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Issues of thiol-disulfide redox chemistry were nowhere in
our consciousness when we began to study the export of Esch-
erichia coli alkaline phosphatase from the cytoplasm. We chose
this periplasmic enzyme because it seemed an excellent tool for
characterizing the mechanism of protein translocation across
the cytoplasmic membrane. However, our selection and anal-
ysis of signal sequence mutants led us to the surprising discov-
ery that alkaline phosphatase was enzymatically inactive when
it was localized to the bacterial cytoplasm (32). Since the cy-
toplasm was reputedly a much more reducing environment
than the periplasm, we reasoned that the lack of cytoplasmic
alkaline phosphatase activity was due to the failure of the
protein to form its two essential disulfide bonds. We later
established that the cytoplasmic form of the enzyme did indeed
lack disulfide bonds (14).

These results presented us with questions we had not con-
sidered before. Were there specific proteins in the cytoplasm
that were responsible for keeping unwanted disulfide bonds
from forming? Were there specific proteins in the periplasm
that catalyzed formation of these bonds? Could we approach
these questions genetically? From posing these questions, we
moved on to develop genetic selections that might help us
identify proteins involved in determining the oxidation state of
cysteines in proteins of the two compartments. The results of
these efforts along with those of a number of other labs have
opened our eyes to an impressive array of E. coli proteins that
are part of the thioredoxin superfamily. Furthermore, pushing
ever deeper into the functions of members of this family which
exhibit very similar structures raises a number of issues about
the directions necessary for the success of studies in functional
genomics.

FUNCTIONAL GENOMICS

The availability of microbial genome sequences holds the
promise of advancing our understanding of many aspects of
bacterial physiology. The depth of this understanding depends
on the ability to deduce the functions of the thousands of
individual open reading frames (ORFs) in each organism. At
present, putative functions can be assigned to approximately
70% of all microbial genome ORFs based on sequence homol-
ogy. Thus, a major endeavor for functional genomics is the
exploration of the remaining ORFs, which have no homo-
logues with known activities. Nevertheless, even the putative
functional assignments based on sequence similarities usually
allow only classification of a predicted protein as a member of
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a protein family with common activities. In many cases, such
assignments do not allow the definition of specific physiologi-
cal roles for such proteins. Furthermore, there are often many
paralogues of ORFs within an organism that may reflect a
history of gene duplication and domain shuffling in that organ-
ism. Multiple copies of members of such gene families provide
for apparent functional redundancy of particular protein activ-
ities and are sometimes explained by a need of the cell for
“backup systems.” However, the use of functional redundancy
to account for the persistence of these multiple ORFs in a
genome may simply be a way of covering up our lack of de-
tailed knowledge of the physiology and ecology of the organ-
ism.

While exploring the functions of the ORFs with no homo-
logues is an obvious challenge, we argue that an equally im-
portant effort is to try to understand the specific physiological
roles of genes which, at first glance, seem to be redundant. We
will call these sets of genes the gray areas of the genome. We
will illustrate the issues involved by describing what has been
learned about the specific roles of members of the thioredoxin
superfamily in E. coli. We have chosen this family because of
its high redundancy in most organisms and also because several
aspects of the roles of these oxidoreductases cannot be pre-
dicted based on sequence similarities. We will conclude by
discussing which approaches to the paralogue problem seem
relevant to analysis of such ORF families.

THIOL-DISULFIDE OXIDOREDUCTASES

Members of the thioredoxin superfamily share two features
in common: they contain a short sequence motif that includes
a Cys-X;-X,-Cys sequence (the active site) and an overall
structure containing this motif that corresponds to what is
called a thioredoxin-like fold (29). The latter structural fea-
tures have been determined directly by X-ray crystallography
for some members of the family and by structural modelling in
others (29). The actual role of each of these proteins in the cell
is partly determined by the redox potential of the protein and
partly by the direction of the electron transport pathway it
participates in, showing the importance of both kinetic and
thermodynamic factors. Thioredoxin 1 of E. coli, with a redox
potential of —270 mV, is a major reductant in the cytoplasm;
it is important for the reduction of such cytoplasmic enzymes
as ribonucleotide reductase (26). DsbA, a periplasmic protein
with a redox potential of —122 mV, is highly oxidizing; it is
required for disulfide bond formation in the cell envelope (6).

While much knowledge of the specific roles of these two
proteins of the thioredoxin family has been accumulated, ge-
netic and biochemical studies plus sequence analysis have led
to the discovery of nine other genes in E. coli that code for
thioredoxin-like proteins or proteins that include a thioredoxin
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FIG. 1. Members of the thioredoxin superfamily in E. coli. Members of the
family are boxed. Reduction (black arrow), oxidation (broken arrow), and disul-
fide bond isomerization (two arrows) are indicated. Three members of this family
(NrdH, DsbG, and DsbE) are not shown, as their roles in these pathways are not
clear.

domain. For many of these proteins, specific roles cannot be
assigned. When multiple genes are discovered for proteins with
apparently identical functions, the genes are often described as
redundant (e.g., 10). Sometimes, genetic and physiological
studies support this characterization. Despite this evidence,
there is increasing reason to believe that each of these proteins
may have a specialized role to play, at least under some envi-
ronmental conditions.

SPECIFICITY AND REDUNDANCY OF CYTOPLASMIC
THIOL-DISULFIDE OXIDOREDUCTASES

A number of cytoplasmic reductive enzymes become oxi-
dized as part of their catalytic cycle and must be subsequently
reduced for their continued function. These enzymes, such as
ribonucleotide reductase, methionine sulfoxide reductase, and
3’-phosphoadenosine 5’-phosphosulfate reductase, can utilize
thioredoxins or thioredoxin-like proteins to be continuously
regenerated (49). The best-studied members of the cytoplas-
mic thioredoxin superfamily are thioredoxins 1 and 2 (TrxA
and TrxC, respectively) (33, 49) and glutaredoxins 1, 2, and 3
(GrxA, GrxB, and GrxC, respectively) (Fig. 1) (4). The thiore-
doxins and glutaredoxins exhibit features common to the thi-
oredoxin superfamily—the Cys-X;-X,-Cys active site and the
thioredoxin fold. Despite sharing these structural properties,
the thioredoxin and glutaredoxin subfamilies do not share se-
quence similarities. Furthermore, even though both sets of
proteins ultimately derive their reducing power from NADPH,
maintenance of the thioredoxins in the reduced state is accom-
plished by thioredoxin reductase (TrxB), while the glutaredox-
ins are reduced via glutathione. Finally, each member of this
family exhibits its own characteristic redox potential. While
most thioredoxin homologues are potent disulfide bond reduc-
tants, of the E. coli glutaredoxins, only glutaredoxin 1 is effi-
cient in this respect both in vivo and in vitro (3, 49). The
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activity of glutaredoxins 2 and 3 may be limited to reduction of
mixed disulfides containing glutathione (4).

Some evidence can be adduced to support the proposition
that cytoplasmic thioredoxins and glutaredoxins are simply re-
dundant and provide backup for each other. Null mutants for
genes coding for each of these proteins are viable under usual
laboratory growth conditions (41, 46). In fact, only by elimi-
nating the three most effective reductants, thioredoxins 1 and
2 and glutaredoxin 1, is a lethal phenotype created (49). Ap-
parently, any one of these three proteins can suffice to supply
the disulfide reductase needs of the cell.

However, indications are beginning to accumulate that,
while these proteins can substitute for one another under some
conditions, there are certain pathways or environmental con-
ditions that call largely on the utilization of only one of these
proteins. One such example involves the enzyme methionine-
sulfoxide reductase. A mutant missing thioredoxin 1 is unable
to utilize methionine sulfoxide as a source of methionine, in-
dicating that thioredoxin 1 is the main source of reducing
power for this enzyme (49). Overexpression of glutaredoxin 1
can partially substitute for the missing thioredoxin 1, whereas
overexpression of thioredoxin 2 does not (49).

Another striking example of a specific role for a member of
the thioredoxin family occurs under a stress response condi-
tion. When E. coli is challenged with hydrogen peroxide, the
OxyR regulatory protein becomes active and induces the ex-
pression of a set of genes that destroy hydrogen peroxide and
repair the damage done to the cell. The activation of OxyR
occurs by the formation of a disulfide bond in the protein. One
of the genes whose expression is increased by activated OxyR
is grxA; the high levels of glutaredoxin 1 are then able to reduce
the disulfide bond in OxyR, rendering the regulatory protein
inactive. Thus, once the stress response has been sufficiently
activated, this feedback mechanism returns the cell to its orig-
inal state. Mutants lacking glutaredoxin 1 show a delay in the
reduction of OxyR (53).

Finally, disulfide bond isomerization in the periplasm is ac-
complished by channeling of electrons from thioredoxin 1
across the cytoplasmic membrane (43, 44). High-level expres-
sion of thioredoxin 2 can only partially substitute for thiore-
doxin 1, and glutaredoxin 1 is completely inactive in this path-
way (42).

Thus, each of these very similar proteins may fulfill specific
and important roles in the cell in addition to their ability to
backup one another under some conditions. The differing spec-
ificities may be due to the particular redox potential of each
protein, to features of their amino acid sequences that permit
interactions with particular substrate proteins, or to other yet-
to-be understood properties of these proteins. We point out
that at least one member of this family of proteins, thioredoxin
1, utilizes other features of its amino acid sequence for its role
as a cofactor in the development of certain bacteriophages (16,
47). These latter activities do not involve the redox center of
the protein. For instance, thioredoxin 1 forms a tight complex
with the bacteriophage T7 DNA polymerase, contributing pro-
cessivity to the functioning of this enzyme (7). Even when
overexpressed, thioredoxin 2 cannot substitute for thioredoxin
1 in T7 development (50). The features of thioredoxin 1 struc-
ture that are responsible for its interaction with T7 DNA poly-
merase may also contribute to its unique role in other path-
ways. Parenthetically, it is interesting to note that the genome
of bacteriophage T4 includes two genes encoding glutaredox-
ins (20). One of these two bacteriophage T4 proteins, identi-
fied as a glutaredoxin by its sequence, can use either thiore-
doxin reductase or glutathione as a source of electrons (38).

In addition to the thioredoxins and glutaredoxins referred to

0TOZ ‘0T Ateniga- uo Ag Bio wse ql woiy papeojumoqd


http://jb.asm.org

VoL. 181, 1999

above, a gene encoding an additional cytoplasmic member of
this family, NrdH (24), has been detected by analysis of E. coli
genome sequences. There is little genetic or physiological ev-
idence indicating the in vivo role of NrdH. Interestingly, this
protein, which shows significant homology with glutaredoxins,
does not interact with glutathione, but with thioredoxin reduc-
tase—a finding which would not have been predicted from
sequence gazing (24).

SPECIFICITY AND REDUNDANCY OF THIOL-
DISULFIDE OXIDOREDUCTASES OF
THE CELL ENVELOPE

Two major roles for cell envelope thiol-disulfide oxidoreduc-
tases have been identified. The first role is the formation and
isomerization of disulfide bonds in proteins localized to the
bacterial cell envelope. Despite some suggestions of overlap of
function among these proteins (1, 36), the evidence indicates
that most of the well-characterized members of this family
fulfill a specific well-defined function (43, 44). DsbA is re-
quired for the oxidation of pairs of cysteines to generate di-
sulfide bonds in certain cell envelope proteins (6). The conse-
quently reduced DsbA transfers its electrons to DsbB, thus
becoming reoxidized (5, 8, 12, 35). DsbC is required for the
isomerization of incorrectly formed disulfide bonds, an activity
that depends on its Cys-X,-X,-Cys motif being maintained in
the reduced state (36, 43, 48, 52). The reduction of DsbC is
achieved by the membrane-bound DsbD (DipZ) protein (43,
44). Although a protein with strong homology to DsbC, DsbG,
exists in the E. coli genome sequence (1, 51), no persuasive
evidence indicating its physiological role has yet been obtained
9).

Certain virulent strains of Salmonella typhimurium contain
two dsbA homologues—one on the chromosome and one on a
virulence plasmid (30, 45). The latter gene product may be
there to enhance the oxidizing potential in the periplasm or
may provide substrate specificity, e.g., being more active as an
oxidant on proteins encoded by the plasmid.

The second role for these cell envelope proteins is in the
assembly of c-type cytochromes. At least two membrane pro-
teins, DsbD (DipZ) (11) and CcmG (DsbE), (31) appear to be
essential for maintaining the cysteines of cell envelope apocy-
tochromes in the reduced state. The reduced cysteines are
needed for the assembly of the heme moiety into the active
holoenzyme.

All of the proteins identified, except for DsbB, contain do-
mains that place them in the thioredoxin superfamily.

HOW THE ROLES OF FAMILY MEMBERS
HAVE BEEN DEDUCED

One can readily pick out nearly all the genes encoding thiol-
disulfide oxidoreductases by using homology programs for
analysis of the E. coli genome sequence (18). This is possible
because all but DsbB share sequence features with the proto-
types, thioredoxin 1 or glutaredoxin 1. However, little can be
said about the most interesting aspects of the roles of these
proteins simply from examination of the sequence. For in-
stance, the effectiveness in the process of disulfide bond reduc-
tion is largely dependent on the redox potential of these pro-
teins which is not deducible simply by comparing protein
sequences. Furthermore, the overall function of these proteins
as oxidants or reductants is dependent on the redox status of
the subcellular environment in which they are found. As far as
is known, each of these proteins has the potential to act rela-
tively efficiently both as an oxidase or reductase. For example,
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the first discovered thioredoxin (thioredoxin 1) of E. coli is the
most efficient at reducing disulfide bonds. Nevertheless, when
thioredoxin is oxidized—when its two cysteines of the Cys-X;-
X,-Cys are joined in a disulfide bond—it is able to donate that
bond to substrate proteins, an oxidative reaction (13, 28, 40,
49). This point is not purely academic, since many genomes
contain thioredoxin variants with a signal sequence. Whether
these variants act as oxidants or reductants in vivo apparently
cannot be decided without experimental evidence.

Thus, it is instructive to recount how we have come to un-
derstand the functions of certain of these proteins in the life of
the bacteria. This knowledge has accrued as a result of a
variety of approaches, including genetic, physiological, and
biochemical studies and sequence analysis. What is learned
from an analysis of the thioredoxin superfamily is that se-
quence gazing in the absence of these other endeavors yields
little insight into the physiological activity of each member.
Furthermore, information on the role of a particular thiol-
disulfide oxidoreductase in the bacteria has often arisen not
from a linear process designed to elucidate function but rather
has resulted fortuitously from studies designed to study some
other problem.

Thioredoxin 1 was purified from E. coli as a reductant of
disulfides in the active site of ribonucleotide reductase (26).
The same assay was used to detect glutaredoxin 1 in extracts of
cells missing thioredoxin 1 (23). The two additional glutare-
doxins were isolated from extracts of mutants lacking thiore-
doxin 1 and glutaredoxin 1 (4). Although glutaredoxins 2 and
3 are more abundant than glutaredoxin 1, they show poor
ability to act as disulfide bond reductants in vitro, and a null
mutant of glutaredoxin 3 displays no clear phenotypes under
the conditions tested (41). In these cases, a recognition that a
reductant was needed for ribonucleotide reductase led to the
search for such molecules; the physiological problem was un-
derstood and led to the discovery of candidate molecules.

Thioredoxin 2 was postulated based on the study of E. coli
mutants that were able to introduce disulfide bonds into cyto-
plasmic proteins. The finding that the increased cytoplasmic
oxidation potential in mutants lacking thioredoxin reductase
(treB) could not be explained solely by the altered state of
thioredoxin 1 led to the suggestion that the bacteria expressed
a second thioredoxin (15, 41). We found that the accumulation
of oxidized forms of both thioredoxins 1 and 2 accounted for
the high level of disulfide bond formation in the f7xB mutants
(49).

Despite the fact that most members of the cytoplasmic thi-
oredoxin superfamily are reductants of ribonucleotide reduc-
tase, there is still no direct evidence for which one or what
combination of these thiol-disulfide oxidoreductases performs
this essential reductive step in vivo. Nevertheless, an indication
that thioredoxin 1 and glutaredoxin 1 may play overlapping
roles in this reaction in vivo is the finding that a x4 grx4
double mutant shows a 25-fold induction of ribonucleotide
reductase, while single mutants of these genes show only a very
modest induction (34).

Opverall, the role or roles of each individual thioredoxin or
glutaredoxin in cell physiology remain an open question.

Several different genetic approaches led unexpectedly to the
isolation of mutants of the dsb pathway. These included ge-
netic selections or screening procedures for detecting mutants
affecting (i) membrane protein assembly (6), (ii) bacterial vir-
ulence (39), (iii) bacterial motility (12), (iv) protein folding in
the periplasm (8, 25), and (v) increased resistance or sensitivity
to the reductant dithiothreitol (35). In no case were the genetic
approaches designed to find genes promoting disulfide bond
formation. The absence of efforts to purposely select for mu-
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tants affecting this function derives, in part, from the impres-
sion that protein disulfide bond formation occurred spontane-
ously and did not require a catalyst (2). It was only in-depth
study of these fortuitously isolated mutants that led to the
discovery of the in vivo roles of the proteins DsbA and DsbB.
The dsbC gene was first identified in E. coli as a multicopy
suppressor of a dsbA mutant (48). (Note that DsbC is ordi-
narily in the reduced state and unable to promote disulfide
bond formation. However, when overexpressed, some oxidized
DsbC presumably accumulates and acts as an oxidant.) The
identification of the involvement of DsbC and DsbD in a path-
way for disulfide bond isomerization came from a combination
of biochemical and genetic studies (43, 44, 52). (The dsbD gene
had previously been found and named dipZ via its role in
cytochrome ¢ biogenesis [11].)

WHITHER POSTGENOMICS OF THE PARALOGUES?

So, we are left with a problem. A large number of members
of the thioredoxin family have been identified in E. coli. For
some of these, a relatively specific role has been outlined, but
for others, such specificity has not been achieved. We could
finesse this problem by suggesting that many of these mole-
cules are redundant, providing backup for each other. This is
not a very satisfying explanation, particularly if one accepts a
strictly evolutionary adaptationist explanation for the presence
of genes in an organism. However, more importantly, evidence
is beginning to accumulate for very specialized roles for certain
of these proteins in addition to their ability to act as backup
molecules.

This discussion leads to the question for the thioredoxin
superfamily of how we go about determining what specialized
roles these molecules might fulfill. More generally, for any
family of proteins, members of which share common sequence
features or even active sites, how do we go from their identi-
fication via genome analysis to an understanding of their func-
tion? Obviously, some of the functional genomic approaches
already being taken will yield information. The availability of
oligonucleotide microarray chips and other genome array tech-
niques allows determination of the transcription patterns of all
genes in an organism. If such data are collected under numer-
ous environmental conditions, it seems probable that many
OREFs that appear redundant will show rather specific expres-
sion patterns. In addition, competition for growth between null
mutants for these ORFs and wild-type bacteria in different
growth media may also give hints as to specific functions.

However, if we use as a case study the family of thiol-
disulfide oxidoreductases, we can see that this set of ap-
proaches would not be sufficient. One still needs to pose new
biological-physiological questions, to carry out genetic selec-
tions to respond to these questions, and to probe deeper into
the physiology of cells—in this case, the various ways in which
electrons are passed around within and between subcellular
compartment. Furthermore, the studies on arrays and on com-
petition assume that we are already knowledgeable about the
variety of environments and stresses that a particular bacteria
encounters and that we should test. However, it is only in
recent years that researchers have begun to go beyond the
usual bacterial conditions for laboratory growth and to exam-
ine the behavior of bacteria in a broader array of environ-
ments. Studies on stationary phase (19) and response to dif-
ferent stresses (22, 27, 37), bacterial physiology during
infection of hosts (21), and growth in replicas of natural hab-
itats, such as the poor nutrient media of rivers (17), may still
not have scratched very deeply beyond the surface into the
hidden life of bacteria.
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We suggest that the examination of this one system illus-
trates that the success of microbial genomics in allowing a
description of an organism, including the function of its indi-
vidual genes, requires a major and more innovative effort in
traditional areas of bacteriology. Success would require, in
addition to the new postgenomic technologies, enhanced ef-
forts in ecology of bacteria, renewed studies in greater depth of
bacterial physiology, and the use of genetic approaches to
dissect fundamental physiological problems.
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