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SUMMARY 

The results of work on amino acid replacements in NADP-specific gluta
mate dehydrogenase of Neurospora crassa, due to mutation in the am gene, 
are reviewed: amino acid residues which are important in coenzyme binding 
and in connection with allosteric and complementation properties have been 
identified. One mutant, which has a·leucine-to-histidine replacement near 
the N-terminal end of the chain, appears to have drastically destabilized 
quaternary enzyme structure and is partly repaired by high molalities of 
non-toxic solutes. A chain-terminating mutant may be either 'ochre' or 
'amber ', and the amino acid inserted by a suppressor of this mutant is iden
tified as tyrosine. The fine-structure genetic map, constructed on the ba
sis of conversion polarity, is collinear with the polypeptide chain. Cer
tain marker effects on intragenic recombination frequency may be interpret
able on the basis of the molecular nature of the mutant sites concerned. 
The possibility is discussed that some enzyme-negative mutants may map out
side the structural gene. 

INTRODUCTION 

In spite of the tremendous development of molecular biology over the last 
few decades, which might seem to have left few questions about gene-enzyme 
relationships unanswered, the information relates mainly to prokaryotes,and 
there are still rather few cases in eukaryotes where there is, on the one hand, 
the possibility of fine structure mapping within a gene and, on the other hand, 
a full analysis of the nature of the protein coded for by the gene. The outstanding 
example so far is, of course, the cycl gene of Saccharomyces yeast, coding for 
the major cytochrome c, which has been the subject of a magnificent series of 
studies by F. Sherman's group at the University of Rochester (SHERMAN & STEWART, 
1971). This work has answered many questions,but there is sti.11 room for further 
studies of other gene-protein systems in other simple eukaryotes. Cytochrome 
c is an unusually small protein, yeast is not an entirely typical eukaryote, and 
some further insights may be afforded by studies of the gene control of more 
complex enzymic proteins in other organisms, especially of those cases which 
exhibit allelic complementation. Such, at least, is my hope in continuing to pursue 
a gene-enzyme relationship in Neurospora crassa which provided one of the first 
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examples in support of the "one gene-one enzyme" hypothesis many years ago 
(FINCHAM 1950). 

NATURE OF THE MUTANTS AND GENE MAPPING 
The am (amination) gene of Neurospora codes for the NADP-specific glutamate 

dehydrogenase (GDH) of the fungus, and mutants in am which have lost effective 
activity of the enzyme have a general requirement for cr-amino nitrogen which 
can be satisfied by glutamate or any other amino acid which can yield glutamate 
by transamination (FINCHAM 1950). Evidently the NADP-GDH has a major 
role in fixing ammonium nitrogen in cr-amino groups, though it cannot be the 
only enzyme capable of this function since all the a m mutants are rather 'leaky' 
as auxotrophs,however complete their GDH deficiency. It has recently emerged, 
through the work of J . A. Kinsey at the University of Kansas, that mutational 
loss of NADP-specific GDH causes derepressed synthesis of at least one amino 
acid uptake system as well, probably, as other permeases and enzymes with func
tions in the supply of nitrogen to the cell (KINSEY & HUNG 1976). In this respect, 
Neurospora resembles Aspergillus nidulans and yeast (KINGHORN & PATEMAN 
1973; DUBOIS et al. 197 4). This regulatory abnormality of am mutants, the 
basis for which is not yet understood, has been used by Kinsey in devising an 
efficient positive selection procedure for am mutants, and these are consequently 
now available in virtually unlimited numbers. 

A fine-structure map of the gene, using the mutants made available by 
the more tedious procedures used before Kinsey's discovery, was made both by 
myself (FINCHAM 1967) and by D. Smyth (SMYTH 1973), with concordant results. 
A notable feature of the mapping data is that they showed no very clear relationship 
between recombination within the gene and crossing over between flanking markers; 
there was indeed a correlation with crossing over of the flankers, though at rather 
a low level (around 30%), but both reciprocal types of crossover occurred among 
the intragenic recombinants without very clear or consistent inequality, and 
the crossover classes were hence not very useful for ordering the sites within 
the gene. On the other hand, there was a clear and consistent asymmetry between 
the two parental flanking marker combinations. Assuming, as seems justified 
on the basis of all sets of fungal data obtained by tetrad analysis, that intragenic 
recombination in fungi occurs predominantly by non-reciprocal conversion, the 
flanking markers indicate that, in a given cross between two am mutants, it 
is predominantly one mutant rather than the other which is converted. Putting 
the data from all inter-mutant crosses together , we found that it was possible 
to place the mutational sites in a completely consistent linear order on the basis 
that, in any cross, it was the site to the left that was preferentially converted 
rather than the site to the right. This may be called mapping by conversion polarity. 
It remained to be shown that it gave the true physical sequence in the DNA. 

PROPERTIES OF THE ENZYME 
The enzyme itself has been crystallized,and, with some help from Dr. Emil 

Smith and his colleagues at UCLA, we succeeded in 1974 in establishing the com
plete amino acid sequence (WOOTTON et al. 1974; HOLDER et al. 1975). There 
are 452 amino acid residues in the polypeptide chain, giving a monomer molecular 
weight of 49,000. Since the native enzyme is of molecular weight about 280,000, 
it is clear that the protein is a hexamer of identical monomers. A notable feature 
of the sequence is the very significant degree of homology (about 25%) with 
the bovine liver GDH in the N-terminal half of the chain; this is perhaps surprising, 
not only because of the great evolutionary distance between fungi and cows,but 
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also because of the quite different role in metabolism played by the bovine enzyme. 
In the C-terminal half of the chain there is almost no discernible sequence homol
ogy. 

Unfortunately, little progress has been possible so far in the determination 
of the three- di mensional structure of the enzyme by crystallographic methods. 
My colleague J.C. Wootton has, however, explored the possibility of predicting 
key features of the secondary structure by the use of certain empirical rules 
based on a large number of sequenced proteins whose three-dimensional structure 
is known (WOOTTON 197 4). He was able to suggest regions of homology in second
ary structure (and in a few cases, and to a limited extent, in primary sequence) 
between our enzyme and other dehydrogenases of known three- dimensional struc
ture and, on this basis, predicted the parts of the Neurospora GDH sequence 
which were likely to form part of the coenzyme-binding domain, the general 
structure of which seems to be common to all pyridine nucleotide-linked dehy
drogenases. 

Neurospora NADP-specific GDH has long been known to exhibit allosteric 
properties. In the absence of added effectors the wild type enzyme exists in 
an inactive form below pH 6.8 and in an active form above pH 7 .5 (WEST et al. 
1967). Reduced N ADP inhibits by stabilizing the inactive conformation, but 
NADPH plus a-oxoglutarate activate, as does succinate or any one of a number 
of other di- or polycarboxylic acids. The transition between the two conformations 
can be followed,not only by enzyme activity, bui also by the intrinsic (tryptophan) 
fluorescence of the protein, the active form fluorescing the more strongly (ASHBY 
et al. 197 4). 

The synthesis of the enzyme is not strongly regulated by substrates at ordinary 
concentrations, but is very markedly repressed by high levels of ammonia plus 
glutamate (SANWAL & LATA 1962). 

THE IDENTIFICATION AND EFFECTS OF AMINO ACID 
REPLACEMENTS 

Over the last few years I and my colleagues in Leeds have devoted most 
of our efforts to defining as many as possible of the amino acid replacements 
in abnormal forms of the enzyme produced by am mutants (BRETT et al. 1976). 
In the remainder of this paper I will describe in turn various points of genetical 
and enzymological interest arising from the results so far . 

Mutants Defective in Coenzyme Binding 
Of the mutants which produce more or less normal amounts of GDH protein, 

two, am 1 and am 7, are auxotrophs because their mutant proteins are defective 
in the binding of NADPH (WOOTTON, ASHBY & BRETT, in preparation). In 
the case of am 1 there is no detectable binding at all (measured by enhancement 
of N ADPH fluorescence), while the am 7 protein has been found to bind the reduced 
coenzyme to a relatively small extent at low pH values. 

Peptide analysis shows that these two mutants have gmino acid replacements 
35 residues apart. In am 1 there is a replacement of Ser33 by Phe. This serine 
is part of a sequence Val Ala Glu Gly Ser Asn Met which was identified by Wootton 
as one of the six lengths of beta-structure likely to be involved in a coenzyme
binding domain. It may correspond to the sequence Ile Ala Glu Gly Ala Asn Gly 
in bovine GDH and to Met Thr Val Val Ser Asn Ala in lobstermuscle phospnoglyco
aldehyde dehydrogenase (possibly homowgotisresidues underlined). 
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In the am 7 protein the replacement is G1y3 71 -+- Ser, falling outside the 
predicted coenzyme binding domain but close enough to it to suggest that it 
may cause some conformational distortion extending into the domain. Although 
am 7 produces a stable protein with relatively normal physical properties, we 
believe it does have a conformational abnormality because of its restricted com
plementing ability (FINCHAM & STADLER 1965). 

A Mutant Repaired by High Osmotic Pressure 
The mutant am 14 is a long-standing anomaly because, although it complements 

extensively with other mutants of the series and thus must be presumed to produce 
at least a good part of the normal polypeptide chain (FINCHAM & STADLER 
1965), it had never until recently been shown to produce either any GDH activity 
or even any serologically cross--reacting material. We recently discovered, however, 
that this mutant will grow normally (or at least to the same somewhat inhibited 
extent as wild type) on minimal medium supplemented with glycerol, glucose, 
mannitol or sorbitol at 1.5 Mor with KCl at 0.75 M (FINCHAM & BARON 1977). 
Under these conditions, provided that the temperature is kept below 30°C, it 
does form some detectable N ADP-GDH, though the enzyme is extremely unstable 
and has not been purified. The mutant enzyme is totally inactivated by freeze
thawing in the presence of 0.1 M NaCl, a procedure which is known to cause 
dissociation and reassociation of monomers and which does not inactivate wild 
type or any of the other mutant enzymes. It seems likely that the am 14 enzyme 
has an extreme quaternary instability (i.e., can barely form stable hexamers) 
but can be stabilized to a limited extent by reducing the water activity in its 
environment. Though there are many examples of osmotically repairable mutants 
in yeast (HAWTHORNE & FRIIS 1964) this is one of the very few in Neurospora 
and the only one, either in Neurospora or yeast, where the enzymic basis is known. 
It is interesting to note that, on ordinary growth media, a m 14 com,Plements nega
tively with wild type, destabilizing the GDH formed in a m 14 + am heterokaryons 
(SUNDARAM & FINCHAM 1968). 

Since the am 14 enzyme could not be isolated and purified directly,recourse 
was had to the well-tried method of analyzing partianevertants. Two classes 
of non- wild type revertants selected in am 14 proved to have distinct varieties 
of GDH with improved stability, though neither was as stable as the wild type 
enzyme,and the formation of both was still temperature-sensitive and stimulated 
by glycerol. Two revertan ts,Rl and R5, representative of the two classes, were 
grown up in bulk at relatively low temperature,and their respective GDH varieties 
were purified and subjected to peptide analysis. In each case the leucine residue 
normal ~t positiorl, 20 of the chain was found to have been replaced. The change 
was Leu O-+- His2 in R5 and Leu20 -+- Tyr 20 in Rl. Assuming that both the primary 
and the reversion mutations consisted of single base-pair changes, the only consist
e;; t interpret~tion of these replacements is that the primary change in a m 14 
is Leu20 + His O, that the stabilization in Rl is due fp a self>ndaryuchange in 
the same codon (Leu-+- His-+- Tyr, resulting from CUc -, CAc -► UAc in the codon), 
and that the Rl reversion must be due to a partially compensating second-residue 
change which, unfortunately, we have not yet been able to identify. 

We conjecture that the leucine at residue 20 may be involved in a hydrophobic 
interaction between monomers in the hexamer, that this is drastically disrupted 
by the substitution of the polar histidine residue, and that the disruptive effect 
is somewhat ameliorated by a reduction in the effective concentration of water 
around the protein. 
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Mutants with Distorted Allosteric Properties 
Among the series of primary am mutants there are three, am 2, am 3, and 

am 9, all of which complement with am l or am 14 and all of which produce potentially 
active forms of GDH (FINCHAM 1962; FINCHAM&: STADLER 1965). The 
reason why these mutant GDH varieties are inactive in vivo is that they undergo 
their transition to the active form under conditions which are beyond the physio
logical range. Their activation requires relatively high pH and relatively high 
concentrations of succinate or some other positive effector. Given the right 
conditions,the activation of am 2 and am 3 enzymes is rapid but that of the am 19 
enzyme is very slow, and evidently the inactive conformation of the latter is 
in some way 'sticky' and requires a high activation energy before it can be moved 
(SUNDARAM &: FINCHAM 1964). 

Figure 1 shows the very different conditions required by various mutant 
enzymes for their activation; the figure includes am l31 , a mutant supplied by 
J . A. Kinsey, which extends the series. 
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Fig. 1. Activity of different mutant forms of NADP- GDH under different conditions. 
Partially purified preparations were incubated before assay under the conditions in
dicated for 15 min at 35°. The am l + am 2 he terokaryon had approx. 26% am 2 nuclei 
and 30% of the maximum specific activity of am 2. The curves for wild type and am l 
(fluorescence in the latter case) are drawn based on data of ASHBY et al. (1974 and 
in preparation). 

It seems evident that the reason for the complementation shown by any 
one of the conformationally-defective mutants and am 1 is that the GDH protein 
produced by the latter is nearly normal in its allosteric transition (as measured 
by fluorescence - J .C. WOOTTON&: B. ASHBY, in preparation), and that , in 
hybrid hexamers, the presence of am l monomers helps the potentially active 
monomers of the other mutants to undergo th eir transition under physiological 
conditions. Figure 1 also shows the result obtained with enzyme isolated from 
an am 1 + am 2 heterokaryon. It looks as if there are several species of hybrids 
(as one would expect with a hexamer) with a range of allosteric properties forming 
a graded series between the extremes represented by the pure mutant enzymes. 
There is a good hope that these different hybrid species will soon be separated 
in quantities sufficient for the determination of their individual properties. 

The amino acid replacements in am 2, am 3 and am 19 have been determined 
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and, from the last mutant, a particularly interesting second-residue revertant 
has been defined. The replacements in am 2 and am 19 affect adjacent residues, 
and in both cases a basic side-chain is replaced by a neutral one. In am 2 the 
substitution is His142 ➔ Gln and in am 19 Lys141 ➔ Met. Perhaps surprisingly, 
since am3 has properties rather similar to am 2, the replacement in this mutant 
is a long way away: Glu393 ➔ Gly, a change from acidic to neutral. A partial 
revertant from am19 called R24 (SUNDARAM &: FINCHAM 1964) has a second
residue change in the same distant region, in this case Gln391 + Arg. We are 
led to suggest that an interaction between at least two regions of the chain is 
important for the maintenance of the normal allosteric properties and that a 
certain balance of charge bet ween the two regions is necessary; a change from 
basic to neutral at residue 141 can be partially compensated for by a change in 
the opposite direction at residue 391. It will be interesting to see whether the 
analysis of further mutants and revertants bears out this generalization. 

The Nature of a Chain-Termination Mutant 
and its Suppression 

The mutant am 17 was the first in Neurospora to be identified as a probable 
chain- terminator by the criterion of suppressibility by an allele-specific gene
nonspecific suppressor mutation (SEALE 1968). It produces no detectable GDH 
protein,and so again we proceeded by the method of revertant analysis. Prototrophic 
revertants from am 17 are. of two broad classes consisting, respectively, of mutants 
mapping in the am gene,each producing a full amount of GDH either of the wild 
or of a mis-sense type, and mutants mapping in one or other of several super
suppressor genes and producing yields of GDH ranging from about 5 to 20% of 
the normal level. In collaboration with Dr. Seale, we have analyzed the enzyme 
produced by three mis-sense revertants and found that two of them are identical, 
with the replacement Glu313 ➔ Leu. The third is changed in the same residue 
but with Tyr instead of Leu (SEALE et al. 1977). These replacements, unfortunate
ly, do not uniquely define the mutant codon in am 17, but they do suggest strongly 
that it is either UAA (ochre) or UAG (amber) and show definitely that it cannot 
be UGA. What would be needed to demonstrate the amber codon would be the 
tryptophan replacement (codon UGG), and its continued absence among a larger 
sample of analyzed revertants would speak in favor of UAA. 

So far only one enzyme variant produced by super-suppressor action on 
am 17 has been isolated in sufficient quantity for analysis. This one, due to Seale's 
original suppressor ssu-1, has tyrosine inserted at residue 313 (SEALE et al. 
1977). Evidently ssu-1 resembles the majority class of strong super-suppressors 
in yeast in coding for a tyrosine-specific tRNA (GILMORE et al. 1971). 

Interestingly enough, the replacements at residue 313, which is a randomly 
chosen residue so far as enzyme function is concerned, resuit in very considerably 
increased Michaelis constants for NADP+ and ammonium ion, the reduced affinity 
for the latter substrate being particularly striking (an 11-fold increase in Km 
with the tyrosine substitution and a 21-fold increase for the leucine substitution). 
If NADP-specific GDH is indeed a regulatory protein with the.function of monitoring 
ammonium ion,such mutants might be expected to show some regulatory abnormality 
but such has not yet been detected (KINSEY, personal communication). 

COLLINEARITY OF THE GENETIC MAP AND POLY
PEPTIDE CHAIN, AND RECOMBINATION FREQUENCIES 

Figure 2 summarizes the amino acid replacement data and the relationship 
between the amino acid sequence and the genetic map. In view of the rather 
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unusual reliance on conversion polarity for the genetic ordering of the mutational 
sites,it is reassuring to find that the map does indeed reflect the molecular structure 
of the gene product. 
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Fig. 2. Collinearity of gene map and polypeptide chain. The arrows indicate 
conversion polarity relationships. Distances between adjacent sites in the map 
are shown as proportional to the recombination frequencies in inter-mutant crosses. 
The bar indicates a prototrophic recombinant frequency of 10-4. 

Figure 3 shows the relationships found so far between recombination frequency 
and physical distance between sites using Smyth's recombination data (SMYTH 
1973). Though there is some scatter of points, the general trend seems to be 
towards a roughly linear relationship with about 6 x 10-4 prototrophic recombinants 
per 1000 DN A base-pa irs. This estimate , it should be noted, applies to crosses 
homozygous for pec- 3; pec-3+ reduces the recombination fr equency within am 
by a factor of about 10 . Three other points may be noted. 
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Fig. 3. Relation between physical distance and recombination frequency. 

Firstly, the am 2 and am19 sites, which are only four base- pairs apart, show 
significantly less recombination than would be expected on the basis of a straight
line relationship extending all the way to zero distance. Dr. D. G. Catcheside 
(personal communication) finds a frequency of 0.05 prototrophs per 105 (based 
on a total of 99 prototrophs), corresponding to about 1/2000 of the frequency 
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shown by the most distant sites. The physical distance separating 2 and 19 (counting 
the three base-pairs between them and not the base-pair of either of the sites 
itself) is 1/ 452 of the total gene length. Depending on which is one's favorite 
model for gene conversion, one can either remark on the low frequency between 
the close sites or wonder how there can be even as much as there is. 

Secondly, the recombination frequencies between am6 and the sites closest 
to it are high, even supposing that am6 is at the extreme left end of the structural 
gene. 

Thirdly, although am 2 and am 19 are so close together as to be virtually 
at the same site measured against the total length of the map, they show quite 
divergent frequencies of recombinants crossed to other sites. A curious consistency 
is revealed on further examination: am 2 gives more recombinants than am 19 
in crosses with all mutants mapping to their right, while the reverse is the case 
in crosses with mutants to their left. This effect, which is seen in crosses in 
two different genetic backgrounds with different rec-3 alleles, has been discussed 
in a recent paper (FINCHAM 1976) where it is suggested that it might be explained 
as due to different efficiencies of recognition by a correction endonuclease of 
different kinds of base-pair mis-match, combined with chemically polarized 
excision (perhaps predominantly 5' ->- 3') from recognized mismatches. It happens 
that the am 2 and aml9 mutations are transversions in opposite directions so 
that a purine-purine mismatch in the one case will correspond to a pyrimidine
pyrimidine mismatch in the other. There is no room in this paper to discuss the 
model in detail, but it is worth pointing out the possibilities of interpreting marker 
effects in recombination in a much more definite way when one knows the molecular 
nature of the mutant markers. We hope that the identification of further pairs 
of closely-linked am markers will allow further testing of the proposals designed 
to explain the am 2/ am 19 situation. 

THE LIMITS OF THE STRUCTURAL GENE 
One interesting feature of the gene map, viewed in comparison with the 

polypeptide chain, is the position of am 6 (a non-complementing, protein-negative 
mutant) apparently a considerable distance to the left (i.e. , the N-terminal side) 
of am 14, which itself corresponds to only the 59th base-pair from the left out 
of 1356. Recombination frequency is, of course, a notoriously unreliable guide 
to physical distance but, as Figure 3 shows, the extreme left end of the gene 
must enjoy a much higher than average recombination frequency if am 6 is in 
the structural gene, even at its extreme end. The fascinating possibility suggests 
itself that the am 6 site may be outside the gene in an adjacent control region. 
Only saturation of the left hand end with further mutations, which we hope to 
achieve, will define the limit of the gene and show whether this speculation has 
any substance. 
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