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CHAPTER 4

COMPARATIVE BIOCHEMISTRY OF ALLOZYMIC VARIANTS

PRODUCED BY THE EST-I AND EST-2 LOCI

4.1 INTRODUCTION

In the preceding chapter, the biochemical properties of EST-1 and
ZST-2 were compared and discussed in terms of their potential evolut:on
by gene duplication, and their homologies with the esterases of other
Drosopri.a species. However, in the context of biochemical adaptation and
processes of microevolution, it is the similarities and differences bhetween
allozvme variants which concern us, and it is these studies which are the
subject of this and the fcllowing chapter.

Since the initial documentation of the extent and magnitude of c¢enetic
variation in natural populations (Lewontin and Hubby, 1966; Hubby and
Lewontin, 1966; Harris, 1966), debate over the evolutionary significance of
the observed variation has been both spirited and eloguent. At firsi, as
theories and models were developed and elaborated, researchers became
polarised into two groups, the neo-classical or neutralist group believing
that electrophoretically detected variation is of no adaptive significance,
(e.g. Kimura and Ohta, 1971), in contrast to the selectionist group which
held the view that such variation is an integral part of the process of
microevolution (e.g. Ayala, 1972; Richmond, 1270). Subsequently the emphasis
nas shif+ed somewhat, and the questions now perceived to be more relevant
are: f{(a) what proportion of polvmorphisms are neutral and what prorortion
selectively maintained, and (b) for thcese loci believed to be influerced by

selection, what is the nature and mechanism of action of that selection
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(see for example, Clarke, 1975)? Concomitant with this shift in emphasis
came the development of a methodological approach for the study of allozyme
polymorphism.
Clarke (1975) enumerated the following four points as a strategy for
testing *the adaptive significance of an enzvme polymorphism:
1. "We must make a detailed biochemical and physiological study
of the enzymatic products of the alleles, noting any differ-
ences between them.
2. ¥nowing the nature of the differences, the function of +he
enzyme, and the ecology of the organism, we must postulate
one or more selective factors and suggest a mechanistic
connection between the selective factor and the gene product.
3. We must test our postulated mechanism by experimentally
manipulating the environment to produce predictable resoonsss.

. In the licht of the experiments, we must re-examzne the

LN

natural pooulations, and seek a comprehensive explanation
for the observed patterns of cene frequencies".
In a similar vein, Koehn (1978) defined a number of steps which he
believed to be pre-reaguisites for establishing the adaptive significance
of a given enzvme polymorphism. The first, and most basic point citad by
poth Koehn and Clarke was the establishment of diversity of function at
the molecular level between different genotypes of a given locus.
Over the past ten vears or sc, many workers have initiated compa;ative
studies of allozymes produced by a wide variety of enzyme coding loci, over
a wide variety of species. Within the genus Irosophila the enzyme alcohol

dehvdrogenase of D. me.anogaster has been by far the most exhaustively

population studies. Despite the encrmous volume of work on the 4di locus,
and guite good evidence of a selective basis for the maintenance of poly-

morphism at this locus (e.g. Oakeshott ¢t zl., 198l), manv inconsistencies
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in the published data have led to an appreciation of the difficulties
underlying studies of enzyme poliymorohism (Gibson and Oakeshott, 1982).
At the molecular/biochemical level the ADH allozymes have been extensively

characterised, with the aminc-acid sequence (Fletcher et al.,1878; Thatcher,

[

980; Chambers et a.., 1981) and recently the nucleotide sequence (Benyajati
£t al., 1981; Kreitman, 1983) of a number of common variants now known. The
s . . . bid S

oiochemical properties of the common variants ADH and ADH  have been
investigated by a number of workers and a variety of differences are known
to exist (Day et «l., 1974 a,b; NcDonalé ¢t al., 1980). Despite the large
amount known about this enzyme, attempts to relate ©n vitro prorerties of
allczyme variants to a comprehensive description of the Adk polymorrhism in
. melarogaster have thus far met with little success.

Comparisons of allozymic variants have now been made for a numker of

.-

enzyvmes in Drosorrniic species, with mixed results (Table 4.1). At this

stace the number of svstems showincg observed functional differences between

allozymes outweighs those showing no cifference. This is in agreement with

8

4

[=5

—he observation by Harris (1871 that 1€ of 23 human enzvmes examined

8]

v

[on

showed biochemical differences pbetween allozvmic variants. A disturbing

A

F=

.a4 data is that for one enzyme (cytoplasmic malate

[
<

aspect of the D[rcscpr
dehvdrogenase), results from two ciIferent laboratories gave completely
conflicting conclusions. Since radically different procedures were employed
for the preparaticn of enzyme used in these studies some discrevancies were
to be expected. Nonetheless, in the context of studies such as thess it is
of some concern that different laboratories should report results which
ciffer in every aspect.

With respect to studies of allozymic variants of esterase loci in
Zrogophiia species, the results have been mixed in that some enzymes have
shown differences while others have not. The first such study was made on

preoducts of the Zei-& locus of I. recucocbecurg Narise and Hubbv, 1956).

tr o

Thev examined the properties of allozymes produced by a common and a rare

allele, and failed to resolve anv appreciable differences between them.
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Table 4.1 Biochemical comparisons of allozymes in Drosophila species

Enzyme

Species

Source (s)

a. Differences observec between allozymes

Alcchol dehydrogenase -

Malate dehydrogenase
(cytoplasmic isozyme)

Ly

Malate dehydrogenase

(cytoplasmic isozyme) 2.
a~-glycerophosphate
dehydrogenase 2
Alkaline phosphatase Z.
Esterase-6 Z.

a- and f-esterase .

Phosphoglucomutase Z

9]

NS

©-Phosphogluconate
dehydrogenase

b. No édifferences observed

lucose-o-phosphate —.

melanogaster

between allozymes

Malate dehvdrogenase .

(cytoplasmic isozyme)

Esterase-5 IR

Day et al. (1l974a,b)

Alahiotis (1979a)

Narise (1979)

Miller et agl. (1975)

Harper and Armstrong
(1973)

Mane et ci. (1982),
Danford and Beardmore
(1979)

Narise (1973a,b)
(1979)

Fucci et al.

Bijlsma and van cer
Meul:n-Bruijns (1979)

Bijlsma and van der
Meulin-Bruijns (1979)

Hay and Armstrong (1G7&)

Narise and Hubby (1966)
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In a later study of a number of allozvmic variants of the o- and S-esterase
loci of . virilie, Narise (1%73a) observed differences in biochemical
properties of enzymes at both loci, though these were not quantifiec.

There have now been a numcter of kiochemical studies on allozvmes produced

by the Zgc-€ locus cf [. melznogaster (Danford and Beardmore, 197%9a; Mane

., 1983; Costa % al., 1982). 1In general there appear to ke differences
between different eleciromorphs, but studies on highly purified enzymes
(Mane ¢t ., 1983) sucgest that the differences in catalytic properties at

the molecular level may not be great.

In this chapter, a number of allozymic variants produced by the Fst-1

jo1]

néd ZgT-% loci are examined for a varietv of biochemical properties, as a
preliminary attemrt tc determine whether there are differences between

relevance in this species.
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vorted in this chapter were drepared

accoréing to Prorocel 1 (Section 3.2.1.1) described in the preceding chapter.

The methodologies Icr the substrate specificity analysis and the pH-activity

and thermostebility studies were exactly as previously described (Sections

The stocks used for the procduction of enzyme for these stud:es, and

their genotypes at the Zgt-1 and Zsi-2 loci are given in Table 4.2.

Flies were cultured irn vials

Q

ontaining 7 ml of the autoclaved sucrose-
veast-agar medlum described in Section 2.2.1. Enzyme was extracted from

young adult flies oproduced according to the following schedule:

a. Appreoximately 150 vials were set up, each containing 3
vairs of mature acults cf the appropriate genotype.
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The

according to the same pu
and using the samn

similar vie

ESTERASE

somewhat lower vield

Enzvmatic Material

flies produced as described in Section 4.2.1 were all

yif

ication pro

Table 4.2 Genotypic constitution ci stocks used for the production of
partially purified ESTERASE enzymes for biochemical analysis
Stock tet-I alleles Zet-L alleles Bllczvme (s) extracted
M8 E"t—Zb ;sr—Ea EST-lb, EST—Ea
M10 Eet-12, Dat-1° Fez-£ EST-2"
M20 zez-1° Tee-iC £sT-1°, £sT-2°
2.11  Fet-1%, Zer-1° Fe:oct psT-2°
b. Flies were allowed to lay ecgs for 3 davs befcre being
transferred without etherisation to fresh vials. This
transfer was mace three times, at three day intervals,
to vield a set of approximately 600 vials cf any given
genotvpe.
c. DOnce Zlies legan sclesing thev were collected at three day
intervals, sc¢ &ll materiel was 0-3 davs cld. Flies were
held in a chilled container until collection was complete
for that day. They were then weighed and stored frozen
at -20%.

treated
tocol (Protocol 1, Section 3.2.1.1),

e columns and bufier preparations. This resulted in vervy
1ds and degrees of purification for the allozvmic sets cf each
, Ce s . - c L .
isozyme, with the exception c¢I the EST-2 enzyme, which hac a
. This may sucgest that EST-2° from this stock was
icantly less stable than the other three EZST-2 allozymes.
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4.2.3 General Assay Procedures

Tor any given experiment all assavs were done in one laboratory session,
using a single batch of substrate reagent, buffers, temperatures etc. A
single, homogeneous aliguot of thawed, partially purified enzyme was used for
each experiment, and for any given test combination enzyme assays were per-

formed either in duplicate or triplicate.

4.2.4 tatistical Analysis

In the substrate specificity studies reported in Section 4.3.3, the
allozvmes have been compared by simple factorial analysis of variance
with & randomised complete block design. Since it was not technically
possible to replicate each experiment, because of the amount of enzivme re-
gquired, the enzyme assay replication was used as the source of error variance.
For trhis reason, compariscns of allczvmes were restricted to assays which
were rur in a single experimental s=2ssion. No attempt has been made to

compare substrates which were analy

n
(o))
Q.

ed at different times or using d:fferent

thawed samples of enzyme.

4.3 RESULTS

Z11 experiments were done on a set of allozvmes of each of the Z'gt-7
and Zez-f loci, and for each section below, the two isozymic svstems EST-1

and £ST-2 are considered separatelyv.

4.3.1 =ffect of pH on Esterase Activity

V5]

As described in Section 3. , these emperiments were conducted using

o

o]

[oh}
)

only a single buffer system, limited range of pH values.

fiss

J-

-

ES8T-1: - pH Activity Profiles

The effect of pH on the activity of the two EST-1 preparations is shown

in Pig. £.1. BAlthough EST-1~ aprears to show higher levels of activity

in the lower end of the range of pE values tested, the two allozyme prepar-

ations show very similar profiles taken over the whole range. Both allozyme
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Pigure £.1 IZIZffect of pH on EST-1 allozvmes. All measurements mace
at constant ionic strernctn ¢f C.1IM in phosphate bullers
2T 239C usinc az-nap:thyvliacetate as substrate.

- mowoa ke, r—y wmagmr.~C
— —— - - ’ N e/ et bt = -

profiles show & shcu.dey in the range 7.2I To 7.80, sudggestinc that thi

mav reflect some lntrinsic property oI the ZST-1 enzyme.
4£.3.1.2 EZ87-Z : -~ pH Activity Profiles

The Zour ZS8I-2 allozyvmes show very similar responses to changing pH
values {(Ffigc. £.2). Theyv &ll exhibit maximal activity in the vicinity of pH
7.0 - 7.25, and show a prcnounced snouider in the regicn 7.5 to 8.0. There
. - - - d N S s . . <
is a tendency for EST-2 to have hicher relative activity at tne uzrer end
of the values tested, and for EST-2 <to show a slightly narrower optimal

range. However, overall, the similarities between allozymes are far more

strikincg than anv differences betwean them.

The thermostability of the varicus enzyme preparations was determined

. : . s , o . "
at the pnysiclcgically lethal temperature of 50 C. While this may enable
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substrate.
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Szzection of chemical clfferences petween the various esterase preparations,

the ziIoloczical significance of anv observed differences must necessarily

remzin oren TO guestion
£.2.2.1 Thermostability cf EZSTIZIRASE-1 Allozymes

Tigure 4.3 shows the effect of denaturing temperature on the two EST-1
allczovmes, and it is clear that thev show very similar resvonses. I1f the

cata z2xe re-plotted, with the logarithm of activity remaining as the ordinate,

(Tic. 4.4) a satisfactory lineariszation is obtained and the regressicn
cosfiicient may be considerec as a measure of the rate of denaturation.
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heir stancard errors are given in Tahkle 4.3, ard ccmparison

recTweern thnem reveals that they are nct significantly different (t; = 1.43,
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Table 4.3 Rates of denaturation for EST-1 allozymes at 50 C, based
on the regressions shown in Figure 4.4

*
Enzvme Rate s.e. (rate)
]
EST-1 0.02¢ C.002Z

Q
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w
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w
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Rate is decrease in log)p (% activity remaining) per minute.

4.3.2.2 Thermostability of ESTERASE-2 Allozymes

-

In contrast to the results obtained for EST-1, the four EST-2
allozymes appear tc be cuite different in their thermostability rroperties

(Fig. £.3). The recression of log:- (% activity remaining) against time

reveals & fairlv linear response over =The earlv stacges (Fig 4.¢), anc the
- Pe 2 oy 14

estimated Cenaturation rates are civen in Table 4.4. It is clear Zrenm

B - S o
Tigs. 4.2 and 4.¢ tnhat EST-Z2 and EST-I are very similar to each otner,
. s mam AD : . . - o c L. L
but thet ZET-2 aspears To pbe much nore stable, and EST-2 much less stable

. Pairwise compariscns c¢f the regression coefficients indicate

inited

o]

+hat these differences are statistically significant, even on this
J o} ’

4.3.3 Substrate Specificity Studies
Inzyme assavs were developed for esters of a large variety of chemical
structures and phvsico-chemical properties. The substrates were crouded

together acccrding to some common chemical property, and all assavs for that

group were run in the same experimental session.
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For thnis experiment, assays were developed for a series of esters of
. . . . - S 520
the chromocen p-nitrophenol. Under the standard assay conditions of 25 C
and pE 7.00, it was possible to vary the acyl carbon chain length fron C=2

(acetate) to C=¢ (caproate). It was alsc possible to assay the caprylic
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Table 4.4 Rates of denaturation of EST-2 allozymes at SOOC, based
on the regressions shown in Figqure 4.6
*
Enzyme Rate s.e. (rate)
BsT-2° 0.069 0.003
. b
EST-2 0.033 0.001
C
EST-2 0.211 0.062
d
EST-2 0.067 0.003
*

Rate Is the decrease in log) (% activity remaining) per minute.

Table 4.5 Comparison of rates of denaturation of EST-2 allozymes at
50°¢
o ~
Ellozime pailr a.f. M.S. Probability
a b
EST-2° & EST-2 6 11.¢01 0.01
a - c -
BEST-2" vg EST-2 5 z.2< C.05
a a -
EST-2° veg EST-2 6 C.2¢& n.s.
o ~C
EST-2 Uveg EST-2 5 4.43 .01
b d - .
EST-2" ve& EST-2 & 12.17 0.001
c d _ -
EST-2  v8 EST-2 5 3.51 .05
ES

n.s. = not significant at the 5%

acid ester (C=8), but the results must be *reated with some caution, since

p-nitrophenyl caprylate was not scluble under these conditions,

this may drastically affect the

Carbon Chain Lencth on ESTERASE-1 Activity

Increasing the chain length of the acvl moiety had a spectacular effect
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on enzyme activity. Both allozvmes showed very similar responses, with
generally nigher activity on the shnort chain fatty acid esters (C=2 to C=4),
ant a clear crtimum for the propionate ester (Fig. 4.7). Despite the zpparent
similarityv in the reactions of the two EST-1 allozymes with this group of
esters, there is a suggestiorn of a difference in that EST—lc shows higher
activity or. C2 to C4 fattyv acids, but lower activity for C5 to C8. The

data summarised in Fig. 4.7 were subjected to a simple two-way analvsis of
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variance (Tarl

the first-crder interaction of allozyme with chemical, which is significant

at 5% level. This interaction term presumably reflects a differential

t

response 0f the two EST-1 zllozvmes to changing the acyl chain length, as

Carborn Chain Length on ESTERASE-2 Activity

guite high activity on fatty acid eszers from acetate to caproate. Cranging
the fatty acid moilety from acetate to butyrate resulted in an aopproximate
threefold increase in activity for all enzymes. However, further increases
to the valeric and caproic esters resulted in quite different effects depend-
ing on the ellozvme. The most cbvious difference is that £ST-2° shows essen-
tially the same activity on fatty acids of C4, C5 and Cob, whereas the other
three allozvmes show large decreases in activity from C4 to C6. Another
a

. e . , N b . d .
major difference is that, although EST-27, EST-27 and EST-2 show quali-

tztively similar responses, there are some differences, notably the abrupt

ir aczivity of EST-27 in cranging from the valerate tc the caproate
ester. Tnis heiferogeneity in the responses of the four EST-2 allozymas is

shown clearlv in an analvsis of variance done on this data set (Table 4.7).



Tacle 4.5 Rnalysis of variance of the effect of acvl carbon chain
length on ESTERASE-1 activity ¥

Scurce d.f. Mean square F
2liozyme (R) 1 49.61 161.36%**
Chemical (Q) 4 982.02 3193.97%%%
ExC 4 51.94 168.93%**
Error S 0.31

Crlyv asters up to C=6 (caproate) were included in the analysis of
< nce

=% = < 2.0C1
/: 50 y i : T T T T
- | I
@ L yal _‘
‘.6 45 / |
a //’ \‘ J
K_40 L /
E / \
N 3' - /’ ! -
£°° @ |
=1 O / ;- \\ \ i
=3 — sl \ =
B / \
g \
PR N // u -
g o :
=
Za0} .
B !
ﬁ H
5 15 - -
e |
S |
<10 - -
0 ~ ;
& \\
g °r -
2 E}‘\\\\E———~——_“‘ |
n 0t ! 1 L T ‘:Q -

1 2 3 4 5 6 7 8 e
Number of Acyl Carbon Atoms
Ticure 4.7 The effect of Lncreasing acyl carbon chain length on
ESTERASE-1 activity. All substrates were the saturated

fatty acids of p-nitrophenol.
(&) EST-1°; () EST-1C.

88



Table 4.7 Analysis of variance of the effect of acyl carbon chain
length on ESTERASE-2 activizyv

Source c.= Mzan sguare F
Allozvme (&) 1 35865.24 179.42%**
Chemical (C) 4 83774.64 269.06***
AxC 4 7120.69 22.87%*%
Error 9 311.36

Only esters up to C=0C (caprcate) wsre included in the analysis of
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The significant main effects of allozyme and chemical simply reflect
differences in susceptibility of the various chemicals to hydrolytic attack
by EST-2. However, the highlyvsignificant (P < 0.001) first order interaction
between allozvme type and substrate indicates that the various allozymes

have not all responded in the same way to substrate structure.

4.3.3.2 Volatile Ester Assays

A fairly comprehensive group of low molecular weight, low boiling
point esters were assaved for their activity as substrates for EST-1 and
EST-2 using a pH-Stat technicue. As with manv esterase assay systers, the
problem of dissolving the relatively non-polar esters in an agueous phase
increases rapidly with increasing molecular weight, tnereby setting an upper
limit to the molecular weight of the compounds tc be tested. In this system,

the solubility limit was reachec with the amyl acetates (M.W. 130.1¢) and

ethvl butyvrate (M.W. 116.18). Nonetheless, within these limitations it was
vossiltle To zssay a group of esters, and some interestinc patterns were re-
vealed.

4.2.3.2.1 ESTERASE-1 Activity or Volatile Esters
The results of these assays are presented in Table 4.8, and it is clear

that there are substantial activity differences, both for the chemicals and

between the twoe allozvmes. The results were subjected to analysis cf
variance (Table 4£.9) and highly significant effects of allozyme and chemical
were observed. The interaction between allozyme species and chemicel also
was highly significant, and this will be discussed later (Section 4.4). 1In
an attempt to further investigate the effect of substrate type on EST-1
activitv, the toctal set of activity measures was regressed on substrate

molecular weight. This gave a regression coefficient of b = -19.2, and a

U
1
@)
Q9
V)]
<
D
t

ro = 2.48, P < 0.Cl, so it appears that there was a

test of H :
e}

significant decrease in EST-1 activity with increasing molecular weight.



Table 4.8 EISTERASE-1 activity on volatile esters

b’ c

a3}
€3]
F'-?
[

Ester M.W. EST-1

ethyl formate 74.08 687.2 1394.8
n-propvl formate 88.80 1524.5 2565.0
n-butyl fcrmate 103.13 1311.2 2198.¢
ethyl acetaze 88.10 158.0 295.5
n-propvl acetate 102.14 134.3 331.0
i-propyl acetate 102.14 134.3 295.%
n-butyl acetate 116.16 134.3 283.7
i-butyl acetaze 116.1¢ 178.8 271.¢
n-amvl aceztate 130.19 158.0 390.1
3

(&
b
O

244.9 307.

w

[

i-amyvl acetate

thvl-n~-prozicnate 102.13 371.3 555.¢
ethvi-n-butvrate 116.16 150.1 236.4

- Specific activityv in nmcles acia released/min/mg protein, expressed
as the msan of two rerlicate as

Tanle 4. Znalvsis of variance cf EST-1 allozvme activities on the
volatile esters shown in Table 4.9
Scuxce c.=. Mzan square F

Allozvme (i) 1 1296021.5 3187.8%**

229 . 2% %%

WS

Chemical (2) 11 1719421.1

A X C 11 117228.8 288.3*%*
Error 24 406.6
**x T < (,0C1L
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Zowever, an inspection of the standardised residuals after fitting thi

e

acression indicated a highly norn-random distribution of positive ard neg-
azive deviations. The reason for this 1s apparent from the data given

in Table 4.8. The EST-1 enzvmes are clearly recognizing certain structural
Zeatures of the ester substrates. For example, the formate esters show
much higher activity than any other group. It seems more informative there-

ore, to consider the various structural groupings, v73. formates, acetates

Iy

)

ané ethyl esters separately, (Figs. 4.9 to 4.11, Tables 4.10 to 4.12).
Analyses of variance for each group indicate significant effects of allozyme,
chemical and allozvme x chemical interaction. For each of these three
structural groupings EST-1 activitv was regressed orn molecular weight, but

! no instance were the regression coefficients significantly different from

}o-
.

=.3.3.2.2 EISTERASE-Z Activity on Volatile Esters

The activities c¢f the four EST-2 allozvmes are summarised in Table
%.2.3, and an analvsis cf wvariance based on the total data set is presented
in Table 4.14. There were highly significant effects of allozyme and chemi-
zal on EST-2 activity as measured by analysis of variance, and the allozyme
¥ chemical interaction also was highly significant. As for EST-1, to further
investigate the effect of substrate structure, EST-2 activitv was regressed
on substrate M.W. (Tabkle 4.15). The regression coefficient was vpositive
ané significant (P < €.05), but as was found with EST-1, inspection »of
residuals after fitting this regression indicated a highly non-random
Gistribution cof positive and negative deviations, and the regression accounted
Zor only 10% of the variastion. Agzain it was more informative to consider the

rarious chemical structural grounings separately, Figs. 4.12 to 4.14, Table 4.

. For each ester grour a hichly sicgnificant (P < 0.001l) positive regress-

|
utr

on of activity on M.W. was observed, and a much greater proportion of the

|-

variation in the data was explained (Table 4.15). It appears that E3T-2
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Table £4.10 Analysis of variance for the effect of varyving alcohol
carbon chain length on EST-1 allozyme activities for a
group of formate esters

Source d.f. Mean sguare F

zllozyme (&) 1 2315268.7 6856.7**%*

Chemical (Q) 2 1067447.5 3163.2%*%

A= C 2 27768.8 82.2%*%*

Erroxr 6 337.7

**% D < 0.001.
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Tigzure 1.10 Effect of alcohol carbon chain length and structure
on EST-1 allozvme ivities for a cgroup of acetate
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Analysis of variance for the effect cf varving alcchol
carbon chain lencth and structure on EST-1 allozyme
activities for a grcun of acetate eskters

Source a.f. Mean sguare r
Allozyme (&) 1 1349e¢2.5 233.9%%%

ro
[s¢]
]
w
~l1
w
'__)
S
(V8]
*
4
*

Chemiczl (Q)

M
[ %)
o
(@]

StruczTure (9) 1

A x Z 2 1535.1 2.7%%%
A x S 1 10¢57.2 19.0%***

M)
»
n
1]
5 Rt
[ RN
\O
l.._)

Cc.o

2 x C xS 2 2687.3 4,.7%
Error 12 577.2

* < .05

* T < 2.001
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Table £.12 Analysis of variance for the effect of varying acid
carbon chain lencth on EZST-1 allozyme activitv for a
crour of ethyl esters

LZllozyvme (&) 1 311235.7 2667.6%**

Chemical (C) 3 ©615144.1 5272.4%*%*

AxC 3 83266.5 T13.T7xE*

Error 8 116.7

[y



Table 4.13 ESTERASE-2 activity on volatile esters

T

Chemical M.W. EsT-22 esT-2P EsT-2° Est-2®
ethyl formate 74.08 G 0 17.2 30.9
n-propvl formate 88.80 285.4 379.9 498.3 216.1
n-butyl formate 102.13 53C.8 1029.4 1030.9 848.8
ethyvl acetate 88.10 ¢ 0 0 0
n-propyl acetate 102.14 0 0 0 0
i-propvl acetate 102.14 o] 0 0 0
n-butyl acetate lle.ie 222.9 122.6 103.1 154.3
i-butyl acetate 1le.le6 318.5 245.1 223.4 277.8
n~amyl acetate 13¢0.x8 32¢.1 330.9 257.7 354.¢8
i-amvl acetate 130.1¢ 372.6 416.7 282.1 401.2
ethvli-n~propionate 102.13 212.3 158.3 274£.9 262.4
ethvl-n-butyrate 1l6.1i¢ 1082.8 1004.¢ 584.2 74C.7
) Specific activity : nmcles acid released/min/mg protein.

+3

aple 4.14 Analysis of variance of EST-2 allozyme activities on the
volatile esters shown in Table 4.13

Source da.f Mean square F
Allozyme (A) 3 7207.1 O, 7Tx%xr
Chemical (C) 11 732701.7 989.0%*=
AXC 32 24268.2 32.8%%x
Zrror 4E 740.8




Taple 4.15 Regression of ESTERASE-2 activity on substrate molecular

welght

3N

Incepencent variable r b
Moleculary weight
(all esters) 0.10 6.37%
Moilecular weight
(formate esters .84 30.10%**
Molecular weight
{acetate esters) 0.82 Q. 59%**
Molecular weight
(ethyl esters) 0.71 19.67%*%
* P < 0.05
***% P < 0.001
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activity increases with increasing molecular weight Zor every class
examined in this set of volatile esters. BAnalyses of variance on each
subset of the data reveal significant eZfects of allozyme, chemical and
allozyme X chemical interaction (Tables 4.16 to 4.18). The set of acetate
esters can be further subdivided accoriing to the structure of the alcohol
moietyv, +.&. whether it was a primarv or secondary alcohol derivative
(Tazle 4.17). The main effect, structure (S) in this analysis is highly

ignificant, and inspection of the data indicates that it is the result

1)

of &1l enzvmes having higher activitv on acetates of alcohols with secondary
structure. The first order interaction cf allozyme with substrate structure

was ncn-significant, presumably reflecting the fact that all allozymes had
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econcary alcohols as compared with prinary

alcchocls of the same carborn number {(Takle 4.8, Fig. 4.13). A wealth of

diversity among allozvme species can 2e seen in these data, and this will
be dlscussed more fully later.
£.3.2.2 Assavs on Esters cf Acetic Acid

The cbjective ci these exper_ments was to compare the effects o

alconol croup structure on esterase acitivity for a very diverse group of

esters in which the acid mciletv was maintained as acetate. Since it was
not technically feasible to conduct this study as a single experimenz:, the

datea have not been analysec by anv statistical procedure, but are simply

presented in tabular form.

4,3.3.3.1 Effect of Alconol Structure on Z3T-1 Allozyme Activity

The results of comparing the activities of two EST-1 allozymes on a

m
D

nted in Table 4.19. There did not appear

grour of 13 acetate esters are pre

th
0
n
(B3
A
0
rt
[t7]
=
O
;
(13}

tc pe anv simple effect of cular weight on activity. The
rour of volatile esters haa much higher activity than the non-volatiles,

and among the volatiles there was & sucoestion of some differentiation

EST—lb allozvme had similar or

m

between the two allozvmic variants. Th



Table 2.1 Analysis of variance for the effect of varying alcohol
carbon chain length on EST-2 allozyme activities for a
group of formate esters

Source d. Mean square F

zllozvme {A) 3 70 .4%**

Chemizal (T) 2 1500742.6 1426 .4***

A x C 6 3Z.6***

Errox 12

*EX P 201

Table £.1.7

N}

-

Analysis of variance for the effect of varying alcochol

carbon chain

activities for a group of acetate esters

length and structure on EST-2

allozvme

Qs
Fh

Mean square

)

m
oW

n
~
[

14.9%**
798.3%*%*
52.0%%x%
6.o%x*x%
0.1
17.0***

1.0

.001

Aralysis of variance for the effect of varving acid carbon

chain length on EZST-2 zllozyme activity for a group of

ethyl esters

Source

a.

Mean sqguare

Allozvme
Chemical

A x C

W
)

(

M W W

-

20.9%%%

1511.8%*%*

36.7x**

100
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Table 4.19 Effect of alcohol structure on ESTERASE-1 activity for a
grgup of acetate esters. All assays were conducted at
25°C at pH 7.00

Substrate M.W. ESTERASE-1°  ESTERASE-1C

hvl acetate 88.10 158.0 235.5
n-propyl acetate 102.14 134.3 331.0
i-propyl acetate 102.14 134.3 225.5
n-butvl acetate 116.16 134.3 283.7
i-butvl acetate 116.16 178.8 271.9
n-amyl acetate 130.19 158.0 390.1
i-amyl acetate 130.19 244.9 307.3

{b) Non-volatile esters
p-nitrophenvl acetate 181.2 1z.8 18.4
o-nitrophenyl acetate >81.2 1.6 2.0
a-napnthyl acetate 186.2 25.2 34.6
f-naphthyl acetate 186.2 45.5 €5.0
Z-methylumbellifervl 21e.2 75.3 112.7

acecate N.D.
cholesteryvl acetate 428.7 N.D. N.D.

lower activity on acetates of primary alcchols compared to secondary,
whereas the reverse situation applied for the esT-1° allozyme. Some of
these ccmpounds were shown to be guite toxic in a closed atmospheric system
(Le, 19€3), and it is conceivable that differences such as those observed
here (Table 4.11, Fig. 4.10) could be of some physiological significance.
The group of svnthetic esters showed considerably less activity, but do
clearly illustrate one important fact, v<5. for closely related comgounds,
the stereochemistry of the ecter bond can have a very large influence on
enzyme activitv. Thus, with the nitrophenyl acetates, placing the -NO-
group in the ortho configuration, adjacent to the ester bond, reduces activity

almost to zero. Similarly with the naphthyl esters, where placing the ester
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linkage in the & position on the naphthol ring results in greater activity
than when 1t is 1n the o poesition. With this system, no activity could be

detected on the acetate ester of cholesterol.

4.3.3.3.2 Effect of Alcohol Structure on E=ST-2 Allozyme Activity

The activities of the four EST-2 alliozvmes on the group of acetate
esters (Table 4£.20) show a number of interesting features. Perhaps the most
striking result is for the group cf volatile esters where the lower molecular
weight ethvl and propyl esters appear to de ineffective as substrates, whereas,
the butyvl and amyl acetates are hyvdrclvsed guite rapidly. These data were
analysed in more detail previously (Section 4.3.3.2.2; Fig. 4.13, Tabl=z 4.17).
the stereochemistry of the ester bond
influence on activity. The ortho-nitrophenyl acetate again

area-nitrophenvl isomer, and oa-nashthyl

n the f-naphthvl Zorm. However,
Zrox the results for EST-1 anong the
of botnh allozvmes ecguallv. The results in

a2 aiZferential effect of substrate

the other studies, it is the EST-2 allozyvme which stands out as being

different from the other thrse, which tend to be fairlv similar in their

N

A number of allozymes produced bv the Zgi-7 and Fgi-2 loci were
characterised with respect to their pi-activity profiles, thermostabilityv
and substrate specilficity. If allozyvme zolymorphism is maintained by
balancing selection, i1t i1s necessary that there be physiclogically relevant

cifferences between the allczvme variants. The results presented indicate

a wealth of diversity between allozymes oI the Fegi-2 locus, and some
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Table 4.20 Effect of alconhol structure on ESTERASE-2 activity fcr a
group of acetate esters. All assays were conducted at 25°C
and pH 7.00

a b c .<
Substrate M.W. Z8T~2 EST-2 EST-2 EST-L
(a) Volatile esters
etnvl acetate 88.10 N.D. N.D. N.D. N.D.
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-propvl acetate 102.14 N.D. N.D. N.D. N.D.
n-butvl acetate 116.16 222.9 122.6 103.1 154.3
i-butyl acetate lie.lg 318.5 245.1 223.4 277.8
n-anyl acetate 130.18 32¢.1 330.¢© 257.7 354.9

6 416 2.1 4 2
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i-amyl acetate

(b) Non-vclatile esters

p-nitroghenvl

acetate 181.zZ 51.4 42.4 14.9 38.2
o-nitrophenvl

acetate i8Ll.2 5.1 13. 5. 12.3
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a-napnthyl acetazte 18¢.2 122, 123. 122.7
1
€ z218.z2 ZE2.8 215.4 10¢6.4 z2Z¢.3

s
o
w
=d
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C

N.D. N.D.

differences between the two allozvmes of Fgi-I locus which were exanined.
Since these studies were carried cut with only partially purified enziyme,
the differences in specific activiity between the various enzvme preparations

must be viewed with some caution. Thev may well be due to differences in

the amcunt of enzyme protein which survived purificaticn, rather than differ-

context, significant interactions between allozyme tvpe and the various exper-

mental treatments are far ensitive indicators cf differences between

ﬂ
0O
3
b
]

allozymes than are simple differences in activity.
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With reszect Zc the pH and thermostability studies a number of compar-
isons can be mzade with enzvmes in other species. In general, for allozymic
variants of Zrcerrit.a  species, differences in pH optima (Narise, 1373a,
1979; Harper zrd Armstrong, 1973; Zlahiotis, 1979a) and thermostability
3a; Alahiotis, 1979a) have been found for a

number of loci. Irn one instance, Zor a-glycerophosrhate dehydrogenase in
D. melavogcszer, no &ifference in thermostability of allozymic variants was

detected, but <emperature related differences in such enzymic properties as

specific activizyv, X and reactlorn rate constancy were found when measure-

m

ments were made within the normal physioclogical range (Miller et ql., 1973).
For the studies on the D. buszzaiii esterases reported above, there was

no convincing evidence IZcoxr differences in thermostability or pH optimum for

the two EST-I allozvmes, and no aifference in pH optimum for the four EST-
allozvmes. Thers were however, substantial differences in thermostability

for the EZ8T-I enzimas. On the kbasis of the studies reported in Charters 2

and 3, I belisve it nas been possibnle te make a convincing case for homology
of the Zgi-_ anc ZTet-f loci of I. ruzs3ciii with the Ego-£ and Fec-u loci

respectively of . Zriliec. Narise (1973a) compared the pH optima and

e number of allozymic variants at the Zgt-o and

o
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5gv-B loci cf J. viriite. The enzvme materials which she used were more

nighly purid in the present study, and the experi-

mental conditions wsre guite different, which may account for some cf the

differences petween the two sets cf data. For the D. virilis enzymes,

Narise reporc of oE optima and thermostability for allozymi
variants at roth loci. She sucggested four different pHE profiles for the

otal set of allczymes rroduced by both esterase loci, with optima in the

ranges ~.0 - 7.3, 7.5 - 8.0, 6.0 ~ 8.5 and 8.5 - 9.0. TFror allozvmes of the
Zgt-o locus, 2 27 ¢ zeg+ted hac a »pd optimum in the range 7.0 - £.0, and for
Zegt-f allozymes 3 of 4 had their optima in the range 8.0 - ©.0. 1In generel

this agrees with the results observed for D. pusszarii esterases, with the
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four EST-2 allozymes showing optima around 7.0 - 7.5 and the two EST-1
For thermal

and those reported here.

esterase allozymes
the group

C

aliozymes with optima in the range £€.0 - 9.0.
The thermostability results provide the only significant inconsistency
(1973a,b)
- were

between the data of Narise
though for

N . . e} s .
denaturation at 60 C, Narise reporied that the
there was a very large range of thermostabilities.

T

much less stable on average than the c-esterase enzymes,
of & Esi-u allozymes tested
The étudies with J. Zuzzatii enzyvmes were made at 50°c, and under those
conditions the EST-2 (2-EST) allozvmes were generallv less stable than the
EST-1 (£-EST) allozymes. However, I would argue that thermostability deter-
mined at non-phvsiolocical temperatures is probably not a very reliable
parameter of evoluticnary divergence, and it may well be that observed
There are two pieces of data
tion. First is the great heter-

differences are of no rxhysiological relevance.
“his cont :
zlloczyvmes reportec here.

wnich I would adduce in support ci
oceneity cf stability cbhbserved for the ZIcur EST-2 al.
Tre ZST-2 allozvme was not significantly different in thermostability from
The Two EST-1 allozvmes, though i1t was significantly more stable than the
other three EST-2 enzyvmes (Table 4.3). In the preceding chapter, I argued
that the EST-1 and EST-2 enzvmes wegre different in essentially every property
examined, and that if the EFgt-: and Zg?-Z loci had arisen as the result of a
cene duplication event, it would agpear from the litzle data available that
the duplication had occurred prior to the divergence of Sovhoricra and
Drocgophila sub-genera, by late Eocene (Throckmorton, 1975). Taken at face
value, these data sugcest that the extent of thermoszability differences
between allelic forms of a given enzyme is as great as the difference between
isczyvmes wnich have been evolving at least partly independently for 30-40
millior vears. The results of Narise (1973a) indicate that a similar situa-
tion occurs for the esterases of . v{rilis.
Whe-her the observed cdifferences in thermostability of allelic variants
ny physic%oglcal relevance also must be cuestioned in the lighﬁ of

are of a



esults obtained for the alconol
Gizson and co-workers (Gibson =

= electrophoretically cryotic

W

. f
var.ant of the ADH

cehydrogenase enzyme in D. melanogasier.
Z.., 1981; Wilks et al., 1980) analysed

allozyme which was twice

- - s S o
as thermostable as the common EZDh  and ADH forms. This thermostability
. fch.c . N . . . .
varient (ADH ) was found at low but polymorphic freguencies in natural
vopulations of D. melarogzaeter in zustralia, and a thermostability variant

imilar prcperties was known In Ncrth American populations

(Sampsell,

1277). These data provided the ©zpo nity to seek correlations between
the freguencies of alleles encoding thermally stable enzyme variants and
various environmental parameters related to temperature. The results were
summarised by Gibson and Cakeshott (1982) as; "...these data provide no
evidence that the freguency cf FJ7.0 is consis tly correlated with
snvironmental temperatures, differentials in ADH activity are oniv
manifest in extracts subliected tce temperatures which are lethal te larvae
cr adult flies...".

mithough differences In
common, in no instance has anv pn
Tne Cifferences. In fact the onl
s related to the environmental =

“rom the study cf orthologous enz
ent thermal regimes (Alexandrov,
conditicns Somero (1¢78) adced a
petwaen adaptation temperature an
and must be viewed not only as &
adeguate heat stabilicy, but alsoc

uit

allozvmes are

~
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vanrce vet been ascribe To
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convincing eviderce that heat stabilitwv

emperatures which organisms encounce

e molocues of species adapted to differ-
1977; Somero, 1878). EBEven under these
ricder: "...the correlation
2 enzvme thermal stability has manv facets,
reflection of the selective advantage of
as an outcome of the co-evolution of
» to say that differences in pH opiima and

be

differences may
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In contrast to this, anv cliferences in substrate specificity between
allozymes may be of consicderable physiological import to the organiesm if

1t encounters a'diversity of these substrates, and they are not distributed
constantly over time and stace.

The results of the substrate specificity study (Section 4.3.3) sucgested
that there are differences between the alloczymes produced by the Zet-I and
zev loci. The differences noted Zor the two EST-1 allozymes were not

c

varticularly great and for the enzvmes used in these studies, the BST-1

invariably showed a hicher specific activity thar. the
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EST-1" preparation. Despite ths apparent catalytic superiority of the

S7T-1" enzyme, allozivme byv substrate interactions were significaent, indica-

ting different relative effects of wvarving substrate structure.
The differences rzetwesn allcoz.me preparations were much greater for

oroducts of the Iei-I locus. Amonc the data presented in Section 4.3.3,
it is pcssible to f£ind inmsztances i which each ¢f the four allozvmes shows
greazest specific activizTy.

and EST-Z on formate ssiers, and volatile esters generally, and for ZST-
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the trenc of increasingc acTiviitv wiin In

(Table 4£.20). Narise (1973b) brieflv

reporteld some substrate szecificity results for the o- and F-esterase
allozvmes of Z. »ir<ilis, and while these agree very satisfactorily with the

there were no differerices in sub-

strate specificity betweer the allczymes which she examined. Since only a
small number of substrates were common to koth studies and she reported data

e ¢ each locus, it is not possible to make

an extensive substrate specificicty

bv the Zgv-¢ locus in . mc. 20—
. They found sicnificant differences between allozyme preparations

wlth respect to substrate speciiicity, thouah the differences were not as
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great as tnose reported here, and cone allozyme was almost always mor:z
active than the other, especially for those compounds which were hvdrolysed
rapidlv. It 1s worth noting that, of the 26 esters for which data ware
reported, as a group the formates were all hydrolysed extremely rapidly.
Although I argued previously (Section 2.4) that there was no convincing
evidence cf homology between EST-6 in I. melanozasier and the esterases of

RN Tohws
vaoll o

, 1t is interesting that formates should be hvdrolysed so rapidlv

[SH

k)
L.
in both species. 1In a cliosed system in which adult D. buzzatii were exposed

to atmespheric esters, Le {1983) Zound that, as a group, formates were extrem-

elv toxic. It is not known whether formate esters cccur in appreciable guan-
tieg in the feeding and breeding habitats of Ivosophiic, but if they do,

then it mav be necessary to hvdrolyse them rapidly as a detoxification

studies for non-specific enzvmes have

>rature, especially for multi-allelic

ernzyvme svsIems, thev are impoertant in the context of models which seek to
relate levels of enzvme pclymorrphism to enzvme function. The idea that
erzymes wnich act on a multiplicity of substates are more pclvmecrpnic than

those which have onlv & single substrate (Gillespie and Kojima, 196¢&;

wavs of glucose metabelism (Greup 1) which have only a sincle prvsiological
substrate are less genetically variable than enzymes which have multiple

sunsirates derived Irom ithe external environment (Group II). The reason

ir this nvoothesis 1s the action of selection operating in heterogereous

ironments, in this case, variable substrates. Johnson (1973, 1974)

subsecuently extended this model ToO subdivide the Group I enzymes irnto those
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hich have a regulatorv function »8 those which do not, arguing that

llozymic variation for reculatorv enzymes provided greater physiolocical
lexibilitv. These models have been the subject of some criticism ir. the
nsuinc period (Selander, 197¢; Zouros, 1975; Singh, 1976). A meajor diffi-
ulty as noted by Selander (1S7¢) 1s that it is not always a straightforward
atter to assign enzymes tc one 2r other of the groups, and this 1s especially

rue of the Group II enzvmes where thelr assignment is based solely on

in vitro properties. Zouros (1273) noted that a high proportion of Group II

e

)

a

s

+

+

enzymes were monomorphic, and It may well be that if their physiolog:cal

ubstrates were known, some oI these enzvmes should be more properlv cate-

. The most thorough analysis of the

specificity model" is that cof Singh (1876). He conclucdes from a survey of

he literature and experimental work on alcohol oxidising enzymes cf .
the evolut:_.on of
t a single lccus.

nile I pelieve that Singh's lzicisms are valid if cne is seekinc a ciobal

xplanation c¢f polvmorphism among Group II enzymes, nonetneless I feel tha

t 1s premature to discount the moael entirely, for the simple reason that

re few, if any precedents wnicnh indicate that natural selection has favoured

ingle sclutions to the challen

s

)
W
)
O
th

adaptation. Myvers (197g) reconsidered
he available date on isozymic and allozymic variation, and concludel that
hey represented alternative IZcrms of adaptation.

the Zg7-f£ locus in D. »puzzavii may represent an

xcellent opportunity to ner assess the '"substrate specificity
vpothesis". The enzvme Is lccated primarily in the alimentary tract, and
onsecguently will be in direct contact with ingested materials (Chapter 2).

llozvmic variants show different specificities (Section 4.3.3). Singh

}_K

Ny
N

3

oted that:
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"... (1) most polymorphic loci have only 2-4 alleles and very
few have more than 4; (2) with each group of these loci... the
distribution of allelic fregquencies is very uneven. Most loci
have one allele which is the most common allele in most popu-
lations, anc all the other alleles are cuite rare".

The Zei-Z locus is an exception to both these generalisations. Singh went

0

on to note that:

"The number of alleles at & sing

1 us can be taken to reflect
the cualitative aspect of the sub s}
o

ecificity hyrmothesis and

the average heterozvgosity, its tative aspect."

In natural populations of D. puzzatii we currentily know of 7 alleles at

arker, East and Sene, unpublished) and in Australia there

(N}

U

the Zgit-Z locus (

are 4 common alleles, with an average level of heterozygosity of 0.635 *

o)}

sv-2 locus and the allozymes produced by it

Ery

0.C0%6, (3arker, 128l). The

[on

by Singh (1976) which are

aprear to have all of the properties sucgeste

re-regulisites for & velld test of the "suostrate specificity hvpothasis”.
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ERASE-2 ALLOZYMES

5.1 INTRODUCTION

Tror the population genetics viewpoint, the Esi¢~2 locus provides us
with & particularly int study. As noted opreviously, pd>lv-
morphism at this locus is atyzical in that the very high level of avarage
neterozvcosity, as measured bv conventional electrophoretic technicuszs,
results IZrom the of four alleles, with the frecguzncy
of the rarest of less than 0.1 in natural populations
{(Barker znd Mulley, 187¢; barxer, 221}, A compilation of data for about
400 single locus polyvmorphisms v Sinch {(1976) suggests that less than 10%
of the loci have at shown by the Zgt-Z lozus. Apart
from this unusual a considerable number of studies
{reviewed in Section 1.2.5) suggest that some form of balancing selection
is invclved in the maintenance of the Zgi-f polymorphism. Of course, such
data can only provide circumstantial evidence of selection, sincs it may not

be possible to exclude the possipility that selection is acting on a linked
locus with which the Zgi¢-£ locus is in diseguilibrium.

The Cifference in molecular properties between the four allozymic
variants of the £8t-Z locus wnich were examined in the previous chapter
seemed sufficiently great as to warrant further investigation. Detailed
descrivtion ¢f the differences petwesen allozymes, especially in the context

ction between environmental factors and the

to provide our best home for breaking the

ion on a particular locus as distinct from
loci linked to 1it.
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If allozymes are not neutral with respect to natural selection, but
rather, represent an evcolutionary solution to the problems of adaptation
to unpredictable envirormental concitions, then it is reasonable to =xpect
this to be manifest in the catalytic properties of the enzyme variants.
The most useful descriptors we have of enzvmes as biological catalysts are
their kinetic parameters, particulerly the Michaelis constant (Km) and the
catalytic turnover number {kcat)' For many enzymically catalysed reactions
the velocity of the reaction (v), as a function of substrate concentration

(S), can be represerted as a section of a rectangular hyperbola described

by the relationship:

vi=_ o sl/ds] = k) 5.1
max m
where V = k . E ard E 1is the total concentration of active
nax cat” o o enzyme.
The two parameters, Vmax and ¥ , which define equation 5.1 are complex
i1 m

furnctions of individual rate constants (see Section 5.2), and as a con-
secuence they may vary with experimental conditions such as tempsrature,
pH, idcnic strength ¢Tz., and in the case of enzvmes which can act on more

than one substrate, they may also vary with substrate type. Excellent

)

[y

vided by the serine proteases. This familv 0f enzymes

examples of this are pr

c

0

has been extensively characterised with respect to primarv, secondary and
tertiary protein structure, and also with respect tc factors affecting sub-
strate specificity. Hartley (1979) in a discussion cf the evolution of enzyme

structure observed that: "Remarkable conservation cf tertiary structure is

the outstanding lesson that we learn from this divergent enzyme familvy.

Differences in specifiicity are readily grafted on to a common pocket ... by
onlv cne or two aminc-acid changes, anc we see isoernzymes .... with consider-
able surface sequence ClI] o i tical substrate specificities".
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Lne

v Bencer and his colleagues

1969) provide a model for the
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There has recently been some theoretical interest in the effects of
natural selection on enzyme kinetic paramezers (Fersht, 1974; Crowley, 1975;

Cornish-Bowaen, 1276). The results suggest thnat natural selection is likely

[R1

8]

to have favoured different strategies for Zerent classes of enzyme. For

enzymes involved in the integrated pathwavs ¢ intermediaryv metabolisn,

natural selection appears to have favoureé z svstem in which k is large,

cat

and Km is approximately equal tc the phyeiclzczical concentration of the

0
&
n

trate. This has the effect of maximisinz flux through the pathwav
concerned (Crowlev, 1975). For enzvmes invcived in cdigestion, such as vpepsin,

<rypsin and chymotrypsin, the values of X_ tend <o be small with respect to

Zikelv supstrate concentration. Tnis the enzvme is normally

saturated i 10¢ and conseguen®

release. IC¥ enzvmes involved in Zetoxiiicazion, evcluticen is likelv to
nave rromoted hich values of k_, znd low valuess of ¥ (Cornish-Bowdern,
1S7¢. . This strategy ensures ooinl ThE cf low levelis c¢f

concenTration (Tipton, 198C;.

Trom the theorezical ccnsicerations and the extensive empivicel

[92]
®

stucdies 0f the serine proteases 1t seems clsary that the kinetic parematers
Voas (= kc z ) and K. snould be sensitive ndicators of differences betwesen
naX ac. O m
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enzyvmes such as esterases, which have broad zand ill-defined substrate speci-
ficityv, and alsoc of enzymes of ectotnermic crganisms, which are sukject tc
fluctuations in environmental variables such as temperature and pressure.
The results of the comparative studies reported in Chapter 4 suugcested
t & Kinetic analysis involving temperaturs and substrate variables mighs

orovice some useful clues to the neture oI the polymorphism at the Zi37-!
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5.2 THEORY

Although eguation 5.1 is an adeguate descriptor of the variation in
rate of catalysis with varying substrate concentration for many enzymes
including the EST-2 allozymes reported below, it is important to recognize
that the parameters K and Vmax are functions of a number of rate constants
which are unknown, and cannot normally be readilyv estimated. The precise
form of the functions which describe Km and Vu « is dependent on the mechan-
ism of the reaction. Literally, the esterase catalysed hydrolysis of
esters follows a cryote ping-pong uni-bi mechanism in which the second sub-
strate is water (Rcherts, 1¢77). However, since water is normally prasent
at extremely hicgh cocncentrations, the enzyme is usually considered to be

saturated with this sumstrate at all times. Under these conditions the

- TN - -—
E~-~8 =—]/— 7 | = EQ - D E 4+ ¢ .1
(ZFD) = = —
in_ = - j g
- =
where: I is free enzvme, £ is substrate, T and Q are products, &nd IS,

+.

T2 and EC are anzyme bound intermediates of the reaction process.
or initial reacticrn conditions the concentration of products P and { axe
effectively zero, and so k.- and k_5 will be negligible compared to k, and

k.. In tris instance the reaction can be re-written (in fclded Zorm' as:

Q
};:)
) v.2
d —
e} y Jols
Ef 2
For any enzyme Specles Ei, the proportional concentration of that srecies is

9l

)

given by (King and Altman, 185



(E) -n 5.2

King and Zltman (195¢) proviced a schematic method for the calculation of

the determinants ﬁ; ané these are summarised in Table 5.1

1

From this we deduce the following expressions:

tr
1O
1l

The rats c¢f formation ¢ product T is:

% _ xo.fzsl] 5.4
Applicatzizcrn of eguazicons DU and I.> gives:

3z izsl koo ky kg S Eg s s

at Tk i S -
Similaxriv, =he vate of formation ¢I procuct Q is:

Vv is:
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Dividince numerator and denominator through by kj (kp+ki) gives:

n

w
[o0]

the Zorm of ecuation 5.1, in which:



the uncancellable,

non-cyclic detexminant

Teble $.1. Estimation of
terms for reaction mechanism V.2
Enzvme Species Vector Diagram Determinant ( A )
E
E k/ kz.k3
e
k2
E
= }\/ ) k- .K;
= )/ \:_.S k:.k3.8
s
ki.kK:.S
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- _ 23
cat (kntk2)
k = k3(k~_?k
m K (koK

1.1

Since normal technigues of kine

E

vide estimates of V ( -
m cat.

ax

"apparent" values only, valid for the particular set

ko1, koo k3.

affini 1l:id

ty. The va

and X

m

aticnship between K
S

nformation concerninc

PR ONRILe

.

nature of ¥
maxy

for

“ne specificity

th

or that enzvme.

V.2, & consideration of ecuations 5.
constant (k /K ) is equal
cat m

reporited in Section 5.4, it

only vartially purified material was used.
cen=ous patch of each allozime rreparation was u
comparisons will be made in terms of the pseude-
VWﬁX/VW. Wnen comparing between allozymes, the
max’'

varameter may not be very meaningful, but altera
shculd be a sensitive indicator of any differenc

ti

<

\
/

e}

measure of affinity of an enzyme for

as defined by ecua
affinityv must

the

an

—~

and Km, these must

d

Q
=

best

case,

and 5.10

<o Kiko/(ki+ ko).

estimaztor

for

analysis using in

rovide us with no information as tc the values
The c¢reatest difficulty arises

, since it is common practice to treat K

the dissociation constant KS (=k -1 /kq) .

be treated with

rate constants

cdifferent substrates.

for the protease o-chvmotrypsin, that the razic kc

et

-l
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.9

.10

w

a2l rate methods pro-
regarded as
conditions used.

of the true rate con-

in interpretation of

as a measure of er.zyme-

i

sub -

learly there is no simple

-
~

5.10, and any use of

cauti in the absenc

on

z reaction.

r tThe

to compare the

and Bender {19¢9)

2rot

/K , whica they
" m -

of substrate effec:t-

e

reaction mechanism

indicates that the specificity

For the comparative studies

nas not been possible to estimate kcat’

However,

cince

since the same lromo-

sed Icor all the studies,

£ 4

first-order rate constant

abpsclute value of th:.s
ticons irn relative va.ues
es petween them.
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5.3 MATERIALS AND METEODS

The genetic material used for these studies was that described pre-
viously (Section 4.2.1), andé the enzymes were purified according tc Protocol
2 as outlined in Section 3.2.1.2. As before, at the final step of purifi-
cation for any given alloczvme, fractions were pooled, thoroughly mixed, and
stored at -ZOOC in 0.4 ml aliquots. For the experiments reported below,

sufficient of each allozvme was thawed for one day of assays.

5.3.1 Kinetic Procedures

For a particular set of environmental conditions (Z.€. temperature,
pH, substrate type) all assays were done in a single experimental session.
Tor any c¢iven value of temperature and pH (Section 5.4.1) or temperature
and substrate (Sectiorn 2.4.2) all assavs were completed within 8 hours.

Assays were perfcrmec in 0.1M phosphate buffers at pH 6.5, 7.0, 7.5

- - . (e} _ , L
znd 8.0, and temperatures c¢f 10, 25 and 40 C. Temperature was meainteined by
] ~ =%~ ; ; 3 ;
& cirrculating water batn at T = 0.2 C. For the substrate study, the acetate,

zutvrate and caproate ssters of a-naphthol were used. BAll reagents vere
crepared freshly on the morning of use from stock solutions of substrates
. W RO - e n
in acetone stored at -20 C. Buffer of any particular pH was prepared as a
single large batch sufficient feor the whole ewperiment.

For the cetermination of kinetic constants, each assay was conducted in
triplicate at each of seven different substrate concentrations. Thus, the

relocity Vs substrate curve in each case was based on 21 points.

5.3.2 Estimation of Kinetic Parameters and Thermodynamic Constants

Data were analvsed according to the procedures of Cleland (1279)
using a weighted, norn-_inear least sguares regression procedure. The data
were fitted to the rectancular hyperbola described by eguation 5.1 using
the two programmes HYPZR and HYPERL of Cleland (1279). Listings of these

Tortran programmes are given in Bhppencdix C, since the initialisetior. of some

variables had been omitfted in the iisting of the HYPER programme given in
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Cleland (1%979).
Enzyme thermodvnamic parameters were calculated from the following set

of eguations taken from Robert and Gray (1972).
- k7 1l -
Ea = 2.303 log i2.r, &=~ 3
}11 Tl T2
AHY = E_ - RT
[=8
rs# 303R (log k - 10.753 - 1 2
s+ = 2. (lo - . - log T + ————
B ‘ g ¢ 45761
AG¥ = AET - Tag®
where: Ea i1s the Arrhenius enercgy cf activation, AE* is the enthalpy of
AGT ic the Cibbs free energy

ivaticn, £s¥ is the entropy of activation,
(given by V ), R is the gas con-
max

is a velocity constant

of activation, k
-— - o] - ot h = m 3 3 4 o Or
stant {1.987 cal/dec ver mole), and T is absolute temperature ( K).

.3.3 GCGraphical an
urfaces shown in Figs. 5.1 and 5.3 were drawn

n
o
O
o]
u
et
wn

{197<) regular rectangular grid bi-~variate cubic

bv computer using Akima's
lgorithm, using Fortran plotting and hidden~line drawing sub-

interpolation a
ed bv the PLOT-79 c¢raphics package.

routines provid
Kinetic parameters were analysed byv analysis of variance using &
for

In theory the error sum of sguarec

ranécmised complete block design.
these analyses could have been provided by a pooled estimate of the residual
However, the wide range

variance after fitting the non-linear regressions.
of environmental test conditions used in these studies resulted in a signif-
£ the residual variances, preventing the valid calculation

icant heterogeneity
more conservative test

£ a pooled estimate oI variance. Accordingly, a much
usincg the second-order

st-order interactions was don

eYryor mean-—-sguare.
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The results of the kinetic analyses are presented in terms of the
apparent K andéd V parameters, and the pseudo-first-order rate constant
m max
v /K . The standard errors accompanying each estimate were provided by
max’ m

the computer programme used for the analysis, and are based on the residual

variance after fitting the non-linear regression (Cleland, 1979).

5.4.1 Effect of Variable Temperature and pH on EST-2 Allozyme
Kinetic Parameters
In broad outline, the effect of changing the assay environment was
similar for the four allozvmes, though a more detailed examination revealed

crificant differences in many instances.

5.£.1.1 Effects on Apparent RT

The apparent K 's and theilr respective standard errors are presented
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Similarlv, on average,
temperature has little effect on Kn' though values tend to be higher at the
verv low temperature of 10 C. To analyse the effects in more detail, the
data given in Table 5.2 were subjected to analyvsis of variance, and the
results are summarised in Table 5.3.

There are no significant differences in K for the various enzymes,
and none of the interaction terms involving allozymes 1s significant. The
main effect of pH is highlyv significant, and presumably reflects the trend
noted earlier of increasing Km values with departure from the enzvme pH
crtima. Temperature nas no sigrnificant effect on Km in this analvsis, anc
this will be considered further in the discussion. There is a significant
interaction between »I and temperature on substrate affinity as measired by

the apperent K . Inspecticn of the data suggests that this significant

&



Table 5.2 Effects of variable pH ancé temperature on K (app.) for four
EST-2 allozymes. Parametery estimates were provided by the
EVYPERL programme of Cleland (1979)

H
Enzyme Temo. P
N
v 6.5 7.0 7.5 8.0
Est-2° 10 22.32 (0.75) 15,14 (1.28) 13.33 (C.55) 1l€.87 (1.18)
25 11.82 (0.¢5) 14.23 (1.25) 13.e5 (1.08) 18.74 (0.82)
L0 19.22 (1.97) 12.84 (0.54) 9.64 (0.63) €.19 (0.54)
Est-2" 10 1.6l (1.29) 13.74 (1.24) 12.24 (0.43) 8.72 (C.52)
25 11.51 (0.89) 11.C2 (0.68) 9.46 (0.39) 20.89 (1.22)
L0 23.79 (5.22) 11.7% (0.73) 10.52 (C.40) 5.70 (C.54)
Est—2C 10 26.01 (1.38) 2.7C0 (0.74) 14.74 (C.81) 17.11 (1.68;
25 11.80 (0.82) 18.32 (1.55) 7.70 (C.33) 13.84 (0.50)
£0 22.38 (3.1¢%) 14022 (0.7 6.63 (C.29) 13.82 (..32)
Est-2" 0 34.02 (4.99) 14,82 (1.72) 17.55 (0.62) 12.58 (i1.10)
23 11.72 (1.18) 12.Z22 (z.09) 11.60 (1.07) 3€.03 (3.48)
40 4¢ .86 (14.08) 13.22 (1.10) 4.86 (C.81) 13.83 (1.00)
Table 5.2 ~Analvsis of variance of the effect of varieble pH and temperature
on Km(app.) for EST-2 allczwvmes, based on the data of Table 5.2
Data were log. transformed prior to analvsis

Source a.f. Mean sguare P
Allozvme (&) 3 ¢.160 1.66
pH () 3 0.834 £ 62%*%
A x P e 0.069 0.72
Temperature (T) 2 0.252 z.cl
Ax T 6 0.023 .29
PxT 6 C.577 5,07%%
Error 1z 0.097
ol P < C.01
* k%

td
A\

(e
«
(-}
—



interaction results from a general reduction of Km with increasing pH at
o_. . . . -
40°C, but generally little consistent effect of pH at the other two assay

temperatures.

5.4.1.2 =zffects on V

For the purpcse of this analysis it is important to bear in mind

the fact that differences between allozymes in the absolute values of V ax
m

have relatively little meaning. The reason for this is that we are dealing

with only partially purified material, and since V A is a function cf both
max

catalyzic efficiency (k 4_) and enzyme concentration (EO), we cannot attri-

cat

bute differences between allozymes with resvect to V < to differences in
ma

catalvzic efficiencv alone. The effects oI variable environmental conditions

on V are summarised in Table 5.4. There clearly have been large effects
ax

of the environmental factors, ancd an analvsis of variance on these data

-3

{Table 5.3) illustrates this. The highly significant allozvme effect appears

. - et e . R . - oz oC
to be mainly attributable to the generally low values for Eei-Z under all
conditions. However, as noted above, the main effect of allozyme is probably
not very informative. The main effect, »E is highly significant, ani taken
as an average, reflects generally lower values of Vrra at pH 8.0 relative

ax

tc the otnher pH's tested. Naturally temperature has the largest single

effect on V , as 1is typical of all enzvme catalysed reactions. The first-
max

rder interaction term between pH and temperature also is significant and

o]

s s . - . S . . . } o
probably is due to the rapid decline in V iy with increasing pH at 40 C,

ma

whereas there is little systematic effect at the other two temperatures.

O

f greatest interest in the genetic context, however, are the two
first-order interaction terms involving ailozvmes, since it is these which
will reveal whether there is significant heterogeneity between the allozvmes
in response to environmental changes. In the present study neither of

these interaction terms was significant, and we must conclude that all four

nzymes responded in a similar fashion to changes in temperature and pH.
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Table 5.4 The effects of variable pH and temperature on V... for the fcur
EST-2 zllozymes. Parameter estimates were provided by the HYPERL
programme of Cleland (1979)

Enzyme Tgmp. PpH
C)
6.5 7.0 7.5 8.0
Es:—Ea 10 54.95 (1.07) 55.07 (2.47) 43.99 (0.85) 46.85 (L.60)
25 69.23 (2.44) 71.21 (3.03) 117.50 (4.37) 41.39 (0.96)
40 154.1 (8.34) 144.72 (2.67) 133.56 (3.30) 64.15 (1.74)
Est-2" 10 34.85 (1.26) 35.36 (1.60) 26.10 (0.41) 29.88 (0.¢64)
25 72.02 (2.43) 45.03 (1.21) 72.64 (1.17) 31.23 (0.88)
40 169.35 (21.37) 136.98 (3.5¢) 109.16 (1.64) 73.57 (2.43)
£er-2° 10 16.60 (0.54) 13.40 (0.44) 15.01 (0.30) 13.76 (0.59)
25 30.12 (C.¢2) 26.37 (1.38) 31.66 (0.47) 22.58 (0.37)
20 55.36 {4.£3) 50.90 (2.27) 36.27 (0.906) 38.10 11.77)
zec-2° 10 41.52 (4.00) 38007 (Z2.30) 29.57 (0.54) 26.48 [1.03)
25 45.94 (Z.C2) €2.07 (£.£5) 88.58 (2.¢1) 40.01 [2.6€3)
40 190.20 (40.8Z) 92.067 [32.¢3) B0.06 {3.24) 115.06 (4.19)
Taple 5.5 Arialysis of variance of tne effect of variable pH and temperature
on V... for the EST-2 allozymes. The data of Table 5.4 were log
transZformed pricr to analysis
Source a.t Mearn scuare F
* * %k
Ellozvme (L) 3 2.532 70.42
* %k
rH () 3 0.424 11.79
A o2 T 9 g.G6z2e 0.82
XKEK
Temperature (T) 2 5.107 142.04
A= T 6 0.053 1.498
* %k
2 x T [$ C.leb £.62
Lrrorx 18 0.C3¢

** P < 0.01

* )k Kk

< €.001

"y
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5.4.1.3 Effects on V. /K
max m

The pseudo-first-order rate constant VmaX/Km should be a sensitive

measure of the effects which environmental changes have on enzyme catalysis,

since it simultaneously reflects changes in catalyvtic efficiency (via kc
L
effects) and substrate binding efficiency (via Km effects). The values of

this parameter and their associated errors are summarised in Table 5.6. As

for Vv alone, differences between allcoczymes in the absolute value cf

vnax/Km cannot tell us much apbout the differences in inherent catalytic
i

efficiency of the enzvmes, since they may result from differences in enzyme

concentration. An analysis of variance on this set of data (Table 5.7) yield-

ed essentially the same result as the analyvsis on V alone, and th: s

max

probably indicates that under these experimental conditions Vm effects

dominate the V /K parameter. In terms of average effects, the significant
max’ m

- - L . . . ~C
allozyme effect probably results primarily from the low values of the EST-2

are fairly similar. As before, pH =2£ffects

(o)

eclines as pH 1s moved away from tne optimum

o]
th
~1
o
ot
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from simple thermodynamic considerations,

the value of V /K  shows a subs
max’ m

ct

antial increase with increasing temperature.

The twe interacticr terms involving allozyme effects (A x P and A x T)

were both non-significant, and again we must conclude that, by this measure
of enzvme efficiency, all four allozymes responded in a similar fashion to

alterations in the environment. In an attempt to visuallise more clearly the

response of enzyme catalytic efficiency to changes in environmental con-

ditons, three dimensional surfaces were fitted to the data in Table 5.6 and

these are shown in Fig. 5.1. There are some striking features of these

. . . . . ~C
response surfaces. The most obvicus of these is ths fact that EST-2 shows

relatively little chance with the environmental variables, and the surface is

almost planar. Three dimensional contour surfaces were constructed for these

a c . .. .a . ..
data, and the EST-2 , EST-2 and EST-2 allozvmes all gave surfaces which

were topograpnically cuite similar. This also can be seen in Fig. 5.1 where
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Takle 5.6 Effects of variable pH and temperature on the pseudo-first order
rate constant Vp../K for EST-2 allozymes. Farameter estimates
were provided by the programme HEYPERL of Cleland (1979)

.5 7.0 7.5 €.0

(o))
u

Est~2 10 2.46 (0.04) 3.6e£ (C.15; 3.30 (0.08) 2.78 (0.10)
25 5.85 (0.28) £.00 (C.24) 6.61 (0.39) 2.21 (0.05)
40 g.02 (0.42) 11.27 (C.28) 13.85 (0.60) 10.37 (0.€5)

b

52!
n
t
J
o
e
-
~J
e
e
O
o
]
wn
J
@)
b
]
o
|
W

(0.04) 3.43 (0.14)

25 €.26 (0.30)

I
o
Ne)

(C.

',_1
ut
~1
o
60

(0.20) 1.50 (0.05)

40 7,12 (0.72) 11.7C (0.45) 10.38 {0.25) 12.9C (1L.00)
_ < J e e e
=sT=-2 10 C.¢2 (0.01) 1.36 (C.0&) 1.02 (0.02) C.8C (D.05)
25 2.53 (C.in) 1.44 (C.3g} <.11 (0.12) 1.53 {(2.03)
40 2.47 (C.1T) 3.5 (CLID 5.47 (0.35) 2.7¢ (2.14)
G o - TN - -
Tst-Z 10 .22 (C.07) .27 (.13} 1.68 (0.03) 2.1 (0.1Y)
25 .22 (C.24) 3.81 (C.ZZ 7.64 (0.47) 1.2 (C.04)
40 £.%7¢ (C.38) 7.52 (C.ITh 16.47 (2.13) £.83 (0.38)
Tekble 5.7 Analysis oI wvariance of effect cof variable pH and temperature on
the pseucdce-Zirst crder rate constant Vm:X/Km’ based on the cata
of Table 5.¢. The analysic was done on log. transfcrmecd data
Source c.f. Mearn scuare P
_ kwk
Allozyme (A) 3 2.527 41,25
* k%
PH (®) 3 8.825 13.47
A x P S 3.CZ27 .60
~ * %k %
Temperature (T) z Y 124.74
A x T € 0.0¢2 1.03
* %k

>‘
S

v
=3
&
o
o)l
[
Fos

10.78

t
i
m
0
2
|._J
a
>
)
VAl
o

ookl P < 0.001
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the differences between the surface for these three enzymes appear to be
. . ; . . b

cuantitative rather than gqualitative. The fourth enzyvme, EST-27 gave a

cualitatively different surface, with apparently superior efficiency at

higher temperatures and pH values as compared with the other enzymes.

5.4.2 Effect of Variable Temperature and Substrate Structure on EST-2

Allozyme Kinetic Parameters

The differences in substrate specificity observed in previous experi-
ments (Section 4.3.3) seemed sufficient to warrant investigation at the
kinetic level since differences between allozymes fcr this property might
nave important implications for polvmorphism at the Zsz-2 locus. Terxperature
was included as an extra variable because of the association it had chown
with Zet~Z polymorphism in previous analvses (Section 1.2.35} and also because
hortcomings in the experimen<ts reported in Section
Z.4.1 above (sese Discussion, Section 5.5}. Unfortunately it was possible to
analyse onlv three of the four allczvmes in this study because the extensive
creliminary analyses reguired in all these experimernts had been done using
TST-2 preparation, and this had depleted the stock of frozen enzyme to the
extent that insufficient material remained for this analvsis.

The three substates used were the acetate, butyrate and caproate esters
of a-naphthol. They were chosen for their ease ané sensitivity of assay,
and beceuse similar derivatives of the chromogen p-ritrophenol had shown
a significant allozyme by substrate interaction with respect to activity
at saturating concentrations of substrate (Section 4.3.3.1.2). A similar
experiment was conducted with the esters of a-naphthol (Fig. 5.2) and the
rasults were very similar tc those which had been cbtained previous.y with

the p-nitrophenol esters (Fig. 4.8). The rank order of activitv was:

0

caproate > acetate, anc as before EST-2 allozvme showed a much
nigher relative activity on the caproic acid ester. Having confirmad that
there was a difference between substrates, and a possikle allozvme 2y sub-

strate interaction, a detailed kinetic analysis was undertaken.
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5.4.2.1 Effects on Apparent K

The apparent Km values and their associated errors are presented in
Table 5.8. Alterations in substrate structure had a large effect, and this
is shown clearly in the analysis of variance based on these data (Table 5.9).
The main effect of allozyme was significant and probably reflects the fact
that, on average EST—2- had a higher Km (app.) than the other two allozymes.
The main effect of substrate structure was highly significant, and there
was no allozyme by substrate interaction with respect to Km. It seems Zairly
clear that the significant Km effect results from large differences zetween
the esters. The ranking of substrates is; butyrate > caproate > acetate.
This is precisely the opposite tc what micht have been expected simzliy from
.2 1f one assumes that better bindinc means
better catalvsis.

There was a signiZicant effect of temperature on apparent ¥ as

measured in this experimenz, and 1T appears o result from a trend ci de-

creasing K_ with increasing temperature. There was also a significant

allozvme by temperature interaction, and the reason for this mav be zhat the

~

pattern of change in K_ with temperature was different for EST-2 <han for

b < C o X . ‘
EST-27 and EST-2 wnich showed similar pat:terns.

As expected from the preliminary study (Fig. 5.2) there were vary large

effects of substrate structure on V (Table 5.10). As before, cifferences
max !

between allozyme preparations with respect <o V ax are not particularly in-
m

formative since absolute enzyme concentrations were unknown. n analvsis of

nat all three main effects were nichly sic-

4}

variance on these cata showed

ol

+3

nificant (Teanl

values of EST-27 relative to the other twc encvmes. The substrate 3ifference

results from the large differences between substrates which, in ceneral

terms are the same Ior all three enzymes, with the activity ranking butvrate
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Table 5.8 Lffects of variable temperature and substrate on Km (app.) for
EST-2 zllozymes. Parameter estimates were provided by the
EYPERL programme of Cleland (1979)
Enzvme Tenmp. Substreate
/C‘f‘\
Lo
G-N& G—-NB 0-NC
EFC—ZD 10 5.8¢ (0.62) 18.76 (1.11) 8.45 (G.77)
25 7.25 (1.01) 26.28 (2.85) 10.49 (0.73)
40 4.87 (0.49) 20.95 (2.22) 12.60 (0.74)
C - a - -
Est-2 10 9.59 (0.70) 22.30 (2.12) 17.19 (2.17)
25 11.29 (2.17) 26.91 (2.46) €.52 (0.96)
40 4,47 (0.42) 14,20 (0.99) c.44 (0.65)
Est—ZG 1iC 12.04 (1.22) 26.17 (3.09) 24,22 {3.38)
25 7.03 (0.85) 1$.05 (0.89) 15.62 (1.45)
20 534 (0.34) 3C.84 (2.13) 20.62 (1.°1)

Figures in parentheses are the stancard errors of the estimates.

Table 5.9 inalvsis of variance of effect of variable temrerature and
stbstrate on Km {apr.) for EST~2 allozymes. The data of Tarle
5.8 ware log. transformed prior to analysis

Source c.f. Mean scuare F

x X
Allozvme (&) 2 0.33 9.42

* Kk
Substrate (3) 2 2.95 £5.11
L xS 4 .10 2.78

p _ *

Temperature (T) 2 0.19 5.36

*
A X T 4 9.2 5.70
s x T 4 6.12 3.37°
Exror 8 c.C3
T 0.05 < 7 < 0.10
* ? < 0.05
bl s < 0.01
*x% 2 < 0.001
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Table 5.1C Zifects of variable temperature and substrate on Vg, for
EST-2 allozymes. Parameter estimates were provided by the
EYPERL programme of Cleland (1979)

Enzyme Temo. Substrate

(<o)
=R 0-NB a-NC
e - - c .
Est-2 10 32.73 (0.98) 155.70 (5.41) 69.33 (2.64)
25 90.57 (4.16) 413.77 (29.23) 182.99 (5.88)
40 53.95 (4.80) 677.21 (43.66) 341.31 (2.93)
c . N
Est-2 10 12.32 (C.41) 88.36 (5.21) 66.12 (€.91)
25 28.95 (2.25) 166.20 (°2.98) 114.18 (£.38)
D 5¢.02 (1.¢62) 260.04 (9.59) 191.54 (€.03)
a A I . - -
Est-2 20 3€.30 (1.55) 145.87 (8.99) 81.29 (£.85)
Z5 70.07 (2.25) 305.08 (8.40) 174.20 (&.87)
=0 40.55 {2.94) 595.69 (41.21) 305.84 (14.05)

- Tigures 1rn parentheses are the standara errors of the estimates.

Table .21 analvsis of variance oI effect of variable temperature and
sucstrate on V... for EST-2 allozymes. The cata of Table 5.10
were log. transformed prior to analvsis

source a.f. Mean sguare F

* k%
Rllozyme (A) 2 1.454 219.72
. * %k

Substrate (8) 2 5.e31 851.15
Kk x

A X S & 0.101 i5.32
* kX

Temperature (T) 2 4.24¢2 ©42.29

*

AxT 4 0.032 4.85

S xT 4 0.00¢6 0.8¢

Eryox g 2.007

%* o S

*FEE D 2.02%
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> caproate > acetate. The temperature effect was to be expected of course,
with V“ % increasing with temperature. The effects of temperature are
analysed in greater detail below (Section 5.4.2.4).

In terms of meaningful differences betweern allozymes, there was a
highly significant allozyme by substrate interaction, and also a significant
allozyme by temperature interaction. The significant allozyme by substrate
interaction is probably explained as before (Section 4.2.3.1.2) by the
relatively much higher activity of £sT7-2% on the caproic acid ester. The
allozyme by temperature interaction does not apoear to be a large effect and

: - e pam_ oL A d
ative performance oif EST-2 and EST-2 .

probably results from the re

[

5.4.2.3 Effects on V /K
max’  m
As before, I have chosen <c represent the data for the pseudo-first-

order rate constant as three-dimensicnel response surfaces, with dimensions

v /X in the vertical dimension (Fig. 5.23). This 1s a somewhat contrived

resentation since acyl carbon chain length cannct strictly be treated as
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the graphical representation greatly facilitates a visual interpretation cf

the effects of these envircnmental factors on catalvtic efficiency.
The pseudo-Iirst-order rate constant V /K is very sensitiva to
max m
changes of substrate structure and temperature (Tarle 5.12). Temperature

appears to have the larcgest effect, probably reflecting the very large

changes in Voax associated with increased temperature. However, aralysis
L

i

of variance on these data (Table >.13) reveals manv other less obvious
trends. As before, the highly sigznificant main efZect of alleozyme reflects

the generally lower values of the EST-2 allczime. The main effect of sub-

strate type was hignlv significant, and apparently results from the generally
lower values for the acetate ester as compared to the other two. The two

first-order interactions involving allozymes are both significant and serve
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Table 5.12 Effects of variable temperature and substate on the pseudo-~

first order rate constant V

Y/Km for EST-2 allozymes.

Parameter estimates were provided by the HYPERL programme

of Cleland
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Source £ Mean sguare F

_ * %k

Allozyme (&) 2 1.508 64.37
* k%

ubstrate (S) 2 C.487 23.76
* %

A xS 4 0.223 12.52
* %k *
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to indicate that the three zllelic enzvmes differ In thelr responses =o the
environmental factors beinc tested. The allozyme by substrate interaction
appears tc result from the Zact that the caproic acid ester is a much better

, . C _4- o - .
substrate fcr the EST-27 allozvme than for the other two enzymes. Th2

£

reason Zcr the significarnt allozyvme by temperature interaction 1s not imme

iately arvparent, and the effect is not particularlv strong. It probably Is

the result of different patterns of response of Vr*x/Kv to temperature
LG 4l
. - - b .
changes Zfor the three enzymes. EST-2 shows a relatively uniform increase
of }a\ _with temperature, whereas EST-2 shows much creater effec ir. the
o] G

range 25-40°C, and EST-2 tends tc show the greatest response in the rance

10-25°¢ (Tig. 5.3). There is also & significant substrate by tempereturs
interaczTicrn, walich 1s not ¢ great interest in the ceneiic context, but is
worth menzioning for what it may tell us about substrate binding. The
interaction cTossibly results Zrom the fact that the acetate appears o be a
much mors effective substreazte relat-ve te the cther two at 40 C than it is
gt 10 and 23°¢.
$.4.2.4 Comperison of Thermodyvrnamic Activaticn Parameters

Arrreniuts plots were constructed for each enzime and substrate based
on the datz irn Table 5.10. In some instances there was apprecianle non-

linearity of the plots, and so the Arrhenius energy o activation {E_) was

substraze the four thermodivnamic parameters, EO, LET, ;S¢ and AGi, were

5N
)

calcuiated according to =<he ecuations in Section 5.3.2. Simple one-way anal-

o]
ol

vses oOf variance on these cata revealed no effect ¢f substrate type, &

ralues were po2led TO provics & better estimate o each parameter, for sach

Trere were Slqnl ‘icant

ivation and the enthalinv
and entropvy of activation. However, there were no diffevences for the Giktbks

free enexcy of activation. The pairwise comparisons revealed that BST-C
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Table 5.14 Estimation of thermodynamic activation parameters {35 C)-
Enzyne An¥ s AGH
: a
"‘b = 2 ! - = : a DE
Est-2 11046 (+165) 10453 (=1€3) -12.21 (£0.58) 14092 (=280)
c - - P - . -
Est-2 7012 (+512) 6420 (£512) -27.46 (2+1.20) 14605 (+322)
a - - - SN ne = = “
Est-2 8238 (354) 75560 (354, ~22.71 (=1.95) 14213 (£254)
' rgtimeztes based On pooled substrete cata.
zliczymes for the thermodynaric
ie 2.4
jo) _ e . c
I zst-2 ., LS'L—;: m Est=-2_
ParzmetTer B t-2v s :‘:._t_—'zu o Est—,?o' v e
- * - * n.s.
Ea o = 7.21 t: = 7.70 ta = -1.¢6
* *
st . - - - _n.s.
LET 2, = 7.51 t. = 7.70 Ty = -1.€5
* % *
4 - . n.s.
LS Ty = 11.4%6 to 5.17 Lty = -2.08
- ni.s. . _.n.s. n.s.
AGT g -1.23 <, -C.33 t3 = 0.95
n.s. no= significant, P = .05
* P < .03
** > 2.21

136
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differed ZIZrom EST-Z~ and EST-2 whicrh did not differ significantly from each

othex. The data raveal an interesting positive covariztion between ;H* and

, such that an Increase in enthalpy is accompanied Iy an increase on
entropy. This covariation will be considered in c¢reater detall in the

discussicn which Zcllows.

The results ¢ the experiments reported above confirm the conclusions

of Chavtcer 4, vIZs. that the four cormmon allozyme varian:z

n
s
i
0]
on
£
Q)
D
o8
o}
It
o+
og
0]

Fsit~f locus cannot ne considered to be biochemically scuivalent. Before
discussing the imrlications of thes:z Zata, however, It Is necesseary 1o
address & problem which emerges frcm them.
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many monins, which means that the encvmes used for the second series had
been stored for much longer, and this could have had an effect on the bio-
cnemical properties of the enzyme. In addition, different batches of buffer

reagents and subsirate reagents wers emploved in tha two studies, and this

(

mav well nave contributed to the diffesrences in results. However, tnhe potern-
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{a=naphthcl) produced after a fixed period of incubation. The efficacy of

this assay depends on the linearity of colour production with lencth cf
incusatior., cencentration of enzyme, and stability of the solubilised diazo-
naphthol complex. Although preliminary experiments were undertaken to
éefine assay procedures which fulfilled these pre-requisites, because of the
large sca.e of the experiment (4 enzvmes x 4 pH values x 3 temperatures x

7 substrate concentrations x 3 replicate assays = 1008 independent deter-
minations), not every comcination of enzyme, pH, temperature and subs:crate
concentrazion was tested for linearity of colour production. Before the
second series of experiments was undertaken a new assay procedure became
availekle {(Mastropaolco and Yourno, .28l). This technique allows the con-
product release over a short assay period, and one

conseguenzly can be sure that the rate of product release is constant with

Zima. ICY this reason I believe that the estimations for the series of
exrerimsnts reported In Sscticn 5.4.Z must be considered to be meore relliable
“harn Tnose made in the first series {(Section 5.4.1). ccordingly, a more

Factorially designed kinetic siudies of allelic enzvme variants of the
tvpe reported above are extremely rare in the literature. Indeed, the only

detailed study of wrnich I am aweare is that of Place and Powers (1979), cn

a zolyvmorchic muscle lactate dehydrogenase in the f£ish, Fundulce rnooom

The studles reported above were modelled on those of Place and Powers, and I
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Sissection 0f genotvpe-environment associetions. To facilitate discussion
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Trne effects of pHE on the various enzymic parameters allow for a fairly
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simple interpretation. For none of the parameters K , V or V /K

m max max m
was there significant interaction invelving allozymes. In other words,
within the limitations of this study the four common variants of the Zsgt-2
locus showed similar responses to pH changes. However, pH had a highly
significant effect on all three enzyvme descriptors; as pH is moved awey from
the apparent optimum of 7.0 - 7.5, Km increases, vmax decreases dramatically
at high pH, and V /Km decreases at values away from the optimum. TIor
all enzymes, catalvtic activity and efficiency is optimal in the range 7.0

to 7.5.

5.5.2 Temperature Effect

jal=)
PRS-

v

The effects of temperature on the catalvtic activity of EST-2
manifold. Enzyvmic adaptation to temperature in ectothermic organisms has
peen the object of intense study, ang thée subject of many review papers

Z; Hcchachka anéd Somero, 1273;

0,
fu
0n

. Sinze zemverature has been implicate
a factor invoived in <the maintenance of polvmorphism at the Zes-I locus
(Section 1.2.3), it was particularly irteresting to find significant allozyme
by temperature interactions with respect to K , V and V /K fcr the
m max max’ m

experiments repcrted in Section 5.4.2. The role of allozymic variat.on as
an evoluticnarv sclution to the prcilems of temperature compensazion in
ectotherms has not been extensively anzlyvsed. The widespread existence
of allele frecuency clines in natural ropulations of insects (0Oakeshott €T Go.y
1¢81; Johnson, 1876, and fish (Merrits 1972, Place and Powers, 1979) suggest
that temperature mav be an important selective factor in the maintenance of
some polymorphisms in ectcotherms. Of course, the existence 0I a cline does
not prove a selective effect of temperature D&y 8¢, since temperature
variation influences many components cI the environment, and i1t may be these
which are responsible for anv selection pressures.

The effects cf temperature on encyvme catalysis have been analyvsed at

the level cf botn K and K Temperature adaptive differences in K 's

CatT i



140

of enzymes important in enercgv production have been observed in a number

of interspecific studies. Graves and 3omerc (1982) analysed the muscls
LDE's of four congeneric species c¢f bLarracudas adapted to different tharmal
regimes, and found a strong ccnservation of apparent k at the physiological
temperature of the species. Studies of tropical vVersus temperate species

o=
-
Ul

t
o

of Drosophila revealed adaptive Zilfferences in Km (app.) fo
(rRlahiotis et 2., 1977), acetvicholinesterase and NADP-Idh (Zlahiotic and
Berger, 1978) and supernatant M3n (Alahiotis, 19790). At the intraspecific
level, temperature adaptive CliZerences in Km between allozyme varianis were

reperted for muscle LDH in the Zathead minnow, Pimephaies promelas (Merritt,

bt
Lo
~)
to
—
.

In this species the Iregusncy of one allele at the polvmorphi:z LDH

. C . o)
locus decreased dramatically wizh increasing temperature over only a 3 C

;

change in mean temperature. Trs enzvme encoded by that allele showed a

Merritt conciuaed that subscrate a2ifiinity, as measured 2v X (apc.) was an
o i

acaptively signifiicant enzvmatic zrcperity for muscle LDE in that species.

Miller ev @i. {1875) analvseld =thrse ernzvme rhenotvpes of the «-Grds locus

cf the various enzymes wlith Temrerature were basicallv in agreement with the

Among marine ectotherms, ensrgetically important enzymes freguently

show a pattern of increasing X_ wil=zn increasing temperature (Hazel aaé Prosser,

1¢74). Hochachka anc Somero (1273 termed this phenomenon "positive thermal

modulation", since it provides & built-in mechanism of immediate temperature
compensation. Tnis pattern has rL2:n seen less freguently in insects (e.g.
Llahiotis, ¢7 2.., 1877; Zlahiczis and Berger, 1978). The results for the
EST-2 allozvmes reported above zrovide no evidence of any svstematic effect

of temperature cn K_ (Table £.Z). There was a significant allozyme by

emperature interaction (Table 3.2 but no allozyme by substrate interaction

“

o - . . : - & .
with respect T0 K . Averaglnc over subdbstrates, it appears that EST--27 had

I



141

-
a lower X at 10 C than the other two enzymes; there were no differences

. - c o s
between enzyvmes at 25 C, and EST-2 had a lower Km at 40 C. Because of the
complex nature of K_, these differences do not necessarily reflect changes

in enzvme-substraze affinity. Nonetheless, by definition K 1is the concen-
- m

tration of substrate at which the enzyme achieves one half V , and con-
max

lea

seguently EST-2 should be saturated at lower substrate concentrations than
A 5 10° SC L . ~b
»8T-2 and EST-2 at 10 C, and EST-Z at lower concentrations than EST-2
. & @] L . . .
ané B8T-2 at 40°C, and this may reflect an important adaptive diffexazance

between the EST-2 allczymes.

An alternative zdaptive strategy to K.m modifications involves changes

in substrzate turnover numbers (kﬂat} and enzvme concentration. Alterations
c
in = nave not been extensively studied, since they require nichly
cat ¢ - -
purifiad enzyme material., In general it has been found in studies cf

thermal acclimaticn thnat, as temperature is cdecreased metabolic rate is
conservel by incresasinc the levels of enzyme activitv in the major pathways
Somero, 1878). Thése chances are usually effected
by alierztions irn enzyme concentration. The reverse pattern appesars to

in with detoxification and digestive enzymes, where acclimation to warm

cemperatures is accompanied by increases in enzyme levels (Hazel and Prosser,

1e74). The alternat:ive mechanism of compensation involves alteraticns in
k | wvalues, which in turn will amost certainly reguire an alteration in
cat

the primary structure of the protein. Comparisons of orthologous homologues
of enzvmes from ende- and ectotherms indicates that kcat is inversely
orovortional to adaptation temperature. There appears to be no evidence
urrently available which indicates adaptive differences between allozymic

variants in this recard. However, (Graves and Somero (1982) found temperature

compensatory adaptive cdilfferences in k”a* of muscle LDHE's in their study
— .
of four ccngeneric species of barracudas.
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nce only partially purified material was used

[ R
.

is not possible tc determine whether differences in kcat exist between
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the allozymic variants. However, there was a significant allozyme by
temperature interaction for Vmax (Table 5.11), and this must indicate that
kcat responded differently to changes in temperature for the allozymes
being tested, since enzyme concentration was not being altered. The nature
of this interaction is unfortunately difficult to assess because there was
a highly significant interaction between allozyme and substrate type &lso,

which 1s confounded with temperature effects (Table 5.11). At least a

partial explanation is provided by the thermodynamic activation parameters

(o2}

. . b s
(Tables 5.14 and 5.13). The EST-2" enzyme has & much higher enthalpv of

activation at 250C than either EST—2C of EST—2d, which do not differ sig-

nificantlv. Whether these differences have any temperature adaptive s51g-

nificance however is aebatable, since it is the free energy of activation

($G¢) which determines the rate of catalvsis, and these data do not parmit
anv discrimination between [GYfor the three aliozymes. These data do,

nowever, reveal an imzcriant phenomenon which has beern described in studies

of corthclogcus homolcocues of a number of erzymes, U<&. & significant covar-

iatoecn betweern enthaloy and entropy of activation (Somero, 1278). Ir the
case of EST-2 allozymes, the aminc acid changes which resulted in increasing

nthalpy also caused an increase in entropy of activation such thet the free
energyv of activation remained essentially unchanged. The results reilect the

very tignht constraints placed on permissible alterations in enzvne primary

Finally, I should like to consider the effects of temperature on the
pseudo-first-order rate constant vmax/ﬁm' This parameter should be the
best estimator of temperature mediated effects on catalytic efficiency, since
+ simultarneously reflects alterations in k. and Km. Acain we Zind a
marginally significart allozvme by temperature interaction (P < 0.05), but

the interoretation is obscured by the presence cof many other significant

o . . - . y d . .
interaction terms. In general terms it appears that EST-2  is reletively
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. . b . c N
inefficient at extreme temperatures by comparison with EST-2 and EST-2 , and

—— C R L _ (o) .
EST-2  may be latively more efficient at 40 C than the other two enzymes.

Ir conclusiorn, these data suggest that the EST-2 allozymes are probably
not functionallv ecuilvalent over a range of temperatures. However, the lack
f any significant allozyme by temperature interactions in the experinents
of Section 5.4.., coupled with only moderate sigrnificance levels for exper-
iments of Section 5.4.2, suggests that temperature related differences

between allozyvmes are not great.

5.5.3 Substrate Effects
The experiments of Scction 5.4.2 showed highly significant effects
of substrate structure on all three of the enzvme parameters tested. There

appeared to pDe no difference between allcoczvmes with respect to K  as sub-
== - - m

strate was cnanced. Howavar, there were nignly significant allozvme by
substrate interactions for Doth V anc vV /¥ sffec=g, and 1n both instanc
max max’ m

~he major contributing Zactor appeared tc be the relatively superior perior-

mance of EST-Z on the caprolc acid ester, especizlly at nigher temperatures

~

(Fig. 5.3). Since V__ /K reflects the effectiveness ol a glven substrate
for an enzyme (Brct and Bender, 196€9) the significant allozvme by substrat

interaction for

».

functionally ecuivalent if substrate heterogeneity is a feature of the environ-

mentc.

The kine=Zic anaivses reported in this chapter confirm and exterd the
wealth of molecular diversity between allozymic variants producec by the
The r2sulits suggest tnat, if allozymic variation represents

the problem of environmental unpredictability, then

+he molecular bases of that adaptation. However, for these kinetic data to
gy /
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be of any predictive value, we need more information concerning the natural

substrates and the phvsiological function of the EST-2 enzyme.
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