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1. Introduction

Glyceraldehyde 3-phosphate dehydrogenase*
(GPDH) from the skeletal muscle of a wide range of
organisms possesses very similar enzymic and mole-
cular properties [1, 2]. Within mammals the primary
structure is very highly conserved [3] and the amino
acid sequence around the essential thiol group is iden-
tical in all the species that have been studied [3, 4] .
More striking still is the considerable identity of the
complete primary structure of enzyme from the mus-
cle of such distantly related organisms as pig [5] and
lobster [6]. Enzyme from baker’s yeast on the other
hand shows significant differences in properties,
notably in the mode of binding of NAD [7—9], and
in the reactivity of the essential thiol group towards
alkylating agents [10, 11]. The latter observation is
the more remarkable since the amino acid sequence
of a 17-residue tryptic peptide containing the essen-
tial thiol group is identical in the yeast and mammal-
ian enzymes [10].

As a further step towards the identification of the
structurai elements responsible for the differences in
properties between the yeast and muscle enzymes,
we report here a nearly complete amino acid sequence
for the protein sub-unit of yeast GPDH.

2. Materials and methods

Glyceraldehyde 3-phosphate dehydrogenase (3X
crystallised) was prepared from baker’s yeast and
shown to be homogeneous as previously described
[12]. For sequence studies the enzyme was S-car-
boxymethylated with [2-*Cliodoacetic acid in 8 M
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urea [13] . Peptide fragments that accounted for the
entire protein chain of 331 residues were obtained
from: a) total tryptic digests of S-[2-'*C] carboxy-
methylated protein;b) similar tryptic digests of non-
radioactive S-carboxymethylated protein in which
methionine residues had been reacted with [1-1*C]
iodoacetamide in 8 M urea at pH 3.0; ¢) tryptic di-
gests of lysine-blocked (V-trifluoroacetyl-[15] and
N-maleyl-[16]) S-[2-'*C] carboxymethylated protein;
d) cyanogen bromide cleavage (in 70% formic acid)
of §-[2-1*C] carboxymethylated protein, by suitable
combinations of gel-filtration on Sephadex columns
(G-50, G-75 and G-100) and paper electrophoresis/
chromatography (cf. [14]).

Peptide sequences were established by the dansyl-
Edman method [17], and overlaps of many of the
primary tryptic peptides were obtained from chymo-
trypsin and subtilisin digests of lysine-blocked frag-
ments [18], and from pepsin digests of cyanogen
bromide fragments. Overlaps that were not experi-
mentally established have been assigned provisionally
on the basis of apparent sequence homology with the
pig and lobster muscle enzymes (cf. [5]). A detailed
account of these procedures and results is available
[19].

3. Results and discussion

A partial amino acid sequence for the sub-unit of
yeast GPDH is given in fig. 1 in comparison with the

*4 bbreviations
GPDH: Glyceraldehyde 3-phosphate dehydrogenase.
ADH: Alcohol dehydrogenase.
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PIG PPN Val-Lys-Val-Gly-Val Asp-Gly-Phe-Gly-Arg-Ile-Gly-Arg-Leu-ValfThrfArgfAla}alafPhe-Asn-Ser-Gly-Lys-Val.
LOBSTER . . . Ac.Ser-Lys-Ile-Gly-Ile Leu Ala Leu-Ser-Cys.Gly —— Ala.
YEAST PO Val-Arg-Val-Ala-Ile Met Ile Leu-Ser-Arg-Pro-Asx-Val-
30 40 50 —
Asp-1lefVal-AlatIlefAsn-Asp-Pro-Phe-IlefAsp]LeufHis}TyrfMet-Vall Tyr-Met-PhefGin Tyr-Asp-Ser-Thr-His-GlyfLys-Phe-His§Gly-
Gln-Val Val Ala Glu Met-Val Lys Val-Phe-Lys
Ser
Glx-Val (Ala| ThyAsx,Asx,Pro,Phe, Ile{Asx|Leuf Asp] Tyr}ala-Ala Lys Arg-Tyr-Ala
60 70 80
ThrvVal}lys-Ala-GludAsp}Gly-Lys~Leu-Val-1leAsp-Gly-LysfAala} 11efThr-11le-Phe-Gin}G1lu Arg-AsptPro}AlatAsn}ile-LystTrp Fcly-
Glu Es-Met-Glu Gly-Ala-Leu-Val-Val Lys Thr-Val-Phe-Asn Met-Lys Glu Ile~Prof Ser-
Glu Ser-His-Asp] Lys-His-Ile-Ile-Val Lys Ala-Thr-Tyr-Gln Arg-Asp Ala Leu-ProfTrp}Ser,
90 100 110
Asp-Ala-Gly-Thr-Ala-Tyr-Val-Val-Glu}Ser-Thr-Gly-Val-PhefThr-Thr-Met-Glu-Lys}AlafGly-Ala}lHis Leu-Lys-Gly$Gly-Ala-LysfAarg
Lys-Ala-Gly-Ala-Glu-Tyr-Ile-Val-Glu Thr-Thr-Ile-Glu-Lys Ser-Ala Phe-Lys-Gly Lys
Ser,Gly,Asp,Ser,Val)Ile-Ala-1lle-As Lys-Glu-Leu-Asp-Thr Gln-Lys Ile-Asp-Ala Lys
120 130 140
Valilleylle}Ser§Ala-Pro-SerfAla-Asp}Ala-Pro-Met-Phe-ValfMet]Gly.valfasn-His}Glu-Lys-Tyr Asp-Asn-Ser-Leu-Lys-Ile§val-Ser-
Val Ser Ala-Asp Cys Asn-Leu Ser-Lys-Asp-Met-Thr-Val
Val Thr Ser-Thr Met Asp(Ser|Glu,Lys) Thr-Ser.Asp-Leu-Lys-Ile
. « 150 160 170
Asn-Ala-Ser-CYS-Thr-Thr-Asn-Cys-Leu-Ala-ProfLeujAla-Lys-VallIle-His-Asp-His}Phe{Gly}Ilefval Glu.Gly-Leu-Met-Thr-Thr-Val-
Val Leu-His-Glu-Asn Glu Val
Ile-Asn-Asp-Ala G Glu (Met,Thr,Thr,Val,
180 % 190 — 200
HisdAla-Ile§Thr-Ala-Thr-Gln-LYS-Thr-Val-Asp-Gly-Pro-Ser{Gly{LystLeuqTrp-ArgsAspgGly-ArgeGly{AlagAla-GlngAsn-Ile~1le-Pro-
Ala-Val Ala Asp Gly Gly Ala-Gln
His]Ser-Leu His As Gly Thr Ser-Gly
210 220 230
Ala}Ser-Thr-Gly-Ala-Ala-Lys-Ala-Val-Gly-Lys-ValjIle¢Pro-Glu-Leu}AspfGly-Lys-Leu-Thr-Gly-Met-Ala-Phe-Arg-Val-Pro-Thr{Pro-
Ser Ile Asp Pro-
Ser Leu Gln Valw
240 250 260
AsndVal-Ser-Val-Val-Asp-Leu-ThrCys-Arg{leujGluflys{Pro-Ala-LysiTyr-AsptAspille-Lystlys-Val-Valilys Glnl Ala$SeriGlu-Gly-
ASp Val-Arg Gly Glu-Cys-Ser Asp Ala-Ala-Met Thr Ser
AsX Asx Val,Lys As Glu-Thr-Thr Glu Lys-Val-Val Ala] Ala
270 280 290
Pro{LeujLys{Gly Tic) Leu-Gly* Tyr-Thr-Glu:Asp}Gln{Val-Val-Ser{Cys{Asp-PhefAsn-Asp~Ser-Thr-His}Ser-Ser}ThriPhe-Asp-alafGly
Pro Gln Phe Asp Ser Ile-Gly-Asp-Asn-Arg Ile Lys
Lys Lys Val Glx-Asx]Ala (Ser| Ser {Asx,Phe|Leu,Gly,Ser,Asx,His Ser,SerjIle;Phe)Asx(AlajSer}
300 310 320
Ala-Gly-1lefAlalieufAsn-Asp-His}Phe-Val-Lysf{leu-Ile}Ser-Trp-Tyr-Asp-Asn-GludPhelGly-Tyr.SerfAsn}Arg-va1fVai}asp-LeufMet-
Gln Ser-Lys-Thr Val-Val Phe Gln Ile Leu-
Ala,Gly,Ile}Glx;Leu;Ser,Pro,Lys Leu-Val AsX«Asx-Glx)Tyr Thr val Val.
330
ValqHis{Met-Ala-Ser-Lys-Glu
Lys Met-Gln-Lys-Val-Asp-Ser-Ala
Glu \X’il’é-Alu-Lys-Alu

Fig. 1. Comparison of the amino acid sequence of GPDH from pig muscle, lobster muscle and baker’s yeast. Established sequence
differences are shown in the boxed regions. Sequences not experimentally determined for the yeast chain are given within paren-
theses and in a provisional order that maximises the sequence homology between the yeast and muscle enzymes, Asx and Glx de-
note residues in the yeast chain for which amide assignments were not unambiguously established. c¥s (149) and LYs (183) are
residues implicated in the active site,
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complete sequences of the pig [5] and lobster [6]
muscle enzymes. Incompleted sequences (shown within
parentheses) are expressed provisionally in the order
that maximizes sequence homology between the yeast
and muscle enzymes. Peptides containing residue 30
gave fractional values for threonine and serine but it
is not clear if this reflects the same kind of micro-
heterogeneity as at residue 328 where valine and iso-
leucine were shown to occur in the ratio of 2:3 [19].
With these exceptions no evidence was found for
similar but different sequences as would be expected
from non-identical sub-units (c¢f. [20]). Moreover the
facility with which the two amino acids at position
328 were detected emboldens us to believe that crys-
talline yeast GPDH, like its counterparts from muscle,
isindeed a protein of four sub-units each containing
331 amino acids in essentially identical sequence.

A total of 277 residues have been placed in se-
quence by direct experiment (fig. 1) but, of these, 10
of the carboxylate side chains were not unambiguously
assigned as free acids or amides. Comparison of the
sequence of the pig and lobster muscle enzymes
showed that 72% of the residues (241 out of 332) are
identical [S]. Of the 267 residues that can be directly
compared in all three species a total of 160 (60%) are
identical and a similar value of 59% (195 out of 331)
is obtained if the comparison is extended to include
the 54 residues in the yeast chain that have been placed
by homology. No other single protein from all three
species has yet been sequenced but comparison of cy-
tochrome ¢ from pig muscle and yeast shows an iden-
tity of 62% where residues occur in both chains [21].
In the corresponding glyceraldehyde 3-phosphate de-
hydrogenases 68% of the residues are identical. More-
over it is of interest to note that a comparable degree
of sequence identity (67%) exists between the yeast
and lobster muscle enzymes showing a remarkably
similar rate of molecular evolution of the pig and
lobster lineages since their divergence.

These results show considerable overall homology
in the primary structure of GPDH from yeast and mus-
cle. This, in turn, implies a conservation of tertiary
structure for which the notably higher than average
conservation of sequence in certain parts of the pro-
tein chain may be particularly relevant. Thus, for ex-
ample, 80% of the residues in a central section of the
chain (residues 144 to 243) are identical in the three
species. Significantly, therefore, this part of the chain
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contains the essential thiol group (residue 149) as well
as lysine-183 shown to be the site of the S—>N trans-
acetylation reaction [22, 23] in the yeast [19] as
well as the muscle [24, 25] enzymes. This reaction im-
plies that these two residues can be juxtaposed in the
three-dimensional structure and that the sequence of
this region of the molecule may have been particularly
strongly conserved because of its importance in main-
taining the tertiary structure of the active site. It may
also be significant that the highly conserved sequence
around a lysine (residue 212) that reacts with pyri-
doxal phosphate in the rabbit muscle enzyme [26],

is similar to the sequence around the lysine (residue
97) that reacts specifically with pyridoxal phosphate
in glutamic dehydrogenase [27].

Aromatic residues in GPDH are notably conserved
in all three species. Thus the 3 tryptophans, 8 of the
tyrosines and 10 phenylalanines occur in correspond-
ing positions in the three chains while phenylalanine
residues at positions 53, 74 and 315 in the two mus-
cle chains are changed to tyrosine in the yeast enzyme.
It should also be noted that tyrosine-46 (followed by
tyrosines 39 and 42) is the most reactive towards
K'?%L; in all three species [28] which again suggests
a similar three-dimensional structure. In contrast,
other residues such as cysteine and histidine are con-
served to a much lower extent. Thus only 2 cysteines
(residues 149 and 153) are common to all three spe-
cies and of the eleven histidine residues that occur in
the mammalian enzyme only four are common to the
lobster and yeast enzymes. Significantly histidine-38,
implicated in the catalytic activity of the rabbit en-
zyme [29], does not occur in either the lobster or
yeast enzymes and if one assumes that enzyme from
diverse sources possesses a similar basic reaction
mechanism this particular histidine is unlikely to be
an essential component of the active site.

Anaerobic conversion of carbohydrate to pyruvate
is an essential metabolic step in virtvally all living or-
ganisms and the extent to which the primary struc-
ture of GPDH has been conserved suggests that this
enzyme (and in all probability other enzymes in the
glycolytic pathway too) has existed essentially in its
present form from a very early stage in the evolution
of the species. A need for the internal packing of hy-
drophobic residues within sub-units, coupled with a
requirement for the individual sub-units to interact in
a highly specified manner so as to maintain the surface
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structure of the active site in each of the sub-units,
could well impose severe restrictions on the amino
acid sequence of a multi-substrate enzyme such as
glyceraldehyde 3-phosphate dehydrogenase. 1ndeed,
recent studies of active site peptides from a variety of
muscle (and liver) aldolases (e.g. [30, 31] are begin-
ning to indicate a similarly high conservation of pri-
mary structure for this enzyme. Yeast aldolase [32]
on the other hand appears not to be related to its
counterparts in muscle and liver.

Comparison of the primary structure of GPDH
from yeast and muscle has not enabled us to identify
differences that could account for the changed reac-
tivity of the essential thiol group, or the different
NAD-binding properties of the yeast enzyme. More-
over there are no obvious features to explain the dif-
ferences in sub-unit interaction between the muscle
enzymes which exhibit negative co-operativity [7],
and the yeast enzyme which exhibits both positive
and negative co-operativity [8]; or, alternatively,
obeys the allosteric model [9] .

In comparing different NAD-linked enzymes there
is (in addition to the segment of twelve residues with
similar sequence in glyceraldehyde 3-phosphate and
glutamic dehydrogenases, referred to earlier), an ap-
parent similarity between the sequence of residues
52 to 63 in yeast GPDH and part of the tryptic pep-
tide containing the reactive thiol group from yeast
ADH [33]:

GPDH: —— Afé-Tyr-Ala-Gly-Glu-Val- Ser-His-Asp-Asp-Lys—Hi?
ADH; —Lys/Arg-Tyr-Ser-Gly — Val-Cys-His-Thr-Asp-Leu-His-

This apart, the information at present available on
the primary structure of different NAD-linked dehy-
drogenases (cf. [34]) has not revealed any decisive
evidence to support the possibility that these enzymes
could have originated from a common ancestral gene.
It is, of course, entirely possible that sequence changes
in glyceraldehyde 3-phosphate dehydrogenase may re-
flect complementary changes in other enzymes with
which it forms coupled systems in vivo (lactic dehy-
drogenase in muscle and alcohol dehydrogenase in
yeast) because of a possible need for protein—protein
interactions. Clearly the resolution of these and of
other phenomena concerned with the mechanism of
action of NAD-linked dehydrogenases must await the

solution of their detailed primary and three-dimension-

al structures.
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