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The heterogeneity of antifreeze polype| ides (AFP) ln the~

Newfoundland wmter flounder Pseudngleuronectes -americanus was ana'lyzed by

oreverse phase h1gh ‘performance Tiquid chmmatcgraphy (HPLC) and by snd(um 3
dodecyl sulfate polyacrylamide ge'l e'lectrophoresls. . Seven AR conponents

~could be readily resolved. Five of the cowonem:s were slmﬂar in mnlecu-

lar weight-(3,300) and aminc acid composition., Two of\the AFP_components

were—\arger (4,500) and contained:valine. Thé two majur\ components

y e w (components 6 and’8) were idenhcal to those reported earher from our -

1aborator1e5<(Davies»gE al.y-Proc. Natti-Acad: Sciv; USA79', 335, 1982

Serum AFP werz isolated from winter flounder collected fyom Nova
Scotia, New Brunswick and Long Island (New York) and ccmpareq\o the AFP . "
found in Newfoundland winter f'lounder. ‘These pepti des were é’nal sed by
reverse phase HPLC, and showed pearly -identical e’l’ution profiles tu that
A of Newfoundland AFP. In ¥

dual comonents from New Brunswick and Long

Island.had antifreeze activity and agreed with'the activity measure‘ments'
* previously established .for the Newfoundland AFP. - Amino acld analys’is of
the major AFP components from the different flounder )wgu'lations indicated

that they had similar compositions. A minor variation Mthh included .

valine in one AFP component was..noted in the New Brunswick sample sugges—
"ting that a limited amount of gerietic’ polynorphism may be present in the
‘winter flounder population from New”Brunswick. In general, there appears

to be little or no variation in the structure of the AP from winter &

flounder inhabiting different geographical habitats. In view of the sim—. o
'lar\ty of "the serum AFP conwonents and 1in 1ight of recent information on ' g

the structure and genomic organization of AFP genes, it is 1ikely that




effects o?\hypabfgvﬁtom (hypex);and long day length on the accuw]atibn
. \of antifr;eeie messengeTR\NK Tﬁﬂmﬁv—ﬁhe»ﬁrver were. examfned

Hypﬂphy—
sectomy resu'lted ina slgmﬂcant decrease “in sarum freezing temperawre,

and \ncreases in lver weights , ‘total l(ver Poly (A)* RNA" and AFP HRNA

I acc\mlation. The ‘dent‘uy of the AFP RNA 1nhypex animals vas ccnfl rmed
by g? electrnphnrqns, ceﬂ free trans]atmn and Northern hlnt hyhvim—

R zatiun\techmques Y{ytophsmfc-dat hybridizabinn analysis |ndicated that
the AFP\mRNA level in \hynex fish approximated that observed in winter

2 animals actively synth\!zing AFP. These experiments neﬂized a nick-

translated \(15, an antifreeze protein cﬂHA clone.

reuched 251 of\ thelevel fnnnd in fish actively synthesizing AW MRNA-
durlng the winter munths. Smge AFP mRNA is found at very -low levels in

the control ﬂonn er, this suggests that its accumuTation after nypophy-

¢ sectony depends on acce1erated transcription. The pituitary g]and appears
P

to requlate the ]1vgr AFP mRNA level by a negatWE trans,cr!pt{ona'l control
| mechanism. 4 : . ’ /
The effect of photoperiod on the .seam accumilation of winter

Flounder AFP MRNA in the liver was eamined. Flounder maintained under.

conditions of 15 h !on’g day length have both a delayed dppearance and
decreased accumulation of AFP mRid  AFP mNAS were identified and their
concentrﬂtions measured by a cytoplasmic dot-| nybridvzaticn metnod and

Nnrthern blot hybrid!zatinn utllizing a nick-translated E3, an

An Increase in AFP TRNK
was detectable as early as\the first day after hypnphysectunw and by day 7

|
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. 3 anufreeze genomu‘ clon:. Dece:mr ﬂounder uamtained under condmons

of -\rmg day Ienglh demonstrated the lnost s1gnihcant decreasé. in AFP nRNA
& ¥ Tevels. ‘It was estimated that these, fish contained less than 0.6% the AFP

lmuA normally . found in cyntrm December fish. The seasana'l ﬂuctuaﬁo‘

AFP mRNA 1n lmth experimental and cm:trp] f1ish match clusely, but \ﬂteed

v, W - the rise: and fa'H of p!asna AFP levels.erhese results suggest that Tong

| A day 1mgth suppresses the rate of transc iption of antifreeze genés and

s support the hypothesis that phnwariud n\ay act as the initial cue-for e

entraining the precise activation of AFP synthesis possibly thr‘uugh a
Eatmn of winter flounder AP

i piwitar;y fediator. A model for the regi

gene expression 1s presented. -
“ 6 - -
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CHAPTER I

, GENERAL INTRODUCTIQN Y .
. Tiaperatare 1s of pringey importance in 1initing ithe distribution of
animals’ and their’ sctivity.. AT1.1ife pfocesses require an aqueous mediun.
e prase changes of water below 0°C, from1faiid to ice,-cause: extensive
. changes m the physical state of the organism or cell and: irreversible
changes in.internal processes such ds dsmoregulation aid excretion. .Th:e‘», :
surviva’l of all orgam‘sms inhabiting subzero environments depends on thelrl
ability to deal with the freezing of water and the prevention or tolerance .
of c‘r}oinjury associated with this event. To avoid freezing many fish
such as the winter flounder Pseudng]euruﬁectes americanus have evolved a
unique set of polypeptides which act as "h1n'|091ca1 antifreezes'.
Mechanisms _of cryoinjury Bl

In'cantrast-to cold injury which many. organisms can ta'lerate

(Hochachka anq Sumero, 1973, freez_mg injury is, in’most cases, IethaL'. —
vThere are’ nunerous theories for the mechanism of freezing 'Inju_v;y (Mazur,
1970) huwaven, two hypothesis prednm‘lnateA Tr‘e first involves ;ntrace'l—
mlar ice formation and ‘the mechanical damage caused by ice crystals large.
_enough to cause injufy through ‘the.disruption of cellular components
+ (Mazur, 1970; Bank, 1973)." The second mechanism involves extracellular
ice formation which results in ce11u1;r dehydration and is associated with
the Toss of a.critical’ amount of cell’water (Prosser, 1973). 3
In man's search for cryoprotectants considerable -effort has been ‘ex-
pended in trying to undérstand'the growih and size of intracellular {ce
crystals. It is thought that, the freezing of ‘intracellular fluids occurs

following nucleation within the r:eH" §r by the penetration of ice

i
|
|
1
|
}



crystals through the cell membrane from the extracellular-environment

(Franks an@Skaer, 1976).. The most probable reason for: ntracellular ice

+ injury ié 1likely to be due to the ice crystals physically a]térating‘ the -

L1968).° ik

various cellularand-subcellular components (DeVries, 1974; Franks;?1975).
Structural alterations.and functv’unq'l‘4 changes ‘in plasma membranes are the ..

major targets implicated in this injury (Trimp et al. 1965; Heber,

More recently Farrant (1977) has, sué‘gested that iniu‘r‘y by intracel-
Tular ice formation may also be caused by vn'\ter‘nt‘hn} of bwa‘ter transpn‘ri_:
such that osmotic movements of water into ard out ;1f cells vlr‘tua‘ﬂy
cease. This process is considered to be more rapid than am movement of
water across ce1'|u1ar: membranés particul arfy at subzéro temperatures. The’
Tack of water movement would lead to a gross imbalance of electrolytes ‘and

cause changes ‘in the hydration properties of proteins. .'The breakdown of

membrane structure would be -the main result of such events.
" Although the ei(lact mechani sm -va intracellular ice in:jurymémqins in
question, the rate of cooling and reveate'd‘ freeze-thaw c;'cles appear to be
main factors promoting this |:!|jlfr‘y. <'Cooling rates exceeding a crifnca'l
Yalue, which 15 charaSteristic of s particular el} type, prodice fntra-
cellular ice because water cannot leave the cell r“apidly enough to build

‘extracellular ice crystals (Mazur, 1963; Mazur, 197“7). For example, some

" initertidal invertebrates exposed to high chill factors-af low tide experi-"

ence high cooling rate: 1ntracé11n1ar ice formation takes piace and the

organism dies. However, the same invertebrates exposed to 3%lower
cooling rate due to changes in wind vélocity or warmer seasonal tempera-

_tures, are’not as''susceptible to intracellular ice formation and ts

2
i
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corresponding injury’ (Murphy, 1983). Repeated freeze-thaw g:les promote

intracellular ice fijury. Although the.reason’for this is unknown,

Fishbein ind Winkert (1977) suggest that both physical disruption of
membranes and detrinenta] extraction of hwnd water from membrane prot.e1 ns
are major factors contribucing to this InJury. =N

Extracellular fce formation is the second major mechanism of cryo-

‘_'njui‘y. Extracellular fce formation results in cellular dehydragi\an'.

When extracellular water freezes the mole fraction of extrace]]u]érf‘ﬁater

declines. Intracellular water diffuses down its concentration gradient
into the extracellular spacé. This results in the loss of @ critical’
amount of cellular.water (Mazur, 1963; Mazur, 1977). In-effect, extracel-

Tular fce formation represents a fom of dessication since cells become

-
hypoosmotic with respect to the external environment. The outcome of such

de‘h}draﬁon is thought to result-in severe structural changes in-cellular

proteins_(Levitt, 1962), changes.in io‘m‘c strength, pH, and electrolyte

" imbalancé (:I'.uvehck, 1953) and the eventual disruption of normal membrane

permeability (Lovelock, 1957; Meryman, 1968; 1971). 1In general, fxtracel-
lular ice.formation causes irreversible dam‘age to cellular cunst-iment’s as
well as extracellular components. i .

1ological adaptations to freezing
Freeﬁng is lethal to most ce'llular organisms, and species inhabiting

) ‘the subZero environment have -evolved different adaptive mechanisms in

‘order to survive. Homeothermic (" wann-b\ouded") vertebrates are not in ;
danger of freezing because they have developed a sophisticated means of
generating heat and so are able to maintain their“hmy ":ewerltures ’we'll

above the freezing point ‘nf their body fluids. Poikilbthemic (*cold-

|
!
1
|
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blooded") organisms have evolved other means of adaptation. ' These include .

behavioural avoidance, ability to tolerate 1imited freezmg. lncreased
synthesis of small molecilar weight compounds, ability to supercocl

« synthesjs of ice-nucleating.factors, and the synthesis of spec\'ﬁ‘c macro-
molecules which act as urg’an%c antifreezes.

Behavioural avoidance or the seasonal’ occupation of ice-free habitats
<

g represents (;ne of the strategies adapted by org_anisms‘{rmab(ting
threespme, stickleback, Gasterosteus aculeatus and the starry flounder, ™

lati:hthz steﬂatus change thelr usmoregulatory patterns and avoid-
subzero marine environments by migrating into warmer fresh water (smith
and Paulson, 1977). The Tonghorn sculpin, !nxncegha‘lu cctodecemsgmosus
and the crescent gunnel;, Phnhs Jaeta migrate away from shallow, ice-laden
water into deeper, ice-free water taking advantage of the fact that this
water is generally warmer and ice crystal nuc]eah:on is inhibited b;l

increasing hydrostatic pressure and convection currents (Leim and Scott, |

19665 Dayton et al., 1969; Smith and Paulson, 1977). Freezing avoidance

does not necessarily require Tong distance migration’but may involve

highly specific habitat selection. The Antarctic fish, Notothenia kempi

x 1ives in.an ice covered ocean near the Av_i_;arc.ti‘t C#rcle by remaining.in’a

: . &
T +2°C layer of water that exists year round at a depth of 100-200 meters

(DeVries, 1982; DeVries and Eastnan, 1982). o7
Varwus organisms sucﬂ as. the Arctic beetle P, ﬂ_ ameMcanus (R’lng

and T€sar)-1980) and intertidal missels and.snails V‘Iurphy and Pierce,

1975 Murphy, 1979) can actually to]erate some frost and a cer\‘.ain percen-

tage of freezing. Although the exact necianisms ‘are unknm:n the Tarval

£ 1 - »

. 'potentially subzero habitats.' Many sub—Ar&tié marine te'leosts such as the -

]
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. of ice. nucleation promoters can be supercooled to a limited extent.

and adult stages of P.- americanus -appear to use glycerol and perhaps hemo-
Wymph sugars as natural cryoprotectants to allow.limited freemg to occur

witliout death (Ring and Tesar, 1980). The intertidal musseh ztﬂus

eduHs and tHe 5uhtida1 clam, Venus mercanaria are exposed tn the freezmg

atmosphere- in the ‘wi nter twice daily as a resu)b of the rise. and fall of
the tide.

These 'organisms can 'to’lera:e'np to 64% of the wa‘ter in their:
. tissues being frozen (Williams, 1970; Murphy, 1983)
injury in’ these invertebrates :appears to be associated with a mechanism
involving structura] or tissue sn'lute changes which are’ ‘dvependen;;n a

I
~ shift from an aerobic. to an anaerobic metabolism.: The exact nature of

. these’ changes and the nature of an oxygen-dependent freeze injury is not
understood (Murphy, 1983) '

i Many organisms, inc1uding‘ those with le?s advanced circulatory sys- i
tens, ‘achieve a certain degree of freezing resistance by ‘increasing tissue
Tevels of sugars, polyhydric alcohols (eg. g]ycev:oll. Tipids, ‘sodium
chloride and other small molecules (Potts and P;rry, 1964; Danks-, :197¢
Feeney and Yeh, 1973 Devries, l980)

These small compounds Wi ’1ower i
the' freezing point of tissue hqu1ds by nnma] cohlgativa pmpertles. ;
Colligative freezing-point depréssion is nearly proportional to-the molar
concencrétinns uf these additjvés. Th{{ route, can only be used to a

certain extent in most animals because 1t raises the osmotic pressuv"e. e
The ability to supercool, or the cooling of Eody fluids below the freezing
point in a liquid state, is thought to be stabilized by this solute effect

(Ul_vmiinger, 1969, 1978; De\l‘ries, 1980). Biological systems in the absence

Sy'ecives as. diverse assthe deep wSter Fish Icelus spatula from Hebron 4

Resistance to freeze s+

L




‘Fjord, ‘Labrador (Scholander et al., 1957) and the larvae of the Alaskan

. beetle, Pytho deplantitus which can depress its supercooling point to N

L SN

754'[2 {Ring and Tesar, 1981); have utilized the freezing point 'depressjog
of small molecules and the abﬂity'to Vsupercmﬂ as an effective mechanism
against freezing. However, the supercdoled state is thermodynamically

unstable and in the_ presence of ‘'seed ice crystals, supercooled organisms

such a‘s the Arctic fish Lcelus spatula will quickly freeze -(Scholander _ei»
i. i i957). Feeney and-Yeh (1978) have suggested that 1living organisms .
can allow supercooling to occur more easily, by compartmenta]i’iutidn with
membrane systems. This would restrict nucleation centers to paéticular
"r:gions. h
Some organisms have exploited the abl‘l_ity to exist in the supercob1ed

‘state a step further by evolv’ﬁ';a specific set of Ice-ﬁuc1eac|ng factors.
These compounds assist freezing such that the extensive supercooled state
which p‘rumutes lethal intracellular freezing, is avoided in favour of a
coritroTled Tocalized extracellular ice formation which can be to‘lerated:tn
_a certain extent (Farrant, 1980). Examples of these molecules are found:
on a‘ seasonal basis -in Aéro-a]pine plants (Krog et al., 1979) and many
insects (Zacharissen “and Hame1, 1976; Duman and Horwath, 1983). .

* One.of the most intriguing adaptive mechanisms evolved in organisms
sBee .

A S < o, "
Tivifig in subzero habitats is-thé occurrence of- a unique class.of specific

* . macromolecules capable of acting as organic antifreezes. - These proteins

and polypeptides occur n numerous organisms, and are’essential in preven-
ting the animal from freézing. - Biological antifreeze molecules act in-a

_non-colligative manner to lower the freezing point depression of body and

cellular-fluids below that of their surrounding environment (for’ Feviews
4 = a .
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“tPhilodromidae) and Clubidna 5p. (Clubjonidae) (Duman,.1979a) ‘and numerous

B|o1og|ca1 antifreezes in fish * g wa® /

. 'hagfish. sharks and rays), fish are hypoosmotic to their marine

Némath 1983). - These antifréezes have been reported in spiecies as

diverse as ‘Antarctic fishes (Feepey and Yeh 1978 DeVries, 1983), many
- Arctic and Sub-. Arcnc fish (Hew, 1981; J)eVries, 1983), the intertidal:- - s

missel Mytilus edulis {Theede et al., 1976) , the sbidus Philodromus sp.

_insects (Duman, 1977a 1977h 1979“’1982 Danks,. 1978 Duman and Horwath, v".

1983 Hew et al., 1953) : g Ko . »

- Antifreeze proteins are an intriguing adaptlve mechanism with many

.interesting features. ‘The remainder of this chiapter will emphasize the

structure, genetics; and biochemical diversity of the antifreezes.found in
teleosts. In addition, the mechanism gost Hk‘el} to he invo!ved in e

regulating the concentration of these protems m'H be d1scussed.

Fishes are the only poikilothernic vertebrates which {nfabit Subzero

“envivonments. With the exception of mykinoids and elasmobranchs (i.e.

.envirunméyit -and risk freezing in the polar oceans. Many polar and

north-temperate marine fishes live at temperatures between -1.4°C and
-1.8°C near the freezing point of saltwater (-1.9°C). The body fluids of

most temperate mr! ne té1eosts freeze at temperatures between -0.5 and

-0:9°C (HoTmes and Donaldson, 1969). In températe fish, sodium chloride

,represents the most abundani electrolyte in ti{e blood and accounts for 85%
of the freezing point devression (Gordon et al., 1962; Feeney and Yeh,

1978) " The remainder nf the freezing point’depression has been’attributed

to other small molecules and salts such as glucose, free »ami:ilo acids, o




- urea, ‘potassium and-calcium, (Potts and Parry; 1964; Dobbs and Devries,

1975). Fish inhabitiﬁg’_freezing environ‘ments have e'levatéd concentrations
of 'sodl‘\un chiar:i_de in comparison to températe .te]eosts (DeVries and .Lin,
1977a‘; Fletcher, 1977; Fletcher, 1981). However, the concentration of this
e?ectro]yte accounts for only 30 to 50% of the ubservéd fjreezing p(;Int
depression and the concentrations of other ions do not vary with respect

to habn;at (Fletcher, 1977, 1981; Feeney and Veb‘\, 1978; DéVriés, 1966), ‘
The "colloidal bldod fraction of a variety of fish From polar and su!‘:po\ar

oceans contains antifreéze_-macrumlecules which depress the freezing

temperavture. of their body fluids and are be'lie‘ved to be essential for k

their sur\nva? in ice-laden seawater (Feeney and Yeh, 1978 DeVr(es, 1980, .

*1982, 1983; Hew, 1981). " .

Historical perspectives » . &
" Scholander and co-workers (1953, 1957; Gordon et ai. , 1962) 'Feported
thé initial” observations of freezing resistance in m‘arine_ fishes. They :
uhse‘rved that the blood sera-of Arctic fish had a Tower f‘r{eel\'ng temper-
ature than did-the blood sera-of fish from more tem{;erate@. More il

purtanﬂy, they noted that the decreased serum freezing te)

ture was
not due to mnrgamc salts, but rather to macromolecules found ina frac—
t\on of serum that is so'lulﬂe in trichloracetic acid. It was concluded,
because of the mnbnity to preclpitate this fractwn by trichloracetlc
acid, that these macromolecules were not proteins and ‘that they prol?ah'ly
Towered the freezing point by a colligative procéss. Dther 1nvestigutp‘rs
soon made similar observations. In the Norwegfan boreal and Arctic fishes 3
of the Barents Sea, Eliassen’and co-workers (1960) nuted that. these fish
respondeﬂ to subzev’o temperatures {n much the same manner as descrihed by




‘ .
Scholander et al. (1957) and conﬂu'de’d that these fish.survived byr super-
cooling. Raschack (1969) attributed a lowering of plasma freezing point

in the’sculpin, Nzoxoceghalus-scoﬁ‘lus (caught in the Baltic sea), to an
‘ 3 7

increase in cuncevi\thtion of di iated nr@anic m ’ It was
assumed That these £WOunds acted through solute activity and a rise”in
body fluid osmolarity. Similarly, Pearcy (1957) observed that the

. eley‘ated freezing point depression in the blood sera of the winter’

flounder, Pseudopleuronectes americanus iqbahli!ng Eubzero waters, could
not be exﬁlainm_pyl_e]_evated Tevels of sndium.cmnv'"lde. However, Pearcy ~
also ‘cunc]udey that the f1 oun‘de’r probably §hrv|ved due to undetected
elements acting in a predictable cull‘_j&gatjve manner.

The undete_cted elements accouﬂtil\g.for the significant freéziné pt;lnt .

depression in fish serum were resolved by DeVries and Wohlschlag {1969).

These i s _reported the i ion of a ma lar antifreeze ¥
from the blood of Antarctic f{;hes inhabiting the Ros; *Sea. The anti<"

freeze was a glycoprotein containing only two amino acids, a]anine and’
threonine. These macromolecules could account for over 303 bn'f the ’

freezing point depression attributed to the'sera. DeVries; Feeney and

. co-workers (1970) characterized these g'ly:oproteins in-the An;arctic fish,
. Trematomus, ‘horchgrevink and Dissostichus mawsoni and found them to have

unusual chemical and physical prnperﬂes. ln contrast to most prutelns,

vthese glycnproteins were - so’lub]g in10% Tr1cmnrnncet1c acid. In ‘addlnun

the glycoproteins contrlbuted negHgibly to the nsmolarlty of the\ blood
but exhﬂ:ited a major depression of the f.reez!ng po|nc of uaur heyond

what would be expected to occur by a normal colligative effect. ‘DeVrjes

(1971) dsonstrated that these antiﬁ;egzes Towered the freezing po|nt of
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" proteins.
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a solution m)t not its melting point, which further illustrated the non-
colligative freezing point depression effect q'f these so called

antifreezes". Confirmation of-antifreeze substances in the blood of

- northern fidfles was soon made by-other investigators (Scholander and . .-

Maggert, 1971; Hargens,.1972).
‘Antifreeze protéins which lacked a carbohydrate ‘moiety were first
reported in the blood serum of the winter flounder, Pseudopleuronectes

americanus by Duman and Devries (1974a).

freezing point depression of the blood serum from winter flounder can.bé

attribuégd to the presence of these antifreeze proteins.

Ex‘tenssve iinvestigations ‘carrieci t;ut over the past decade have
resulted in the discovery of numerous non-glycoprotein antifreezes in
Arctic, suh Arcﬂc and at \east nne Antarcuc fish. .In addition, several
slightly di fferent g]ycnpept1de antifreezes from Arctic.and Antarctic
fishes have been reported. To 'date, no antifreezes have been found in_
either freishwaterAfishes ‘or in tewmé‘rate fishes which never inhabit ice-
Taden enviromments. 1t is beldeved that these antifreeze_ proteins are
necessary for the survival of jmany polar _an& subpolar fish. Unlike the
antifreeze dlycoproteins from-the Antarctic fish, the flounder antifreeze
cons'sts of ‘a group of peptides which are synmesized seasonally. Winter

flounder require antifreeze® peptides and synthesize them only during the

uinter months - (Duman and DeVrles 1974a, 1974b; Hew and Yip, 19765
Fletcher, 1977). ‘I:t was the seasonal biosynthesis uf the flounder
aritifreeze peptides that first prompted Hew and co-workers (Hew and Yip,

1976; Hew ‘et al., 1‘978) to study the regulai:ion of this unique class of *

1‘; was estimated that 40% of the




.
- Two basic types of biological antifreezes have been Tsolated from

polar and north-temperate (sub-Arctic) fishes: the int!frwze' glycopep-
tl:ies (AFGP), and the antifreeze peptides (AFP). These u«x types differ
in their amino acid composition, secondary structure, and absence or

presence of carbohydnte. A1, known- antifreezes appear. to operate via a .

simi'lar non-colligative mechanlsm which lowers the. freezing temperature of

the serum without lwer'lng the melting t,ewerature. The fo'l]ming section

_provides a brief survey of knowrj teleost antifreezes. The major bin:hemf—

ical characteristics are desc‘riﬁeé with an emphasis on the structural’and

- chemical> studies which have been carried out to elucidate the unique’

structure function relationship of these molecules. .
Glycoprotein antifreezes ' | o
AFGP  have been identified and charaterized, from two members of the

family uototherﬁ'ﬂi}e, Trematomus borchgrevinki- and I)issasticl'aus‘ﬂ4

from the Antarctic and five members of the family Gadidae, saffron cod

_(E’leginus gracilis), Atlantic cod (Gadus morhua), polar‘cod (Boreogadus

. saida), Labrador rock—ced (Gadus ogac) and frost fish (Microgadus tomcod)

(DeVries et al., 1970; Shier et al., 1972; 1975; Raypond et al., 1975; Van
Yoorhies et 1., 1976; Osuga and Fesney., 1578 Hew et al., 1981; Fletsher
et al., 1982b). X A nf the glycoprotein antifreexes have similar, 1f not
identjcal, stmctures in um:h the basic repeatlng unit is a glycotripep-..
tide of ahnlne-alaninethreﬂntne wim the disacchar'de B-D-! galactu—
yyrannsy‘l—(1‘3)-Z-acetamide-Z-deoxy-u-D-gulnctﬂpyrunose linked to the
threonine residue (Fig. 1). E]ectraphoretlc analysis separates the
Nototheni dae glycopeptides into 8 separate components. ranging from zsoo
to 33 ,000 daltons |n which the trlpeptide unit is repenud up to 50 tius
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Tablel. -Broperties of antifreeze glycoproteins and glycopeptides (AFGP)

Component . Relative Approx # (F)

Amount fn. ~ Glycotripeptd des

Molecular wt

Relative Activity

(Modiffed fron Feeney, 1982).

serum (31 Ala-Kla-Thr .
(9) a
1 2 . 70 32200 33700
2 4 - T3 .1 29200 25000 28800 strong |
3 ! o 30 26000 . 21000 21500 . Strong
L4 12 Con ©18000 17000 17000 Strong:
5 RS ] 16 c 11400 11000 10500 strong
6 .8 ) 9 oot 7900 o Weakt -
7 20 . - 3t 300 Weak®
8 30 e’ 2500 2640 ‘2600 weak®

(a) and {b), for Antarctic glycoprotein antifreezes.

(a) From Fey\ey, 1982

(b) Fron DeVrfes,

(c) Based on lotnsactdsoguoncy

5 628 have Pra substi uting for Ala followtng Th

4]
) Comlets sszience bas two additiona Kls
9

- Nate: Thave values ire {ncluded for comir

Son
any relationship on other values {ncluded fn the tab

oot comaments have S35 the antd resse ateivity oF Targe AFP-on a wetght basts

HoJacular wwights fir frovifiss, Wicropuisy tomeod from Fletcher o -1. (19826)
molecular m?

do not

a0

4




(Table 1) (oeVries'gggl_. ,1970; 1971; Feeney, 1982). - The -ca}hnxy1 termi -
nal ofieach polymer ends with one or two alanyl.residues. The smaller .
glycopeptides (2600-8000 molecular weight) are composed of. the same,
repeating glycotripeptide with the exception that proline occassionally

replaces alanine (Lin et al., 1972;'Morris et al., 1978; Osuga and Feeney ,

1978). Amino acid sequence deteminatl on show that the ‘positions of the
. 1978; Osuga and.

proline vary from svec‘les to species (Morris et.al.
Feeney, 1978; Hew et al., 1981).

Although the smal]er glycopeptides (6'to B) are vresent in the serum
‘at concentrations: several times the combined concentratmns nf the other
glycopeptides. they contribute Tess to the o}verm antifreeze ach‘vity of
the serum (DeVries et al., 1970; Feeney and Yeh, 1978; Schrag et al.,
1982). The larger glycopeptides (1 to 5) 1({wer the freezing point ma‘ve
than the small ones on a'weight basis: (Schrag et al., 1982). The glyco-
peptides are present in the blood at concentrations of 3.5% “(w/y) contri-
buting 30% of the freezing po&nt activity of the serum. Glycopeptide 8 in
Nototheniid fish appears to be a mixture'of three identical-sized "
molecules (Lin et al., 1572 Morris et al., 1978).
& - The saffron. cod, Eleginus gracl'lus from “the Bering Sea (Raymond et
_a.l_.‘, 1975) and the tomcod, Microgadus tomcod (Fletcher et al., 1982I‘)),

- alsohave similar glycopeptide antifreezes. Théy differ from those of the '

Antarctic - fishes "a.nd other polar céds in several respects. . They have a
different number of electrophoretic variants (3 to 6) with different

molecular weiqhis and in-the smaller glycopeptides arginine’ rifplaces one

or two of the threonine residues (Raymond et al., 1975; Fletcher et

1982b; 0'Grady et al., 1982c). "It has also been reported @sy'nevrie's 5




'  (Komatsu et al; 1970; Chuba et al

(i982) that the AFGP.-fron the saffron cod and tomcod-have less nan;
colligative antifreeze ac{ivity than equivalent concentrations o_f anti-:
freezes isolated from Antarctic fish an;i other Arctic Gadoids.

“Extensive chemical and physical studies have been condicted on AFGP.
Ph;_/sita’l studies which include Raman_gpectroscnpy, quasi—emsnc*l_i‘g};t & .
scattering, m.;char magi\etic resonance spectra (NMR) and":.‘rlfgl\‘:\;.aiy\in )
circilar dichroisn'spectra’'suggests that sorie of the AFGP have arpartially
extended conformation (Tonimatsu et al., 1976; Ahmed et al., 1975, 1976,
1981; Bush et al., 1981). However, other investigations using techniques

which include x-ray diffraction and natural abundance C-13 MR yield Tess.

" definite information on’AFGP secondary structure (Raymond etal., 19775

Franks and Morris, 1978; Berman et al., 1980). The exact nature of the.

- secondary’structure of AFGP remains -in question. - _Dejgradaﬂun of the

. glycopeptide chains causes extensive reduction in antifreeze activity

, 1973; Feeney and Yeh, 1978). This

implies that antifreeze activity resides.in the: macromolecule itself and
not in the glycotripeptide unit. Chemical and enzymatic modifications of
the carbohydrate side chain, such'as periodate oxidation and acetylation,

show that the Hydroxy1 groups of the carbohydrate moiety are important for

the glycoprotein antifreeze function.. These studiés have been reviewed by

Feeney and Yeh (1978). . e n '

From an e y ~,,‘ int, the gly pose an interes-
ting story. A1 antifréeze glycopeptides are composcd of ‘the basié tri-
peptide unit of slanine-alanine-threonine with a disaccharide ]inked to 1
the threoninz. unit. - AT1 members of the Antarctic Nototheniidae have-

identicalglycopeptides and some members of an unrelated family in the

i

R
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opposite hemisphere (Gadidae) have nearly the same gly:opegtidgs (Osuga
and Feeney, 1978; Van Voorhies et al., 19783 Hew et al., 1981). In con-.
trast, two members uf _the same fanily (Gadidae), the sympatric.species
tomc(}d and saffron éoti‘, have ‘evolved antifreeze glycopeptides with minor
differences.’ This suggests that less variabilit} is toleratad n-sone
fish occupying certain )hv.aliita,ts and that the basic tripeptide unit is
highly conserved in,a11 AFGP. The minor variability that®is na‘ted is ’ "

attributed to a feu residies fond n the smaller comorients. The signif-

icant similarity in AFGP poses an intriguing questmn with respect to the

function and the evollution of their antifreeze genes.’

Peptide antifreezes

Antifreeze polypeptides (AFP)-have been identif\'ed'in, and iso]’at’
froma humber of north-temperate and Arctic fish, 'iv;élu_ding o members of
the family Pleuronectidae (winter flounder, Pseudopleuronectes americanus ,
and the Alaskan plaice, Pleurorectes - guadrltahercu'latus) thrée cottids -
(Bering Sea sculpin, Mxoxuceghalus vefriosts, shorthorn sculpin,
Myoxocephalus scorpius , and the sea raven, Hemitripterus americanus) and. -
“three- zoarcids (ocean pduf, Macrozuarces americanus, Antarctic eelpout,

> Rhigophila dearborni  aid the polar éelpout. Lycodes polaris).’ In. ity

srast to AFGP, considerable diversity insize, composit{on and structure
is found in ﬂ\e peptide antifreezes (Tnb\e 2). The data have recently
been reviewed by severa]vauthars (Feeney and Yeh, 1978; DeVries, 1980,
1982, 1983; Hew,, 1981) . : o

Antifreeze polypeptides fron the winter flounder Pseudopleuronectes

americanus) have been ex%@swe]y studied (Duman and Devries, 1974a, 1976;
Hew and Yip, 1975 Fletcher, 1977, 1981; LH! and Gross, 1951 Davies &t
al., 1982). 'In sp!te of these stmﬁes cons1derab1e controversy exists

g , e e i B i 7, IR s
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over the number, size and amino -acid-sequence of the flounder AFP. A
major fraction containing .molecules of -approximately 10,000 daltoas, as ,
determined by gel filtration analysis, was described by Hew and. Yip

(1976)." This -fraction was further separated into two “smaller components N e

of similar size (Davies et al., 1962).. Deiries (1382). reported the
presence of three AFP(3200-8000 daltons) in winter f1ounder inhabiting
wit‘ers of f- the coast ;f Nova Scotia. In-additidn, primary sequence'
studies uﬁ the AFP are in d,isagree.ment (Lin ‘ayid Gross, 1981; Davies et

at; 1962). The small-sizes-and Unisual gel filtration properties of

these polypeptides. (Davies et al:, 1982), hive contributed to this contro-
versy.. The poor-staining qualities of flouhder AFF: fc'l'lou1'n§ elect;‘opt!nr-
esis (DeVries and Lin, 1977a; Sclater, 1979; Pickett et al., 1983) and the ’
abnormal solubility in most protein precipitating nagents (DeVries-and T
ueh'lrc)rh‘!‘l’%rmﬂ) have also del ayed thme :

characterization of these proteins. - ‘
The amino acid composition of winter flounder AP is unusual.
Flounder AFP contains’ only 9 different amino acids of which alanine . = . -

accounts for 60% of the residues (Diman and DeVries, 1974a, 1976; Hew and

Yip, 1976; Davies et al., 1982). Most of the remainder ‘are polar. residues:

such as lysine, serine, aspartate, glutamate and threonine. . Unlike the

AFGP, the secondary structure of /f'lnﬁhd‘er AFP is well descriged. ‘Both
viscosity and circular dichroism (CD) studies indicate’ that these ptﬂyﬂep—‘
tides e;ist primarily as an o-helicdl (greater than 80%) configuration at 1
*-1°C (Amanthanarayanan and Hew, 1977a; Raynond et al., 1977). '
- DeVries (1980) r‘1a_5 reported that the Alaskan plaice, Pleuronectes
gquadritaberculatus, has evolved peptide ‘antifreezes which share close
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identity with those of. the f'lo\m.‘der‘. +These sinilarities include: sizevand
‘number of peptides, protein .seqnence&da\minn ;cid mmpositi:‘m. The only
major djfference‘appears to be'the Tack. of leucipe in the Alaskan plaice.
It is interesting to noté that a close relative, the'American plaice
(Hippoglossoides platessoides), found off: the coast of Labrador and
Newfoundland, Tacks antifreeze protelns (Flztcher persona1

. ccnmni'\:anun) )

“ Antifreeze polypepﬂdes have been identified and characterized frnm

two' sculgms, Bermg Sea sculpin (Myaxoceghalu vervucosus) (Raymnnd et
al., 1975} Raymnn;i, 1976) and the shor;hgrn scu1p1n-(MxoxaceEhalus

scorpius) from the waters of Newfoundland and Ellsmere Island (Hew et al., =

198

Fletcher et ai. , 1962a). There are at least six electrophorefic

" variants of approximately the sane molecular weight (5000 daltons) isola-

. ted from the Bering'Sea sciilpin and three different components iaeﬁtified

'-by high pressure Tiquid chromatogiraphy (~ 10,000 daltons) from the two pop-

* ulations of shg)rthorn sculpins. Differences in 1sa1atmn and identifica-
tion techniques precludes ‘accurate comp?ﬁm uf's'l_ze and number of AFP
betieen these tuo dif Ferent species. The sculpins M. scorpius and ﬂ
verrucosus share close taxonomic identity: and their AFPs exhibit similar
amino acid compositions. It-is interesting to note that the AFP from the
sculpins and the winter flounder have similar amino acid cnmposit\'nnsv and,
secon‘dary structure. Sculpin antifreezes contain approximately 60%
alanine and are 'r|c!| in the puiar residues aspartate, threonine, glut‘amate
and lysine. They differ fram the flounder AFP in that they also contain
the nonpolar amino acids proline, methionine and isoleucine (Hew et al. ,‘

1980; Fletcher et al., 1982a). Sculpin AFP have a high a-helical
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 secondary structure and have an antifreeze activity ‘similar. to flounder

"Fletcherﬁ al., 1982a) to suggest that they ‘may h!'long to the same- fanﬂy ‘ B

AFP (Hew €t .al,, 1980; DeVries, 1962, 1983; Fletcher etal., 1%2a). The

szructtm and biochemical -homologies noted bétween the sculpin and

ﬂaundemﬁ?reezes have .prompted Hew and co-workers (Hew et al. 1960;
%

of AFP. -
" The AFP isolated from the sea raven, Hemi triptérus anericanis , are .

‘diFferent from all other F1sh antlfreeze proteins- lS'Iaugnter et__

'wsx). The. sea raven_ contains -one mjor protein of molecular yeight *

“14,000 and differs fron other: AFP in”its amino acid ‘composition, ‘secon

dary” structiire and immnological specificity. AninG actd analysis -of'sea

raven antifreeze showed that it.contains a large propohld‘n‘ ‘of half-

c}stine hydrophjlic anino acids, and only'an -average “amoiint of alaﬁ(ne. :

s noted previously, sculpin and floundér AFP  cantained 0% alaniné and no o

half-cystine residues_.‘ Furthermore; the sea raven AFP pmte\n is- sens|- - F i

tive to sulfhydryl ‘reduci ng agents. .C|rcu1ar dichroism'studies indicated

the absence of significant ‘amounts of  a-FETix ant the possibie jresance of

s-stmctnr57‘ Antibodies raised against sea raven AFﬁ d!d'nnt cross-react.

with AFP from shorthorn ﬁculp'in‘ and winter £1ounder. C;n;’gqumﬂ‘y s itis )‘E
:

suggested that sea raven ARP represents Kl separate type o fish anti-©

freeze. : : )
The structiral diversity Of AP has been, further. mustraied in'the

. ocean. pout (Macrozoarces americanus) In a previuus report ‘the serun of

¢

recent descript1un of uno\:her type of antifreeze found 1n tl\e Mewfoumﬂund E
' i

]

the ocean pout was reported to ‘conitain an antifreeze- (Duman-and DeYries, H
§

!

1975) but only recent]y has this AFP been |denﬂf|ed and 1nv!stigated




< 8w sl . :
(Hewet al., 1984). The ocean pout contains a-complex mixture of at least
8 AP components of similar §1ze, (6000 daltons). These are judged to be

separate enn‘tles based on polyacrylamide gel electrophoresis, ion-

exchinge chronatagraphy and reverse piisse high pressure 1iquid chtunatog- ’

raphy. These components fall 1ntu two distinct groups, based on tne"‘

ion- exchange chromatography i and logical properties. Amin

acid analysis. demonstrated that ocean pout AFP contains most of the twenty

4amino acids but Jacks the abundance of alanine found in the flounder. and -

shorthorn sculpin polypeptides aswell as the high Falf-cystine residues
reported in'sea raven antifreezes. The ocean pout AFP @1so appears to be

unique with respect to its non-repeating structure which is different from

- the secondary structures’ reported for the.other AFP (based.on CD studies,

Don-$laughter pggnﬂl communi cation).
In addition’ to the ocean pout, two other fish antifreezes fron the

Famflj Zoartidae, have been described. AFP fron the golar eelpout

(Lycodes polaris) (Devries, 1980) has an average molecular weight of 5000
and exhibits a sinilar amino acid composition to that reported for
sculpins and flounder. The pol ar eelTpout has a high anount of alanine and

polar r\‘Esidues but differs in that it also contains leucine and valine 3

*jesm’es. Heither the exact nunber of canponents nor ‘the secondary

tructure for the AFP of Lycodes Eolari s has been repurted The Antarctic

“eelpout, Rhigophila dearborni has four electrophoretic varfants, contain-

£ing 12 amino acids of which the’ principal component is alanine (Devries,
1980). Like the AFP from L. polaris, the AFP of the Antarctic eelpout.
4150 contains valine, - Rhigophila dearborni has the, singuTar distinction

of being the nr;1y Antarctic fish identified to date that does not contain




However, from. the 'Ilnnted cnmpiﬂson which can'be made, it appears that

; Macrozoarces amer\canus, has added additional comp’lex(ty in understanding : ¥

o AFP and AFGP.

.(35%) seemed to support this contention” (Ananthanarayanan and Hew, 1977a).

© ¥ X . £ .
a glycopeptide antifreeze. At this. time“it, is. d'fﬂcu’lt to make a Hgor—
ous wmparfson betueeythe zoarcids mentioned above smce ‘the AFP charact-

er\stics for R dearborni and L. _Eo’lari s have not heen fully.reported. -

cons1derab1e AFP d1vErsity is present in-this faml’hy of fishes.

The recent aascnptwn of yet annther type of AFF fram the oceannout

the mode of actinn of anmfreezes. Initial analysis of ant\freezg glyco—
peptides from Arctic and Antarctic fishes suggested that a comdn, highly
conseryed structure of a repeating 91ycotrvpept|de may be a umversa] :
feature of all teleost antifreezes. The d'iscovery ‘of a different AFP from
f’lounder and snorthorn fishes. suggested that the larger amount of alanine

may be necessary for ‘activity since it was a common characteristic. in both .

In fact, the demonstration of freezing point depression

from a synthetid«polypep':j{e containing alanine (65%)‘.and aspartic acid

The, recent  isolation of AFP. from the sea raven'and ocean'pout, however,” * '

demonstrate§ that their f'uncn'onﬁ acﬂvit;{ is not_dependent upon .an-abun-

“dance of.alanine.

')n'gh ha’lf-c;stine content an_d a moderaf.e amount of alanine, represents yet

The discovery of sea raven AFP, which has an unusually

a third class of AFP... The insect:antifrebze isolated from Ténebrio . =

; i 3
“". molitor (Patterson and Duman, 1979; SChNép!enheim and Theede, 1980; Duman,

.-1982) and from the §pruce budworm, Chonistenura, fumiferra (Hew et al.,

'1983) also have a high half-cystine content and may be similar.to_ that of

sea raven AFP. The characteruatmn u’f‘!cean pout AFP as being completely

di fferent from all* other kno»ql biolng'cal antifreezes 1s good evidence
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for a fourth class of antifreeze. The significant concentrations of

a"lanine, threonine and aspartic acidin all of the above AFP may suggest i

- 2 comon. role for their activity ?e”quirements (Hew ‘1981) " Definitive

evidence for this will require further considerations concern\ng their

i conformatian and orientation in ice during freézing interactions. At tne b

" present, although all known fish.biological antifreezes ‘share a cummrm"

T . non-colligative affect on\ freezing point depression, the structiral and

“mochemicul dwersny of AFP und AFGP make it d1 fficult to propose that
they eperate v(a a cmmmn mechanism. ) 1

Functmnal act\vlues of antifreeze protems

. ) A1 known antifreeze proteins (both AFGP and AFP) share thé fol-

Towing characteristics:

(1) . Their effect on freezing ‘temperature are nbn»cn]hgétive, i.e. X
, they lower the Treezing point much more than would be expected SR
‘-on-the basis of the osmolality of theit solutions. - ot

(2) They have a thermal hysteresis, or the ability to depress the\ %
" - freezing temperature without affecting the melting point. . RS
.o .« Melting temperatures are affected in a colligative manner.
(3) Freezing pmnt depresslon due to antifreeze proteins is add1t1ve
with that due to solutes having colligative effects,‘i.e. .
antifreeze proteins‘depress the freezing temperature addmvely ®
with s

: i J (4) Plots of thermul hysteresis or freezing puim: depression versus
%0 * antifreeze concentrations ‘are convex rather than linear.

o . “ To date, the only function attributed to antifree}e ‘brateir_\s is one

. of ‘preventing the body. fluids from freezing. One of the most significant
prnpérties of these“mz)]ecules is their ability on a molal basis of . .. 3
depressing the freezing point of a solution” 200 ;o 300 times more thar
what is expected from normal colligative properties (Devries etal.,

1970; DeVries, 1971). Figure 2 devﬁnnstrates that the active antifreeze
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Flgnré 2. Effects of antifreezes, salts and proteins on~freezing.

(Flounder dan@n‘ Jaughter et al. (1981), al1 other data adapted from

Feeney et al. (1'98\11)%..-& 2).
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peptides are much more effective in lowering.the-freezing temperature than
calculations from their mol ecular weight would suggest or when compared to
other comparably sized‘}_)roteins of a comparable weight of sodium chloride

(DeVries et

a concentration of winter flounder antifreeze of 25 mg/mi would on a col- "
ligative' basis.. orily be- -expeEEEd to contribité 0.005°C to the freezing

. point depressian of‘a solution (slaug&tvr/and Hew, 1981) Vet winter
flounder serum samples taken in mid-winter contam 10 mg/m1 of AFP wmch
changes the;ﬁreezlng temperature by -0.65°C (F\etcher, 1977). (It ds this™-
unusual éreez.in-g poinE depression’ characteristic which. has been termed
"a)i»tifree;e activity" where it 1; stressed that these macromolecules 1wgr
the fréezing temperature in.2 Ton-colligative manner. Presunably, if
‘antifreeze prutems acted through a colligative. means to attain their
eqmva\ent non-colligative antifreeze activity, theosmotic'pressure - .
exerted by the concentrations of ‘these substances would b in excess to

" what the organism could tolerate. ) :

Pauling (1953) has defined the freezing point of a solution as the

temperature at which the Vapour pressure of the solid phase.(ice) is equal
to the vapour pressure over the 1iquid phase. This means that if the
system is in thermal equilibrium between solid and liguid phases, the
freezing point and the melting ?oint would be thesame.® In-salt sd1ut1ons
. and other biological solutions lacking antifreezes the eziui'l‘(br'um
freezing point can be estimated by determining.the melting point of a
wsmall ice crystal provided the size of the crystal vis small relative to
the volume of the solution and'the rate of warming, or cooling is slow,

This relationship .does not hold for antifreeze solutfons. Solutions
. b

| 1970; Feeney et al., 1981)." It has been'calculated that




containing g’lycquote1 n.or peptidé antifreezes have a sigr}xficant differ-
Enceior hystaresian betieen the freezing temperature and the melting
point... In addition, antifreezes have 1ittle or no effect on-the melting
tempe‘rature of the solution (Devries, 1971; Feenéy and Hoffmann, 1973;
Slaughter.and Hew, 1981). ' Determination of the freezing points of solu-
tions containing biological antifreezes reveal that the melting point of
th‘e solid phase (seed ice crystal) does not chﬁnge and.occurs at a tempe‘r"-‘
ature predicted Euy a colligative re]atiénship‘, ﬁwever. the freezing point
(temperature at'which the. icé crystal propagation-occurs) is much lower

than the melting point (DeVries, 1971; Scholander and Maggert, 1971;

Raymond and DeVries, 1972; Feeney and Hofmann, 1973; Tominatso et'al., = ==
1976; STaughter and Hew, 1981). For exanple, DeVries (1971) and Hargens
(1972) have demonstrated that in the blood serun from the Antarctic fish'.
inhabiting -1.9°C wafer, the initial ice crystal or "seed crystal” melts
at approximately -1.0°C while ice crystal. free;inél (rapid-propagation)
occurs at -2.2°C. In ct‘)mparison, the affe‘ct{ on winter flounder is not as
large. "Flounder inhabiting water temperatures of -1.2°C to —1.4“; have a
serun freezing point of -1.47°C, a serum melting point of ~0.71°C and a
resulting thermal hysteresis of -0.76°C (DeVries, 1974). The antifreeze's .
unique characteristic of thermal hystergsis is cor;sidered to be closely
.t1ed tq the non-co}\igative mechanism of freezing point depression (Feeney
and Yeh, 1978; Devrieé, 1980, 1982, 1983). .
Two other distinct activity characteristics of antifreeze molecules
are evident in Figure 2. ‘P\nts of thermal hysteresis (or freézing point
depression) versus antifreeze cnncentratinn; are convex-rather than
Tinear. ’ There \is a significant saturation effect above certain




concentrations -of antifreezes. This generally becomes evident at concen-
trations greater than 6 mg/ml for most antifreezes. This saturation
phenomenon. s absent in solutions containing other molecules such as
* sodium chloride, that utilize colligative prﬂnies to effect a freezing
ter and

poin?. depression (Feeney and Yeh, 1978; Feeney et al., 1981; S1
Hew, lBBl;‘DeVries,‘lDéS). Thi.'s 'sugggsts that the mechanisms for non-
i:o‘lliéative éreez1ng point dépre‘séion are unique. The other characteris-
tic shown in Figure 2 Is that antifreezes depress the Freezing temperature
of a'solution additively ‘with' salt. This is not sururising since two
1ndeper;de'nt mechanism are involved: (1). non-colligative antifreeze ,act!v-_
ity and (2) colligative or solute concentration effect ‘of_ salt§. -.This
additive effect is critical for the survival of the organism. In many
situations, the temperature of the teleost habitat would require that
antifreeze proteins be supplemented by other serui compénents. (e.g. salts)
" in order to give the necessary protection from freezing.

It should be noted that several investigators have rq)nrted other.
activity characteristics attributed to some antifreeze mlecules such as
formation of ice lattice patterns, unusual crystal growth, and potentia-
tion nf’antifreeze'acﬂvity by small AFGP (Feeney and Yeh, 1978; Osuga et
al., 1978; Feeney, 1982). Some of these characteristics (i.e. potentia-
tion:-of a‘ntlfreeze n_ct\vlty) remain highly controversial as to their
nature and presence (0Osuga et’'al., 1978; Schrag et al., 1982; Schrag and
DeVries, 1983). In mauy cases the reports have been limited to a few
studies and it is not Known if the particu\ar characteristic holds true
for all antifreeze pmteins.

Tne unusual activity characteristics attributed to bom AFGP and AFP |

3
i
‘
1,
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" reviewed by several authors (Feeney, 1974

31
F .
has generated considerable scientific interest on their mode of action.
Mechanisms_for their actian‘have been p,ropoéed' that include the absorption
_of antifreeze r_nolecu]es to ice and the inhibition of ice crystal growth

(qumunﬂ_', 1976; Raymond and DeVries, 19?7)’, and theinhibition of nuclea-

“‘tion (Feeney and Yeh, 1978). 'Considering the structural and biochemical

diversity ei{hih(ted by fish antifreezes, ;‘t is diffic\]]t"td envlsiqn a
comon mechanism of acton. ‘I view of this, 1t has been suggested that
antifreeze ‘molecules-may have ‘attained common functiops throﬁgn similar
stearic properties achieved.by diffe_r‘em: toﬁfomational means (Hew,. 1981).

The theoretical aspects of antifreeze mechanisms,have been extensively

+1982; Raymond, 1976; Raymond
and DeVries; 1977; Feeney and Yeh, 1978; Franks ‘and Morris, 1978; Yeh and
Feeney, 1978; DeVries, 1980, 1982, 1983). '

- 3
' Presence of antifreezes and measurement of their activity

It 15 not surprising that'the ability. to avoid freezing and the
presence of different amounts of serim antifreezes is directly correlated
With the erivironment. Fish fnhabiting the coldest marine énviromments,
such as Ant/arct’ic and high Arcticvwaters, have more serum antifreezes than
teledsts Tiving in polar and sub polar waters (DeVries, 1980). For
example, Antar‘ctic fish live in waters with an a\[erage temperatgre‘of
-1.8°C and contain over 25 mg per ml of serum AFGP (Feeney and Yeh, 1978),
whereas winter flounder inhabit waters with an average tﬂperaﬂjge of

~1.45C in-the winter, .and possess.6 to 11 mg per ml of serum AFP

“(Slaughter and Hew, 1982). In addition, fish 1iving in waters that have a

marked fluctuation in temperature are capable of seasonally regulaﬁng

their antifreeze biosynthesis. Therefore, it ‘appears that nature has
i }
5 . "
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finely adjusted the biological adaptation of antifreezes to meet specific

habitat requirements. As noted by DeVries (1980):

"In general; there is agreement between the organismal freezing

point of a fish and the temperature at which ice will propagate

in its bloed or extracellular fluid. For almost all cold water

fishes the blood freezing points are a few tenths of a degree

lower ‘than the freezing temperature of the specimen, indicating

that freezing is probably jnitiated in some fluid other than
¥ the blood. There is also a correlation between the blood

freezing point, the ﬁ shes' freezing temperature and €nviron-

mental temperature.”

To date, most investigations of fish antifreezes have utilized blood
serum and its presence in -other body.ﬂuids has largely been ignored.
From a technical point of view, this is not surprising. The ease with
which blood can be sampled, the serim analysed for antifreeze activity,
and the potential for large scale isolation have been the main factors
precluding detailed investigation of antifreezes in other body tissues
and fluids. VYet, it is obvibus that fish living in subzero waters face-
the risk of lce—nuﬂeatwn and cryoinjury ih many parts of the body. For
example, freezing could occur in the intestinal fluid following ingestion
of idce dur:ing feeding or at the water-integument surface of the gills.

DeVries (1982) has briefly reviewed the existence of eight anti-
freeze glycopeptides found in the blood, pericardial fluid, coelomic
fluid, intestinal fluid,’bile and cerebral spinal fluid of Antarctic
fishes. Interestingly, only the smaller glycopeptides (under 7000
daltons) are present in the intestinal fluids of these fish. The cere-
bral spinal fluid, bile.and egg fluids of the shorthorn sculpin, M.
scorpius, and winter flounder, P. americanus, also contain antifreezes

which are similar, if not identical, to those found in b100d (Fletcher,

. personal communication). In contrast to many Antarctic fish, no.

]

1
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antifreezes have been detected in the intestinal fluids of these two fish.

It 'has also been reported that ice propagation is inhibited by peptides

, with antifreeze properties at_the membrane-cytoplasm interface in skin

in‘tegumer‘\t'of_ the shorthorn sculpin (Schneppenheim and Theede, 1579). - ‘
This»wau]d undoubtedly be important for areas of the body such as the gill
filaments, which have ‘maximum exposu‘re, to the surrounding éreeﬂng |‘naters
and ;are not covered by protective scales or mucous. "

For many fish we still lack adequate information on which tisSues or

* fluids have antifreezes. The information that is available,:has led to

some interegting questions concerning the nature and distribution of thesg
antifreezes. For example, the presence of an egg antifreeze is the first
4ndication of an intracellular antifreeze. The mode of action and Bfosyn-

‘thesis of this antifreeze is extremely interesting. = The recent discovery

of antifreezes in"the intestinal fluids of polar fishes (0'Grady et

'19§2b) deserves special consideration due to -the nature*of its renal con-

servation and lack of degradation. At present, it is not. clear why ‘the
many forms of antifreeze exist and whether they all play a role in protec-
tion of the body flui}is from freezing..

It is difficult to compare the potential range of antifreeze activity
pu;s‘essed b;'( the different teleost antifreezes since s‘tudies have involved
different means of measurement. Anti;reezes are large macromolecules that
remain in the non-dialyzable fraction of serum following dialysis with a
membrane of 3000 molecular weight cut _off. Therma'l hysteresis measure-
ments and differences dete_ct;d in_freezing point depression between
dialyzed and non-dialyzed serum ;re excellent indlcator§ of biological
antifreezes (’Tah'le 3). In many studies, however, the contribution of

- @
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serum electrolytes and othgr sman;'{mlecu]es is noted but largely ignored
since the uajpr changes in thermal pysteres-ls or freezing point devres_sion
is due to antifreezes. .Cunseqnenyly, the investigator can‘nften get an
early indication of the presence of antifreezes in crude sera. Accurate
estimations of antifreeze concentrations requires: the subtraction of the

contnh«tion of dIalyzahle solutes or the use of a purified, dlalyzed

sample. 5 ‘
_“AT1 known biological antifreezes appear tn' operate via_a rion-
'co'llivgativ'e mechanism. They exhibit a freezing pei’nt depression without-

affectinig the ‘me]ti‘ng temperature of a solution. Two methods have been

used fm’- defecting antifreeies and measuring their relative 'uc‘tivity; Qne
method utilizes the freezing point osmometer (i.e. from Advanced 1
Instruments Inc., Needham Heights, Mass.) which detem?n_es the freezing - ¢
temperature of a solution by sensing the heat of fusion during -ice forma-
tion (Hew and Yip, 1976; Feeney ‘and Yeh, 1978). A second means of 'l'eisur-
|:ng biological antifreezes employs a microscopic observation method in
which.ice crystal ngh and shrirhge‘ is deter-lined as.a function u.F
tuq)e.rat:nre (DeVries, 1971; Scholander and Maggert, 1971; Feeney and
N‘ofmalfn._19-73). This method allows an a.ccurate measurement of thermal
h:ysiteres(s on small quantities of sample (e.g. Clifton Naholiter
‘Qsmometer, Clifton Technical Physics, Iiartfnp:d N.Y. ,USA) Both l\ethods
. offer a different set of +advantages and’ d\sadvantages (TaMe 4) depemﬁng
on the nature of the investigatmn There is a good corre1at1an hetween
thermal hysr.eres!s an‘lvtty (using thé ice cryseal nbservatinn metnnd) and
measurement of freezing point depression (using freezing point osmometer),

- provided that the antifreeze concentration of the olution is within the

Nl

4 N

e b




K

A

01 arp bupzassy

100 5309 42448931903 K1p )

a3 wojIRAINSGe (913K 23]

anbjusan pasarsem
. saldues api uo pasiogiad ) ’
* sajdems snossnd o SysKieue pidey (1) smvssonio 2ujod Supransy
] ponueey AP Poan

T sabuunnpesip pun s36musape auseinseow up0ad azsaiiue Jo sacbiupar p o1geL

B



3.
[

. -aun>iako USBG SEY AIYARISR ST304313UE JO UOJIRUIISIIPUN U USHINLOS U ITIALLIIUE 50 SUOL
de31 bujseaa0} b 20334 3434 6U1Sn A “(0B6T) “1¥ 33 LLMIALOH (8)

52 spsaimsiy (s 2103001 e 3010d Bupatoe
a4 03500us0 20108 6u11033) P21 1poe
SnLip 230w (18611 AN pus Sa24bRELS (v)  TsuosaeaLiipon

(Upas pegasds sasgnbas opay
10 Uojaowasp koLLe o3l anbyUNE SuL -3uabe |

03 50133040 373041130Y (5]

/B 50°0 40 w3t UINOD

P TIRN :—A

abnuerpesyo aberwenpy 5 e

" (pamyauoa) 4 ager



linear range of detection .(Slaughter and Hew, 1981).: Tc date, numerous
teleosts have been designated as having-antifreeze proteins on the basis

of one of the,above technigues (Table 3), but 1ittle characterization has

_been carried out on the nature of thése antifreezes.

- Thé osmometer measures osmolality which is defined as the osm‘atic

cuncentrﬂtinn of osmatically active particles (units; mil]i Osmiﬂ/kg
*"Hp0).. To describe the freezing resistance of Fish sera in temperacure

units, it is necessary to u\ake the. following mathenatical cnnversmn.

When one mole of non-ionic charged solute is added to one killogran of
water, the colligative properties of the resulting solution lowers: th‘e
freezing point by 1.86°C. 'lf one equates the freezing point.to the
temperature of ice formation in the serum of a fish‘.—jby—cnnmnnfusage,
there is nearly a'linear relationship between osmolality and freezing
point such that: :
1 mosmol/kg = 1.858 millidegrees C

Sequence studies and genomic organization: of fish. antifreezes.
Considerable effort has been invested in determining the primary

sequence of AFP and the genomic organization of AFP genes. Studies of this

Un& will provide (nvaiuab{e information un‘the structure and regulation
of antiffeeze geries. Although the prinary sequences of some AFGP have
been dEschEd zhere are no ‘data available on’nucleic acvd sequences or
the genomic 9vganizanon of their genes.  Except for some preliminary
studies (Haschemeyer and Mathews, 1980) involving in'vivo labelling, there
is alsp a wide'gap in our knowledge on the-biosynthesis of these _prutei‘ns.
To date, the majority of our information dealing with the synthesis of
fish antifreezes and the stru:_:ture of tl\ejr: genes have ivnvolved studies




using’ the winter flounder, PseudoEYeurov;ectes amen'cam;& T’h‘e fact that.-
this, species is readily avaﬂ.;ble and séasov\a'l]y synthesizes AFP, makes
this an excellent system for ‘studyin? gene structure' and_gene :;-egulation._'
Two di fferent laboratories (Hew and co-workers and Lin and co-*
“Jorkers) vorking independently have pur{ Tied and characterized the anti
freeze protein mRNA and its complementary DNA (CDNA). Thé cloning and

sequeﬁce analysis of antifreeze protein cDNA‘has increased our under—

_standing of the structure of flounder antifreeze proteins as well as pro-,

duced a well-defined hybridization ‘{zmbe. A specific cDNA probe for AFP -
has proven useful in identifying AFP genes.in the genome of the winter
flounder (Davies ﬁﬁ. 1981, 1984).4 The following section discusses
sone of the recent information available on the synthesis of AFP'and the
sequence orrganization of its genes. A later section will present our
current un‘devjstan‘ding of the seasonal regulation of AFP biosynthesis.

. In_‘recent years, recombinant DNA technology has been extensively used
in detemining the 'spécih’c sequence of genes. Full-length cDNA fs-pré-

: pared from isolated mRNA (by ‘avian myeloblastosis reverse transcriptase)

and sequenced. A pre-requisite to this step is the isolation andpurifi--~

cation of a given TRNA, The WA for the serum AFP of the winter flounder
i extracted from the Tiver polysones of fish caught in November and was
purified by oligo-dT-cellulose chromatography and sucrose gradient centri-
fugation (Davies and Hew,. 1980). The length of the mRNA was estimated t6
be 520 nucleotides from denaturing ag‘amse gel electrophoresis and was |n'>
good agreement with the7.5 S size measurement made from sucrose gradiené
centrifugation. The-mRNA was identified as that coding ‘for f1ounder anﬂ-\

_freeze peptide by the seasonal nature of ‘its‘appearance in winter and by
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cell-free translation studies involving specific incorporation amalysis
using alanine/arginine ratio comparisons (Davies and Hew, 1980). The
{dentity of ‘the 7.5 S ANA as AFP mRNA has since been confirmed by sequence
in‘al&s‘ls of both DNA‘and primary sequence determinations of celi-free
tn“nslatlnn products (Davies et al., 1982).

" The molecular weight of the.primary translation product was 11 700.1
estimated by sodium dodecyl sulfate pu!yacrylamide gel electrophoresis
(s0s PAGE) and by gel filtration in 6.4 guanidine hydrocﬂaride‘ﬂ)avies

" and Hew, l980-»Piu<ett et al., 1983). This represents an interesting dis-

crepancy since the molecular ueights of mature AFP peptides in the serum
are much smaller (DeVries. ard Lin, 1977a; Davies et al., 1982). The AFP
TRNA. contains sequences of nucleotides which ches for an extra lengt‘n of .
peptidesinot found in the final processed form of antifreeze peptides.

That is to'say that flounder AP is synthesized as a preproprotein estima-
ted to be BOOO daltons (bas‘ed on.an Bi amino acid precursor protein by
mde'lc acid sequence determination) nhicn is much closer to the size of
the ce'll-free translation product. Se\:omﬂy. fron the amino acid sequence
data (DeVries and Lin, 1977a), it is clear that both gel filtration and
SDS PAGE-have given overes tirates fo!; the molecular weight of these small
peptides. "1t has been su_ggesud that the unusually high ulhélic?1 conﬂq-.

“uration of *flounder AFP has been a major factor contributing to their

molecular weight overestimation (Ananthanarayanan ;nd Hew, 1977a; Hew,
1981) . g . (Rl
In an independent investigation, Lin and Long (1980) have isolated a

. 9.5.S AFP TRNA from winter flounder. When the isolated AFP mRNA was

ml}zed by denaturing.polyacrylamide gel electrophoresis, at least two

|
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dlistﬁlct bands of app‘rox‘lmate'ly 450.nucleotides in length were visible.”
It was also reported that cell-free ‘translation products from their AR
- MRNA preparation directed the synthesis of one .main andtwo }ninor compo-
nents of 12 ,000 daltons. The ‘idéntity of.mese compounds as AFP. products
was Ver{fisd by using-specific antibodies raised against wintér flounder
"AFP. These results were in contrast to the previous data:presented by
Davies and Hew (1980). and Davies et al. (1982). L
At 'this tine it s difficult to evaluate the differences irf\’data
) arising from these two sets of investigations. It is not known whether
thesé differences can be attributed Eo‘ minor variations in processing
(iie. Poly (A) addition o RNA; -or vc'leavag‘e and post-translational modifi-
cations to‘the protein)...Alternatively, two ‘different groups of AFP lﬂMA.s
5 : may have been discovered in the winter: flounder, possibly due to genetic
polymorphism in the population or simply miltiple genes in a sin};le
individual fish. RNA excess hybridization i(1ne_tit,studies, support the
possibility éhat there are mitiple mNAs coding for. the flounder AFP (Lin
and Long, 1080; Pickett.et al., 1983).  Recent amalysis of f1lounder
genomic sequences provides further evidence for.mitiple AFP mRNAs and
mitiple AFP genes (Davies ‘et al., 1981, 1984). 5
A cONA made to purified flounder AFP mRNA was cloned 1q the plasmid
pBR322, and its sequence determined by the method of Maxam and Gilbert
’ (1980) (Davies et al., 1982). In the clone selected fnr-se‘qu‘enc'e analysis
“(CT5), the restriction enzyme Hpall-was used to cut out the CDNA insert
. . from the CT5 along with short flanking regions of pBR322, An~antifreeze
ONA sequence was obtained that had 324 base pairs (bp) along with »pélx

« " (d8)-poly (dC) homopolymeric tails of 11 and 32 bp at its 5' and 3' ends,
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. Figure 3. Nucleotidmsequar;ce} of .the t;]onéd antifreeze pfeprhyrnteln‘

CDNA. R;sg}'ictiori endonuclease sites are'shown in boxes. The tob oW

of amino acid sequence corresponds to the signal polypeptide, the secord

. row to the pro- segment, and the remainder. to the mature protein.: The

open arrow marks ‘the putative junction between the signal polypeptide
and the, pro- segment. - The so11d arrow marks. the end of the pro-

segnent. Term, termination. . ! .‘ g [
(Frrom Davies et al.; 1982) .
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respectively. Sequence determination of ‘the cDNA indicates that it codes
<for: a pré_cursor ‘proteh\ of 82 amino acids corresponding to a nuture—AFP‘ )
pu1ype’f)t‘|de (38 aw;inc acids)na signal po]ypep’t;de (21 anino acids) ‘;nd a
prosequence (23 amino aéi ds) lFi,gu}‘e 3) (Davies-et al., 1982). The AFP *
signal sequence is ‘rich in hydrophohlc residues which ‘is wp1ca1 of swgna]
polypeptides (Shields and Bhbel, 19783 Thibndeauyﬁ al, 1978). The com—
position of the prosequence was siilar to thvat of the m:ﬁ.ve protein
except that ‘1t contains five prolines. * The mature pru‘tei‘n. but not the
prosequence’, - contains thv;ée of the ll-residue repeats (Thr-Ala-X- X-Ala-
Kla=X-X-Na-Ala-X) previously observed (Lin and Gross, 1981) in two. other
aiti Freeze profefa comonents. It is beliered that this sequerce repeat
.-may play an mportant role in the nnn colligative mechanism of antifreeze
“activity.as described in an absorbtmn i nth:i on model proposed by
Raymond and DeVries (1977). P
Our current unﬁerstanding of ‘the bi os;;nthesls of one.of the major
vnnter flounder AFP (component A) is dutlined as fonws The antifreeze
pu’lypeptide is nntia]ly synthesized in the liver'as a protein nrecursnr,
82 residues Tong (Davies et al., 1982), encoded by a 7.5 S mRNA (Davies
and Hew, 1980; Pickett et al.,’1983). " In vivo incorporation experiments
support the conclusion ‘that following the removal of - the signal vO]yp;p-
tide the proprotein circulates in thev b1 a‘od where it is"estimated thai the

pro-section is cleaved within 24-48 hours (Héw et al., 1978). .Davies and

co-workers (1982) have suggested that since the ‘content of glycine in com—
ponen't A is well below unity as it is for AFP described by. Duman and
‘DeVries (1976), the carboxylterminal glycine residue may be lost:in most

of the AFP b,y‘ post-tranglational modification. The net result is the




Table'5. Anino acid compositions of comonents A and B compared

to the conrpp§1tioh deduced from the cDNA sequences

. Compositions from amino

Amino Acid

acid analysis

Ratio

Composition fron

Narnomo1 es tpNA
Resfdue A A B sequence
mp . 146 16 43 53 -
e ET SRR 4.0 4
ser 38 0. 11 1.4 1
ou 36 . 11 0.2 1
6ly "4' 7 0.1 0.3 1
ia o764 w6 2.5 T
Leu’ 7 w2120 i)
lys - 3 2 1.0 1.9 b, 1
Arg 3 2 1.0 T

1.0

* Asparagine is tabulated as aspartic acid

(From: Davies et al.., 1982)
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circulation of a mature 37 residue polypeptide (Davies et al., 1982).

The cloned sequence of the mature protein reported by Davies et al.
(1982) matches fn composition and size (3300 daltons) one of the
alanine-rich serum antifreeze i:ro,tein_s (component A)that was :wn‘fied by
ion-exchange and reverse. phase HPLC (Table 5). The cloned cu\lIA sequence
for ‘component A is approximately 200 nucleotides shorter than the pre-.

viously vdetemn’ned Tength of AFP aniA (Davi’es and Hew, 1980)." Davies et

al. (1982) have suggested that this discrepancy could be die-to the loss

“of the ﬁg\y (A) tract and some untranslatéd sequences.. Radioactive

sequence analysis of the primary translation product from purified AFP

TRNA has been used to determine theé reading frame and validate the cloned

AFP sequences (Davies et al., 1982). Independent reports of a primary——

amino acid.sequence of a 3300.AFP (AFP-3) (Devries and Lin, 1977a) and an

AFP CONA sequence described by Lin and Gross (1981) are similar to the AFP

_CDNA sequence data reported by Davies’and.co-workers (1982). Substantial

di fferencés in the established reading frame of the Lin and Gross nucleo-
tid.e sequence, an unusual signal sequence and the inclusion of a termina-
tmn cudon prior to.the mature peptide-sequence, sﬂﬁm this cONA
sequence lny not correspona to a secretab‘le nrcteln. Xn addition, the
amino acid compos i tion derﬂed fm this.DNA sequence does ‘not correspond
to amino acfd cnmnsmonal‘ daga of any AFP reported, to date‘»(ouman and
DeVries, i975; Hew and vY(p. 1976; DeVries and Lin, 1977a; Davies et al.,
1982). . It has been su“ggested?(mvies E_tgl. i isaz) that the Lin and Gross

(1981) sequencé may represeht a pseudogene which is transcribed but not

transiated. T : ; ; o
4 ’ A
Analysis of ¥ genomic sequences (gene 1ibrary) indicate that
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‘there are at Teast six separate AFP gene loci that cross-hybridize extens-
ively to the AFP cONA plasmid C“fS. One_of the sequences of a genomic sub-
clone (E3) has extensrive sequeﬁce s’ini!arity u; cpNA CT5 and appears to be
a.variant of component A isolated by D_‘ain'es et al. {19,?2). The genomic -
~Clone E3 has one Tess alanine and -an additionsl aspartic scid, aswell as
an mtervemng sequence of apprnxmate]y 0.6 Kb in length (Dav‘les et al.;
1984)." On the basis of cDNA sequence studies (Davies et a)‘. 1982) and
current geromic investigatians (Daviese_t_a_h, 1984) the AFP of yinter
flounder (component A) .is probably encodeéd by a translated region of 246

nucleotides with 50 and 94 nucleotid%& and.3', respecitvely) untrans-.

Tated regions. This.would represent an AFP mRNA of 390 nucleotides prior

tolthe addition of a -poly (A) tra‘ct. The orggm‘-zation and sequence deter-
mination’ of other possible AFP gene loci have not yet been investigated.

Seasonal appearance and regulation of antifreeze synthesis

Antarctic and high Arctic waters are near the freezing pm:nt through-
out the year with 1ittle variation in'water temperature noted with depfh .
or season (DeVries, 1974; DeVries and Lin,-1977b; pev}*ies, 1980). Conse-
quently, in order to ensure su‘rvivul, fish inhabiting these waters retain
high levels of antifreeze in their blood regardless of the season. The
maintenance and cnntr(ﬂ of high conceﬂtraﬁans of anig freeze in two
-species of Antarctic fish, Trematomus archgre'n nki and"Rl higophﬂ
dearborni appears insensitive to. changes in water temperature since warm
. water acclimation studies at 4°C for 60 days does not aler the levels of
antifreeze glycopeptides found in these. fiish (0' Grady e_tﬁ 1982a).
* Antifreeze ‘glycopeptide degradition rates (biological half. er]’ have been

estimated to be approximately four weeks in Antarctic fish maintained.at




At

-1.5%C (Haschemeyer and Mathews, 1980). It has been suggested that fish §
inhabiting the long-term temperature stability of ihe Antarctic environ-
ment have gradually lost their .ability to control antifreeze glycopeptide

synthesis since synthesis of these peptides is fundamental to their "

-survival (DeVries, 1980). -
In contrast, fish inhabiting nnrth-tewev‘jm waters are exvosed'to

Fish inhabiting these regions experience sub-

variations in temperature.

ze}o temperatures andvlce-hden seawater. for a maximum of Foir to five
months each year. . As might be pr!d\‘c_ted. blood levels of ar;tifreeze in
such:fish.as represented by the winter flounder, shor-thorn- seulpin,
Atlantic cod, and sea raven, covlrelate vi‘th the seasonal cycle of. water
tmpernures (Duman and DeVries, 1974b; P'Ietcher, 1977, 1981; Fletcmr and
Smith, 1980; Hew et al., 1980, 1981; Petzel et 21., 1980; Slaughter inﬂ

Hew, 1982; Slaughter et al., 1981). Thg seasonal synthesis of antifreeze

proteins have attracted considerable attention as a '_sys!.em"for studying
“Towards this end, our best

the mnenta’l control of gene r'eguim‘nn.

ur:derstandilhg of the seasonal regulation of AFP biosynthesis ;hes from .

@ ] .
studies involving the winter flounder, Pseudopleuronectes americanus, : =

In winter flounder, the appearance of serum AFP in the fall and their

disappearance in ‘the summer, co1m:lde’m‘tn the seasonal variation inwater .
191; Slaighter . d 2

temperature (Figure 4) (Hew and Yip, 1976; Fletcher, 1977,

and Hew, 1981). These proteins ar‘e.pmduced by the i(yer (Hew and Yip, L
1976) ip_1a;‘ge, quantities iq the autumn and winter, reaching a maximum '
concentration of 10 to 15 mg/ml (Jaﬁnaw), _and are c'l'el_red from the hl‘uod .
Thevsynthesis of AFP commences |n late

in the spring (Hew et al., 1978)
ccwber as noted from in vivo (ueu etal., 1978) and_in vitro stud!es




Figure 4. Monthly. changes: in the freezing point depresslon attnbutable tn

‘antifreeze' in wi nter 7 ounder plasma. These ‘thanges were ca]cu]ated by

¥ suhtracung the freezing point depression attnhutakﬂe to plasma smﬂum \(»/ ;

chloride from the tum observed freezing point depression. Hater
temperatures are mean val ues from 1974 tn 1579

(adapted from Fletcher, 1977, 1981) - . e . . E

»
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. hybridizatinn\stumes and in v1tro cell- free translatmn exper\mem:i (Hew

[ ' , .

(sclater, 1919) a5 wel1 as sgudies fnvolving the fsolation and transla-

tion of AFP jﬂNA (Hew and Hp, v1976 Lin; 1979 Davies and Hew, 1980 s
Pickett et al., 1983). ’ 1
. The seas nal expression of AFP mRNA has been investigated using cONA

and Yip, 1976; \Lin 1979; Lin and Gross 1981 Pickett et-al., 1983) m1

lnvestlgatwns\are in agreement that AFP mRNA follows a seasqnal synthesis

pattern which m tches closely, but nghny preceeds the rise and fall in

the cuncentran‘?n of serum AFP. It has been estimated that in midwinter,

- 0.5% of the tatdF liver RNA s AFP mRNA and in summer the AFP 'mRNA falls

» to'a minimal. bu

T detectable level comprising 0.0007% of the total RN
1983}. -The close parallel between. seasonal ava§1a$1i1ity~
the ~

(Pickett et al.
of AFP mRNA a'nd ‘the synthesis of its carresponding product, supports,

hypothesié that ' ranscr1ptiona1 control p]ays a major role in regu]at!ng

AFP blosyntheslsL
N ReCEl\t evid‘ence indicates that in the winter flounder the initiation.
of AFP synthes)slkm the fall is lnﬂu‘enced “by photoperiod’ (Fletcher, 1977,
1981) “and cones dnder the control of the pituitary gland (Fletéher et al.,
1978; Fletcher, 1§79; Hew and Fletcher, 197_9). Fletcher (1977, 19‘81) has
demonstrated thatﬂ fish exposed to long day length {>14 h) experience both
a delay in the appearance of AFP in the .serum, and a reduced accu’mulation .

of AFP during the winter. In contrast to previous studies which suggested

that ‘water temperature plays a role in-the onset of kFP blosynthesls in
the fall (Duman and DeVr(es, 1974b),‘the findings of Fletcher. (1981)
cléariy demonstrated that cold uater‘ does'not promote the early appearance‘
of AFP. - )‘iowever, warm water temperatures does affect the rate of ’
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clearance in the spring. Fish acclimated to unseasonally warm water early
in the spring, have decreased levels of serum AFP (Fletcher, 1981).
Photoperiod has no effect on” the disap;)earante of antifreeze in the
spring., .
S‘erum AFP Tevels are subject to regulation by the pituitary gland.
Removal of the piéuitary gland (hypophysectomy) in the flounder results in

the accumulation of‘ large concentrations of serum AFP regardless of the

: season (Fletcher et al., 1978). The effect of hypophysectomy can be

reversed by pituitary implant (Fletcher, 1979). This suggests that some
factor produced by the pi‘tuit‘.ary gland' is affecting the repression of AFP
MRNA synthesis or interfering with the clearance of AFP from the circula-
tion. “There is also some indication that the timing and length of the .,
antl%reeze ‘biosynthetl‘c cycle is‘, to-some extent, endoger{nus1y controlled -
(Fletcher and Smit’h‘ 1980; Petzel et al., 1980; F‘1€tcher, 1981). Strong
evidence for an endogenous influence comes from experiments which demon- 2
strated that flounder from Nova Scotia retained their antifreezé cycle ‘
‘characteristic of Nova Sc;tia when transferred to Me.ffound]and and main-
tained under Newfoundland conditions of temperature a‘nd pho.toperiod
(Fletcher and Smith, 1980). | '

: In the winter flounder, seasonal changes in the concentrations of AFP
in the serum and AFP RNA in the liver are correlated with water temper-
ature and appear to be primarily controlled at the level of transcription.
The interplay between the pituitary gland and environmental influence

(such as photoperiod) on this regulation is not well understood. In .
N <3

" summary, it appears that the seasonal timing' of the antifreeze cycle may

be endogenously controlled but the precise determination of the onset.of




antifreeze biosynthesis in the fall is influenced by photoperiod and comes

under the control of thé pituitary gland. . " N\
Statement of research problems and objectives )

T The coordinate expression of ‘structural genes leading to precise
patterns of differentiation and development is fundamental to 1ife.

Sélective gene expression is now considered to be central to our under-

b standing of cellular differentiation and the regulaﬂon of deve]upmenta]
' processes (Davidson, 1976). -The change in naSMre of, or rate at which, :
- different gefies are transcribed have been studied by numerous approaches
"and 1n different systems (For Review: Darne, 1982; Nevins; 1983). ‘Vlt:is ¥ o
\\ generally agreed thay systems involving hormonal induction of gene expres- o
. /J . sion Have contributed. significantly to our understanding in this field.
' Many of these successful systems are based on similar hormones involving a %,
different set of genes (Palmiter, 1975; Sch\'nke et al., 1975; Deeley et
[ - al, 1977; 0'Malley et al., 1977; Tata and smith, 1979] Hnwever novel i
o T apprnaches must be pursued to fully study all aspects of the regu\ati\m of . 3
gene expression. The seasonal biosynthesis of AFP in the winter ﬂou_ndev- )

makes this an excellent and unique syst;zm for. the stm‘ty of gene structure

and gene re@‘uuﬂonvin response to environmental stimuli as well as. pitui-
tary influences. The production of flounder AFP invélvgs the rapid syn-

thesis of large quantities of specific gene products. The fact that these

polypeptides contain an unusual amino acid composition and they demon- .
strate unusual activines»such as thermal hysteresis and freezing point H
: % depressiunv allows for their-easy identification, The availability of a’ k
well-defined flounder AFP hybridization probe.enables the quantitation of = .
" “AFP MRNA to be-made and aids in the study of the structure and regulation
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of t?} antifreeze genes. Manipulation of environmental factors, such as

photoperiod and the artificial induction of AFP biosynthesis by hypophy-

sectomy will provide “an important approach to s;ud'y the detailed ’

mechanisms involved in the environmental influence and the pituitary

gland interaction on the subsequent transcription. of AFP mRNA and cor-

respondlng translation of its protem product. This study has been -con-
cerned with three main objectives: 5 )

{1) A primary requirement for the study of gene regulation is precise
knowledge of the protein’product. As.indicated in Table 6, the
literature contains many inconsistencies concerning the number, size
and. composition of winter flounder AFP components. The initial l
objective of this study was to identify and chdracterize all ‘AFP com-
ponents in winter flounder and to determine if similarities and dif-
ferences-encountered in the Hterature are due to-geographical poly- .
morphism.

»

(2

In contrast to hormone induction in many systems which increases the
level of translatable mRNA, the pituttary gland in winter flounder
appears to have a repression effect on the synthesis of AFP.- Hypo-
physectomy results in increased levels of AFP and pituitary trans-
plants decreases the accumulation of these products. The second con-
cern of this study was to determine the influence of the pituitary
gland‘in the regulation of AFP synthesis. The technique of hypophy- 5
sectomy was used as a test system to follow the synthesis ‘and accumu- -
lation of ARP and AFP mRNA when background levels of thesectwo pro- X
ducts were at their Towest. -

&)

Recent evidence indicates that in-the winter flounder the initiation
of AFP biosynthesis in the fall is influenced by photoperiod and is
mediated by the pituitary. The third aspect of this study was to
determine what influence photoperiod has on the synthesis and accumu-
Tation of AFP mRNA and its corresponding: AFP.

- AT of the above studies ifvolve identification ‘and estimation of a
spgiﬂc gene Brnduct. The overall goal of this project was to develop a i
simple means of identifying antifreeze peptides and to develop a sen-
sitive technique of estimating AFP mRNA concentrations in small “
qu_antities of tissue. In the final chapter, the results of these experi-

_ments are discussed with respéct to, current. information concerning gene
structure and genomic organization. A model of the regulation of AFP’

biosynthens in winter flounder 1s presented.
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CHAPTER 2 '
WINTER FLOUNDER ANTIFRéEE POLYPEPTIDES
- .Intruduction .
The'Newf;mncn and seawater ‘temperatures fluctuate from lz'c‘ivnrthe
summer to. a ‘Tow value of -i.A‘C during the winter (Fletcher,.1977). The

'body fluﬁds of most temperate marine teleosts freezé at temperatures

3 between -0.5 and -0.9°C (Holmes and Dnv\a'ldson 1969) To avoid freezing,

‘the winter flounder, Pseudopleuronectes americanus chh inhabits these

coastal waters produces antifreeze polypeptides (AFP) in the winter (Duman

and-Devries1974a; 19763 Hew and-Yip s 1976)-These polypeptides are

gynthesized by the liver and are circulated in the blood plasma (Hew et

, 1978; Dav'les and Hew, 1980] F'Immder AFP Tower the freezin!
temperature nf the serum in an non-colligative manner and are essential to
the survival of the winter flounder in ice-Taden seawater (Fletcher, 1977;
Feeney and Yeh, 1978; Hew et al., 1978; Davies and Hew, 1980; De\lrns.
1982). , '

Although winter flounder AFP have been studied extensively, there is

still some controversy over the number, size and amino acid sequehce of

these polypeptides .(Dun\an and DeVries, 1976; Hew and Yip, 1976; Lin and

Gross, 1961; Davies et al., 1982). Working with plasma from more souther-,

. ly populations of flounder (Nova Scotia), Duman and DeVries (1976) have

reported the presence of three separate components of molecular weights
6000, 8000 and 12,000 which were later corrected to 3200, 5000 and 8000
(Devries, 1982). In contrast, by gel'filtration chromatography, the

presence of a major component of apparent molecular weight 10,000 was

demonstrated (Hew and Ylb, 1976) which could' be further fractionated into

?\,

B




tio distirct: components of molecular weight 3300 using reverse phase high‘
performance 1iquid chromatography (Davies et al., 1982). This was con-
¢ firwed by estinating the size of the peptide from cONA siquence analysis
> e (Davies‘e_ta_‘l. , 1982). In addition, Lin a;ud Gross (1981) reported the .
r_DNA sequence for an antifreeze polypeptide of apprgxinatelisuao daltons. - . ¥
Huwever,»ne‘imer the amino acid coRpsTElon nor the sequence of this
- putativeantifreeze polypeptide resembles those of any of the winter. . - . ‘

flounder antifreeze’ polypeptides reported to date (Duman ‘and DeVries,

5 1976; DeVries and Lin, 1977a; Dav1es et al. . 1982).

“Flounder AFP stain poorly with protein staining so\umns such as

& Coomassie Brilliant Blue and Amido Black and this has made it difficult to

-3 examine their ty by i electropl tic procedures
(s‘clatgr, 1979). However, reverse-phase high performance 1iquid chromato-

graphy {WPLC), btcausz of its superior resolving power appears to be well 3 1

=  suited for the analysis of the geneity of these polypep
~ Differences between the AFP reported for Newfoundland winter flounder

(Davies et al., 1982) and the AFP described by Lin and Gross (1981) and 3
DeVries (1982) raised the possibility that geographically distinct popula-
tions of winter f'lounﬂer may produce different antifreeze polypepti des.
One means of answering this questidn is by r.u-vuring the antifreeze poly-
peptides isolated from the plasma of winter flounder collected from
selected sites throughout most of its geographical range, namely
Newfuunmand Nova Scotia, New Brunswick and Long Island (New York) (Leim
and scott, 1966). b

The present study was carried out.to characterize winter flounder AFP

further, to report any microheterogeneity which may exist, and to
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‘

establish whether geographical polymorphism can account for ‘w of the

: . discrepancies concerning size, number and sequence which have been’
5 F ‘reported in the literature.
E - g "
.\. s %
8 A 5
i -
"
H 3 ..




62

Materials.and Methods

Collection of experimental materials .V" ’

Winter flounder (Pseudop)euronectes americanus) (400-600 g, 30-40 cm
Tong) were collected fru‘m‘ four gqurnpmcaJ :Irotatiuns: C_hapel's"cove',
Newfoundland; Halifax Harbour, Nnva Scona, Passamaqucdw Bay, New *
Brunsmck, and Shinnecock Bay, Long;ls]and New York (Fig. 5) In
Newfoundland the' fish were caught by divers equipped with SCUBA, while in
the uther ’Iocatlons the fish were caught usmg small otter trawls.. Blood

was obtaméd from a caudal blood véssel using 21 to 23 gauge syringe

* needles and stored in heparinized test tubes. . P]asma was separated from

the red cells by low speed centrifugation (~4000 x g) and stored at -20°C
prior to analysis. Fish caught in Newfoundland watérs were either-bled

imnediately or maintained in'250-L aquaria supplied with flowing seawater

(3! 33 “/ec) at seasonally amient temperature and photopeMiod

(Fletcher, 1977). Fish kept in the lab were monitored for disease and
stress and only healthy unstressed “Fish were used. Fish maintained for
extended periods of time weré fed capelin during the normal feeding cycle
w“hich is from April to October (Fletcher andvking, 1978).

In some cases, Newfoundland flounder serum was collected without
clotting agents, centrifuged at ~4000 x g, for 10 min and used directly
WtHbGE §borigas. No UTtference was eRcoiiRtar ey batEER NFPCORGOTINEE -
isolated from serum orf pl asma preparations.

lsdatior; ‘and product analzsis of flounder antifreeze go]zgegt'{des‘ )

Flounder serum or plasma (2 ml) was applied directly on a Sephadex

G-75 culuum (1.5 x 84 cm) and eluted with 0.1 M. NHgHCO3 at 4°C.

. Fractions were mnnitnred at 230 nm (A3p) and antifreeze activity
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“was measured using a freezing point osmometer (Model 3R, Advanced
Instruments, Ne}dhain Height, M.A., USA), as described by'Hew and Yip
(1976).  Active fractions (exhibiting freezing point depression) were
‘pooled, Tyophilized and rechromatographed on the-same Sephadex column.
‘After Tyophilization, individual fractions and pooled samples representing
the active Sephadex' fractions were dissolved in 300 1 of 5% formic acid,
further fractionated by reverse phase HPLC us{ng an Altex u]trasphere DDS
(C1g) colimn (particle size 5u, 4.6 mn’x 25 cm, Bécknan, Toronto) in
0.02 M triethylamine phosphate buffer, pH 3.0 and eluted with an aceto-

- nitrile gradient at roon temperature (Seidah et al., 1980). Following
chromatography, the different elution pedks were pooled, ‘Tyophilized,
reequ\hbrated with 1 m1 of 0.1 M NHgHCO3 and desalted on'a Sephadex
6-25 column (1.5 x 30 cm) using thé equilibration huffeh The HPLC
components werg‘chrnmatug;aphed mi,si ngle peak homogeneity by repetition
of HPLC. ’ i

The proportions.of Fh‘e different”antifreeze components were deter;.ﬂ

mined from peak. area inieg‘v"ation of the elutio}u profiles using an HPLC
é;uipped w1tﬁ‘ an integrator (Altex, Model C-RIA, Beckman). The relative
proportion of each component in the AFP from each geographica] ,sample was
calcilated from the “elution profiles of at least three separate trials.

: Each trial represented a 'different fish with the exception of the Nova
Scotia ‘sample which was a pooled sample fruml five fish. The recovery of
AFP from HPLC was estimated by méasnring the Ap30 before and after

the-sample was chromatographed.

u'lxacrz\am( gel_analysis of serum :nmgonent

Following chrumatugraphy on Sephadex G-75 and reverse ﬁhase HPLC,
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blood serum comporents were further e)_um'lned by I4belling the components

with dansyl chloride ‘(5-dimethylamino-naphthalene-1-sulfonylchloride,
»J?i‘!rce Chmﬂcai, Rockford, I11inois, U.S.A.) as described by Gray (1967).
The f]uoresqent]y labelled peptides were desalted on A Sephédex G-25
column (1.0 x 30 cm) using 0.1H ammonium h'ydrcx(dg and analyzed by sodium
dodecyl sulfate (sDS) poiyacrylanids ‘gel electrophoresis/(PAGE) (Laemli,
1970). The .separat\‘ng gel was either a 9-22.5% concave exponential poly-
_aprylamide gradunt or.a 15% pa1yacrylam1de gel.: The gels were either
.stained with 0. li Coomassie Br‘i'lhant‘ﬂ'lue (Bioﬁad) (Paul et al., 1972) or

visualized directly and photographed by transilluminated short wave u\'ltra-
3 ‘

violet 1ight using a red 25A filter with Polaroid type PN, 665 film. Gels.

stained with Conma;si.e Brilliant Blue were photographed through a yellow

(1) filter using either Polaroid type PN, 665 film or a fine grain 35 mn.

black and white fﬂm. .
\ Molecular weights of constituent pn'lypeptides were obtained by’

comparison of electrophoretic mobilities with known standards (BioRad,

Pharmacia or Sigma) in SDS polyacrylamide gels according to the method of
Weber and fsbarp (1969). . '
Specific polypeptide bands- separated by :15% polyacrylamide SDS gel
electrophoresis (determined from a ::orrespond'ng gel lane containing a
flunrescﬁnt\y‘\aﬁe\1eq sample) were exciséd and eluted overnight at 37_‘!:

in 0:61 M MN4ﬁCO3 ‘containing 0.05% SDS. The eluted fractions were |

elther ‘desalted as described. above or 1yophilized direct]y and subjected

to aminio acid analysis.

Measurements of thermal hzsteres!s und amino acid analysis

Frl:tinns purified frmn HPLC were d!sa'l ted-on a Sephadex G-25. column

i
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and yophilized as described above, After lyophilization, they were
dissolved in 10 to 100 1 of 0.01 M NHgHC03. Antifreeze activities of

" the individual components were ‘detgrmined from thermal hysteresis measure-

“ments (the difference between freezing and melting temperatures) made .

using a nanoliter osmometer- (C14fton Technical Physics, Hartford, N.Y.,

U.5.A.). 'In this method the temperature gt which ice crystals grow is the

_ freezing temperature and the melting temperature fs when,the crystal

shrinks. ‘ . N
Anino acid analyses were conducted on freeze dried prfain samples
(from chromatography preparations or samples eluted from PAGE) which were

“hydrolyzed in vacuo for 24 h at 110°C in 6 N.HC1. The hydrolysate was

analyzed on a Beckman 121C amino acid analyzer.

A st M




Results i
Ana\y519 of flounder AFP by reverse phase HPLC

Consfstént with.observations reported earlfer (Hew and Yip, 1976),
Sephadex G-75 chrnmawgraphy of the fluunder s winter serum revealed the
presence of orly a single macrnmn]ecuLer antifreeze of ap]proximatﬂy -
10,000 daltons (Fig. 6). Analysis of this fraction (represents pooled
fractions 36-62) on reverse phase HPLC indicated that flounder Afl’ occurs

«as a complex mixture. At least nine distinct components could be resolved

by an extended acetonitrile gradient (15-60%, Fig. 7) but superior resolu-

tion and better separation of the minor components were attained using a
shallow acetonitrile gradient (15408, Fig, 8). Components 6 and6:were
the two major species corresponding to components A and B réparteﬂ by
Davies et al. (1982). . "
When the pooled samples:(36-62) were re-chromatographed an Sephadex
75 (Fig. 6) and the individual fractions from the column analyzed syste-
matically by reverse phase HPLC using a more extended gradient, it was
apparent that these Sephadex fractions were heterogeneous (Fig. 9).

Component 9 (elution time of 45 min), which was still retained in the

column under the conditions used in Figure 8, was the major component in

Sephadex fraction 42. Components 3 to 8 were the major species in a
Sephadex fractions 46 to 50. Finally, the predominant pep{idés in .
Sephadex fraction 56 had elution times of 13 to 16 mi nutes and would cor-
respond to components 1 and 2 in Figures 7.and 8. When a pooled sample
was analyzed (representing Sephadex fractions 36-62), the relative propv‘r—
tions of these different components from 1 toe9. 'were 13:11:10:5:2:27 ¢

8:20:4, respectively. No significant or distinct pu]ypeptides were

o e, o1 g e

i
i




Figure 6. Fractionation of winter flounder AFP by Sephadex 6-75
chromatography. ' Flounder serum (2 ml) was chromatographed directly on a
Column (1.5 x~84 cm) in (;.1 M NHgHCO3, pH 8.0 and 2.3 m1 fractions

were collected. A) open, symbols represent the first application of tr;e
serum; B) close,d symbols represent the reapplication of fractions 36-62
from A) 'on the same column. Individual fractions were monitored for
antifresze activity as indicated by freezing point depression
measuremté.(,ph,). The' active fractions were lyophilized and used for

HPLC analysis. 1) Void.volume peak, 2) Antifreeze active peak.
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Figure 7. Analysis dnd isolation of flounder AFP by reverse phase n.w_c.
Flounder AFP from Sephadex G-75 chromatography (fractions 35-_2? , Fig.
6), 0.5 ng of TyophiTizéd materfal was dissolved 10100 u of 5% formic,
acid and applied to an Altex Ultrasphere ODS column at 22°C.
Fractionation was achieved using an acetonitrile gradient (15-60%) in" a

0.02 M triethy\aming phosphate buffer, pH 3.0 with a f1owrate of 1 ml
per min. ) .
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Figure 8. Anﬂysﬁ and isolation bf flounder AFP by reverse phase K‘PLC
using a shallower acetonitrile gradient (15-40%) than in Figure 7.
Note, that although component 9 was not eluted under these conditions,
the resolution of the other components was much improved. Sample pre-

paration and chromatography was as described in the legend of Figure 7.
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°‘u'ere Eepar’a’te'ly dissolved in 300 .u1.of 5% formic acid, and 50 wl

Figure 9. An]lysié of ﬁi nter flounder AFP fractions by reverse phase
' ;

HPLC. Individual fractions from Sephadex G-75 rechromatography (Fig. 6)

aliquots were analysed on an Altex Ultrasphere ODS reverse phas} column * »
. using an acetonitrile gradient (15-602) in 0.02 M triethylanine
.yMSphau buffer, pH 3.0 at 22°C. The flow rate was 1 ml per min. $
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eluted from the reverse phase colum wh‘en the concentration of acetoni-
trile was increased to 80%. The recovery of total proteins-applied to the-
column, -based on.op tical density.nt 230 nm, was. 85-90%l To avnid the
nossﬂnhty that some lsger polypeptides were absorbed on the G8

reverse phase column, the Sephadex P preparation was analyzed on a less

hydroptiobic C3 column (U1trapore RPSC) in 0.1% trifluoroacetic acid-

-acetonitrile gradient. The AFP elution profile from the C3 column was

simitar to the-elution profile reported above indicating that no larger

polypeptides were selectively absorbed to the Cyg reverse phase -
column. The AFP resolution on the (3 colum was ‘inferior to that
obtained on the Cyg column. °

In agreement with the pos\twn{f the activity on . the Sephadex
column, amino acid analys s showed that, Sephadex. fractions 44 to 52 con- '
tained a 1arge amount of alanine’ (approx1mate1y 52 mole %), a feature
characteristic of Flounder AFP (60 mole %) (Hew and Yip; 1976). On the
other hand, Sephadex fraction #56 contained cor‘\siderab'ly less alanine (33
mle %) and was devoid of antifreeze activity:

08 go'lz‘a‘crz\amide gel electrophoresis of £1ounder serum poly-

peptides

W}en the flounder AFP pooled fraction (36-62) (Fig. 6) and individual

fractions firom Sephadex G-75 chromatography were analyzed by SDS PAGE and
stained directly wi th‘ Coomassie Brilliant Blue, two Major bands of approx-
fnately 8000 and 11,000 daTtonswere apparent (Figs: 10 and 11). These
two bands predominated in Sephadex G-75 fractions #54 to 58 and therefore,
corresponded to components 1 and 2 resolved on HPLC (Figs. 7 and 8).

These peptides were eluted from PAGE and subjected to acid hydrolysis.
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| Figure 10. Loomassie Brilliant Blue staining of flounder_AFP pepti desn
following SDS PAGE (15%). Laneﬁl, AFP (pooled Sephadex G-75 fractions
) 36-62) 28 ugi_ Lane 2, AFP (pooled Sephadex-_c—75 fr,acﬂons 36-62) 35 ug.
The following ‘samp'les represen‘t indivtdu;} Sephadex G-75 fractions asy

; |
indicated: Lane 3, Fraction 43; Lane 4, Fraction 47; Lane 5, Fraction

standards; phosphorylase b (94K) , b\w‘ine serum a'lb_ul!n (67) , ovalbumin
"(43K), carbonic  anhydrase (30K), svy‘l bean trypsin ifhibitor (20K), a-
" ‘Lactalbumin (14K); Lane 9, lprotini’n (6.5¢) (from Boehr‘jng:r Mannheim)
35 ug; Lane 10, insulin A chain (-3) (fronSigma)25-ug. Equal volumes

- of sample were loaded from each Sephadex G-75 fraction.

51; Lane 6, Fraction 55; Lane 7, Fraction 57; Lane 8, Pharmacia protein .

i i o e
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4 Figure 11. Mnlecuhr weight estiluhon of serun components 1 and 2.

Molecular weight estimations were made accorm ng £0 “the method of Weber

and.Osborn (1969) - Each Rf value represents the average of at least P

three determinations made by SDS 155 PAGE. The mnlecular weights of the

major Coamassie Brilliant Inue stamlng components isolated ‘from serum
fractionation by Sephadex 6-75 chromatography are 11,000 and 8000.

~ ) :
These components correspond to components 1 and 2 (Figs. 7 and 8)

following serum fractionation by HPLC.
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~~ The amino acid :ouwslglons of these t\m} bands were d‘;s!inctly different

in cm!unt fron the amino acid compositions of known AFP components (Table -
7). The molecular ueig‘hts of these two components from gel electro-
-phures'ls (Fig. 11) are in good agn‘uent with those observed using gel
filtration chromatography. n

Flounder AFP stain poorly with Coomassie Brillian{ Blue. -The above 2

staining;gs’!"lt is misleading in that it overestimates the contribution nf' I
these larger peptides (components 1 and 2) in comparison to Flounder AIFP.
The results using dansylated labelled materials overcame this d|ff1cn11:y
On SDS PAGE , -dansy 1ated 1abened materials shnwed c.predominant hnnd of ' ) 1
approxinately 3300 daltons (Fig. 12, Track 10). The Targer bands, mncn‘
stained i}'th Coomassie Brilliant Blue, were minor in contribution when i
compared to AFP after dansylation analysis.
s To further characterize the AFP, these peptides were puri f1ed by

reverse phase IWLC i SDS gel electrwhoresls of these dansylated pepti des -

demonstrated that co-ponenc 9 was larger than component 6 or 8 (Fig. 12). . .= |
* The molecular weight of component § vas estizated to' be 4500 whereas con- .

ponents 6 and 8 were smaller, approximately 3300 (Fig. 13). PAGE of dans-

ylated AFP components 3, 4 and 5 indicated that these comonents had equi-
valent mlecular weights of approximstely 3300 whereas component 7 was
Jjudged to be 4500 -and therefore simiTar in mleculir weight to component
9. The molecular weight estimations by PAGE agreed with the*lr»lﬂnimu i
mlecular weight values ca1cu!|t€d 'from‘ amin‘n acid compositions (Table~
8). . & ¢

Antifreeze ucﬂv(;y and amino acid analxsis L

To further characterize the AP, amino acid analyses and nnt(freeu




Table 7. Compardson of aming scid comosiion. of polypeptides 1

anﬂ 2 with AP extracted froa sos gels

(hal 2) g :
Polypeptide 4 1 2 P o L
cysteic actd 3.6 14 o ‘o . o . ¥
Asx s 1.5 e | 106 136 G o
The 92 . 1.8 n.e 104 5.0
ser 1.1 7.3 3.8 2.5 31
Pro L6 o, o ° [
o oex 8 6.1 L5028 0.4
. aiya - - - 0.5 1.0 '
na 2. 2.6 9.5 62.8 , 62.5 i
wzcys L5 1.0 o . o o -
Va1 uh s o o .
Het o 0.7 0 o o,
e i 28 L8 o . o ] N :
Leu 7.0 a2 6 5.7 5.2
e 13 1.3 o [ o
Phe Bt e o o o X
Lys 55 45 28 . 2.7 2.9 % i
N 29 ) 0.4 [ o
Arg 29 3.6 ERY 2.3 23
P " *Antifreeze :nmponenlx purified on HPLC. AFP corresponds to pep- :
B :lf;i un1 S 51 and rpresents e Svarege st See wino seh somo .
R TiTon Getersinations.r PAGE aid 41ut1on wira condicted b described -
. 1n Kater{als and Methi@S: %y content dfsragarded due to con- c o

tmh\lum\nf A ectrophorests wuffer: :




Figure 12. SDS PAGE of dans_yhéed peptides. Acrylamide céncentration,,

- 16%. See Materials and Methods for dansylation prdceﬁnre‘ Lane 1,
“reduced fnsulin, 5 ug (from Sigma); Lane 2, Phermiacia protein standards;

“ Lane 3, aprotinin, 5 ug (from Boehringer Mannheim) ; Lane 4, HPLC / R

4 4
. component 6, 3 yng; Lane 5, HPLC component 6, 2 yg; Lane 6, HPLC + i .
comonent 8,.4 yg; Lane 7, HPLCicomponent 8 , 5 jg; Lare 8, HPLC
cComponent 9, 4 wug; Larfle 9, HPLC component 9, 3 ,g and Lane 10, Sephadex ”
G-75 AFP (pooled fra'ctions}s-az). 12 49, . g Y2
oo , . A . o % s i
= . v
\ ) . d
2 2 £ / . - '
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Figire'i3. Molécular vei ght. de€miriation of HPLC components 6 and 9
from Figs.’ 7 and 8. Molecular weight estimations were made on dansy- -
Tated samples run on S5 15% polyacryl amide gels according to the method
of Weber and Osborn (1969). Eich R value représents the average of

at least three separate determinations. The lno'leq‘u‘]ar'weiqhts for AFP
‘Jeampongn:s 6 and 9 are 3300 and 4500, respectively. As noted in Figure
12, component 8 has the same electrophoretic mobm‘t‘y as component 6 unq
therefore was considered to have the same molecular wedght. e ?
» .
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act|v|ty measuréh-ents (thermal hysteresis) were mada on the peptides
purified by reverse phase HPLC (Table 8). cwpnnents i and2 (which were
the major cnlmonems in fraction #56 from the Sephadex G 7$'mmnm] were
devold of annfreeze activity and'lacked the nmlno acid campositiun .
characterist'c of ﬂounder AFP.. AFP components 3,4,5, 6,7, 8 and 9
exh{blted thermﬂ h,ysteres's , contafned an ahundam;e of a'lanine and- —
demnstrated an am1nn acid composition whlth {s characteristic of flounder

AFP components (Tab!e 8). 4 ¥

Flounder sumr serum ana1zs|s & g

“Control ﬂpunder serum obtained in July was chromatographed, pooled
‘anqr;echmmatograpfleig‘on Sephadex G-75 (Fig. 14) and analyzed by reverse
phase HPLC (Fig. lé).‘: No freezing point depressl‘on»uas detected in any of
the fractions and the HPLC profile. of the pooled e corresponding to AR
in. flounder serum sampled during the winter months, lacked the character:
istic HPLC components associated with AFP. The summer serum fractippated
by HPLC contained two prominent components which' eluted at approximately
‘twenty—tuabmnutes. These Cnmpanents ung not evident 1‘n thg HPLC ‘
analys(s from flounder winter serum.

Analysis of flounder p'lasma from Nova Scotia New answick and Long
1sland (New York) .
Flounder plasma frdm Nova Scatia, New Brunswick and Long Island.(New

York) chronatographed on Sephadex G-75 had sinflar elution profiles of

. ‘antifreeze activity showing a single peak with an_apparent molecular

weight of 10,000 (Fig. 16). Measurements of the freezing po(nt activity *

"indicated that the AFP n all the samples were primarily 'Ioclted in the

initial fractions of elution peak (2) (Fig. 16).” These observations were




52 were. pooled, lyopMIized and used for wLC anelysts.

Figure 14. Fractionation by se'phadex G-75~y1|ruut6‘glwhi of winter

flounder serum taken from fish in JuI‘y. Flounder Serum (2 m) was

cnmatugraphed as descrifed in the lzgend of Figure 6. Fractions 34 to
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F1gure‘15. . mlysis and isolation of ﬂunder sunmer serum by re(erse

phase WLC.

. Approxiut.e'ly 0.5 mg (dry welght) of Sepmnu G—75 laterill
(poo]ed fradunns 34-52, Figure 14) was dissolved in oo, ul of 5% Forn(c

acid and frq:ﬂnnaud by . reverse phlse HPI.C as descr’lbed tn the 'Iegend
" of Fiqure b y
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and Materials and Methods. (a) New Brunswick, (b) Long fs]and, (c): Nova

Figure L_’S’. fructionnﬂan by Sephndéx G-75 chrom&tégnvhy of winter
flounder AFP “from New Brunswick, Long Islar;d and-unv,a.’Scot‘lq fish.
Flounder sémm,(z m1) was chromatographed.and individual fractions

monitored for antifreeze activity as described in the legend of Figure 6

Scotia; (1) Void volune peak, (2) Antifreeze pesk. o--o Inftfal

chronatngraphy nm of flourider serum; o--c Fracmms 36-62 were pooled
and rechrontagraphed The' Symbol (r"'i-.) denote$ freezing pcint 7
depression.. -
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the same as those described above for the analysis of AFP from

‘Newfoundland winter . flounder.

The AFP samples from the Sephadex G-75 column were separated into

. multiple components by reverse phase HPLC' (Fig. 17).. The elution profiles

were remarkably similar regardléss of the source of the AFP famp'le. The
major components had identical elution, kimes which agreed with the HPLC*
elution proa'ﬁle of Newfoundland flounder AFP (Fig. 7); The relative con-
centrations of the major AFP components from all ‘four populations of .
ﬂm;nder were si‘mﬂ’ar with compbner;ts 6 and 8 ‘bei ng the major fractions
(Fig. 18). One exception was noted n\ @ single New Brunswick fistr where
component 8 represented a smaller propcrnon of the total AFP present
(HPLC profile shovm in FIgure 17). Two other_ New Brunswick samples had an
AEP"HPLC ‘profile with’ component proportions similar to the Newfoundland,
Nova Scotia and Long Is'land samples (Fig. 19). Tt was also noted that

component 3 contributed less to the overall AFP profile in snmp'lesjfrom

New Brunswick and Nova Scotia.and that components 4, 7 and 9 were consid=

erably moge variable thap‘the other AFP components,. .

The AFP. :Dnﬁnts were repurified on 'ihe HPLC to single peak hono-~
geneity. ang experiments with the ‘same componems from the various.
sources gave svng)e homogeneous peaks on the HPLC. F1g?re 20 is represen-

tative of these results. The shared elution identity of the'AFP col

nents from flounddr samples is best l11ustrated in cruder preparations of
AFP run on HPLIZ. Sephadex G-75 prepared AFP samples from Newfounﬁand and
New Brunsmck were chromatographed together on reverse phase HPLC (Fig.
21) and all major AFP peaks corresponded ‘to the elution pruﬁ’_‘es

. h
established previously on individual samples run separately.




'_ Figure 17. - Reverse phase HPLC analysis of AFP containing vsamp:ies from :

Sephadex G-75 chromatography (Figure 16). .Samp'le preparation and HPLC .~ -
H i

fr was as ri

in the legend of Figure 7. AFP

components are ‘numbered 3 'to 9. Components 1'and 2>'lack_ thermal .’

" hysteresis and are ot considered-to be AFP-Equivaient’sample loads * :

were fractionated in each chromatography. run. .
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; -
Figure IB Re]’aﬂve p?opo_rtinns of the AFP components fractionated by
reverse pho‘:se HPLC. NFLD; Newfoundland N, = 5, NB; New Brunsw/l‘ck N=3,
NS; Nova 'Scotia N = 5, LI; Long Island (New.Vork) N =3. N'= number of,
individual samples takeri from each location and separately chromato- ’
graphed except NS, where N = 5 refers ;:o a pooled sample of 5 fish.
Numbers on the abscissa refer t;: the.ind1v1dua'l HPLC components. Iﬁg

standard deviation where applicable.

f
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Figure 19. Analysis of New Brunswick flounder AFP by r:varse_phaée
'HPLC.” Repurified flounder ‘AFP (approximately 0.4 mg, dry weight) from
3 Sephadex 6-75 chrﬁatoﬁrupm was fréctjw‘teﬁ by reverse phase HPLC s
“described in the legend.of Figure 7.

’
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Analysis of flounder AFP component 6 by reverse phase HPLC.

Figuré (
Equivalent amounts of HPLC purified component 6 (ayprdximaté]y 40 ug) - -
from Newfoundland, New Brunswick and Long Istand flounder wev‘é ‘disshlvéd
in 50 w1 of 5% formic acid and fractionated by reverse phase WLC as”

described in the Tegend of Figure 7.
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Figure 21. Reverse phése HPLC qnaiysis of cu-injec’ted'AFP.frm‘

_ Newfoundland and New Brunswick fish. Equivalent amounts of Newfoundland”

and New Brunswick repurified flounder AFP from Sephadex G-75

chromatography (pooled fraCtions 36-62). were dissolved ‘in 100 ul, of 5%

. formic acid and fractionated by-the reverse phase HPLC as described in

. the legend of Figure 7. . b
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.those of other flourider AFP P from New fck, Long

.the.total, and aspartate (aspartate plus asparigine) and threonine are 3 = E

o this component. . : .

. 107

Island and Newfoundland safples.

_ Amino acid analzs!s d_thermal gx‘steres(s measurenénts of AFP ) ‘j

comgnnents from. New, Brunswick Lnng Is’land and Nova Scotia- flounder «

The aminu acid compositions of “the major cumyon:nts sare tabulated in
Table T \‘be amino acid tompas{tinn of NewfoundTand AFP is 1nc'|uded for

c'nw_av'isnn. There s a striking similarity in amino acid con;os_n(on

between the same compongnts obtained from different geographical loca-

tions. Alanine is the major amino acid representing approximately 60% of ° N

second and third in abundance. One majar difference was noted in that
component 8 from all of the New Brunswick samples contained a significant
amdunt 6f valine. Tra:; amounts of valine were also observed in coq:oneﬁt
3 frnl New Brunswick and Long Island. coq{nnent 6, the major AFP in a]’l

locations nad no valine present. .Valine was present in component 9 from

Neufound'land New Brunswick and Long Island. Insufficient material was

isolated frmn the Nova Scotia samples to carry out an-amino acid analysis .

AFP- components 3, 4, 546, 7 ‘8 and 9 frnm Long Island and New
Brunswick demonstrated thermal hysteresis (Table 10) and agreed with the
earlier findings, for th\efmﬂlr _components iso'lutedvfrom the

- ® 2 . "




XON 16N *913035 TAO 15K ‘PUPLPUNORIN ‘0T

B

T

“3i04 KN puetst
4 42 40) D011 A% LN W 9 U} PITA(0IPAY 48 SIdmes

o o . 0.0 0 - 0.0 0- 0 0 o .0. 0 0 o1g
vrooz €1 @z .97 40 €7 sz 9T ot €2 e ez oL bay
rocee moYrry e e e wel oww it [ s
sc sy P s rs s 'S L '8 { N.uc 09 'S s's Lad}
oy .m.n st o L] o o o —w. o o vo 60 L LY
089 €19 T 00 00 VIS S 0E 4S9 e TS 06 Il e my
rt STy rt §'0 o't L ot UMG 0Z ¥ 0. 61 90 it
ro wr e wo vt 0T v er 2 62 Bz oC Lt ULowz oo
vz re 6z ‘e re re L3 ¥ L L L i 3 T ey s Jas
va va v oo 60T 0°6 E'0ls 6 TOl T'OI 60T ror .6 aup
s o -aN- '8 Lald st '.:. yYIuooezzmr e s M.Em ©a 9tor- xSy

s i . s 1om)
Moo skoouw 010 SNOOWN T BN SN OWN. 11T BN SN o
T T B LU 17— 91 LNGHOAHDD ©F ININ0dH0)
® 4 svaun

12}4de46036 302131 64J31ATUU) JIPUNOLS JI|H BoI) 4V Lofew Jo SUO}I}S0de0d PI2v OUJER Jo UOS|IRdm)” G IqTL




t @ . “EQOHYHN W 10°0 40 Brt § *[043u0) *S5iS84935AY LeiMaYd OU
PO31qIYXa pue J2y3aboj paunseaw a4aM 2 pue | SIUIU0AWOI Hujujeluod sa|dues pajood ‘y  paujudIep
i j0u - N .n:ewau_:_!wa% 334y} 35ea| @ Jo abesaAe 3y} sjuasaudas juiod eep yoel *(Lu/bu

> 1 = (w/a0 8'1) 0E2Z3 judieAtnbs ue BupAey JudUOdWOD J7dH YIPD UO PISBQ U3M SUO|IRWLISD BULS
s3ewix0adde PaUapLsu0d aq pLNoys pue (u/Bu z SOM UOLILIUIOUCY BLduRS 'DTdH Aq patypdnd ALsnorasad
(L g) sa|dues Jo saun|oA Ju3(eALNbA UO P3IINPUOD 3U3M SUOLIBN[BAT. *SPOYIIW PUR S|LIIRH

3y} U} PAQLADSAP SB J2JAUOWS( SOIL|OURU UO3HL(D © BULSN 3pew UoM SIUBWAINSEIU S|SBUIISAY [Bwa)

h 3

b2 0 .,mu.o aN b'0 0270 * *
\ LE°0< '8S°0 22°0 "~ 95°0-° ON

5 20 €9'0 pue|sy buoq
" O

LE°0 0E°0°  ON aN

0°0 - SE'0 . 260 2€0 8y°0 OE'0 22°0 ' O0E°0 §0°0 SO°

ADpMsUNIg MIN

pue|punoMaN

(2, UL S1S34338AY . (pulay)) . . uibrao 3| dues
6 8 v 0¥ e v € 2 T

. 153UaU0dWoD *J1dH PR} tANd
1043u) R 4

Japunogy dauin (%04 MaN)




Newfoundland flounder plasma. ouponenfs ¥ and 2 had no t)-er-a]‘
hysberes{s and are not considered o be AFP. Those coq)omts wtnch have
thermal hysteresis also exhibited mé growth formation 4of Tong thin ice
spicules which was first described by Scholander and Maggert (1971) and is
highly characteristic of glycopeptides and peptide aititiaess (Devries,
19&3 Raymond and De¥ries, 1977). = 5 ’;

A\thww there was not ‘enough HPLC pur'fied material to do freezlng

point actw‘ty measurements on thz 'mdiﬂdual Nova Scat1a cmpunents.

col '. y. these were- 1 uishable in thernal hysteresu

_when compared to Newfoundland, Long Is'(and and. New Er\mswick samph ana!y—-
vsis ‘conducted-on Sephadex 6-75 material (Fig. 16). Nn comparison was made.

between thernal hysteresis of different AFP=cORgonents since an absolute

uasurment of the concentration for the various components was Tacki ng.

SbS ge'l electrophoresis and dansylation inilzsis of II!H Brunsim:k AFP 4

:ﬂnn!nts
Components 6 and 8 fm few Brunswick HPLC fractionation denonstrated

electrophoretic “identity with Newfoundland componént 6 and 8 on SDS poly-
acrylamide gels (Fig. 22). Since earlier-analysis indicated that
llarfcund] ind components 6 and Ey molecular ue{ghts uf 3300 \t was

apparent that these components from New Brunswick su»les had slmﬂir % .

T »

molecular weights.




‘Npproxinate folecuar wed ghts are indicated by arrows.

Figure 22. Polyacrylanide gel electrophoresis of Dansylated AFP,

puri Fied from NewFoundland and New Brunswick: winter f1ounder- by HPLC. -

Peptides were eléctrophoresed on a 15% polyacrylamide gel (as ‘described
in Materials and Methods). Lane 1, reduced=insulin; 5 yg (fron'Sigma);
Lane-2, ‘component & from Newfoundland 1 ug; Lane 3, components 6 and §

from Newfoundland; Lane 4, components 6 and 8 from New Brunswick; Lane

5, comp 6 and 8 from Newfo Lane 6, 5 6and 8 fron
New Brunswick; Lane 7, Pharmaia standards. Each lane contained

approximately’10 yg of dansylated material unless otherwise noted.
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Discussion 4

Considerzble discrepancy exiits in the Titerature concerning the
number, size and amino acid sequence of flounder AFP. ol
De¥ries and co-workers had ‘inuiaﬂy reported the presence of three
. ‘polypeptides of 6000, 8000 and 12,000 (Duman and DeV ries, 1976). Reculﬂy(
these molecular weight values have been corrected to 3200, 5000 aM 8000
(DeVries, 1982). Incontrast, Hew and Yip (1976) reported the presence of
“l+a 10,000 dalton Species as estimated by gel f1ltration chromatography. It’
has been suggested ‘thlt tﬁe high w-helical content and rodTike structure ’
of AFP results'in an nveresilnatien of its _mo1eculnr weigr_n: by gel filtra-
tion chromatography (Ananthanarayanan and Hew , 1977a). ‘Further studfes to
characterize flounder AFP uti11ized reverse phase HPLC to fractionate the
najor fractions isolated fron both Sephadex G-75 and QAE Sephadex ion-
exchange chromatogrpahy into two distinct, yet sinﬂé‘r, components A and ‘B
1982). . The
primary structure of one of the components (component A} has been eluci-

of 3300 daltons (6 and 8 in this chapter) (Davies et al.

dated by recombinant ONA technology to be a 38 amino acid polmpfid: with
a corresponding proar? (61 amino acids) and preproAFP (82 _amino acids)
sequences (Davies et &l. , 1982). Independently, DeVries and Lin (1977a)
have reported the primary structure of a 3300 dalton polypeptide (AFP-3)
by .pro_mn sequencing, and Lin and ;imss (1981) l‘uve deduced an antifreeze
peptide 5trucmre/ of 64 amino acids from a cDNA cloné. Although the above
three sequences are sinilar, they are not !dentm\; As pointed ogt by
,‘Davies et.al. (1982), the AFP structure deduced by Ln and Gross (1981)
from the nucleotide sequer\cn‘ might not correspond to a secretable protein.

In adtition, the amino acid composition of such a protein does not match
i

s e e i 0 it ARG 5

3
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the compasition of any of the AP published by these workers.

The high solubil-ity.of flounder AFP 1in most. aqueous solutions "(AFP
are known to be soluble in 10% TCA) and their. poor stai ning by conven-

tional protein stains have made their direct v\suaHzat\nn and :haractari-

" zation by PAGE a difficult task‘ Differences in flounder AFP, noted in

the 1iterature, could be due to several factors: 1) the timingof sample

collection; 2) difficulties in fractionation and characterization; cor 3’,\

population variations.
Initial attemts to fract(onate flounder AFP by reverde phase HPLC

(Davies etal., 1982) had utilized material Which hd been previously

chrematngrapned‘lry Sephadex &'\75 fo'l]uwed by QAE- Sephadex inn—exchange

chronatography. The major ion- exchange peak was fractibnated into tio
major components A and- B (6 and 8, respectively in this paper) but a -few
minor peaks were also noted. The protaco) déveloped in this stidy utiliz
1ing Sephadex G-75 chromatography and tWo d1ffarent acetonitri Te gradients
on reverse phase HPLC has superior resnlv'n ng capabﬂm es fnr P c:omyo-

nents and zlimmates ‘the need for jon-exchange chromatography. - .

. The fractionation pattern of Flouder. AFP is highly reproducibl g
was noted that. none of the sumer flounder serum comonents separated by
Sephadex G-75 chromatography and reverse phase HPLC coel uted with the
known AFP. Flounder AFP repurified by-Sephadex G-75 chromatography can be
v;esn\ved into at least nine components by HPLC. - However , -only ‘seven of

these HPLC components are considered to be active; exhibiting the amino .

+ acid.composition and thermal hysteresis characteristics of flounder AFP.

Comonents. | and 2, which represent the Coomassie Blue staining bands on

'sDS‘gel electrophorésis, lack antifreeze activity and do not ghowany
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stgnificant sount of alanire in their amino acid composition. Cosponents

6 and 8, are the two pajor antifreeze peptides. These two components

diFfer in only one aino acid, where glutanic acid 1n cokponast 6 is

replaced by aspartic acid-or lpa‘ug!ne in component 8. Except for the
. presence. of an arginine and one Tess alanine, component 8 has the same B

amino acid comosition as AFP-3 repor-ted by Devries -andLin (1977a).

Components ¥, 4, 5, 6and 8dre sl (30 daltons, 3637 o acits)

, and ‘more hmlngous to each other in conparison to comnem.s 7 and 9.
1982)

The anino acid' sequence, of componert 6 (cnmponem A, Davies etal

i

deduced from the cDNA sequence shoved the presence of glycine as its

C=terninal. anino 'acid wh‘lch was absent<in the.mature - peptide.. This post-
translational cleavage presumably accurs after the nascent peptide has : :
been synthesized. Cosponent 5, except for the absence of arginine, is %
identical to component 6. ' It would appear that the terminal arginine is
remoyed subsequent to the resoval of glycine (---ArgG1y-COOH). This !
cleavage mechanism could alse account for the dbsence of ir-gm.ne and
glycine in the AFP-3 reported by Defries and Lin (19772).  However, the
‘presence of one additional ahnine in AFP-3, comred to coq;enent 8, is
difficult at present to explain. Component 4 is identical to component 6
with one Tess alanine. Whether these differences reprefent. genuine
Ile\etl\‘ms or additions or some error in amino acid analysis remains to be
established.. - 3
Components 7 and 9 are unusual in that they are Targer- than the other
AP components (apprax(nately 4500 daltons and 56-59 amino acids) and they
contain va\iﬁé._ The anipo acid composition of tnese:- components are
similar to the composition deduced from the CONA clone reported by Lin

. % o
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and Gross (1981) with some diff'erences. notably the pres‘enr.e of valine in
both components 7 and 9.‘ Re:mﬂy a va'llm—:o%ing AFP gene has been
detected from the winter flounder gene library (Davies and Hew, unpub-
“shgd results). It will be interesting to compare the amino acid

of these in order to ine whether or not they

share any structural homology that might be absent in the smaller AFP.

In order to deternine if differences in flounder AFP noted in the "

Mierature could be attributable to.geographical polymorphism in different

 flounder populations, the remaining part of this study:was concerned-with
the cha;racter‘lzanon of flounder- AFP isolated from v'ar'iéus pupu\atio;m .
| tnéoughout its range. Samples were taken during the same winter nonths to
e“minace any possible variation due to sampling time during the seasnnﬂ
synthesis. The superior resolution.of reverse vhise HPLC vas- nq"zed to
—purify and chancter}u the samples.

_AFP isolated from winter flounder inhabiting the coastal waters of -
Newfoundland, New Brunswick , Nova Scotia and Long Island (New York) are
very sinmflar, if not identical. These AFP share common Sephadex 6-75
chromatography and HPLC profiles. There are at le‘ast seven active compon-
ents isolated in similar proportions in all samples and the major compon-
ents have similar amino acid compositions. There zppears to be Tittle
geographjical polymorphism in flounder. , However, & few ‘Im;resﬁng minor
variations are noted. X )

The presence of valine in component 8 and possibly component 3 From
New Brunswick ‘suggests that minor variations in’ f!ounqer AP do exist in
this population. Valine ,‘s a hydrophobic amino acid and Hsvpresence in
sone sa;mles may reflect a conservative substitution, since f1ounder AFP

s e ity
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in general contain a.large cn‘ncentratio‘n of hydrophobic'aming acids. If
x : .

this -is the case, one would expect little change in biochemical or

-physical properties of the AFP with this substitution. ~Howéver, this may

be too simplistic an fnterpretation since the éuhs;icutnn of valine for
another anino acid in somé proteins my Tesult in major.biochedical
changes. The rep'lacemnt of glumatic acid by valine |n hémoglobin resu'lts
in the mnifestation \;f sickle cell anemia (Ingram. 1957) and ore -
recently it has beewshonn that a single mﬂnt mtation resu1t|ng in“the
Feplacenént of vaHne toe) glycine 4h an on:agene pruduct was responsible
for the acquisition of transforming propertles by the €3 and 24 huinan
bladder carcinoma gene (Reddy et al:, 1932 and. Tnh')n et. al. - 1932) The.

signi ficance of the valine variation in the New Brunswick AFP commponent 8
is unknown, except, that antlfreeze activity’ 1s present and thus appears to

be unaffected by this alteration. The presence of ‘Valine ‘in one of the -

major AFP comporents des. reflect a molecular chinge at'the gene Tevel and -

nmﬂd suggest mat some genetic pu]ymrph{sm exists within the New "

Brupsmck p_qpu1anon.
Compun‘ent 9 from New Brunswick and-Long Island, Tike the Newfoundland
sample:; also contains valine. In ‘the case of ihe NewfoundTand sampié‘s. )
comonent 9 and component. 7, which both contain valine, are approxinately
4500 daltons ‘and have 56-59 am'nd ‘acids. uher"eas‘ the ntner: AFP components

are smaller, approximately. 3300 danons‘, and have 36-37 a;n1no acids.. This

may suggest that componént 9 in New Brunswick and.Long Island samples may

also’be a larger AFP." The significance of the absence of a component 9 in
Nova Scotia samples and the structural relationships of a larger group of

AP remnins to be investigated.

|
|
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C) The proportions of the major AFP companents from the different

samples were similar but a s1ight variation was observed in-one of the New
Brunswick samples in’ that component 8 occurréd in a smaller concentration.
Sump]es fron other individual New Brumswick animals gave profiles similar

to that of Newfoundland AFP." Our experience Mth the 'Hmited number of:

-samples from New Brunswick indicated that minor var\atlons occurred in the

~compared to other Tocations. Once again, this may suggest that, some

«_Fatio of AP and anino acid composition (i.e. presence of valine) as

genetic polymorphism exists in the New'Brunswick population.®

It ‘appears that geographical polymorphism cannot account for the

differences in the number and size of AFP reported in the literature =

between the Newfoundland winter Flounder AFP (Davies et al.’, 1982) and the
AFP isolated fron winter flounder inhabiting more southerly coastal waters
(L4n and Gross, 1981; DeVries, 1982). Although genetic. polymorphism may
be present this variation appga;s_’tn be mininal, restricted to a single
population of flounder and may reflect a conservative amino acid substitu-
tion. Winter Flouder share a renarkable constancy and fdentity in their
AFP regardless of their habitat. A previous study conducted on shorthorn
sculpin poﬁul;tiuns from Grise Fiord (Sout‘hem Ellesmere Island, arctic

Canada) and Newfoundland indicated that the AFP were essentially ‘identi-

_cal, with respect to molécular weight, number of components—and amino acid

somposition (Fletcher et al., 1982a). This ‘suggests that survival in
freezing_cosstal waters Fequires a cldsely defined set of antifreeze poly-
peptides, a'n. of which are similar and can only tolerate minor variation
or modification within-a species. ‘

The - presence of lm]thﬂe AFP in the w1nter f\aunder ‘Is cnns(stent

S

i




with recent observations on'the large number of AFP seen-in ocean pout .
(Hew. et al., 1984) and shorthorn sculpin (Hew st al: ), 1980;" Fletcher et

dl., 1982a). -The presence of multiple antifreeze glycopeptides in the

Antarctic notothenids and Northern gadqids has also been well documented
(Feeney and Yeh, 1978; Hew et al.,1981; DeVries, 1982; Fletcher, 1982).
Thus, it may be that all fish require a miltiple comf:hnel;t antifreeze
systel‘n. H




q CHAPTER 3 ¥
ACCLMHLATI“N OF WINTER Fl.‘ﬂUNDER MTIFRE&E "ﬂiNﬂ AFTER HVPOPHVSECTQ"
lﬂ‘TOdHCth)n
"The survival of the wintef flounder ('seudupleurunecws americanus)

in the freezing coastal waters of “Newfoundland durh\g the winter months is

prinarily due to the sellonal synthésis and-accufilation of AFP (Duman and
DeVries, 1974a, 1976; Fletcher, 1977“ 1981; Fletcher and Smith, 1930).

AP concentrations are high (10-15 mg/m1) in the winter and qre'a,bsen_c in
the summer (Hew and Yip, 1976; Fletcher, 1977; Slaughter and Hew, 1982).
l‘n addition, At;P mRNAs a1s’o fo’nuw avpatt!rn of seasona] syniﬁésis (AHev
and Vip, 1976 Lin, 1979 Lin and Long, "1980; Pickett et ﬂl.. 1983). Ina

detailed study; Plckett and. co-workers (19&3) have demonstrated ﬂ\at AP

TRNAS ‘constitute 0.5% of the fotal liver RMA in winter- and pn1_y§l.0007$ in

the summer.” The seasol® change' in AP mRNA concentrations and their

corresponding protein prodiicts suggests that transcriptional control plays

_‘acritical.role'in the seasonsl regulation of AFP protein genes.,.

The séasonal synthesis of AFP and their WRNAs is apparently 1nf1;1-
enced by enviromental factors (Fletcher, 1981) and the pituitary gland
(F\etcher ei 2l., 1978; Hew. and Fletcher, 1979) but, the molecuTar mechan-

'"lsms under]y'lng this (nﬂuence are- unknown. "Fletcher etal. (1976) have

" demonstrated ‘that in flounder hypophysectonized in Septenber, high

concentrations of AFP. appeared'in the'plasm during the winter but the AFP

_didnot dlsappear at the normal time in tne spring (Fig. 23) sinilar

resn’lts Were obtiined ulth flounder rwpophyse:tomud in Aprﬂ » near the

i end of the nonm seasom- synthésis pattern of AR (Hew and Fletcher,

1979). These resu]ts sugges t- that the pituitary-gland nperit:s ina
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il I:’*Igure 23. ‘éeasnnul changes in piasmn freezing point- depreséion of
" hypophysectomized (hypex) - and sham-operated (sham). winter” flounder,
~ Values are p'leéted as means + 1 SE. Numh_e:rs‘ at each point reprvesent the
number of f{sh sau‘}[ed. The initial Avalues for September are
c‘oncentr;tiuhs before npera‘tion‘ ,Fvash ue.:rg hypophysectomized in late
- +Septémber ‘and held under ambient temper‘atvure and photoperiod. vFigure
.. adapted From Fldtcher et al. (1978). ‘ !

LSt
s




I | 1 1 1
¢+ © 'y T~ o & o &~ -0 ©
- -

5 )

= = == S ©
) (Jo) NOISS3Hd3A LNIOd 9NIZ33¥4




negative fashion for upon its removal, f]ounde'r retain high concéntranons
of AFP vv'egard”less of summer photoperiod and water Leweratl;res. It is’
unv\ikeLy tv;at the maintenance of high concentrations of AFP in .hypophy-
sectomized fish is due to changes 1.n clearance.. 'PreHmiv}ary results
.Qndic'nte that the clearance of AFP' from hypophysectomized fish is similar
to that of controls (Hew and Fletcher, 1979).. The elevated levels of ‘AFP
in'hypophysestanized Fish aypear: 45 b8 due to contifiued synthesis:of AFP:
.. These results imp]y‘that'the concentration of AFP 1n.the winter.
flounder. may be under. iranscriptibv:al control. . ‘This chapter describes °
experinénts designed to understand further the role of the pituitary in

. the regulation of AFP synthesis. 2 -




.‘h\’.erh'ls and Methods
coﬂecuon of experimental materials
Winter flounder (Pseudopleuronectes aner!un«s) (400-600 g) were
collected from C Bay, d and ma i 250-L
aguaria at seasonally ambfent temperature and photoperiod (Fletcher,

1977). "Hypophysecttfly and sham operations were conducted in June as
described earlier (Campbell and Idler, 1976). The biosynthesis of AFP and

. their corresponding MRNA was studied in July and August (water temp: 8 to

v} 10°C) whep all traces of plasma gnt1fréeze had disappeared from control

Janimals. Exper'in!enti'l as well as cuntr‘o'l animals were starved throughout
the experiménté1 bariod. since it has been observed that hyvnphysect‘omized
animals do not eat following surgery (Fletcher and King, 1978). -

B100d samples (0.6 ml) were collected from the caudal vein using 3cc
syringes fitted with 35<gauge needles and stored in heparin coated m-bes‘
After Tow speed ce,nrif.ugation, the plasma was stored at -20°C. Freezing
‘points were determined using a freezing p’nlnt osmometer (Advanced Instru-
ments, model 3D, Needham Meight. MA) as described earlier {Hew and Yip,
1976). - £

Livers from winter (Noveaber), sumer (July of August), hypoplu-"

-
" sectomized (hypex) and sham overated animals were removed from the animals

—— lnd were either processed imdk&ely or frozerrﬁn—!fwmwitmgen and

VR

L stored at -70°C. o .
P'laswa from hypex animals was chromatographed on Sephadex G-75 and

fractionated by reverse phnse HPLC as described in Materials and Methods, °

Chapter 2.
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RNAisolation )

Total cellular RNA fran 7-12.gn of Tiver from individual fish s
isolated by phenol chloroform extraction, followed by a proteinase K
digestion as described by Davies and Hew (1980).

Antifreeze mRNA was purified by chromatography on oligo-(dT)-cellu-

Tose (Aviv and Leler,-1972) and sedimentation on a 15-30% linear'sucrose
% gradient foll

ing a dimethyl’ sulfoxide disaggregation treatment (Schleif
and Wensink, 1981)." RNA'isolated fromthe sucrose gradient was further

separated on_1.5i agarose gels containing the denaturant methyl mercury

hydroxide (Bailey and Davidson, 1976). Agarose gel slices containing

specific RNAs were excised and extracted in 2 volumes of 50% formamide,

containing 50 tris pH) 7.4, 1M EDTA and 1.0 M Naﬂ. The RNA was Teft
Dvermght in the ahnve buffer and re-extracted with an equal volume of
chlnrnform isoamyl.alcohol (24:1, v ,v). The purified RNA was récovered
hy ethanol precipitation at -20°C overnight. The integrity of RNA
preparauons was checked by agarose gel electrophoresis*in the presence of
methyl mercury hydroxule fnnowed by ethidium bromide staining (Baﬂey and -
Davidson, 1976).

Cell-free translation
A TRNA - dependent rabbit reticulocyte lysate kitv(Pﬂ ham and )
Jackson, 1§76) was obtained from Bethesda Research Lahorutéries MD, USA: P
k'D'rections according to the kit protocol were “followed but concentrations
of potassium acetate and magnesium acetate were optimized in trial experi-
ments. Typically the incubation mlxtures for cell-free translations. con-

tained the reaction mixture from the kit, 10 ul of niclease-treated

lysate, 16 to 20 ng of tota] RNA or 0.5 to 1 ug of purified antifreeze
A 5




TRNA, and 2.5 y1 of undiluted translation grade (35s) mecmz{nine
(specific activity 1226.5 Ci/mol, New England Nuclear, Montreal, Canada).
Samples were incubated at 37° for 90 min during'wh}ch time, incorporation
“of radioactivity was almost linear. - . .
*" Product analysis . .
Incorporation of radioactively-labelled amino acid into protein was
measured by acid-precipitation followed by collection o( the: precipitate
on glassfiber filters and scintillation counting in a to'luene based r'qud
scintillation fluid (Pelham and qaqkson, 1976). Radioactively-labelled
.. proteins were analysed by sodium dodecyl su'lfat‘e (sDS) polyacrylamide gel .
electrophoresis (Laemnl{, 1970). The sepavrayting gel was a 9-22.5% concave
exponential polyacrylamide gradient or a 15% SDS gel. After electrophor-
esis, gels were either stained in a 0.1% Coomassie Brilliant Blue solution

"(Paul et al., 1072) or treated directly for fluorography .(Bonner and

Laskey, 1974).. Dried gels were autofluorographed at =70°C for 48 h using
Kodak X-(MAT XAR-5 X-ray film. ) ;

Transfer of RNA to nitrocellulose and hybridization tg ;}- adio:

actively-labelled antifreeze cDNA.

RNA samples from flounder liver were im'n:ally e'lect;'nphoresed onan

1.5% agarose gel as described above. After staining with ethidium bromide
and photography, the gel was prepared for Northern blot transfer by a
(1977).
The'gel was washed n 2 x gel voiume of 50'm NaOH containing 5 m 2-.

modification of the procedure of Thomas (1980) and Alwine et

mercaptoethanol for 30 min and then washed for. 20 min in 2 x gel volume of
200 ' potassium phosphqte pH 6. 4 coritaihing 7 mM fodoacetic acid. The

gel was finally equilibrated in 2 x ge\ volume of 20 x SSC buf?er (0.154

’
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NaC1/0.015 M Trisodium citrate) for 20 min with gentle shaking. Nitro-
cellulose (8485, Schieicher and Schuell) was prepared by washing in 200

" ml of diethylpyrocarbonate treated sterile water for 10 min and the

“transfer was carried out according to Thomas (1980). ATl of the above —

steps were carried out at ‘room temperature. )

After transfer, the nitrocellulose was baked at 80°C for 2 h in vacuo
to Fix the RNA to ‘the filter. ~The nitrocellulose was pretreated and
hybridized as described by Thomas (1980) except that the carrier DNA was

from calf thyms. The RNA bound to the. nitrocellulose was hybridized to a

nick-translated CT5 probe which contains 324 bp-of antifreeze protein com} v 3

cloned into.the Pst 1 site of pBR322 (Davies et'al., 1982). The cDNA
sequence in CT5 codes for an 82-residue intffreeze preprupmtem flanked_
by untransiated regions. The CTS v\asmid was labelled to a specific
activity of 1.8 x°108 cpm/yg by nick-translation (Maniatis et al., 1975)
with [a326] dCTP-using a Neir England Hjcear nick-translation kit (New
En_g\ahu N TR MOREFOET - LA Ns.. * REChBEIOTAALION and hybridization
‘was carried out at 42°C for'24-h.with gentle agitation. Washing

"stringency" was conducted accordmg to the followi ng procedure, washed"
twice for 20 min each, wH’.h Tml Df 2.x SSC 0.1% SDS per: cm? of nh:m-
ceﬂulose at room temperature and twice for 20 min each, with 0.1 X $SC;
-.0.1% SDS at 50°C (1 m1/cm? of nitrocellulose). Autoradiography was
carried out at -70°C with,KDﬂakvX-ﬂ‘lAT. XAR-5 X-ray film and an intensi- -
fying screen (Dupont:Cronex; Swanstrom and Shark, 1978).

C!toglasmlc dot_hybridization
. Dot hybrid{zaﬁon analyses of cellular cytoplasmu\prenaraﬂons were

_carried out according to a procedure modified from White and Bancroft

w0
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(1982). Liver fractions (0.2 g‘)v were homogenized in a mc‘se»ﬁtting 100~
1000 .11 capacity g1as§ homogenizer (Thomas Co.} containing 550 p1 of 10.mM4
Tris, pH .7:0. 1 M EDTA, 05; Nonidet P-40 with 10 revolutions of the
pestle. The contents were transferred to a sterile 1.5 ml pn'lypropy]ene.
tube and incubated for at Teast 2 min on ice. The nuclei were pelleted by
cei\Frifugaﬂcn (15,000 x g, 2.5 min). The cytoplasm was carefully trans-
,"f'erred to another sterile 1.5 ml tube and centrifuged a second time
'.(15',0'00 x g, 2.5 min). Following the - centrifugation, 500 1 of the
supernatant: was transferred to a 1.5 mi tube containing 300 u1 of 20 x
ssi:; plus 200 1" of 37% forma1def|yde (Fisher No. F-79). The mixture was
then incubated at 60°C fnr‘/lﬁ min, and either stored at -70°C or an;'l_yzad
innediately. For analysis, 20 y1 of each sample were initially diluted to
400 11 with 15 x SSC and then 200 yl was serially diluted with 15 x SSC to
“yield.a final ‘V(ﬂumebaf 400 1 and 150 u1 of each dilution was applied
with suc'i:.‘]un to a 4 mm diameter spot on a nitroceliylose sheet (BA 45,
0.45 m Schleicher and Schuell) employing a‘ 96-hole dot blot manifold
- apparatus (Bethesda Rese_arch Lab& Inc., Maryland). The nitrocellulose
sheet -was -then baked at éO’ C‘_\*or 2 h and the RNA was prehybridized,
hybridized to a nick-transl .ated CT5 antifreeze cDNA clone, wa;hed and
"aumr_adiugrapned as described in°the above section: To ensure linear
dependence on radipactive 1abél the X-ray film was preflashed according to

the procedure of Laskey and Mills (1975). Scanning-and quantitation of

‘the. autoradiograph was performed on a Corning 750 integration densitomer

(Medford, Mass. ).
Rate of accumulation of AFP_mRNA

The rate of accumlation of antifreeze IRNA was followed in two
% . "
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hypophysectonized fish by sampling the livers (0.2-0.3 g) through an e
abdominal incision. The levels of AFP mRNA in the saﬁles were monitored

by the cy dot hybr p as descril above.
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; Results

" .. Effect of hypophysectomy on plasma freezing temperature, liver weight

and poly (A)* RNA content P
~ _ Hypophysectomy was;jperformed in early summer {(June and July). \Phsln

samples taken prior to surgery had freezing temperatures of -0.68°C in-
dicating 1ittle or no AFP were present.“ When these hypophysectomized

(hypex) ‘fish were kept for 2 to 4 weeks under ambient. conditions of sea-

water temperature and phoioperind (8-10°C) (Fletcher, 1977), the freezing

t_emperltu,rés of their plasma were 'I.nwgred to .-‘l. .02°C which is comparable
to the freezing temperutures of' pla;m Fwnd 1n>fisn actively synthesizing
AFP during the winter montns (Tnble 11) In ‘:ontrast the uno‘perabed ¥
summer animals as well as the sham werat.ed animals, had plasma fuezing
temperatures of -0.6°C to -0.7°C. Previous studies have shown that the
lmf freezing temperatures observed in the plasma of hypex animals were
due to an inénase in the cmcfntrat(on of AFP (Fletcher et al., 1978).

Changes .in. the electrolyte contribution to freezing point depression are

small relative to the antifreeze contribution.- Hypex flounder, therefore,

appear to contain a high level of AFP regardless of seawater temperature
and photoperiod. .

Althoug both the sham operated and the hypex animals were kept under
identical conditions of starvation, the weights of their livers differed

sighificanﬂy. The 1ivers in sham operated animals regressed and accoun-

ted for aﬁ'ly 0.6% uf'tuta] body weight whereas those from the hypex animal.

were larger and mrpholog1cnly indistinguishable from the 1ivers of n6r-
mal, winter animals lct‘vély s,vnthes1zing AFP (Tab!e 11). In addition,

Tivers of “hypex animals contained at least twice as much uo’ly'(l)"v RNA
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~ compared to those from the sham controls' (Table 11).

Comparison of plasma AFP from winter control versus hypex flounder

AFP isolated from the hype‘x animals were analysed by reverse phase
HPLC as described in the preceeding chapter (see Chapter 2; Materials and
Methods and Fig. 7). The plasma from. hypex animals contained the same AFP
(components 3-8) as those of winter control ahimals (Fig. 24). Components

6 and 8 were the major components in both cases. Component 9, although.

present in both hypex and. control animals at AppmximatelyA 50 min elution
time, has not been indicated in Figure 24. Components 1 and 2 appear to

be missing from the hypex flounder plasma HPLC profile. However,

g
1

freezing point depression studies and amino.acid analysis have indicated

that components 1 and 2 are not AFP (Chapter 2). The structure and

function of these two po‘(ypeptmes are unknown\ '
Isolation .of AFP mRNA and cell-free trans\atinn studies .
When po'ly (M+ mRNA isolated from hypex flounder was anulyzed in

1.5% agarose gels in the presence of methyl mercury hydroxide, three major.

components were observed which corresponded to the 18 S and 28 S ribosonal :

RNA and a 7 5 S RNA (Flg. 25): This 1atter species of RNA had the same

electrophoretic migration as AFP MRNA extracted from fish actively synthe-' S A

sizing AFP during the winter. The 7.5 S mRNA from hypex flounder is con-

sidered to be ‘AFP WRNA by cell-free translation and Northern blot hybridi-
zation and was indistinguishable from the previously identified and isola-
ted AFP mRNA from winter fish actively synﬂ-gsuing AFP (Davies and Hew,
1980; Davies et al., 1982; Pickett et al., 1983). The mRNA-dirécted-cell--
free translation products from a ret!culvcyte.\ys‘ate‘system were analysed

by SDS PAGE (Fig. 26). The pure AFP TRNA syrthesized cell-free




Figure 24. ,\na]ysis of AFP “From hypophysectnmized f'lounder by reverse

phase HPLC. “(A) AFP from winter control ‘animals. () AFP From hynai

i animals. ~Sa|n)fles_were dissolved in 5% formic acid and analyzed with an

Altex Ultrasphere 0DS column, "o.oz M triethylamine phosphate buffer, pH
3.0 uith an acdton{trﬂe gradient, flow rate 1 m1/min (as d.escrihed in’
Fig. 7, Chapter 1). As outlined 1n chapterz components 1 and 2 are
not AFP.
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Figuré 25. Analysis of flounder RNA extracted from hypophysectomized,
* sham and contljoli fish. RNA éamp1es were electrophoresed in a 1.5%

5 agarose gel and stained with ethidium bromide as \described in Mater‘la]s

-and Methdd.s. Gel lanes contair the following RNA: (1) Dec RNA 3.0 1g,

(2) Hypex RNA (from July fish) 2 Vug, (3).Qx 174 DNA ‘Hae III restriction B ;

fragnent markers (from Bethesda Research, Maryland), fragment size in- : o5 i
- © . dicated iu’]e%ft margin, [4) Dec RNA 10 4g, (5) Dec RNA 4 yg, (6) Control ,
‘ N summer, RyA (July) ‘5 ug, (7) Hypéi RNA 4 ug. A1l samples had been i
- chromatographed once through an Q!!go-(ﬂ).—cgl1n|nsg column. _ The ‘» o ".

I fraction which bound to the column was used in these studies. Ribosomal

28 S and 18 S-and the 7.5 S AFP, mRNA are indicated in-the right margin.
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. Figure 26. Ana'lysis‘cf cell-free transiation products of flounder 1iver
MRNA by SDS PAGE. »Acry]umide gel concentration 9 to 22.5%." 15,000 cpm

" of labelled proteins were Toaded on each lane and were translated from

) the following concentrations of RN@: Lane 1, pure AFP mRNA 2.4 g, Lane
2, total RNA from hypex anjmls, 16 ug. Lane 3, total RNA from December
animals, 16 ug. Lane 4 total RNA from sham-operated (summer) an‘im.vn‘s‘
16 ug.

e




s 3 4
94 &=
67 =
ry e tne ows
30 G e — —
20.1 =
14.4 =



139

translation products of 12,000 {ia‘l tons. These products were present only

in RNA preparations from the winter and the hypex animals. The identity

of the AFP mRNA and its translation product from winter animals has been
well cha’r‘act.erizea from automatic Prov.ein sequencing and cNA sequence

% analysis (Davies et al., 1982). - :

AFP mRNA was purified frw fish sam’l ed during the mnter months

. (Fig. 27)." The extraction of 10 g of liver yielded approximately 1600 t
Aggp units of total RNA and 1 to 2 Apgg units of purified AP

TRNA following the final purification step. The criteria of:a single

" ethidium bromide stained bartd on an agarose RNA gel and a single cell-free

translation product with this mRNA was considered to be evidence that the

flounder AFP mMRNA was greater than SO0% pure. :

RNA-analysed by the Northern blot technique with-a 32pdabelled,
nick-translated antifreeze cDNA clone (CT5), showed a high degree of
hybridization to both poly (A)* ‘and total 1iver RNA from hypex and the
November animals. No hybridization was detected in either the sham
operated or summer animals (Fig. 28). However, with longer exposure and

higher RNA ons, a-weak hybr could be observed for

these two latter samples. This is consistent with the recent observation
that.there is a véry small but detectable 1evel of AFP mRNA in the summer
(Pickett et al., 1983).
Cytoplasmic dot hybridization analysis ;
Hypophysectomy and sham operations were carried out during August and

the' animals were sacrificed in the First week of September,” Individual

cytoplasmic preparations from hypex, sham-operated, summer (July) and wind

ter (December) fish were serially diluted and dotted on a s'ng’le nitro-

!
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Figure 27. Analysis o‘f purified flounder AFP. mRNA by agarose gel -,
electrophbresis. RNA samples were electrophoresed in a.1.5% agarose gel
and stained by ethidium -bronide 25, described 1ng‘lnter1u5‘ and Méthods.

Lanes 1 to 10 contain equal volumes of RNA'sample from sucrose gradient

+ fractions 2 to 11 rispettiv:\y. Lane 11 contatns purified AFP mRNA

_eluted from an 1.5% agarose gel. Lane 12 contains a purified mRNA of
unknown identity eluted from an 1.5% agarose gel... Lane 13 contains 20
u§ of flounder RNA passed through an oligo-( ﬂ)-ulv'lulos! column once
and represents a samle of the initial material Joaded onto the sucrose

gradient. Ribosomal 28 S and 18 S RNAs and t.he<7.5 S AP mRMA are

indicated by arrows.
. v
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Figure 28, Analysis of flounder RNA by Northern biot, hybridization.. . =

RMA samples were electrophoresed n 1.5% agarose gel, transferred to

! nitrocellulose paper, hybridized to nick~translated plasma (15 as

described under Materials’ and Hethods. Gei lanes contain the following

RMA: (1) hypex poly (A):RNA, 3.0 yg, (2) hypex, total RNA, 28 1g, (3)

shan-operated poly (A)* RNA, 11.0 yg, (4) sham operated total RWA, 26
ug (5) November poly <(A)* ;' 12 ug, (6) Novenmber -total.RNA, 20 ug, (7)
control nonoperated (July) poly (A)* RNA, 9.0 g, (8) can_tral

nonoperated (July) total RNA, 22.0 ug.’ Flounder 28'S, 18 Sand 5.8 S RS

_ribosomal RNAs are indicated by the arrows and were determined from a

photograph of the ethidiun bronide stained ge\.’ The (<) and (+)

indicate the: sample well position and bottom of the gel ‘respectively and

the direction of electrophoresis.
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cellulose sheet and hybridized with nick-translated CT5. -The results of .
dot hybridization analysis are shown in Figure 29. It was evident that
the 11ver from both December and hypex amma'ls in both sexes showed a Mgn

Jevel of AFP- mMA.  Scanning dénsitanetry indicated that hypex and

Novemher sample§ contained “approximately ‘equal concentrations of AFP ‘mRNA. -

Based on earlier studies (Lin and Long, 1980; Pickett et a'l., 1983) where

it was, shnwn that AFP mRNA comprised 0: 5% of the total RNA, it was

apparent that the hypex animals cunmned a'similar‘concentration of AFP‘
mNA. Cytoplasmic d?»t analysis indicated that the level of AFP mRNA in :
the sham control and summerv aninals was extremaly low and represented less
than 014 of the total RNA. s

Rate of _accunulation of AFP_mRNA

The rate of accumilation of AFP mRNA fnﬂow.ing '\V;)ophysectonw}was
determined using'the cytoplasmic dot hybridization method {Fig. 30). - The
concentration of AFP mRNA was normalized using values from normal winter
aninals as 1003, In one animal, an increased Tevel of AFPTRNA was detec-
table the first day following the operation, reached 10%’ of the winter
.1eve1 4 days after hypophysectomy and 25% by day 7. This would ind!cate
that approximately 0.125% of total RNA was AFP mRNA in day 7; a ZD-fu]é

increase compared to the summer control animals.  The accumlation of AFP *

b nﬂllA' in the second animal was slower. Nonetheless, a 8~ fold increase over

the sumner contrn! anima\s was observed By day 11. s el

\
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Figure 29, " Analysis of Flounder cytoplasmic RNA by the dot hybridiz-.
stion technique. - Flounder cytoplasnic' RNA with different serial dilu- .
tions were applied on the nitrocellulose paper and hybridized with
32p_Tabelled, nick-translated plamid CT5 , followed by 24 h auto-
radi ography.. A, December %., B, September ¢ , C% hypex ¢ , D, sham-

operated @ , E, December 5‘ F, Septenber @*, G, Hypex ¢, H, shan-

" operated u"wm D, F and H showed hybridization only after
< ' i +
prolonged exposure and were not detectable after 24 h of autoradio- N

graphy.
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Figure 30. Rate.of a(;r,ulmlanon of AFP TRNA after hypophysectomy. 2

Portions of Tiver were removed from two individual animals at-different :5
B time intervals. The AFP_mRNA concentration was ‘estimated by "the ;i .

cytop]asvnic dot hybr1dizat|on technique and was calculated using the é

.'leve1 of AFP mRNA in a winter contnﬂ animal as 100%.
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: b o niscussinn

The induction and nintenm:e of AFP synthesis in summer by hypophy-

sectomy can be readily demonstrated by the measurement of antifreeze

e

activity (F1etc'here_t'a_1. , 1978), detection of polypeptides by radio-

'__\L" immunoassay (Hew, 1981), in vivo and in.vitro protein synthesis (ilev and

Fletcher, 1979) and AFP mRNA accumulation reported in the present study. .
:\ . Prev'ous studus have used flounder hypopi\ysecwmlzeﬂ in September

L (F)etcher et al., 1978) at the beginning of :he seasonal synthesis of

AFP or in Aprﬂ when an elevatzd Tevel of AFP is-still present in the

b s 'p'hs.l_a (Hew and F\etcher, 1979). It could be argued that ‘in these studies’

=" the synthesfs of AFP was primed for its normal cycle and that hypophy-

secwiw resulted in a continuation of its-synthesis. The demonstration of

W synﬁesis in this study is significant in that flounder hypophysectomy:

R

- was performed ‘after all traces of AFP had \ﬂslp'peﬂl‘!d from the plasma ajd
: la'e(ore Vune_indu:t{vn of a new cycle anA.FP synthesis had begun. Conse-
qu;ntly then_;s Tittle doubt that the elevated levels of AFP present
lfter;hyponhysectw is due to, the initiation of syn;heiis.' There is no
Foal .'pref;reniiﬂ synthes!s.of the polypeptides (3 to 9) since the ;-elative
.cqncent;'gtioniof the AFP is similar _in both the control (November) and -

hypex animals;'{; Components 1 and.z which are not AFP, were absent from
the: HPLC profile of the hypex p'lasma sample.
The Nentlty of the AFP mRnA in the hypex anlm!s was confirmed by

'(ts electrophoretic migration, product analysis from cell-free ;rans1gt|nn

i
i
!
i
i
i

i stud!es and uor‘thern blot hybridization with a specific AFP cONA clone.
The presence of several AFP qnd a broad hybridization band detected in the
Northern blot stuqv suggests that there is more than one antifreeze mRNA




in the winter flounder. The presence of several active AFP and the
isolation of DNA sequences from at least six separate genomic antifreeze

protein loci 'ir‘v‘ the winter flounder supports this conclusion (Davies et

- al.,'1981; Davies et al., 1984). Due to the' similar size of the AFP poly-

@

peptides, the mRNA for these polypeptides have p'}obab]y the same molecular

weight making their separation’difficult. .
The cytoplasnic dot Hybridization téchnique ‘has made it possible to
quantify the AFP TRNA Tevel after hypophysectony s 'weu as determining
its rate of accumulation. ‘ The AFP MRNA was devtec'gable at day 4 (10%) and
reached: 25% of normal levels in day 7. A‘ﬁ:!r 23 weeks its Tevel was as
high as that reported for winter animals actively synthesizing AFR. The
Tevel of AFP MRNA in the ‘sham control animals was extremely Tow but
cnns.\‘stent with the sma'l"l but dg'tectab\e level nf’AFP mRNA found in summer
animals reported by.Pickett et al. (1983). ~These data strongly. support
the hypothesis: that the pituitary giand acts either directly or tm:ough
sbp\g intermediary on the AFP genes resulting in the regulation of the
Tevel of translatable AFP WRNA. Unlike many other systems affected by the
pituitary (H‘“.ms and Ball, 197‘4), the present model appears to operate
via a negative control mechanism, The rate of accumulation of mRNA
depends on the rate of degradation as ;:e'n as the rate of synthesis, and
bqth these'fac';ors have been shown to be ,i" Tved in controlling the
Tevels of ‘nRNA found. in other systems (McKnight and Palmiter, 1979; Innis
- and Miller, 1979). While the possibility that AFP mRNA accumulation may
be due to changes in degradation canriot,be eliminated, the extremely low

“Tevels of AFP TRNA detected in the dontrol sumer flounder suggests that

{t is a reas p . that 1ts Tation after hypop tomy
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depends upon an increase in its transcription. It is interesting to note
that a similar observation has hen.;n reported for the rat liver histidase.

novo synthesis of

Ammstrong and Feigelson. (1980) have shown that the

* this enzyme is selectively increased after hypophysectomy. Treatment of

hypophysectomized rats with pi:,vsitﬂugical levels of trﬂodothyroniné‘

. (T3) diminisheés histidase synthétic rates and catalytic activiti‘es to
normal Tevels. Since the thyroid hormone fs under pituitary regulation, ;
thisghomone may. be primary. n the: hypophyseal sagyressian of hish'fia.se.

Although this study was concerned primarily w‘ith the effects of

on AFP MRNA sy , other interesting changes were
noted. There was a significant increase in 1iver weight, RNA content and
other parameters such as an increase in glycogen content which was ob-

served but not pursﬁed in our study. Jghansen (1967) nés shown that

hypophysectomized goldfish acclimated to summer conditions of* temperature

. and photoperriod, exhibited heat: resistance characteristics of cold-

acclimated fish. Consistent with this observation, hypex f'lounderbkept
under summer conditions exhibit thermal responbes that are appropriate
only to: the winter environment. In contrast to most other vertebrates,

where, after «wpvpnysectw. liver weight decreases (Schapiro et al.,

. 1970), both the hypex goldfish (Walker and Johansen, v1975) and winter
ﬂuunder have ‘increased 1iver weight. .
The chemical nature of the pﬂ.uitary factors’ involved in the r!gu!a-
tion of AFP synthesis-is.not known. A hypothesis consistent with these

résults is that the pituitayy factor(s) responsible for the inhibition of

AFP. synthesis is normally s%qreteu during the summer months. With the

approach of winter, the release of this.inhibitor fs suppressed and ' P!
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consequently the transcription of AFP mRNA resumes. .In xcor&me with
this hypothesis, hypophysectomy mimics the suppression of the inhibitor(s)

from the p;guinry and consequently genes encoding AFP are reactivated.
The.observation (_F'Ieu:her, 1979) ‘that the-administration of pituitary
extracﬁ .t.o hypex fish reverses the effect of hypophysectomy and . 7
suppresseé AFP synthesis 1e}|ds support to this scheme.

i
{




* previous studies of Fletcher (1977, 1981) have been extended by comparing

- CHAPTER 4 )
EFFECTS OF PHOTOPERIOD ON ANTIFREEZE nRNA ACCIMULATION
4 Introduction )

_ The freezing point deﬁressicn of winter flounder plasma undergoes

seasonal changes which correlate.with the changes in environmental . \/

‘temperature and photoperiod fEFarcy, 1961; Fletcher, 1977; Petzel et al.

1980; Fletcher and Smith, 1980). Fletcher' (1977, 1981) has demonstrated
that fish exposed to long day length (al{l h) in the earl’y fall have

significantly decreased concentrations of plasma.AFP throughout the winter

and also experience a one to two month delay in.the appearange and ine
synthesis of AFP (Fig. 31). It is interesting to note that the flounder -
require a certain minimal day length to cause this delay since day "Iengthvs
of 12 h had no obvious effec‘t. on the AFP cycle. Although water temper-
ature ‘has_Tittle influence on the initiation of synthesis, Fletcher (1981),
noted that it is important in the clearance of AFP i the spring. In
contrast ddy Tength had no effect on the.timing of antifr;eze
disappearance (Fletcher, 1981). N .
In order to gain a greater understanding of the role of ﬁhntoperiod
in the regulation of the synthesis of AFP in the winter flounder, the
the concentrations of AFP mRNA in the livers of fish maintained on.a 15-h
Jong day w'tﬁ those of fish under normal conditions from September to
June. This study has made use of the cytoplasmic dot blot technique
{White o Bancroft, 1982; Chapter 3) which provides a rapid, y;t
sénsit!ve, method .of determining the concentr'_adun of specific mRNAs in

small amounts of tissué.

. e e e i i
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?1jlre 3. Effect; of day length on the winter increase and spr!ngv
"d.écr‘fease vin plasma .C1= and freezlng -point depression. Groups (5-10‘
fish) of‘ winter flounder were exposed to ambient water temperatures and
bhotoperlo&s of ambient control .’ 12 h, ¥4 h, and lsAh lig.m. per day on
October 3, 1977. Serial blood samples were taken from the fish on m_:

P dates indicated. Values are expressed as means + one standard error.
: <
," Water. temperatures: are mean values for 1974 .to 1979 (from Fletcher,
T 1981).
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Materials _al‘vd Methods
W, ~ Collection of experimental materials e
Winter ‘flounder (Pseudopleuronectes americanus)-(400-600 g, 30-40 cm

Tong) were collected from Chapel's Cove, Conception Bay, Newfoundland

during the first week of September, 1981. At the laboratory they were

maintained in 250-L aquaria supﬁl_{ed with flowing seawater (32-33.9/00),
The control ‘flounder were kept at seasonally ambient temperature and @, 1
photopgriod, ‘(Fletcher, 1977). Using fluorescent lamps,.the e‘x‘perimenta]
grotp of Flounder wis placed under' 3 protaperfod of 15 h.of Tight per day

starting on Septenber 15, 1981 and continied to dune, 1962. The water
temperature remained .ambfent’ throughout the experiment.

i Blood samples and Yivers from exper|merh'l and control fish were
collected and storéd as described in Chapter 2, Materials and Methods.
Freezing point depression was -detéruined using an Advanced Osmometer
_(Model 3R, Advanced Instruments Inc., MA., USA), and ithe plasma C1- by
chloride titration ‘(Rmﬂonemr Copenhagen Nod_ﬂ MT'10) as described by

Fletcher (1977). .
RNA isolation
Total cellular RNA from 7-12 g.of liver from indi;td\ml fish was ) Ll
isolated by phenol chloroform extraction, followed by a proteinase K
digestion as described by Davies and Hew (1980). " Antifreze mRNA u.as ﬁﬁr!—
fied as described previously (Chapter 3;'Materials and Methods). The . E
1n§egr(ty of the RNA preparations was checked by agarose gel electrophor-
esis in éhe lpresence of methyl mercury hydroxide followed by ethidium
bromide staining (Bailey and Davidson, 1976) or ‘by. formaldehyde formamide
RNA denatuiring gel electrophoresis (Lehrach et al., 1977).
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Transfer ‘of RNA to nitrocellulose and hybridization to an antifreeze
probe E . “
RNA samples from flounder 1iver were electrophoresed on a 1.5%

agarose gel as described above. The gel was prepared for Northern blot

tr‘nsfer and the RNA transferred to nitrocellulose, hybr'dlzed and washed: e

as described in Chapter 2, Mater1a‘|s and Methods. The RNA-bound to the

nitrocelulose was hybridized to a nicktranslated genomic clone E3, .

_which encodes- for the most abundant antifreezé protein in the flounder

(Davies et al., f982, 1984)." The E3 clone contains 246 nucleotides
coding for an 82-residue antifreeze préproprotein, 5' and. 3' flanking

untrdnsiated regions -and a 0.6 kbp intervening sequence. The E3 geno‘mic

* clone was radioactively-labelled to a speciflc’activity of 3.2 x 108

cpm/yg by nick-translation (Maniatis et al., 1975) with [432P1 dCTP
using a New England Nuclear nick-translation kit (New England Nuclear,
Montrea]xcanada). Autoradiography was carried out at -70°C with Kodak
¥-0 Mat, XAR-5 X-ray film with an intensifying screen (Dupont Cronex) as.
des:ribed by Laskey (1980) . . '
' Cytoplasmic dot hybridization and RNA guanﬂtaﬂon
RNA dot hybridization analyses of cellular cytoplasmic preparatiuns ‘
were carried out according to a procedure modified from White and Bancroft. .
(1982). Liver saw'les (0.2 g). from both contro'l and experlmenta] fish
were processed as described previously (Chapter 3; Materials and Methods)
to atiajn a denatuTed cytoplasmic RNA fractinn. Following denaturation,

20 y1 of this fractiog was diluted to 400 w1 and 200 u1 was serfally

,diluted with 15 x SSC (0.15 M NaC1/0.015 M Trisodium' citrate; pH 7.0) to:.-

y|=1d‘a final volume' of 400 yl.. An aliquot (150 u1) of each dilution was

- '

A A
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applied with suction to a 4 m dianeker spot on a nitrocellulose sheet (Ba
85, Schleicher and Schuell) employing a dot blot manifold apparatus

. (Bethesda Research Labs, Inc. ,'Maryl;nd). The nitrocellulose sheet was
then baked at SO'C for 2 h, Ilyhridized toa nick-translated E3 anti-

o freeze prohe and autorad1ographed as descr‘lbed above. To ensure Tinear
dependence of radioactive label with the intensifying screen, the X-ray

. film was preflashed according to the procedure of Laskey and Mills (19‘75)

. And Laskey (1980). Scanning of the autoradiograph dot blots was performed
on"a transmittance/reflectance densitometer (BioRad Model 1650) anKthe
peuk areas were integrated over the Tinear dependence range’ to derive a
re1a\:ive quantitation of antifreeze wRNA which was expressed as opﬂca]

. density in scanner units.
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RESULTS

Plasma C1 and freezing point depression measurements

The seasonal changes in'plasma C1- coricentrations were.essentially
identical in both the control and .15 h day length experimental fish (Fig.

32). ‘The increase in winter plasma freezing point depression in the. fish

“exposed to 15 h light per day was delayed by approximately two months and

“ the mean values were. significantly lower ‘than the control values (p < .01)

‘from December to May (Fig. 32).  The highest freezing pointdepression in
both groups of fish occurred during<February. However, the mean value -
attained for the long day length Fish represented & 1ittle more -than half
the mean freezing‘point depression value determined in the control fish.
Previous studies-have shown that the increasing freezing point.depression
observed in the?_lasma 6f the winter flounder (iﬁr1vig the winter months was
‘due to an increase in the concentration of AFP (Fletcher, 1977; Fletcher
ot al., 1978).  The spring decline in plasma freeziig point depressioy-
occurs at the same time in both the control and experimental F_ish [FIg.
32).

Northern biot analysis_of AFP_mRNA

December fish on a 15 h long day have 1ittle or no. detectable AFP in
theirrb'l'nnd compared to control fish. ‘Tl‘w{s suggested that the concen-
tration of translatable AFP mRNA would'be lower in the expérimentﬂ fish.
In order to test this possibility in December, total RNA was extracted‘ 5

from two control fish and two_fish held under 15 h loné days, electro-

_phorésed in agarose gels and analysed using the Northern blot technique

. involving.hybridization to a 32p_1abelled, nick-translated antifreeze

probe E3 (Fig. 33). Extensive hybridization was detected in the Tanes |




%
Figure 32 Effects of day length on the winter iqcrease and spring
decrease in plasma C17 (A) .-;nd freezing point depression (B). Groups
(4-12 fish) of winter flounder were exposed to ambient water temperature
and photoperiod (normal )_a:n_d 15 h Tight per day (LD) on September 15,
1981. The fish were serially bloéd sampled on the dates indicated.
VAlue§ are expressed as means, f one standard -;;rar. wat_;er tenmeratu‘res )

are mean vaiues for 1974-1981.
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Figure 33. - Analysis by Northern.blot hybridization’of floungder Tiver .

' ' RNA extracted from fish maintainéd under different day length conditions

in December. ‘RNA samples were-electrophoresed in a 1.5% 'agarése gel,
transferred to nitrocellulose paper and I\ybr(dized to a n(ck-trnnslated
E3: antifreeze-geriomic c'Inne. Gel lanes contain the fo'l1cu1ng RNA: (1)
Pure AFPV TRNA 0.5 yg, (2) 20 ug of total RNA sampled from fish (1) on 15
h 1on§,duy Tength, (3) 20. yg of tnta‘l RNA sampled from fish-(2) on 15 h
long day length, (4) 20° g of total - RNA sampled from' control Hsh (1),
'(5) 20 g o? total RNA samp\ed from contro’l fish (2), (6) summer control
fish (July), 20 ug total RNA. F]Dunder 285,18 S “and 5.8 S ribbsuma'l
RNAs are. Ind'lcated by the dashes and were determined from a photograph’
of the ethidium bromide ,staineiyi gel.







containing purified AFP TRNA and. total 1iver-RNA from control fish kept at
anbient temperature and photoperiod. Initially no hybridization was
detectable in the total RNA samples taken from fish held under 15 h photo-.
'pe‘riod or in the wtal.RNA_samples taken from summer control fish. How-
ever, longer autoradloéraphic exposure revealed that weak hybridization
occurred in one of the experimental 15 h photoperiod December fish (lane

2) and in the summer cnntmi sample. This.result provides evidence that
Tong day length retards the accumuiation of AFP mRNA in the flgunder

Tiver. )

Cytoplasmic dot blot estimation of AFP mRNA

ct’ the
presence or absence of AFP mRNA in the liver, it is difficult to quanti-

Although the Northern blot fybridization study can readily det

.

tate the Tevels of AFP WRNA involved. Therefore, a cytoplasmic dot
h,vbrid‘izatior; analysis was carried out (Fig. 34). In the normal seasoq&]
synthesis of AFP mRNA this technique indicated that in late September the
concentration of AFP mRNA increased dranatieal 1y and reached a’ maximum
value in late January or early February. The concentration of AFP MRNA
declined quickly in the’ spring until late April, t.h‘en gradually decreased
unti{l it reached a minimal but detectable. level in. {ate June. * This
m!n’(ma! Tevel of AFP MRNA was maintained throughout the summer until the
cycle was repelted. starting in early fall. 2
L Fiéure 34 {llustrates that the levels of AF:P mRNA Found 1n“e).(per,1-
mental fish on‘ als h phntnperi‘t‘)d never reached half, the mean value
attained by the control fish gur"ng_ the winter months. - There was al;n a -

significant delay in the accumulation of AFP mRNA found 1n the liver.

’ Although the experimental ﬁsh’n‘gver‘ accumulated the same amount of AFP

&




Figure 34.- Quantitation of nve’r.‘AFg‘muA in Flounder held under
(AR
9) by

am.b1ent (Nq_mal 0---0) and*15 h long day length conditions (@
cytop'lasmié dot hybridization. Cytnp] asmic aliquots were prepared from
liver and analyzed as described in Materials and Methads (Chapter 3). .
Autoradiographic spots were scanned and the density |ntegrated according
. to peak aria. Values are expressed as means.+ one standard error. N .
values are as follows: for 15 h-photoperiod conditions; b(2), d(2),
F(4),M(2), A(2), M(4), J(4) and for control conditions; June(2), S(2),
0(2), N(2), 0(8)) 3(2), Fl4), M(2), A(2), H(4), July(4). septgmner'

values of N repgesent the same fish since the experiment was initiated

‘on September 15, 1981.
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b WRNA as 1in the controls, they did reach a maximm concentration at approx-

imately the same time as control fish. The decline in the amount of AFP
MRNA followed a similar pattern in both control and experimental fish. LR
Although considerable variation was found in the concentrations of AFP

mRNA in the two groups of fish, these results demonstrate- the dramatic

effect of a 15 ‘h pnntoveriqd on the seasonal synthesis of flounder AFP

TRNA. -,
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Discussion % i
The' results of the present study démunstrau that long. day lengths in

fall delay the appearance and suppress the accumilationof AFP in.the

plasma of winter flounder. These results are in agreenent with prev_|ous

findings (Fletcher, 1981)." In addition, the cytoplasmic dot blot hybridi-
zation and Northern blot analysis demonstrated that the concentration of
flounder AFP mRNA also follows a seasonal cycle and that a Tong day Tength
photoperiod leads to a Significant delay in the time of appearance and a
decuase’in the accumlation 6f AFP MRNA in the liver. This was especi-
ally evident in the December samples where the suppressed Tevels of AFP

TRNA ir the experimental fish were not readﬂ._y detected as a band in the

total RNA preparations following gel electrophoresis. This was not

surprising, as it, was estimated that the mean value for AFP mRNA in the

o - .
long day Yength fish represented less than 0.6% of the level of this RNA

normally found in flounder actively synthesizing AP~ in December. This
suggests that an exténded photoperiod suppresses the concentration oé .AFP
WRNA. This study may fn fact represent one of the f1rst reports of the
effect of photoperiod on the concentration of a speci Fic IRNA. '
Although considerable variation exists between the concentration of *
AFP mRNA found n individual f1ounder ]'Wer‘s, t);e mean values calculated
'7ram the dot blot hybridization are.in good Agréenent with a previous
seasonal s.tudy of winter flounder leP mRNA levels (Pickett et al,, 1983).
Pickett et al: (1983), using a 11qffd -hybridization procedure and a cell
free translation analysis, have clearly shown. that the concentration of
A%P mRNA constitute 0.5% of the‘ total Tiver RNA 1in the winter’ and PADDOH

in the sumer.’ In addition, the timing of the' seasonal cycle of the
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\
accumlation of AFP mRRNA in control fish is sili.lar to that described by
Pickett et al. (1983), with the increase and decrease in AFP RNA corcen-
trations in the. fall and spring, respectively preceeding the corresponding
increase and wbsequent‘ décrease in plasma AFP. Although less evident,
the concentration of AFP mNA in floumle‘r exposed to long day lengths also
increases prior to the AFP Tevels in the plasma. *Therefore, it is likely
_that the same control processes are governing the initiation of AFP .
synthesis in both normal flounder and flounder exposed to long day
ler.mths'., ’ .
As ~mentinned in t!\e iliscus’sion of Chapter 3, the a:—l:umulacien nf AFP
. WRNA fn the Tiver would depend upon the rate of its degradation as well ‘as
its synthesis. Although the possibility that P mRNA accumlation my be k
due to changes n the degradation rate camot be e1ininated fn this study,
" the utre’mely Tow levels or absence of AT mRNA in Decenber fish on 215 h
_photoperiod and the 10;:er_ overall concentrations of AFP uRN'Ajn the fish
during the remainder of the winter suggest that photoperiod su_ppresses the
transcription of AFP ilNA.l Neither the degradation of AFP mRNA or its
protein product is affected by photoperiod as the decrease in the levels
4 of both AFP in the plasma and AFP mRNA in the liver during the sp¥ing,
~occurred at the same time in control and expér!mntal fish. Maintenance
of high serun concentrations of AP during March and Apri1 when levels of . °
AFP WA are signi Flcantly decreasid suggests that this fs due o a slow
clearance of the polypepudes. ks i
' The control over the initiation of AFP mMRNA synthesis appéars to be 4
nov:e complex than simply changing day lengths. Other studies (Fletchzr'e_t
al., 1978; Hew and mt‘cher, 1979; Fletcher, 1979; Chapter 3) have




demonstrated that hypophysectony in the winter flounder 1eads to elevated
Tevels of plasma AFP and AFP mRNA 1n the 1iver regardless of sunlner photb-
periad and temperatures. Therefore, AFP synthesis in the winter ﬂa\mder

may very well be regulated by a pituitary factor that {s modulated hy

photoperiod.

i
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CHAPTER 5
GENERAL DISCUSSION
The: seasonal’.biosynthesis of AFP in the winter flounder is a unfque..

systen for.study{ng the environmental regulation of gene expression. A

prerequisite for the basic understanding of gene activity and differential

dgene expression includes characterization of the gene product(s). There- ~

fore, the initial objective of this study was to identify and characterize
the AP fourd in the plasns of MU TR, THe Sther Gblactives e
this study were to ,determine.the rule that the p(tnltary plays |n contro'l—
1ing AFP gene expression, and to study the effects of ' photoperiuﬂ asan’
environmental influence in this ngulatiun.

Serum AP were fsolated from winter flounder collected fron Nova
Scotia New Brunswick, Long Island (New York) and Newfoundland.  Seven AFP
" compotent's: were: veadily vestived by reverse Shase iPLC and SUS FAEEL Tio
major _components'cwurise thg bulk of the antifreeze activity (47%).

. They share a similar molecular weight (3300} with three other minor
components. Two (;iher minor AFP were Targer (4500 daltons) and unlike the

other five comonents contained valine. As indicated by ainino acid

analysis, PAGE and reverse phase HPLC, different populations of winter

~flounder contain a similar set: of AFP. Little varfationwas noted.
However, in addition to the two larger minor co‘mpnnents one of the 3300
dalton major AFP isolated from the New Brunswick population also contained
valine, Since the corresponding AFP component fron other wiiter fiounder
populmons did not contain valine, this suggests that some genetic poly-
murphism exists in: ﬂounder.

. The polymorphism u'thin winter ﬂnunder AFP is in direct contrast to

171
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- .
studies 1:nvoMng other vertebrates vhi)ch demonstrate that most serum
proteins are highly polymorphic (Sa.ric_h, 1977). The small amount of vari-
ation moted in the set of‘m between ;ﬂwhtions, as well as the close
similarity that exists wiu\!n the AP components themselves suggest that
_the structure of all AP are highly conserved in order to maintain a
stringent ‘functional requirement for antifreeze acti_vuy. It has been,

. proposed that the principal 5eqhence and secondary structure of AFP are
critical to enable ‘sp!ﬂfic o‘rientlt‘lol; and biriding to the icé crystal
vlattice. and thus inhibit further ice-crystal gruv'nh (Raymond and DevVries,

- 1977). ~— g

The close chemical and physical similarity noted between the seven
AFP within an individual raises an interesting question; are these seven

components processing products or are they products of separate genes?

Nei ther the presence of additional alanife nor the minor res{due variation:

of valine detected in some AP is easily explained as post-transiation]
cleavage or processing products. In this and previous studies (Davies and
Hew, 1380; Pickett et al. , 1983) characterization of prisary translation”
products of AP demonstrated the existance of a single Iluorogrip.hed band
vhen analysed by conventional SDS PASE (Lzemm1i, 1970). Nwever,_ pre-
1iminary studies suggest that there are a‘m\tiuh‘ number n;’ AfP pre-

cursors present.  When cell-free translation studies were carried out 5

Y =R
using puri fied flounder AFP mRNA and the products analyzed by two-
'

dimensinna'l gel e1eczrophorasis (0 Farren 1975), the Improved resoluﬁon
afforded by this systen reveiled !he presence of five and pnss1bly seven
precursor AFP, These AFP were very similar 1nvmol.ecu'lar weight but were
resolved’ by fscelectric focusing in the first dimension. This Iuyes

0 e ~ .

. . s e .
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Tittle doubt that the discrepancy over the number of AFP apd their precur-
sors ’has resulted from technical difficulties invol ving their restﬂuﬁohv .
v and separqs/ian. In view of the problem encountered- in characteriz|n§ t;:e .
“.final mature AFP components in the serum, this is not surprising. It is
also unlikely that the different AFP represent allelic variations due to
genetic polymorphism since the seven components are expressed in indivi- '
dual animals. The most likely hypothesis is that the multiple AFP
& detected ‘in winter ﬂuu;lder are produ‘ct.s of a family of genes coding for
. ‘

If the AFP Components are in'fact products ;Jf separate genes, t‘here ¢
should be several AFP mRNAs. As notedvléhuve, the preliminary analysis of
cell-free transl at.hm products of.total AFP mRNA suggested that this was
the case. RNA excess hybridization §nnlys's of winter ﬂomﬁer mRNA also
indicated that there is mqre than one species of AFP mRNA (Lin and Long,
1980). " However, only one major.mNA for AFP was detected by denaturing
agarose gel electrophoresis or sucrose density gradient contrifugation
(Davies and Hew, 1980; Pickett et al., 1983). preliminary studies carried
out as a side.project to this thesis demonstrated that an improved PAGE’
system (adapted from that of Lichtler ﬁﬂ. {1982)) can resolye al.5 §
AFP TRNA preparation into two to seven separate components. .,Speci}lc poly
(A)* digestion of these mRNAs indicated that the differences dn their R

" e’lectr‘ophoretic mobilities were due to a]tera{in‘ns in the nucleotide
seq.}ences of the mRNAs and not a result of variation in polyadenylation.
The final piece Pf evidence that indicates that the AFP iv( the winter
flounder are en;t;ded by separate genes comes from s‘tudjes by Davies et al.

(1981, 1984). Analysis of the flounder genome revealed that there are




“at least six independer/t nucleotide sequences (géne Toci) that cross- N i

nybridize extensively to the AFP COMA plasnid CTS. Preliminary sequence *

studies on these genes indicate that the anino acid composition derived
E, Al b from -the mature AFP coding-regfon of three of these genes correspond. to
the amino acid rnmposit!‘on Vof AFP components 3, 6 and 8 as separated by . 5 g

reverse phase HPLC in this ‘stu‘d? (P. Davies, per‘sana‘l communication) ..

‘.- .. Therefore, there is little doubt that the winter flounder AFP aré the pro-

. ducts of a gvlouv of qlpse1y related genes which c‘ompri se a gene family.
o vy gene fanily can be defined as a set of genes that are d;scended byv:
duplication and variation fr‘om;a common ancestral gene. - There ari many ki
RN examples of gene families (see Lew1;:1953]. The biological significance . : ‘:
of a group of genes producing a set nf‘fun;?znal Iy similar antifreezes is

as yet unclear. Adaptive evolution may depgnd on mutations affecting. the

.
rate of synthesis of specific gene products (Wilson et al., 1977). In the
7 B

case of antifreezes, fish that are adequately protected; will survive.

Mutations can affect the rate of synthesis in two ways. First, the rate

s

e wn of transcripiiun can be altered. Second, the number of genes coding for. a

. “specific product can be altered (Zimmer et.al., 1980). The evolutionary '
Jimportance of the second process may be significant’{n AFP biosynthesis.

' In view of the-abundance of AFP found in the serum of flounder, Lin and
“Long (1980} have suggested that a multiple AFP gene system may be neces-

sary to ensure the adequate pruductwn of large amuunts of AFP in a short

period of time. Little is known concerning the time span involved in AFP
biosynthesis in cold-water. fishes. It is possible that a multiple arra‘y

" of genes simultanJuuva synthesizing their products is a means of *

compensating for slower rates of protein synthesis.




A second role for an AFP gene family is the possibility that the mul-

# tiple AFP represent different gene products produced during the normal
¢hronological developint of the flounder.” The less abundant components :

detected in the semp’bf mature flounder may' be the persistent expression

" of juve'nﬂe forms of AFP which were critical for'the survival of, the
« - v .
developing flounder. This'suggestion. is not without precedent. The dif-

ferential expression of the globin gene fanily represents an example of

developmental control; in which different genes are respons{b\e in provid-
b:::"yernnte products that ful fi11 a sinilar function at different tines

iatis et al., 1980).  Gene families my allow for the coordinate

expression of a set of fﬁspersed genes. An intriguing aspéct of this bio-
logical function is that -the synthesis of a et of AFP in a catabolic

tis;ue such as the liver may be coordinately .controlled by a common

signal. Presumably, AFP will be required by sev{ei‘a] tisues atwe same_ /
4ime, to stop &he threat of freezing a_nd d.Ifferem: genes vith sl‘(ght

sequence variations may be required to meet the fu‘ncticnal neéds‘of spe-
cific tissues. Support for i v;hought has . cone from recent studies con-
dicted by O'Grady et al. (1926) that indicate that inany Antarcticand
Arctic fishes.only the Tow molecular weight AFGP are responsible for pre-
venting the intestinal fluids from freezing Hhereas both high and 'hm
molecular. weight AFGP are found in the blood. In contrast, the cerehral
splna1 fluid, bile and egg ﬂu!ds of both the shorthorn sculpin and w|nter
flounder contain AFP which are very similar, *if not identical; to those

found in the blood (Fletcher, personal comunication). This would argue
against the possihi](,ty that gene families pro\dn.e products with s1ight . : A

variations to neet speci fic tissue requirerents. The lack.of : '

3 "A/ .
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preferential synthesis of AFP following hyp ,as

“noted in this study, strongly suggests that all the AFP- are coordinately

regulated by a common mechanism. This represents the simplest means of

control1ing numerous genes.
Little is Known corcerning the mechnr_lisll“uf action of AFP or AFGP.
Most fish contain multiple antifreezes which could indicate that a number
oncamyonents may be necessary to attain an antifresze functil‘)nal activ-
ity. It fs possible that a collective effect on the freezim point de-
pression of serum occurs with multiple AFP components and that this effect
is -greater t’han the sum of activities exerted by the Md'lvidua'l compo-
nents. In this case the gene family: would pmv1 de different products

which share a common biological function. Osuga and co-workers (1978)

have reported that there is a cooperative effect between the'Wigh molecu-
lar.weight and Tow mo} Ec\ﬂar we{ght AFGI’.

|

or increases the antifreeze actwity nf the individual components in some

This " interaction "potentiates"
Antarctic fish. The existence of this potentiation effect in AFGP has
recer:t1y' being disputed.by-Schrag and DeVri.es (1983), These Tnvestigators
have demonstraced that the sum of the individual freezing po|nt depressiun
activities of eacn cnmponent is equal to the collective acm\ty of an®
the AFGP in the Lerum. w

The evolution of gene families pa.ses several interesting cun‘sid»era-
Studies of cloned genes and ti;e isolation and characterization of
genomic fraﬁnents have revealed that duplication events, followed by vari-

ation, are of primry importance in the evolution of indi vidhal genes. ",

. One copy c#h evolyve via mitation while the other remns its or1ginal

functivns.‘ This does not seem to be the case with gene fami-l!es. A




family o&epeéted genes may undergo concerted evolution (Zimmei‘ etal.,,

1§80), that is to say the repeated genes evolve in unison. \Little varia-

tion within the gene family is tolerated.. The co-evolution df Several
genes‘ coding for near} identical brnducts_ siiggests that some mechanism *

such-as gene conversion or cross-over fixation.is responsible for the -

continual regeneration of nu'ftip]e genes (Zilﬁ‘lwe_r“e‘_g_ai, 1980'; Lewin; ¥

1983). -In addition to globin genes, examples of DNA sequencés that "

exhibit  concerted evolution and fluctiation in numbers of copies include

satellite DNA (Southern. 1970); genes coding for ribosomal RNA (Brown _e\;
al.; 1972; Anderson and Roth, 1979; Long and Dawid, 1980);" immunoglobins

(Hood __e_tﬂl.', 1975); and histones (Kedes, 1979). The similar biochemical
and physical, properties found in the winter flounder AFP strongly suggests
that these‘pvo'l);pepﬂdes are members‘nf a gene family which undergo

-concerted evolution.

It has been demonstrated by cDNA sequence analysis'that AFP codon
usage is biased (Lin and Gross, 1981; Davies et al., 1982). It appears
that al anfne codons in both pro-sequences apd tlhe séquence corresponding
to the mature’protein favours GCC (l% ;aercentL Thg’aian(;é codon GCG 1s
not used (Davies et al., 1982). Uneven usage of codons is observed in."’ ;
‘Other eukary;t‘lc mRNAs, such a&\f’ibﬂn (Tsujimoto in'd Suzuki, 1979), and » iy
collagen (Bernard.et al., 1983). “t has been suggested that the codon L

" pattern in yeast is biased to the Ist efficient used codons, thus -
. a‘]luwing maximum production of key products such as the translation of
g’liv:nlyti:' mRNAs (Holland-et al., 1981). It.is interesting to-speculate
that the nucleotide sequences of AFP ‘genes may also be geared to achieve

-maximum-transtational efficiency. -
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In sumary, the biological significance of an AFP gene family
includes several possibilities.* It may provide a means of producing an

abundance: of product in a short period of time.  The genes for AFP could

be coordinately regulated by a common mechanism or signal. The indi‘v!‘dua]‘

variation encnuntered within the gene products themselves , may be

1mpnrtant to meet a pamcul ar set of funchonal requwements at d\fferent &

developmental times. ‘In addition, the minor variation in she,ﬂnumher and. |
< 4

compnsvi tion of different AFP components may - bé tailored to the functional
Ireqm'rements of different tissues or be' involved in a cooperativity of
) antifreeze action. * "

The presence of multiple AFP in the winter flounder is consistent
with thie recent observations on the Targe number. of AFP Seen in sub-AFCtic
Fish (Hew et al., 1980, 1984; Fletcher gi 1982a)_and the multiple ’
AFGP reported for Antarctic notothenids and northern gadoids (Feeney and

_“Yeh, 1978; Hew et al., 1981; DeVries, 1982; Fletcher et al.,.1982b). A
comparative study of the structure and function of AFP and AFGP would
provide a foundation for understanding their structural diversity -as well
as provide additional |ns1ght into how DNA sequences are duphcated and® ,
conserved during the course of evo'luhon.. -

Substantial progress has been made in understanding ‘the control of
gene expression in eukaryotic cells. —It has been shown that this expres=

" sfon may be regulated at many points from transcription of the gene to the
completed gene product (Darnei!, 1979, 1982; Breathnach and Chambon, 1981;;
Nevins, 1983). From current ev(dence, regulation of the rate.of '
transcription’fs the most frequent mode of control favoured by bacteria

(Gilbert et al., 1973) and eukaryotic cells (Darnell, 1982). -

w Y oy
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Tissue specific gene expression (Derman‘et al., 1981) or. developrientally

regulated gene expression (Groudine et al., 1981) have been shown to be

_due to transcriptional control. Transcriptional control!implies-economy

and conceptual simlicity. It is well established that many proteins in
differentiated ;ens'are prc:dnced in ‘incyleasgd concentrations in tissués’
Fqﬂow; ng hormonal stimilation. Furtl‘nenwre‘, Granscription ekpeisetars,
utﬂi‘zing isolated nuclei or. cellcul ture hah demonstrated that this |

inducnon is due mnst'ly tn transcriptional cnntnﬂ (Tsai et al., 197B~

McKnight and Palmiter,-1979;" Swaneck et al. , 1979; Tata -and Smith, 19795
Ucker et" al., 1981). ‘In cnntrast Tittle is known about how environmenta'l
influences regulate the seasnnn'{ Expression of eukavyntlc genes.

Studies on the seasona'l cnncentratlons of AFP in the serum attest to

its abundance in the mnter months and to neglible 'Ieve]s present

' sumer. The biosynthesis of the AFP in the liver and its corresponding l)}

Tevels of AFP mRNA has also been investigated. The large.buildup of AFPK;‘,
WRNA concentrations in January specimens (0.5% of total RNA) aﬁd ti‘eir
decline in the “spring. to summer coﬂcentrahons bnrdering the Timits of
detectability (0.0007% of total RMA) is considered strong ev|dence in
favour of gene regulation by transcriptionﬂ control processes.

Recent evidence indicated that in winter flounder the mechanisms con-
trolling the biosynthesis 0{, AFP are ir!ﬂuenced by photoperiod and comes,

under the control of the pituitary gland (Fletcher et al., 1978; Hew and

Fletcher, 1979; Fletcher, 1981). The present-study supports this finding‘

and presents evidence to suggest that the role of photoperiod in- contyol-

Ting AFP biosynthesis is mediated by. the pit_u'ltnry through a transcrip-

. tional control mechanism. Hypophysectomy in winter flounder leads to

o
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elevated levels of plasnd _AFPA and a, drgmafic increase in-its corresponding
AFP MRNA anpérent]y regardless of conditions ef photoperiod apd temper- ;
ature.- . Th® negligible degree of ﬁyberzatiun of .an AFI; cDNA probe to 3
total 1iver RNA from.control summer fish, demonstrates that there is,r’wo\

large p’go'\ of unprocessed message in the cell. This indica.tes that the .
“absnce of AFE" synthesis during the simer is due to the Tack of syncn'e'si;

of translatableAFP mRNA. ~ Since there is- an absence or agreatly reduced

. l\eve'l of 'AFP WRNA in the 1iver of cofitrol flounder, the most 1ikely

hypothesis is that its accumulation, following hypophysectony- is dependent L
upon accelerated transcription. This implies.that the pituitary gland : ¥

regulates AFP mRIA and its corresponding proféin synthesis by a negative

transcr!ptlona’l control process.

AFP biosynthesis is influenced by photoperibd presumably by- the U
central nervous system acting on the pituitary gland. Initial ‘findings by
Fletcher (1977, 19‘81) indicated that flounder maintained under conditions

of 1dng day Tength had both a delayed appearanceé and decreased accunula-"

t’inn Of AFP-in the serum. .These findings were confirmed in this study.

'In addition, lt‘ﬁas also-noted that- long day length had a sImﬂar effect

on AFP mRNA accumilation in the plasma. It was estimated that fish

' sanpled in December’ which had been acclimated previously to 15 h long day

phutopérlods. had 1ess than 0.6% of the AFP mRNA that was present in
contrn'l fish‘ The seasonal fluctuation of AFP IIRNA in both the experimen-

tal and control fish matched closely but preceeded the rise and fall of

plﬂsma AFP levels. Inview of the sngficam‘. decrease in the concenel‘a-
tion-of stable transhtg’p'le AFP mRNA following an experimental phntqperwd*‘*’

regime , it appears that long day Tength suppresses the transcription of

2 .
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antifreeze genes. . & ol
* The lecﬁanisls conmﬂl{ng the expression of the AFP genes ll.\st
encompass asnects of puu{tary regulation and pmtoperiod 1nﬂuence

Towards this end, I wish to propose a model that exvlulns thFP biosyn-

_ thests in the winter Flognder may be related by a- pituitiry factothat

is modulated by photoperiod. . During ﬁe summer months the vituitiry
regulates AFP “synthesis by re]eis‘lng‘an inhibiwr(s) which acts d1.rectly. .
or through a mediator- to inhnﬂt transcrv‘phon of AFP mRNA. \hth the
approach of winter, the release af this inhibitnr stops and :anSEquently
AFP MRNA transcriynon resumes ‘ Consistent with this h,ypotn:ns, is that
h,yyuyhysectmy minics the s_uppvfessl'on of |nrgjh1tnr(s)vfrom the pituitary
andv the AEP gen‘es ére “re: y vated. In hte winter (March), the supur:sF
sion of transcription, resumes but because of the signiﬂdent leve'ls of AFP
present in the blood and its slow rate of clearance, me fish is well ’
protected from freezing.

The seasonal relase of AF? inhibitor(s) from the pituitary" appears

“to be finely tuned by photoperiod. During the autumn the flounder

perceives a change in photoperiod by photoreceptors, possibly located in
the eyes or 2 pineal body. The lack of long- day lg»gm (or sm';rt nights)
once detected is probably encoded as signals which act through the central
nervous system to suppress the release of the AFP inhibitor(s) from the ,
pituitary. Recent evidence indicates that the release.of AFP 1nh|b|wr(s)
fron the puttary are ‘in fact controlled by releastug factars Fron the.

brain and that the-central nervous system normally inhibits the pltu(ta}ry

gland!s release of antifreeze ﬂ‘\hlvMior during the winter (Fletcher et ~

al., 1984).




In t:he absence of 'p“itu(taryrm’ inhibitor(s), transcripﬂé« of AFP. §enes
resumes. \ . SN
Experimental conditions of Tongday length, delay, the accumlation of
AFP and AFP mRNA synthesized by the Tiver, presumably by maintaining the
_release of AFP pituitary janitors. It is highly unlikely that the

changes in-AFP qnd AFP'mRNA accumulation vhich- occur after hypophysectomy

or Tong day length actlim’at'nn stud{és. are independent events. Prs‘H
nary data indicate "that j.ha pituitary is. required to m‘ai»t:!‘ln the suppres-’ 7
sion x_)f AFP -genes in fish quintaiﬁgd under long day Tength c&;ndmons. e
 pBhysectony of Fish held nder Tofg day length conditions results in
the immediate synthésh and accumulation ‘of AFP and AFP mHAt Since
- hypophysectomy has provided evidence to suggest that the AP are under a
transcriptional control mechanism, the above information suggests that
. photoperiod mayultimately control. the onset ;rf ‘synthesis of AFP 'i!NA by
- acting as a trigger which signals the cessation of the release of a'
pitui tary AFP inhibitor(s).
-Our knowledge of how the winter flounder regulates the biosynthesis
of AFP is rapidly groving. Many important aspects of this regulation have -
yet to be investigated. Among these are: the chemical nature of the -
pit;nltary 1nh|hlwr(si. the presumptive photoreceptors fhat are involved
-"in the conveyance of ph;tnper1ad sig’na’1sv, the processes regulating
degradation and clearance of AFP and AFP mRNA, and the gictnrs controlling
the: termination of AFP biosynthesis. In add'tyn, therte s some evidence
to suggest that an endogenous antifreeze cycle exists and that . some other
1evels‘uf control may-be involved inthe fine tuning of AFP regulation

(Fletcher and Smith, 1980; Lin, 1979;-Pﬁcketle_t al., 1983).- The
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remainder nf this chapter will discuss the scope.of our knm&’ledqe‘un some
of these aspects and thei major iplications on AFP- biosynthesis.

Emphasls will nsb be placed on_possibTe future experimentation.

The ‘chemical hature of the pituitary inhibTtor(s) involved in the '

" regulation of AFP "synthesis in winter fJb‘nnder is not: known.™wgt is known
i .

Jthat the pituitary of fish contain at 1ea§t six cell types capable of
releasing seven different hormanes (Campbell and Idler, 1976; Ng and

Idler, 1979; Ng, 1980; Burton et al., 1981; Eales and Fletcher, 1982; Ng

et al., 1982; Gorbman et al., 1983). .In addition, many of these pi tuitary

hormones have been implicated in. causing both androgenic stimulation and

thyrotropic stinulation (Ng and Idler, 1980; Ng et al., 1982). Therefore,

a large numbef of pituitary or pituitary. influenced hormones are potential
candidates - for nhibition of AFP transcription. However, it is diffialt

to as‘seISs the'mgsx Tikely candidate’on the basis of our present knowledge

, of the seasonal changes in these hommones in fish. .For example, DeVries

(1982) notes ‘that the appearance of antifreeze production in the-autum

-appears to be correlated with gonadal production and suggests that the

* initiation or termination of the antifreeze cycle may bé controlled by

levels of steroid hormones produced by the testes and ovaries. However,
thz‘are are several problems associated with this interpretation. Tl;e most”
obvious of these is the fact shat sexually imature fish cont?m AFP
during the winter. It.is also diffﬂcult to corre1ate gonadotropins wm\
AP biosynthesis since there is no rel able means for. messuring these
hormbnes in this species. There are-two gonadotropins in the winter
flounder (Ng and Idler, 1973; Ng, 1960) but the presence of both these

gnnadotvumns in the juvenile fish. apnears uner]y thus pr:venting

e e it o | P gt v
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further Speculaﬂnn on their involvement in AFP biosynthesis.

{Recently a thyroid stimulating homone (TSH) separate from the .
gnnadntmpins has been isolated from flounder pituitary extracts (Ng,

1980; Ng et

., 1982).- It is possible that this hormone may play a role

. insettingup a chain of commands such that thev thyroid becomes involved

“in‘the inhibition of AFP synthesis. ' Eales -and Fletcher (1982) have shown

that seasonal ‘changes inplasma concentrations of thyroxine.(Tg) werer - s
m‘ghes’t from A}:ri\ to June and Towest during. the: £all. Since hypophy- S

sectomy ‘results in‘the cessation of Ty secretion it is ‘possible that

this'hu\:vnnne is involved in AFP synthesis. Pla-sma levels of triio 0=
thyro{n (T3) were h1ghest when (T4) levels were Towest and conse- »
quently it is unlikely that AFP synthesis 1s inhibited by (T3)

The pituitary also contains growth hormone (GH) and prol actin (PRL) 2

which could be possibie inhibitors of AP mRNA transcri ption. Prolactin -

is involved in" the osmoregulation of freshwater fish but its exact role in
marine teleosts s in question (Bern, 1983). S$imilarly, the function of ' 2

GH in ‘teleosts, is attributed to general growth and’ differentiation but its

speciﬁ‘c nature or mode of acn'w:ty in different tissues is unknown (Bern,
1983; Gorbmen, 1983). No.correlation between the seasomal variation of - t
either of these .two hormones and the AFP sea;pnnl cycle can be made since :
a reliable means for ‘quantitating the géncentrations of these two hormones

(1€, radioinmunoassay) is sti1l lacking In the absence of adequate = = . =
experimental data and more comprehensivé information it is difficult to

assess the bbnnones mentioned above and other pituitary hormones such as B
melanocyte stimulating hormone and adrenal comcotropin hormone as .

possible AFP pituitary inhibitors.




"'sis is how photosensory information is received and relayed. The pineal

* communication). * :

© . The facttfat AR synthesis.is under the negative contral of the 43.;?&
pitmtary shou]d allow 1nd1v1dua1 hormones to be tested for their actlans P
on hyunphysegtqmized fish. Fletcher (1979) has demonstrated that pltuf-a" )
tary extracts administered to hypex fish suppress AFP synthesis. Hnwever.

efforts to identify t,hese extracts to spe:iﬂc hormones or sp!ci‘fic

pituitary cell types have resul ted in inconclusive’ information (Fletcher
personal comunication). g =y b)‘

An initial question concerning the contiol of flounder AFP biosynthe-

body in many vertebrates has been implicated as the major Stmctu‘re assoc-
1ated with the integration of photic information (Ralph, 1983). There is

good evidence to suggest that the pineal complexes of fishes parti icipate

in mediating photoperiod effects on seasonal reprnducﬂve pmcesse; 5
“(deV1aning and Olcese, 19811 Consequently, it is conceivable that:

pineal body may play a principal role in timing the annual AFP cyclt\!. The
presence of a pine‘.‘a'l body or specific ‘photoreceptors indicative of £b|s
structure has not yet been found in winter flounder (Crim, personal

Several-investigators have shown that some annual cycles are reg‘u-

lated hy Tight (Goss and Rﬂxﬂ, 1973; Gwinner, 1973; Guss, 1976, 1977
Ra'lph 1976, 1983; Re'lph etal., 1983). Photoperiod has been lw'Hca":ed
as the major cue signalling tissue specialization and protein synthesis in

| \

4 number of systems. For example, the synthesis of vitellogenins and

.diapause proteins in the Colorado potato beetle, Leptinotarsa’decemlineata
is influenced by the duration of day length (Dortland, 1978;“Dortland and

!

" i
Dekort, 1978; Dortland and Esch, 1979). Heinze and co-workers (1980) e




have demunstrate_v’i that 1ight induces-greening in barley plants by initia- ¥

a

“ evidence to sugdest that an endogenous cycle is involved in the timing of

ting genes Sr influencing post—transcriptinn’al processing togmduce a
s:group of poly(A)-rich mRNAs. Although the characterization of these-mRNAs
was not carried|out, 1t is believed that they will encode fof proteins

réqunslb'le for{‘ the greening of etiolated plants. Therefore, a photo;.
« / w

period inﬂuem":e on AFP biosynthesis in winter flounder is not without

/ t
precedent. | . i

- F1etcherj’(l981) has suggested that the control”over the antifreeze
" cycle may be Lndogenous, with photoperiod acting as xeitg&er (prominent
signal) for entraining the precise time at H_h":h :the cycle is initiated.
In many teleosts endogendhs endocrine rhythms in the hypothalamo- ;
) pituitary—gmiad'axis have been observed (Crim, 1982). These annual
hormonal cycles, such as in the case of the gonadotropins utilize light
and temperature as seasonal cues in gonadal development. Many ins‘ect
Tarvae which ‘5ver—winter appear to synth‘esize.antifree;.'g »'prot_einsiin
response to temperature and photoperiod influences (Duman, 1977c, 1980;

Pattérson and Dum‘an‘ 19f8; Horwath and Duman, 1983a; Duman gnd Horwath,

1983). Recently it has been demonstrated that insect antifreeze
bjosynthesis is subject to hormonal regulation with a biologica’ timing of

circadian nature playing an important aspect in this control (Horwath and

Duman, 1982, 1983b). The regulation of winter flounder AFP biosynthesis

appears to be mainly under transcriptional control and there is some

this‘synthesis (Fletcher and Smith, 1980). It is possible that an
endogenous rivthm?espcnsive to hormonal influences is invélved in AFP

biosynthesis but atbest these investigations are preliminary.
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“The advantage of photope‘riod being cr“fe zeitgeber réthervthan_water %

_temperature is due to its reliability as an indicator of the approach of. §
winter. It is-evident from the seasonal studies to date that the strategy
- .

~of the winter flounder is to synthesize antifreeze proté1ns well before

they’ are required to prevent cryoinjury. The initiation of AFP synthesis i

occurs at temperatures of 4-6°C (Fletcher, 1977; Hew et al., 1978). The
present study indicates that AFP mRNA synthesu occurs in Dctoher when. the
wate.r temperatures are 8 to 10°C. The average water tenperature in ) 3
" NewFoundland during the Sumer’ s 12°C, however, wind or wave action can. i
% ) des‘troy the thermocline rapidly to profiuce water temperatures as lowas ’
6-5°Clat any time: during the summer, and particularly durin§ June and »
July. c'lear'ldv temperature wnuld be a poar indicator of the approach of |
wmter to fish such as wi nter fl nunder wh(ch inhabit ‘shallow inshore -
water. Temperature would be a more reliable cue for the initiation of
degradation and clearance ‘of AFP in the spring when the threat of freezt ng
; is long past. v L
- i The accumation of a specmc mm\ can: be regulated by either an o
increase in its rate of synthesis or a decrelse in its rate of degrada-

tion.. The dramatic rise in concentrations of ‘AFP WRNA and their corres-

: > c . ponding AFP suggests that the regulation of AFP biosynthesis is primarily -
. at the level of transcription. However, the demonstration that the

cnncentraténn of specific mRNAs increases is not absolute proof for trans-

criptional control (although it has proven tobe true in most cases).
Measurement of transcriptional rates nust be conducted in order to .
establish transcriptional control. To date,. actual transcriptional rate

' studies have not been d.oneein fany systems whose gene regulat¥on have
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, - been inve jated. . In order’ to demonstrate specific initiation of AFP - ]
s trahsEription Ypart from accumilation of gene products, new experiments = T
i

. are required. These studies should invo’lvé the investigation of trans-
criptional contral’ by using isclated nuclei or cell-cul ture and following

AFP-mRNA induction and synthesis through pulse-Tabelling RNA incor-

poration, Orily from this type of experiment :_ar‘l WRNA 1 ndmyn and trans- 4
cription rates be detemined (Cox, 1976; Mcnight and Palmiter,-1979; A
. Nevins and" Darnell, 1978; Darnell, 1982). At a more mr;'lecu]‘a'r Tevel, a
flounder liver cell-culture resﬁnns{ve to pituiitary 1nf1uenées‘wwld be
u;efuI for deciphering the molecular events Teading to the ‘s‘upp_‘r_essinn and o

induction of the AFP genes. . . :

~
At the present time 1ittle is known about what determines the termi- *

nation of AFP mRNA and AFP synthesis and the clearance of these gene
3 products. -Studies of .AFP levels in fish acclimated to water temperatures
of 6 to 8°C suggest that AFP synthesis stops during February and March.

In vitro investigation of the livers capacity to synthesize AFP ipdicates

that synthesis stops during March (Sclater and Hew, urpublished results).
The results of the present study and those of Pickett et al. (1983)
demonstrate that AFP mRNA levels decline during March. Photoperiod - - -4,
" appears to have no.influence on the Toss of AFP fron the plasma (Fletcher,
- . 1981) or the time at which AFP mRNA concentrations decline in the liver

* (present study). Temperature does affect the rate at which AFP disappears - .

from the plasma; however, Tow water temperatures do not appear to extend

| . the time the liver is capable of synt_hes1z!1ig AFP (Fletcher, 1981). * Even
less is known about the co'm.rpls. lr;vo]ved in the deg;‘l.diﬁmi and clearance [

" of AFP_WRNA Gr fts produsts.
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It is 1q;nrvta’n; to'nou that the presence of transcﬂptioﬁal control
for. a particular g;l\e due; not preclude omér levels of control. " In~
ldd| tion to trms:ripﬁonal regul aunn therb might be regulation n‘f RNA

-vmcessmg- in the mcleus WNA transport from the nucleus, TRHA stability
and frequency of trnnspurt in the cytoplasm (Darnell, 1982; Nevins, 1983).
- There .is some evidence to suggest that. processing of m:lear RNA_doest not
plqy an activ: role in AFP regulation” since hybrldlzatinn studles have

fa{led to detec; a larger unpmcessed ‘niclear RNA; (Fourney ; prehminary

resu‘lts)._ This. strongly suggests that “there: is no Targe pool of " unpro-, /

- cessed nuclear AFP message ‘in the cell <and if a Jarge AFP: precursor is

involved it is sub}ect to rapid p}o‘c;s’sing and trnn’s‘ncrt to the 'c,ytap’las'm‘

There is, however, sore. indication. that translational control may play a
= : ¥ b

minor. role in the “fine tuning” regulation of AP biosynthesis. As notéd

hl this study and another’ investigation (Pickett et al., 1983), . the

‘seasonal appeannce of AFP mRNA nght'ly preceeds the rise in AFP -accumu-
ht!on in, the seruln by appmxlnately one month. Th‘ls means that there is
asi gniﬁca»t mntenmﬂon of AFP nRNA present when levels of AFP are
low. This may imply that translation.requires sone‘umnwn factor fur

initiaﬂon or the availability of a pr‘enetenlned mlnmn concentration of

message. AFP regulation may also be subject to variation of transcr(ption_
“ rate. -The yresence of a -minimal hut detectahle amount in AFP IRNA in the N
liver during the summer (Pickett et al., 1983) ndy indicate that regula-
tion of the com:em,rmons nf AFP in the serum is not achieved by simply
.induction or cessation oF mnscriph on.  These authors have suggested

that the rate of transcription may be modulated possibly by one of several

AFP genes being transcribed at a low level during the summer.
Y

iy,

ke
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The study of biologicdT”antifréezes is a reiative1y new scientific
endeavour. As.\‘s the case in most investigations, many aspects of this
study have become the sol;rce of new questw‘ons‘. Important information
concerning.the mechanism of antifreeze activityj or the biological
significance and evolutionary ramifications n% a multigene AFP family is
Tacking. Some questions will involve simple solutions such as the
presence or absence of AFP\ .in body. tissues other than blood or the nature
of intracellular a}nt‘lfreezes‘ such_as. that found in the eggs of wi‘ter

flounder or shorthorn sculpin. In contrast, the’study of the genomic
uny 0 X

: orgnnizatiog\ and structure of the AFP genes .may’ prove more d'fﬁ&’lt. .

Unlike many systems affected by the p\lt’uitary (Holmes and'g'Ba'I'l, 1974), the

presentmodel appears to operate via a negative control mechanism. This

-is in direct contrast to hormone induced synthesis of many proteins found

* in other animals (For Review: Tata and Smith, 1979; Darnell}1982).

One' of thg more chaﬂe'ng'llng aspects of ftudying AFP regulation will
be deciphering some of the Glues concerning ‘the diversity of their regula-
tion. Arctic and Antarctic f’ish‘ synihesiza antifreeze proieins throughout
the vye'ar which sugg‘;stg that these species have either lost their ability
t(‘: re‘gulai‘:e AFP synthesis or the reéu]at{on of this synthesis has never
evolved. .In contrast, the winter flounder and many uther‘_sub—grcuc -

species, synthesize AFP according to their seasonal biological needs. - In

’ addition, the cycles of ‘AFP synthes|§ are clasely correlated to spegific

" Ygcal ‘environmental needs such that more northern populations of fish have

longer cycles with |ni§1at(on of ‘synthesis occurring earlier and termina-
tion later than southern populations (Fletcher et al., 1982a). Perhaps

equally as interesting {s the observation made by Duman and DeVries
e ™ !

|
\
|




(1975) that the samé speciés of fish, which synthesize antifreezes in

northern populations may lack these proteins in southern populations.
There “is also anindication that snmns'ub-Arc.t'lc.fish synthesize AIFP year-
round regardless of the fact that sumer water temperatures do not k
necesitate their presence for survival (Fletcher a’nﬂ Hew, personal
communication). This cou1.d imply that-full control of AFP synthesis is )
Tacking-or not fully evoTied in thése species. * Collectively there is.
certainly enough information and tantalizing data to warrant an. invesn-
gahon of the diversity of AFP regulation in fish.

The. study of the detailed interplay bétween the pituitdry gland,
environmental signals and the subsequent tranécrlption of AFP mRNA is an

exciting model to study gene expression.

3
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