
ate and washed exhaustively with disdlled water. The 
material elutinz in the void volume was collected and Evidence of Lactate Dehydrogenase-B Allozyme 
stored overni&t at 4°C. TFA was added dropwise to 
the stored eluate to a final concentration of 0.2% (v/v); Effects in the Teleost, ~bndu[;cs  heteroclitus - 
the solution was then clarified by cenmfugation at 
20,000g for 5 min at tempera-. The supema- LEONARD DIMICHELE, KENNEDY T. PAYNTER, DENNIS A. POWERS 
tant was loaded onto a reversed-phase flash column 
(C18.40 um. 3 bv 25 cm) oreviouslv eauilibrated with 
q u m w  'lL ~A The'Lm 'luted with the The evolutionary significance of protein polymorphisms has long been debated. 
use of compressed nitrogen at 8 psi. After the sample 
was loaded, the column was washed with 200 mlo.l% Exponents of the balanced theory advocate that selection operates to maintain 
-A; the retained material was then eluted with succa- polymorphisms, whereas the neoclassical school argues that most genetic variation is 
sive washes of 20,40, and 60% methanol in 0.1% TFA. 
The methanol was removed with a rotary evaporator neutral. Some studies have suggested that protein polymorphisms are not neutral, but 
and the remaining liquid was frozen and ~yophiliwd. their significance has been questioned because one cannot eliminate the possibility that 
Two kilograms of leaf yielded about g linked loci were responsible for the observed merences. Evidence is presented that an 
crude material containing the active factor. The proce- 
dure was repeated 15 times, Satnples enzymatic phenotype can aEect carbon flow through a metabolic pathway. Glucose flux 
g) of crude materid dissolved in 20 ml water and differences between lactate dehydrogenase-B phenotypes of Fundulus heteroclitus were 
adjusted to pH 7.8 with lo ammonium hydroxide reversed by substituting the Ldh-B gene product of one homozygous genotype with were loaded onto a G25 Sephadex column (4 by 44 cm) 
that was equilibrated with 50 mM ammonium bicar- that of another. 
bonate, p H  7.8. The material eluting at and just after 
the voidvolume was recovered and-lyophilized. Four 
identical runs through the entire procedure produced T HE DEBATE OVER THE EVOLUTION- the native LDH-B isozyme was directly 
1.25 g of partially purified factor. The 1.25 g was ary significance of protein polymor- replaced with heterologous enzymes. 
dissolved in 500 ml H,O, the pH was adjusted to 6 phisms has continued for over 20 In the mumrnichog, LDH is a multilocus 
with 1 M NaOH, and the sample was applied to a CM 
Sephadex column (2 by 17 cm) and washed with 0 . 0 ~  years without resolution (1, 2). Yet, many of system that produces three gene products 
M potassium phosphate, pH 6. The activity was re- the recent advances in evolutionary biology (LDH-A,, LDH-B,, and LDH-C,): the 
mined by the CM %)hadex, 'luted with 250 mM depend on the implicit assumption that the Ldh-A locus is expressed in white muscle, ammonium bicarbonate, and lyophilized. The yield was 
190 mg. majority of this genetic variation is selective- Ldh-B in a variety of tissues including 

33. The materid was injected, one-fifth a time, into a ly neutral. Arguments for the neutral theory oocytes, and Ldh-C in eye and some nerve 
semi-preparative reversed-phase C18 column (Vydac, 
Hesperia, 218 n510, by 250 -, are largely derived from the theoretical con- tissue (10). The Ldh-B locus has two major 
5-pm beads, 300A~ores).  Solvent Aconsistedof 0.1% siderations of population genetics (2). They alleles, Ldh-Ba and ~ d h - ~ ~ ,  that vary clinally 

in water. consisted TFA in are bolstered by the view, advanced by New- over the geographical range of the species 
acetonittile. Samples were injected in solvent'A and, 
after 2 min, a 90 min gradient to 30% solvent B was sholme and Start (3) ,  that metabolism is (1 1). The allelic isozymes (allozymes) en- 
begun for elution. The flow rate was 2 mllmin and controlled by a few key regulatory or rate- coded by this locus have been purified and 
eluted peaks were monitored at 225 nm. Several peaks 
of activity were found, The major peak of activity limiting enzymes in a pathway, whereas kinetically characterized (12-14). Differ- 
resided in tubes 43 to 46, which were pooled and other enzymes such as lactate dehydrogenase ences have been observed in product inhibi- 
lyophiliwd. To* protein content of the pooled frat- (LDH) participate in reactions that are near tion and reaction velocities at low substrate 
tions was estimated at 2.5 mg. 

34, Chromatography was on a poly.SULFO. equilibrium and therefore of little or no concentrations (14). Within a local popula- 
ETHYL Aspartamide column (4.6 by 200 mm, 5 KM, importance in flux generation or metabolic tion, Ldh-Ba homozygotes develop faster 
The Nest Southborough, MA) with the use control ( 3 ) .  Kascer and Burns (4) suggested than Ldh-Bb homozygotes (15). This devel- the following solvent systems: Solvent A, 5 mM potas- 
sium phosphate, p~ 3. in 25% acetroniuile: B. that the control of metabolic rate is more opmentd variation has been correlated with 
5 ~oksium'phos~hate, 500 mM potassium chlo: generally shared among enzymes, including differences in oxygen consumption (16), lac- 
ride in 25% acetonittile, pH 3. The sample was dis- 
solved h mi of solvent k filtered, and applied to the the so-called "equilibrium" enzymes like tate and glucose utilization (1 7), and surviv- 
co~umn. After a 5-min wash with solvent A, a 60-min LDH. Because the neutralist hypothesis im- al, that is, Darwinian fitness (6). 
gradient to 50% B was applied. The flow rate was 1 
ml/min, and the elution profile was monitored by 
absorbance at 210 nm. The active fractions, 35 to 38, 
were p l e d  and reduced in volume to 1 ml by vacuum 
cenmfugation. 

35. Chromatography was performed on a Beckman Ultra- 
sphere Ion pair column (4.6 by 250 nun, C18,5 pm). 
Solvent A was 10 mM potassium phosphate, pH 6, and 
solvent B was 10 mM potassium phosphate, pH 6, 
containing 50% aceuonittile. The active fractions, 39 to 
42, were pooled and vacuum cenmfuged to a final 
volume of 1 ml. This fraction was applied to the same 
column as the previous run but under the solvent and 
gradient conditions of step 2. The sample was adjusted 
to pH 3 with TFA, filtered through a 0.45-pm syringe 
filter and chromatographed at a flow rate of 1 ml/min. 
The peaks were detected at 212 nm. The fractions con- 
taining the activity, eluting at 53.5 to 56.5 min, were 
pooled and vacuum cenmfuged to a volume of 1 ml. 

36. The column was run at 0% B for 5 min at which 
time a gradient to 30% B in 120 min was started. 
The profile was detected by absorbance at 210 nm. 
Fractions eluting at 76 to 78.5 min were pooled and 
vacuum centrifuged to reduce the volume to 1 ml. 

37. A 60-min gradient to 30% solvent B was emoloved. 

plies that polymorphic enzyme~~(allozymes) 
are functionally equivalent, some investiga- 
tors have sought to resolve the controversy 
by examining the biochemistry of allozymes, 
while others have concentrated on life his- 
tory correlates (5-9). Although these excit- 
ing studies present convincing evidence that 
one or more polymorphic loci are correlated 
with physiological or other differences be- 
tween genotypes, they cannot eliminate the 
possibility that some unknown locus is ac- 
tually responsible for the differences ob- 
served. Thus, the debate remains an impor- 
tant evolutionary question. We addressed 
this question by examining the metabolism 
of mumrnichog, Fundulus heteroclitur (Tele- 
ostei, Cyprinodontidae), embryos in which 

Recently, we have shown that mummi- 
chog eggs contain 40 to 50 mM lactate at 
the time of fertilization and that a major 
function of LDH-B in early development is 
oxidation of the lactate pool (17). Specific 
activity of LDH-B is similar between geno- 
types (1.2 x lop3 IU per egg), but lactate 
concentrations found in newly fertilized 
eggs are correlated with LDH-B phenotype 
and are essentially equal to the inhibition 
constant of the purified allozymes of LDH- 
B: 51.8 r 5.9 mM for LDH-B: and 36.6 5 
3.5 mM for LDH-B); (14). Thus, in vivo, 
the Ldh-Ba homozygote accumulates more 
lactate and uses it at a higher rate. The 
Ldh-Ba homozygote also uses glucose at a 
higher rate even though the glucose pool 
size is the same for both phenotypes. Since 

38. We thank c. Munske for synthesizing the polybeptide the LDH reaction and g&co~ysis are both 
and for G. Wichelns for growing L. DiMichele, Department of Wildlife and Fisheries hc t ion ing  to produce pyruvate in mummi- tomato planrs, and B. Vdee for facfitia and encow- Sciences, Texas A&M University, College Station, TX 
agement. Supported in part by NSF granrs DCB- 77843, chog embryos during the first 24 hours, it is 
8702538 and DCB-8608594, and Project 1791, Col- K, T,  Paynter, Chesapeake Bay Institute, Johns Hopkins difficult to explain how the two LDH-B 
lege ofAgnculture and Home Economics, W a s h t o n  University, Shady Side, M D  20764. 
state university. D ,  A, Powers, Hopkins Marine Station, Stanford Uni- affect glucose 
10 Januaty 1991; accepted 6 May 1991 versity, Pacific Grove, CA 93950. utilization. 
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The ideal way to determine whether ge- 
netic variation at a particular locus direcilv 
affects a biochemical or metabolic function 
would be to study organisms that only vary 
at that locus. The construction of such 
strains can take years or decades and is not 
always feasible. An alternate experiment 
would be to change an organismy; enzyme 
phenotype by exchanging its allozyme with 
that of a different genotype. 

Klyachko et al. (18) successfully inserted 
exogenous LDH in loach blastomeres by 
microinjection into the yolk shortly after 
fertilization. These experiments showed that 
LDH was dispropo&onately accumulated 
in the blastom&es through binding of the 
enzyme to some cellular component and that 
the foreign protein competes with the native 
enzyme for-binding sitds. We hypothesized 
that it is possible to quantitatively replace an 
embryo's native LDH-B, (the only LDH 
isozyke present in eggs) with exogenous 
enzyme by injecting an excess of foreign 
protein and then, after an incubation time to 
allow the enzyme to distribute itself, wash 
out the yok and excess LDH. We tested this 
hypothesis by attempting to create blastulas 
whose native LDH content was replaced by 
either the LDH-B, allozyme of a different 
genotype or one of two porcine LDH iso- 
zymes. Our results generally confirmed 
those of Klyachko et aZ. (18). The blastulas 
from injected eggs contain about 62% of the 
LDH originally present in oocytes; the same 
amount as in uninjected or saline injected 
blastulas (Table 1).  Electrophoretic analysis 

Table 1. Activity of LDH in isolated blastulas 
after microinjection of exogenous enzyme. Ripe 
adults were captured near Shady Side, Maryland, 
and genotyped for LDH-B. Pooled gametes were 
crossed to produce either Ldh-B" or ~dh-B%O- 
mozygotes with a common genetic background 
(15, 16, 21), except the controls, which were 
based on crosses of mixed genotype. The eggs 
were then microinjected with 1.2 x lo-' IU of 
LDH (approximately l o x  the native enzyme 
concentration) purified from either mummichog 
liver or from porcine heart or muscle (Sigma). 
The eggs were incubated at 20°C for 6 hours. The 
vok sac was then ~ierced with two needles. Yok 

showed that the LDH in the blastulas was of 
the type injected, whereas no detectable 
amounts of the native enzyme remained. 
Because it is possible to quantitatively re- 
place an embrvo's native LDH-B with for- 
eign enzymes of different kinetic or structur- 
al properties, we used these preparations to 
test whether it is the physical LDH type 
present in the blastula that influences &u- 
cose utilization or some other factor. 

Blastulas were prepared as above, but 
14C-6-glucose (specific activity, 0.2 kCi/ 
pmol) was added to the washing buffer. Ten 
embryos were sealed in 1.2-1111 tubes with- 
out additional buffer. A KOH trap was 
affixed to the tube cap to collect CO, given 
off by the eggs. These were incubated at 
20°C for an additional 12 hours. The tubes 
were then acidified with trichloroacetic acid 
and equilibrated for 1 hour. The traps were 
then removed and counted. The data in 
Table 2 show that the actual LDH-B, ho- 
motetramer incorporated into the blastula 
affected glucose utilization rates. Genotypes 
injected with their own enzyme used glucose 
in a pattern similar to whole eggs; that is, 
the Ldk-Ba homozygote used glucose at a 
higher rate (17). However, when a geno- 
type's allozyme was replaced by the alternate 
allozyme, glucose was used at a rate deter- 
mined by the injected allozyme rather than 
by the !gknotype. 

These results indicate that the genetic 
differences between LDH-B allozymes can 
alter glycolytic flux by approximately 30% 
(Table 2). We hypothesized that the substi- 

LDH 
m m o -  activity* 

Injected enzyme 7 P e  
injected (IU x 

10-3/egg) 

None 
Saline 
Porcine (heart) 
Porcine (muscle) 
LDH-Bi 
LDH-B; 
LDH-Bi 
LDH-B; 

sac contents were withdrawn from one needle and 
10 to 15 egg volumes (40 to 60 k1) of a buffer *Data are the means (* SEM) Of three pools Often eggs 

each. 
itris-HCI. D H  7.0: 40 mM lactate: 5 mM ~lucosel 
&as injecieh through the other.  his procgdure effectively washed out the entire contents of the yolk sac 
while leaving it inflated. The buffer lactate and glucose concentrations mimicked whole egg concen- 
trations (15). Thus, the experimental preparation consisted of a developing blastula resting on a 
nutrient-enriched buffer-filled sac. These preparations were viable for at least 24 hours and appeared to 
blastulate normally. However, they did not gastrulate. The experiments were conducted on four 
occasions to obtain three replicates of each treatment (a sufficient number of preparations for all eight 
treatments could not be prepared each time). The SAS general linear models procedure (22) was used 
to correct small differences in enzyme concentration between replications (significant at P > 0.001). 
There were no differences between treatment (F7,13) = 1.46; P = 0.26). LDH activity was determined 
by the decrease in absorbance of NADH at 25°C under saturating conditions of pyruvate and NADH 
(14). Specific activities of the enzymes injected were: 425 IU/mg protein for both Fundulus allozymes; 
386 IU/mg protein for the porcine heart LDH; and 450 IU/mg protein for the porcine muscle LDH. 
At the activity levels accumulated in the blastulas, differences in apparent enzyme concentration due to 
the small activity differences would be below detection limits. 

tution of other, genetically more divergent 
LDH isozymes, might have an even greater 
influence. Therefore, we replaced the native 
enzyme of Ldh-B" homozygotes with two 
porcine LDH isozymes. Porcine heart type 
LDH is physiologically optimized to oxidize 
lactate to pyruvate. In this regard it is more 
like mummichog LDH-B: than mummi- 
chog LDH-Bl ( 1 4 ,  and its effect on the 
Ldh-Ba homozygote was in the same direc- 
tion and of a greater magnitude than mum- 
michog LDH-B: (Table 3). Conversely, the 
physiological function of the porcine muscle 
type LDH is the reduction of pyruvate to 
lactate. Its effect on the Ldh-B" homozygote 
was to increase glucose utilization. Thus, the 
results of the porcine LDH replacement 
studies are consistent with and reinforce the 
native allozyme replacement studies. 

The mechanism by which LDH influ- 
ences glucose metabolism in mummichog 
embryos is not clear. Since both the LDH 
reaction and glycolysis are functioning to 
produce pyruvate and the phenotype that is 
using glucose faster is also using lactate 
faster (17),'it is unlikely that feedback inhi- 
bition, competition for nicotinamide ade- 
nine dinucleotide (NAD), or some similar 
mechanism is responsible for the observed 
differences. Srivastra and Bernhard and their 
colleagues (19) have shown that enzyme- 
enzyme interactions, including those be- 
tween LDH and other glycolytic enzymes, 
have significant effects on the kinetics of 

Table 2. Glucose utilization rates (kmol x 
lo-' s-' per egg) of injected eggs. Data are 
means ( a  SD) of three pools of ten eggs each. 
Saline-injected controls were not significantly 
different from phenotypes injected with their 
own allozyme; Ldh-Ba and ~dh-~%omozygotes 
injected with the same allozyme were not 
different from each other; phenotypes injected 
with LDH-Bi were significantly different from 
those injected with LDH-~,b  (ANOVA, P < 
0.005). 

Injected enzyme Pheno- 
we Saline LDH-Bi LDH-B; 

Table 3. Glucose utilization rates (kmol x 
lo-' s-' per egg) of injected eggs. Data are 
means (* SD) of three pools of ten eggs each. 
All means are significantly different from each 
other (ANOVA, P < 0.001). 

Ori- Injected enzyme 
einal " 

pheno- Porcine Porcine 
type (heart) LDH-Bi (muscle) 

REPORTS 899 23 AUGUST 1991 



enzyme reactions and consequently meta- Biochem. Genet. 21,239 (1983); W. B. Watt, R. C. equilibrium and are not linked to any known poly- 

bolic flux. ~h~~ suggested that an important Cassin, M. S. Swan, c e n e t h  103, 725 (1983); W. morphic locus [D. A. Powers et al., A m .  Zool. 26, 
B. Watt, P. A. Carter, S. M. Blower, Genetus 109, 131 (1986)]. 

aspect of enzyme evolution may be related 157 (1985); W. E. Zammer and R. J. Hoffmann, 22. SAS Institute, S A S / S T A T  User's Guide, Releae 
to in protein structure that alter Proc. Natl. Acad. Sci. U.S.A.  86, 2737 (1989). 6.03 Edition (SAS Institute, Cary, NC, 1988), pp. 

21. The animals selected were randomly drawn from the 549-640. metabolite transfer within a pathway. Per- same population, which has mitochondrial DNA 23. Supported by NSF grant DEB-82-07006 and the 
haps genetic variation in the LDH-B haplotypes found only in southern waters [I. L. Texas Agricultural Experiment Station. 

isozyme of the mummichog affects its asso- Chnzalez and D. A. Powers, Evolution 44, 27 
(1990)l. The Ldh-B alleles exist in Hardy-Weinberg 29 April 1991; accepted 22 May 1991 

ciation with other glvcolvtic enzymes and - ,  , 
thereby affects the rate of glucose use. 

~vidence from a variety-of other animals 
and enzyme systems has also indicated that 
allozyme variation is associated with meta- Related RNA Polymerase-Binding Regions in 
bolic and organismal level differences that 
may affect fitness (5-17, 20). However, our Human RAP30/74 and Eschevichia coli a70 
experiments suggest that the organismal dif- 
ferences correlated with the Ldh-B polymor- 
phism in the mummichog are causally 
linked. If this is not a unique observation, 
allozymic variation may be important in the 
evolution of species. 
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RAP30174 is a heteromeric general transcription initiation factor that binds to 
mammalian RNA polymerase 11. The RAP30 subunit contains a region that is similar 
in amino acid sequence to the RNA polymerase-binding domain of the Escherichia coli 
transcription initiation factor sigma 70 (-70). Mammalian RNA polymerase I1 
specifically protected a serine residue in the -70-related region of RAP30 from 
phosphorylation in vitro. In addition, human RAP30174 bound to Escherichia coli 
RNA polymerase and was displaced by a70. These results suggest that RAP30 and 
a70  have functionally related RNA polymerase-binding regions. 

R NA POLYMERASE 11 REQUIRES 

several general factors for initia- 
tion of transcription at the pro- 

moters of protein-encoding genes (1 ) .  Al- 
though many of these factors have been 
purified extensively, the functions of most 
of them in the initiation of transcription 
are not well characterized. RAP30174 
(RNA polymerase-associated protein), 
also known as TFIIF (Z), is a heterodimeric 
general transcription initiation factor that 
binds to eukaryotic RNA polymerase I1 (3, 
4). An adenosine triphosphate (ATP)-de- 
pendent DNA helicase activity that associ- 
ates with RAP30174 may be related to its 
function (5 ) .  The amino acid sequence of 
RAP30 deduced from its cDNA (5) shows 
that RAP30 contains a region with se- 
quence similarity to a domain of the bac- 
terial transcription initiation factor u70. 
This domain of a70 is conserved through- 
out the u factor family and is required for 
the binding of a70 to RNA polymerase 
(6-8). The structural similarity between 
RAP30 and 070 suggests that RAP30 
could contain an RNA polymerase-bind- 
ing region that is functionally related to 
that of a70. The demonstration of h n c -  

tional similarity between RAP30174 and 
a70 would suggest the use of the well- 
characterized prokaryotic transcription ini- 
tiation system as a paradigm for initiation 
factor function in higher organisms. 

In order to identify a region of RAP301 
74 that is associated with RNA polymerase 
11, we used the catalytic subunit of cyclic 
adenosine 3',5'-monophosphate (CAMP)- 
dependent protein kinase (pKA) as a re- 
agent to modify RAP30174 and assessed 
the ability of RNA polymerase I1 to protect 
RAP30174 from phosphorylation by pKA 
(9) (Fig. 1). RAP30/74 that had been 
purified by RNA polymerase I1 affinity 
chromatography (3) was phosphorylated in 
vitro with pKA. The RAP74 subunit was 
phosphorylated ten times as efficiently as 
RAP30. RAP30 was then immunoprecip- 
itated after denaturation of the RAP30174 
heterodimer (Fig. lA, lane 5). Excess RNA 
polymerase I1 in the reaction blocked phos- 
phorylation of RAP30 (lane 6). RNA poly- 
merase I1 did not affect phosphorylation of 

Table 1. Approximate molar dissociation 
constants for RAP30 and a70 binding to RNA 
polymerase. 

S. McCracken, Banting and Best Department of Medical 
Research, University of Toronto, Toronto, Ontario, 
Canada M5G 1L6. 
J. Greenblatt, Banting and Best De artment of Medical 
Research and Department of ~ o i c u l a r  and Medical 
Genetics, University of Toronto, Toronto, Ontario, 
Canada MSG 1L6. 

*Present address: Ontario Cancer Institute, Toronto, 
Ontario, Canada M4X-lK9. 
tTo  whom correspondence should be addressed. 

Protein E. coli RNA Mammalian RNA 
polymerase polymerase I1 

*In (28). !Estimated from the partial cosedimenta- 
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