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HE metabolic pathways leading to the biosynthesis of isoleucine and valine 
are now sufficiently well understood, as a result of the work of a number of 

investigators ( STRASSMAN, THOMAS and WEINHOUSE 1955; STRASSMAN, THOMAS, 
LOCKE and WEINHOUSE 1956; STRASSMAN, SHATTON, CORSEY and WEINHOUSE 
1958; UMBARGER 1958a,b; ADELBERG 1955; WAGNER, RADHAKRISHNAN and 
SNELL 1958; RADHAKRISHNAN, WAGNER and SNELL 1960; and RADHAKRISHNAN 
and SNELL 1960) to make it possible to investigate the nature of the genetic blocks 
in mutant organisms requiring isoleucine and valine. This communication 
describes the results of the investigation of a series of mutants of Salmonella 
typhimurium originally isolated in the laboratory of DR. M. DEMEREC, The 
Carnegie Institute of Washington, Cold Spring Harbor, New York. It is limited 
to the purely biochemical aspects of these mutants, but is ,preceded by a com- 
munication from GLANVILLE and DEMEREC 1960, which describes the linkage 
studies made with these mutants, and correlates the genetic with the biochemical 
3ata. 

The biosynthesis of isoleucine and valine is believed to occur as shown in 
Figure 1. In the work to be described here only the steps proceeding from the 
3-keto acids, a-acetolactic acid and a-aceto-P-hydroxybutyric acid, have been 
:onsidered in detail. The following abbreviations are used in Figure I and in 
mbsequent parts of this communication: AHB = a-aceto-a-hydroxybutyric acid; 
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FIGURE 1 .-The biosynthetic pathway leading to isoleucine and valine. 

D
ow

nloaded from
 https://academ

ic.oup.com
/genetics/article/45/10/1375/6058921 by guest on 25 M

ay 2023



1376 R. P. WAGNER A N D  A. BERGQUIST 

AL = a-acetolactic acid; HKI = a-keto-p-hydroxy-p-methylvaleric acid; HKV = 
a-keto-p-hydroxyisovaleric acid; KI = ketoisoleucine = a.-keto-p-methylvaleric 
acid; KV = ketovaline = a-ketoisovaleric acid. 

METHODS AND MATERIALS 

All strains of Salmonella typhimurium used in this study were obtained from 
DR. M. DEMEREC, Carnegie Institute of Washington. The isoleucine plus valine 
requiring mutants, designated as ilua, are grouped into four categories designated 
as A, By C and D. (See accompanying paper by GLANVILLE and DEMEREC 1960). 
The wild type strain, LT-2, analyzed for comparative purposes, is the parent 
strain of several of the mutant strains analyzed. 

The minimal medium of DAVIS (LEDERBERG 1950), with the appropriate 
supplements as indicated, was used in all experiments. All growth tests were 
carried out at 37°C for the times indicated. Growth attained in broth was deter- 
mined by measuring turbidity as optical density at a wave length of 600 mp with 
a Bausch and Lomb Colorimeter. 

Auxonogaphy was done in 20 x 30 cm minimal agar plates. Whatman No. 1 
filter paper discs, 1.2 cm in diameter, were placed on the agar surfaces separated 
by a distance of approximately 1 to 1.5 cm. Twenty to 40 pg of supplement was 
added to each disc. The plates were prepared by adding cells of a mutant strain 
in the logarithmic phase of growth to minimal agar maintained at a temperature 
of 40°C, dispersing the cells, and pouring the seeded agar immediately. The filter 
paper discs were added when the agar hardened, and the various substances to 
be tested were pipetted onto the pads. Only one supplement was added to each 
disc. The plates were incubated at 37°C for 18 to 24 hours and then inspected for 
growth of subsurface colonies. Growth is detected by this method between any 
two discs which contain the appropriate, satisfactory supplements. Generally, 
it is manifested as a thin (1 to 3 mm) zone perpendicular to a line between the 
centers of the discs. When the ratio of the concentrations of the two compounds 
required is not critical, growth is diffuse between the two discs. 

The identification of carbinols and their quantitative estimation was accom- 
plished by methods described by WAGNER, BERGQUIST and FORREST 1959. Keto- 
valine and pyruvic acid were determined by chromatography of the 2,4-dinitro- 
phenylhydrazones (WAGNER and BERGQUIST 1955). Since the dinitrophenylhy- 
drazones of ketovaline and ketoisoleucine have about the same Rf's with the 
solvents used, the identity of ketovaline was confirmed by determining the X-ray 
diffraction pattern of its hydrazone (WAGNER and BERGQUIST 1955) and com- 
paring it to a known standard. 

Crude extracts for the determination of enzyme activities were prepared from 
cells 48 hours old which were grown in standing culture on minimal medium 
supplemented with 10 pg of L-valine and L-isoleucine per ml, unless otherwise 
indicated. The harvested cells were washed twice with distilled water and soni- 
cated for 30 minutes in 0.1 molar phosphate buffer at pH 8.0. The sonicate was 
centrifuged for 20 minutes at 35,000 rpm in a Spinco Model L Centrifuge. The 
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NATURE O F  GENETIC BLOCKS 1377 

pellet was discarded and the supernatant diluted to obtain the appropriate protein 
concentration with 0.1 molar phosphate buffer at pH 8.0. Protein concentrations 
were determined by the trichloracetic acid precipitation method, and the method 
of LOWRY, ROSEBROUGH, FARR and RANDALL ( 195 1 ) . Transamination activity for 
the phenylalanine-ketovaline and ketoisoleucine reaction was measured by the 
method described by SEECOF and WAGNER 1959 for Neurospora. The other 
transamination reactions, not involving phenylalanine were determined quali- 
tatively by chromatography of the incubates after four hours incubation at 37°C. 
Dehydrase activities were determined by the method described by WAGNER, 
BERGQUIST and KARP 1958 for Neurospora. Reductase and reductoisomerase 
enzyme activities were determined by a method given by RADHAKRISHNAN, 
WAGNER and SNELL 1960. 

All enzyme activities are reported as specific activities, p moles of substrate 
converted per hour per mg of protein. 

RESULTS 

Growth stimulation: The double requirement of the ilua mutants makes exten- 
sive testing of the eight known precursors of the amino acids in all of the possible 
combinations, a lengthy and laborious procedure if growth is observed in test 
tubes. Certain of the mutants are strongly inhibited unless the ratio of the two 
supplementary compounds is within closely defined limits. Additionally, only 
one of the precursors is available commercially-the others must be synthesized 
on a laboratory scale with a low yield. Therefore, the method of testing auxono- 
graphically was resorted to. This allows one to test many combinations at  once, 
is economical in its use of compounds, and gives gradients of concentrations of 
compounds outward from their centers of distribution which increases the likeli- 
hood for the proper ratio of two required compounds being obtained. 

Figure 2 gives the results from testing mutants in each of the indicated groups 
with all possible combinations of precursors and amino acids. The C mutants, 
13 and 16, grow on isoleucine + valine, but on none of the other combinations. 
The B mutants, 6 ,7 ,9 ,10 ,15  and 18, grow on the amino acids and the keto acids 
alone or in combination with the amino acids. The A mutants, 8 ,12 ,14 ,18 ,  19 
and 22, and 0-27  grow in the presence of one of the dihydroxy acids and an 
amino acid or keto acid, but not on the dihydroxy acids present together. The 
hydroxyketo acids are effective in stimulating growth together and in combina- 
tion with most of the other compounds. AHB, (a-hydroxy-a-acetobutyrate) is 
effective only with HKV, DHV or KV in stimulating growth. AL (a-acetolactate) 
seems to be effective only for the A mutants, and then only when in combination 
with HKI. 

The combinations which stimulated growth on agar plates were retested in 
broth using, in general, 20 pg of supplement per ml. In all but a few, (HKV f 
AHB, DHV + AHB, for D and KV 4- AHB, HKI + KV, HKI + V for A )  which 
are indicated with circles around + or -C in Figure 2, growth was obtained in 
broth in agreement with auxonographic observations. Those combinations which 
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FIGURE 2.-Growth of the members of the iluaA, B,  C and D groups of Salmonella on different 

combinations of isoleucine, valine and their precursors. 0 = no growth stimulation; -!- = definite 
growth within 24 hours on broth; 2 = slow, but definite growth stimulation. Circled symbols 
indicate combinations which gave a positive auxonographic test, but were negative in broth. 

are designated by & in Figure 2 gave barely visible growth in broth in about 24 
to 30 hours after inoculation whereas those designated with 4- had completed 
growth by 30 hours. Approximately the same level of growth was obtained 
ultimately from all combinations. Minimal controls were run in duplicate or 
triplicate for all determinations. 

The exceptional cases in which bacteria did not grow in broth are understand- 
able, since the compounds were usually tested at only one concentration level. 
The relative concentrations of the two compounds can be a critical factor as 
shown in Figure 3. Hence it may be concluded that the auxonographic data are 
more meaningful than the data from growth in broth when broth tests were 
negative and auxonography positive. 

Strains C-13 and 16 will grow in the presence of isoleucine alone, but not as 
rapidly as when both isoleucine and valine are present (Figure 4) .  0-27 grows 
on valine alone, but again not as well as when isoleucine is also present (Figure 
5 ) .  

Accumulations in the medium: Three types of compounds may be expected 
to be accumulated by isoleucine-valine mutants: (1 ) carbinols, (2) dihydroxy 
acids and (3) keto acids. 

Table 1 indicates the compounds accumulated by the different strains. None of 
these compounds is produced in detectable amounts by wild type Salmonella. 
Only qualitative data are given, since the amount of accumulants varies over a 
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p.g H K I / 5 m l  

FIGURE 3.-The growth of iluaD-27 obtained after 42 hours in broth with 50 fig of valine, 
and the indicated amounts of hydroxyketoisoleucine per five ml. 

TABLE 1 

Compounds accumulated by  mutant strains 

Carbinols Dihydroxy acids Keto acids 
Strain AMC AEC DHV DHI KV KI PYR UNK' 

Unknown. 

wide range depending on the conditions of culture such as initial concentration 
of supplements, and age of culture. 

Only the B mutants accumulate detectable amounts of dihydroxy acids. This 
accumulation is expected from the growth pattern described above. The A mu- 
tants and 0-27 accumulate carbinol, but only in the form of acetylmethylcarbi- 
nol. After 72 hours of growth on medium supplemented with 10 pg of isoleucine 
and valine the A and D strains accumulate more than 500 pg of AMC per ml of 
medium. No acetylethylcarbinol was detected after formation of the pteridines. 

The accumulation of A M C  indicates the preaccumulation of a-acetolactate 
(see WAGNER, BERGQUIST and FORREST 1959). Acetolactate is readily decarboxy- 

D
ow

nloaded from
 https://academ

ic.oup.com
/genetics/article/45/10/1375/6058921 by guest on 25 M

ay 2023



1380 R. P. WAGNER ARTD A. BERGQUIST 

T I M E  IN HOURS 
FIGURE 4.-The growth of ilvaC-13 on isoleucine + valine (A),  and on isoleucine alone (B).  

Amino acids present at levels of 50 hg/5 ml of medium. 

lated with the formation of acetylmethylcarbinol at an acid pH or in the presence 
of an enzyme present in many organisms, (but not tested for here in Salmonella). 
AL is not unequivocably detectable by chromatographic methods known to US; 

however, its presence may be at least indicated by oxidation of TPNH in the 
presence of the appropriate enzyme and the formation of the dihydroxy acid, 
a,P-dihydroxyisovaleric acid (DHV) . Five ml of medium, 72 hours old, of 0-27 
or A-8 was incubated with 1 ml of a crude enzyme extract of mutant B-6 contain- 
ing 3.4 mg of protein, 9.6 p moles of glucose-6-phosphate and 1.0 mg. of TPN 
(triphosphopyridine nucleotide) for 4-6 hours at 35°C. The incubate was then 
boiled, centrifuged, acidified to p H  2 with H,SO, and extracted with ether. The 
ether extracts were chromatogrammed as described elsewhere (WAGNER, RAD- 
HAKRISHNAN and SNELL 1958). DHV appeared on the chromatograms when 
media from A-8 or 0-27  were present in the incubates but not in the appropriate 
controls (including B-6 extract alone). These results indicate the presence of AL 
in the medium of A-8 and 0-27.  

The C strains accumulate ketovaline when grown in the presence of isoleucine 
alone. When valine is present in the growth medium, pyruvic acid appears, and 
the amount of ketovaline is reduced (Figure 6). Detectable ketoisoleucine is not 
accumulated by these mutants. 
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TIME IN HOURS 

FIGURE 5.-The growth of iluaD-27 on valine f isoleucine (A), valine alone (B) and valine 
4- threonine (C) . Amino acids present at levels of 50 pg/5 ml. 

Pyruvic acid is accumulated by the A strains and D-27. 
Treatment of the growth medium of strains of A, D and C with 2, 4-dinitro- 

phenylhydrazine yielded, in addition to the dinitrophenylhydrazone of AMC, 
KV and pyruvate, a presumed hydrazone of a compound which we have been 
unable to identify. It has a low solubility in ethyl acetate, water, and ether, and 
does not move on paper with any of the solvents tried at the same rate as any 
known dinitrophenylhydrazone. It is not accumulated by strain B or the wild 
type strain, LT-2. 

Enzymatic activities: Representatives of each of the four groups of strains were 
tested for their activity in converting ( 1 )  AHB and AL to the respective dihy- 
droxy acids by the over-all enzyme reductoisomerase, in the presence of TPNH 
and Mg++, (2) the hydroxyketo acids to the dihydroxy acids by the reductase 
in the presence of TPNH, (3) the dihydroxy acids to the keto acids by the dehy- 
drase, and (4) the keto acids to the amino acids by the transaminase. Phenyl- 
alanine was used as the donor in the transamination reactions. The results are 
reported in Table 2 along with activities found for LT-2, a wild type Salmonella. 

A-8 and D-27 have enzymatic activities indicated for each of the four steps, but 
the reductoisomerase activity in each of these is about eight to tenfold lower than 
LT-2 in activity. Since the figures for these activities, given in Table 2, were 
determined by measuring the rate of TPNH oxidation in the spectrophotometer, 
it was necessary to establish whether they represent actual rates of conversion 
to the dihydroxy acids, or some other type of reaction involving TPNH and the 
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T I M E  IN HOURS 

FIGURE 6.-The accumulation of ketovaline and pyruvate by Salmonella i l u d - 1 3  with time 
in broth culture. A. Ketovaline accumulated with growth on 50 pg/5 ml of isoleucine alone. B. 
pyruvate accumulated under same conditions as in A. C. Ketovaline accumulated with growth 
on 50 pg of isoleucine plus 50 pg of valine per five ml. D. Pyruvate accumulated under same 
conditions as in C. 
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TABLE 2 

Enzymatic activity of the crude extracts of Salmonella strains. Activity given as p moles of 
indicated substrate converted per mg protein per hour 

~~ ~ 

Reducto- 
mmerase Reductase Dehydrase Transaminase 

Strain AHB AL HKI HKV DHI DHV KI KV 

1.6 1.9 A-8 0.60t 0.18t 0.w 0.47t 17.8 27.6 
B-6 50.0 5.0 6.5 3.3 0.16 0.18 1.4 1.7 
C-13 11.0 1.1 1.4 0.70 1.9 3.4 0.0 0.0 

1.2 1.7 D-27 0.77* 0.18* 4.3* 2.1' 18.2* 34.1 
LT-2 6.02 1.5$ 1.32 0.80$ 0.922 1.82 0.502 0.642 

- 

36 hours growth. 
t e0 hours growth. 
X 18 hours growth. 

substrates AHB and AL. To test this possibility enzyme extracts of both A-8 and 
D-27 were incubated with AHB and AL as follows. Two ml of crude, dialyzed 
extract from 36-hour old cultures containing 2 mg of protein per ml were incu- 
bated with 9.6 p moles of glucose-6-phosphate, 1.0 p moles of MgSO,, 0.1 mg of 
TPN, and 0.2 ml of glucose-6-phosphate dehydrogenase (prepared according to 
the method of RADHAKRISHNAN 1960) and either AL, AHB, HKI, or HKV present 
at levels of about 10 p moles each. These mixtures were incubated for six hours 
at pH 8.0 at 35°C. The incubates were then acidified to pH 2.0 with H,SO, and 
extracted with ether. The ether extracts were concentrated and chromato- 
grammed. The papers were sprayed with periodate and benzidine to detect DHI 
and DHV. Extracts from both D-27 and A-8 showed weak activity for transfor- 
mation of AHB to DHI and strong activity for HKI and HKV transformation to 
DHI and DHV, respectively. No DHV was detected when AL was used as the 
substrate. An extract of B-6 was tested in the same way and found to have all 
activities including that for conversion of AL to DHV. These results indicate 
that the weak oxidation of TPNH in the presence of AHB by A-8 and D-27 repre- 
sents, at least in part, conversion to DHI, but that AL conversion is absent, or so 
low as to be undetectable. These observations are in agreement with the facts 
that both mutants apparently accumulate AL, and that D-27 will grow in the 
presence of valine alone. On the other hand, the rate of conversion of AHB to 
DHI in A-8 is possibly so low that there is an absolute requirement for isoleucine 
as well as valine. The absence of detectable AHB or AEC in the medium of these 
mutants may be due to the utilization of one or both of these in other reactions. 

B-6, as shown in Table 2, is significantly lower in dehydrase activity than the 
wild type and the other strains tested. Strain B-7 has even lower dehydrase 
activity, and also shows detectable activity for keto acid production from the 
dihydroxy acids. 

C- 13 has no detectable activity for transamination between phenylalanine and 
ketovaline and ketoisoleucine. Extracts from this mutant in addition show no 
activity for transamination between ketovaline or ketoisoleucine and glutamate 
or leucine. LT-2, and the other mutants, on the other hand, do have activity for 
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these transaminations. Hence, it may be assumed that the mutation producing 
C-13 has caused the absence of an enzyme comparable to the transaminase B 
described by RUDMAN and MEISTER (1 953) in Escherichia coli. C-13 does have 
transaminase A activity which allows it to transaminate between ghtamate and 
the aromatic amino acids, and transaminase C activity enabling it to transami- 
nate between ketovaline and alanine or a-aminobutyrate. This latter activity 
probably explains why C-13 can grow on isoleucine alone. The accumulation of 
ketovaline under these conditions may be the result of a low activity of the keto- 
valine-alanine-a-aminobutyrate transaminase. These observations make C-13 
quite comparable in all respects to a mutant type long known in Escherichia coli 
and described in detail by RUDMAN and MEISTER (1953) and ADELBERG and 
UMBARGER (1953). 

In addition to the evident low relative activity of the reductoisomerase from 
A and D, the dehydrase from B, and the absence of transaminase activity in C 
mutants, it is also noteworthy that some activities are far in excess of the activity 
found in the wild type, LT-2, and the mutant C-13. Thus B-6 is significantly 
higher in reductoisomerase activity and reductase than LT-2 and (2-13. On the 
other hand, the dehydrase activity of A-8 and D-7 is 10 to twenty fold higher 
than LT-2 and almost tenfold higher than C-13. C-13 is close to LT-2 in all spe- 
cific activities determined with the exception of the phenylalanine transaminase. 

DISCUSSION 

From the biochemical analyses presented above it is evident that three different 
inherited metabolic blocks are represented in the ilva mutants. 

The A mutants and the single D mutant are all similar in their low activity of 
reductoisomerase, and their accumulation of acetylmethylcarbinol and probably 
acetolactate. All are stimulated by hydroxyketoacids, dihydroxy acids, keto acids 
and amino acids in certain combinations. There are certain differences, however, 
since at least one of the A mutants (A-8 )  will grow on hydroxyketoisoleucine 
plus acetolactate (Figure 2).  0-27, on the other hand, will grow on valine alone 
which is not true of any of the A mutants tested. All evidence taken together 
indicates that these mutants are all blocked partially or completely at Step I as 
indicated in Figure 1.  All biochemical evidence indicates that a single enzyme 
acts at this step on both AL and AHB (RADHAKRISHNAN, WAGNER and SNELL 
1960). It may be hypothesized that the block is more complete for AL conversion 
than for AHB conversion, because of the differential affinity of the enzyme for 
the two substrates. 

The B mutants are all clearly blocked at Step 111, since all accumulate dihy- 
droxy acids, are low in dehydrase activity, and are stimulated to grow only by the 
keto and amino acids. 

The C mutants are blocked at Step IV due to the inactivity of the glutamic acid 
or phenylalanine-ketovaline, ketoisoleucine transaminase. This conclusion is sup- 
ported by the further evidence that they are stimulated to maximum growth only 
by isoleucine 4- valine. Their submaximal growth on isoleucine alone may be 
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explained by the presence of a ketovaline-alanine or a-aminobutyric acid trans- 
aminase. The accumulation of ketovaline, but not ketoisoleucine, when the C 
mutants are grown in the absence of valine, is explained by assuming a low 
activity for the ketovaline-alanine transaminase, and the prevention of ketoiso- 
leucine formation by isoleucine inhibition of the formation of its precursor, AHB 
(see WAGNER, BERGQUIST and FORREST 1959). 

These mutants, then, all fall into three fairly well-defined groups correspond- 
ing to blocks at Steps I, I11 and IV. No mutants have been detected for Step 11. 
This step may, in fact, occur on the surface of the molecule of the reductoiso- 
merase. The relationship of the reductase enzyme to the reductoisomerase is 
being investigated. It may represent the residual activity of an altered over-all 
enzyme molecule and be comparable to the tryptophan synthetase enzyme 
changes described by YANOFSKY ( 1959) and YANOFSKY and CRAWFORD ( 1959). 

The high enzyme activities found for the reductoisomerase from B-6 and the 
dehydrase from A-8 and D-27 are probably best explained as being the result of 
growing the cells in limited amounts of isoleucine and valine. This same general 
phenomenon has been observed in histidine mutants of Salmonella by AMES, 
GARRY and HERZENBERG (1960) which were grown in the presence of limiting 
histidine. It has been explained by AMES and GARRY (1959) in terms of coordi- 
nate enzyme repression. 

SUMMARY 

Mutants of Salmonella typhimurium which are located in three closely linked 
loci known to be involved in the biosynthesis of isoleucine and valine have been 
analyzed biochemically. I t  is shown that each of the three loci controls one of 
three separate and successive steps in the biosynthesis of these amino acids. The 
order of the loci, as determined genetically by other workers, corresponds to the 
order of their action in the sequence of reactions. 
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