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EAL activity: + + + - - -
ACDH activity: + - + + + -

FIG. 4. Gene-function relationships. The name of each comple-
mentation group and representative mutations in each group are
shown at the top. The mutations are listed in their map order and
transcription is from left to right. Below each complementation
group is a summary of the phenotype and in vitro enzyme activities
of strains containing the listed mutations. C* indicates an ability to
use ethanolamine as a carbon source (aerobically with CN-B,,); N*
indicates an ability to use ethanolamine as a nitrogen source
(aerobically with CN-B,,). For in vitro ethanolamine ammonia-lyase
activity (EAL) and in vitro acetaldehyde dehydrogenase activity
(ACDH), a + indicates an in vitro enzyme activity of 30 to 100% of
that present in wild-type strains and a — indicates an in vitro enzyme
activity of less than 1% of that present in wild-type strains. The
enzyme assay data has been previously published (27). An excep-
tional mutant, extE9I, has in vitro ethanolamine ammonia-lyase
activity of only 7% of that present in wild-type strains. This
mutation may have a slight polar effect on transcription of the
downstream genes for ethanolamine ammonia-lyase (eutB and
eutC).

regulated promoter for the operon and from the promoter
located downstream of the eutC159::Mud]J insertion site
(unpublished results).

Utilization of Ado-B,, precursors. The first enzyme in
ethanolamine utilization, ethanolamine ammonia-lyase, re-
quires the cofactor Ado-B,, for activity (4, 28). This cofactor
is synthesized de novo during anaerobic growth. The B,,
biosynthetic pathway is outlined in Fig. 1. To permit etha-
nolamine utilization during aerobic growth, B,, must be
obtained from the growth medium. Exogenous B, is usually
supplied as CN-B,, or HO-B,,, neither of which is active as
a cofactor until converted to Ado-B,, in several enzymatic
steps. In fact, the inactive precursor forms of B,, are potent
inhibitors of ethanolamine ammonia-lyase in vitro (3). S.
typhimurium can convert HO-B,, or CN-B,, to the Ado-B,,
required by ethanolamine ammonia-lyase (Fig. 1).
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Mutants defective in the eutA gene can use ethanolamine
as the nitrogen source when Ado-B,, is provided but not
when HO-B,, or CN-B,, is provided. This was determined
by testing the abilities of various eut mutants to use ethanol-
amine as a carbon or nitrogen source when Ado-B,, was
provided (Table 2). These results suggest a role for the eutA
gene product in the use of HO-B,, and CN-B,, as precursors
of Ado-B,,. It should be noted that eurA mutants could not
use ethanolamine as a carbon source even when Ado-B,,
was provided (Table 2). This may be due to insufficient
transport of intact Ado-B,, (see Discussion for alternative
explanations).

Strains containing mutations in the eutB, eutC, and eutR
genes were unable to degrade ethanolamine for use as either
a carbon or a nitrogen source even when Ado-B,, was
provided (Table 2). Strains containing mutations in the eutD
and eutE genes fail to use ethanolamine as a carbon source
but are able to use it as a nitrogen source (with any form of
B,, provided). Since eutD and eutE mutants are able to
derive ammonia (but not carbon) from ethanolamine, they
must retain the ability to transport ethanolamine and synthe-
size the Ado-B,, required as a cofactor by ethanolamine
ammonia-lyase; as expected, the growth defect of these
mutants was not corrected by providing Ado-B,, (Table 2).

The eutA mutants were able to use HO-B,, or CN-B,, for
two other B,,-dependent enzymes in S. typhimurium. One of
these enzymes, a B,,-dependent methyltransferase, is one of
the two enzymes that can methylate homocysteine to form
methionine (16). The function of the B,,-dependent enzyme
was tested in a metE mutant which lacks the alternative
B,,-independent methyltransferase enzyme (Table 2). The
metE eutA double mutant was unable to grow on minimal
medium but did grow on medium supplemented only with
HO-B,, or CN-B,,, indicating that extA mutants continued
to transport B,, and synthesize the methyl-B,, cofactor
needed by the B;,-dependent methyltransferase. The possi-
bility remains that HO-B,, and CN-B,, transport is partially
impaired in eutA mutants.

The eutA mutants retain the ability to synthesize Ado-B,,
from HO-B,, or CN-B,, precursors. This was evident be-
cause the Ado-B,, requirement of another Ado-B,,-de-
pendent enzyme, propanediol dehydratase, was satisfied by

TABLE 2. Abilities of eut mutants to use Ado-B,, precursors

Growth of strain aerobically on medium

Relevant genotype Carbon Nitrogen Bi,-dependent containing the indicated form of B,,’
source source” function tested”
None CN-B,, HO-B,, Ado-B,,

Wild type Glycerol EA EAL (nitrogen)¢ - + + +
Wild type EA NH, EAL (carbon) - + + +
eutAlll or eutAll4 Glycerol EA EAL (nitrogen) - - - +
eutAlll or eutAll4 EA NH, EAL (carbon) - - - -
eutB107, eutC110, or eutR100 Glycerol EA EAL (nitrogen) - - - -
eutB107, eutCl110, or eutR100 EA NH, EAL (carbon) - - - -
eutDI10I or eutESS Glycerol EA EAL (nitrogen) - + + +
eutDI10I or eutESS EA NH, EAL (carbon) - - - -
metE205 Glucose NH, MT (methionine) - + + +
metE205 eutAll4 Glucose NH, MT (methionine) - + + +
Wild type PD NH, PDD (carbon) - + + +
eutAll4 PD NH, PDD (carbon) — + + +
Wild type PD EA EAL (nitrogen) and PDD (carbon) - + + +
eutAll4 PD EA EAL (nitrogen) and PDD (carbon) - - - -

“ EA, ethanolamine; EAL, ethanolamine ammonia-lyase; MT, 5-methyltetrahydrofolate-homocysteine transmethylase; PD, propanediol; PDD, propanediol

dehydratase.
® All forms of B,, were supplied at 0.1 pg/ml.

€ The growth requirement satisfied by the B,,-dependent enzyme is indicated in parentheses.
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FIG. 5. Effect of ability to degrade ethanolamine on the rate of
ethanolamine uptake. Strains containing a eutESS, eutBI07,
eutC110, or eutR100 mutation accumulated ethanolamine at a rate
less than that shown for eutAlll but greater than that shown for
LT2 pretreated with carbonyl cyanide m-chlorophenylhydrazone

(CCCP) (data not shown).

HO-B,, or CN-B,, in eutA mutants. The Ado-B,,-dependent
propanediol dehydratase has only recently been identified in
S. typhimurium (R. Jeter, personal communication). The
propanediol utilization pathway enabled both wild-type and
eutA mutant strains to grow on medium containing propane-
diol as the sole carbon source and ammonia as the sole
nitrogen source when HO-B,, or CN-B,, was provided
(Table 2). It is possible that alternative enzymes which
convert HO-B,, or CN-B,, to Ado-B,, are induced only
during growth on propanediol. To determine if a function
induced during growth on propanediol can substitute for the
eutA gene product, the eutA mutants were tested for the
ability to grow on medium containing propanediol as the sole
carbon source (to induce this pathway) and ethanolamine as
the sole nitrogen source (to test whether sufficient Ado-B,,
was made) (Table 2). The eutA mutants were unable to grow
on this medium, indicating that no substitute for the eutA
gene product appeared during growth on propanediol.

The above observations may be explained by the fact that
ethanolamine ammonia-lyase is acutely sensitive to inhibi-
tion by CN-B,, and HO-B,,. The eutA gene product may act
to prevent this inhibition in vivo. To test this possibility, the
ability of a eutA mutant to use a mixture of CN-B,, and
Ado-B,, for growth on ethanolamine as the nitrogen source
was checked. Ado-B,,-dependent growth was completely
inhibited by an equal concentration of either HO-B,, or
CN-B,, in the medium; this inhibition was not seen for
eutA™ cells, which use ethanolamine with either or both of
these B,, forms at the same concentration. This suggests
that the function of the eutA gene product may be to remove
inhibitory forms of B,, or to allow ethanolamine ammonia-
lyase to discriminate between these B, forms.

The eut operon does not appear to include an ethanolamine
permease. The rate of ethanolamine uptake by eut mutants
was examined to determine whether an ethanolamine per-
mease is encoded in the eut operon. The uptake assays were
performed on cells that were grown in glycerol-ammonia
medium containing ethanolamine and CN-B,, to induce
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FIG. 6. Ethanolamine uptake by strains which cannot degrade
ethanolamine. Strain LT2 was grown without ethanolamine or B,
present. CCCP, Carbonyl cyanide m-chlorophenylhydrazone.

expression of the eut operon. The data in Fig. 5 show that
strain LT2 accumulated ethanolamine at a high and nearly
constant rate throughout the 4-min assay. Accumulation of
ethanolamine in point mutants defective in any of the indi-
vidual eut genes occurred at lower rates. It appears that
uptake of ethanolamine at a high rate requires concurrent
degradation of ethanolamine by both ethanolamine ammo-
nia-lyase and acetaldehyde dehydrogenase. Ethanolamine
uptake did not occur when the proton gradient was abolished
by addition of the uncoupler carbonyl cyanide m-chloro-
phenylhydrazone to the cells before the assay began (Fig. 5).

Although transport of ethanolamine was reduced in all of
the individual eur mutants, a significant residual level of
transport remained. This residual level of transport was
blocked by carbonyl cyanide m-chlorophenylhydrazone,
suggesting that the proton gradient may contribute to trans-
port. Since all mutations reduced transport to a similar
extent, we presume that all exert their effect by impairing
degradation and none of the six known genes in the operon
encodes a component of the transport mechanism.

To test more directly for the presence of a permease gene
in the eut operon, we compared two strains, both blocked in
ethanolamine degradation. One carried a deletion of the
entire operon (eut-237); the other carried a point mutation in
one of the genes for ethanolamine ammonia-lyase (eutC110).
If an ethanolamine permease is encoded in the eut region, it
should contribute to the lyase-independent ethanolamine
uptake activity in the ewtC point mutant but not in the
deletion mutant. The uptake rates observed for the two
strains were identical (Fig. 6), suggesting that the deletion
mutant lacks only the ability to degrade ethanolamine. The
ethanolamine uptake occurred only when the proton gradi-
ent was left intact; this level was present in wild-type cells
grown in the absence of ethanolamine and B,, (Fig. 6). For
the assays shown in Fig. 6, 20 pM ethanolamine was
present. When the concentration of ethanolamine was in-
creased to 100 pwM, the uptake rates increased for both
strains, but the two strains could still not be distinguished
(data not shown).
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DISCUSSION

An F' plasmid containing the eut region was constructed
and used to perform complementation tests that defined six
complementation groups in the eut operon. A summary of
representative mutations in each complementation group
and the enzymatic or growth defect caused by the mutations
is shown in Fig. 4. Mutations in the eutR gene prevent
expression of the entire eut operon; strains containing a eutR
mutation lack all of the enzymatic activities encoded in eut
and fail to express eut-lac operon fusions located promoter
proximal to the eutR gene (27). Mutations in the eutB and
eutC complementation groups affect in vitro ethanolamine
ammonia-lyase activity. Two complementation groups for
ethanolamine ammonia-lyase were expected because this
enzyme isolated from Clostridium sp. and E. coli is com-
posed of two subunit types (3, 34). Mutations in the eutE
complementation group affect in vitro acetaldehyde dehy-
drogenase activity; this enzyme is composed of a single
subunit type in E. coli (24). The function of the eutD gene
product is not yet known; these mutants are able to use
ethanolamine as a nitrogen but not a carbon source.

In the complementation tests, several point and insertion
mutations exhibited a polar effect on the expression of
downstream genes. Nevertheless, the function of the most
promoter-distal gene in the operon (eutR) was not eliminated
by upstream mutations (including insertion mutations), indi-
cating that eutR can be expressed from its own promoter. In
a subsequent paper, we will show that eutR can also be
expressed from the main promoter for the eutDEABC op-
eron and that the independent promoter for eutR is a
constitutive promoter within the operon.

Many mutations that appeared to be nonpolar since they
complemented many downstream mutations still failed to
complement particular alleles of downstream genes. In these
cases, complementation was often restored when the chro-
mosomal and the F’ plasmid locations of the two mutations
were switched. Perhaps the relative concentration of each
eut gene product is important for efficient utilization of
ethanolamine. This might reflect the existence of a multien-
zyme complex of the enzymes for ethanolamine degradation
or a toxic effect of accumulated acetaldehyde.

The eutA gene product is required for use of ethanolamine
in the presence of exogenous HO-B,, or CN-B,,. The eutA
mutants could use exogenously supplied Ado-B,, to fulfill
the cofactor requirement for growth on ethanolamine as the
sole nitrogen source (but not as the sole carbon source)
(Table 2). Several results suggest that the growth defect of
eutA mutants is not caused by a complete lack of Ado-B;,
synthesis but by inhibition of ethanolamine ammonia-lyase
by accumulated HO-B,, or CN-B,,. First, the eutA mutants
could still convert HO-B,, or CN-B,, to Ado-B,, to fulfill the
cofactor requirement of the Ado-B;,-dependent enzyme
DL-1,2-propanediol dehydratase. The Ado-B,, inferred to be
available in eutA mutants during growth on propanediol as
the carbon source when HO-B,, or CN-B,, was provided
exogenously did not permit the simultaneous use of ethanol-
amine as the nitrogen source. A more direct indication that
accumulated HO-B,, or CN-B,, might inhibit ethanolamine
ammonia-lyase is the fact that eutA mutants failed to use
Ado-B,, if HO-B,, or CN-B,, was provided simultaneously.
The eutA gene product may serve to protect ethanolamine
ammonia-lyase from inactivation by preventing accumula-
tion of a high concentration of inhibitory B,, forms in the
cytoplasm. This could be accomplished by increasing the
rate of adenosylation, by slowing entry of HO-B,, or CN-B,,
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into the cytoplasm, or by inactivating internal forms of B,,
other than Ado-B,,. Alternatively, the eutA gene product
could interact with ethanolamine ammonia-lyase directly to
protect it from inactivation by the toxic B;, forms. The
ethanolamine ammonia-lyase enzyme itself seems to be
functional in eutA mutants because cell extracts of eutA
mutants retain normal ethanolamine ammonia-lyase activity
in an assay dependent on added Ado-B,, (27).

Exogenously supplied Ado-B,, allowed the eutA mutants
to use ethanolamine as the sole nitrogen source but not as
the sole carbon source (Table 2). During the course of
catalysis by ethanolamine ammonia-lyase, the carbon-cobalt
bond of Ado-B,, undergoes reversible cleavage and refor-
mation (1). It is thought that the carbon-cobalt bond occa-
sionally fails to reform correctly, generating inactive (inhib-
itory) forms of B,, as a by-product of catalysis (2, 20). We
suggest that these inactive forms of B,, accumulate in a eurA
mutant during the large number of reaction cycles required
to use ethanolamine as the sole carbon and energy source.
Thus, the role for the eutA function may be to regenerate
Ado-B,, and thereby protect ethanolamine ammonia-lyase
from inhibition by its own accumulated by-products. Such
an activity might also protect the enzyme from inhibition by
cytoplasmic HO-B,, or CN-B,,.

An ethanolamine permease does not seem to be encoded
in the eut operon since a deletion mutant that lacks the entire
eut operon still transported ethanolamine at the same rate as
a strain that contains only a point mutation in one of the
genes for ethanolamine ammonia-lyase. It is possible that the
eut operon encodes an ethanolamine permease whose activ-
ity is not detectable under our assay conditions or whose
activity requires the presence of active ethanolamine ammo-
nia-lyase enzyme. All uptake measured was inhibited by
pretreatment of cells with a drug that abolishes the proton
gradient, suggesting that ethanolamine uptake is mediated by
an active transport system. So far, no Eut™ mutant unlinked
to the eut operon has been isolated that lacks ethanolamine
uptake activity (D. Roof, unpublished). If several permeases
act on ethanolamine (as is the case for some other growth
substrates [11]) or if ethanolamine diffuses through the
membrane, our failure to recover permease-deficient Eut™
mutants would be explained.

The method used here to construct an F’ plasmid contain-
ing the eut operon can easily be applied to other bacterial
genes. The main advantage of the method is that a large (40
kilobases or more) genetically predetermined region can be
placed on a low-copy-number F plasmid. Plasmids such as
these are difficult to construct by other methods.
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