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Distribution of Fructose Diphosphate 
Aldolase Variants in Biological Systems' 

Herbert G. Lebhen and William J. Rutter 

ABSTRACT: (1) Three parental fructose diphosphate 
aldolases, A, B, and C, were detected in tissues of 
each of 13 vertebrate species tested (including man). 
The following criteria of identification were employed: 
relative electrophoretic mobilities to the well-studied 
rabbit and rat prototype enzymes; substrate specificities 
(fructose diphosphate/fructose 1-phosphate activity 
ratio); tissue distributions, and, in some cases, specific 
immunological properties. A fourth parental aldolase 
form was detected in trout and salmon but not in other 
fish studied. (2) In vertebrate tissues containing two of 
the parental aldolases, five-membered hybrid sets 
were usually detected, indicating that both aldolases 
were formed in individual cells. Five-membered hybrid 
sets were detected in some tissues of all species ex- 
amined. This suggests that the parental aldolases in 
vertebrates are tetrameric molecules. (3) Aldolases A, 
B, and C have a segregated tissue distribution. Aldolase 
A was present in most tissues investigated; aldolase B was 
detected in liver and kidney; aldolase C was found in 

T wo distinct types of fructose diphosphate aldolases 
have been detected in biological systems. Class I and 
class I1 aldolases, as they have been termed (Rutter, 
1964), are strikingly different in both molecular and 
catalytic properties. Class I aldolases have been found 
in animals, plants, protozoans, and algae, while the class 
I1 enzymes have been detected in bacteria, fungi, and 
blue-green algae (Rutter, 1964; Groves, 1962; Rutter 
and Groves, 1964). Both class I and class I1 aldolases 
are found in Euglena (Groves, 1962; Rutter, 1964) and 
Chlamydomonas (Russel and Gibbs, 1967). 

Multiple forms of class I aldolases have been detected 
in certain vertebrate tissues (Penhoet et al., 1966; Fox- 
well et al., 1966; Anstall et al., 1966; Rensing et al., 
1967; Herskovitz et al., 1967). Three parental aldolases 
have been isolated from the rabbit: aldolase A, the 
classical muscle enzyme (Taylor et al., 1948); aldolase 
B, from liver (Rajkumar et al., 1967); and aldolase C, 
recently isolated from brain (Penhoet et al., 1966; E. 
Penhoet, M. Kochman, and W. J. Rutter, in prepara- 
tion). These ;>arental aldolases have many structural 
similarities and appear to be homologous proteins 
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brain and somewhat more variably in heart, spleen, and 
other tissues. (4) Transitions from a predominance of 
aldolase A to B in liver and kidney and A to C in brain 
have been observed in tnaa. C to A transitions were ob- 
served in chicken muscle and heart, and in human heart. 
These transitions emphasize the independent regulation 
of synthesis of the three aldolases. ( 5 )  No evidence of 
multiple tissuespecific aldolases corresponding to those 
of the vertebrates was found in invertebrates or plants, 
although aldolase multiplicity was detected in some 
species. It Is proposed, therefore, that the homologous 
aldolase genes B and C were functionally consolidated 
in the vertebrates. (6) Single bands of class 11 aldolase 
activity were found in all bacteria and fungi tested. In 
confirmation of previous work, a single class I and a 
single class I1 activity was detected in Euglena. (7) The 
aldolase from Micrococcus aerogenes was not inhibited 
by chelating agents, suggesting this enzyme may be a 
class I aldolase. No class I aldolases have been found 
previously in microbial systems. 

(Rutter et al., 1963b, 1968; Penhoet et al., 1967). 
Five-membered A-B and A-C hybrid sets have been 
detected in some mammalian tissues (Rutter et af., 
1968; Penhoet et al., 1966). In addition, five-mem- 
bered hybrid sets can be produced by the binary 
combination of the parental subunits (Penhoet et al., 
1967). These observations suggested that the class I 
aldolase molecule is tetrameric, a supposition which has 
been confirmed (Penhoet et al., 1967; Kawahara and 
Tanford, 1966; Sia and Horecker, 1968; Castellino and 
Barker, 1968; L. Hass and H. Sine, personal communica- 
tion). 

The specific aims of this study were (1) to determine 
the general distribution of class I and class I1 aldolase 
variants in biological systems (a question relevant to the 
evolutionary origin of the variants); (2) to enumerate the 
members of the class I hybrid sets in various systems (a 
question relevant to the subunit structure of the aldolase 
molecule); and (3) to define the tissue specificity of the 
class I variants in diverse animal groups (a question 
relevant to the physiological function of the class I vari- 
ants). 

Materials 

The biological materials used for h i s  study and their 

Vertebrate Tissues. Adult human, at autopsy: Dr. N. 
sources are indicated as follows. 
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l l o u ~ ~  I: ZODC e*ftrophonlr rewlulion of aldolase mintus m a t r a c t s  of rkclnal muscle from various vatcbrate s e e s .  
Rmdons fa tirnr homogenualron. elmrophorsrs. m d  BEtinly stavung arc dacnhed in the Mnhcds mion. 

K. MoM,  Depmtmmt of Pathology, University of 
W&in@m; mbryonic human: Dr. T. H. Shepard, 

Rhesus monkey h t t a ) :  Primate center, 
University of Washington; bovine, swine, rat, rabbit 
and chicken: Lab Associates, Inc., Kirkland, Wash; 
embryonic chicken: Dr. S. D. Hauschka, Department 
of Biockdmy, U n i d t y  of Washington; turtles 
(Chrysemys picta) and frogs (Rana pipienr): Biological 
Supply company, Seattle. Washington; perch ( M i *  
I- htera/ia): Seattle Public Aquarium; trout (Salmo 
@r&eri> and salmon (Oncorhynchus nerka): Dr. G. 
Klontz, Westem F i b  Disearr Lab. Seattle. Wash.; end 
shark (Squahu sucklei): Mr. W. Brown, of this labora- 
tory. 

Incertebrafe Tissues. Octopus (Dofieid nmrtinii: 
Mr. B. Frick, Sequin, Wash; lobsta (Homnrw ameri- 
CIUUU): QFC Stores, Seattle, Wash; crayfish ( P a c l b  
faus nobrki@): C ! Q ~  Biological Co., Seattk, Wash; 
crab (mmr nngisfer): Pure Food and Firh Co., Seat- 
tk, Washh@on; and honey becs (Apis mellifra): C. G. 
Wenner and Sons, Glenn, Calif. 

P/ants. Spinach (Spinacia oleracca): QFC Stores, 
Seattle, Wash; pea (Pisum srrtioum), corn seeds (ZM 
moire), end Cbdophom sp.: Department of Botany, 
univasity of W a s h i o a  

P~OIUIS. Protozm. Te~rahymempyr#formis:Dr. 0. A. 
Thompsoo, Department of Biochnrdstry, University 
of W-on; and &&na gradis: cultured hy the 
~odofGro~( l%Z)andStar(1960) .  
Fungi. Yeast (Saccharomyces cereoisiac): Standard 

Brands, Seattle, Washin@on; and Neurospora cmwa: 
Dr. D. R. Stadkr, Lkparunnt of Genetics. Univasity 
of Washklaton. 

ejehawlio coli, Psncrlomow nurlrlwmns, and M b  

Dcpartmmt of Pedintrics, university of WBsbington; 

Eacterial. BoeuLu Subrilir, DeXdfODibrIO & d f u r h ,  
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cace~ MOPMS: ~ r .  n. R. whiteley, Department or 
Microbiology. University of Washington. 

MahOdS 

Preparation of Ertracts. Extracts of the various bio- 
logical specimens were prepared by one of the following 
mahods: (1) homogenization in a Potter-Elvehjem 
homogenin, (2) freezing and thawin& (3) &ding. 
(4) sonication, and (5) colloid mill disruption. The pro- 
cedure giving maximal recovery of activity for each m- 
terial was used. AU extracts were centrifuged at l 0 0 , ~ g  
for 45 min, and the supernatants used for assay. 

Anim/s. Most animal tissues were homogenkd in 
0.05 M Veronal buffer @H 8.6) (approximately 1 g of 
tissue/ml of buffer) containing 0.07Z 8-mercapio- 
ethanol. Extracts of early embryonic chicken tissues 
were prepand by freezing and thawing the tissues 
t h r e  times in 0.05 M Veronal buffer (1 8 of tissue/ml of 
buffer). 

Plonts. Pea and corn seeds were washed in 5.25Z 
sodium hypochlorite for 30 min followed by soeking 
in tap water for 12 hr. The seeds were then allowed to 
gaminate on moist filter paper in the dark. Wlings 
(5- to 7&y old) were homogenind in 0.05 M Veronal 
buffer (2 g of seedlings/ml of buffer). Chopped spinach 
leaves were ground with a mortar and pstle in the pres- 
ence of sand and a small amount of 0.05 M Veronal 
buffer (10 g of leaves/ml). An aliquot of this brei was 
sonicated for four periods of 30 sa: each with a Branson 
sonifier (9-A setting). Samples of Cladophora were pre- 
pared as described for spinach without sonication. 

Protisrs. Prororm Tetrahymena were suspended in 
Veronal buffer (5 g of ceUs/ml) and the suspension was 
homogrmnd ' . €u&na were suspmded in 0.1 M Tris 
@H 7.5) containing 0.1 Z 8-mercaptoethanol (approxi- 
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mom 2: Zone electrophoretic rsohtion of aldolase activities in extracts of spleens from various vmcbrate spcia. ThC p r e h  
profile is faint, but activities corresponding to the A X  set w c r c ~ p ~ t .  R m d m  for tissue homogcniratim, elebmp-, 
and activity staining are described in the Methods Xerion. 

mately 2 g of aUs/ml of buffer) and sonicated as des- 
cribcd for spinach. 
Fungi. Neurospora s p c i m n S  were homogmind in 

0.05 M V ~ o n a l  buffer (2 g/ml of buffer). Yeast cells ame 
suspended in distilled water (1 g of allslml) and ground 
with glass beads (600 ml of 120-p beads plus 1oM) ml of 
suspension) for 20 min in a Gi6ord-Wood colloid mill. 

Bacferia. Bacterial extracts were prepared in distilled 
water by passage through a french pressure a l l .  The 
protein concentration of these extracts d e r  centrifuga- 
tion was approximately M mg/ml. 

Acrioffy Measuremnfs. Aldolase activity was d e  
1-ed by the method of Blostdn and Rutter (1963) 
using either 2.5 m FDP or 10 m F-I-P as substrate. 
A unit of activity is expressed as the cleavage of 1 ,unole 
of substrate/min per ml of extract @lostein and Rutter, 
1%3). 

Elecfmphoretic h y .  Celluloscpolyacctate electro- 
phoresis and staining for aldolase activity were pm- 
forrnuJ as previously described (Penhoet et d., 1966). 
Samples (2-4 pl) containing 0.0024.02 unit of aldolase 
activity were applied to the Nip and ekctropbonsio was 
p r f o d  at 250 V for 90 min. Som extracts. espe5ally 
those of liver and kidney tissues, produced activity 
bands on apsay plates which containd no FDP. These 
bands are probably due to alcohol d e h y d r m  w 
tivity (Shaw and Knen, 1967). In most instances, sub 
stitution of the assay buffer with 0.01 M sodium p y e  
phosphate, 0.005 M Na.HAso,, 0.001 M EDTA, and 
0.01 M isobutyramidc (pH 7.5) prevented the detection 
of these FDP-independent activities. In addition, the 
rqUirement for substrate was checked and found to be 
positive for all the aldol= activity bands. 

I ~ l o g i c a l  Assoy. Chicken anIisun againat puri- 
fied rabbit aldolases A and B wae prepad by E peb 
hoet of this laboratory, usins a h o d  similar to that 

unployed by Weber (1%5); 1 ml of anti-A saa u u ~ r  
PMely inhibited 120 ~rg of purr rabbit aldolssc A and 
1 ml of anti-B sera completely inhibited 60 ~rg of purr 
rabbit aldolase B. 

T-Iy miscrolitas of human muscle utrset mo- 
taining 0.16 unit of activity was added to 100 4 of anti- 
A, anti-B, or distilled water; lop1 of human liva extract 
conIaining0.05 unit was added to m04 of anti-A,anti-B, 
or distilled water. All preparations were then incubated 
for 1 hr at 4". Following incubation, the pnparations 
were assayed for aldolase activity. Inhibition by antisera 
wasexprcssedrelative to the activity ofextraus incubated 
with water. 

Results 

Idenfljication of AIdoLuw in Timus of Vmhu Ver- 
fcbmte Species. The identification of the various aldo- 
lase activities present in extracts of tissues ftm the 
vertebrate species studied is based on &vend c r i t h :  
substrate specificities (FDP/F-I-P activity ratios), ekc- 
trophoretic mobilities, tissue distributions, and in som 
instanas, specific immunological proprties. 

The substrate speciticity is particularly usem in dis- 
Ihguiishing aldolase B from a l d o h  A and c. I h e  
FDPF-I-P activity ratios of rabbit aldolpss A. B, and 
C are approximately 50.1, and 12. respaively mutter 
et d., 1968). I h e  advity ratios of the hybrids may be 
predicIed from arithmetic summation of the -tal 
subunits (Penhoet and Rutter. unpublished). S k  the 
low ratio for aldolase B is presumably a re&ction of 
this enzyme's function in the metabolism of fiuetose 
mutter ef d., 1%3a), the FDP/F-I-P activity ratio is a 
suitable diasnostic parameter. The activity ratios of 
aldolases A and C, on the other hand, are less differmt, 
and both are somewhat variable in crude extracts; t h ~ ,  1 11 
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this ratio is of little value in differentiating aldolase A 
and C in the present studies. 

The FDP/F-I-P ratios of skeletal muscle, liver, and 
kidney of several vertebrates are compared in Table 1. 
The ratios of all muscle activities are high ( M a ) ,  char- 
acteristic of aldolase A. All of the liver activity ratios 
are low (1.2-3.5). suggesting high concentrations of 
aldolase B in thew tissues. The intermediate kidney 
values (4-7) suggest that both aldolam A and B are 
present in these tissues. The activity ratios of all other 
ti5ues tested were considerably higher than those of 
liver and kidney and suggest that the distribution of 
aldolase B is restricted primarily to these two tissues. 

We also employed the relationship of electrophoretic 
mobilities of activities detected in tissue extracts to those 
of the well-studied prototype aldolases A, B, and C 
isolated from rabbit muscle, liver, and brain, respec- 
tively. (Under the conditions employed, rabbit aldo- 
IasesB,A,andCmigratd-l .7,-0.6,and+2.8cm 
in 1.5 hr, reswtively.) Although this parameter in it- 
seH might be a tenuous basis for assignment. in prac- 

TABLE I: FDP/F-1-P Ratios of Muscle, Liver, and 
Kidney from Selsted Vertebrata.* 

- ~~~ __  ~. 
Tissue Human Monkey Rat Perch Shark 

Muscle 44 46 40 60 M 
Liver 1.2 1.1 1.2 2 . Y  3.5 
Kidney 4.0 4.0 3.0 5.6 7 . 0  

-Conditions for tissue homogenization and deter- 
mination of aldolase activity usins FDP and F-I-P 
as substrate are described in the Methods section. 

_ ~ _ _  

- _ _ ~  
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:ice 11 has proved q ~ ~ i t c  u.se.fut :ICC;WK: ui s t t i u w  ue. 
.> ophoreti, I-vkttionshtp~ ktweet i  !tic iahhii parcnta 
itldo'aees and the activities ol th< other systeins testcxi 
Jn addition. the tissue distribution o f  the various lorn!: 
has reinforced the other criteria Finally, the ~{lrcir~ 
inhibitory properties of antisera directed ayainst the 
pore rabbit aldolases A and B hirvc k e n  employed ii'  

identify these enzymes in human 11ssues. Even lhougk 
the parental species do not cross-react tu u measurahr 
d e w ,  homologs in the A and B series from other mimi 
rnels do cross-react with the appropriate antisera pn:. 
pared against the rabbit enzymes (Weber, :965). 

Wecfrophoretic Profile.9 ,f Aldoluse AciiL'I'iL. IW 1. v r  
iehruie. TISSUFS. Theactivity protiles o f  aldolase activ~t. 
In selected tissues from I I vertebrate sources are pic 
senled in Figures I.-:. The trout and salmon protiles 
were qualitatively different from ;how o i  the other v u  
tebrates and are presented separately in FigurL F 

MUSCLE. With the exception of bovine nnd swmc:. ., 
single aldolase activity corresponding to aldolase A wn? 
found in all vertebrate skeletal muscle (Figure I). Two 
activities with similar mobilities were detected in bovine 
and swine muscle. For several species, the profiles of 
different skeletal muscles were compared and found 
to be identical. All muscle activities tested exhibited a 
high FDP/F-I-P ratio. 

S P L ~ .  Aldolase A was the predominant activity in 
most spleen extracts (Figure 2); however, several of the 
A€ hybrids were found in .bovine, swine, and perch 
splecll. The entire A€ set was present in chicken spleen. 

HUT. Aldolase A was the only activity detected in 
bovine, rat, and rabbit hearts. Some members of the 
A€ set were found in human, monkey, swine, turtle. 
and perch hearts, while lhe entire A€ set was present 
in dicken. frog, and shark hearts. 
BR*M. As shown in Figure 4. the A-C hybrid set wa5 
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mu~e 4: Zooe elecuophoretic resolution of aldolasc Bctivitis in extracts o l  brains from various v a t e b r a k  species. Rmdm 
for tiuuc homogmiration. elarophoruis. and activity staining arc dcpmbcd in t k  Methods &ion. 
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mu~e 5: Zone eleftrophorctic resolution of aldolase activities in extracts of Lim from various vertcbrak a-. Rmdm 
for tissue homogenization, electrophoresis, and activity shin ing arc deocribed h th Methods mion 

found in all br& tested. The chicken and pereh brain 
profiles were s k d  considerably toward the C termi- 
nus reRecting a relatively larger concentration of aldo- 
lase C subunits in t b s e  tissues. No differences betweeo 
the activity profiles of human brain white and gray mat- 
ter was detected. In a limited study carried out in col- 
laboration with Dr. H. Kihara, Department of Mental 
Hygiene, Pacitic State Hospital, Pomona, Calif.. no 
qualitative d iRemcg were found in the A-C protiles 
of brain obtained from human beings with a variety of 
brain disorders, including: Hurler's syndrome. d e  
myelinating encephalopathy, mongolism, mi~oaphal -  
ism. hydroaphalism, Tay-Sachs disease. and epilepsy. 

LNW. The liw activity p r o s l s  are pi-csenlcd in Fii  
ure 5. In most specis, aldolase B migram more cathod- 
ically than A. In others (frog and shark) aldolase B a p  
pears to be more anodic than A. The anodic band in 
frog and at least OM of the anodic activities in shark an 
presumably aldolase B since the FDPp-I-P ratios of 
frog (Blostdn and R u m ,  1963) and shark (Table I) 
liver utracts are low and becaw these anodic activities 
can be easily resolved from the corresponding A X  
hybrid sets by coelectrophorrsis. 

In contrast to the other vertebra- aldolases A and 
B of man and monkey have very similar mobilitien 
Thse aldolases are poorly resolved by coeleclrophomis 113 
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mum 6: Zone elstrophoretic resolution of aldolase activities in extrafts of kidneys from various vertebrate species. Procedures: 
for h homagmkation, electrophoresis, and activity staining are described in the Methods section. 

of the muscle and liw extracts; furthermore, these en- 
zymes were not clearly m a t e d  by a more acidic buffer 

pH 6.5). Ncverthcless, we bdim that the major portion 
of the human and monkey liva activities is aldolase B 
becaw the FDPp-1-P raticw of these tissues are 
low (Table I); furthermore, aldolase activity of buman 
liver extracts is severely inhibited by the antibody to- 
ward rabbit aldolase B (80%) and much less by the anti- 
bodis to aldolase A (20%). This corresponds to a mo- 
l& concentration greater than 93% of aldolase B 
in rat liver. The corresponding muscle extracts were not 

SYSkUl(o.1 M SOdiUm Ub’a@.m% 8-merCaPtoahanOl, 

mum 7: Zone elgtrophoretic resolution of aldolase BC. 
tiviticr In exixxts of kidney cortex and medulla from the 
rahbit. Procedures for tissue homogenization, electrophore 
sis, and activity staining are described in the Methods m 

114 tion. 
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at all inhibited by a n t i l  but were completely inhibited 
by antirabbit A. 

As is evident by the protiles in Figure 5,  low to mod- 
crate levels of aldolase A were also detected in many 
livm in addition to aldolase B. Few A-B hybrids were 
detsled; thus, it is unlikely that A subunits arepro- 
d u d  in significant quantities in the parenchymal cells 
which synthesize B subunits (Weber, 1965). Since aldo- 
lase A is probably tenfold more active than aldolase B 
in the activity assay mutter et u/., 1963b). the profiles 
emphasize deceptively the proportion of A activity. The 
A€ set was weakly apparent in chicken liver. 

KIDNEY. The FDPF-1-P ratios of the kidneys (Ta- 
ble I) suggest the presence of both aldolases A and B in 
this tissue. Members of the A-B hybrid set (Figure 6) 
were detected in most kidneys studied. As in liver, the 
single activity bands of human and monkey kidney pre- 
sumably represent the activities of both aldolases A and 
B because of the low FDP/F-1-P ratios. 

Aldolases A and B are detected in frog kidney. How- 
ever, an A-B hybrid set is not evident in this tissue. 
Aldolases A and B were detected in shark kidney. 
In addition, several other activities were found. The rel- 
ative mobilities and intensities of these activities suggest 
a complex distribution of the aldolase subunits in this 
tissue. Both the A-B and A€ @ut not the B€) hybrid 
scts were detected in chicken and turtle kidney. 

The aldolase profiles of rabbit kidney cortex and me- 
dulla are shown in Figure 7. Aldolase A was the only 
activity found in medulla while members of the A-B 
hybrid set were detsted in cortex. The FDP/F-I-P ratios 
also suggested that aldolase B was restricted to the cor- 
tex. The activity profiles of rat kidney tissues and the 
FDP/F-I-P ratios of the monkey kidney tissus also in- 
dicate this pattern of distribution. 

TRom AND SALMON. The tissue profiles of sewal 
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trout populations (four gmaatioD inbred, wild steel 
head, and hybrid trout) and thape of salmon were in& 
tinguishabk. As shown in F m  8, the trout and sal- 
mon tissw proliks wae qualitatively diffamt from the 
pro&s of otha vsrebrats studied. 

singk aaivity in *&tal musck is presumed to be a lde  
lase A. In addition to aldolase A, anotha more anodic 
band is found in livs which we surmise is aldolase B 
h a n u  of the low FDPp-I-P retias of thsc livss (24). 

In addition to a l d o k  A and B, the p m c e  of tor0 
additionalparmtalformintroutandsalmonisinfared. 
sina two difFmn1 fivamanbsed sds wae deto3ed in 
heart and brain, rspcdvely. W e  have tentatively 

BY analogy with the otha vatebrate systms, the 

tamd thcs famr aldolase “C“ and “D.” Coclectro- 
phoreds of heart and brain exhncts results in nine ac- 
tivitic?; thus o m  band (aldolase ‘C”) appears to be 
common to both the kart and brain seta At m t  it 
is not p&bk lo detarmae . the rrktionship of the trout 
a l d o k ,  “C’ and “D,” to aldolase C of otha vat- 
bra-, bsause the propatics of & eazymcs have 
not hem defined. 

The predominant activity ddstcd m kidney and 
splsen had a mobility equivalent to the rmomoo band of 
the heart and brain (aldolase “C’’). Hoarcva, upon pro- 
loaged incuhtion. additional membas of the kart and 
brain hybrid sds wac WeaLty apprmt. Aldolase B ac- 
tivity was not obssved in the kidneys of trout or 115 
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FEURE IO: Zone eleophoretic rsolutioo of aldolase activities in extracts of developiogchickm musk, hearl, brain, and Liver. 
The l&y, ZOday, and adult profis are shown. Procedures for tissue homogenization. electrophoresis. and activity staining am 
dgcribed in the Methods section. 

salmon; however, the aldolase activity in thge extracts 
was generally unstahk; thus, thc prsam of aldolase 
B in this tissue has not been ruled out. 

Uectrophoretie ProJiles of AIdoLue Aclimry in De- 
w b p i n ~  TiSSrreS. HUMAN. The FDPp-l-P ratios of hu- 
man skektal muscle. liver. and kidney daived from em- 
bryonic and adult sources are pr€Sented in Table 11. The 
FDPJF-I-P ratios of all musck extracts are h i  (42- 
50), characteristic of aldolase A. In addition, aldolase 
A was the only form delected by ekctrophomis. 

The FDP/F-I-P ratio of human liw darrass with 
development (31.2). An A-teB transition similar to 
that seen in rat liver deve lopmt  mutter and Weber, 
1%5) probably occurs in this tissue largely prior to 55 
days. 

Earlier studies from this laboratory mutter and 
W e k ,  1%5) indicated an increase in FDP/F-I-P ratio 

- -cxw?m . . .. . . . 

Oclopus Lobster Croy 

011.11( 

4. 

MURE 11: Aldolase activity profils of oclopus, lobstn, 
and crayfish mvsele exuacts. ’& profiks of oclwus heart 
and d appen- and those of loWa y d  crayfish 

ble from heart. brain, and hepatopmaem w m  in- 
the cmmspmding musck profiler. See M for special 
conditions of homogenization and eledrophmis. 

. .  
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in the initial stam of rat liw regeneration; thus, a B- 
t0.A transition waa suggsted. In the prsent studies, 
however, we have noticed no significant diffemms in 
the FDP/F-I-P ratics and aldolase profiles between non- 
regmratiog and livss tested at I ,  2, 3.5, and 8 days 
after partial hepatectomy. These studies were performed 
in triplicate. 

A transition from aldolase A to B during human 
kidney developlnmt is indicated by the decrease in FDP/ 
F-I-P ratio belween 55 days and adult (from approxi- 
mately 50 to 4). 

A transition from aldolase A Io the A€ set is seen 
during human lnain dewlopmat (Figure 9). At 55 days, 
only aldolase A was detected. At later stages of develop 
m n t  (125 and 175 days) some of the A€ set was found. 
The entire A€ set is evident in the adult brain. 

The A€ set was detected in all embryonic human 
harts studied and in new-born h a r t  (Figure 9). In con- 

TABLE n: FDPp-I-P Ratios of Embryonic and Adult 
Human Muscle, Liver, and Kidney.. 

~~ ~ ~~~~~~ ~ 

Tissue 5 5 D a y  175Day Newbom Adult 

Muscle M M 42 45 
Liver 3 . 0  2 .5  1.4 1 . 2  
Kidney M in 1.4 4.0 

-Embryonic age was estimated hy crown-rump 
le@ @try et d., 1967). Conditions for tissue homogsni- 
zation and determination of aldolase activity UsiOs FDP 
and P I - P  as substrate are described in the Metbods 
xstioo. 

~ ~ ~. ~~~ ~~~~~~~~ ~~~ ~~ ~~ ~~~ 

~~ ~ ~- 
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 lo- 12: be elcdrophontic resolution of aldolase activitks in C X t r M s  of various invertebrate and plant -a. me smral 
anodic in p and uxn seedlings w m  weakly apparent. No dillfrencrs w e n  seen between head, thorax, and abdominnl 
repia~. of t k  hooey bee, between sonicated and nmwnicated spinach pnparations. or betwm leal. root, and atan  regions of 
ps and d i n g r .  Raced- for homogenization, elee(roph&. and activity stsining are deshibed in t k  Methods sk' 
tim. 

trest, aldolase A was the predominant activity detected 
in adult heart. 7hcrcfore, a transition from the A€ sd 
to aldolase A probably ururs during human heart db 
velopmnt and maturation. 
CHICKEN. Aldolase C wds the predominant activity 

W e d  in the carly aviaa embryo (3 days). With de- 
vclopmnt, a mmplcte transition from aldolase C to 
aldolase A was scm in SLeLtal muscle (Figure IO). A 
transition fromaldolaseC to the A-C sd was obsrvcd 
with chick heart ontogay. 
The embryonic and adult ckkm brain pmslcs wcrc 

similar. In this tissuc, high *vcls of aldolase C were 
found at all stress of dmlopmmt. 
The activity proiiks of 7- and m d a y  rmbryonie chid 

Livas wue similar to those of the adult. Aldolase B was 
dcccacd in aU of thse ti-. A C-to-B transition prob 
ably occurs earlis than 7 days since a dsrras in FDP/ 
F-I-P ratio from 17 to 2 was obsrmd behurm 5 and 8 
days ( R u m  and Wcbs, 1%5; Wcbs, 1%5). 

A&I- Acri~ify  PmJiIes of InDnlebmles and Ph/& 
The aldolase activity present in inwxtebmte tissue a- 

vsy lahik. Activity profil6 muld be obtained by (1) 
homo&ration of the tissus m 0.01 M Tris, 0.001 M 
EDTA, 0.003 M +pbmanthroiiIlc, 0.002 M Phenyl- 
mthybulfonyl Ruoridc, and 0.5 M sucros (PH 7.5) 
slhich mntaincd 0.07Z Bmacaptoethanol. and (2) c*c- 
hopho&s in the prcsmce of 0.5 M sucrose UJine 
thse apedimts the activity pmslcs and FDPiF-1-P 
ratios of sevsal octopi (muscle, heart, and d appmd- 
a&, lobster, and anyi5sh (muscle, heart, brain, and 
bepatqmnacas) tissms wue oblained. The aldolas ac- 
tivitis of all tissms ofa givm OrganiMl had the samc 
deampbaeric mobilitis (F* 11). These activities 
andd no( be rrsolvcd by ca*dmpborsiS. 

Although w McsrnceS m deampbaeric pro6ka 
wcrc obsmd, tbe FDpp-1-P ratios of the various tie 
suswiihinagivm-varied.Foraamphtheratio 
ofw+ m d . u a s  I+ and that of hqm@mncmas 

tracts, particularly m UtraN of hepatopanacas, was 

low (approximately 29 and 2.8, rcspaively). Howew. 
it was obsrvcd that the FDPp-I-P ratios of hepato- 
paoaees cxtrafts decmmed with time. It is well known 
that vay Lav kvels of carboxypptidw activity reduce 
the FDPF-1-P ratio of rabhit aldolase A from approx- 
imately M lo 1 @rsbs*r ef ol., 1959). To tert the pos- 
sibility that the Maays io FDPF-1-P ratios of m- 
vertebrate tissues might be due to proteolytic modifi- 
cation afa  sin& enzymg myfish musck atract was 
incubated with hepatopanaras ~ t r a c t S  at 25" for 1 hr. 
This treatmat r s u l k d  in a drastic dccmase in FDP/ 
F-1-P ratio (29 to I )  and a swc inactivation (89x) of 
the muscle auym Incubation of muscle utracts with 
distilled water undu the samc cooditioos multed in es- 

I 
i 
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mum 14: Alddue SNvity profiles of vanous ~ c ~ o o ~ m s .  No sctiwty bands appeared whm elstropimresis and stainiog 
wen d o m d  in tk uesamx of 0.01 M EDTA. conditions for prcpsntim of u [ 1 m s .  ekctrophorenis, and Staining M de- 
apib&i in the Mdbods;Caion. 

sntiaUy no Wvatinn 01 darrssc in FDP/F-1-P ratio. 
Prom t h e  studies it appears that the differcocs in 
FDP/F-I-P ratios of the invertebrate tissus studied arc 
due lo proteolytic modification and not to the p m e n a  

Multipk forms of aldolase were dctated in crab mus- 
cle+ but not in the head, thorax, or abdominal regbn.~ 
of the honey bk ( F i i  12). S i  activitis w e  dc 
tcded in T e f r a h y m ,  in soaicated and nonsonicated 
spinach prcparatioos. and in the @ra~ alga, Ckdophura. 

Mdtipk aldolase activity bands arc evident in a- 
tracts of pa and corn sdlings ( F i i  12). Similar pro- 
fils were obtained from kaf, root, and stem d o n s  of 
the sadliw. The relative mobilities and intensities of 
these activities are not suggestive of typical hybrid sefs. 

Evgena Akblpre Profle. Both class I and class II 
aldolasc activities have heen reported in hglena. Groves 
(1962) sparsted these activities by sucrose density gra- 
dient anlrifugation. Class Il aldolsss are inhibited by 
EDTA (Rutta, 1%4), amiL the class I m z ~ n m  are not. 
This diffcrcnce in Sapitivity to EDTA was used to iden- 
tify the a l d o h  in Euglm. The ekampboretic res- 
lution of IIICSC aldolass is p-camted in F i  13. Two 
activitis arc ddectcd in the atsmce of EDTA. The an- 
odic band is aompl(ely inhibited by 0.01 M EDTA d m -  
onslraling that this activity is the class II enzyme. No 
heterogmcity was obsavcd in citba activity. 

A h &  Pro* of Fungi md Ibclorirr. The activity 
profiles of Neurospom, crude and purified yeast p rep-  
rations, B. snbtilis, D. desnlfwicmr, E. coli, and P. mul- 
timrrnu areshowninFi14.Noactivitywasdclccld 
in thQ a h a d s  in the p- of 0.01 M EDTA. thus 
danonstraling tbat all of these aldolass arc no doubt 
dass ll cnzyma. A sin& band of activity was ddstcd 
in each organism. 

In cmtrast to the abow, the .sin& aldolase activily 
in extracts of M. mogmcs was not affdui  by EDTA 
or ocha chlatioe agents. We rsently ha= obtaincd 
thismzym in a w t y  p u r i f ~ d ~ t a t c ;  its prop~a ' E -  

of tissubspcific aldolase variants. 

118 

sunbk class I a l d o h .  Tkse  studis will be described 
in grcatcr detail in a seprak communicatioa 

Discussion 

The Phyktic Distribution of Multiple A&&. (3uss 

I ALDOL*SB. The p-t invstigation suggsts that 
aldolsss A, B. and C (and, hma, their struftural gmcs) 
are widely distributed in the vsfcbrats. Satisfactory 
identification of the parental aldokss A. B, and C bas 
btcn made from their subsvate spscificities (FDP/F-I-P 
activity ratios), elstropbordic mobilities, tissue distri- 
butions, and, when naxsuy, spcilic immunological 
proprtics. ?bus, wen thougb the aldolsss A and B of 
buman lissucs have indistinguishable clcarophoretic 
mobilities, uley can be identilied by thcir W v e  in- 
bibition by spcisC antibodies prepared against aldo- 
kss A and B of the rabbit. 
Obno et a/. (1968) have rsmt ly  reported that the 

salmoooid Wes, including Jalmon and trout, contain 
about twice the D N A  content and twice the number of 
chromosom arms as compared with relaled familis. 
They have concludcd that thesc fish are polyploid, prob- 
ably tetraploid. In support of this conapt, Massaro and 
Markcrt (1968) have duwnslrated four sets of kclate 
d e h y d r ~  isouuyms in thse fish wh- otba 
closcly relatcd familis contain only a singk sct. W e  have 
also obsrvcd rimous iwauymic forms of glyw- 
aldehyde 3-phospbate dehydrogcnasc in rainbow trout 
tissues and c o n s i h b l y  f m r  forms in prch (Lebhcn 
and R U M .  1967). In the -1 studics. we d c M e d  
four parental aldolase types in trout and salmon, in con- 
VBSt to t b  in all Otha verlebrats Med. Ifthesalm- 
onoids are, in fa&, Idraploid, then duplicate gmcs for 
aldolass A, B, and C should be prcsmt (a total of six). 
The fourth parental form QeMed in the premt a p a i -  
mts might bave btcn derived from one of the otha 
parental aldolase gena (C?). The distinctive tissue dis- 
tribution of the fourth parental form, ho-, i m p k  
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thataspecitic- ‘c function forthis jgmchas da 
veloped in trout and salmon. Multiple gcucs for tbe 
atbarno aMdaseswmnat  deteded. Clearly a mon 

study of tbe multiple f o r w  of aldolases 
in the salmonoid fisher as well as in tbeir close relatives 

polyploidization hypothesis. 
In contrast to tbecasilydetectedaldolasevariants in 

wrtebrates, myltipk forms of class I aldolase were 
rarely observed in invertebrates. Multiple forms were, 
bowmr, observed in crab muscle and in pea andcorn 
sedhgs, but fivc+membcred sets were not detected 
and tbe molecular (and genetic) bask of the o b  
saved multiplicity remains to be defiaed. More 
detailed investigations of several tissues of the 
octopus, l o b ,  and myiish have given no indication 

mr, in confinnation of the a u k  obsavatlons from 
this laboratory (Graves, 1%2), diffaawrs in tbe FDP/ 
F-1-P ratios ~ a e  found ~II S C ~  tissues of thw ~ p e -  
cks. The ratio in the hepatopancreas was especially 
low; lmweve€, R noted that tbe m p p - 1 - P  ratios of 
the aldolase activity of these urmcts rn somcwhat 
variable and was always 10- by incubation. Fur- 
tbamore, addition of muscle extracts containing aldo- 
laseA to hepatopaMnesatrads results in a sharp de 
QCBSC in the FDP/F-l-P ratio. The alteration of spec- 
ificity of rabbit muscle aldolase A by treatmmt with 
carboxypeptidase is well known (Drechsla et al., 1959). 
l h e f o r e ,  the hepatopancreas must contain atha car- 
boxypeptidase-like activity or anotha proteolytic ac- 
tivity and wc tentatively conclude that the low FDP/ 
F-1-P ratios found in hepatopancreas are probably the 
d of an alteration of a sin& aldolase species found 
in alltissues. This point desavcs moreatensiveexpai- 
maltal witication. 

From this limited study of hvatebrate tissues, we 
ta~tativdy propose that the sd of homologous aldolase 
gum origieated, or at kast weze functionally consol- 
idated, in tbe vatebrates, which have more extensive 
cellular and metabolic divasification than the Iowa 
animal fonns. In addition, vatebrate cells usually have 
highs nuclear DNA content (McCarthy, 1965) and thus 
greater capacity for genetic duplication. 

From the general knowledge of the relative structures 
of aldolases A, B, and C, it can be pnsumed that thse 
me0 are homologous in the evolutionary sense and are 
derived from a common class I aldolase gene ancestor 
(Rutta et al., 1%3b, 1968). 
Cuss II ALDOLASPS. In contrast to the readily d e  

tected class I variants of hi* organisms, especially 
vertebrates, multiple forms of class 11 aldolases were not 
found in the fungi and bacbxia studied. In previous 
studies (Groves, 1%2) both class I and class 11 aldolases 
WQC detected in & g h .  The pnsent studies give no 
evidence for multiple form of eitha aldolase in EugleM. 

A (LASS I BACTERIAL ALDOLME? Until now, all of the 
bacterial aldolases studied in our laboratory (at least 
25 species to date) are inhibited by EDTA and other 
chelating agents, and gamally exhibit the properties 
of class II aldolases. In the coursc of the pnsmt in=- 
tigation, howevu, we discovaed that the aldolase of 

would be degirable in O& to furtha test tbe dlotdra- 

Of distinct aldolase Variants in these -. HOW- 

M. mugenes was not inhibited by high kvels of EDTA 
Cx 0 t h  &latjng agents. pdimiwy studiesoahigilly 
purified pnparations of this cnyme suggest that it re 
sembks class I aldolases. Thc dationship of this mol- 
ecule to other class I enymes and perhaps to tbe class 
II aldolases is currently under investigation. 

AIdDIare Multiplicity a d  Subunit Structure. The gen- 
aal occurrcna of fivemanbaed hybrid sets among 
the vertebrate species is predicted by the now w e l l a b  
lishedtetramn ‘c structure of aldolases A, B, and C (PaE 
hod et al., 1967). From these observations, we can con- 
clude that the aldolases of all the vertebrate species ex- 
amined are also tdramuic mokcuks. 

The present studies, however, define only the min- 
imal degtee of aldolase multiplicity. It cannot be con- 
cluded, for example, that there are only three aldolase 
genes (four in trout and salmon) in all the vatcbrate 
system studied. We have ddected multiple forms of 
aldolase A in bvinc and swine muscle and Masters 
(1%7)has obsavd multiplicity in the A band of mouse; 
thus, there may be frequent but not general duplicity of 
the major gene typs. Slight structural variations, for 
example, allelomorphic d i f f e r a ~ s  in molecuks, may be 
much more widespread, but detection of such minor 
molecular alterations is outside the scope of the pnsent 
StUdiCS. 
Yeast aldolase and probably other class 11 aldolases 

have a dimeric structure (C. Harris, R. Kobes, D. Teller, 
aad W. J. Rutta, unpublished data). Thus, thmemem- 
baed hybrid sets would beexpected iftwo different sub 
units were syntb izcd  in the same cell. In the pnsent 
studies, we have not ddected multiple forms in any cells 
containing class 11 aldolases. 

Selectim Tissue Distribution of the Vertebrate A& 
laces. As shown in Table 111, there is a generally segre- 
gated tissue distribution of the parental aldolases. Aldo- 
lase A was found in most tissues studied; aldolase B was 
restn’cted to livm and kidney; the tissue distribution of 
aldolase C varied somewhat more widely. 

The cellular distribution of aldolase B agnes with the 
proposed role of this enzyme in gluconeogenesis and 
fructose metabolism (Rutter et d., 1%3a). The metabo- 
lism of fructose oia fructose 1-phosphate occurs primar- 
ily in the liver. Both liver and kidney cortex are rich in 
gluconeogenic activity (Benoy and Elliott, 1937; Krebs 
et al., 1%3). Our finding that aldolase B is present in 
the rabbit kidney cortex and was not detected in the me- 
dulla agrees with the proposed function of this enzyme. 
There is as yet no known catalytic basis suggesting a 

separate physiological function for aldolases A and C. 
Since aldolase C is generally present among the We- 
brates and has a specific tissue distribution in each verte- 
brate organism tested, we surmise that the gene, and 
hence, its product, has a specific physiological function. 
The enzyme could, for example, have as yet undis- 
covered catalytic properties. Alternatively it might have 
a unique intracellular distribution which is related to a 
specific function (parhoet et al., 1%). It is also possible 
that the physiological basis for its existence may be 
found within yet-to-be defined o n t m e t i c  mechanism. 

Regvlntion of Synthesis of the Claw Z AldolPres. Littk 
is currently known about the regulation of the veate- 1 19 
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TABLE in: Tissue Distribution of Aldolases A, B, C, and D in Vertebrates. 
____ 

Muscle Spleen Heart Brain Liver Kidney 

Human A A A€ A-C A, B A-B 
Monkey A A A€ A€ A, B A-B 
Bovine A A€ A A€ A B  A-B 
Swine A A€ A€ A-C A, B A-B 
Rat A A A A€ A, B A--B 
Rabbit A A A A-C A, B A--B 
Chicken A A€ A€ A-C A, B A-B, A X  
Turtle A A A€ A-C A, B A--B. A-C 
Frog A A A-C A€ A, B A, B 

A, B Shark A A A X  A 4  A, B 
c, ? A, B Trout, salmon A “C” A‘‘P “C-1)” 

0 The appropriate hybrid sets are designated by an en dash between the parental aldolase types (ix., A-B, A X ,  
and “C-D’). The dominant subunit in the hybrid sets is in italics. The assignment of aldolases “C” and “D’ 
in trout and salmon tissues is tentative, and uncertainty (?) of the presence of aldolase B in trout and salmon kidney 
is indicated. 

Perch A A X  A X  A-C A, B A-B, A-C 

‘I n. 

-_ - _____ -.- 

brate aldolases. From the segregated tissue distribution 
of these enzymes, it can be concluded that they are in- 
dependently regulated. This conclusion is strengthened 
by the observations in a number of systems of transi- 
tions from synthesis of predominantly one subunit type 
to another during embryological development. The de- 
tection of transitions from aldolase A to B, A to C, and 
C to A in the present studies supplements the earlier ob- 
servations in this laboratory of A-to-B and A-to€ tran- 
sitions in rat liver and brain, respectively (Weber and 
Rutter, 1%; Rutter et al., 1%3a; Rutter and Weber, 
1%5; Weber, 1965; W. A. Susor and B. Luppis, un- 
published). Many of our experimental observations have 
been confirmed by others. Rensing and associates (1967) 
have, for example, detected the aldolase A-tc-B and A- 
t& transitions in rat liver and rat brain, respectively. 
Herskovitz et a/. (1967) have observed the C-to-A tran- 
sition in chick muscle. 

In earlier studies (Rutter et d., 1%3b) we reported 
that an increase in FDP/F-1-P ratio occurred during 
liver regeneration, thus suggesting a possible E-to-A 
transition associated with the initial stages of regem- 
tion. In  the present more definitive studies, we have 
found no consistent alteration in FDP/F-I-P ratios or 
in the electrophoretic activity profiles between normal 
and regenerating liver. Thus, the earlier results were 
probably caused by the adventitious presence of differ- 
ent proportions of erythroid or other cells containing 
aldolase A (Rutter and Weber, I%S; Rutter et al., 
1963a). Even though a B-to-A transition was not ob- 
served during liver regeneration, B-to-A transitions d o  
indeed occur in certain liver hepatomas. We have re- 
ported that slow-growing, minimal deviation hepatomas 
had low FDP/F-I-P ratios, characteristic of aldolase 
B from normal liver, whereas more rapidly growing in- 
vasive hepatomas invariably contained aldolase A (Rut- 
ter et ai., 1963a). More recently, Matsushima and his 120 

colleagues i(l%S) have confirmed these results and 
showed that the distribution of aldolases A and B dif- 
fered between normal and tumor cells; thus there is a 
modified synthesis of A and B subunits between normal 
and variant liver. 

In the studies available to date, the ontogenetic tran- 
sitions have involved predominantly a shift in the syn- 
thesis from A to either B or Clsubunits. This would im 
ply that the major aldolase present in early embryonic 
cells is aldolase A and that the synthesis of aldolase B 
or C is initiated with cytodifferentiation. On the other 
hand, a number of C-to-A transitions have been detected 
espially in chicken. Moreover, we have noted that 
the early chicken embryo (3 days) contains aldolase 
C. These observations make it of special interest to de- 
termine the aldolase type(s) found in the earliest stages 
of embryogenesis in mammalian and avian species. An 
interchangeability of aldolases A and C during early de- 
velopment might indicate a functional equivalence of 
these two molecules. 

We have never observed E C  hybrids in tissue ex- 
tracts. Since such hybrids can be readily produced by 
reversible dissociation of a mixture of aldolases B and 
C (Penhoet et d., 1966) we conclude that aldolases E 
and C are rarely, if ever, synthesized in the same cell. 
Two general mechanisms for the regulation of the 

three homologous aldolases A, B, and C can be pro- 
posed. The first m h a n i s m  essentially establishes con- 
stitutivity. During the determination of differentiation 
of a given cell type, a specific degree of m l a t i o n  of the 
aldolase genes would be established at the genetic level 
and perpetuated in that cell and, perhaps, its progeny 
This mechanism of regulation would be expected to be 
rather independent from short-term metabolic modu- 
iations. A second mechanism would invoke a direct rok 
of a metabolite effector and hence presumably wouM 
be dependent on the perpetuation of a constant meta- 
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bolic state. Thus, the synthetic transition from synthe- 
sis of one subunit type to another in embryological de- 
velopment would be the secondary result of a metabolic 
transition. This mechanism would perhaps allow a more 
dynamic response to physiological alterations. 

The present studies, as well as previous ones from 
this and other laboratories, provide a number of sys- 
tems which can be used to study the regulation of syn- 
thesis of the aldolases. The demonstration that the A-B 
transition can be obtained in vitro (Rutter and Weber, 
1%5; Weber and Rutter, 1964; Weber, 1%5) suggests 
that other transitions may similarly be studied in sim- 
plified systems and thus the mechanisnrs of regulation 
of these three molecules is now susceptible to definitive 
experhentat ion. 
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