Ethanol stimulates locomotion via a Gssignalling pathway in IL2 neurons inC. elegans
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Abstract

Alcohol is a potent pharmacological agent when aoresd acutely at sufficient quantities and
repeated overuse can lead to addiction and dedateeffects on health. Alcohol is thought
to modulate neuronal function through low affinityeractions with proteins, in particular
with membrane channels and receptors. Paradoxieddiohol acts as both a stimulant and a
sedative. The exact molecular mechanisms for¢heeaeffects of ethanol on neurons, as
either a stimulant or a sedative, however remaotean. We investigated the role that the
heat shock transcription factor, HSF-1, playedatednining a stimulatory phenotype of
Caenorhabditis elegaria response to physiologically relevant concerdret of ethanol (17
mM; 0.1% v/v). Using genetic techniques we dentastthat either RNAI dfisf-1or use of
anhsf-1(sy441mutant lacked the enhancement of locomotion ipaese to acute ethanol
exposure evident in wild-type animals. We identifgt the requirement for HSF-1 in this
phenotype was IL2-neuron specific and requireddthenstream expression of the

crystallin orthologue HSP-16.48. Using a combmaf pharmacology, optogenetics and
phenotypic analyses we determine that ethanolaetva G — CAMP — protein kinase A
signalling pathway in IL2 neurons to stimulate néwda locomotion. We further implicate
the phosphorylation of a specific serine residu332) on the synaptic protein UNC-18 as
an end-point for the gdependent signalling pathway. These findingsbhdéistaand
characterise a distinct neurosensory cell sigriafiathway that determines the stimulatory

action of ethanol and identifies HSP-16.48 and HSi5 novel regulators of this pathway.



Introduction

Alcohol is one of the most prevalent addictive sabses and its overuse produces a
severe burden on society (Who 2011). Acute effectédcohol include motor incoordination,
sedation and anaesthesia. Alcohol also acts @®@alant, activating neurotransmitter release
within the brain’s reward circuitry, increasing hie@te and inducing aggression and risk-
taking (Hendlert al.2013). The cellular mechanisms underlying eitheranaesthetic or
stimulatory effects of ethanol are only now beihgilated. Ethanol was initially
hypothesised to act through indirect perturbatimiritie lipid environment thereby affecting
broadly all membrane protein function (Hareisal.2008). Recent work instead implicates
more direct effects on specific protein targetstipalarly membrane proteins such as ion
channels and receptors (Howartdal. 2014; Trudellet al.2014). Ethanol has a very simple
molecular structure and is thought to exert itexidating effects through interactions with
these target proteins with very low affinity (~0.1k alter the natural dynamics of protein
function (Howardet al.2011; Olseret al.2014). A complete understanding of both the acute
and chronic effects of alcohol within the nervoystem is an important unresolved question

in physiology.

Invertebrates are excellent genetic models fantiieation of cellular/molecular
mechanisms governing the sedative properties aheltand other anaesthetics (Barabhy
al. 2010; Devineni and Heberlein 2013; Bettinger araiBs 2014). IDrosophilg studies
of acute ethanol intoxication have implicated géanumber of proteins and signalling
pathways (Kauret al.2012). InCaenorhabditis elegangroteins such as Muncl18 and Rab3
(Kapfhameret al.2008; Grahanet al.2009; Johnsoet al.2013), the BK channalo-1
(Davieset al.2003), the leak channel regulatoghtweight(Speceet al.2010), chloride
intracellular channels (Bhandaat al.2012) and the-crystallin orthologue HSP-16.48

(Johnsoret al.2016) all affect sensitivity to high levels of atiol (400mM). The use of



very high external ethanol 0. elegan$ehavioural analysis is thought to be a conseqenc
of poor penetration through the nematode cuticlai(@o et al.2012). Indeed, internal
concentrations in response to 400mM external ethenecestimated between 20 and 60mM
(Alaimo et al.2012; Johnsoet al.2016), although not all studies are in agreemiditchell

et al.2007). In addition to sedation, at lower concatiins ethanol acts as a stimulant
(Phillips and Shen 1996; Wodt al.2002; Balincet al.2016). InC. elegansethanol-
induced stimulation occurs at external concentnatid 7 mM, 0.1%) whose absolute values
would be physiologically consistent with blood dloblimits for impaired driving (House of
Commons Transport Committee 2010). Acute exposuinematodes to 17 mM ethanol
causes a small, but characteristic increase imtotion rate (Graharat al.2009; Johnsoet
al. 2013). Virtually nothing is known about the céiluand molecular basis underlyifg

elegangphenotypes at this ethanol concentration.

Heat shock activates a transcriptional responsaxio insults whereby protective
cellular chaperone (heat shock protein; HSP) espyass increased under the control of the
heat shock transcription factor (HSF1) (Anckar &mtonen 2011). The HSF1-HSP pathway
is also ubiquitously involved in stress-independssiiular functions such as polypeptide
folding, protein-protein interactions (Kampinga &ighig 2010) and proteostasis (Morimoto
2011) as well as contributing to diseases like eaidendilloet al.2012) and
neurodegeneration (Kondx al.2013). InC. elegan®kRNAI or loss-of-functiormutations of
hsf-lincrease stress sensitivity, but also acceleramgdHsuet al.2003; Prahlacet al.

2008; Bairdet al.2014). We have recently shown that-1 loss-of-functiomcreases
sensitivity to 400 mM ethanol (Johnsenal.2016). This hypersensitivity was partially the
result of the downstream basal expression of HSB8]1@&n orthologue of the human small
heat shock proteia-crystallin, in a process unrelated to an HSF-ledeent heat shock

stress response. Here, we identify that the sttony) ethanol phenotype also required HSF-



1, but specifically in 6 IL2 chemosensory neurond eould be completely rescued by
transgenic expression of HSP-16.48 in IL2 neurdnibeshsf-1mutant. Using a combination
of pharmacology, genetics and optogenetics, waméated further that this ethanol-
dependent stimulation of motility acts via g«@AMP-protein kinase A signalling pathway
within the IL2 sensory neurons and identifies theaytotic protein UNC-18 as a

downstream effector for PKA. Although individuamponents of the pathway have

been linked previously to the neuronal effectstb&gol, this study uniquely characterises the

entire signalling pathway in ethanol-dependent gkation.



Materials and Methods

Nematode culturing, strains and genetics.C. elegansvere cultured under standard
conditions at 20°C on Nematode Growth Media (NGkgraplates with OP5H. colias a
food source as previously described (Brenner 1&rdhamet al.2009; Edwardet al.

2012). These experiments used the following straBristol N2 (wild-type), PS35591sf-
1(sy441) KG524gsa-1(ce94)KG421gsa-1(ce81)MT363goa-1(n363) NM1380eg|-
30(js126) KG1180lite-1(ce314)and NL2099rf-3(pk1426) To investigate effects of
single-copy transgenic rescuehsf-1(sy441nutants we analysed the OG582f{
1(sy441);drSi13[hsf-1p::hsf-1::GFP::unc-54 3'UTRGbr-unc-119(+)) and OG580HKsf-
1(sy441);drSi28[hsf-1p::hsf-1(R145A)::GFP::unc-54J3R + Cbr-unc-119(+)) strains
(Morton and Lamitina 2013) which are single-copyd8€I-produced rescues of thef-
1(sy441)mutant. Basal locomotion rates for each strambmfound in Table S1.
Transgenic animals were derived by germline inggcts previously described (Mekb al.
1991; Grahanet al.2009; Edwardet al.2012). All injections were performed with 10 ng/u
indicated construct) and 30 ng/pl (indicated cedtipn marker) and made up to 100 ng/ul
total with empty filler DNA (either pUC19 or pBluept). For each transgenic strain, 3
independent lines were isolated and tested pheiwaliyp The results presented were
consistent for all individual lines; however, ingiual line results can be found in Table S2.
Transgenic lines used in this study include thofahg: N2uUlVEX[Pst.1::hsf-1],
N2;UlVEX[Prap-3::hsb-1], N2;ulvEX[Pyp-e::hsb-1], N2;ulVEX[Prap-3::hsp-16.48];
N2;UlVEX[Prap-3::hsp-16.48438-44], N2;ulVEX[Pup-6::hsp-16.48] N2ulVEX[Pync-1g:unc-18
S322A] N2;ulVEX[Pp-6::unc-18 S322A] N2 UIVEX[Puip-6::Kin-1::Pyip-¢| , hsf-
1(sy441);ulvVEX[Rss.1::hsf-1], hsf-1(sy441);ulVEX[Ry-3::hsf-1], hsf-1(sy441);ulvEX[Ryo-
3::hsf-1], hsf-1(sy441);ulVEX[§-1::hsf-1], hsf-1(Sy441),ulvEX[Rc-17:hsf-1], hsf-

1(sy441);ulvEX[Bsm-¢:hsf-1], hsf-1(sy441);ulVEX[Ry.g:hsf-1], hsf-1(sy441);ulvEX[&p-



6.-hsf-1], hsf-1(sy441);ulvEX[Rp-3::hsp-16.48] hsf-1(sy441);ulvEX[Rp.-3::hsp-16.48138-

44] andhsf-1(sy441);ulvEx[kp-s::hsp-16.48] Transgenic constructs in Bristol N2 were co-
expressed with eitherRy,.s:GFP or aPap-3::GFP marker. To indicate appropriate cellular
expression for additional cell-tissue specific padens, each of these transgenics used a GFP
co-expression marker under the control of the saromnoter. IL2 neurons were visualised
with the promoter::GFP reportbsf-1(sy441);ulVEX[Ry-6::GFP; Pmyo-a:mCherry]. To

examine cell-specific RNAI, Bristol N2 worms wergdcted with the plasmiByp.6::Kin-

1::Pwp-s, Which drove cell-specific expressionlofn-1 (catalytic subunit o€. elegangrotein

kinase A) in both the forward and reverse direc{iespositoet al.2007).

RNAI experiments. RNAI experiments were performed using thfe3(pk1426)strain.

RNAI was induced by feeding (Kamath and Ahringed20using the ORFeome-based RNAI
library (Rualet al.2004) as described previously (Johnsbal.2016). HT115 RNAI

bacteria were cultured in LB media with 10/ml ampicillin and spotted onto 60 mm
diameter NGM plates supplemented with 1 mM isopk@py-thiogalactopyranoside (IPTG)
and 25ug/ml carbenicillin. NGM plates were dried for 4ydebefore spotting. 5 L3-L4
worms were added to each RNAI plate and culturé@DaC. Phenotypic analysis was
performed on first generation progeny fed withitigicated RNAI bacterial clones. For the

negative control for the RNAI screen, worms wei\igth an empty feeding vector.

Cloning. C. elegangienes of interest were amplified from either Bis{2 genomic DNA
(hsp-16.43 or cDNA (hsf-1), cloned into pPDONR201 and recombined into DESGt@es to
create tissue-specific expression vectors, asquely described (Johnsat al.2016). For

hsb-1 thegene was amplified from Bristol N2 genomic DNA ugihe following primers:

hsb-1attB forward:

GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGTCCGATGAGAAGTCTAL



hsb-1AttB reverse:

GGGGACCACTTTGTACAAGAAAGCTGGGTCTTATTGAGCGCTTGGCGGATGIC

Mutagenesis of thesp-16.48yene was performed using the Q5 Site-Directed Yartasis

Kit (New England BioLabs) as per the manufacturar&ructions. Theinc-18S322A
expression vector was created using the Gene Taliteigenesis kit (Invitrogen) from a
vector carrying theinc-18cDNA under the control of thenc-18genomic flanking regions
(gift from Dr. H. Kitayama, Kyoto University, JapafGengyo-Andcet al. 1996). To create
the Pyp-6::unc-18 construct, the existingnc-18promoter was excised by EcoRI and BamHI
restriction digest and replaced wklp-6 promoter using the NEBuilder DNA assembly
(New England BioLabs). For glutathione-S-transferéGST) fusion protein production,

unc-18was subcloned into pGEX-6p-1 as previously desdrificdwardst al.2012).

All C. eleganpromoter fragments were amplified from Bristol Nehgmic DNA and cloned
into pPD117.01 (kind gift of A. Fire, Stanford Uersity) in place of Rec.z These vectors
were converted into Gateway DEST vectors using@@&sion cassette (Life Technologies).
Prab-3 (kind gift of M. Nonet, Washington University in.Stouis), Pmyo-s(kind gift of A. Fire,
Stanford University) an@s.1are previously described (Edwarelsal. 2012; Johnsoet al.

2016). The following primers were used for adaiibpromoter cloning:

Punc-17forward: AGTCGGCGCGCCATCCGTTCCCATCCGCTTCATC

Punc-17reverse: AGGAGGATCCGGTTACTATTTTGAACAAGAGATGCGG

Pgir1 forward: AGTCGGCGCGCCCTGTAGCCGGTATGCACTGATAAC

Pgi.1 reverse: AGTCGGATCCTGTGAATGTGTCAGATTGGGTG

Posm-sforward: ATGTGGCGCGCCCAGTGGAATCACCATTGGGTATCCAG
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Posm-sreverse: GGGTGGATCCGAAGGTAATAGCTTGAAAGAGATATAAGCC
Pgyey-sforward: AGTCGGCGCGCCAACTACCTTCCTCCGCGTCC
Pycy-sreverse: AGTCGGATCCTTTGATGTGGAAAAGGTAGAATCG
Puip-s forward: CCCCGGCGCGCCAACGTCCCAGACAATTTCAAC
Puip-s reverse: CTACGGATCCGGAGTCACCCTTTCCCCTTATTCTG

The Pyp-6::Kin-1::Pqp.6 cOnstruct was made as follows. A 750 bp fragneékin-1 was
amplified from the Vidal library clone (Ruat al.2004) and sub-cloned into tRgp.c::GFP
expression vector, downstreamRaf,-6 in place of GFP, using the NEBuilder cloning kit
(New England BioLabs). Theq,.s::kin-1 PCR fragment was then amplified from this
construct and again sub-cloned into the sBkip-6 construct as before, but in reverse.

Correct construction was confirmed by PCR and segjung. Primers used were as follows:
kin-1RNAI fwd: CTATCGATTCGCGGCCATCACAAGTTCGAATCGGA

kin-1 RNAi rev (step 1): CTTGTGGGCTTTTGTATAGTTCGTCCGGARC

kin-1 RNAi rev (step 2): CTATCGATTCGCGGCCATCACAAGTTGGAACTAC

Protein phosphorylation and mass spectrometry:Forin vitro biochemistry, recombinant
proteins (GST, GST-UNC-18) were produced as desdngreviously (Edwardst al.2012).
For phosphorylation experimentspg of substrate protein was incubated with 2 U oAPK
catalytic subunit (Sigma), 1QM ATP and 2uCi [y-**P]ATP (GE Healthcare) in a 50

final reaction volume of MES buffer (50 mM MES, &M MgCl, 1 mM DTT, 0.5 mM
EDTA, pH 6.9). Reactions were incubated at 30%C3fbours before termination. To
determine phosphorylation, 20 of the kinase reaction was separated by SDS-PAGihed

with Coomassie Blue dye, destained overnight inailesr (35% ethanol, 2% glycerol (v/v)),
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air-dried in Hoeffer Easy Breeze plastic framesgfhimno Fisher Scientific), exposed to a
phosphor screen for 2-4 hours and scanned by gpRbidsager 425 (Molecular Dynamics).
Forin vitro phosphorylation site determination, phosphorylamtples were separated on
NuPAGE 4-12% Bis-Tris precast gels (Invitrogen) atalned with Coomassie Blue dye
before excision of protein bands. Gel plugs wegtained in 50% acetonitrile (v/v)/50 mM
ammonium bicarbonate and dried before incubatidnyjsin (5 ngil in 50 mM ammonium
bicarbonate) for 16 hours at 37°C. Peptides weza extracted by sonication of gel plugs in
60% (v/v) acetonitrile/1% (v/v) trifluoroacetic aci Extracts were thoroughly dried and
ZipTipped (Millipore) before electrospray ionisatimass spectrometry (MS). Residual
peptides were resuspended in 50% (v/v) acetorir&% trifluoroacetic acid, andb of
suspension was delivered into a QStar Pulsar lithghwadrupole time-of-flight MS (AB
Sciex) by automated in-line liquid chromatograpimggrated LCPackings System, 5 mm
C18 nano-precolumn and 7 X 15 cm C18 PepMap column (Dionex)). A gradieom 5

— 48% acetonitrile/0.05% trifluoroacetic acid (vim)60 minutes was applied at a 300 nl/min
flow rate and survey scans of 1 s were acquiredf@ar400-2000. The most intense ions
were selected for tandem mass spectrometry (MSINIR)2 s accumulation times and a
dynamic exclusion of 30 s. Identification and gsa was performed using MASCOT

software (Matrix Science).

Optogenetics. JellyOp (Bailest al.2012) and hRh1 (Bailes and Lucas 2013) coding
domain sequences were PCR amplified from pcDNABdLEDNAS3.5 expression vectors
respectively and sub-cloned downstreanPgfs in pPD117.01 (detailed above) via Gibson
Cloning techniques (NEB, UK). The optogenetic vestwvere then transformed by germline
injection intoC. eleganss described above. The vectors were expressbdlite-1(ce314)
background to prevent any potential photophobipaeses (Hussoet al.2013). All

optogenetic worms strains were then grown in thfe d820°C on standard NGM plates with
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OPS50 bacteria as a food source. One day pricsdays, late L4 worms were picked onto
standard 60 mm NGM plates with BpDOP50 supplemented with 1Q®1 9-cis-Retinal, an
active chromophore for opsin. All plates and wormese handled either in the dark or under
a dim red light (>630 nm). Thrashing assays weréopmed under the dim red light in
Dent’s solution (140 mM NaCl, 6 mM KCI, 1 mM CaC1 mM MgCL, 5 mM Hepes, pH

7.4, with bovine serum albumin at 0.1 mg/ml), ie firesence or absence of 17 mM ethanol,
using a Leica MZ10F-stereomicroscope (Leica, UK)ipped with a pE-300 LED
fluorescence light source (CoolLED, UK). To acterapsin, worms were illuminated with a
single flash of 100% power green LED through the@HP filter set for 5 seconds. For
hRh1, opsin activation occurred as soon as theg placed in the Dent’s solution and
thrashing was quantified after 10 minutes acclioratas below). For JellyOp, worms were
illuminated following the 10 minutes acclimationDent’s solution just prior to thrashing
guantification, as the JellyOp activation is mosnsient (Bailegt al.2012). Assays were

repeated on three separate days to confirm regligab

Behavioural Assays Phenotypic analysis was performed in a tempegatantrolled room

on young adult hermaphrodites from sparsely popdlatates grown at 20°C. Unless
otherwise indicated, experiments were conductesh@mbient temperature of 20°C. Here,
locomotion rate was measured as thrashing (Gja@géal.2014) in 20Qul Dent’s solution

as previously described (Grahatal.2009; Johnsoet al.2013). One thrash was defined as
a complete movement from maximum to minimum amgétand back again. For acute
ethanol experiments, ethanol was diluted to 17 mident’s solution and locomotion was
guantified following 10 minutes exposure and noisal as a percentage of the mean
thrashing rate of untreated worms measured eackatlégast 10 control worms per strain).
For forskolin (Sigma) experiments, forskolin wakithd in dimethyl sulfoxide (DMSO) and

added to Dent’s solution in the indicated conceiuna For direct comparison in these
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experiments, control (untreated) worms were expts&knt’s with an equal concentration
of DMSO. H-89 (Sigma) was diluted in water andeditb the Dent’'s/DMSO solution in the
indicated concentration. For chemotaxis assayshapet al.2014), experimental assay
plates (100 mm Petri dishes) contained 2% (w/v),e&gaaM KH,POy, 1 mM CaC}, 1 mM
MgSQ,. Plates were poured 3 days prior to use and aetlae dry. Worms were washed in
M9 buffer and placed on the centre of the plat@e @icroliter of the attractant (100%
ethanol) and a negative control (distilled wategyevpipetted on opposite sides of the plate.
The number of worms on either side of the plate e#sulated following 90 minutes. The
chemotaxis index (C.l.) was calculated as C.I. wé#ms at attractant - # worms at control) /
total number of worms. For worm avoidance assays9 cm ring of a substance was made
by a stamping procedure on unseeded NGM platemettately after stamping, 30 worms
were placed within the centre of the ring, commetgthin 2 minutes. Following 10 minutes
exposure, the number of worms that had crossedrthavas counted. In preliminary
experiments, 0.9 cm was found sufficient to pemmoist worms to cross a neutral substance
(distilled water) within 10 minutes. All data aegpressed as mean + SE. As indicated,
significance was tested by Student’s t-test, Marimtléy U-test or analysis of variance

(ANOVA) with Tukey post-hoc comparisons where apprate.

Data Availability. Strains are available upon request.
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Results

HSF-1, the heat shock transcription factor, is ined in a plethora of cellular
functions (Anckar and Sistonen 2011; Morimoto 20Zitvervaara and Sistonen 2014). An
elegansthehsf-1(sy441gllele is a viabléoss-of-functiorpoint mutation in thésf-1gene
that acts as an inhibitor of HSF-1 transcripticmetivity (Hajdu-Croniret al.2004),
increasing temperature sensitivity and decreasiegpan (Baircet al.2014). Nematodes
respond to high external ethanol concentration (80 by a dose-dependent decrease in
coordinated locomotion (Daviex al.2003; Grahanet al.2009) and we have recently
characterised a novel role for HSF-1 in determirning phenotype (Johnsat al.2016).
Additionally, however, worms respond phenotypicaiiyow levels of external ethanol (17
mM) with a reproducible enhancement in locomotdivig (Grahamet al.2009; Johnsoet
al. 2013). In Bristol N2 wild-type worms, this stination is a 5-10% increase in basal
locomotion rate, as quantified by thrashing (Figlg. We tested whether tiesf-1(sy441)
mutation would also hypersensitise worms to theat$f of low concentrations of ethanol.
Surprisingly, we found that the stimulatory effe€tl7 mM external ethanol was completely
absent in worms containing thef-1(sy441)nutation (Figure 1A). Thisf-1(sy441jnutant
is well established to have a temperature-sengitiamotype and we verified that the low
dose ethanol phenotype was not affected by theearht@mperature (Figure 1B); however,

all other described experiments were conducte@4f 3tandard temperature.

HSF-1 is an ubiquitously expressed transcriptiaboiathat is active in all cell types;
however, the role disf-1(sy441)n the hypersensitivity to 400 mM external ethaisol
dependent upon pan-neurohaf-1lexpression (Johnsat al.2016). We therefore
investigated next whether the ablation of the 16& hM) ethanol stimulation of locomotion
phenotype observed in thef-1(sy441)mutant was also pan-neuronal in nature by tissue-

specific transgenic rescue. To allow for a di@anhparison of the stimulatory effects of
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ethanol independent of basal locomotor rates, #t@ are presented as thrashing rate
normalised to untreated worms of the same stradoas in previous studies (Daviesal.
2003; Grahanet al.2009; Johnsoet al.2016). Basal rates for all strains, however, loan
compared in Table S1. Whilst overexpressiohgsflin Bristol N2 controls had no
additional effect, transgenic rescuehsf-1(sy441under its own promotePfs:.1::hsf-1) or
specifically under the control of a pan-neuronalnpoter Pr4p-3::hsf-1) completely rescued
the stimulatory ethanol phenotype (Figure 2A). nBgenic rescue ¢ifsf-1(sy441using a
body wall muscle promotePf,y.-3:hsf-1), however, was insufficient to rescue. As a
complementary approach to investigasé-1function in the ethanol phenotype, we cloned
and overexpressdwsb-1in Bristol N2. hsb-1is a negative regulator ftusf-1transcriptional
function and it's overexpression @ elegansesults in similar phenotypes ltuwss-of-
functionof hsf-1(Satyal et al. 1998). Overexpressiorneb-1pan-neuronally in Bristol N2
worms Prap-3::-hsb-1) also resulted in a loss of ethanol stimulatiofoobmotion similar to
that seen in thibsf-1(sy441)mutant (Figure 2A). From these transgenic ressyeriments,
we conclude that the loss of the ethanol stimutepibenotype is a consequence of a loss in

neuronahsf-1function.

As therab-3 promoter drives expression throughout the nervgstem, we next
determined whether the stimulatory ethanol pheretguld be localised more precisely in
the nervous system. Intriguingly, the 17 mM ethationulatory phenotype disf-1(sy441)
worms could be re-established by transgenic exjpress$ wild-typehsf-1specifically in
cholinergic neuronsRnc-17:hsf-1) or in ciliated sensory neuronBy{m.¢:hsf-1) but not in
interneuronsiy.1::hsf-1) or the AFD thermosensory neurofjd.¢:hsf-1) (Figure 2A).
The localisation of the ethanol-induced stimulatad locomotion to either cholinergic
neurons or ciliated sensory neurons was partigutstendipitous, as these two promoters are

predicted to overlap in only 1 nematode cell type,inner labial sensilla neurons, 1L2
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(Figure 2B). There are 3 pairs of IL2 neurons tedan the head of the animal, all with
ciliated endings (Whitet al.1986; Burkett al.2006). IL2 neurons are cholinergic (Zhang
et al.2014) and are predicted to be chemosensory asdiairites are exposed to the
external environment. Very little has been puldlascribing function to the IL2 neurons;
however, they do regulate nictation, a behavioueretipon a nematode waves its head in
three dimensions (Leet al.2012). We tested whether the absence of the lstiory ethanol
phenotype ohsf-1(sy441tould be reversed by transgenic expression oftypeé hsf-1
specifically in the IL2 neurons. For this, we aoithe promoter region of tlké-6 gene,
which in hermaphrodites is expressed in the IL2oesispecifically (Peden and Barr 2005).
Localisation was verified by examination of a praetaGFP transgenic worm, confirming
that the IL2 neuronal structures appeared anatdiyiogact even in thénsf-1(sy441)mutant
(Figure 2C), although an in depth ultrastructuralgsis of the cilia in this mutant remains to
be fully investigated. We then determined thatregpion of wild-typédasf-1in the IL2
neurons Ryp-¢::hsf-1) alone could restore the stimulatory ethanol phgeof thehsf-
1(sy441)mutant to a level indistinguishable from wild-tyywerms (Figure 2D). The
complementary approach also confirmed that IL2-$jgemverexpression dfisb-1(Piip-
6.-hsb-1), the negative regulator ftusf-1, was able to block the ethanol-induced stimulation

in Bristol N2 (Figure 2D).

hsf-1(sy441jvorms have a slightly lower basal locomotor r&ig.(1A); however,
previous transgenic rescue experiments indicatdlhleebasal locomotion rate is uncorrelated
with the high ethanol phenotype (Johnstral.2016). Our data here also support a lack of
correlation between basal locomotor rate and theelihanol phenotype (Table S1). For
example, IL2-neuron overexpressionhgb-1lin Bristol N2 does not reduce basal locomotion
rate at all, but does block the low ethanol phepetyAlternatively, overexpression of wild-

typehsf-1in IL2-neurons in théasf-1(sy441nutant background does not rescue the
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locomotor defect of the mutant, but did restoreltive ethanol phenotype. Notwithstanding
this lack of correlation, we were interested inedetining whether the reduced locomotor rate
in thehsf-1(sy441)mutant was a consequence of the point mutatidre h$f-1(sy441}¥train
was originally isolated in a genetic screen of sappors of heat shock induced expression,
where it was both backcrossed and outcrossed (Hajdninet al.2004). We have
demonstrated here (Table S1) and elsewhere (Joletsbr2016) that transgenic rescue can
alter manyhsf-dependent phenotypes, without altering the basalrhotor rates
consistently indicating that the defect in locorantmay be independent of thg441

mutation or possibly incomplete rescue by the gans. To address this question more
directly, we analysed the OG532 strain which iggle copy MosSCl-integrated rescue of
hsf-1(sy441jMorton and Lamitina 2013). The OG532 strain destiated a significant, yet
incomplete, rescue of the locomotion defect in cangon to Bristol N2 (Table S1). The
incomplete rescue of the locomotion defect was mesoent of a reported incomplete rescue
of thehsf-1(sy441jemperature-sensitivity (Morton and Lamitina 2Q1Beassuringly, the
single-copy rescue did restore the ethanol stiranjgthenotype (Figure S1) to a level
similar to that seen with transgenic overexpressioncontrast the OG580 strain, a single-
copy rescue dhfsf-1(sy441ith a DNA-binding defective mutahisf-1(Morton and

Lamitina 2013), impaired locomotion further (Tal&) and did not rescue the ethanol
phenotype (Figure S1). These data indicate a palgrcomplex role fohsf-1in basal
locomotor rate which is perhaps unsurprising gitrenbroad cellular functions for the HSF-1
transcription factor and its downstream transavidi targets. Critically, however, our
results show that the basal locomotor rate is atedlto the ethanol stimulatory effect and is

instead a consequence of tie-1(sy441)mutation.

Our previous work on HSF-1 and its effect on sénsi to 400 mM external

ethanol indicated that the main effector for HSwék the small heat shock protein HSP-
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16.48 (Johnsoet al.2016). This work showed that RNAI b$p-16.48henocopied RNAI

of hsf-1and that transgenic expressiorhep-16.4&artially rescued the high dose ethanol
sensitivity of thensf-1(sy441mutants. Finally, overexpressionttdp-16.48reatly reduced
wild-type worm sensitivity to high external ethamola manner dependent upon an intact
seven amino acid region of the N-terminus (amindsa88-44) (Johnsoet al.2016). We
next performed a series of experiments to tediuioctional similarities with the stimulatory
ethanol phenotype. There unfortunately are noavaihsp-16.4&ull mutations as the gene
has undergone evolutionary genetic duplication eend null mutations prohibitively

difficult to isolate (Johnsogt al.2016). Our results showed that RNAi knockdowihff1
also resulted in a loss of the 17 mM ethanol phgre(Figure 3A), to an extent similar to
that seen with they441point mutation. Reminiscent of the sedative ethahenotype
results (Johnsoat al.2016), RNAI ofhsp-16.4&lso blocked the stimulatory ethanol
phenotype to an equivalent levelhsf-1RNAI (Figure 3A). Distinct from the sedative
ethanol phenotype (Johnsenal.2016), however, transgenic expressiohgd-16.48ither
pan-neuronallyRap-3::hsp-16.49 or in IL2 neurons specificallyPp.¢::hsp-16.48 was
sufficient to restore completely the stimulatorlgagtol phenotype in thesf-1(sy441jmutant
(Figure 3B). Finally, we determined that overessien ofhsp-16.48n Bristol N2 wild-

types Prap-3::hsp-16.48 increased the effect of 17 mM external ethanaénehs the N-
terminal truncation mutanPf-3::hsp-16.48438-44) appeared to act as neomorphic or as
dominant-negative (Figure 3C). Expression of thad¢ation mutant in thiesf-1(sy441)
background, however, did not result in an enhano¢wiethe ethanol-dependent reduction in
locomotion in comparison tiesf-1(sy441plone (Figure 3B). Therefore we hypothesise that
the truncation mutant is possibly acting here derainant-negative. These experiments
implicate HSP-16.48 in the stimulatory ethanol pitgpe, acting downstream of HSF-1 in a

manner requiring the seven amino acid region oNHerminus.
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As HSF-1/HSP-16.48 was acting in a chemosensorsondo increase locomotion,
we were interested to determine whether this irseréa motility was reflective of either
positive or negative chemotaxis. Indeed the paréal thrashing assays immersed the
animals directly into ethanol where it would be mspible to determine any directionality to
movement. We tested for this possibility by a parfing a chemotaxis assay on wild-type
animals towards or away from ethanol. Ethanolbdeen previously reported to have mild to
negative effects on chemotaxis only at very highcemtrations (Bargmaret al. 1993; Lee
et al.2009). We found that, in our hands, ethanol didatt as either a chemoattractant or
repellent whereas butanol, a longer chain alcahdlact as a strong attractant (Figure S2A)
as has been previously described (Bargnetral. 1993). As an alternative approach, we
adapted an osmotic aversion assay (Soloet@i. 2004) to investigate whether populations
of worms would be averse to crossing a ring of mthaWe found that if the ethanol
concentration of the ring was increased to 100%cavad induce avoidance in comparison
to a neutral (distilled water) control; however,rhR (0.1%) ethanol had no effect (Figure

S2B). In contrast, worms were averse to octanobatentrations as low as 1%.

We next investigated whether the low concentrabioaxternal ethanol was instead
activating the IL2 chemosensory neurons to stineut@matode motility through a G-protein
coupled receptor (GPCR) dependent signalling mashanPhysiological effects of ethanol
are known to be modulated by various GPCRs, fomg@the GABA or G-protein coupled
corticotropin-releasing factor (CRH) 1 receptorse(bt al.2004; Kelmet al.2011; Agabio
and Colombo 2014). To screen GPCRs directly, hewevould be prohibitively difficult as
there are >1000 GPCRs in tBeelegangienome, very few of which have been functionally
characterised (Frooninclet al.2012). For simplicity, therefore, we instead édsavailable
G-protein mutants. Manpss-of-functiomematode G-protein mutants are lethal or have

severe locomotor defects, which would interferenvgiantification using our assay.
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Therefore, we screenggin-of-functionmutants instead and determined that the stimylator
effect of 17 mM external ethanol remained intactifoth G, (goa-1) and Ggq (egl-30
mutants, but was absent specifically for mutant§gfgsa-1(ce81pandgsa-1(ce94jFigure

4A).

Gys is a G-protein that, upon activation, stimulatdsrgylyl cyclase to synthesise the
cAMP signalling molecule from ATP (Dorsam and Gutk007). We addressed whether
we could replicate the stimulatory effect of 17 neManol by applying the chemical
forskolin, which directly activates adenylyl cyatagharmacologically. A dose-response
curve of varying forskolin concentrations demortsilahat the stimulatory ethanol
phenotype could indeed be phenocopied by forsKbigure 4B). Addition of ethanol and
forskolin together did not have additive effectsn@matode motility (Figure 4C) suggestive
that ethanol and forskolin acted in the same paghv@ne downstream cellular effector for
cAMP is the cAMP-dependent protein kinase (PKA) amdtested for its role in the
stimulatory ethanol phenotype by the addition ef $pecific PKA inhibitor H-89. On its
own, H-89 had no effect on locomotion; howevecoitild completely block the stimulatory

effects of ethanol and forskolin, either separatelipoth together (Figure 4C).

Next, as previously was shown for the stimulatdfgats of ethanol, we verified that
stimulation by forskolin was also dependent upo2+tieuron expression of HSF-1 and HSP-
16.48. In comparison to Bristol N2 wild-types, #féect of forskolin was absent rsf-
1(sy441)mutants, but was completely restored in both tePyss.1::hsf-1) or IL2 neuron-
specific transgenic rescudiq.s::hsf-1) (Figure 4D). Complementary to these results,
stimulation by forskolin was blocked by thef-1inhibitor hsb-1expressed either pan-
neuronally Prap-3::hsb-1) or in IL2 neurons specificallyPp.6::hsb-1) in Bristol N2 worms.

As seen with ethanol, the effect of forskolin wastored in the OG532 single-copy rescue of

hsf-1(sy441)but not in the OG580 DNA-binding defective res¢bigure S1). The forskolin
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effect was also blocked in the {gain-of-functionmutantsgsa-1(ce81pandgsa-1(ce94)
(Figure 4D). Furthermore, pan-neuror@hg.s::hsp-16.48 or IL2 specific Pyp-e::hsp-16.43
overexpression disp-16.4&lone could completely rescue the forskolin phgpebf the
hsf-1(sy441)nutation (Figure 4E). Also identical to that s@ath ethanol, overexpression
of hsp-16.48n Bristol N2 controls R4p-3::hsp-16.4§ enhanced the effect of forskolin
whereas the N-terminal truncation mutaPt.s::hsp-16.48138-44) appeared to act
negatively (Figure 4F). The truncation mutant aded no additional negative effects when
expressed in thiesf-1(sy44)background (Figure 4E). Taken together, these iddicate
that both the 17 mM ethanol and forskolin stimutgfohenotypes are likely acting through
the same pathway. Therefore, ethanol appeardit@tica Gs-CAMP-PKA signalling
pathway that requirdssf-landhsp-16.48&xpression within the IL2 neurons. Additionally,
the requirement of HSF-1/HSP-16.48 is likely toaloing downstream of adenylyl cyclase

activation as the effect of forskolin is absenthiahsf-1(sy441)nutant.

The data thus far pointed to an activation @f iG IL2 neurons by 17 mM external
ethanol; however, our evidence was obtained bympaenlogical activation of the entire
nematode. We next wanted to activatgi@the IL2 neurons directly. To accomplish this
we expressed genetically a photoactivatahleliGked jellyfish opsin, JellyOp (Bailest al.
2012), in the IL2 neurons specifically and demaatstl that photoactivation could enhance
the nematode locomotion rate to a level statigyicatlistinguishable from ethanol exposure
(Figure 5). In contrast, control worms demonsttate enhancement of locomotion by
photostimulation; however, their ethanol effect eemed intact. Importantly, photoactivation
of the Gglinked JellyOp with the addition of ethanol didtqpwoduce an even greater
summative effect on locomotion rate supportinghiygothesis that the &linked JellyOp
and ethanol were acting in the same pathway (FiguréNext we antagonised,{signalling

in IL2 neurons specifically by genetic expressid@a photoactivatable glinked human rod
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opsin (hRh1) (Caet al.2012; Bailes and Lucas 2013) which acts to couBieby

inhibiting the production of cAMP. On its own, gbactivation of the G-linked hRh1 again
had no effect on nematode locomotion; howeverai able to block completely the
stimulatory effect of low concentrations of extdraethanol (Figure 5). As an alternative
approach to optogenetic activation or inhibitiortltd Gs signalling pathway, we produced a
transgenic worm with IL2 neuron-specific RNAI agstithe catalytic subunit &. elegans
PKA (Pup-6::kin-1::Pyip). The created transgenic worms appeared quaétgthormal and
had only a small quantitative reduction in baseblootion rate (Table S1). Whilst we
cannot quantify definitive cell-specificity of tiNAI, if the PKA knockdown had spread
greatly to other cells it would be expected todibadl (Ruakt al.2004). Therefore we are
reasonably confident in a degree of cellular retstm of the knockdown. Despite the
gualitatively wild-type appearance of the wormsg stimulation of locomotion by either
ethanol or forskolin was absent (Figure S3). Tliega support the interpretation that the
effects of ethanol to stimulatg elegansocomotion are regulated in IL2 neurons by g G

signalling pathway.

Finally we were interested in identifying what wastentially acting downstream of
the Gs-CAMP-PKA signalling pathway. PKA is a serine-tbnéne kinase that would be
expected to phosphorylate many downstream targeesponse to activation. Secl-Muncl8
(SM) proteins are essential components of the @rticymachinery thought to function
primarily through interactions with soluble N-etmdleimide sensitive factor receptor
(SNARE) proteins (Rizo and Sudhof 2012). We haw¥ipusly shown that expression of a
single point mutation in th€. elegansSM protein UNC-18 (D214N) was also able to block
the low ethanol phenotype (Grahatnal.2009). We therefore suspected UNC-18 could be
one potential downstream target for PKA phosphtigita Both mammalian Muncl8 and

the nematode orthologue UNC-18 are known to begwylated by Protein Kinase C
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(Barclayet al.2003; Edwardet al.2012); however, PKA phosphorylation has not been
previously demonstrated. We expressed recomblisi@-18 and exposed it to PKA,
determining that it could be phosphorylateditro (Figure 6A). We then determinéd

vitro phosphorylation sites for PKA by mass spectrometogitively identifying Ser322 as
anin vitro PKA target (Figure 6B). We tested the relevarfdhis putative phosphorylation
sitein vivo by expressing phospho-null versions of UNC-18 92vhich act in a dominant
fashion to endogenouwsic-18(Edwardset al.2012). In our assays, expression of this single
point mutation of UNC-18 pan-neuronali,{¢.1g:unc-18 S322por in IL2 neurons
specifically Pyp-6::unc-18 S322A was able to block completely the stimulatoryeet§ on

motility of either ethanol or forskolin (Figure 60).
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Discussion

In this manuscript we demonstrate that,ga<ggnalling pathway is stimulated by the
addition of ethanol at external concentrationsr(iM; 0.1%) whose absolute values are
physiologically consistent with blood alcohol lisiitor impaired driving. Through a
combination of genetics, pharmacology and optogen&inipulation, we have uniquely
delineated the entire cell signalling pathway isp@nse to ethanol in IL2 chemosensory
neurons specifically (Figure 7). Our model foraetbl stimulation is that ethanol, in some
way, activates @z to stimulate adenylyl cyclase to produce cAMP e TAMP in turn
activates PKA to phosphorylate various downstreamems, one possibility of which is the
synaptic SM protein UNC-18. The ultimate downstmeztfect of this cellular signalling
pathway is an enhancement in nematode locomotsoquantified by thrashing rate. This
cell-specific signalling pathway requires the ti@ipion factor HSF-1, most likely through

its transcriptional control of the-crystallin orthologue, small heat shock proteinfF+485.48.

Our data support the interpretation that,g$ignalling pathway is directly activated
or modulated by ethanol. There is ample evidenagher systems for ethanol-induced
activation of G protein coupled signalling pathwaassleastn vitro. Ethanol can enhance
GABA release and the extent of this enhancemenbeargulated by various GPCRs,
mostly via Gj-coupled receptors (Kelm et al. 2011). Ethandlvatibn of GABAergic
release in the central amygdala, an area of tha praminently associated with alcohol
dependence, requires the G-protein coupled cortipot-releasing factor (CRH) 1 receptor
(Nie et al.2004). Downstream of GPCRs, ethanol can actiia¢etly specific forms of
adenylyl cyclase (Yoshimura and Tabakoff 1995; Yioshaet al. 2006), affect cellular
CcAMP levels (Rexet al.2008; Guptaet al.2013), activate PKA (Kelnet al. 2008; Wanget
al. 2015) and induce protein phosphorylation (Cettl.2009). Genetic or pharmacological

manipulation of individual components of this pa#ywhas measurable effects on complex
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alcohol dependency phenotypes as adenylyl cyclasants and knockouts affect ethanol
sensitivities and consumption in both mice &rdsophila(Mooreet al.1998; Maat al.
2005; Xuet al.2012). Indeed the role of cAMP in the ethanoldiced stimulation of
locomotion of mice was recently reported usingladiee phosphodiesterase-4 inhibitor
(Balino et al.2016). Despite evidence of thgsGignalling pathway in other models, it has
been relatively unexplored . elegans In C. elegansthe CRH1 homogugeb-3has a
characterised high alcohol phenotype; howesel;3is expressed in head ganglia and nerve
cords (Jee et al. 2013) and not sensory neurotiisaguthe IL2 neurons specifically. Our data
use combinations of optogenetic, genetic and phewlogical manipulation to trace the
involvement of the entire -cAMP-PKA signalling pathway in the IL2 neuronsdthanol-
dependent stimulation. Additionally we extend théghway to the downstream
phosphorylation of the exocytotic protein UNC-1& amplicate HSP-16.48 as a novel

regulatory protein.

Phosphorylation of synaptic proteins is a dynaméchanism for the regulation of
vesicle fusion and synaptic transmission. Manysphorylation targets have been described
for serine/threonine kinases, although mostlyitro. Phosphorylation of Munc18 has been
demonstratech vivo, primarily by Protein Kinase C (De Vriet al.2000; Craiget al.2003).
PKA has not previously been shown to phosphorpaiac18 or UNC-18, despite strong
evidence that it does phosphorylate other syng@ptiteins such as cysteine string protein
(Evanset al.2001). Both protein kinase C and PKA phosphoiytatonsensus sequences
have similar requirements of basic amino acidsrapst of the target serine and indeed the
region upstream of Ser322 is rich in lysine ressd{iedwardst al.2012). In rat pancreatic
acini, intriguingly, PKC-dependent phosphorylat@rMuncl18C occurs in response to acute
exposure to ethanol (Cosen-Binlatral.2007). Physiologically, phosphorylation alters th

kinetics of amperometric spikes, in particular reidg the quantal size of individual release
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events (Barclagt al.2003). Munc18 phosphorylation contributes to sherm plasticity at
the synapse, by controlling post-tetanic poterdra{iGencet al.2014) and UNC-18
phosphorylation contributes to thermosensory behasiofC. elegangEdwardset al.

2012). Biochemically, phosphorylation of this m@giof either UNC-18 or Munc18 reduces
the binding affinity for closed-conformation syntaXBarclayet al.2003; Edwardet al.
2012). The classically characterised closed-con&bion mutation of Muncl18, R39C,
however has no effect on the stimulatory alcoh@natype (Johnsoet al.2013) arguing
against the physiological effects of low ethanal@ntrations being achieved through
regulation of that particular interaction. The lh@urons release acetylcholine as a fast
neurotransmitter (Leet al.2012) and connect into the main locomotor circuiés
intermediary neurons (Whitet al. 1986). It is therefore possible that phosphoigtais
altering synaptic vesicle fusion in the IL2 neurdmsreby shaping the patterns of electrical

activity governing nematode motility.

Our data demonstrate that trerystallin orthologue HSP-16.48 acts directly
downstream of HSF-1 indicating that the effectsi8F-1 in this phenotype are likely simply
as a transcription factor driving constitutive H8®48 expression. HSF-1 controls the
expression of heat-inducible stress proteins sadcheasmall HSPs, and HSP-16.48
specifically, as evidenced by numerous experim@tigsi et al.2003; Prahlaet al.2008;
Laranceet al.2011; Kourtiset al.2012). Exposure to very high concentrations béetl
can induce the expression of many heat shock pof&wonet al.2004; Pignataret al.
2007; Urquharet al.2016) and overexpression of some HSPs can alteitsaty to the
sedative effects of ethanol (Awofathal.2011). InC. elegansbasal expression bfp-
16.48alters the sedative effects of high doses of eth#ut its overexpression only partially
rescues thasf-1(sy441jnutant phenotype (Johnsenhal.2016). In contrast, our results

indicate thahsp-16.48an completely restore the stimulatory phenotgpeHehsf-1(sy441)
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mutant. Although there is little constitutive H3B-48 expressed, even in response to 400
mM ethanol, our RNAI experiments show that thesalbquantities are sufficient to affect
whole animal behaviour. Small HSPs can be dirqatlysphorylated by PKA (Garridet al.
2012), but it is currently unknown how HSP-16.4§ulates the ¢z -cCAMP-PKA signalling
pathway. It may be that HSP-16.48 is acting sing3lya chaperone to preserve either
structural conformation of individual proteins, f@m-protein interactions or possibly to
assist in the phosphorylation event itself. Altgively, HSP-16.48 may directly interact with
specific components of the signalling pathway iredefent of its chaperone ability.
Nonetheless, the correct functioning of HSP-16mM8thanol-dependent phenotypes
explicitly required a 7 amino acid region of thefein’s N-terminus, a region not found in
other small HSPs linked to temperature stressantar (Kourtiset al.2012) and it will be

intriguing to determine the mechanistic role fastprotein region.

Our experiments have used thrashing as a meakla®omotion (Gjorgjieveet al.
2014). The main rationale for this selection wesdimplicity and reproducibility of the
assay. Itis unknown experimentally whether otheasures of locomotion, such as body
bends or locomotor speed, would be similarly aéidchowever, that speculation would be
considered likely. High alcohol concentrationsuaslall aspects of locomotion by similar
extents including thrashing (Mitchedt al.2007; Grahanet al.2009; Johnsoet al.2013),
body bends (Johnsaat al.2016) and locomotor speed (Davetsal. 2003; Kapfhameet al.
2008) and there is no reason to suspect differemitedow alcohol concentrations.
Exposure to high or low ethanol has no reportedotfbn reversals or omega turn<of
eleganson agar (Mitchelkt al.2010), but high alcohol did increase spontaneeusrsals in
solution by ~1 reversal per minute (Topeerl.2014). Whilst uncharacterised in this study,
it is unlikely that a change in reversal frequenmuld be significant enough to influence

rates as high as 110-120 thrashes per minute.
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The internal concentration of ethanol in nematadesported to be approximately
10% of external experimental levels due to poorpation through the cuticle (Daviesal.
2003; Alaimoet al.2012; Johnsoet al.2016). The structure of the IL2 neurons however,
with dendritic projections directly to the extermirthe body (Whiteet al. 1986), would be in
contact with the exact level of ethanol seen intsmh. Therefore, it is unclear whether this
low alcohol phenotype represents a phenotypic respto 17 mM or a substantially reduced
concentration. In either case, however, this ptygreodoes indicate a neuronal cell
signalling effect irC. elegango ethanol at levels that would be seen in intated humans.
The stimulation of locomotion has been reproducddynonstrated i€. elegangGrahamet
al. 2009; Johnsoet al.2013) but is smaller than that seedisophila(Wolf et al. 2002).
It is difficult to determine whether there could ®éurther enhancement of locomotion with
exposure to higher levels of ethanol as competegeassive and stimulatory effects of
ethanol may begin to cancel each other out as otrati®n is increased. Indeed, there is no
net effect of 100 mM external ethanol on locomotiate (Daviest al.2003; Mitchellet al.
2007; Grahanet al.2009; Johnsoet al.2016). It remains possible that the stimulatory
effects of 17 mM ethanol are actually underrepreskhere due to the antagonistic sedative
effects of higher alcohol concentrations. Why wa@lcelegansncrease their movement in
response to 17 mM ethanol? The ecology of theispéx not fully understood; however,
some evidence point 0. elegangeeding on bacteria associated with decomposingnaht
Unlike longer chain alcohols, however, evidencedfiianol acting as a chemotactic cue
signalling a potential nutrient source is not vglpported. Although we were unable to
reproduce the results, some data point to ethanioiggas a low level chemorepellant
(Bargmanret al.1993; Leeet al.2009). It is therefore conceivable that the stuaun
locomotor rate is enhancing escape or avoidaneepotentially poisonous substance.

Alternatively, the locomotor stimulus is merelylestive of an indirect activation of a
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neuronal G-protein signalling pathway that feeds the circuitry governing nematode

locomotion (Gjorgjieveet al.2014).

Alcohol acts paradoxically as both a depresandtas a stimulant. These
stimulatory effects in humans are thought to beemmewarding than sedative effects and thus
may play a more prominent role in determining atioiic The differentiator model for risk
to alcoholism is associated with a trade-off betwstmulant and sedative effects (Hendler
et al.2013). We have shown a unique genetic link betmbea-crystallin homologue HSP-
16.48 and both the sedative (Johnsbal.2016) and now also the stimulatory effects of
alcohol where an increase in HSP-16.48 expressprabically both enhances ethanol-
induced stimulation and decreases ethanol-induedati®n. Importantly, the expression of
thea-crystallin chaperone is upregulated in mice sgawth a high alcohol intake preference
(Mulligan et al.2006) as well as human alcohol addicts (lwanattal. 2004) indicative that
the phenotypic effects presented here may inddetr@euronal pathways and have
biomedical relevance in higher organisms. Thisiifieation of an ethanol-dependent
signalling pathway, from G-protein to the phosplatign target of UNC-18, therefore
presents novel targets for future pharmacologia@rvention that could be exploited to

control the devastating physiological effects abdlol.
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Figure Legends

Figure 1. Low concentrations of ethanol stimula&eelegandocomotion in arhsf-1
dependent fashion(A) In comparison to untreated controls, exposure/tsmM ethanol (+
ethanol) significantly increased the locomotiorBostol N2 wild-type worms. Théasf-
1(sy441)oss-of-functiormutant demonstrated a reduced untreated locomdterthat was
unaffected by ethanol. Locomotion rate was quiaakiby thrashing after 10 minutes
immersion in Dent’s solution. *; P<0.001 (one-wanalysis of variance with Tukey post-hoc
comparisons); n.s. = not significant. N = 100 faclke condition(B) The absence of ethanol
stimulation inhsf-1(sy44iworms is independent of temperature. Locomotata was
guantified at the indicated temperature and exprebsre as a percentage of mean thrashing
rate of untreated worms. At all temperatures,mthatimulated Bristol N2 locomotion, but
had no effect ohsf-1(sy441)oss-of-function worms. *; P<0.001 (two-way arsadyof

variance with Tukey post-hoc comparisons); N =@0efach condition.

Figure 2. Thehsf-1-dependence of the low ethanol stimulation of lootam requiressf-1
expression in IL2 neuronfA) In hsf-1(sy441worms, the low ethanol stimulation of
locomotion was restored by transgenic rescue a-tyjpehsf-1under the control of its
endogenoushst.1), pan-neuronalRap-3), cholinergic neuronRync-17) or ciliated sensory
neuron promoterRysms). Tissue-specific expression in musdgyo-3, interneuronsKg;r.1)
or the AFD thermosensory neuroigd.g was unable to rescue thsf-1(sy441nutant. In
Bristol N2 worms, overexpression laéf-1under its endogenous promotBr«.) had no
additional effect on ethanol stimulation of locomatwhereas neuronal overexpression of
the hsf-1linhibitor, hsb-1, blocked the ethanol effec(B) Cartoon schematic of ti&
eleganshead region indicating the location of the IL2 rogs (1 neuron of each of the 3
pairs are depicted) and their projections (in @tjacent to the pharynx (in green). The

approximate anterior-posterior (A-P) and ventraisdb(V-D) axes are indicated and apply to
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part C as well(C) Expression of green fluorescent protein (GFP)eutigde control of the
klp-6 promoter, showing expression in the IL2 neurdnisst-1(sy441)mutants. Expression
in Bristol N2 worms was anatomically simildD) In comparison thisf-1(sy441worms,
low ethanol stimulation of locomotion was restobgttransgenic expression of wild-type
hsf-1using an IL2 specific promotePy.¢). In Bristol N2 worms, IL2 neuron
overexpression of thiesf-1inhibitor, hsb-1, blocked the ethanol effect. In both (A) and (D),
data are expressed normalised to untreated contfolseach experiment, exposure to
ethanol enhanced the locomotion rate of BristoMd2ms (Mann-Whitney U-test; P<0.05).
* indicates significant difference in comparisortreated Bristol N2. Comparisons were
made by one-way analysis of variance with Tukey+os comparisons (P<0.001; N = 30
for each condition). Bristol N2 worms are depiciedlack,hsf-1(sy441)n grey. Hatching

indicates transgenic expression (transgene andgiesrimdicated below graph).

Figure 3. HSP-16.48 acts downstream of HSF-1 in IL2 neur@X)s RNAIi knockdown of
the small heat shock protein (HSR$p-16.48statistically phenocopied the ethanol
sensitivity ofhsf-1RNAI knockdown in comparison to control. RNAi wasrformed by
feeding where controls were fed empty vector. #1130t significant(B) Either pan-neuronal
(Pran-3) or IL2-specific Pyip-) €Xpression ofisp-16.48&escued thasf-1(sy441mutant
phenotype. Expression of asp-16.48&runcation mutant (A38-44) was unable to rescue.
(C) Overexpression dfsp-16.48n Bristol N2 worms enhanced the ethanol stimalatf
locomotion to a significantly greater extent, wieeréhehsp-16.48runcation mutant (A38-
44) blocked the ethanol enhancement of locomotfeor. (A)-(C), data are expressed
normalised to untreated controls. For each exparinexposure to ethanol enhanced the
locomotion rate of RNAI control or Bristol N2 worniBlann-Whitney U-test; P<0.05). *
indicates significant difference in comparisonreated RNAI control or Bristol N2.

Comparisons were made by one-way analysis of vegiarnth Tukey post-hoc comparisons
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(P<0.001; N =10 (A), 30 (B) and 20 (C) for eacimaition). Bristol N2 worms are depicted
in black,hsf-1(sy441)n grey. Hatching indicates transgenic expresgi@msgene and

promoter indicated below graph).

Figure 4. Ethanol enhances locomotion through an IL2-ne@g@rdependent signalling
pathway.(A) Stimulation of locomotion by ethanol was blocked3,s mutants §sa-1(ce94)
andgsa-1(ce81) but not in G, (goa-1 (n363) or G4 (egl-30(js126) mutants(B) Forskolin
stimulatedC. elegan®Bristol N2 locomotion. Increasing concentrati@figorskolin
significantly (*) stimulated locomotion at 10 an@QuM in comparison to untreated worms.
(C) Ethanol and forskolin stimulate locomotion of &al N2 worms to an equivalent level
and this stimulation can be blocked by additiothef PKA inhibitor H-89. * indicates
significant increase from untreated. n.s = notigicant. (D) Forskolin-dependent
stimulation also requires IL2 neuron expressiohs#fl The forskolin effect was absent in
hsf-1(sy441 mutants but could be rescued by re-expressiavildftype hsf-lunder its
endogenousRst.1) or an IL2-specific Ryp-) promoter. Like ethanol, the forskolin effect was
blocked in Bristol N2 worms by pan-neuronBja.s) or IL2 neuron-specificRjp-c)
expression of thasf-1inhibitor, hsb-1 The forskolin effect was also absent i utants.
(E) Forskolin-dependent stimulation also involved h&uron expression disp-16.48 Pan-
neuronal Prap-3) Or IL2-specific Pup-6) Overexpression disp-16.48escued the absence of
the forskolin phenotype insf-1(sy441 mutant worms. Expression of thep-16.48
truncation mutant (A38-44) was unable to rescgE) Overexpression disp-16.48n

Bristol N2 worms enhanced the forskolin stimulataiiocomotion, whereas the truncation
mutant (+A38-44) acted in a dominant negative fashion. Rchexperiment (A)-(F), data
are expressed normalised to untreated controlpogtie to ethanol or forskolin enhanced
the locomotion rate of Bristol N2 worms (Mann-WlainU-test; P<0.05). * indicates

significant difference in comparison to treatedsByi N2. Comparisons were made by one-
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way analysis of variance with Tukey post-hoc congaars (P<0.001; N = 20 (A, B), 25 (C,
D, F) or 30 (E) for each condition). Bristol N2 mits are depicted in blacksf-1(sy441)n

grey. Hatching indicates transgenic expressi@ngigene and promoter indicated below

graph).

Figure 5. Ethanol enhancement of locomotion requirgspBotein activation in IL2 neurons.
Left. In control animalslite-1(ce314), addition of ethanol enhanced locomotion; howgver
photostimulation has no stimulatory or depressiteces. Middle. In comparison, IL2-
specific optogenetic activation of,{stimulatedC. elegandocomotion to an equivalent level
to low ethanol exposurdite-1(ce314);Ex[Rip-6::JellyOp]). Simultaneous ethanol exposure
and Gs photoactivation had no additional effect on loctior Right. Inhibition of G,s by
IL2-specific optogenetic activation of,(blocked ethanol-dependent enhancement of
locomotion (ite-1(ce314);Ex[Rip-s:hRh1]). Activation of G; alone had no depressive effect
on nematode locomotion. Addition of ethanol with@y; activation exhibited normal
locomotor enhancement. All data are expressedal®ad to untreated controls. * indicates
significant enhancement in comparison to untreatedrol. Comparisons were made by
one-way analysis of variance with Tukey post-homparisons (P<0.001; N = 30 for each
condition). Control wormdife-1(ce314) are depicted in whitdite-1(ce314);EX[Rp-

e.:JellyOp] in black andite-1(ce314);Ex[Rip-s::hRh1] in grey.

Figure 6. UNC-18 is phosphorylated by protein kinase A andgpimorylation of UNC-18
Ser322 is required for both ethanol and forskokpehdent stimulation of locomotiofA)
Recombinant UNC-18 protein (GST-UNC-18) was incaetatith**P-labelled ATP in the
absence (mock) or presence of either protein kiGa&ePKC) or protein kinase A (+PKA).
Proteins were separated by SDS-PAGE and phosphiorylaas determined by
Phosphorimager (Phosphoscreen). Coomassie stamimmgtes equal protein loadind)

Liquid chromatography-MS/MS data positively indiagtphosphorylation of Ser322 of
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UNC-18 in PKA-phosphorylated protein samplg) Pan-neuronalR;nc-19 or IL2-specific
(Puip-6) expression of a phospho-null mutation of a PKAgthorylation site ofinc-18
(S322A) in Bristol N2 blocked the ethanol-dependsimhulation of locomotion(D) Pan-
neuronal Pync-19 Or IL2-specific Puip-6) €Xpression of a phospho-null mutation of a PKA-
phosphorylation site afnc-18(S322A) in Bristol N2 blocked the forskolin-depemd
stimulation of locomotion. For (C) and (D), data axpressed normalised to untreated
controls. Exposure to ethanol or forskolin enhdrite locomotion rate of Bristol N2 worms
(Mann-Whitney U-test; P<0.05). * indicates sigogint difference in comparison to treated
Bristol N2. Comparisons were made by one-way amlyf variance with Tukey post-hoc
comparisons (P<0.001; N = 30 for each conditidristol N2 worms are depicted in black.

Hatching indicates transgenic expression (transgadgromoter indicated below graph).

Figure 7. A model for ethanol-dependent enhancement ofntmtimn inC. elegans The
addition of ethanol at a low external concentrai@mM activates a dependent
signalling pathway in the IL2 chemosensory neurtikely through an as yet unidentified G-
protein coupled receptor. Whether ethanol direatiyvates or modulates an existing signal
remains to be determined. Thegs@ependent signalling activates adenylyl cyclask an
protein kinase A (PKA). PKA-dependent phosphorglabf the exocytotic protein UNC-18
at Ser322, in some way, alters signalling from hie2irons which feeds into the neurons

controlling nematode locomaotion.
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Supplemental Figure Legends

Figure S1. Single-copy rescue difsf-1(sy441yescues the lack of ethanol and forskolin
stimulation of locomotion(A) The absence of ethanol stimulatiorhsf-1(sy441mutants
was restored by single-copy expression of wild-typkl (0G532), but not by single-copy
expression of a DNA binding defective mutanhef-1(OG580). OG532 and OG580 strains
were generated by Morton and Lamitina (201B). The absence of forskolin stimulation in
hsf-1(sy441)nutants was restored by single-copy expressiavildftype hsf-1(0G532), but
not by single-copy expression of a DNA binding a@éfee mutant ohsf-1(0OG580). In both
(A) and (B), data are expressed normalised to ate@decontrols. For each experiment,
exposure to ethanol or forskolin enhanced the lat@mn rate of Bristol N2 worms (Mann-
Whitney U-test; P<0.05). * indicates significanfference in comparison to untreated
Bristol N2. Comparisons were made by one-way amalyf variance with Tukey post-hoc
comparisons (P<0.001; N = 30 for each conditiddistol N2 worms are depicted in black,

hsf-1(sy441)n grey. Hatching indicates single-copy rescubsifl(sy44)L

Figure S2. Ethanol does not act as a chemoattractant or ategrellant(A) In a

chemotaxis assay, exposure to 100% ethanol hatfext en movement of Bristol N2 worms
within 90 minutes. In comparison, 100% butanoédds a strong chemoattractant.
Comparison was made by t-test. *; P < 0.001 ¢:tés= 3 (butanol) and 6 (ethanol(B)

In an avoidance assay, Bristol N2 worms only avibieilnanol at concentrations greater than
10%. In contrast, worms avoided octanol at comeéinns as low as 1%nset). * indicates
significant difference in comparison to control ddions. Comparisons were made by one-
way analysis of variance with Tukey post-hoc congaars (P<0.001; N = 3). Control worms

(exposed to distilled water) are depicted in whalephol exposed worms in black.



Figure S3. IL2 neuron-specific RNAI of protein kinase A (PKAJocks ethanol and
forskolin stimulation of locomotion(A) IL2 neuron-specific knockdown of the catalytic
subunit ofC. elegand®KA (kin-1) blocked the ethanol phenotype in Bristol N2 warr(B)
IL2 neuron-specific knockdown of the catalytic snkwf C. elegan?KA (kin-1) blocked
the forskolin phenotype in Bristol N2 worms. In b@¢A) and (B), data are expressed
normalised to untreated controls. For each expmarinexposure to ethanol or forskolin
enhanced the locomotion rate of Bristol N2 wormsi-Whitney U-test; P<0.05). *
indicates significant difference in comparison tdraated Bristol N2. Comparisons were
made by one-way analysis of variance with Tukey+hos comparisons (P<0.001; N = 30
for each condition). Bristol N2 worms are depictetblack. Hatching indicate3p.e::Kin-

1::Pyp-c €XPression.

Table S1. Basal (untreated) thrashing rate<ofeleganstrains used in this study. For
strains grouped in parentheses, please see Talite 82 genotypes of the individual

independent transgenic lines.

Table S2 Thrashing rates of individual transgenic linesdiin this study.
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TABLES

Table S1: Basal (untreated) thrashing rates of. elegansstrains used in this study.

C. elegansstrain Locomotion Rate
(thrashes/min)

Bristol N2 96.1+1.2
(AMG160, 161, 162) Bristol N2EX[Ppst1::hsf-1] 83.8+2.0
(AMG157, 158, 159) Bristol N2EX[Pap-3::hsb-1] 83.3+2.9
(AMGAT75, 476, 477) Bristol N2EX[Pyp-6::hsb-1] 97.9+2.4
(AMG109, 110, 111) Bristol N2EX[Prap-3::hsp-16.48] 75.54.2
(AMG142, 143, 144) Bristol N2EX[Prap-3::hsp-16.48138-44] 68.4+4.9
(AMG55, 56, 57) Bristol N2EX[Pync-18:unc-18 S322A] 83.2+2.5
(AMGA78, 479, 480) Bristol N2EX[Pyp-6::unc-18 S322A] 101.3+£1.9
(AMG481, 482, 483) Bristol NZEX[Pmp-GZIkin-lZZP kIp-G] 89.7+2.8
PS3551hsf-1(sy441) 70.1£1.6
(AMGT73, 74, 75)hsf-1(sy441);EX[Rst.1::hsf-1] 74.4+2.1
(AMGT76, 77, 78)hsf-1(sy441);EX[Rap-3::hsf-1] 66.6+3.3
(AMG79, 80, 81)hsf-1(sy441);EX[Ruyo-3:hsf-1] 61.5+3.4
(AMGS8S, 86, 87)hsf-1(sy441);Ex[R-1::hsf-1] 67.8£2.3
(AMG82, 83, 84)hsf-1(sy441);Ex[Rnc-17:hsf-1] 65.3+2.6
(AMG91, 92, 93)hsf-1(sy441);Ex[RBc,-s::hsf-1] 61.6+2.2
(AMGS88, 89, 90)hsf-1(sy441);EXx[Rsn-6::hsf-1] 60.9+4.1
(AMG94, 95, 96)hsf-1(sy441);Ex[Rip-6::hsf-1] 80.8+4.3
(AMG97, 98, 99)hsf-1(sy441);EX[Rap-3::hsp-16.48] 64.7+2.0

(AMG469, 470, 471hsf-1(sy441);Ex[Rap.3:hsp-16.48438- 63.2+2.8
44]

(AMG472, 473, 474Nsf-1(sy441);Ex[Rip-6::hsp-16.48] 70.2+£2.7
0G532hsf-1(sy441);drSil13[hsf-1p::hsf-1::GFP::unc-54 87.7+6.8
3'UTR + Cbr-unc-119(+)]

OG580hsf-1(sy441);drSi28[hsf-1p::hsf- 53.6+4.1
1(R145A)::GFP::unc-54 3'UTR + Cbr-unc-119(+)]

MT363 goa-1(n363) 63.1+4.0
NM1380 egl-30(js126) 70.0+£2.5
KG524 gsa-1(ce94) 133.3+7.9
KG421 gsa-1(ce81) 152.9+5.4
KG1180lite-1(ce314) 47.2+0.9
AMGA484 lite-1(ce314);Ex[Pklp-6::JellyOp] 40.7+0.9
AMG 487 lite-1(ce314);Ex[Pklp-6::hRh1] 38.2+1.1
NL2099 rrf-3(pk1426) (empty vector RNAI) 92.1+2.5
NL2099 rrf-3(pk1426) (hsf-1 RNAI) 93.7+1.8

NL2099 rrf-3(pk1426) (hsp-16.48 RNAI) 88.7+2.5




Table S2: Thrashing rates of individual transgenidines used in this study.

C. elegandransgenic line

Locomotion Rate —

Locomotion

untreated (thrashes Rate —

per minute) ethanol

(thrashes

per minute)
AMG160 Bristol N2;ulvEx160[Phst.1::hsf-1] 76.0+2.4 91.2+4.7
AMG161 Bristol N2;ulvEX161[Rst.1::hsf-1] 87.5+3.6 95.1+3.9
AMG162 Bristol N2;ulVEX162[Pst.1::hsf-1] 87.9£3.5 94.3+3.6
AMG157 Bristol N2;ulvEx157[Pap-3::hsb-1] 85.5+3.1 76.7+5.3
AMG158 Bristol N2;ulVEX158[Rap-3::hsb-1] 73.445.8 64.4+7.9
AMG159 Bristol N2;ulvVEX159[R 4p-3::hsb-1] 92.0+3.5 84.9+4.5
AMGA475 Bristol N2;ulvEx475[Fp-6::hsb-1] 96.4+5.4 92.0+4.0
AMGA476 Bristol N2;ulvEx476[Rqp-6::hsb-1] 97.5+4.3 95.4+4.3
AMGA477 Bristol N2;ulvEx477[Pp-6::hsb-1] 99.9+2.8 85.5+4.9
AMG109 Bristol N2;ulVEX109[P,ap-3::hsp-16.48] 74.846.8 103.8+4.4
AMG110 Bristol N2;ulvEx110[Pap-3::hsp-16.48] 76.61+4.8 90.9+4.0
AMG111 Bristol N2;ulvEx111[Pgp-3::hsp-16.48] 76.1+7.5 82.9+5.1
AMG142 Bristol N2;ulvEX142[R ap-3::hsp- 55.8+6.3 47.613.8
16.48138-44]
AMG143 Bristol N2;ulvVEx143[Pap-3::hsp- 80.9+5.1 77.545.5
16.48138-44]
AMG144 Bristol N2;ulvExX144[PR ap-3::hsp- 71.0+£3.2 63.4+10.2
16.48138-44]
AMG55 Bristol N2; ulVEX55[Pync-18:unc-18 84.844.4 79.4+3.6
S322A]
AMG56 Bristol N2; ulVEX56[Pync-18:unc-18 76.2+3.0 72.2+3.5
S322A]
AMG57 Bristol N2; UlVEX57[Pync-18:unc-18 88.6+4.8 83.6+2.5
S322A]
AMGA478 Bristol N2;ulvEx478[Fp-6::unc-18 104.2+3.7 101.5+4.7
S322A]
AMGA479 Bristol N2;ulvEx479[Rgp-s::unc-18 96.4+2.8 93.545.0
S322A]
AMG480 Bristol N2;ulvEx480[Rp-6::unc-18 103.4+2.7 98.3+3.0
S322A]
AMG481 Bristol N2;ulvEx481[Rp.6::Kin-1::P xpe] 84.2+2.9 75.0+£3.6
AMGA482 Bristol N2;ulvEx482[Rp-e::KiN-1::P kpe]  103.3+4.8 89.8+4.7
AMG483 Bristol N2;ulvEx483[Rqp.-6::Kin-1::P pe] 81.7+3.8 71.7+5.0
AMG73 hsf-1(sy441);ulvEx73[Rst.1::hsf-1] 64.6+4.3 66.4+3.5
AMG74 hsf-1(sy441);ulvEX74[Rss.1::hsf-1] 84.8+3.1 90.2+2.8
AMG75 hsf-1(sy441);ulvEX75[Rst.1::hsf-1] 66.0+3.2 82.0+2.8
AMG76 hsf-1(sy441);ulvEX76[Rp-3::hsf-1] 79.84£3.6 91.4+2.1
AMGT77 hsf-1(sy441);ulvEX77[Rp-3:hsf-1] 80.2+3.7 90.2+3.9




AMG78 hsf-1(sy441);ulvEx78[Rp-3::hsf-1]
AMGT79 hsf-1(sy441);ulvEX79[Ryo-3:hsf-1]
AMGS80 hsf-1(sy441);ulvEx80[Ryo-3:hsf-1]
AMGS81 hsf-1(sy441);ulvEx81[Ryo-3:hsf-1]
AMGS85 hsf-1(sy441);ulvEx85[Ry-1::hsf-1]
AMGS86 hsf-1(sy441);ulvEx86[Ry-1::hsf-1]
AMGS87 hsf-1(sy441);ulvEx87[R\.1::hsf-1]
AMGB82 hsf-1(sy441);ulvEx82[Rnc-17::hsf-1]
AMG83 hsf-1(sy441);ulvVEX83[Rnc-17::hsf-1]
AMG84 hsf-1(sy441);ulvEx84[Rnc-17::hsf-1]
AMGO1 hsf-1(sy441);ulvEx91[R.y-g:hsf-1]
AMG92 hsf-1(sy441);ulvEx92[Rey-¢:hsf-1]
AMG93 hsf-1(sy441);ulvEX93[Rey-¢:hsf-1]
AMGS88 hsf-1(sy441);ulvEx88[Rsm-¢:hsf-1]
AMGS89 hsf-1(sy441);ulvEx89[RBsm-¢:hsf-1]
AMG90 hsf-1(sy441);ulvEx90[RBsm-¢:hsf-1]
AMG94 hsf-1(sy441);ulvEx94[Rp-6::hsf-1]
AMG95 hsf-1(sy441);ulvEx95[Rp.6::hsf-1]
AMG96 hsf-1(sy441);ulvEx96[Rp-6::hsf-1]
AMG97 hsf-1(sy441);ulvEx97[Ryp-3::hsp-16.48]
AMG98 hsf-1(sy441);ulvEx98[Rp-3::hsp-16.48]
AMG99 hsf-1(sy441);ulvEx99[Rp.-3::hsp-16.48]
AMG469 hsf-1(sy441);ulvEx469[Rp-3::hsp-16.48
A38-44]

AMGA470 hsf-1(sy441);ulvEx470[Rp-3::hsp-16.48
A38-44]

AMGA471 hsf-1(sy441);ulvEx471[Rp-3::hsp-16.48
A38-44]

AMGA472 hsf-1(sy441);ulvEx472[Ry-6::hsp-16.48]
AMGA73 hsf-1(sy441);ulvEx473[Ry.6::hsp-16.48]
AMGA74 hsf-1(sy441);ulvEx474[Ry.6::hsp-16.48]

64.8+5.1
58.9+6.1
66.2+8.3
59.4+2.4
71.3+6.3
67.4+2.2
64.6+2.2
69.3+5.9
62.4+4.6
64.2+2.5
65.8+5.6
58.0+2.1
61.0+2.7
62.5+7.8
63.1+8.0
57.0£5.9
79.7+4.0
80.9+4.3
80.8+5.7
63.5+£3.9
65.2+2.9
65.6+3.6
58.6%£3.7

62.0+4.7

68.915.7

67.2+4.5
76.4+5.2
66.9+4.3

108.4+2.4
55.6+8.6
58.2+6.0
52.6+2.3
66.915.1
60.0+2.1
58.6+2.5
94.1+5.4
75.6%£1.9
69.4+1.7
58.8+6.8
49.8+1.8
50.2+2.0
69.9+4.3
75.6+4.4
68.0+3.0
92.5+4.1
89.4+3.1
96.4+5.3
73.1+4.5
78.5+4.1
77.1+3.3
50.91+6.3

60.5+6.9

58.5+4.9

73.5+£3.5
88.2+3.5
84.2+4.3




