCC"'l'A'l'CC"1'CAA'lOCATCT'l'r 794

SHP129•
V E 0 T S L C F NAM Ci Ci L il Ci P Y K W F ~ K N ~ K P E

attqtcaaatttcagGTCGAAGACACAAG'l'rrA'tGC'I'TCAA.c:cc'AATGGGCCG lC t lCC"lOOACCT'l'ATATCAAGTWll •• lcrAAGAA"t"'t"roAAA.CCAG

•
91

694

SMpt3

•

~ 'C T' E Ci t. Ci K P l K V F A Ci 126

GCGTACA~~OCTA.TTCA~~tatgattttttqaatttaattctttaattttatatgttaatttagttgtttcattc894

K C il Ci Q l V A il R Ci 0 T' A F Ci W 0 P 145
ctcaatttat9aga9atttttttttcaatttttctatttca~rGTCC~TTGTTGCTOCACGTGCTGATACTGCTTTTGGATCGGAT'CC994

.. SHP13G

C F 0 P 0 Ci F K E T' F Cl S M 0 K 0 V It N E l S H R A K A I. E ~ L It 178

A'lO~tGGtrltMAGAAACA'1'TCGGAGAAATOGATAAAGA'IGTAAAAAATOAAA'IT'tCTCATCG'IGCAAAGGC'tCc:TCCTCAAG1094

• SHP11. 5HP120 •

E Y F Q N N lB"
GAAT.A~TAATtaaattattttttctcatctatgcaatttctC9aaaattt9tcaagtttccgtt9ttatqcatttgcttttatttaaaaaaa1194

polyA
r

aaagaatatttttacattaatattagacatgagaaaagagcaatttctggattttaaccttcctacaaaagaatatttacattttttgtacgacetttta 1294

•
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gro-l

~ M t P R K P L N' P L K 51 Y K M R 16

aaaatatogecagqaaataataacatttcagatataccctgaactctacagtteATGATATTCAOOAAATTTCTOAATTTTCTGAAACCTT~1394

TOP ! F V ! Ci C T Ci T Ci K S D L G V A l A K K Y G G E VIS V 49

GAACGGA'1'CCGA'tTA'rn'TCGTGA~TC'rl'OOAG'rQGCA'I'TOOAlIJJJI.AATA'1'OGAGOAGACG'l'tTAG'rGT1494

• 8MP101

o S M Q F Y K Ci LOI A T N KIT

AGATTCAATCCAATTTTATAAAOgtacatggqttttgtttcaattetaaattaattaattttcgtttttcagCACTTCACATTGCCACGAATAAGATAAC 1594

E E E S E Ci Q H H M M S P L N 51 SES S S y N' V H S F R E VTt. 99

GGAAGAAGAATCTGAAGGGA'tTCAACA'l'CATATGATG'l'CA'tTTT'l'GAATCCATC'l'GAATCATCATCTTATAATGTACA'l'ACiI'T'l'CCOAACi'l'CACGT'l'G 1694

SH..... •

o t. l K KIR ARS K 51 V l V Ci us

•

GATCTTATTAAAgtgcttaattcgccactttttgaacttgatcctaa ttttcataattttcagAAAATCCGOGCCOGTTCAAAATTCCTOTAATTGTCG 1794
• SMP9!

G T T Y Y A E S V LYE N N t. lET N T S 0 0 VOS K S R T S S E 1~9

GAOOAACCACTTATTATOC'l'GAAAG'I'GTCC'TTl'A'l'GAGAATMTC'l"GATTOAAACCAACACTTCAGA.TGACGTGGATTCCAAATCCAGAACATCATCAGA ta94
SHP9t •

S S SEO TEE Ci l S N Q E L W DEL K K l 0 E K S A L L L H 51 N 182

ATCGTCATCTGAAGACAC'1'GJ~P.GCiJ'ATTAGTAATCAAGAATTATCCOATGAAT'l'CJlAAAAAATCCACGAAAAATCAGCACTTCT'rCTACATCCAAAT t99•

N R Y R V Q RAt. Q r F RET Ci

AATCCTTATOGAGTACAGAOAGCATTGCAAATTTTCAGAGAAACTCgtaattgatttgcaaatttccagattaaaaacaaatcaagtaaagttttttgca

R K SEL V E K Q K S 0 E T VOL Ci Ci R L R FON S L V F M 0

gGAATCCGAAAAAG'l'OAC'T'rGTrGAAAAACAGAAATCAGATCAAAC'l'G'rTCAI t lOOGrGGACGACTACGATr'IGATAA'tTCTrTAGTTA'lTl"'tTATGG

SMPlr •

A T P E V LEE R LOCi R V 0 K M l K L Ci t. K N E L t E F Y N E

ATGCAACA~CT'IGATOOAAGAG't"I'CTAAAA'tGATTAAA'l"t'GGCTrrGAA'1'GAATTQATCCAG't'tTTATAACCAGgt

aaatatttgaatttttccagaaaaaaaaagaaaattttttattattttgtttttttttcattctttactattttccaaaaaagtttaaacttttgaaaac

K A E Y

tgttcagaaaatgttogtgtatttattttagcttactgagqcattatttcattgtgatttttactatactctataaactaaattttcag~

l N H S K y Ci V M Q C l Ci L K E F V 51 W L N L 0 P S E ROT L N Ci

CA'l'AAATCACAGCAAATAIGGtGttATGCAA~T't'GQ'IC'ITAAArrWttCCA'tGGC'rCAA'tTTGGACCCATCAGAA~TACACTCAATGGG

'- CG e2«JO lesion SM" •

198

2094

231

Ug.

263

2294

1394

267

2494

lQO

2594

•
o K L F K Q G COD V K L K T R Q y Ha
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gro-1 cootinued...

ARR Q R R N ~ R S R L L K R S D GOR 338

ATOCACGGCGCCAGAGACGGTGGTATCGATCGAGAC'TTT'rAAAACGGTCGGATGGTGATCGGqtatgttgattttaaaaaaattgaatttttaaaqaact 279"

• SH'"

tt~ttactaaattaacaaagttattS9ctgaaaatgqctgaaaattatagtaaaactaatcaaaaaaattgaaattttgaattaaagtcataaagtgacg2894

[( fol A S 't" [( M L D 347

accagaaaactaaaaaaaaacatttttctattttaattaattcactctaccccactttaaaaataattttcagAAAA~ACAAAAATGCTOGAT 2994

T S 0 [( ~ R Ils D G MDI V D Q N fol ~ G l D L P E D 374

ACATCTGACAACTAcc:GAATAATrAGTGATGGAATGGACAT'l'GT'l'GA'l'OATGGA'1'GAATGGAATCGATC'l'ATTTOAAGA't"gcaaaattccacaaattet 3094

! S T D TNP L [( G S DAN ILL NeE 396

aaaatttccgaatcacaaattaaaatttctacagATC'l'CCACAGACACCAATCCAA'r1'C'1'AAAAGGGTCCCATOCAAATATTC'I'CC'I'OAArrGTGAAA'rC 3194

TOTAATATTTCAATQA~aA~TAATTGgttt9tttcaataeatattataatttcgaaat9aattttttcagGCAQAAACATATCCA~~AAA3294

5HP110 • • SHP100

H K H H A K Q K K L A E T R T•
C N S fol T G K D N W Q K E C G K K 415

430

•

polyA

r-
etctaaataaaaaaacageeeagagèlgaagattagqC9ctcgtecacatctecgacgatagteaacccgaacgaaggg&actacctttaatt9tcagtga 3494

• 5HPl2



•
79

Appendix B: Ruman gro-l sequence

This is the sequence of the cDNA clone c-2ec05t the human gro-l. The clone does

not contain the entire coding sequence, the 5' end is missing (see Figure 8 for

protein alignment). Details of the isolation and sequencing of this clone can he

found in the Materials and Methods section.

GCACGAGCAG TTCCTGTGGG CAGTGGGCTC AGGGGCCTGC AACGGACCCT 50

ACCTCTTGTA GTGATTCTCG GGGCCACGGG CACCGGCAAA TCCACGCTGG 100

CGTTGCAGCT AGGCCAGCGG CTCGGCGGTG AGATCGTCAG CGCTGACTCC 150

ATGCAGGTCT ATGAAGGCCT AGACATCATC ACCAACAAGG TTTCTGCCCA 200

AGAGCAGAGA ATCTGCCGGC ACCACATGAT CAGCTTTGTG GATCCTCTTG 250

TGACCAATTA CACAGTGGTG GACTTCAGAA ATAGAGCAAC TGCTCTGATT 300

GAAGATATAT TTGCCCGAGA CAAAATTCCT ATTGTTGTGG GAGGAACCAA 350

• TTATTACATT GAATCTCTGC TCTGGAAAGT TCTTGTCAAT ACCAAGCCCC 400

AGGAGATGGG CACTGAGAAA GTGATTGACC GAAAAGTGGA GCTTGAAAAG 450

GAGGATGGTC TTGTACTTCA CAAACGCCTA AGCCAGGTGG ACCCAGAAAT 500

GGCTGCCAAG CTGCATCCAC ATGACAAACG CAAAGTGGCC AGGAGCTTGC 550

AAGTTTTTGA AGAAACAGGA ATCTCTCATA GTGAATTTCT CCATCGTCAA 600

CATACGGAAG AAGGTGGTGG TCCCCTTGGA GGTCCTCTGA AGTTCTCTAA 650

CCCTTGCATC CTTTGGCTTC ATGCTGACCA GGCAGTTCTA GATGAGCGCT 700

TGGATAAGAG GGTGGATGAC ATGCTTGCTG CTGGGCTCTT GGAGGAACTA 750

AGAGATTTTC ACAGACGCTA TAATCAGAAG AATGTTTCGG AAAATAGCCA 800

GGACTATCAA CATGGTATCT TCCAATCAAT TGGCTTCAAG GAATTTCACG 850

AGTACCTGAT CACTGAGGGA AAATGCACAC TGGAGACTAG TAACCAGCTT 900

CTAAAGAAAG GACCTGGTCC CATTGTCCCC CCTGTCTATG GCTTAGAGGT 950

ATCTGATGTC TCGAAGTGGG AGGAGTCTGT TCTTGAACCT GCTCTTGAAA 1000

TCGTGCAAAG TTTCATCCAG GGCCACAAGC CTACAGCCAC TCCAATAAAG 1050

ATGCCATACA ATGAAGCTGA GAACAAGAGA AGTTATCACC TGTGTGACCT 1100

CTGTGATCGA ATCATCATTG GGGATCGCGA ATGGGCAGCG CACATAAAAT 1150

CCAAATCCCA CTTGAACCAA CTGAAG;.~....:a.A GAAGAAGATT GGACTCAGAT 1200

GCTGTCAACA CCATAGAAAG TCAGAGTGTT TCCCCAGACT ATAACAAAGA 1250

• ACCTAAAGAG AAGGGATCCC CAGGGCAGAA TGATCAAGAG CTGAAATGCA 1300

GCGTTTAA 1308
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Appendix C: pMQ8

ln order to simplify the gro-l operon, the construct pMQS was made (see Materials

and Methods section). Illustrated here is the resulting sequence showing the fusion

point where the hybrid primers (SHP159 ans SHP160) lie, and the ends where the

flanking primers (SHP161 and SHP162) lie.

ttc:ggagcatc:gtttgagaagtaaaac:tttttttcggc:gc:ac:c:c:ttgtgc:gc:agtttttatc:ttc:tc:ttttaatttaattttc:aagctaaatctttc:ttt

M l F R K FLN F L K il Y K M R

K SOL G V A l A K K Y G G E VIS V

SHP159
!1ro-lpromcter

TDPIIFVIG

ttaaac:ttt aataaatatttaaatattc:a tatac:c:c:tgaactc:tac:agtttATGAT.ATTCAGGAAATTTCTCAATTTTCTGAAACCTTACAAAATGC

SHP160

Sact
gtaC:9 t 9 (gagc:tcl" SHP1U .,

atcgtgttc:c:aggtgdaac:tatatattgagcaggaggacgagttgtttgtttc:atgc:tgcttaaaaataaaaatg.,
1 SHP1Sl

c:agcgagc (gc:a-""'.
SphI : pos. ·9643

gaaaattgagtcaaaaagttgagataaaac:aaattaaaacaattttc:tgaaaaataaac:aac:tgaaatttgaagtaataaac:aacacgc:gaaaacgttat

•
o S M Q F Y K G t. 0 l A T N .

ACATTCAATGCAATTTTATAAAGgtacatgggttttgtttcaattttaaattaattaattttc:gtttttc:agGACTTGACATTGCCACGAAT.•••.....

H A K Q K K L A E T R T •

..•••••...CATGCT~AA~~~CTCGCACAtaagac:gc:tatatttattttttgttaac:ttaaattatttttgttgttgattgtt

~L(tetaga) tatace
X1:la!

c:tc:taaataaaaaaac:agc:tc:agagagaagattaggcgc:tcgtc:c:acatetc:cgac:gatagtc:aacc:cgaacgaagggaac:tatc:tttaattgtc:agtga

• SHP162 l- [c:tgcagl tgtc:at
PstI

•



•
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Appendix D: Towards a GRO-l antibody

With gro-l cloned it became possible to raise an antibody specific to GRO-l.

Antibodies are probably one of the Most powerful tools in modem molecular

biology, making possible Many experiments designed to help understand the

function(s) of the protein in question. The standard technique for raising antibodies

involves the inoculation of a mammalian host (for example rabbit, mouse or

donkey) with the protein of interest or a synthetic peptide corresponding to a short

(usually around 12 aa) sequent of the protein of interest. The animal's immune

system is then allowed to reael to the foreign protein and produee antibodies in

response. A number of bleeds are taken at regular intervals in order to test the

progress of the immune reaetion and boosts of the immunogen are administered if

necessary. Once the protocol has run its course the animals are sacrificed and

exsanguinated.

In the case of gra-l, the gene's coding sequence was cloned ÎDto the bacterial

expression vector pET20b (Nonagont http://www.novagen.com).This vector uses

the TI promoter to express the cloned gene in BL21 E.Coli ceUs wben exposed to

IPTG. The vector is also designed to tag the cloned gene with a hexa-His tag at its

N-terminal. This His tag makes it possible to purify the expressed pmtein by

passing it over a charged Ne+ column. The bacterial expressed GRO-l was isolated

from inclusion bodies and dissolved in 6M urea and purified over the Ni column.
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The protein was purified by SDS-PAGE and visualized by staining with comassie

blue. Based of the coding sequence, GRO-l was predicted to be 48 kDa, but the

primary product of the bacterial expression was approximately 25 kOa. There were

also a number of secondary products of varying lengths. Because these proteins

were purified over the Ni column, they had to contain the His tag. pET20b places

the tag at the N-tenninal which rules out stop codon mutations in the cloned gene as

an explanation for the truncated products. The only other explanations are that these

are degradation products or that translation is initiating at an internai AUG. There

are a number of internai ATG codons that could produce a protein of 25 kDa (see

Appendix A, positions 2191, 2245 and 2520). In order to confinn this hypothesis,

the N-tenninus of the purified 2S kDa protein was sequenced by Sheldon

Biotechnologies. The tirst 25 aa were sequenced and it was confinned that this

protein was produced from the internai initiation of translation at the ATG at

position 2245. This protein therefore corresponded to 182 aa of GRO-l (positions

248 to 430).

The urea was removed by dialysis and the precipitated protein sent to

Commonwealth Biotechnologies (http://ww.cbi-biotech.com) where two rabbits

were inoculated to raise the antî-GRO-l anbbody. The protocol was underwayat

the time ofthe writing ofthis thesis.
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Appendix E: Towards GRO-l::GFP mislocalizatioD

Mutational analysis by Gillman et al. (1991) was able to show that by differential

initiation of translation, two different forms of Mod5p are produced: the longest

contains an additional Il aa at its N-terminus and is targeted to the mitochondria,

while the shorter remains in the cytoplasm (see Introduction). Reporter construct

experiments with the N-tenninal of Mod5p have shawn that it is the tirst 21 aa of

Mod5p that are sufficient for mitochondrial targeting (Boguta et al., 1994). The

details ofthese experiments are given in the introduction.

It is very possible that GRO...1 is targeted by a sunilar mechanism. There is a

second ATG 15 codons in from the actual start. In facl, this second ATG was

predicted to he the start by GeneFinder, but sequencing of the 5' end of the cDNA

revealed that the first ATG, at position 1349, was included in the message and

therefore acted as the start codon (see Results section). GFP constructs where

therefore designed wbich eliminated each ofthe start codons in tum in an attempt to

manipulate the localization of GRO... l. For example, if the fust start codon was

eliminated, the longer fonn of the protein would not be produced, and hased on the

resuIts in yeasl, the IPP-transferase should be excluded from the mitochondria.

Another construct eliminated the second start codon, tbis would in theory prevent

the production of the shorter fonn and the IPP...transferase and therefore should only

be localized ta the mitochondria. These constructs have been designed and some of

them constructed (see below). When these construets are introduced into gro-
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/(e2400), it is hoped that the nature ofrescue is ditTerent than that produced by the

normal protein (expressed by pMQ18, see Result section). This May enable the

different gro-l(e2400) phenotypes to be linked to the specifie loealization of the

IPP-transferase. For example, excluding it from the nucleus may help to address the

question ofan additional IPP-transferase function (see Discussion).

Site directed mutagenesis by bi-partite PCR was used to alter the gro-l sequence.

Bi-partite PCR is explained in Figure 1. The difference is that instead of using the

hybrid primers to join two separate pieces of DNA, two complementary

~'mutagenic"primers, containing the desired mutation, are used. The wild type gene

is used as template and amplified in two parts, and because mutant primers are used

the overlapping portions of the products from PCR#I and PCR#2 contain the

mutation. PCR#3 then re-establishes the intact gene, which DOW carries the desired

mutation.

Three difrerent constructs have been made that are designed to express only one of

the two fonns believed to he produced by alternative initiation. AlI three use the

pMQ8 (see Materials and Methods section) as the template, the tlanking primers

SHP161 and SHP162, and a pair of specifie mutagenic primers. The primers

SHP161 and SHP162 have SacI and PstI, respectively, built into their S' ends. This

allows for easy eloning into pUC18. The sequences of the tlanking and mutagenic

primers are given in Appendix F.. The positions of the tlanking primers are

illustrated in Appendix C.
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The first attempts to express only the longer, mitochondrial fonn by changing the

second ATG to GCG. The mutagenic primers used were SHP188 and SHP232.

This construct bas been designed but not built.

Two different approaches were used to try and express ooly the shorter of the two

fonns. The tirst construct, pMQ24, has the tirst ATG mutated to GCG. The

mutagenic primers SHP187 and SHP231 were used along with SHP161 and

SHP162. The vector backbone for this clone is pUC18 (Messiug, 1983; Norrander

et al., 1983; Yanisch-Perron et al., 1983). In order to make a mutant gro-l::gfp

construct, the primers SHP151 and SHP170 were used ta amplify the mutant gene

from pMQ24. These primers have built iuto their S'end the restriction enzyme sites

Sphl and XbaI, respectively, and allowed cloning ioto the Fire GFP vector

pPD9S.77 (Fire, http://ciw2.ciwemb.edulpublFireLabVectors).This mutant reporter

construct is named pMQ2S. The second approach was to place a stop codon before

the second ATG sa that any proteio initiated at the first start would terminate. The

mutagenic primers SHP3S8 and SHP3S9 were used along with the flanking primers

SHP161 and SHP162 ta make pMQ3L The vector backbone for this clone is

pUC18 (Messing, 1983; Norrander et al., 1983; Yanisch-Perron et al., 1983). A

GFP reporter was not made with this construct.



Appendix F: Sequences ofall the primers.

86

•

•

Name Orientation Sequence (S'-J')

SHP92 reverse GATAGTTCCCTTCGTTCGGG
SHP93 forward TITCTGGATITIAACCTTCC
SHP94 forward TTTCCGAGAAGTCACGTTGG
SHP95 reverse TACAGGAATïnTGAACGGG
SHP96 for'Ward CTTCAGATGACGTGGATICC
SHP97 forward GGAATCCGAAAAAGTGAACT
SHP98 forward AAGAGATACACTCAATGGGG
SHP99 reverse ATCGATACCACCGTCTCTGG

SHPIOO reverse CCAATTATCTTTTCCAGTCA
SHPIIO forward ACATTATAAAGTTACTGTCC
SHPl18 forward TTITAGTTAAAGCATTGACC
SHP1l9 reverse ACATCTITATCCATITCTCC
SHP120 forward TGCAAAGGCTCTGGAACTCC
SHP130 reverse CATCCAAAAGCAGTATCACC
SHP134 forward TTAATTGGATGCAAGCACCCC
SHP135 reverse ATTACTATACGAACATITCC
SHP138 forward TTGTAAAGGCGTTAGTITGG
SHP140 forward CGACGGGGAGAAGGTGACGG
SHP141 reverse AAAACTTCTACCAACAATGG
SHP142 reverse CGTAATCTCTCTCGATTAGC
SHP143 reverse CCGTGGGATGGCTACTTGCC
SHPl44 reverse TGGATTTGTGGCACGAGCGG
SHP14S reverse TTGATTGCCTCTCCTCGTCC
SHPI46 reverse ATCAACATCTGAITGATTCC
SHPISI forward CAGCGAGCGCATGCAACTATATATTGAGCAGG
SHPlS9 forward AATAAATATITAAATATTCAGATATACCCTGAACTCTACAG
SHPl60 reverse AAACTOTAGAGTTCAGGGTATATCTGAATATITAAATATITAITC
SHPl61 forward GTACGTGGAGCTCTGCAACTATATATIGAGCAGG
SHPI62 reverse ATOACACTGCAGGATAGTICCCTTCGTICGGG
SHP163 forward GTGTIGCATCAGTTCATICC
SHPI64 forward GCTGTGCTAGAAGTCAGAGG



e· Appendix F continued...

87

•

•

Name Orientation Sequence (5'-3')

SHP165 reverse GITCTCCITGGAATICATCC
SHP170 reverse AGTATATCTAGATGTGCGAGTCTCTGCCAATT
SHP171 reverse AGTAATTGTACATTTAGTGG
SHP172 forward AITAACCTTACTIACTTACC

SHP173 forward CTAAACTAAGTAATATAACC
SHP174 reverse GTTGATICTTTGAGCACTGG

SHP175 forward AATTCGACCAATIACATTGG
SHP176 reverse AACATAGTIGITGAGGAAGG
SHP177 forward AATTAATGGAGATTCTACGG
SHP178 forward TCAGCATCTAGAAATGCAGG

SHP179 reverse CGAATGTCAACAfTCACTGG
SHP180 CTIAACCTGATGTGTACTCG
SHP181 forward ATGAAGCTTTAGAGGATGCC
SHP182 forward CGACGAATTTCTGGAGTCGG

SHP183 reverse ACTGCATTATCCATTAATCC
SHP184 reverse CACCCAAATAACATCTATCC
SHP185 forward TTTAACCTCATCTTCGCTGG
SHP187 AATTTCCTGAATATCGCAAACTGTAGAGTICA

SHP188 AATCGGATCCGTTCGCGCTTTGTAAGGTTTCAG

SHP190 forward ATGTTCCGCAAGCTTGGTIC

SHP212 forward GTG GACTTCAGAA ATAGAGC
SHP213 forward CACTCAAATCTAGAACTCCC
SHP226 forward GAGCTTGAAAAGGAGGATGG
SHP?..27 forward CTGCl 11lAATAATAGAACC
SHP?-31 TGAACTCTACAGTITGCGATATTCAGGAAATI
SHP?-32 CTGAAACCTIACAAAGCGCGAACGGATCCGATT
SHP239 forward ATCCTITGGCTTCATCGTGACCAGGC
SHP"'~6 forward GAGTCTGTTCTTGAACCTGC
SHP358 AATITfCTGAAACCTTACTAAATGCGAACGGATCCG
SHP263 reverse TCAATOTAATAATTGGTTCC
SHP264 reverse OCTCATCTAG AACTGCCTGG
SHP265 reverse GGCCCTGGAT GAAACTTTGC
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Name Orientation Sequence (5'-3') 1

SHP266 reverse ACTGGGAGACAAACATACCC

SHP359 TCGGATCCGTICGCATITAG TAAGGTITCAGAAAATTC
dm2 forward GACGGCCAGTGAATTCCCCT

(SHP193)
Re NA ATCGATGGTCGACGCATGCGGATCCAAAGCTTGAATTCGAGCTCTT

llLllllll11l111111

Ra reverse ATCGATGGTCGACGCATGCGGATCC

RI reverse GGATCCAAAGCTTGAATTCGAGCTC

SLI forward TTTAATIACCCAAGTITGAG

SL2 forward TTtTAACCCAGTTACTCAAG


