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Evolution of glycolytic enzymes

By M. G. RossmMAN
Department of Biological Sciences, Purdue University, West Lafayette, Indiana 47907, U.S.A.

The requirements for glycolysis are examined in relation to other essential metabolic
processes in the most primitive organisms. The construction of more complex en-
zymes from primitive domain building blocks is assessed with respect to glycolytic
enzymes. Special attention is given to the evolution of the NAD binding domain in
dehydrogenases and the related, frequently observed nucleotide binding domain. An
attempt 1s made to differentiate between convergence and divergence of frequently
observed domains. Consideration is given to the structure—function relation of these
domains and the development of quaternary structure in later stages of evolution.
Some attention is also given to the evolution of structural adaptation to extreme
environments as a means of differentiating between essential functions and specific
modifications.
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INTRODUCTION

Three modes for the evolution of enzymes have been suggested from time to time. The first is
the independent development of classes, each catalysing different types of reaction (e.g.
hydrogen transfer, phosphate transfer, isomerization), followed by the gradual specialization
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of enzymes within a class. The second is the independent development of biochemical pathways
with all of the members of a given pathway related to one another. The third is the independent
development of a group of enzyme classes interrelated by the need to bind a common or similar
cofactor.

In support of the first of these hypotheses, Waley (1969) has suggested that the preservation
of the conformation of the polypeptide chain is of overriding importance in the evolution of
enzymes. He derives this premise by observing that (1) the evolutionary process consists of the
stepwise replacement of amino acids in the polypeptide chain, (2) the conformation of the
polypeptide chain is determined largely or entirely by the sequence, and (3) there are strict
requirements for the folding of the linear sequence into a compact stable conformation. Y¢as
(1974), in a similar vein, has suggested that the mechanism for the evolution of modern meta-
bolic pathways involved the specialization of a smaller set of primordial enzymes that had a
much broader specificity. These ideas are supported by the suggestion that the translation

B

process itself must have evolved from something more primitive and less accurate (Woese 1967,
p- 179). This would have necessarily led to the production of families of closely related proteins,
which, taken as a whole, would have had a broad specificity, although the individual members
may have been highly specific (Y&as 1974; Woese 1963).

The second possibility has been supported by Horowitz (1945). He postulated that the
biosynthetic pathways evolved in a backward manner, one step at a time, by assuming that the
first organism existed in an environment rich in the end product as well as the potential inter-
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mediates of a given pathway. Furthermore, Horowitz (1965) has suggested that all of the
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enzymes involved in a given pathway evolved from one another. Waley (1969), although he
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192 M. G. ROSSMANN

concedes that this is a plausible scheme for the evolution of pathways, takes exception to the
idea that the enzymes in a given pathway have a common origin. Horowitz’s primary assump-
tion that all of the metabolic intermediates were in the environment has also been criticized
(YCas 1974).

The third possibility has been considered by Waley (1969). Watts (1965) has pointed out
that one-sixth of all known enzymes require ATP. In addition, several other coenzymes are
structurally related to ATP. Based on these common features, Waley (1969) has suggested that

@ @ dehydrogenase 1 dehydrogenase 2
@ dehydrogenase

FiGure 1. General scheme for the evolution of enzymes according to Waley (1969).

generalized phosphokinase

the corresponding enzymes may be related. Furthermore, he suggests that the general phos-
phokinase, postulated by Haldane (1965) as the only enzyme required by the original organism
for the production of polypeptides and polynucleotides, was the ancestor of these classes of
enzymes (figure 1). This suggestion is consistent with the idea of primitive enzymes’ having
broad specificity. Baltscheffsky (1974) has come to the same concept by considering the redox
potential required to derive essential metabolic processes under varying Earth conditions. Thus,
he suggests that non-haem iron and haem proteins as well as flavin and NAD-dependent
enzymes might have a common origin.

All of the above suggestions are consistent with the view that the present-day highly specific
enzymes have probably evolved from ancestral forms of much broader specificity by gene
duplication and subsequent mutation. Fortunately the structure determination of polypeptide
folds can, to some considerable extent, support and provide detail to the above generalizations.
However, before the subject of structure can be pursued further, it is necessary to consider
aspects of polypeptide organization.

DoMAINS AS EVOLUTIONARY BUILDING BLOCKS

The structural hierarchy implied by the terms primary, secondary, tertiary and quaternary
structure is well known. Similarly, the term ‘domain’ is much used to describe structural units
within a polypeptide, but has seldom been clearly defined. Indeed, an accurate definition is
not entirely possible. However, some or all of the following properties can be ascribed to
domains.

1. Homologous amino acid sequences can be found either within the polypeptide or in a
different molecule.

2. Similar structures (of at least two consecutive secondary structural elements) are found in
either the same polypeptide or in different molecules.

3. Domains within a polypeptide are spatially separated from each other, and can therefore
often be enzymically cleaved from each other if suitable residues are available in the ‘hinge’
region.
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EVOLUTION OF GLYCOLYTIC ENZYMES 193

4. A special function can be associated with specific domain structures, such as nucleotide
or polysaccharide binding.
5. The active centre of molecules lies at the interface between domains.

Not all these properties need be applicable simultaneously. For instance, chymotrypsin has
two domains of similar structure, but no individual function can be attributed to any one of
the domains, thus violating condition 4. There have been attempts to define domains by using
only the third criterion above (Wetlaufer 1973; Wetlaufer et al. 1976; Crippen 1978). Others

Fieure 2. Diagrammatic representation of the similar polypeptide chain topology in (a) haemoglobin B chain,
(b) .cytochrome ¢s51 and (¢) cytochrome b;. The common structure contains most of the haem-binding
environment and corresponds to the central exon of the globins. From Argos & Rossmann (1979).

(Levitt & Chothia 19776) have assigned domains on a rather intuitive basis. Although no unique
answer will be obtained by applying the above qualitative criteria, they nevertheless will attain
the intuitively obvious.

Blake (1979) has suggested that domain integrity is preserved by their coding within exons
at least in eukaryotes. This is supported, for instance, by the common helical folding pattern
observed in globin, cytochrome ¢z, and cytochrome b4 (figure 2), which has a haem-binding
function (Craik et al. 1980) and corresponds to the middle exon of the B globin chain (Argos &
Rossmann 1979). Since domains might thus be the result of independent genetic development,
they may also represent the basis for protein folding. Furthermore, gene fusion of a variety of
exons, corresponding to domains with simple functions, will then give rise to a sophisticated
enzyme (Rossmann & Liljas 1974).

DOMAINS IN GLYCOLYTIC ENZYMES

Attempts at taxonomic classifications of proteins are still primitive (cf. Levitt & Chothia
1976; Sternberg & Thornton 1977; Richardson 1977). Nevertheless they all depend on an
intuitive recognition of domains. The variety of domains expressed by glycolytic proteins is
extremely limited (figure 3). Indeed, all known structures of glycolytic enzymes are of the
‘B-0-B’ taxonomic class described by Levitt & Chothia. Furthermore, they all contain domains
reminiscent of the flat, six-stranded, parallel, B-pleated sheet, NAD-binding domain in dehy-
drogenases (figure 4) or the eight-stranded ‘TIM barrel’.

An initial inspection of figure 3 might provoke the notion that glycolysis has evolved from a

13 Vol. 293. B
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(1) hexokinase (Steitz et al.) %—g ATP, Mg

(2) phosphorylase (Fletterick et al.; Johnson et al.) %E (AMP, PLP, + +)

(3) glucose-6-phosphate isomerase (Muirhead et al.) %E —
(4) phosphofructokinase (Evans et al.) % ATP, Mg

O
(5) aldolase (Tulinsky et al.) 0:@20 —
. . o3y S C‘ o
@ (6) triose phosphate isomerase (Phillips et al.) OOCO)OO —
— (7) glyceraldehyde-3-phosphate dehydrogenase %—1 NAD
< (Rossmann et al.; Wonacott et al.)
5 E (8) phosphoglycerate kinase (Blake et al.; Watson et al.) % ATP, Mg
cd E (9) phosphoglycerate mutase (Watson et al.) % —
7% 00
= (10) pyruvate kinase (Muirhead et al.) O_oQoo_g ATP, Mg
L O (O
= v

(11a) lactate dehydrogenase (Rossmann et al.) m NAD
(115) alcohol dehydrogenase (Brandén et al.) EE_E NAD

Ficure 3. Gross simplification of variety of domains in known glycolytic enzyme structures. Shown also are the
principal investigators of each enzyme. Primary references to their works have not been included.
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FiGure 4. Schematic drawing of the NAD-binding domain in LDH.

B

general glycolytic enzyme based on the very limited domains. However, this concept breaks
down when it is recognized that numerous other enzymes, not involved in glycolysis, also have
similar domains. For instance rhodanese (Ploegman et al. 1978) also contains two domains
arranged such that the carboxy ends of the p-sheets tend to face each other. Perhaps even more
significantly, malate dehydrogenase, an enzyme of the citric acid cycle, is closely similar to
lactate dehydrogenase (LDH).

Nevertheless, some crude generalizations might be made.
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1. There is a tendency for those enzymes that require nucleotides as cofactors to possess at
least one flat, parallel, B-pleated sheet domain. The nucleotide invariably binds to the carboxy
end of this sheet.

2. There 1s a tendency for those enzymes that require no nucleotide cofactors to have
‘eight-stranded, parallel barrels’. The phosphorylated substrate invariably binds to the
carboxy end of this sheet structure.

3. There is a tendency for kinases to contain two flat, parallel, p-pleated sheet ‘domains’
with their carboxy ends facing each other. The substrate tends to bind between the domains.
Steitz’s results (Anderson et al. 1979; Pickover ¢t al. 19779) on the functional requirement of lobe
movements in kinases are clearly related to these structural properties.

4. Dehydrogenases invariably contain one flat, parallel, p-pleated sheet domain and one
catalytic domain. The latter’s taxonomic classification invariably belongs to the ‘o + B’ Levitt
& Chothia class.

These observations suggest that enzyme evolution proceeded by independent development of
groups of enzyme classes, interrelated by the need to bind a common cofactor or substrate. It
therefore makes little sense to consider the evolution of the glycolytic pathway on its own.
Rather, its development must be closely related to other essential functions in early biological
developments. As domains evolved in their functions, so enzymes in different metabolic path-
ways were derived by the chance fusion of suitable genes of selected domains.

POSSIBLE ORIGIN OF THE BASIC DOMAINS FOUND IN GLYCOLYTIC ENZYMES

Richardson (1976) and Sternberg & Thornton (1976) have both shown that the right-
handed crossover structure (figure 5) is a frequently recurring theme in p-a-f folds. They both
argue in favour of this representing a stable super-secondary fold (Rao & Rossmann 1973). The
importance of B-a-p structures for nucleotide binding was pointed out by Rossmann ez al. (1974)
and Ohlsson et al. (1974), but it was Hol et al. (1978) who suggested that this particular structure
may have properties useful for the binding of phosphates.

The recent publication by Shoham & Steitz (1980) makes this point very strongly. They
describe the binding of ATP to hexokinase in the catalytic domain. Their observations agree
well with the prediction of Rossmann & Argos (1977) based on a comparison of the hexokinase
structure with the NAD-binding domain of LDH, particularly in as far as the P, and Py
positions are concerned (table 1).

Two consecutive one-crossover structures are by far the most common repeat within parallel
sheets (Richardson 1977). This has sometimes been referred to as the mononucleotide binding
fold (Rao & Rossmann 1973) as such folds bind AMP and NMN in the NAD-binding domain
of LDH (figure 6). Two mononucleotide folds together can form either a flat, six-stranded,
parallel, pB-pleated sheet domain or an eight-stranded, parallel B-barrel (figure 7). Thus the
two principal types of domain found in glycolytic enzymes may represent different combina-
tions of similar entities.

CONVERGENCE AND DIVERGENCE

The foregoing discussion has tacitly assumed a process of divergent evolution from one or a
few ancestral enzymes used for glycolysis and other essential metabolic processes in the most

13-2
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F1Gure 5. (a) A right-handed #+ 2x crossover connection; (b) a left-handed + 2x crossover connection. Direction
is not indicated for the skipped strand, since it may be either parallel or anti-parallel to the others. From

Richardson (1976).

TABLE 1. DIFFERENCES IN THE OBSERVED AND PREDICTED VALUES IN THE BINDING OF
ATP TO THE GATALYTIC DOMAIN OF HEXOKINASE

observed values? predicted values}
- A N . A N difference
x Yy z x y z A
adenine 45.8 —12.2 —4.4 56.6 —17.4 —8.8 12.6
ribose 47.6 —16.0 —3.3 55.6 —12.3 —-17.5 9.8
P, 52.2 —14.6 —4.4 51.7 —14.6 —5.9 1.6
Py 54.2 —-16.5 —3.1 51.5 —15.9 —-3.9 2.9

1 From Shoham & Steitz (1980).
} From Rossmann & Argos (1977).

FI1GURE 6. A possible primordial ‘mononucleotide binding fold’. From Rossmann et al. (1977).

primitive prokaryotes. The possibility of convergence to functionally useful and stable folds
should also be considered. Obviously the formation of a-helices occurs because they are an
especially stable fold. The occurrence of a-helices in numerous protein structures does not
imply divergence from some ancestral a-helical protein. The presence of eight successive helices
arranged in space as in globin, however, is a sufficiently complex and rare structure that its
occurrence in more than one structure immediately suggests ‘development from a common
genetic précursor’ (Perutz et al. 1960). How, then, is it possible to differentiate between con-
vergence and divergence?

Unless there is a clear historical record, all such differentiations must depend on probabilities.
Their calculations are based on counting similar and dissimilar characters. The greater the
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two mononucleotide TIM fold
binding folds
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two mononucleotide ‘NAD™binding fold

binding folds

Ficure 7. The NAD-binding domain and the triose phosphate isomerase subunit each contain
approximately two ‘mononucleotide binding folds’.

TABLE 2. CRITERIA FOR ASSESSING STRUCTURAL EQUIVALENCES

(The first three examples represent well documented standards with respect to which
other comparisons can be calibrated.)

percentage of r.m.s.
number of equivalences distance
equivalences molecule 1  molecule 2 A m.b.c.c.
Hb-a—-Hb-B 139 83 91 1.6 0.70
LDH-GAPDH NAD domains 83 58 56 — 1.24
T4-HEW lysozyme 64 39 50 4.1 1.53
HKI1-HK2 78 35 — —
PGK1-PKG2 62 34 e —
LDH-PGK1 50 30 — —
LDH-PGK?2 63 31 — —
LDH-HKI1 61 40 — —
LDH-HK?2 95 55 — —

proportion of similar characters within the total organism or molecule, the greater the likelihood
of a divergent evolutionary relation. Such considerations were used by Schulz & Schirmer
(1974) and Sternberg & Thornton (1976) to compute the probability of convergence of various
nucleotide binding structures. A more comprehensive approach has been taken by Rossmann
& Argos (1977), who compare the spatial arrangement of every amino acid between pairs of
proteins. They derive a variety of criteria to estimate molecular similarity dependent in part
on the number of topologically equivalent residues, the number of non-alignable residues and,
hence, the frequency and size of insertions and deletions. A few of these estimates are shown in
table 2. Standards of similarity are given in terms of the comparison between the o and f
haemoglobin chains, lysozyme from phage and from hen egg white, and the NAD domains of
LDH and glyceraldehyde-3-phosphate dehydrogenase (GAPDH). These can be contrasted
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with the comparison between the two ‘flat, B-pleated sheet’ domains in hexokinase (HK1,
HK2), between such domains in phosphoglycerate kinase (PGK1, PGK2) and between each
of these domains and the NAD domain in LDH. It is apparent that the similarity of structure
between flat, parallel, B-pleated sheet domains in at least some of the glycolytic enzymes is of
the same order as that between the two different lysozymes. Similar analyses between triose
phosphate isomerase and pyruvate kinase have been performed by Levine ef al. (1978). A
detailed analysis of all the similarities and dissimilarities suggested by figure 3 has not yet been
undertaken.

TABLE 3. MINIMUM BASE CHANGE PER CODON (m.b.c.c.) FOR STRUCTURALLY EQUIVALENT
RESIDUES

(Those residues that are most accurately superimposed are also those residues with greatest
amino acid similarity.)

Cy~C, separation ... 0-1A 1-2A 2-3A 3 A or more
LDH-GAPDH
m.b.c.c. 1.26 1.20 1.46 1.31
number of residues 23 31 13 16
haemoglobin B—cytochrome b,
m.b.c.c. 1.21 —_ 1.25 1.75
number of residues 14 — 20 12

Similarity of fold among glycolytic enzymes is far greater than homology of amino acid
sequence. This can be interpreted as a loss of memory of the original sequence, while retaining
approximate fold, during divergent evolution, or a lack of similar sequence requirements for
convergent evolution. Whenever some semblance of amino acid similarity can be recognized.
then these can act as characters to determine similarity. It is instructive that in some cases
(table 3) the minimum base change per codon (m.b.c.c.) is well below random (random is
approximately 1.4 m.b.c.c.) for those residues that have the most accurate structural
equivalence. Thus, structure can be used for alignment to identify polypeptide segments that
might have sequence homology.

THE NAD-BINDING DOMAINS IN DEHYDROGENASES

The NAD-binding domains in dehydrogenases are structures sufficiently similar in topology,
in function and in amino acid sequence that a divergent evolutionary history is moderately
probable. These structures therefore represent an opportunity to study divergent relationships
for enzymes of similar function but extending beyond the requirements of glycolysis alone.
Figure 8 shows, for example, the results of amino acid sequence alignments for the secondary
structural elements BA and aB. Shown also are the alignments of other B-o-p structures. It is
immediately clear that the glycine in the first position of aB is universally conserved. It must be
concluded that this is a necessity of folding and may, therefore, be the result of convergent
evolution. However, the conservation of other amino acids among the NAD-binding domains
is significantly below random and below that of other such structures (table 3). Four residues
are explicitly conserved in the known NAD-binding domains, as a requirement either of folding
or of function (table 4). The function of the Asp (e.g. LDH residue 53) that binds the O-2’
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~BA—— aB -
2 2 3 4
2 9 3 3
dogfish LDH NKITVVGICBAVIGMADAISVLMK
1 2
1 8 2 2
lobster GAPDH SKIGIDGFGRIGRLVLRAALSC
1 2 2 2
9 0 0 1
3 0 4 4
horse LADH STCAVFGLGGVIQGLSVIMGCKAA
2 2 2 2
4 5 5 6
5 2 6 6
bovine GluDH KTFAVQGFGNVIQLHSMRYLHRF
1 2 2 3
9 6 0 2 1
pig AK KIITFVVGGPGSGGTQCEKIVQK
11 2
Clostridium MP 1 6 07 6
flavodoxin MKIVYWSGTQELIAKGIIES
6 7 7 8
0 6 9 9
carboxypeptidase PAIWID NATQOQVWFAKKFTEN
2 6 6
6 2 4
subtilisin VKVAVI NSHGTHVA

Ficure 8. Amino acid sequence alignments for the secondary structural elements BA and oB in
several B-o-B structures (for nomenclature of BA and oB see figure 4).

TABLE 4. INVARIANT RESIDUES IN THE NAD-BINDING DOMAINs oF LDH, GAPDH anD
LIVER ALCOHOL DEHYDROGENASE (LADH)

amino acid Gly Gly Asp Gly
position BA aB BB gD
sequence no.
In LDH 28 33 53 99
In GAPDH 7 12 32 97
In LADH 199 204 223 270
binds to A-Rib A-PO, A-Rib N-Rib
2’-OH

of the adenine ribose in NAD is of particular interest. A residue in a structurally (but not
topologically) equivalent position of dihydrofolate reductase is an arginine where the O-2’
is replaced by a phosphate, thus providing specificity for NADP (Matthews et al. 1978).

RECENT EVOLUTION

Comparison of amino acids rather than fold gives guidance to recent evolutionary events,
say during the last 10° years, for the rather slow acceptance of mutational events in glycolytic
enzymes. Three-dimensional structure is a useful measure only for events longer ago, where
amino acid sequences show no significant correlation but where polypeptide topology can still
be recognizably similar. On the other hand, there is little structural alteration during relatively
short time periods, whereas amino acid differences can then provide a sensitive measure of
evolutionary events.
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The formation of oligomers must depend on the surface shape and charges of its component
monomers. Hence, quaternary structure relates to specific tertiary folds. The aggregates seen
today must necessarily succeed the evolution of the component parts. An analysis of the amino
acid conservation for tetrameric GAPDH is shown in table 5, where it will be seen that the
highest degree of conservation occurs for the residues in the active centre. Residues in the
subunit contact surfaces are less conserved than the active centre residues but more than the
mean of the complete molecule. Similar results are found for tetrameric LDH (Eventoff ef al.

1977).

TABLE 5. ANALYSIS OF THE CONSERVATION OF AMINO ACID RESIDUES IN TETRAMERIC

GAPDH
domain * P Q R D A
first number of conserved residues 17 0 3 5 9 71
total number in contact 19 0 3 5 13 148
percentage conserved 90 — 100 100 69 48
second number of conserved residues 11 27 2 10 2 124
total number in contact 12 33 5 12 5 186
percentage conserved 92 82 40 83 40 67
both number of conserved residues 28 27 5 15 11 195
total number in contact 31 33 8 17 18 334
percentage conserved 90 82 63 88 61 58

Symbols: *, involved in the active centre; P, in a P-axis generated contact between subunits; @, in a @-axis
generated contact between subunits; R, in a R-axis generated contact between subunits; D, in a domain-domain
contact within a subunit; A, amino acids involved.

The most rapid sequence changes occur as a result of selective pressure to changing environ-
mental pressure on the organism. Extreme environments such as high salt concentration or
unusually cold or hot temperatures may thus provide some information on the nature of such
changes. Once again, work on some glycolytic enzymes, in particular LDH and GAPDH, has
given us the most information yet available on such topics. An analysis of a number of such
sequences (Argos ¢t al. 1979) for thermally stable enzymes shows the preference of certain amino
acids over others (figure 9). These can be related to various physical properties of the protein
(table 6) such as stabilizing of helix structures, increasing internal hydrophobicity and im-
proving internal packing organization of residues.

CONCLUSIONS

A study of the enzymes in the glycolytic pathway has provided information not only on the
mechanistic constraints put on each enzyme by its structure, but also on the evolution of such
enzymes. It is clear that there was neither a primordial general glycolytic enzyme, nor a series
of primordial specific kinases, mutases, etc. Rather, evolution is dependent on the use of
domains with simple functions from which are built the enzymes in many metabolic processes.
Whether such domains are the result of convergence toward stable structures of simple function
or divergence from some ancient basic domains must be further investigated as more data
become available. The subsequent evolution of formed enzymes is controlled by requirements
such as oligomeric aggregation and environmental conditions.
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Gly - Ser Asp —> »Glu

Ala Thr Asn
8

10
[le «<@——Val Lys —4>Arg

Ficure 9. Direction of observed preferred exchanges. Arrows point from the mesophilic to the thermophilic
protein. Numbers indicate the ranking of the significance for the given exchange. From Argos et al. (1979).

TABLE 6. BENEFIT OF CERTAIN AMINO ACID EXCHANGES TO VARIOUS PHYSIGAL PROPERTIES
IN THE STABILIZATION OF PROTEINS

(From Argos ¢t al. (1979).)

exchange helical sheet internal external internal
rank cold - hot region region hydrophobicity polarity packing
1 G->A ++ ++ ++
2 S—>A + + + +
3 S->T + -
4 K-R - + ++ ++ +
5 D-E + —
6 S->G - + -
7 K->A + ++ -- ++
8 VA ++ - -— + - =
9 D->N - + - = -
10 V-1 - + +
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Discussion

A. D. B. MarcoLy (Department of Biochemistry, St Mary’s Hospital Medical School, London, U.K.).
I do not think that studying the DNA from a thermophilic bacterium will tell us very much.
The change of a few AT base pairs into GC will not have any significant effect on the stability
of the DNA. 1 think it is much more likely that an effect might be observed on the stability of
the mRNA. In this connection it is interesting to recall some calculations carried out by Andrew
Ball (J. theor. Biol. 36, 313 (1972)). He showed that codon usage in the phages MS2 and R17
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was consistent with the theory that maximizing secondary structure in the RNA was an
important selective pressure. Such ideas have been applied to the RNAs for globin and cyto-
chrome ¢ (Science 175, 1264 (1972)).

M. G. RossmaNN. Argos et al. (1979) have attempted to demonstrate that the observed amino
acid changes for a given enzyme taken from mesophiles and thermophiles can be directly
related to physical properties that affect the stability of a protein molecule. Indeed such a
relation must be the case, whether or not the nature of the changes can be understood with
respect to the molecular properties! I would, however, agree that the evolutionary selection of
changes that bring about protein stability might simultaneously bring about greater stability
of the corresponding mRNA. It would be interesting to determine whether those changes which
have been determined as being important in improving thermal stability would also increase
the base-pairing possibilities of the mRNA. For this it will be necessary to await the DNA
sequences and their comparisons between mesophiles and thermophiles. Clearly such simul-
taneous requirements for mRNA and protein stability would greatly reduce the number of
possible acceptable mutations.

A. D. B. MaLcorm. Alpha and beta globin have been used by Professor Rossmann as examples
of closely related proteins and it is generally assumed that they have evolved from a common
ancestor. The genes for these two proteins occur on different chromosomes; I should like to
ask Dr Bodmer how this fits with his ideas about the evolution of gene clusters.

W. F. Bopmer, F.R.S. It has for some time been assumed that the haemoglobin « and P
clusters are derived from a common precursor DNA sequence, which presumably was dupli-
cated. Following this there was either duplication of the whole chromosome or translocation
or transposition of a part of the duplicated cluster to another chromosome, followed by diver-
gence to give the two sets of gene products. Recently, Jeffreys et al. (Cell 21, 555-564 (1980))
have shown that in Xenopus laevis, the major adult o and B globin genes are closely linked in
tandem, suggesting in fact that the divergence of these products may have arisen within a
cluster and their separation into two linkage groups followed later. It is, in general, a feature
of gene clusters that within them products tend to be mutually exclusively expressed, in the
sense that a cell at any given time is likely to be expressing only one member of the gene set
within the cluster. Between the two haemoglobin clusters, for example, there is by contrast
always a need for one chain from each cluster. The arrangement by which the two clusters are
unlinked may well have evolved because of some selective advantage for mutually related
control of gene expression.
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