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Abstract

This study evaluated the trimerization mechanism and structure of heat shock factor 1 (HSF1) in humans,
goldfish, and walleye pollock at various temperatures. Humans, goldfish, and pollock are representatives of
mammals, freshwater fish, and saltwater fish, respectively. First, walleye pollack HSF1, which has not been
reported, was used as a Rapid Amplification of cDNA Ends (RACE)-PCR strategy. And then, Humans,
goldfish, and walleye pollock contain cysteine (C), tyrosine (Y), and phenylalanine (F) at residue 103. Also,
the trimer generation temperature of each species was found to be 42, 37, and 20 °C, respectively.
However, when residue 103 was mutated by alanine(A), the trimer was not generated at all species. These
results indicate that the temperature and mechanism of forming HSF1 trimer depending on the amino acid
residue and their living environment. Therefore, HSF1 can be considered as important indicator for water

temperature stress in freshwater and seawater fish.
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HT 74 d st AT 2dEE Qg F&
e Al W EAE b7 A THPoff et
al., 2002). 53], A7 23tz Q) 2,100 714
F2o] ¢ 14T 4ed ZAow oH™, oy
3 T A S BEA 34 AEHA v
S f#3tch(Alfonso et al, 2021; Barbarossa et
al, 2021). F3e B A&d B F20] 1970
dr oA 202055 Atolell 5C o] F7hakaith

il',

st o T Tt =2 walleye

L

pollock(Gadus chalcogrammus)«] FFEEL 1970¢
ol o]H7A] AzF °F 620,000 tonOE 7] FE| S
o SR 2000 T o] - bRk Az of
50,000 ton ©]3tZ ZAAFFATHKim et al., 2022).
olg) gt e 7hAe] Al V|FRISE A%
T A5 Az AlsdtiLee and Kim,
2010). o179} 22 A7A7F & AEHAE W
oW Aaxvt Abstd #@Ao] -E ¥ (Madeira et
al, 2013). 283l QAFE o] AE# A
LE0] ﬂ H, @M A L misfolding = AAE Ab
4 Agsr|x dv ey YAl 8§

3.
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A UellA Q¥ AE# 2o A & = Qe T
g o] 9,;15]—(Mayr et al, 2000; Airaksinen et al.,
2003; Misra et al., 1989). Heat shock protein(HSP)
< misfolding ¥ YMA S refolding Al171& &4
AFE Es b, AEE AHE FAs
= 9%S FUH(Feder and Hofmann, 1999;
Vihervaara and Sistonen, 2014). ~E# e &gt
HSPs?] -2 heat shock factorl (HSF1)ell ©]3|
Zd ¥ tH(Archana et al., 2017).

A0 FHNA  HSFIL  AXE Ui
monomer® A3}, 18y AEd 20 =ET
H HSF1°| trimerE ¥AdstH HSPso &S
T3 THLu et al, 2008; Wu, 1995; Zuo et al,
1994). o] AFollA= DNA AT =wQle] F
7t olgst ZA%e ¥4¥ wW  humand
HSF1(hHSFD®] trimer7} 42C oA AAHE AL
golg = UATHLu et al, 2008). ©] F AlZE|
%l HSF12] DNA binding domain <Foll Q1= of
m 4k 2H7] 363 103(4H2F €363 C103)ol 914
STH(Ahn and Thiele, 2003; Lu et al, 2008).
hHSF19] DNA binding domain HSF1¢] trimer
TZE o|FEE 3 A domainl 2 FHA S
THLu et al., 2008). SFATF hHSF1E AQ|d o2
9] HSF19 F=x okt o] Tl A<
trimerization®l] talA= &R vyl A9 {ih

AgAte] = A o] 78] il o
Q1 goldfish(Carassius HSF1(gHSF1)2]
trimerization =%+ 37C<Q ZA° 2 YEFITHKim
et al, 2015). 12y} gHSF19] trimerE HAJsl=
HAUFS ob4 =29 sth. hHSF17 gHSF19

£3]

auratus)

oful Ak 7] 10304 = CcE ok A
hHSF1o|A = ofu| At ZH7] 363} 1030] B C
o7 YA Utk gHSFIAA A 7] 36 C

oltt. A 7] 103> Yolt}. ©]i= hHSF19]
Trimer 23 EF< S-S bond. & ©|33} Aol
gHSF1oll&= &A1k 455 YEFATHKIm et al,
2015). 3ll51Q1 Walleye pollock(Gadus chalcogrammus)

°] HSFI(wHSF1)9] 10311 7] Folt}, o] &

gk wHSF1ol| o]&3s} dgto] EAstA] b=tk
A& AAbgTE
£ AFo|AE human, goldfish 4! walleye
pollocks 717t Ef-F, dlF0], §5o9 dx=
ol theFgk HSF19] 7] 1035 FAbskaL 1o
w2t HSF19 trimer 7] =%of sl Lobr sk
o 2 AFME FO0F Ast Fdgos g
o]¢] AE#ASL 710 whE HSF19 243}l &
A& FUTh $8+ human, goldfish, walleye
pollock®] HSF1 1039 7|7} Trimer §4 =%l
PEFE MAEA AFE AT vE ol
T o759 sequence= HaLskH o] fFol A 2
HSF1o] A& 347 AddS A Zart
Stk w2 9= human, goldfish, walleye
pollock®] HSF1¢] trimer 54< &34 A

Ao #Fsta 1 2EJAE B eIt

I, oi4 B
1. Plasmid t4& 3 CHHE Xx|

hHSF1, gHSF1 “12]3 wHSF1 c¢cDNAE -3}
+ drelglol o WE pET21b+ (Novegen)i ©]
Aol FHHAUTHLu et al., 2008; Lee et al.,
2023). ¥ 5o M= gHSF1, wHSFI ¢cDNAES ¥
shal= wd WE] pET21b+ (Novegen)® C-Hdt
FLAG (DYKDDDK) Ej 15 A}g3to] 5331t}
W3k hHSFI Cl103A, wHSF1 FI03A % gHSFI
Y103A+= PCR-mediated site-directed mutagenesis®]
°la] T-%FCHLu ming., 2008). Z} HSF1 Zo}A
u|=3= Z}Z} Escherichia coli BL21(DE3)Z 332
Agsict LB wiAol4] OD 600nm7} 0.7 ©]%
5 %24 d9mdS F7tE 2dsy] 9s
0.5 mM isoprofile-b-d-thiogalactopyranoside (IPTG)
E LBl #H7IF9H207C, 16A13F) (Ahn et al,
2001). =k GAE S8l wifds A st
o AXE FH3AY Cell lysis buffer (20mM
Tris-HCl(pH 8.0, 47C), 30mM imidazole, 200mM

o
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NaCl, 1mM benzamidine %! 0.5mM PMSF)=& Ak
&-3to] Somnications 913 AEZE AAESHSAT
0% AAEE(13,000pm, 4TolA 4083 I
His-Trap HP Q HR 5/5
column(GE Healthcare) (Lu et al., 2008)= A}-&-3}
o AAskdth £&7F E2(90%) SHAE
Comassie brilliant blue @S2 F2lsta -80°C
oA HEeFATt.

coulum % mono

2. CROSS-LINKED TRIMERIZATION ASSAY
(CTA) 24

g AZS 4ToA  dialysis  buffer(0.5mM
EDTA, ImM Dithiothreitol (DTT) % X ZE|o}A|
oA A7} E8kE 0.5 PBS €5, pH 7.0y AHE
ato] 6AIZE E_t FAESIT CTAY 4 A
< 0.5mM cross-link chemical EGS (ethylene glycol
bis) SN A 108 F FIE wjkEta,
non-reduced sample buffer?} EFITHLu et al,
2008). mpAEFO 2 TS 95ToA 104 F<F
#o] SWAS ¢ds] WMAAIT] TS non-reduced
SDS-PAGE geloll =93] HSF12] monomer %
trimer®] FThA Q1 %S A3

3. Western blot

100 mge] A%, A%, A, op7hm], 9 1k x4
& +&9l3ko] Tissue Protein Extraction Reagent
(T-PER; Thermo Fisher Scientific, USA)E ©|-&3}
of dwAS FEIlon, FEH WUl
non-reduced 10% SDS-PAGE gelol| 4] loading 3t
T A7 sk A7) g dMAES 45
mm Immobilon-NC transfer membranes (Millipore,
USA)ell %71 % 3% BSAZ 247t %<t blocking
atal 2 AgAolM AR 12 FA|, anti-HSF1
S g 38la(Kim et al, 2022), 4ClA overnight
% Alkaline Phosphatase (AP)7} o] 91+ goat
anti-mouse IgG (Sigma, USA, 22} ANZ WS4
7] AP7} 9] 0= 1-StepTM NBT/BCIP substrate

4

solution (Thermo Fisher Scientific, USA) A28}

WhAl & HSF1 wHd 9] monomer U trimer &
< FQlsksit

m. o5 A3t

1. Walleye pollock HSF1 cloningZl CIE &
E1}9| sequence analysis

o] AT walleye pollock®] ZrollA F&%
¥ HSF1 ©H o ZRE full-length HSF12 4 0]
o, 2713709 nucleotideo] A 1,5817]2]
open reading frame (ORF)Z} &7 5267018 <353}
 opu|AkS gHISH tHkim et al., 2022).

walleye pollock HSF13} ©=01<1 goldfish(goldfish,
Carassius auratus), %3 {(crap, Cyprinus carpio), A
B 2} 4] (zebrafish, Danio rerio)®} <Fo1Q1 714}
] (flounder, Eoj(blow fish,
Tetraodontidae) 7% &% (human, Homo sapiens)
Y F (mouse, Mus musculus), +(bear, Ursidae)°]
HSF1  o}v|:=AFS  multiple
DNA-binding domain 5S35 th([Fig.
1.

walleye pollock®} 7}A0] 2] HSF1 oju] A A
gL 51570, 97.35%7F ARSI, walleye
pollock®}  FWe]  HSF1  ofv]wAke 2567,
52.09%, goldfisho}= 27470, 51.41%7F 2R84
t}. 53] trimerization®] A3 site?] 36W 7 1031
716 ApolE Koledl AR, B0, 3l
ol #ARle] BF C 715 7HAe AR 103
W7 2R FdsHA c)l wbE e
ol Y, dlFels FE 7RIt Aol s #lst

At

Pleuronectidae),

alignment® &3l

fol

2. O|ZH HSF19| Trimer &A %% 2=
T2 wE walleye pollock®] Z=Zlof|4] HSFI
trimer A/d& 2137|918 western blotting<

st 47, drol aen el 4 %

r
Lok
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>>Flounder
>>Blowfish
>>Walleye
>>Goldfish
>>Carp
>>Zebrafish
>>Human
>>Bear
>>Mouse

>>Flounder
>>Blowfish
>>Walleye
>>Goldfish
>>Carp
>>Zebrafish
>>Human
>>Bear
>>Mouse

-—--MELPGG--—-—-—-——-— GAVLPGGNVPAFLNKLWTLVEDPDTDPLICWSPSGTSFHVEDQ
---MEYHGG-------- GAVLSGSNVPAFLTKLWTLVEDPDTDPLICWSKTGNSFHVFEDQ
--MMDLHGGPGGGGGPPGVSNPNPNVPAFLTKLWMLVEDPDTDDLICWSPSGSSFHVLEH
MEYHSVGPG-——————— GVMVSGSNVPAFLTKLWTLVEDPDTDPLICWSPSGNSFHVFEDQ
MEYHSVGPG---—-——-—- GVMVSGSNVPAFLTKLWTLVEDPDTDPLICWSPSGNSFHVFDQ
MEYHSVGPG-——————— GVVVTGNNVPAFLTKLWTLVEDPDTDPLICWSPNGTSFHVFDQ
---MDLPVG--—-————— PGAAGPSNVPAFLTKLWTLVSDPDTDALICWSPSGNSFHVEDQ
-=--MDLPVG-=====--~ PGAAGPSNVPAFLTKLWTLVSDPDTDALICWSPSGNSFHVFDQ
---MDLAVG-—-—-—-——-—- PGAAGPSNVPAFLTKLWTLVSDPDTDALICWSPSGNSFHVFDQ

* Kk A kKA Akhk KKk AhkAhk KArAA Kk K Khkhkkaas

GHFSKEVLPKFFKHNNMASFIRQLNMYGFRKVVHIEHSGLVKPERDDTEFQHPFFIRGQE
GRFSKEILPKFFKHNNMASFIRQLNMYGFRKVVHIEQGGLVKPERDDTEFQHPFFIRGQE
ARFSKDVLPKFFKHNNMASFIRQLNMYGFRKVVHMEHGGLLKPEKEDTEFQHPFFSRGQQ
GRFSKDVLPKYFKHNNMASFVRQLNMYGFREKVVHIEQGGLVKPEKDDTEFQHPYFIRGQE
GRFSKEVLPKYFKHNNMASFVRQLNMYGFRKVVHIEQGGLVKPEKDDTEFQHPYFIRGQE
GRFSKEVLPKYFKHNNMASFVRQLNMYGFRKVVHIEQGGLVKPEKDDTEFQHPYFIRGQE
GQFAKEVLPKYFKHNNMASFVRQLNMYGFRKVVHIEQGGLVKPERDDTEFQHPCFLRGQE
GQFAKEVLPKYFKHNNMASFVRQLNMYGFRKVVHIEQGGLVKPERDDTEFQHPCFLRGQE
GQFAKEVLPKYFKHNNMASFVRQLNMYGFRKVVHIEQGGLVKPERDDTEFQHPCFLRGQE

EEE TR S ERE S EEEEE SRR LSRR E R I A o Y

[Fig. 1] Multiple alignment of the deduced amino acid sequences of HSF1 DNA binding domain (DBD).
103 amino acids are presented by color.

(o 32 1o
MR

[\

cACE &

rlo

Trimer

gz Fd
, Z15°] HSF1¢! hHSF1, gHSFI1, wHSF12]
oA trimer7t B E=A sk &%
hHSF19] trimer 44 <% 2TE 7|Fo0=2
& titrationS 2133}
42°CollA, gHSFI2 37CelA wHFSI> 20T
oA trimerization®] 7} el A L E= I
B1-S 2l sl th([Fig. 2]).

, goldfish, walleye pollocks A% 3. &=

20f w2 0{EY HSF1 mutantE 0|

St Trimer MA ZHQIX} 24

hHSF13} 2] gHSFI, wHSF1% 36¥13} 103
obu] At 717} trimer AYS o] FEA F1F
71§38l goldfish, walleye pollock®] 103 7t
BF  ASE  mutationdl] sYsE F7o=
cross-link A7l ¥ trimer A4 ERIS
western blottinge 33ttt o] 2] Aol A

©m hHSF1

Goldfish
wildtype

Human
wildtype

Walleye Pollock
wildtype

20°C 37°C 42°C

20°C 37°C 42°C

20°C 37°C 42°C

[Fig. 2] Tendency of trimerization of human, goldfish and walleye pollock HSF1 according to temperature
and their trimerization activities were analyzed by Western blotting. Human HSF1 proteins are
activated at 42 °C. Goldfish HSF1 proteins are activated at 37 °C. Walleye pollock HSF1
proteins are activated at 20 °C
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A

F103A
Walleye Pollock

wildtype mutation

Walleye Pollock

B
Y103A
Goldfish Goldfish
wildtype mutation

20°C 37°C 42°C

Trimer

Monomer

20°C 37°C 42°C

20°C 37°C 42°C 20°C 37°C 42°C

i e

rem— el T i X T R i r? ety it i i G

[Fig. 3] Trimerization of goldfish and walleye pollock HSF1 mutants according to temperature and their
trimerization activities were analyzed by Western blotting. Goldfish HSF1 mutant (Y103A) and
walleye pollock HSF1 mutant (F103A) proteins are not activated at any temperature

hHSF1-2 103912 CE A T ST mutation 3}
o 2L NE trimer’} WA HA] LUTHLu et
al., 2008). gHSF19} wHSF1 9 A] mutation 3+ 73

ol LEME trimer’} AAEHA = Ay
£ I8k th([Fig. 3)).

V.4 g

o}F A9} A eA HSF1o st 3
A BYA, £ AEYA, dFeAEAT}
st o AEH X2 wFo] HIS
& Wr=ThIwama et al, 1998). EA3}¥ HSF1S
heat shock gene <ol $Xgt HSEs®} 2 §stod
HSPsE = 3dtk(Baler et al, 1993; Kroes et al.,
1991). ¥ A oA} RACE-PCR Z2Hs o]43}o]
walleye pollock®] Z+F ZZA oA HSF1& U3 3)s)
i full-length ¢cDNAS] #2]E Ra18kelch HSFI
DNA binding domainS 2 HEH X & At
e E5AHORZ  gttf(Damberger et al, 1994;
Harrison et al., 1994; Vuister et al., 1994).

o] el hHSF1> & XE#A 9 7|gf AE
gl 2o whgsto] A7 HaE QoW (Sarge et
al., 1993; Koizumi et al., 2007; Prasad et al., 2007;
Uenishi et al., 2005; Rabindran et al, 1993),
hHSF19] As}et2 52403} hHSF1 AAF WAYF
< monomer “JE|Q] hHSF1 36¥3 = ThE
monomer hHSF1¢] 103 Z7] 719 Ag-s 3|

I~

3= 2
=d 2
]

o% rlo o2

(o]

o

[s]

O] F0]2]:= homotrimer=} 1 &2 4 Q1 th(Mathew et
al., 2001; Akerfelt et al., 2010). 1&.} goldﬁsh_ﬂ—
walleye pollock #2 o]FolA HSF12 A+ &
A w7E 2A Atk 2 AFellA goldfishi=
37CoAA & AEY 20| 23 gHSFI trimer 2
o] =Sk}, WS walleye pollock= 20T A
wHSF1 trimer & 0] =3FoH([Fig. 2)).

gHSF1+= 20 ColM & trimer’} A4 ¥ A $FEt)
ol Fof ts AEYAE WA okow 30T
7F dojzk wjRE AEYAES W] Azeirhs
g AARSILE SAIRE 37TCE Ho] o] w2 &
Tl 2T7 H9¥ trimer’} AR = S Hol
Agtol WMEA Xata otk s & F 3
o E3 wHSF1> 20ColA  trimer’} 4 = o
FAHA 37CE 227t 7P trimer H
Hx] okerh £& AE# A 9% HSF19
trimer”} goldfish 2.t} Wl w24 vk 2591 20T
A AR 37CoM = AYA] 3} trimer
7h BolAE AE E1E vk

Z+ZFS AR mutation A S Wtrimer’} A3 &
A o= A IN[Fig. 3])¥ hHSF1°] 3612 103
718 AFoE Trimer’t A ¥th= 35 &
3(Lu et al, 2008), 103¥o] C¢l ¥ /7= HSFI
©] Trimer &4 &X7} 42C% hHSF1%} fALSH
. 103He] Y P50 trimer A 2%7F 3
7CE gHSF1¥ FAFSHS Hlth EE3H d4ols
2 E5F 1039 #7)7F Fol o]59] trimer A
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>>Salmon MEFHVGGSVGVVVSGNSVPAFLTKLWILVEDPDTDPLICWSPNGNSFHVFDQCRESKEVL
>>Trout MEFHVGGSVGVVVSGNNVPAFLTKLWILVEDFDTDPLICWSPNGNSFHVEDQCRESKEVL

***?*?*****‘k****_1’****f******'l'****‘l'******T**********‘t*******
>>Salmon PKYFKHNNMASFVRQLNMYGFREKVVHIEQGGLVKPEKDDTEFQHPYFLRGQEHLLENIKR
>>Trout PRKYFKHNNMASFVRQLNMYGFREVVHIEQGGLVKPEKDDTEFQHPYFLRGQEHLLENIKR

R R R R SRS R S R SRR R R E R RS R R RS RS EEEEEEEEEEEEEE SRR S EEEE S EESE

[Fig. 4] Multiple alignment of the deduced amino acid sequences of HSF1 DNA binding domain (DBD).
103 amino acids are presented by color.

>>Kogia MDLPVGPGAAGPSNVPAFLTKLWILVSDPDTDALICWSPSGNSFHVLDQGQFAKEVLPKY
>>Physeter MDLPVGPGAAGPSNVPAFLTKLWTLVSDPDTDALICWSPSGNSFHVLDQGQFAKEVLPKY

B e e e e e e e e e e e e e i e e e e e e e e e i e e e e e e e e i e e e e e o

>>Kogila FKHSNMASFVRQLNMYGFRKVVHIEQGGLVKPERDDTEFQHPCFLRGQEQLLENIKRKVT
>>Physeter FEKHSNMASFVRQLNMYGFRKVVHIEQGGLVKPERDDTEFQHPCFLRGQEQLLENIKREVT

E i e e e i e e e e e e e e e e e e e e e e e e e e e e e e e e e e

[Fig. 5] Multiple alignment of the deduced amino acid sequences of HSF1 DNA binding domain (DBD).
103 amino acids are presented by color.

ZEE 20CHE I o Utk 7V Ad e 259 #do] dtk(Lu et al,
olg]8t AF}= goldfish?} walleye pollock’} 4] 2008). human ¥4t ofyz} ¥-F7< AH S
28HE =27 HSF1trimeryd, & 433 &% Oﬂ/\] HSF1°] 1031 H]t— Co]

7b BNl Eoe As ]*PU}E‘r o]l 2 ool gy AREEQ]
walleye pollockt= <7012l goldfishell B]&] A2] ﬂ o]t AFS Sl HSP§ 1 R = e R
A& Fo] uyrh 3 ol AAEE HSFIY timer A %7 Aol o= A
goldfishi=  A2)A|e] o] dFret Erh 2 THFo] FIAW dgel] AAshs e
walleye pollock o9l Flgole] diEd 7HA HSFIE T3 & ¢ Ak ndEE dlgolA] Ao}
, Bo]& HSF19] 1031 Z7]7} Folil goldfish  7F=  Ef-Folth. & (Kogia)t e
o o] ©roiql oo, ABety A= 103 & (physeter)®] HSFI+= 36W3 1030 Z717F 5% C
717F Yotk dl¢et B4E BT o7bs ot Z 42TolA timer’t AAEE FHI FUg of
Z1grefolm tiEARl oAlR dof(salmon,  V]=AhE ZRITK(Fig. 5]). @ dgrel AAst
Oncorhynchus  keta)$}  &l(trout, Oncorhynchus ~ ARF | 2°] 36-38C= TrX] 371 &l =A7F A
masou)’t ATE. 7150l ]l - 74A o] 7] HSFl= 1 1 HiFES AAEoR  olFojx 3l
alignment $t A7} 103 717} Y& $91 & Uh(Nakamura et al, 2020) ©]&= ¥l 52 ~E
I Atk([Fig. 4]). T2 %?% BF et 71 dAE o8 dlgog #Zo] 20C7F obd Ales
ol Afole ol A 2 g9l & "HolAs 42T A LU]“% HSF1 trimer 3+ T}
Lol g 2 AEYA HLOV]Z}O] FAEAN B ETHFEH
U= 2SS AARSIHL e e
HSF19] 10391 7)== ofF ¢lo] X579  HSFI19 5
HSF1 trimer 220l J&FS w3t} o]de] & Oi@r I
72 A3 20| human®] HSF1?! hHSF12] trimer =9 AE
YL EE 42Co|tt o= AFESY] A& AlA 94 F AEF

H

"

el

Hil

re

/] HSF19] trimer &3} %9}
Ao ABAFE Fdl Ay AR
2o o3 HSFI A7 7]% =}

oo oy

_%
of
<
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