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ABSTRACT

' \\‘

\ : . " The sérum of the winter flounder Psendopleuronectus ot

) americanns contains one principal antifreeze protein of.\
10,000 daltons in ‘the winter. In yitro incorporation:
w1th radloactlve alanine in the flounder' s liver showed
the occurrence of one maJor radloactlve component of ‘

16, 000 daltons on Sephadex G~75 columns in 0: 05 M NH4H003 '

:‘buffer. pH, 8. 0. as. well as in 8 M. urea, Q. l M trls—glyclne o W
buffer, pH 8 6 contalnmg 50 mM ﬂ-mercaptoethanol, One o

o maaor radxoactlve component was ob'served on SDS and urea L

“trls-glyclne dlso gel electrophoresxs.' Upon mlld tryptlc “JZT“:?:
. ‘digestion. this component ylelded fragments havmg the same

elutlon pos1t10n.on “the gel flltrat1on column as- compared

14

. to authent.tc antlfreeze proteln. \The synthes15 of ttu.s
« 16, 000 component in the fall (October—November) correSponded
closely w1th the serum antlfreeze level and was absent .

 from fish caught in the summer. However, the radloact.thy

e i et s A et e 5 N e LD

"in thls 1n v1tro blosynthetyp Rgoduot could not be oonverted

to antlfreeze proteln using pulse chase experlments w1th -

puromycin,w nor w1th cold alamne. S oo

.' - a An att’empt was made to purlfy thls,,antlfreeze lJ.ke _: -

S . polypeptlde from bulk. materlals. Am:l.no acld analyms and
Cooo r
R enzymlc peptlde fmger ,p‘rlnts showed close structural

s:.m:.larity between th].s material and authentlc antlfreeze
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INTRODUCTION

Strategies‘for"Survival in Sub-Zero Environments

Many organisms live and survive in sub-zero temperature
. ¢ . L

environments. This freezing habitat poses serious

4
»

: difficulfies for'thehsurvivai'of'the preganism because . %
" these cold temperatures are often lethal due'to the . o ?.
formatlon of 1ce in the tlSSUeS-‘ The crystalllzatlon of .: . 5.
water to ice can result in hlsteloglcal 1nJur1es, both by "":ﬁ

. mechanlcal damage and‘dehydratlon as water is belng = -

ﬁ\ removed to form ice. Dehydratlon can result 1n changes in .

’ pH concentratlon of certaln solutes to toxlc levels, and _ '].

'incréased electrolyte concentratlon.' ,

.
A

Consequently. varldus strategieS-ﬁave beenAevolved in
order for the organlsms to survive ‘in these env1ronments.

(i) Some specles. such as ch. Gadus, morhua. avoid freezing

e St oo il e o e T B RN

by mlgratlng to -a warmer enﬂlronment (11) Other specmes.

as. varled as the Alaskan beetle. Pterostlchus brev1cornls

(1) and. the deep water flsh Icelus spatula from Hebron

Fjord, Labrador (2), surV1ve by supercoollng. ThlS coolln;
of body‘flulds below the freez1ng p01nt 1n ‘a liquld state j

is acoompllshed by the accumulatlon of small moleeular~

N
g ot e 2, -,

’welght compounds such as salts, polyols, and sugars.'f
However. the resultant fre921ng p01nt depres51on of the
body flulds lS an unstable condltlon. ~qu example. un-“
—laboratory COnd;tlons when the. water surroundlng a supercooled

. \ + . . \ . . . . . hd
) .
] ' . - . . v .
. . o, . - . . .
.
)
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fish was.seeded with ige (2)..the fish was immedfetely
frozen to'death..e(iﬁiﬁ Various intertidal mussels'and~
invertebraﬁee can toleraﬁe freez1ng. Incapable of migration,
these species endure freezing and thawing twice daily for
many months as a result of exposure to the atmosphere
durlng the rise and fall of'tldes-(j,U) | (1v) Many
spec;es manage to- surV1ve in the freezxng env1ronments by’
‘:synth351z1ng serum macromolecules.. These organlc antl- L
',freezes have been observed in Specles as varled as thef'

“,Antarctlc flshes Trematomus borchgrevmnkl and DlSSOSthhuS

,;magsonl (5,6 7), the Arctic polar cod Boreogadu salda (8),--

"the winter flounder Pseudopleuronectus amerlcanus (9). and

'.p0551bly the 1ntef%1dal mussel Mytxlus edulls (10) and the-

‘overw1nter1ng larvae of’ the darkllng beetle. Meracantha

.contracta (ll)

. A .
e T )
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. Background to the Study

A. Blood Serum Macromolecules and Freezing Regisfgngg -

The first suggéstion that differences in.resistance
to cold might depend on differences ip tpe physical'and’
chemlcal properties of the blood of anlmals ‘was made by

.De. Reamur ln,l?36 (12) _He obserVed that- the blood of-
;;caterplllars of dlfferent spec1es froze at deferent.
“,temperatures._ ‘He llkened their blood to brandles of

dlfferent strengths based on the observatlon that a weak:.

[}

".‘ffbrandy freezes at a temperature at whlch stronger llquor -

remalns fluld.' De Reamur stated that although the blood
of blrds and- mammals freezes it temperatures much hlghers
than that of lnsects, these anlmals are protected agaxnst‘
. free21ng by thelr "innate heat" ' ) o e
Much later, Arctlc explorers becameiintrlgued w1th
'the manner in whlch flsh surv1ved freezing.. Many tales

- were recdrded such as that of Turner in 1886 (13).

descrlbed how frozen Alaskan blackf1sh. Dallla pectoralls.

',were chopped out of 1ce blocks in whlch they had been stored -

“"for weeks and fed to sled dogs- Much to ‘the bew1lderment
_Qof the dogs,,and the explorers, the dogs regurgltated the
flsh which had been thawed and came. back to llfe 1n the
" warmth of thelr stomachs. ThlS ast;undlng re51stance of
{polar fish- to freezing was relnvestlgated ny Scholander p

‘and his-bolleegues (13).- Their studles (2 1, 15) indicated

L et e bsanRah a0
. N




“the low blood seru

L,
that the serum of many Arctic fishes had a lewer‘freezlng
point than that of fishes from more-tempera@ﬁ@@ones.
Their data indlcated that in the serum, there were

trichloroacetic ac1d-soluble, non-salt compounds. whlch

‘alded in the lowerlng of the serum freezing temperature. r

b)

The fqeezing polnts of blood serum from human and

mgst fish are w1th1n the range of. -0.5 to -0.8% (16)

However, the serum from certaln flSh 1n Antarctlca, where

.:water temperatures can. be as low as -2° c, has ‘a much. lower

'"z.freez1ng p01nts‘-2 07°C for T. borchgreV1nk1, and 1 99 C for-

D. mawsoni.” When such serum was. subJected to extensive

dialysis, it was observed that-?O%,of the greeZLng po;nt_

. depression was due to the,presence of dialyzable;salts,

while 30% coﬁld be attributed %o nondialyzable high

molecular weight glysoproteins (16). Similarly, 40% of

freezing temperature of the winter
flounder can be attrilluted to the presence of a 'serum
(9). R

"B. Occurrence of Antifreeze Protelns .

antlfreeZe protei

. &
Scholander's initial ;observation that antifreeze

macromolecules occurred in Northern polar.fish.was further

substahtiated'by Scholander and Meggert (17), Hargéns (18),

, R R4 . . o } .
and Raymond et al. (19) who noted its presence in Eleginus

gracilis, the saffron cod. ‘Aﬁ antifreeze substance was

ilso found in the winter flounder Pgeudopleuronectus .

T
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americanus.(9,20), a speCLes indigengds to the Northern
Atlantic coastal waters of Canada and the United States,

and ig the polar cod.Boreogadus saida from the Barents

Sea north of Russia (21).

: At present, there are two distinct types of antifroeze
protéins found in ﬁishés - the proteih-antifreeze.(AFP),
- and the glycoproteln antifreeze (AFGP) The AFP has no
sugar groups a58001éted Wlth 1t and is found in cold water'

:ﬁfish suchéas the wi ter flginder (9, 20) and the short-horn ~'

u‘sculpln Myoxocephalus Verrug¢osus (19) To date. antlfreeze,,:
proteins have beeﬁ found ly in fish from cold, but not -
" polar waters (22). DeVrles and WOhlschiag (5) were the
first to réport on the existence of an.antlfreeze
.glycoﬁrotein in Antarctic fish. Antifreeze glycoproteiné
are found iﬂ Antarctic fishes such as Trematomus

E . [ _ o . -
orchg;evinki. Trematomus bernacchii, Dissostichus mawséni

(16). and 1n Arctlc fishes such as the Saffron cod E.

gga0111 (9,18 19) and the polar cod B. saida (21)

"C. Characterlzatxon of Antifreeze Protelns '

The antifreeze glyooprotelns from the Antarctic flshes'
(6, 23,24 25) were found to consist of a famlly of«8 . protelns
~ and were de51gnated AFGP 1-8 based on thelr relatlve '
migratxon'on'gel'electrophores1s (16). The molecular ‘
weight range of AFGP 1 to 5 is 130, 000 to 10; 500 daltons.

The basic structure of AFGP 1 to 5 (as shown’ in Figure 1)

.




is that of a repeating glycopeptide unit eomposed of ,
alanyl-alanyl-threonine, wifh“a disaccharide glycosidically
linked to the threonine. The disaccharide is galactosyl-
N-acetyl galactosamlne with a ﬁ 12 3 internal llnkage.

.Thls basic unit is repeated 17 to 50 times in these active
AFGP Tglecules‘(l6). The carboxyl‘%ermlnal of each polymer '
ends with one or .two alanyl residueé. The AFGP 6 to_ 8

are smaller- components (16 22) which contaln prollnes

follOWLng some of the threonlnes in the peptlde chalns (26)

‘ Unllxe glycopeptldes l to 5, AFGP 6, to 8 have been consxdered'

to have weak act1v1ty (16), or no actlvlty when tested alone
(22) f However. wvhen these smaller antlfreeze glycoprotelns,
AFGP-7 'and AFGP 8, were tested as mlxtures w1th the larger
AFGP 1 to 5, a 2 to B-fold potentiatlon of antlfreeze .
activity was observed (27) Recently, Osuga and Feeney”h
(28) have conducted a detailéd comparlson between the

\ glycoproteins of the Arctic B. saida and the ‘Antarctic T.

borcngrev1nk1. Desplte dlfferences in the number of multlple

molecular forms,: the.sequence-and compos1tion of the active
fractions appeared to be identical'iﬁ both speéies (28).. '
In oontrast to those spec;es with AFGP the sefum of

the w1nter flounder Pseudopleuronectus amerlcanus contains

one.mejor antifreeze proteln of molecular-wemght 10, 000
daltons (20,29). "This estimation of molecular ‘weight was

based 6n gel filtratiaon chroﬁafography.'SDS disc gel
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Pigure 1 fSLruEfure of antifreeze glycoprotein -
: (reference 14) . L
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zﬂ.,of these peptldes (30) are ln close agreement wlth that

'flounder serum u31ng 1on exchange chromatography. Recently

,reported value of’ 6 OGO (31) The amlno ac1d comp051tlons
ot the 10, ooo W antn.freeze protem shown in Table 1. P

fIt is llkely that flounder serum eontalns proteases :_iJf. : Qlflv

:' whlch degrade the lO 000 Mw component to peptldes o£ :

-‘dlgested peptldes (32) As seen ‘in Flgure 2 there are no. -

' chlusterlng of alanyl re31dues 1s apparent.' Slmllar antl- C '.4.5

electrophoresis, and amino acid analysis. Other:researchers -
(30) have reported the presence of three peptldes of ' L ™~
molecular weight 12, 000. 8,000, and 6,000 daltons in - :

the molecular welght of the thlrd peptlde was’ corrected to

a value of 3, 300 dlfferlng from tu;t of the prevxously ”L3

r»,' . v

[
varylng smaller molecular welghts 1n the sprlng durlng

. I
its’ normal clearance. L

Amlno ac1d analy51s of AFP (Table l)'reveals that .-

'alanlne accounts for,. apgfexlmately 60% of the reSdees
"'(32) The flrst l -28 amxno ac;ds have been determined by

',rproteln sequenclng as well as by the 1solatlon of enzymlcally

obv1ous repeatlng unlts 1n the structure._ However, the«‘g‘

ifreeze protelns have been reported 1n the sculpln B ffJf : .

'jMyoxocephalus verrucosus (19)‘l‘-n'f 7,;; i PR A

AFGP has been the subaect ‘of exten51ve chemlcal
modlflcatlon studles.. One strategy employed in the study

of structure-functlon relatlonshlps in AFGP is the degradatlon

-
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10.
1 o ' 10 ]
Asp-Thr-Al&-Ser-Asp-Ala-Ala-Ala-Ala-Ala-Ala-Leu-Thr-Ala-
‘ .20 ' 28

Ala-Asn-Asx-Lys-Ala-Ala-Ala-Glu-Leu-Thr-Ala-Asp-Asn-Lys-

“©

Figure 2 N-terminal amino -acid sequenceé of the anti-
freeze protein (reference 28)
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of the polypeptide chains with subtilisin or with fungal
proteases (23).’ This»treatment resulted in a loss of
antifreeze actiﬁify. 0f particular interest was the
observation that hydrolysis of fewer than two peptide
bonds in glycoprotein 5 (MW 10,500 g/M) resulted in a loss
of antifreeze activity (lé). Furthermore, when smaller
glycopeptides were isolated in pure form from enzymic:
hydrolysis of AFGP 5, they had no significant antifreeze
activity.

A secondlaﬁproach in the study of structure-function
relationshipg of the AFGP involves the chemical modifications
of the carbohydrate side chains. Oxidation of the terminal
hydroxyl groups (C-6 hydroxyls) of the sugar of AFGP to an
aldehyde by D-galactose oxidase does not destroy anti-
freeze activity (25). However, all other chemical
modifications of the disaccharide side chains result in
the destruction of the antifreeze activity (6,7,24,25,33,
34,35). For example, the further oxidation of these
aldehydes to acids with iodine, or formation of a complex
with bisulfite results in a.loss of antifreeze activity (25).
Treatment of the bisulfite adduct with gcidic solution,
which rembves the sulfite, resto;es biological activity.
Periodate oxidation of 80% of the galactose residues,

elimination of carbohydrate with 0.5 ,N NaOH, or acétylation

—.
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of 35% of the ?arbohydrate hydroxyls with acetic anhydride,
also destroyed the activity (23). Complete restoratian of
the antifreeze activity was affected by déacylation of
the inactive acetyl glycoproteins Qith hydroxylamine (23).
Complexing of borate (6) with the carbohydrate moi;ty also
caused a loss in antifreeze‘activity (7,34). Thus, studies
in structural requirements for antifreeze activity imply
that both?the égrbohydiate side chains and the poiypeptide
chain are important (16). -
‘Structural. studies héve indicated that there are
fdndameﬁtal differences in secondary and tertiary -
structure between the AFGP ana AFP. Based on intrinsic
viscosity measurements of AFGP at 0.5O and 11°C, Antarctic
fish glycoprpteins are bélieved to have no ordered
structure and to exist in the random coil configuration
(6). In contrast, circular dichroism studies (36) indicate
that flounder AFP exists in an approximately 85% olhelix
con{?rmation in aqueous solution at -1°C. In addition,
viscosity measurements on dilute solutions indicate that
at'-lOC, AFP assumes-an asymmetric or rod-like shape,
whereas at 20°C it exists in a more extended'structure.
These differences in the ,secondary and tertiary structure

between AFP and AFGP have been attributed to the presence

of disaccharide moisties in the Antarctic AFGP (36).

(4
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Circular dichroism studies of the AFP of M. verrucosus
(37) showed, like those reported earlier for P. americanus
(36), an approximate 70 to 80 percent right-ha?dedtihelix
content. It has been sﬁggested that because AFP and AFGP
have such dissimilar conformations in solution the
biological activity of the antifreeze does not require
their having a particular secondary structufe'(37).

t

'D. Properties of Antifreeze Proteins Related to the

Behaviour of Ice in Serum

AFGP and AFP. h;ve a number of proﬁerties in common -~
regarding the freezing behaviour of ice ih éerum- Normally,
"freezing pointy is the temperature at which a solid is

P in equilibrium with its liquid form, ?nd thus freezing
'point and melting point are considered to be the same.
However, AFGP and AFP lower the temperature at which ice
will form in the serum but do not lower the helting point
of ice. Thus the proteins ane regarded as having "anti-
freeze" properties, the emphaSis being that only the
ffeezing behaviour and notvthe me}ting behéyﬁggn_of the
serum is affected. This freeziné point and melting point
difference has been referred to as a-thngal hystefegis in
the freezing-melting behaviour (38). It has been noted
that fishes living in the coldest ice-laden water have the
largest freezing and melting point difference. Thus the

Antarctic i. bdrchggevinki inhabiting -;.900 water has a
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A 4

seéum freezing point of -2.34°C, a serum melting point

of -1.07°C. and a freezing point-melting point difference
of 1.27°C (39). By way of pomparison, the North-temperate
P. americanus inhabits -1.2°C water in winter and has a
serum freezing point of -1.47°C, a serum melting point of
-0.71°C, and a thermal hysteresis of 0.76°C (39). This
hysteresis in the freezing—melting behébiqur provides
additional éﬁppqrt for the fact that antifreeze profeins
act in a non-colligative manner (39). If the low serum

freezing temperature were attained solely by co;ligétivé

means, the concentration of coiligatively acting substances

such as sodium chloride would exert osmotic pressures far
in excess of what mos£ tissues can tolerate (16).

It has been reported (6) that the active glycoproteins
lower the freezing point of water 200 times more than do -
other comparably sized proteins su¢h as chicken lysozyme
(Figure 3). As can be seen in Figure 3 the AFGP is more

]
active than'a comparable weight of NaCl. These freezing

point-depression curves indicate that there is a saturation

phenomenon at higher concentrations which is not found with
other agents which lower “the freezing point. In addition,
there‘ié\an addit;veAeffect when a mixture of AFGP and -
sodium*chio}ide,were tested together.

\ .
Various ‘mechanisms have been proposed for the action

of the antifreeze proteins. Experimental evidence suggests
e .

4

"
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4
A
1

i

|AFGP 4-0.05 M Nacl
' - N

~

FREEZING TEMPERATURE ( °C)

_'0.744:—.
~oss8l- .0 o/ Arep

—0372

“".0"86 galoctose . .
. Zchi'ckeh lysotyme
| 0= : 4 Fo™ e |’ . ‘
0O 4 & 12 16 - '
. SOLUTION (mg/ml) . »
.,
Figure 3 Freezin/g points-of solutions sodium chloride,
galactose, lysozyme, and AFGP 3,4, and 5. (a )
1 milliosmol ®wlution has a freezing point of
-0.00186°C) (reference 6)
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that the site for the functioning of antifreeze molecules
is at the ic”e—water interface (25,40), a so-called
interfacial surface interaction (21), where the proteins
adsorb to the ice surface and inhibit further crystal ~
growth by an.ad30rption inhibition ‘n}e'chanism. One of the
1mportant aspects of this model is that the AFGP and AFP
'recognlze the ice, bind to it, and 1nh1b1t further crystal
'growth by pr'e sentlng a barrler to the advancmg front \{)\f

. water molecules which are attemptlng to’ lJ.nk wit the 1ce
lat-mg:e. o | " ' j (

" Thére is éxperimental evidence (41) that specific .

.binding does occur because during freezipg the glycoproteins.

are equally partitioned between the liquid and solid -
‘phases. Antifreeze glycoproteins, unlike solutes suéh as
sodium chloride, ga_].acto'se, and large molecular weight
déxtrans "(’MW 26 000-40, 000 daltons) are not _exéiuded
from the Solld phase during freez:.ng. Galac:tose and .
dextran tend to concentrate in the lJ.quld phase when |

frozen in: solutlon. If tubes COntalrung solutlons of the

RN
glycoproteins and ‘NaCl are frozen 1n the lower half of the

» tubes, the unfrozen upper p‘ortx_on of the solutions does.

not show an increase in NaCl concentration. This is -

L 4

contrary to the behaviour exhibited by HaCl alone in

solution (40,42). In‘tk;is: case the glycoprdteins do not

o
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prevent the concentration of the NaCl, but rather affect
mobility of the NaCl by compartmentalization of thegbrine
in spaces between ;oe spicules. This compartmentalizatién
has been attributed to fhe onusual needle-like étructure
imposed on ice when adsorbed to the glycoproteins.

_The detailed'mechanism by which the antifre'éze -

. molecules blnd to the ice lattlce remalns to be elucldated.

\One feature in c0mmon between the Antarctlc flSh glyc0prote1n
and the flounder antlfreeze proteln %s that thelr molecules
\are composed ‘primarily of alanlne.. The methyl groups of

. Rn
these alanlne re51dues may play a crltlcal role in '

' preventlng the formation of ice crystals (25). The inter-

action of the hydroxyl group in the disaocharide of AFGP
with the{ioe‘nuolei could expose the hydrOphobio'methym
groupsAto'the‘so—called'mater side of the ioe-water
‘interfaces It .has oeen suggested that tmese hydroxyif
groups of~AFGPmoah be.replaced ;;Athe carboxyl groups of
the aspartlc and glutamlc acid of AFP (30). A synthefic

polypeptlde wlth structural 31m11an1t1es to- the flounder

. AFP has, been synthe51zed (hj) This polypeptide is 2 .

~random copolymer of alanmne and aspartic acid ' (Ala:Asp =

211 in molar ratio) with approXimateLy.oﬁe‘third of the .

~ A

antlxreeze actlv;ty of the authentic antifreeze proteln of
wlnter flounder. Systematlc synthesxs of varlous analogues

should elucidate more precisely the role of hydrophllzc

4.
2

-,
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and hydrophobic - groups in AFP and AFGP (21).

E. Determination of Freezing Resistance in Fish

When one mole of non ionic solute is added to one
k1logram of water, the colligative prdfpertles of the
. resulting solution are usually changeds i‘reezing point is
lowered 1.86°¢C, vapour pressure is lowered O. 3 mm Hg
(vapour pressur'e ef pure v'nater = 17 mm Hg), boilmg
.pomt 1ncreases 0. 52 C, and osmotlc pressure 1ncreases
17,000 mm He (7, ooo mm Hg = 22.4 atmospheres) T
| Osmolallty was flrst def:.ned in 1931& (M&) as the
'osmotlc concentratlon of osmo’clcally actlve partlcles.
This 15 a wldely accepted measure of blologlcal
concentratlon. and the common unit ef expres51on is
) m1lllosmol/kg H,0, or s1mply mllllosmols. Methods of \
molality measupement pz,"onde an opporturnty to deflne
osmolal:.ty because . . I

osmolality = # n molality |
where ¢ = oemoti..c coefficient or percent
| -deviation, fr!o;n "ideal" behaviour
(complete di..s.sociatior;. no water

- ‘binding, etc.)

n = number of particles into which

~

molecule '-ca_n. be broken (1 for
sucrose, 2 for NaCl, 3 for.

K,S0,, etc) N
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Any of the colligative prdperties can be used to indicate -
osmolality. Each method has its advantages and dis-
advantalges. However, freezing point determination, with
the available commercial instruments is the most sensitive.

of all the colligative techniques. Furthermore. lt prov1des

4 the only technique in whlch sample can be recovered.

At the present tlme, the problem of descr;bing
freez1ng resxstance in _fishes is greatly s:mellfled by
equat:.ng the i‘reezmg point to the temperature of ice
formation in the serum (39). Thus, by common usage,
osmolality is c;lrectly proportional to the freezing
teﬁperature. The teéhnique of measuring freeiing point
is cr:yoscdpy. Usually there is a lowering of the freezing |
point below 0°C due to the presence of salts in water.
Tﬁe 'gfeatef the cpncentration'of salt per unit of solvent,
the lower the free'z-iﬂg-point. Thus thare i.b: a nearly

-

linear relé.tionship beﬁyéqn osmolality and freezing point
such thats ' ) i
1 mOsmol/kg = 1.858 millidegrees C

Advanced osmometers are instruments des1gned to

measure freezmg po:Lnts of hqulds. Briefly, the method $

.used in a freezing »po_int osmqmeter involves placing the

sample to be me_a's‘ured in a glass sample cup. When the -

head of the machine is lowered the sample is immersed in

,;"a 'c:old"bat\h and supercocoled several degregs below its
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freezing point. The curve of freezing (Figure 4) is
traced out by a galvanometer spotlight and after the
solution is supercooled, the sample is vibrated violently
for one second via a stir wire. As érystallization occufs.
heat of fusion is liberated and the sample temperature
raises. The sample will stay at equilibrium between
freezing and tﬁawin‘g because the ice crystals form a
"blanket" of slush wh'ich insulates the.. centre of the sé\mp_le
from Ithe Aco‘_ld,ba't_h'. Thus the %n’tre of the sam'.plg becomes
independent of the environment or "adiabatic". Aﬁy "'
changes tha{; occﬁr are dué only to in.terrrxal causes, i:h::a.t :
is the heat of fus:fon is equal to 'th.e heat re.jLeas,ed when
the supercooled liquichrystallizes. During this period
of isolatibn, the centre ‘of the sample alternates between
thawing and freezing and the heat of fusiéen }'eleased when
one crystal is formed mel}:}s an adjace'nt one.' The heat
absorbed during thi‘s melfing causes the first crystal
to freeze again - and vso the process continues. -This
‘temperature plafé'au makes the mea_su!iementl of the freezing
point of the sblutiqn relatively easy. The slush blanket
will finally break down and allow the heat to leak oi,rt to
‘the bath. The sample turns solid and cools to path 4
temperature. ~ A

Measurements of the osmolality of the Winte'r flouhder's

‘serum at various times of the year with an Advanced
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3 ~ . Cold bath
Complete blanket finally
. of slush-ice keeps | extracts
Internal heat of fusion from. . heat.  Sam-
vibration bath. Sample stays ' ple cools
freezes atequilibrium be- ° down.
sample’ . ‘tween thaw-freeze ' . . S .
. } SR : l','li‘reeging ‘
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slow , "
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Figure 4 The curve of freezing in an Advariced osmometer
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W : .
osmometer have shown that the osmolality of the flounder's

serum is inversely proportional to the ambient sea water,
. 2

température (‘-_FS).‘ As can be seen in Figure 5, the osmolality

of the flounder serum increases from 330 mOsm in October

to more ‘than 600 mOsm in J anuary and February when the

monthly average temperature of the seawater :Ls at its

1owest of -1 C. As the seawater warms up the osmolallty

starts to decllne and reaches a mlmmum value of 320 330

mOsm in June and July when seawater temperatures are o

12~13 C. These measurements are the monthly averdge of LL

‘yea:rs results (June. 1972-May, 1976) with appronmately

10-30 fi sh per point. Almo st 40% of thls J.n%rease in
osmolality in the flounder -serum has been shown to be )
due to the presence of anjc:l_.'_free'ze protein (9). Thus, when.

the winter seawater. teinper'alture is as low as -l. '2°C

.lnorganlc salts present in.the serum of the winter. flounder

lower the serum freezing point to -0.7°C. Tr_;e presence of

2

the serum antifreeze protein lowers the blood serum

freezing point the additional 0.5°C necessary to protect

" the flounder from freesing. It has been established that

antifreeze pAt"otei.nA is not found in flounder ‘serju'm during
the summer (32, ‘I‘hie sea.sona'.l-appearance of ant'ifree'ze
protein is belJ.eved to be regulated by env:.ronmental s ‘
factors such as temperature, photoperlod (46), and ‘the ‘

endocr:.nee (llr?) R o L

e ”

.
nr e B e Pt v
. -

-




Y il

¢

'PLASMA OSMOLARITY ;mOsm/Kg o—

’C Koveamm =%,

o
0
O

."
s

.
[0}
O

£
0.
o

~

]
Y

;SENWATER‘TEMPERATUREIN

"

=

- ' N
@

st .

°

S

=

’Aug,S.O',N.‘b J

Figure 5.

F M A M J ww

MONTH

2
~

'I‘he seasonal variation in the plasma osmolallfty
of the winter flounder: (reference 4sy

PR

. . ° : . v, ¢
B . -

4

v

«o




Rg

»t

2

24,

Relevance and Purpose of the Study

Many facets of the phenomenon of %emperature
acclimation are not fully understdod. Studies on thée
temperature acclimation of fish could provide information
about the adaptability of these organisms to environmental
temperature variation, and the physiological mechanism
underlying these adaptations. ' A thorough understanding of
éhe_adaptive processef of fish relative to environmental
parameters ﬁay*indicate the extenf télwhich.environmental
manipulation is pogsible. Furthermore, it coﬁld provide -
the crlterla whereby genetlc selection could be controlled
to alleVL&te problems arlslng from env1ronmental changes,

and even lmprove on the.eilstlng stocks of aquatic food

resoufces: Ultimétely.*such~studies could @rovide insight

into the adaﬁt;ve'procééses in-humans, and possible

mechanisms for the fqgulatory contfo% of metabolism in
L .

I’ -
* i

general. . ‘ ‘ .
Z 0 R
Becauge of the seasonal appearance of’antifreeze

protéin in the winter flounder (32,45), éhq its probable

" regulation by environmental faetors such as iempgrature.

photoperlod (46),. and the endocrines (47), the iiounder

"offers an. 1nteresting system for studies of gene expression.

It has been shown that w1nter flounder antlfreeze protein

is synthe51zed rlbosomaily (20). Thus, :6-10 S poly A-rich
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polysomal RNA, isolated from flounder Iiver; was translated
to a product identifiable as flounder antifreeze prgtéin

when injected into Xenopus laevis oocytes (20). In vivo

biosynthetic studiesihave demonstrated the occurremce of
a "large" antifreeze protein (ﬁglecular weight 15, 500
daltons) in the serum (45). 1In édditionr pulse chase
experiments suggest that the 15.500'Mw “iargé"'antifreeze
protein is converted to the 10,080 MA antifréeie protein
in the serum (45). ‘ _

As a férst step to better understandlng the synthe51s
and regulatlon of antlfreeze proteln in the winter flounder;
an’ lnvestlgatlon was planned with these ebjectives: —

1. The demonstration.of a mlarge" antifreeze '

protein in flounder liver using-an in vitro

lncubatlon system.

2, The isolation of the "large" in vitro anti-
freeze protein.

3. The characterization,of the "large” in vitro
antifreeze protein.

4, The demonstration of a structural relationship
between the “large" antifreeze protein
¥  gynthesized in the liver and the 10,000 MW
antifreeze protein found in the serum.

5. The productlon of specific antibody
against flounder antifreeze protein
as a tool for biochemical studies.
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. MATERIALS

A. Collection of Experimental Materials
. x

dinter flounder were collected from Chapel‘'s Cove,
Conception Bay, Newfoundland, -and weré kept in 250 to
2500/eaquaria supplied wfﬂxfiowing seawater. Seasonally
normal photoperiod and water temperatures were maintained.
The seawater temperature fluctuated from 12 to 13°C in |
August to -1 to -2°C in February and March.

B. Chemicals

Trypsin, phenylmethylsulfonyl fluoride, and.
thermolysin (Type x), were supplied by Sigma Chemical
Company, St. Louis, U.S.@. Trasylol was supplied by FBA
Pharmaceuticals, Montreal, Canada. The magnesium salt of
,l-anilino—B-naphthaiene sulfonate was obtained from Eastman
Organic Chemicals, Rochester, New York. Freund's adjuvant
was obtained .from Difco Laboratories, Detroit, Michigan:
Sephadex was supplied by Pharmacia Fine Chemicals, Montreal;
Canada.' Methanol and diethyl ether were reagent grade
and Qere distilled under reduced pressure from 1,5 - difluoro-~
2,4 -dinitrobenzene (DFDNB) in the ;atio lg reagent/l_litre
solvent. All other cﬁgmicals were reagent grade.

‘ METHODS

A. Isolation of the In Vitro Biosynthetic Product

1. In vitro liver slice incubation.

Only male winter flounder were used to avoid the possible
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complication and contamination arising from vitellogenesis
in the female. Vitellogenesis in the flounder, which occurs
dPring August to February (48), overlaps with the syntﬁesis
of antifreeze protein. -
Flounder were stdi;ed by a blow to the head. After
a blood sample was obtained, the liver was immediately
extirpated, weighed, and washed in ice-cold Krebé-Ringer
bicarbonate solution, pH 7.4, containing 0.14 M Na® (49).
Before use, the buffer was equilibrated by gassing it with
02:002 (9515 v/v) for at least‘lo minutes. Liver slices
(0.5 mm in thickness) were %repared using a mechanical
tissue chopper (the McIllwain mechanical tissue chopper,
Mickle Laboratory Engineering Co., Gomshail, Surrey, .
Great Britain). The slices (1 gm each) were placed in
a 25 ml erlenmeyer flask containing 2 ml of the
bicarbonate buffer and were preincubated for 10 minutes
at 15°C with constant shaking (90 cycles/min). After
preincubation, the tissue was then transferred to another
flask containing 2 ml of buffer, 1QACi of CX™ alanine (L-
alanihe—luc. uniformly labelled, specific activity‘IZOmCi/
mmole, New England Nuclear) and 1004%z of the protease
inhibitor, Trasylol (50). The flask was gassed with 02=CO2
(95;5 v/v), stoppered, and incubated in a water bath at
l5°C for 4 hours with constant shaking. The flgsk was

gassed at 30 minute intervals. The tiésue was then washed
' 3

¥ -
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two times with 5 ml of buffer containing 1 mg/ml alanine.
The tissue was resuspended in 3 ml of‘ﬁuffer and homggenized
in a Potter-Elvehjem homogenizer with Teflon pestle. The
homogenized tissue was then treated with an equal volume

of ice-cold 20% (w/v) trichloroacetic acid. The acid was
added in a drop-wise faghion as the sample was being
vortexed. The.acid-preated homogenate was equilibrated

‘at room temperature -for 10 minutes and then centrifuged

for 5 minutes at 10,000 rpm. Flounder antifreeze protein

“has bign reported to be soluble in 10% trichloroacetic

- acid, and this observation was utilized in the purification ‘

pgocedure. The acid-solubie materials were desalted on a
Sephadex G-25 column (1.5 x 40 cm) in 0.05 M NaCl. Forty
fractions (2.2 ml per fractioni were collected on a LKB:
fraction collector at room'ygmpgrature. Aliguots of 1ooxa4
were taken for radioactiQity counting using 10 ml of Aquasol
2 (New England Nuclear, Boston, Mass., U.S:A.)<in a Packard
Lihuid Sciﬁtfilation Spectrometer, Model.3375. P}otein
fractions coming off in the void volume‘;ere pooled and
lyophilized. The lyophilized material‘ﬁas dissolved in 2
ml of 0.05M ammonium bicarbonate.~and chromafdgraphed on

a éephéﬁgx G-75 column (1.6 x 86 cm) equilibrated with 0.05
M ammoniym bicarbonate at NOC. and one hundred £frag¢tions
(2.2 ml {:r fr;a.ction) were collected. Aliquots of 500 a’ﬂ

were taken for radioactivity counting. The radioactivé
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p
fractions in the elution profile were pooled, lyophilized,
and subjgpted to amino acid apalysis. The lyophilized
material idenpified as liver "iarge" antifreeze protein
was stored in the freezer at -60°C. The 10% trichloroacetic
acid precipitate was dissolved in 0.5 N godium hydroxide -
and aliquots were taken for radicactivity countipg and
for protein determination using a modification of the

Lowry procedure (51).

2. Effect of incubation time ‘and incubation temperaturé
on the in vitro system ) :

In order to choose. the incubation conditions thaﬁ

. would maximize the incorporation of radipactivity into

the acid-soluble fraction, experiments were conducted

on the in vitro system to determine the effect of\varying
incubation fimes and incubation te;peratures. Liver

slices (1 gm each) obtained from one animal were incﬁbated
for 1,2,3,4, and 5 hours respectively, at 15°C. Siﬁilarly;
liver siices obtaine& from one animal were incubaﬁed at
various temperatures: 00{ 5°, 12°, and 15°C respectively
for 4 hours. The slices were processed as previously
described at.the end of the incubation period.

3. Pulse chase experiments in the presence of cold alanine
or puramycin:

‘ After 1 hour of incubation, excess cold alanine (2 mg/

ml) was added to ‘the in vitro system, and the liver slices

were incubated for 3 hours longer. A second control flask

2
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‘was incubated for a total of 4 hours.
Simiiarly. affér 1 hpur of incuﬁétion, puromycin

(304g/ml) was added to the incubation mixture. Liver

slices were ingubated for a to{al of 4 hours, and the liver .

slices were processed as usual.

B. Determination of Plasma Osmolality and Sea wWater
Temperature

Flounder' blood samples were obtained from a caudal
blood vessel using 23-gauge syringe needles, and placed in
heparinized‘éentrifuge tubes on icé.' Red celié were
separayed from the plggﬁé within'livminutesAéf éampliﬁg V
by low spéed ééntrifugation. ‘The plasma osmolality wés
determined with ah‘Advanéedbsmometer (model-jD,:Advahced
Instruments, Needham Heights, Mass.,~U.ShA.). Ambient
sea water  temperatures were those recorded tp the nearest
0.1°C at the Marine Sciences ﬁesearch Laboratory.

C. Determination of Protein

The protein content was determined using the lLowry
procedure as described by Hartree (51); Bovine serum
albumin was used as the protein standard.

L}

D. Recovéry'of Antifreeze Protein by the 10% Trichloroacetic

et s e din YT T

Acld Procedure

Liver slicés (2 gn) were equilibrated in 4ml of Krebs-:
Ringer bicarbonate buffer containing'iolul of 3H antifreeze
protein (4.56 x 106 cpm, prepared by tritium gas exposure

labelling) at 4°C. The tissue was homogenized and an = °

-
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aliquot taken for radioactivity counting. The homogenate
was trehted with an equal volume of icde-cold 20% trich-
loroacetic acid (w/v), vortexed, and cehgrifuged. Aliquots
were taken fraom the trichloroacetic acid-soluble and acid-

insoluble fractions for liquid scintillation counting.

E. Isolation of Liver Antif
Male flounder livers from 5 to 10 specimens were

homogenized in 50 ml of ice-cold buffer NS {20 mM Tris,

.10 mM KC1, ) mM NaCl, 5 mM MgClz, 6 mM ﬂ-mercaptoethanol.

0.25 M sucrose, pH 7.6). The homogenate was centrlfuged

at 6, 000xg for 10 mlnutes (SS-34 rotor). The supernatant
obtalned was centrlfﬁged at hS.OOO rpm for 1 hour in a
Spinco SW 50.1 rotor.: The pellet obtained from high speéd
centrifugation was suspended in buffer N (buffer NS with no

sucrose added) and further processed for the isolation of

flounder liver polysomes (p 46). The supernatant was

treated w1th an equal volume of 20% ice-cold’ trlchloroacetlc

N

. acid and allowed to sxt for-10 minutes. After centrlfuglng

- -at 10, 000 rpm for 5 mlnutes. "the ac;d soluble materials

were dialysed against 0:05 M NH,HCO overnight (§1a1y51s
membrane m.-wt. cut off 3,500), and then lyophilized. The
lyophilized material was ‘chromatographed on a Sephadex G-75
column (;.6,xv86 c¢m) in 0.65'M NﬂuHCOB. The abSorbaﬁpe of
each fqaction‘Was_measuredﬁatJZBO nanometers, The materials

from each recorded peak were pqoléd, lyophilized, and

e g — T e et
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subjected to amino acid analysis. The eluted peak
corresponding to the "large" ‘liver antifreeze protein was
re-chromatographed on the Seph&dex G-75 column, lyophilized,
and stored at -60°C

F. Characterization of the Liver "Large" Antifreeze
FYrotelin

1. Electrophoresis

(a) Polyacrylamide gel electrophoresis (PAGE) in 4 M urea,
0.1 M tris buffer, pH 9.2

Stock solution A was prepared by dissolving.jé.é an
of Tris and 360 gm éf urea in' 500 ml of distillédlwater.,
The pH of the solution was adjusted to 9.2 with 2 N HOl
and the final volume was brought to 1 liter with distilled
water; Stock solution C was prepared by dissol&ing 60 gm .
of acrylamide and 4 gm of Bis (N,N' - methylene-bis(acryl-
amide) ) in a final volume of 100 ml of water. Stock 0
solutlon D was prepared by dissolving 10 gnm acrylamlde. 2.5
gm Bis, and 36 gm of urea ig\a final wolume of 100 ml of
water. _Stock solutioﬁ E was preparéd by dissolving 4 mgm
riboflavin and 36 gm of urea in a fiﬁgi volumé.éf 100 ml
of water. ALl solutions were filtéred before use. The
ammonium persulf;tglsolution_was freshly preﬁared by

dissqlbing 0.14 gm ammonium persulfate in 100 ml of water.

The tracing dye solution was 0.001% bromophenol blue in

water.

A 10% small pore- solution was prepéred by combining

e Biaramy e e =
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2.0 ml stock solution A, 2.66 ml stoék solution‘C, 3.34% ml
distilled water and 0.02 ml TEMED. An equal volume of the
ammonium persulfate solution'was added to this and mixed
by inversion to start the polymerization.

The large pore solution was prepared by mixjing 1.0 ml
stock solution A, 2.0'ml stoék solution D, 1.0 ml stock

=

solutiaon E, and 4.0 ml distilled water.

N
The stock buffer was prepared by dissolviné 6 gm of
Tris andI28.8 gm.of glycine in 500 ml of water. The bH
was adjusted to 9.2 with 2 N NaOH and watéf was.aédéd to
a final volume of 1 L._'The electrophoresis buffer ‘was
pfeparéd by diluting 125.ml of stock buffer to 1000 ml with
water ‘.

Using a disposabie pastegr pipette. the small pore
mixture was delivered immediateiy after mixing into 10 cm
" electrophoresis glass tubing which was stoppered at the
bottom with parafilm. The tubes were filled to appfoximately
2.5 ¢cm from the top end. A small amount of water was
carefully layered on-top‘of the gélwmixtu%e before it
began to polymerize. Polymerization was usually completed <
within 20 minutes. The top of the gel was rinsed with
water. Approximateiy 2 cm of the large pore solution was
‘pipetted on top of the small pore gel and ﬁatep was again
layered on top of the gel. The large pore gel was

polymerized b& exposing the tubes to fluorescent light.

e AN B AR LA bl e T
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After poLymerization was complete, a small amount of

Sephadex G-200 was layered on top of the large pore gel
with a small spatuia. The parafilm was removed from the
bottom of the gel tubes and the gel tubes were set up
accordingly in the electrophoresis unit. The sample,
dissolved in a maximum volume of lOOXLch’electrophoresis
buffer, was applied to the Sephadex on- top of the gel
followed by 2 drops of tracing dyé solution. The.protein
and tracing dye solutioh‘were absorbed by the Séphadex and
proQided better'fesolution of protein bands on the gels‘
The gel tube wés topped cérefully.with buffer and the upper
tank was filled with sufficient buffer to cover tﬁe top

of the gel tubes. An initial current of 2mA per tube S
(positive pole on bottom of gel) was applied until the, :

marker dye had entered the small pore gel. The current

BIFRY S SR

was then increased to‘§ mA per tube. The electrophoresis
was terminated when the'dye front reached the bottgm of
the tube. Gels were removed froﬁ the gel ﬁubps by
inserting a fine wire be%&éen the gel and the gel tube.
The tnbeé were immef%gd in a water tank and the gels
forced out by applying gentle pressure with a pasteur
pipette bulb. |

(b} Sodium dodecyl sulfate (SDS) gel electrophoresis

Sodium dodecyl sulfatg-polyacrylamide gel

electrophoresislwas conducted as described by Weber and

r




- o ey + 1 s

35.

Osborn A 52).

(c) Fluorescent staining with anilinonaphthalene
sulfonate (ANS)

Earlier observations in our laboratory have indicated

~ that AFP stains poorly with coomassie brilliant biue.

Thus, anilinonaphthalene sulfonate, a fluoreécent reagent,
was tried instead.

Aniandnaphthalene-Sulfonate (ANS) does not fluoresce
in water, but fluoresces brightly in the visible range

when dissolved in organic .solvents or in aqueous solutions

of various pfoteins-(SB). This enhanceéd fluorescence has

‘been attributed to. binding of the fluorophore tovh&drophobic

sites on the protéin surface (54). In addition; most
proteins can be made to enhance ANS fluqrescénpe following
thermal or chemical denaturation (55).

An aqueous stock solution (1 mg/ml) of the magnesium
salt of 1 -anilino-B-naphthalene sulfonate was prepared.
This solution has been reported to be stable at 4°C for
at least 6 months (56). The staining solution was
prepared immediately before use by dilution of the stock
solution with 0.1 M potassium phosphate buffer (pH 6.8)
to produce a final'concentration:of 0.003% ANS.,'Freshly

'ﬂ .
run gels were removed from their tubes and immersed for 1

Yy
minute/ in the .staining solution. The gels weré then

J ‘ o .
immef§ed'in 1 N HC1l for a few seconds to enhance surface

.

denaturation of the protein, rinsed in water, and restained: -

EDI S v
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(d) Detection of radioactive macromolecules in acrylamide

Jdissdive the .gely An ammonlacal hydrogen peroxlde (Hzo )

* the’ v1als were cooled ‘10 ml of solntlllatlon fluid was

36.

for 1 minute in the staining solution. The fluorescent
gels were then viewed under a mineral light ultraviolet

source.
’

gels
At the end of electrophoresis, radicactive macromolecules

were detected by cutting the acrylamide gel into 2 mm 5

. slices with a scalpel. Each slice was transferred to a

glass scintillation vial and crushed against the side of

‘the-vesself"The gel slices were-dried‘overnight at 60?d;‘

Before ‘determination of radicattivity it was neceSSary to - - '.iw"

solutlon was prepared by~gombining 9. 9 ml of 30% H O and'l
0.1 ml of concentrated ammo nium hydrox1de. Three hundred

microliters of this sdlution was added to ‘each vial, and

A ik o2 [ e PR

PR

the gels were soaked in the solution. The vials.were

capped tightly and put in an pven at 60°C for 2-4 hours. .
Thj/;ray containing the vials was placed at a 45° angle
so as to keep the gel 1mmersed in the hydrogen peroxlde

solution.. After the gel had been -completely dlssolved

added to each vial, and the radloactlv1ty was determlned

e o ay hi g, et et st ¢

:with the sclntlllat@on spectrometer.'
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2, Moletular we1ght dngrmlnatlons by gel flltratlon
. Chromafography N .

»

(a)'SephadeX'G~?5 chromatography of the in vitro
bilosynthetic product and JH antifreeze protein
in 8 M-urea, tris-glycine buffer

The protein samples were dissolved in a minimal
volume of 8 M urea, 0.1 M Tris, 6.5 M glycine, 50 mM
ﬂ-mercdptoe;haﬁol buffer, and équilibfatedﬁét‘%?oc for
1 hoora After coolingP‘the samples were applied to a

Sephadex G—75 column (1.6 x 86 cm) equlllbrated with the

urea, tris—g1y01ne buffer. and 100 fractlons (2 2 ml per'f

tube) were collected. The column was callbrated w1th l»l_-

1

sféndard proteln markers. The K y value for each’ proteln
.

standard was. calculated and was used for the molecular :
welght estimation. ! 0 »(

Approxlmately B‘mg of the 1n v1tro b;gsynthetlc
product was dlssolved 1n,5001aeof distilled water.
Approaumately 100, 000 cpm (’+0 ae) of the 1n vitro blo;-
synthetiofproduct was equlllbrated in’ 5 ml of the urea, -
trls-gly01ne buffer at 3?°C for. 1 hour ‘and then applied to
the Sephadex G- 25 columna Aliquots oglsoozbe were taken
from the eluted fractlons;for countlng wi'th lO;ml‘of

. [ o .
scintillation fluid. (The Kav_valué for. the .' vitro

bidsynthetic“broduct was calculated. - Slmllarly, the K,
of 3H ant1freeze proteln was determlned. -

(b) Suc01nylatlon of flounder liver antlfreeze proteln |

Purlfled flounder lxver antlfreeze protexn (4 5 mg)

RCH. PRSI

\
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i; 0.2 ml of phosphate buffer, 0.05 M pH 7.5, was adged
o, ‘ to a scintillation vial containing $04Ci of succinic
anhydride 1,4-1%C (specific activity 2-10 mCi/mmole,

Néw England Nucleé;. Boston, U.S.A.) for 15 minutes at

4°C with stirring. The mixture was then diluted with 2 ﬁl
of cold phosphate buffer. Solid succinic anhydride (25 mg)
in aliquots was added and.fhe,pﬁ of the sélution maintained
- between 7-9 with 2 N NaOH. After 1 hour, ‘the reaction
mixture was treated with hydroxylamine (0.8 M, pH 9.5)

for 15 minutes, desalted on a Sephadex)G-ZS column (1.5 x
40 cm) in 0.05 M NaCl and lyophilized. The molecular
weight of the succinylated liver antifreeze protein was
determined on the urea, tris-glycine Sephadex G-?Slgolumn
as descfibed earlier. . ‘ o~ .

3. Selective enzymic cleavage of the in vitro biosynthetic
product

.{a) Tryptic digestion of the in vitro biosynthetic product

- The sample, containing approximately 100,000 cpm of
the igavitro biosynthetic product and .5 mg of the unlabelled .

liver antifreeze protein, was dissolved in 0.5 ml of 0.2 M

v ol

ammonium bicarbonate, pH 8.0. The sample was digested

° with 104g of trypsin at 37°C for 1 hour. The resultant

P

enzymic digest was treated with 1le of phenylmethylsulfonyl
fluoride (1 mg in 1 ml of ethanol). The sample was then
chromatographed on a Sephadex G-75 column (1.6 x 86 cm)

¢
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previously calibrated and equilibrated with 6 M urea, 0.1
M tris-HCl, pH 8.6. Aliquots were taken for radioactive
counting from the eluted fractions. ¢

(b) Thermolysin peptide mapping of the "large" liver -
antilreeze proteln and serum antifreeze proteln

The "large" liver antifreeze protein and the serum .
antifreeze protein were digested separately with thermélysin
in 0.2 M ammonium formate pH.8.0, co;tainigg.o.ooz M CaCl2
(enzyme to substrate ration 1/50) for 1 hour at 37°C. The
digest was then analysed on a ﬁeckman 12) amino acid
analyzer using a single-columﬁ physidrogical fluid analysis
with W-2 resin (57). "TRe Solumn wé{s,}nit'ially equilibrated

with 0,2 N lithium citrate buffer at pH 2.83. A buffer -- {

amy e watam

gradient was used to increase the pH to 3.75 and the 1ithium

concentration to 1.0 N with a temperature gradient of 4o°c }

- to 66°C.

L., Separation on.bEAE ion_eichangg

A DEAE cellulose column (0.9 x 12 cm) was washed with
0.5 M NHMHCOj, and then equilibrated with 0.01 M NH&H?OB
at room temperature. The in vitro biosynthetic product )
(1.6 x 107 Epm) was dissolved i% 1 ml of 0.01L M NHuﬂcoj, :
and then applied to the DEAE coluﬁn. Ten. fractions (2.6
ml per fraction) were collected with the 0.01 M NHLFHCO3
buffer. - f%e column was then eluted with a linear gradient,

0.01 M to 0:5-M, in NHMHCOB- Aliquots of 100 41 were taken

&




40.

from the eluted fractions for counting with 10 ml of

scintillation fluid. The conductivity of each sample was

measured with a conductivity meten.

5. Amino acid analysis

Sampleé for amino acid analysis was hydrolyzed in
constant boiﬁapg HC1 at 110°C for 18 hours. Analyses
were performed on a Beckman 121 amino acid analyzer.

G. Preparation of Antibodies Against Antifreeze Protein

1. Preparation of antigens

(a) Coupling of antifreeze protein to albumin w1th
difluorodinitrobenzene

A generally useful procedure for the coupling of

peptides to albumin has been developed (58) which allows .

an easily manipulated coupling ratio and a high yield of
conjugation, thus eliminating losses of scarce material.
The process is a two stage reaction schenme. Initially.%

the peptide is monofunctionally derivatized with the bi-

functional reagent 1,5-difluoro-2,%-dinitrobenzene (DFDNB),
which'reacts'wifh primary amine groups,(and also side-chain

_ phenolic, thiol, and imidazole groups). The peptide is

converted to the fluorodinitrophenyl (FDNP) derivative
in the presence of excess reagent in aqueous-organic

solvent.

B
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This two stage reaction has several advantages. Reaction
kinetics are bimplified by decreasing the number of

reacting species in the mixture. The peptide can be

~derivatized in the presence of a very large excess of

reagent'thus providing a high degree of reaction and

minimizing polymerization of the material.. The terminal

céupling can be accomplished after removal of the reagent,

thus minimizing polymerization of the albumin. The reported
efficiency of coupling approaches 90% over a wide range of
peptide and albumin concentrations.

i) Activation of peptide

[l

Purified antifreeze protein was dissolved in 7 M

guanidine hydrochloride, 0.1.M potassium phosphate, pH 7.2,
at a congentration of 1 mg/ml. A solution of DFDNB (30 mg/ i
ml in’pun$fied methanol) was added to the peptide in the
ratio of 5 volumes of reagent to 1 volume of protein
s&iution. The resulting solution was mixed well and allowed
to stand at room temperaturevfof 15 minutes. The reaction
mixture was cooled on ice and 4 volumes (based on the final ‘
volume of the mixture) of ice-cold, purified ether were
added. After vigorous agitation, the resulting mixture

was briefly centrifuged in the cold to-r separate the %wo

phases of solution. The upper ether phase was carefully

. removed by aspiratidn and discarded. Another 3 volumes of

cold ether were added to the lower ijége; and the test tube

+
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was agitated again to deposit in a thin layer a precipitate

.\——‘—

of the guanidine hydrochloride-and other salts in the
original reaction mixture, as well as the FDNP-antifreeze
protein. The ether phase was removed by decantd{ion and
10 volumes of cold ether were added. Aftér the tubes
had stood on ice for about 1 minute, the ether was again
decanted and the tubes drained.

ii) Coupling of peptide

Albumin was dissolved in 0.4 M sodium borate buffer,

pH 10 at a concentration of 10 mg/ml. A 5.ml volume of \“

the albumin solution was added to the tube containing the
precipitated peptide, guanidine hydrochloride, and other:
salts. The tube was allowed to stand at room'temperature
ﬁncovered for a short time to allow the ev;poration of
residual éther. The flask was then covered and stored at
room temperature for 24 hours to allow for the completion
of the reaction and the formation of the antifreeze-
dinitrophenyl-albumin. Although the final‘product is
reported to be light-stable, the activation and coupling
procedures were performed in indirect light, and the reaction
mixtures were stored in the dark. BN

iii) Analysis of product

The antifreeze-dinitrophenyl-albumin solution was

dialysed versus 4 litres of 0.05 M NH4HCO3 for 4 hours

\

with one change of buffer. The dialysed solution was
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centrifuged and the supernatant was decanted and lyophilized.
The remaining precipitate was also lyophilized. The
lyophilized supernatant was dissolved 'in a minimal volume
of 0.05 M NHuHCO3 and chromatographed on a Sephadex G-100
column (1.6 x 83 cm) previously equilibrated with 0.0S M
NﬁaHCOB. One hundred fractions (2,2 ml /tube) were
.collected, and the absorbancies of each fraction were
measured at- 280 nm. The apprdpriate fractions were pooled
and lyophilized. Similarly, the lyophilized precipitate
was chromatographed on'a Sephadex G-100 column in the
_presence of 0.05 M NHAHCOB,'and the absorbancies of the
fractions were measured at 280 nﬁ. A sample of bovine
serum albumin and of thelantifreeze-albumin conjugate were
subjected to amino acid analysis.

2. Immunological techniques

The following were used as antigens: the serum
"large” antifreeze protein (M.Wt. 16,000), the antifreeze
protein (M. ﬁt. 10,000), and the antifreeze-albumin
conjugate. Each was dissolved in 0.9% NaCl, 0.15 M
sodium bh;sphate buffer pH 7.4. The protein concentrations
wer approximately 1 mg/ml. Equal volumes of protein ’
solution and complete Freun@‘s adjuvant were emulsified
usingl glass syringes. Preimmunization sera were collected

from gach animal prior to the initial immunization. The

blood was collected in a centrifuge tube, and the blood
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was allowed to clot for 1 hour at room temperature. \ After
centrifugation g}n a SS-34 rotor) the serum was carefully
decanted and stored at -40°C until needed.

Individual New Zealand white rabbits were immunized
with one of the prepared antigens by injecting £.0 ml of
the emulsion intramuscularly into the large hind thighs.of
the rabbit. Immunizations were repeated at 7 -day intervails
with fresﬁly prepared emulsions using incomﬁlefe Freund's
adjuvant, A similar immunization program was followed
for each antigen using guinea pigs. Test bieedings were

performed 21 days and 3 months after initial immunization.

. s 4 s : N
3. Characterization of blood sera for antifreeze protein
—antibodies

a) Ouchterlony test

gk s bt Y 2

The buffer solution usga in the preparation of the

PRIV

~ouchterlony plates was prepared by mixing 67 ml of solution

I (KH,PO,.2H,0, 26,7 &/L) and 33 ml of solution II (KH,PO,,
20.4 g/L). One hundred ml of the prepared buffer was

combined with 300 ml of water. To this was added 4 g of

tmian e

agar and .1 g of sodium azide. The mixture was heated,
-¥ N
and when the agar was completely dissolved, the gel
. .

solution was poured into disposable petri dishes. Once the

gel had set, a central well, surrounded by six peripheral
wells, was cut into the gel. The bottom of each hole was
iayered with agar. The central well of the plate was filled

.

™~
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with the appropriate immunized serum. Periﬁheral wells
were filled with varying concentrations of the aritigen.
The plates, covered with a plastic lid lined with moist
filter paper, were incubated at 37°C for 2-4 days. The
plates were inspected every 12 to 14 hours.

b) Immunoabsorption utilizing u antifreeze protein

Control and immunized sera were equilibrated with y

‘antifree;e protein for 1 hour at room temperature. Each

sample was chromatographed on a Sephadex G-75 column (1.6 x
86 cm).in 0.05 M‘NHAHCOB. The absorbancies of the eluted
fractions were monitored dt 280 nm. %ZTQQEBS (500£Ug)

were taken for radioactivity counting.

"H. In vitro biosynthesis of angifreeze protein on
polyribosomes in flounder liver ..

a) Isolation of total polyribosomes

The in vitro biosynthesis was conducted as previously
mentioned (p 26). After 2 hours of incubation at 1500,
the combined tissue (2 g) was washed with 5 ml of the Krebs
buffer containing 1 mg/ml alanitne. The tissue was then
resuspended in 4.5 ml'of buffer NS (20 mM Tris-HC1, pH 7.6,
10 mMKC1, 40 mM NaCl, 5 mM MgClz, 6 mM/g-mercaptoethanol,
and 0.25 M sucrose) containing 1 mg/ml heparin and 5 Qg/ml
cyclohexamide, and homogenized in a Potter-Elvehjem
homogenizer with Teflon’/pestle. The homogenate was

centrifuged at io,ooOxg for 10 minutes in a SS-34 rotor.

3
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Thetpellet, containing nuclei, mitochondria, and cell
debris was discarded. The supernatant was made 1% in
Triton X-100. Th® polysomes were péllei':ed through 1M
sucrose in buffer N gt b9 k for 90 minutes in a Ti 50
rotor. The pellet c-on-taining the total polyribosomes was
finsed twice with buffer N, drained, and resuspended in
buffer N.(.5 ml total volume') by gentle homogenization
ina disposable syringe. Aliquots were taken from the
p;allet for ébsorbancy measurements at 260 nm, and for
radiéactivity cpunting.

b)- Isolation of free and membrane-bound polyribosomes

After 2 hours of Apcubation at 15°C, the combined
tissue (2 g) wés washed ‘with 5 ml of the Krebs buffer ‘
cqntaining 1 mg/ml alanine. The tissue was then resuspended
in 4.5 ml of buffer NS (20 mM Tris-HCl1l, pH 7.6, 10 mM KCl
40 mM NaCl, SmM MgCL,, 6 mifmercaptoethanol, and 0.25 M
sucrose) containing 1 mg/ml heparin and 54z/ml cyclohexamide,
and homogenized in a Potter-Elvenhjem homogenizer with
Teflon pestle. The homogenate was centrifuged at 6000 Xg .
for 10 minutes in a S8-34 rofor. The pellé&}, containing
nuclei, mitochondria, and cell debris was c;&carded. The
supernatant was centrifuged at 45,000 rpm for 1 hour in
a Spinco SW50.1 rotor. The decanted supernatant was set

aside for purification of the liver antifreeze protein.
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Each pellet was re-suspended in .4 ml of buffer N, pooied.
and homogenized gently. The homogenized material (.2ml)
was layered on top of a discontinuous sucrose concentration
gradient of 2.4 ml each of 1.25 M - and 2M - sucrose in
buffer N. Centrifugation in the sucrose gradient was
conducted at 40,000 rpm for 16 hours in a SW50.1 rotor.
Under these conditions the free polysomés were pelleted

at the bottom of the gradient,. the rough endoplasmic
reticulum was banded at the interface, and the top of the
gradient contained the smooth endoplasmic reticulum. The
suﬁernatant was decanted wiﬁh’a water aspirator and
discarded. The membranéwbound polysomes were éollected
from the 1.25 M/2.0 M sucrose interphase. They were
diluted with an appropriate volume of buffer N to brin'g/-—<
the sucrose concentration from 1.25 M to 0.25 M, and then
made 1% in Triton X-100 by treatment with a 10% solution
of Triton X-100 in buffer N.:  The polysomes released from
the membrane by the detergent treatment were pelieted
through 1 M sucrose in buffer N at 49 k for 90 minutes in-
a Ti 50 rotor. The pellets containing the free and membrane-
bound polyribosomes .were rinsed twice with buffer N, drained,
and resuspended in buffer N (.3 ml total volume). Aliquots
were taken from the peliets (free and membrane-bound) for
absorbancy measurements at 260 nm, and for radioactivity

counting.

. et oed
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c) Analysis of Polyribosome Suspensions

Polyribosome suspensions were layered in an amount
of 100 /.(ﬁ (approximately 1 ODzéounit) cver a sucrose
concentration gradient (15-30%) prepared in buffer N.
Ce‘ntrifugation was conducted. at 49,000 rpm for 30 minutes
in a Spinco SW50.1 rotor. The gradient was displaced
with 50% (w/v) sucrose and monitored at 260 mm with an
ISCO absorbance monitor. Fractions of thé éradi'ent (300,((£
each) were collecged on an [sco density fractionator, and
were used to determine radioaétivity by liquid sci'nti'lllati"o'n

spe&:trometry .
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RESULTS AHD DISCUSSION

SECTION I The Identification and Characterization of
“the In Vitro Biosynthetic Product

Introduction

Hew et al. (43) have recently demonstrated the presence

of a "larger” antifreeze’protein of 15-16,000 dal'tons in |
the serum. This raises the possibility that flounder AFP
(M. Wt. 10,000) may be synthesized via a larger precursor

protein. In ofder to better understand the synthesis and

regulation of AFP, an investigation was undertaken to

demonsfrate the possibie'occurrencelof a similar "lanrge"

AFP in the flounder liver. Hew and Yip (20) have earlier

shown that flounder liver contains P;J?P mRNA activity, and .

most likely represents the site of AFP synthesis.

-

An in vitro liver slice incubation procedure was

adopted. The optimum conditions for the incorporation cof

" radioactive alanine were determined. The identification

of the in vitro biosynthetic’ products of AFP depends on.

the following criterias /(i) its solubility in 10%

~trichloroacetic -acid (flounder AFP is soluble in the acid)

+~

(i1) incorporation of radicactive alanine into “the poly-

peptide (iii) structural characterization (i.e. amino acid

_\/\/namalysis. enzymic digestion). Accordingly, ﬁtcid-soluble

p .
' materials’ from the liver slice incaorporation studies were

isolated and characterized using various biochemical

techniques. The possig.;l‘.“e precursor-product relationship

|
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of the in vitro biosynthetic product with authenti®e AFP
was investigated. : ‘ -
Results B .

A. Time Studies ~

Acid-soluble materials from the liver slice incubation
were desalted on a Sephadex C—-25 coluhn (1.5 x 40 cm) in

'0.05 M NaCl (Flgure 6). Proteln fractxons coming off the

v01d volume (fractlons ‘*413-—17) were pooled and lyophilized.

i The acid-soluble protelns were. re-chromatographed on:

'ﬂ

S Sephadex G-~ 75 column in 0 05 M }\\IHMHCO3 (Figure 7)
Radloactlnty ‘was lncorporated 1“n1;o two componentss a

>ma‘]or component of approx:Lmately 16, 000 daltons,‘ and a

minor component wm.ch eluted earlier in the column. In ’
this chromatographic system, floomjer "AFP Hhé.s‘ an elution
‘volume-' slightly largez;.than the cytochrome’ C marker and
would correspond to fraction 50 .in. the column. As can

be seen in Pigure 7, vno.radicactivity was detected

' corresponding to thls elu't:.on.pos;tlon. To fJ.nd out wh:.ch

S if any, of the two comoonents were related to 'AFP, the

matenals were lyophlllzed and subgec‘ted to ammo acxd
analySJ,s.‘ Amino acid ana1y51s (p. 69 ) showed that ohly
the 16,000 dalton component, wm._ch eluted bef_ore the

s

@ i : . A . 9

cytochrome C marker, was similar tosthe antifreeze protein

as revealed by the abundance of alanlne resmdues in the

composx.t:.on., The larger. mmor component. however:. showed

. . \‘l . X < N ¢
- ) - : » L . L.
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. . - >

R AT T -

.
T et Vgl b
- L




s -

¥

L L ra Bt o s satas e e -
; .

ACTIVITY x 103 (net cpm /100 ul aliquot)

¥
2

—
1

52.

N

e ' '
| .—-'/.‘ \'T/ ' .

Ll-'-..::,ﬂ."‘_] —_

T [ |
0 5 10 15 20 25 30 35 40

FRACTION NUMBER (2mi/fraction)

Figure 6 Desalting of 10% TCA-soluble material on a

Sephadex G-25 column (1.5 x 40 em) in 0.05
M NaCl.
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== Cytochrome C

- Chromatography of partially purified in vitro

biosynthetic product on a Sephadex G-75 column
(1.6 x 86 ¢m) in 0.05 M ammonium bicarbonate.
Elution profile of a winter fish (February 19,

1978) e—e . Elution profile of a summer
fish (July 18, 1977) .0-—30 . ‘
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no obvious similarity with AFP™ind its level of incorporation

- bears no resemblance with the expected seasonal appearance

of AFP. The chemical nature of this material was not °
further. investigated. We have therefore concentrayéd -
olr studies on the 16,000 dalton component.

Liver slices obtained from one animal were incubated
for 1, 2, 3, 4, and 5 hours respectively, at 15°C. The
level of synthesis of the in vitro biosjﬁfhetic component
in the acid-soluble fraction inqreased.approximately
linearly for 4 hr; at 15°C (Pigure 8). S{milarly{'the
level of synthesis of the acid-soluble .proteins incréased
appfhximately linearly for 5 hr. at 15°¢.

B. Temperature Studies - ’

Liver slices obtained from one animal were inchbated
at 02, 52, 12°, and 15°C respectively for 4 hours.

Maximal incorporation of radioactivity into the acid-soluble

and acid-insoluble fractions was observed at an incubation

temperature of 15°C (Figure 8). The level of synthesis
in both the acid-soluble and acid-insoluble fractions

increased in an approximately linear fashion with

temperature.

C. Recovery of Jf\fritifreeze Protein Using 107 “ICA
. Approximately B4% of the radioactivity added to the
liver slice incubation system in the form of 3y antiffeeze

protein was recovered from the liver homogenate (@gblez??f//

1
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Figure 8 Effect of incubation time and ihcubation
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Table 2 Percentage Recovery of Antifreeze Protein
by the 10% Trichloroacetic Acid Procedure

3 -'

Sample - Activity

% Recovery
(net cpmx10-9)

\

. 'H? Antifreeze I, 56 100
Protein
Liver Homogenate 3.84 84.21
10% TCA Soluble 3.22 70.61
Eraction
&
. 10% TCA Ihsoluble 57 12.50
, Fraction -~
J 4
4
«
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0f this percentage, approximately 71% was recovered in the

10% trichloroacetic acid-soluble fraction, while 13% was

recovered in the 10% trichloroacetic acid-insoluble

fraction.

D,

with flounder caught during the summer, no radicactivity

Seasonal Appearanoce of the In Vitro Biosynthetic Products

When the in vitro incorporation studies were conducted

was detected in the 16,000 component (Figure 7). This

observation was consistent with the absence of the serum

antifreeze protein in the summer, and indicated the absence

A

of AFP mRNA activity‘in the summer. In order to correlate

the in vitro biosynthetie activities with serum antifreeze

levels, a more detailed analysis was carried out. In vitro

incorporation studies were repeated at monthly intervals

with at least two animals per incubation. As shown in

Figure 9, the level of synthesis of the in vitro

biosynthetic component correlates with the increased plasma

osmelality in the winter, and slightly precedes the

appearance of antifreeze protein in the serum. Maximal

activity was observed in November through' March. As the .

serum AFP level started to decline in April, the biosynthetic

activity in the liver dropped off rapidly and remained

LS

minimal until November. . ,

E.

Pulse Chase Experiments

- One possibility exists that the absence of a ﬁadioactive

o gt o an b m




Figure 9

The level of synthesis of ‘the in vitro

‘biosynthetic component (May 1977-May 1978)
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*
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‘component corresponding to authentic AFP in the liver

slice incubation study could be due to the slow rate of
conversion of the presumptive precursor protein. The
effect qf a puromycéin and éold alanine chase on the bio-
syntheéis of the AFP weré examined. ,

Sephadex G-75\chromatography of the TCA-soluble

fraction from liver skide incubations conducted in the

—_

presence of excess cold alanine or puromycin resulted

in elution profiles similar to that.of the;control liver

<

slice incubation .(Figure 10). After 4 hours of incubation

there was no demonstrable conversion of the "large" in
vT?fp‘biosynthetid component £o the 10,Q00 MW antiffeeze

protein in the liver slice.inyybation system.

F. SDS Disc Gel and Urea Trls-Glyc1ne Gel Electrophore51s

~—

~ The in vitro biosynthetic product was aﬁﬁﬁ&sed by
SDS dlSC gel electrophoresis and 4 M urea {;is-glypine
pH 9. 2 dlsc gel electrophoresxs (Figure 11). A molecular
weight ofsapproxlmately 16,000 daltons was estimated from
the SDS(lec gel electrophore51s (Figure 12) Both SDS

disc gel electrophorqus. and urea trls-glyc1ne disc gel

electrophoresis showed only one magor radioactive component

(Figure 11).

- A
R '
;The in vitro,bio§ynthetic product was Turther

4

Y P vy
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Figure 10

The  result of pulse chase experlments in the
presence of cold alanine or puromycxn.
Chromatography of partially purified in vitro
biogynthetic product on a Sephadex G- =75 column
(1.6 x 86 cm) in 0.05 M ammonium bicarbonate.

Elutlon proflle of control e—e

Elution profile of pulse chase in the presence
of excess cold .alanine ©-=-=-=—0

Elution profxle of pulse chase in the presence'

of puromycin s—=8
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figure 11
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-

The characterlzatlon of ‘the in vitro blosynthetlc

product by SDS disc. gel eleotroph;gesxs (a) .

and 4 M urea trls-fly01ne pH 9.2 sc gel

electrophoresis (b
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'_raaioactive component was observed (Figure 13). A

, 63.

analysed on a Sephadex G-75 column in 6 M urea, 0.1 M

Tris, 0.5 M glycine, 50mM B-mercaptoethanol. One major
™, s

molecular weight of.approximately 16,000 daltons was
estimated for the in vitro biosynthetic product from the

urea Sephadex column (Figure 15). This agreed with- the

molecular weight determination from SOS disc gel ¢

) , . R e
electrophoresis, - i '

Upon mild tryptic digestion the in vitro biosynthetic
component could be converted to peptides of 10,000 daltons

and 6,000 daltons on the urea Sephadex column (Figure 13).

. The elution position of the 10,000 MW component corresponded

to that of_th; M antifreeze protein on the urea Sephadex
coclumn (FigureﬁlU). In'addition, 3H aqtifreeze protein
was determined to have a mole@ular weigﬂt of approximately
10,000 daltons on- the ures Sephadex column (Figure 15).

H. Separgtion on DEAE Ton Exchange i 4

“The partially purified in vitro biosynthetic product,

obt;ined from the Sephadex G-75 églump, wasAre-

chromatographed on a DEAE cellulose column. (0.9 x 12 cm).

The resultant elution profile is illustfgtéh in Figure '16.
One minor compod@ht eluted from the column before the

elution gradient o6f 0.01 M to'0.5 M NHuHCOB. ‘was (begun.

-Both components were subjected to amino acid analysis.
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SUCCINYLATED LIVER
ANTIFREEZE PROTEIN
PRECURSOR L
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I. Amino Acid Analysis

The amino acid composition of the in vitro bio-
synthetic pro@ucts from DEAE cellulose chromatography is
showri in Table 3. Both thé minor and Qajor peak showad
very similar compositions, both containing an abundance
Qf alanyl residues, 'indicating that tﬁésg two components

.ére struéturally related (i.e. samefsizé'on‘G-75
chromatogra}hy. solubility in TCA, and simiiarity in'

amino acid composition). Due to the small amount of

material available, we were upable to farther characterize
these two components. It appears likely thaﬁ,both components
arg'structurélly related to AFP, possibly representing the
‘pfécursors and- the modified produtts (such as phosphorylation
or intermediate cleavage products). .

In comparlson with serum AFP, these in v1tro blO-
synthetlc products are SLmllar in their aanoiﬁeld
pomp051tlpn. Howevep. as to be expected the b1osynthet1c

Y

. materials contain more amlno,401ds, as well as some amino

P

acids that are absept'in'flbunaen:AEP.
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.
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Table 3 Amino Aeid Analysis of the Im Vitro Biosynthetic

Products fro& DEAE Cellulose Chromatcgraphy

v
ca

Minor Peak Méjor- eak Serum AFP -

—

. o, -
LD PRSI PR It TR I

Aminos Yield in No., of Yield in No.'of - No. of\
Acids 4moles Resgidues 4moles. ((LResidueg Residues

-

Asp 51.2 15.6 - 59 - 15.6\ . 14 »
N Thr E 35-"" 'y 10- . L" 09 ; ¢ lloé 12
, Ser 19.2 5.8 28.8 " 7.6 4 .
Pro , 40,3 12.2 . U49.0 - 12.9 0] o
Glu -/, 9.h 2.8 - 11.6 " 3.1, 2 .
Gly M 13-8 ’ ’-l—.8 _IZOol 502 0‘ 4 z
. e—— - Ala 330.0 100 380.2 ‘100 76 N
‘ Val - - 1.2 .0.3 _0 ’
Met 0.8 0.3 - A 0 '
Ileu - 0.8 0.3 1,20 0.3 0
Leu 7.3 ., 5.3 22.1 5.8 ?
v Tyr L 0.4 ~ 0.1 ~0.51 0.2, 0 :
Phe 0.4 0.1 0.51 0.2 0- v
Lys 1.9.6 5.9 22.1 © 5.8 L
Arg 12.8 - . 3.8 12.7 3.4 2 l
Total ' c .
Aeias | 168 176‘ Coe. "o
\ ‘Acids ' r., € - ' °
\ - | ' . . b ®

T w2k o 15,235 10,450

Tos
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~ DISCUSSION &

‘Analysis of the 10% trichloroacetic acid—soluﬁle
material frbm’ehe in vitro liver slice incubation system
sheweglthe occurrence of one major radioactive "antifreeze"
cbmpoﬁenf. Thié'"iargef_ehtifreeze molecule was not
presént in 1iver.slice iﬁeubatiene'conducted on fish inw
the summer. Incueationief‘the in vitro liver slice sysfem

\ in the presence of either pyromycin o;lexcess cold alanine

d1d not result in the czsvers1on of" t
\“ﬁlosynthetlc product to' the 10,000 antifreeze prqtein.

When the 'in vitro blosynthetlc product was subjected

O : ~ ' R
i . to SIS disc gel electrophoresis and urea tris-glycine dis§@

1

. gel’ electrophoresis, one radioactive component of 16,000

-

daltons was observed. The molecular weight of the in vitro

)

- . blosynthetlc product was determined by chromatography on

Sephadex G-75 in the presence of 8 M urea. Relatlve to -

was observed to have a molecular weight of approx1mately ’

I N

-7 16, 000 ddltons. wherees H3 antifreeze‘pidtein was pbserved i
: t6 have a molecular welght of 10,000 daltons. Nhen
?, - ' Subaected to tryptlc digestlon. the 16,000 Mw comp ent

1solated from flounggr liver could be cleaved to yield"

- two peptldes of approxlmagely 10 OOO ‘and 6 000 daltons. £

B vm e =

N
Amino ac1d analys;s showed close 51m11ar;tywpetween tﬁe

.. .ﬂ

»
t

£
v

¥

. *'ff standard protein markers, tME in vitro blosyntbetlc product .f"
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At 1ts peak durmg the. month of November. It does not C

. ' seem llkely that flounder actlvely %thesué antlfreeze o '

71.

vifirg biosynthetic product and authentic antifreeze protein;

It is knopn that the freezing point depression of |
winter flounder blood- serum is inversely proportional to
tklle“'émbient sea waterw temperature. fhis increase in
osmoa.'ali:,ty in t%"e/ flounder's serum in the winter\cis 'dué :
mafinly to the presence of an antifreeié protein V{hi:.cqh /2
. found ‘”‘in the: serum ‘only dumng the wmter The' osmoiali-ty
of flounder serl..tm i’mreases from 330 mOsm in October to
650 mOsm in Januarﬁwhen the sea water temperature is -1°c.
The level of synthesxs of the J.n v1tro blosyn‘chenc

component correlates with the 1ncreased plasma osmolality

in,the winter and ‘slightly precedes the appearance of

,Rntifreeze protein in' the .s'erum.’ The level of. synthesm

of this component in the in v1tro 1ncubat10n system

lncreased from 3'7 net cpm/mg proteln on October 19 to
values-rar{ga.%g ‘from 57’4--.-1‘-&15 net cpm/mg prot-éxn on Octobver
.29, It ‘{N{;s observed that ind1v1duals w1th the lowest

level of serum antlfreeze proteln had the hlghest 1evel of
synthes:.g. of_ the :.n v:.tro blosynthetlc component.l The ' -8
physmloglcal mechamsm underlylng th,ls 15-40 fold |

stlmulatlon 1n the syn‘thesls of the llver "large" antlfreeze

, prote.m 1s unknown :The level of synthes:Ls'appears to be n >

s

- ——— e,

IR, 28
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protein in vivo during the winter months when the seawater

temperature is O to -1°C. Pt has been reported that

winter flounder cease eating: during the winter months (60);

Antifreez‘r.e protein has been observed to have a half 1life

of approximately 75-90 days in the circulation (61).

This observation provides support for the hypothesis that

“the bulk of antifreeze protein required hfo‘r survival during

the winter months is synthesized before the freezing |

water temperatures depress whole body metabolism. The

ability to synthesize antifreeze protein until late

February is suggestive of a biological fail-e;afe

mechanism which could pro,tect the flounder against a

, | premature degradation of antifreeze protein as a result.of
sudden prolonged increases in'w.ate‘r temperature in shail_ow
coastal areas during the late autumh or early spring.

’ Undbubtedly, temperature and photoperiod play an 1mportant

' role in the control of the initiation and degradation of’

antlfreeze protein. It has been suggested that an lntact

~

proteln fram the plasma of the winter flounder (Lw)

-

Nevertheless, the underlymg regulatory mechanlsm for the
control-of the synthes;s and degra;lgt:.on, of~antli:zt,eeze

proteln remains to be determlned._

S In summary, the in v1tro blosynthetlc produc‘t has been

- observed to ha\re the followmg charactertlstlcs: '

s . -
v ' :

o AP
B o

AT

AN EER . e
T PR T Y RS L T
i e B R RE TR T,

pltultary is necessary for the dlsappearance of antlafreeze '

st i e Bt aent o At
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(i) Solubility in 10% trichloroacetic acid (ii) Molecular
weight of 15-16,000 daltons as determined on SDS disc gel
electrophoresis and urea-Sephadex G-75 chromatography. |
(iii) Its seasonal appearance correlates with the seasonal
increase of serum antifreet@,"‘protgin levels. '(iv) Iis
amino acid'compositio\n is similar to that of ‘a'nti'fr‘eeze
protein. (v) Tryptic digestion of the mm bi-o-_
‘s&nth,etic product yielded a 10,000 dalton fragment, '
indicative of structural similarity with the authentic AFP.
Thus, it is tentatively concluded that the in vitro

biosynthetic product represents the.biosynthetic precursor
for AFP.

'
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SECTION II The Bulk Isolation of Liver Antifreeze ' v

Protein Precursor
./

Introduction /

4

In an attempt to further characterize the in vitro

.;g biosynthetic product, the isolation procedure was scaled

up using pooled livers from flounder proceséed in the

winter months. The materials. were subJected to ammo acid

analysis and peptide flngerprlnts

Results .
” _The previously dialysed and lyophilized acid-soluble
matgr‘ial from flounder liver was chromatographed on a
.‘sebna_dex 3-75 column (1.6 x 86 cm) in 0.05 M NH ,HCO 5
T . (Figure 17). The material which eluted before the
cytochrome C marker, and which corréqunded with the
elution position of the in vitro blosynthetlc product
*(fractions 30-38) was pooled, lyophllzzed, and re-. c
chromatographed on the Sephadex G 75 column (L.6 x 86 cm)
. in0.05 N Nl-[,_ﬁ(:()3 ‘The ?fsultant elution profile (Flgure
17) showed the presence of one component elutlng bef‘ore

- ' 'the cytochrome C markez‘.

B. Succmylatlon and Molecular Welght Estlmatlon "

Succmylated flounder llver antlfreeze proteln precqrspr

was chromatographed on a. Sephadex G—75 column (l 6 x 86 cm)

————

AW Tt s, e e
4
v

o

¢

. . in 8 M urea, .0.1 M Tris, 0,5 M glycine, 50.,mM,3—mgrc_aptoethangi‘.'_

e e s ottt e s aen -
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comp081t10n.. Based on these composxtlons. the llver antl—

\

(Figure 1), | ' R
‘ The- succlnylated flounder llver anthreeze protein

was determined to have a molecular weight of approximately
19.ﬁ00'2?ltons_(Figure 15). ,Subtraexlon_of the contribution

of 8 suceinié¢ dcids added to fhe~proteiﬁ (? lysine + 1. N-

terminal NH ) results ina molecular weight of”approximately..

“18 780. daltons for the flounder llver antlfreeze proteln.-

" €. Digc Gel ﬁlectrOphoresis S T

_ Flounder llver~ant1freeze proteln precursor was sub;ected
ﬂto 4 M urea trls-gly01ne pH 9 2 dlsc‘gel electrophore51s .

'"and v1sua11zed under a mlneral 11ght ultraviolet source

-

f'after stalnlng Wlth anlllnonaphthalene eulfonate (Flgure

”"19) One maJor band was observed fqlluwed by two mlnor

tnaillng eomponents.

p.* Amino Acid Analysis ' - g

The- amlno 301d composltlon of the 1mver antlfreeze

.1

protein precursor 1s shown ln Table 4 The ComPOSltlon of

‘ the serum "large"'antifreeze proteln and antlfreeze proteln

is: ncluded for comparlson. The amlno acld comp061tlons

are 81m11ar. notably the abundance of alanlne 1n the-

]
- -

freeze proteln precursor has a molecular welght and amlno

acid compOSLtlon\simllar, 1f not 1dentlcal to the serum

PERE

large antlfreeze proteln. However, at present, we cannot

3

s

[,

...conclude that they are 1dent1cal It 1s pos51ble that post—:
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, jfreeze proteln precursor. on’a Sephadex G=75 -
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‘;.'_4:. . secretlon and transport of the AFP preeurSQr from the T e
L lrver to the serum. T ' ﬁ o 7‘ .
- E. Peptlde Flng,er Pmnts "
) e N “., | The 11\};} ant:.freeze proteln precursor and flounder
L " "'fvantlfreeze proteln were dlgested w11:h thermolysrh and o

Y e . Teeot, T o -

analysed usmg a 81ngle-c<olumn 'physxologlcal flUJ.d analyéi”..,

Lr'.

ith W—Z resnuon a Beckman «121 ammo acld analyz

'I‘he'

f . H

' J.dentlcal wlth that obtalned WJ.th ‘the sexLum antlfreeze

f"" . l

_".",i":-‘-‘;--'{L.-“-‘f}«f *""’f-“_f‘ﬁISCUSSION R L e
SUCTEAPERAN. The 11ver antlfreeze proteln pr;ecursor was isolated . S L

S ‘ f, | ;-ro,‘nApooled 11Ver preparat:.ons. ; The molecular we:.ght of o

| 2 o 'thls component as de'termlned from chromatogr.aphy of the

succlnylated 11ver antifreeze protel precursor. and from

DlSC gel electrophore51s (Flgure 19) of the materlal showed

one ma;or component. As Judged from the amlno acld analysis,

i component. Othervuse, the amlno ac:.d analysm woﬁld not

' shov{ any close s:.mllarlty w1th the flounder AFP. T}us 1s

proteln, thus 111ustratmg the:.r clo se structural smulanty. _-

the bxo synthetic precursor of AFP muSt represent thls maaor

am:.no acld analys:.s. was approx:.mately #6 18 OOO daltons. U

S

further conflrmed by the results of peptlde flnger prlnts.-._,, -‘




Smd molecular we:.ght
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A Rl T : . SR
o T :.~.-SECTlOI‘{J','.I‘I'Ii The Productlon of Spe_clflc Ant‘l-llntl‘freeZe :
Sl N T lProteln Antlbodlee O S R
,- I‘ntrodljctlon j , .A L ‘“‘ ', ’ ,
g '_._ B ZM'_. Tklxe a\r'ailleblllty of speclflc‘ ant1<¥ant11;ree‘ze proteln B "
. § . aﬁtlbothes would be e;ctremely useful 1nA the. study of Ithe N " )
.;4 e blosyn hesis and regulatlon of the AFP..‘ In these studles,
.'“"‘two dlffereot“immunologlcal procedures were used (1) the L
~,"'.‘ 1 lmmqnil’zatlon of AFP :Ln rabblt and gulnea plg (11) the ,: A:j‘ " ?.
. ' 1mmum.zatlon oi“. AFP: albuml.n con;]ugate 1n rabblt and o s
A T gume? plg-} R e l -'f"' o
'. The gel filtretion proflle of antli.'reeze proteln
react:ed 4w1th DFDNB .and coupled to albumln J.s shown 1n 8
. Flgure 21. The.ar;tlfreezef albumln con,]ugate elutes m the .
- -’-vo:Ld volume of the “columm’ (fract:l.ons 13- 25). followed, by '
' .‘>all,:‘oumj“in (fractlons 3“—-&5), and ant:.freeze proteln (fractlons
o '\ ‘ 50-60 The re31dua1 prec'lg)‘ltate'obtalned after the R T
L antxfreeze-dxnltrophenyl albumln solutlon was- dltalysed
‘ .j;"::;f:‘_:-icontalned a m:.mmal amount of agjbumln* conjugate. ' i \,
B ISR _ B ; "'.4,2Informatlon concernlng the chemls‘try of the ant1flr~eeze = X

t
, R ‘;con,]ugate~ was obtalned by\ammo acld analys:.s. The amlno s §
' j

f;."amd compos1t10n of a preparatlon of antlfreeze albumm P

'

- 1."?"con,]t1ga‘te is presented 1n column 3 of Table 5 Nhen the

"-‘,:-,"'_number of: res:Ldues contributed to the conjugate by albumln

(column 2) are subtract}/from the con;ugate, the ,resultant SRR "7._:

R
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v the f’esultant amlho acld composutlon (colunm lF) homologous . "t

wlth that oi‘ antlfreeze proteln (column 5)., 1s suggest:.ve 4

f a 1:1 couplmg ratlo betWeen antlfreeze proteln and

albumln. - ":.'- = "-."Z': - .~-"."‘ ‘ '} o .._-7.5;

S Blood sera was,,,obta:.ned from rabblts and gu:.nea plgS

; meunlzed wrth 10 000 MW serum antlfreeze protelnh Nhen
RN sub.]ee'ted to an ouchterlony test, ne;.ther theicontrol serum DY
R A ‘nor the 1mmuru.z.ed serum ylelded preclpltln bands on the

,:ouchterlony plates.xl. In an attempt to fur\ther cM‘acterlze

, _ 'fantibody, t:ontrol and 1mmun1zed sera were equlllbrated
L T with 3}{ antifreeze proteln and chromatographed on a

Sephadex G 75 column (l 6 .x 86 cm) 1n 0 05 M NHQHCGB'

1; can be seen ;Ln* Flgure 22 there was no slgnli‘lcant d1fference

B i
[P : e . .

AIRET T 1n the elutlon pos1tlon of the 3}{ antlfreeze proteJ.n ;; g o

elute from the column before 31-[ antlfreeze proteJ,n..;.‘,".'.-”Q;f_;,
B Blood sera obtalned from rabblts and guinea plgs

1mmun1zed w.1th the punfl‘ed "large"‘serum antlfreeze

-

proteln (SlA ) was also subgected to charactemzatlon by

‘¥,

‘:‘-' ouchterlony test“mg and 1mmunoprecx,p1tatlon utillzing 31{ o

,antlfx‘eeze protem, ) An antlfreeze proteln antlbody could

. . . A ~
I J o AT

be’bWeen control and 1mtnun1zed serum- : The presence of'an PR

an'tlfreeze protein antlbody in the J.mmumzed serum Would

have resulted ;Ln the formatmn of a 3!{ am::.i‘reeze prote:.n'“ . o
: "" antlbody. .complex. Such a. compl x wou].d be expected to @ T .
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*Characterization of rabbit serum utilizing “H
.. antifreeze protein on a Bephadex G-75 column
{16 x 86 cm)- in 0.05.M ammonium bicarbonate.
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Analysis of blood sera obtained from animalé
immunized with the antifreeze-albumin conjugate indicated
that antibodies were produced against the DFDNB groups

: .rather than againgt the proteiﬁs. This conclusion was
based on the obséfvapioh that serum from aoimals.immgnized: -
with the conjugate did not produce précipitin bands

‘agalnst antlfreeze proteln, nor albumln. but rather agalnst

*the conJugate 1tself. Further characterlzatlon of thls

ESera by 1mmunoprec1p1tatlon ut111z1ng 3H antlfreeze
';_protein resulted in no shlft of the e}utlon p081t10n of

tpe radloactlvmty.

-

Dlscu851on.

' .. ) , “ \ -

The absedce of preClpltln bands in thp ouchterlony
" test of the antlgan and sera could -imply: . (i) “the

absence of”specific-antiboﬁiéé (ii) thefpresence‘of mono =

R T P P LI VLR
. M .

valent antlgen (i.e. non-pre01p1tat1ng antlgen) -~ In

order to ellmlnate the latter p0351b111ty, a study was

's.

:'onducted of ;he blndlng of 3H AFP with the 1mmunized
:\: As 1nd1cated in Flgure 22 (p QV‘). 1t is. obv1ous,’

V
- "that ro. specific b'ﬂﬁi:é cccurs. It is concluded that the

»
lmmunlzatlon w1t the antlgen cOnJugate was- not successful..
‘~‘The antlfreeze pno 'fn, belng of small molecular welght
] ' N
and relatlvely few deter_:nants (only 8 amlno a01ds)

Y e e i s -

fappears to be a poor antlgen. A s1milar 51tuat10n has also .

1_@ . ' . been - encountered w1th the’ Antarctic glycoproteln (R.E: Feeney;
: .~ . . . N < / '
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N ;‘ - $ECTION IV Blosynthe51s of Antifreeze Proternsl'PolyeQmal
Profile Analysis : -
‘Introduction o o g
It.fs~generally believed that. secretbry»preteins are ’ ) ;
synthesxzed on membrane~bound‘polysomes, whlle lntracellular : f ;;,_
S ‘ protéins are a55001ated ‘wi'th-free polysomes (62) n& . 1 IR :;
| . order to further understand the functlon and secretlon of | : ]
. the AF?: ae lnvestlgatlon was- conducted to determlne the ﬂ%;;efiijlijgﬁLf
- “;1:dlstr1but10n of: alanlne on the free and bound polysomes.‘:::f'f, ggﬁ”f';
tﬁ;aij".:{}f}if§;Results | . i' . }' i ';. ;‘ e ;L':liéff?-;m"-';;f*@{’l
T "'é‘-'i_.‘ : Polyrlbosomes were 1solated from flounder llver sllces t;:ﬁi"‘i@f}j
- "ilncubated 1n the preSence of lLPC alanlne. The dlstrlbutlon g ;%{
’fof rad10act1vxty in the total polysomes of flounder 11Ver %2
’ cells is 1llustrated in Flgure 23 ’ " 'Eﬁ
The dlstrlbution of radloactrv1ty 1n the memrrane- . ‘éi
fbound and free polysomes ﬂ? 111ustrated in Flgure 2&.1:1 ‘“7','{. "'%;1
"Membrane—bound polysomes 1solated from the 1n grgrg- : g f?.f
?? | incubatlon system had a- spec1f1c act1v1ty in the. range of " o ?ly
,' o .'1069-1376 net cpm/A260 unlt. ‘wmle free polysomes had & 1
S ' ,speclﬁlc act1v1ty 1n the range of 780 820 net cpm/A260 Lo fléf?i
. ) ':funlt (based on the results of. 4 separate experlments) S {.fjk }?§Lf'

1 .

: Dlscuss1on .j"’ 'HV '.' B lu' “-_' : "'&'-ll' S e

There was 1. 5:-72 fold more 1ncorporatlon of. radlo-u~ i}

actlve alanxne 1n the bound polysome fractlon as compared _.’f,f“‘fﬂﬁf

??ﬂ L Lf::i 3 'to that 1n the free polysome fractlon. Thls observatlgn
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Figure Zil- Dlstrlbutlon of. radmacnvity in membrane-bound
and*-free polyribosomes of.-flounder'- 11ver cells
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- :: . ”;‘i -.: 'TJ ‘~& o : .-. I |‘,,')“ . 'i g = : .‘; ’,/ :5. Y
. . wu . . . ; F o . ;

::z . Bt ".suggesﬁs that antlfreeze proteln qay be synthe51zed dﬁ ?TQ.: ;' i : :
R the bound polysome fractlon, a notion con51stent with it . 0 - {
'%f"f . k SQCFGtOﬁy functlon. More conclu31v; 1dent1flcatxon of. ;

?:;)." - " the - polﬁsome fraction whlch is actlve in. antlfreeze éroteln E
o ':w _ ‘ synthe51? eould be achxeved u31ng immunologlcal o .
. . preclpltétlon techniques. b W : '

. mhe%successful lsolatlon of the‘lntact péiyr1bo$omes \

e

both the free and bound:

£

b
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3eventual 1solat10u of the AFP mRNA.‘ .
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o _ Recently it has become apparent that manyeprctelns i SN

SUMMARY .- . g ob 't 8l 2P g @R, Em 7

& ¢

i § ’ . A&re synthesxzed as larger precursors and that these are
,' ' 3 ) . ultmately converted to phySmlogJ.cally actlve forn\s by’ = B 4

the sglectlve enzymatlc cleavage of peptlde bonds. In‘ ’ ST L I

g ¢ _' 'this repcrt ev1dence 13 presented for the existence of a
> o g g OOO MW component in the 11=ver of mnter flounder whose-'_"‘ .
o o '_v‘ﬂ. % h = R ..-'- "‘ N H 5" .‘”:n
) 1evel of sym:hesus carresponded cloSely vuth the appearance ' WPt
bail’] Yy f the 10, 000 mw ant:,freeZe proteln 1n ther serum
. s ' v \ -
i [ = 2 .J 4 . y-l ':. '_:
o “h :" l';-‘.. ."; p ‘:.'
IR Il and appears to represent the same polypeptlde. It appears...-;f-‘
) ' that flound'er 1iver syntheéizes a- "large" antlfreeze R
4 proteln whlch is secreted 1nto the c.1rcu1ation. ‘l‘his' T g at
i 5 . R L B _“
16.. 000 Mw antlfreeze protem is then c'Ieaved to yleld the T e S
SE me g g 10 000 MW serum antlfreeze prqteln-... g B, q =5 '.-' afly '. v W el
i el - C Rt g B 0 A PR | o st RS
& 3 e ‘e ) il 5 A i '.‘.T - _:5,‘.\
L T JRe ik T L S a p : i
’ T L "N = ‘.- Cs : < a i = :,; ." .‘:. i X Te_ ® i ) = : !
e 1 5 SR Gl z o ‘ P g L
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¢ % 3Rk SRR = L o7 R Db g o
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