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ABSTRACT In previous work, 3-dimensional de-
scriptors of protein function (‘fuzzy functional
forms’) were used to identify disulfide oxidoreduc-
tase active sites in high-resolution protein structures.
During this analysis, a potential disulfide oxi-
doreductase active site in the serine/threonine pro-
tein phosphatase-1 (PP1) crystal structure was dis-
covered. In PP1, the potential redox active site is
located in close proximity to the phosphatase active
site. This result is interesting in view of literature
suggesting that serine/threonine phosphatases could
be subject to redox control mechanisms within the
cell; however, the actual source of this control is
unknown. Additional analysis presented here shows
that the putative oxidoreductase active site is highly
conserved in the serine/threonine phosphatase-1
subfamily, but not in the serine/threonine phospha-
tase-2A or -2B subfamilies. These results demon-
strate the significant advantages of using structure-
based motifs for protein functional site
identification. First, a putative disulfide oxidoreduc-
tase active site has been identified in serine-
threonine phosphatases using a descriptor built from
the glutaredoxin/thioredoxin family, proteins that
have no apparent evolutionary relationship whatso-
ever to the PP1 proteins. Second, the proximity of
the putative disulfide oxidoreductase active site to
the phosphatase active site provides evidence toward
a regulatory control mechanism. No sequence-based
method could provide either piece of information.—
Fetrow, J. S., Siew, N., Skolnick, J. Structure-based
functional motif identifies a potential disulfide oxi-
doreductase active site in the serine/threonine pro-
tein phosphatase-1 subfamily. FASEB J. 13,
1866–1874 (1999)
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Annotation of protein function in the genome
sequence databases is becoming increasingly impor-
tant. In the current era of functional genomics, a
protein is often assigned the function of another

protein if there is significant sequence identity be-
tween their two sequences. Several implicit assump-
tions underlie this annotation method. First, to
assume that two proteins have a similar function, one
must assume they are orthologously related, as de-
scribed by Fitch (1). Although the sequence similar-
ity method for annotation is often used in today’s
genomic databases, the orthologous relationship be-
tween the two sequences is rarely proved. Second,
the sequence similarity method for function annota-
tion implicitly assumes that protein function can be
adequately described by a single term such as aldo-
lase or reductase or even serine/threonine phospha-
tase. This simple descriptor actually glosses over the
many levels of function found in a cell. For example,
for an enzyme, these levels range from the catalytic
activity to the substrate specificity, to the binding of
cofactors or modulators, to the interaction of the
protein with other proteins or macromolecules
present in the cell, to the enzyme’s role in one or
more pathways. A single term such as ‘aldolase’
cannot describe the richness of phenomena associ-
ated with a given protein.

To rectify both shortcomings, we have developed a
structure-based function identification method (2–
4). We use a geometric and residue-based descriptor
of the active site associated with a given biochemical
function (termed a ‘fuzzy functional form’ or FFF2).
If a protein structure satisfies this descriptor, then
the protein is predicted to have the function of
interest. Thus, we do not require any information
about the evolutionary relationship of the protein of
interest to other proteins that have the same func-
tion. Rather, the biochemical function is established
based on the physical and chemical properties of the
active site itself. Another advantage of using a struc-
tural model is that, in principle, one could address
all the levels of function described above; in practice,
however, only some levels have so far been ad-
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dressed. Nevertheless, even at the present state of the
art, if one finds two active sites ascribed to different
biochemical functions to be in close spatial proxim-
ity, and if one of the functions has been suggested
experimentally to exert control over the other, then
knowledge of their spatial proximity would make a
very strong circumstantial case for such control.
When the relevant residues are far apart in se-
quence, no sequence-based approach can provide
this type of information. On the other hand, a clear
disadvantage of our approach is that the protein’s
structure needs to be known to apply the structural
descriptors. However, we have shown that the de-
scriptors can be applied not only to high-resolution
X-ray and nuclear magnetic resonance structures,
but also to inexact models produced by state-of-the-
art threading, homology modeling, and ab initio
folding programs (2).

We have previously built a FFF for the thiol-
disulfide oxidoreductase active site of the glutare-
doxin/thioredoxin protein family (2, 3). Application
of this FFF to a set of high-resolution structures from
the Brookhaven Protein Data bank (5) yielded all
known glutaredoxins, thioredoxins, and disulfide
isomerase proteins. To our surprise, it also yielded
the protein 1fjm (6), a member of the serine/
threonine phosphatase protein family. Subsequent
analysis presented here shows that this protein might
indeed have a disulfide oxidoreductase active site,
suggesting a mechanism of redox control for these
phosphatases. Identification of a putative regulatory
active site in a well-studied protein whose structure
was solved over three years ago demonstrates the
multi-faceted nature of function in proteins and
emphasizes the need for structural descriptors of
protein function at all levels.

MATERIALS AND METHODS

Sequence alignment and multiple sequence alignment

The proteins PP1 HUMAN, PP2A HUMAN, and
PP2B HUMAN from the SwissProt database (7) were used
as input sequences to the Web version of the Psi-BLAST
program (8). Default parameters were used and each of the
three searches was done for one iteration only. From the
resulting lists of serine/threonine phosphatases, those anno-
tated as PP1, PP2A, or PP2B in SwissProt were selected for
further analysis. To limit the list, we did not select those
sequences labeled as ‘probable’ or ‘putative’ serine/threo-
nine phosphatases. Lists of 31, 23, and 16 sequences anno-
tated as belonging to the PP1, PP2A, and PP2B subfamilies,
respectively, were created in this fashion. For each list, a
multiple sequence alignment was created using the program
Pileup (Wisconsin GCG sequence analysis software package,
v9.1). Default parameters were used.

Sequence variability

Sequence variability was calculated using a program kindly
provided by Dr. Peter Shenkin. This program takes the Pileup

alignments as input and calculates the residue entropy and
variability for each aligned residue in the sequence, as
described previously (9).

Cluster analysis

The 70 serine/threonine phosphatases, identified from the
Psi-BLAST search described above, were aligned using the
program Pileup. From the multiple alignment, a pairwise
distance table was created using the program Distances. The
Growtree program was used to create the tree figure from the
Distances table. All programs are found in the Wisconsin
GCG sequence analysis software package, v9.1. Default param-
eters were used.

Construction of a FFF for the thiol-disulfide oxidoreductase
active site

By design, FFFs are meant to be ‘fuzzy’ so that they can be
applied to the inexact structures produced by current protein
modeling techniques. Thus, they are built using only the
alpha carbon coordinates of residues, that have been shown
to be important. In the thiol-disulfide oxidoreductases, two
cysteine residues are apparently critical for the complete
functioning of the protein (10–13). A cis-proline that is close
in space, but not in sequence, is also structurally conserved in
this diverse family (14). An example of the active site in
Escherichia coli thioredoxin (2trx; ref 15) is shown in Fig. 1A.
The FFF for the thiol-disulfide oxidoreductase active site of
the glutaredoxin/thioredoxin family was built from the rela-
tive alpha carbon positions of these three active site residues
(2, 3). The FFF also contains residues located on either side
of these active site residues to create a structural motif of nine
residues (4). Use of these adjacent residues to describe the
active site geometry specifies the location of the beta carbon
of each of the three active site residues (16). The FFF is
described by the average distances between the alpha carbons
of these nine residues plus or minus a small variance.

RESULTS

Application of the thiol-disulfide oxidoreductase
FFF to experimentally determined protein
structures

A set of 1501 high-resolution, single-chain proteins
from the Brookhaven Protein Database (5) was
screened for the thiol-disulfide oxidoreductase ac-
tive site using the FFF described above. These 1501
proteins had less than 50% pairwise sequence iden-
tity among them. The FFF correctly identified eight
glutaredoxins, thioredoxins, and disulfide isomerase
proteins found in the set of 1501 proteins. It did not
identify any other protein except 1fjm, a mammalian
serine/threonine protein phosphatase-1 (PP1) (6).
Cys 155, Cys 158, and Pro 192 were identified as
potential active-site residues in this phosphatase.
Initially, this result was surprising, until the residues
identified by the FFF in the serine/threonine phos-
phatase were analyzed.
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Identification of a potential thiol-disulfide
oxidoreductase active site in the serine/threonine
phosphatase-1 subfamily

The thiol-disulfide oxidoreductase active site in the
glutaredoxin/thioredoxin family exhibits some iden-
tifying characteristics (Fig. 1A). The two active site
cysteines are found at the amino terminus of an
a-helix. The side chains of the two cysteines are
found on one face of the helix and lie parallel to the
conserved proline side chain. The proline is found in
an upside-down V-shaped structure, where the pro-
line is at the vertex of the V. In the eight structures
belonging to the glutaredoxin/thioredoxin family in
our database of 1501 proteins, the proline is always

found in the cis configuration. None of these char-
acteristics was encoded into the FFF, which is a
simple structural descriptor that only uses distances
between alpha carbons to define the active site.

Analysis of the putative thiol-disulfide oxidoreduc-
tase active site residues identified by the FFF in 1fjm
(6) shows many of these same characteristics (Fig.
1B). The two putative active site cysteines in 1fjm are
found at a helix terminus. The proline is at the
vertex of an upside-down V and the proline is in the
cis configuration. The root mean square difference
between the backbone atoms of the proline and the
two residues on either side of it in 1fjm and 2trx (E.
coli thioredoxin) is 0.58 Å.

There are two distinct structural differences be-

Figure 1. Comparison of the known thiol-disulfide oxidoreduc-
tase active site in thioredoxin and the putative oxidoreductase
site in serine/threonine phosphatase-1. A) Structure of a
representative active site from 2trx (15), a thioredoxin from E.
coli. B) The structure of the active site residues identified by the
FFF in 1fjm (6). C) The relative location of the putative
thiol-disulfide oxidoreductase active site and the phosphatase
active site identified from the 1fjm crystal structure (6). In all
three panels, the protein backbone appears as a white ribbon.
The two cysteine and proline side chains are shown as black
ball-and-stick models. The helix containing the two cysteines
and the upside-down V-shaped structure containing the proline
are colored as a gray ribbon. In panel C, the phosphatase active
site histidine (His 125) is also shown as a black ball-and-stick
model. Microcystin, a toxin that binds to the serine/threonine
phosphatase-1 active site and was crystallized with the protein
in the 1fjm structure, is shown in the active site as a black
ball-and-stick figure.

1868 Vol. 13 October 1999 FETROW ET AL.The FASEB Journal



tween the potential redox site in serine/threonine
phosphatase-1 (1fjm) and the actual disulfide oxi-
doreductase active site in thioredoxin (2trx). The
first is that the putative active site in 1fjm is found at
the carboxyl terminus of a helix, whereas the sites in
the glutaredoxin/thioredoxin family are found at a
helix amino terminus (Fig. 1). Although the helix
dipole has been suggested to be important for bio-
logical activity (13), this contention is disputed (10).
Of course, the specific biological activity could be
somewhat different in the serine/threonine phos-
phatases. The second difference between the active
site structures is in the orientation of the helix
relative to the proline. If the vertex of the V-shaped
proline structure is oriented so that it is pointing up,
then the cysteine side chains hang down from one
face of the helix to lie parallel to the proline side
chain in the glutaredoxin/thioredoxin structures
(Fig. 1A). In 1fjm, on the other hand, the cysteines
point up from the face of the helix to lie next to the
proline side chain when the vertex of the proline V
is pointing up (Fig. 1B). It should be noted that the
cysteine side chains lie in virtually identical positions
relative to the cis-proline, despite the orientation of
the helix. However, the change in orientation causes
the cysteines to be at the protein surface in the
serine/threonine phosphatase-1, whereas they are
somewhat more buried in the glutaredoxin and
thioredoxin structures.

Structural analysis provides some evidence that the
site identified in the serine/threonine phosphatase-1
1fjm might indeed be a thiol-disulfide oxidoreduc-
tase active site. Note that although the 1fjm structure
has been solved (6), the serine/threonine phospha-
tase-1 subfamily has been well studied (reviewed in
refs 17–20) and reactive sulfhydryl groups are known
to be present (21, 22), the actual disulfide oxi-
doreductase site in the PP1 subfamily has not been
previously identified.

Analysis of the serine/threonine phosphatase
sequences

To further investigate the putative redox site in 1fjm,
we analyzed the serine/threonine phosphatase se-
quences. This family of proteins is divided into four
subfamilies: PP1, of which 1fjm is a member; PP2A;
PP2B (of which calcineurin is a member); and PP2C
(19). PP2C appears to be sequentially unrelated to
PP1, PP2A, and PP2B, although members of this
subfamily catalyze a similar reaction (19) and struc-
tural comparison suggests a similar catalytic reaction
mechanism (23). Members of subfamilies PP1, PP2A,
and PP2B exhibit significant sequence similarity
(Fig. 2). On average, there is 49% sequence identity
between the catalytic domains of PP1 and PP2A
sequences. Likewise, there is an average 40% se-

Figure 2. Multiple sequence alignment of three represen-
tatives each of the phosphatase-1 (first three sequences),
-2A (second three sequences), and -2B (third three se-
quences) subfamilies. The histidine residue found at the
phosphatase active site is shown in boldface; the putative
thiol-disulfide oxidoreductase residues are in boldface and
italicized. The putative thiol-disulfide oxidoreductase ac-
tive site is found only in the phosphatase-1 subfamily. The
residue numbers correspond to the numbering of the 1fjm
sequence in the Brookhaven database. Representative se-
quences were taken from Psi-BLAST searches of the
SwissProt database. Multiple sequence analysis was done
using the Pileup program (using its standard parameters)
in the Wisconsin GCG sequence analysis software package.
Amino- and carboxy-terminal sequences with extensive
gaps were deleted from the figure.
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quence identity between catalytic domains of PP1
and PP2B sequences (6). Although the sequences of
PP1, PP2A, and PP2B are very similar, the proteins in
these subfamilies differ in their substrate specificities
and interactions with regulatory molecules.

To analyze the serine/threonine phosphatase sub-
families, we first used the PP1A HUMAN se-
quence (human serine/threonine phosphatase-1) as
the probe sequence in a Psi-BLAST search (8) of the
SwissProt sequence database (7). This search re-
vealed 31 sequences that are explicitly annotated as
serine/threonine phosphatase-1 proteins. (To limit
the search, sequences annotated as possible or puta-
tive PP1s were not considered.) A multiple sequence
alignment of this subfamily shows that the putative
redox active site cysteines and proline are almost
invariant in this subfamily (Fig. 2, Table 1). This

initial analysis showed that one of the 31 sequences
(P20604) contained none of the three residues.
(Subsequent analysis shows that this sequence is
unlikely to be a PP1 sequence; see below.) Of the
remaining 30 sequences, the second cysteine and the
proline are invariant. The first cysteine is conserved
in 26 sequences and is replaced by a threonine in
three sequences and by a serine in one sequence. A
residue conservation analysis (9) shows that these
three residues are better conserved than many resi-
dues in the family overall (Fig. 3A). Such strong
conservation suggests that these residues might in-
deed be important for function or structure of the
proteins in this subfamily.

We also performed two other Psi-BLAST searches on
the SwissProt database, using human serine/threonine
phosphatase-2A (PP2A HUMAN) and a serine/
threonine phosphatase-2B (PP2B HUMAN) as the

TABLE 1. A summary of the serine/threonine protein sequences
and the residues that align to the putative disulfide oxidoreductase
active sitea

PP1 PP2A PP2B

SW name
Active

site SW name
Active

site SW name
Active

site

P30366 C C P P48726 V Y V P48456 A C F
P48487 C C P P32838 I Y F Q27889 A C F
P48486 C C P P32345 V Y K P16299 A S F
P48483 C C P *P20604 V F A P20651 A S F
P48488 C C P P48580 L Y I P48453 A S F
P48481 C C P P23696 L Y L Q08209 A C F
P48480 C C P P11493 L Y L P20652 A C F
P48484 C C P P11611 L Y L P48452 A C F
P48489 C C P P11082 L Y L P48455 T C F
P22198 C C P P48463 L Y L P48454 T C F
P48485 T C P P13353 L Y L Q12705 S A F
P48482 S C P P05323 L Y L O42773 S N F
P23880 C C P P48577 L F I P48457 S A F
Q05547 C C P P48579 L Y I Q05681 S C F
P12982 C C P Q07099 L Y I P23287 S V F
P48461 C C P Q07098 L Y I P14747 S N F
P36874 C C P P23778 L Y V
P36873 C C P Q06009 L Y V
P37139 C C P Q07100 L Y V
P08128 C C P P48578 L Y V
P08129 C C P P23635 L Y V
P48462 C C P P23636 L Y V
P37140 C C P P23594 L Y I
P13681 C C P P23595 L Y I
P32598 C C P
P20654 C C P
P23777 C C P
P48490 C C P
†P23733 T C P
†P23734 T C P

a Sequences appear in the same order they appear in the tree
produced by the cluster analysis (Fig. 4), from left to right. SW name:
the SwissProt name (7); Active sites are the residues that align with
the putative oxidoreductase active site residues in a multiple se-
quence alignment (Fig. 2). * The PP2A sequence that was apparently
mistakenly annotated as a PP1 appears in boldface. † Sequences
found to be between the PP1 and PP2A subfamilies by the cluster
analysis (Fig. 4).

Figure 3. Residue variability (k*) is plotted vs. the number of
residues in the sequence for the PP1 (A), PP2A (B), and PP2B
(C) subfamilies. A k* value of 1 indicates that the residue is
invariant, while a higher value shows that more than one
residue type occurs at a given position (9). The positions of
the putative disulfide oxidoreductase active site residues (Cys
155, Cys 158, and Pro 192) are shown as green bars. All three
are conserved in the PP1 subfamily, but not the PP2A or PP2B
subfamilies. The arginine and lysine residues (Arg 43 and Arg
191 in 1fjm) that have been identified as near the redox active
site are shown as red bars. The glutamic and aspartic acid
residues (Asp 154 and Glu 44 in 1fjm) near the putative site
are shown as blue bars. The cysteine located close to the site
(Cys 39 in 1fjm) is shown as a yellow bar. The residue
numbering along the x axis corresponds to that found in the
1fjm protein sequence.
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probe sequences. These searches found 23 sequences
explicitly annotated as serine/threonine phospha-
tase-2A and 16 sequences annotated as serine/threo-
nine phosphatase-2B. (Again, proteins labeled as puta-
tive or ‘possible’ were not considered.) Multiple
alignments were created for each of the three sequence
sets, and these alignments show that the putative oxi-
doreductase active site cysteines and proline are not
conserved in the PP2A or PP2B families (Fig. 2).
Residue conservation analysis shows that the proline is
rather unconserved in the PP2A subfamily and both
cysteines are rather unconserved in the PP2B subfamily
(Fig. 3).

The above observations suggested some covaria-
tion among the putative redox active site cysteines
and proline. Therefore, we performed a cluster
analysis of the multiple sequence alignment cre-
ated from the 70 PP1, PP2A, and PP2B sequences
and created a tree diagram from the pairwise
distances. As expected, the PP1, PP2A, and PP2B
subfamilies are clearly separated in the tree (Fig.
4); however, the tree exhibited some interesting
results. First, the one sequence (P20604) labeled
as a PP1, but which did not contain either of the
cysteines or the proline, does not belong in the
PP1 subfamily, but rather belongs in the PP2A
subfamily (red bar in Fig. 4). This strongly suggests
that this sequence is incorrectly annotated in the
SwissProt database. The second interesting result
is that two of the four sequences that contain a
threonine rather than the first cysteine in the PP1
sequences fall between the PP1 and PP2A subfam-
ilies (cyan bars in Fig. 4). The two other sequences
that contain a serine or threonine residue instead
of the first cysteine are found as a subfamily of the
PP1 subfamily (Fig. 4). Thus, the second cysteine
and the proline are invariant in 30 out of 30 PP1
sequences. The first cysteine is invariant in 26 out
of 30 sequences, but two of the four sequences in
which it is not a cysteine lie between the PP1 and
PP2A subfamilies in the cluster analysis.

This strong residue conservation in the PP1 sub-
family contrasts with the sequences in the other
subfamilies, where the identities of the residues that
are sequentially homologous to the cysteines and
proline are not conserved (Table 1). In the PP2A
subfamily, the second cysteine is replaced by an
invariant tyrosine. The first cysteine is replaced by
leucine, valine, or isoleucine, and the proline is
replaced by either isoleucine, valine, leucine, ala-
nine, lysine, or phenylalanine. In the PP2B subfam-
ily, the position homologous to the proline is con-
served as a phenylalanine, but the first cysteine is
replaced by serine, threonine, or alanine whereas
the second cysteine is replaced by asparagine, valine,
cysteine, alanine, or serine. The strong conservation
of the two cysteines and the proline in the PP1

subfamily, but not in the PP2A or PP2B subfamilies,
strongly supports our contention that these residues
are functionally important.

Proximity of putative disulfide oxidoreductase
active site to the phosphatase active site

If the putative disulfide oxidoreductase active site is
a location for activation or inactivation of the phos-
phatase, one would expect the redox site to be
located somewhere near the phosphatase active site.
This is indeed found to be the case. This fact points
out the power of a structure-based approach to
function prediction. Even if a sequence-based
method had found the disulfide oxidoreductase
active site (and none did), one could not tell if the
two functions were independent or interdependent
based on sequence alone. The active site residues in
1fjm are found to lie in a groove of the protein (6).
The inhibitor microcystin, which was cocrystallized
with the phosphatase, lies along this groove, across
the phosphatase active site residues (Fig. 1C). The

Figure 4. Cluster analysis of the multiple sequence alignment
of PP1, PP2A, and PP2B sequences. The PP1 subfamily is
shown as magenta bars, the PP2A subfamily as dark blue bars,
and the PP2B subfamily as green bars. The sequence that is
apparently improperly annotated as a PP1 protein is shown as
a red bar. The sequences in the PP1 subfamily that contain
serine or threonine in place of the first cysteine are shown as
yellow or cyan bars, respectively.
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alpha carbon of the histidine in the phosphatase
active site is an average of 14 Å from the three alpha
carbons of the putative redox active site, which is
about half the length of the groove along which the
microcystin lies (Fig. 1C). Thus, the putative disul-
fide oxidoreductase active site is in a location where
it could potentially affect the phosphatase active site
of the protein.

Analysis of other residues possibly involved in the
disulfide exchange reaction

We then looked in the vicinity of the putative
disulfide oxidoreductase active site for other resi-
dues that might be involved in the disulfide ex-
change mechanism. It has been reported that a
buried aspartic acid residue (Asp 26 in E. coli
thioredoxin) is responsible for decreasing the pKa

of the active site cysteines, thus increasing the rate
of the disulfide oxidoreductase reaction in vivo
(10). Assuming a similar mechanism might be at
work here, we looked for aspartic acid and glu-
tamic acid residues near the cysteines in the
serine/threonine phosphatase-1 structure. We
found two: Asp 154 and Glu 44. Asp 154 is adjacent
to Cys 155, one of the putative active site cysteines,
in the helix. This residue is well conserved and is
either an aspartic acid or a glutamic acid in the 30
PP1 sequences analyzed (Figs. 2 and 4). The
residue that aligns with Asp 154 in the PP2A
subfamily is aspartic acid in 20 out of 24 sequences
and glutamic acid in two; the other two are Asn
and Gln. In the PP2B subfamily in this position are
glutamic acid, aspartic acid, histidine, glutamine,
and arginine. Thus, the negative charge is invari-
ant in the PP1 subfamily; it is conserved in the
PP2A subfamily but is not conserved in the PP2B
subfamily. Glu 44 is found in a helix that packs
against and is parallel to the helix containing the
potential active site cysteines. This residue is not as
conserved in either of the subfamilies (Fig. 2). The
conservation of the negative charge on residue 154
suggests it might be involved in the disulfide
exchange mechanism.

Positively charged side chains could also work to
stabilize the negative thiolate anion that is thought
to form during the disulfide exchange reaction. We
found several arginine residues in close structural
proximity to the cysteines, including Arg 43, whose
side chain lies over the cysteine side chains, and Arg
191, which is adjacent to the cis-Pro 192. Arg 191 is
strictly conserved in all the serine/threonine phos-
phatase subfamilies. The positive charge at residue
43 is conserved in the PP1 subfamily: it is an arginine
in 21 sequences and a lysine in 8 sequences, but in
the PP2A subfamily it can be arginine, lysine, valine,
or glutamine. In the PP2B subfamily, there are no

arginines, but alanine, threonine, or glycine can be
found at this position (Fig. 2).

In the 1fjm crystal structure, there is another
cysteine, Cys 39, which lies in a position to poten-
tially react with the putative redox Cys 155. This
residue is usually a cysteine in PP1 sequences, but
is replaced by a valine in two sequences: P23733
and P23734. These two sequences are the ones
found between the PP1 and PP2A subfamilies in
the cluster analysis (Fig. 4). In these two se-
quences, the first cysteine is also replaced by a
threonine. This residue covariation does suggest
that all three cysteines might be involved in the
redox reaction in the serine/threonine phos-
phatases. Cys 39 is conserved in the PP2A subfam-
ily, except for one protein, where it is replaced
by valine. In the PP2B subfamily, the residues
found in this position are isoleucine, leucine, and
valine.

DISCUSSION

Summary of results

By applying structure-based function identification
methods to the known high-resolution structures
found in the Brookhaven database, we have pre-
dicted the presence of a novel active site in the
serine/threonine phosphatases. This particular ac-
tive site had not previously been identified even
though the protein has been well studied. Subse-
quent sequence analysis supports the prediction and
demonstrates that the disulfide oxidoreductase site is
found only in the PP1 subfamily. The prediction can
now be tested experimentally. If it turns out to be
correct, then a structure-based function identifica-
tion method will have been shown to be crucial for
identifying an important biological function of the
well-studied serine/threonine protein phosphatase-1
subfamily.

Biological significance of a redox site in the
serine/threonine phosphatase-1 subfamily

Serine/threonine protein phosphatases catalyze the
removal of a phosphate group from a serine or
threonine residue. They are found in all eukaryotic
cell types and play a central role in the control of
many cellular processes, including control of the cell
cycle, metabolic regulation, and growth factor signal-
ing pathways (reviewed in ref 24). Because of this
central role, they are also subject to complex regu-
latory mechanisms (24).

Control of serine/threonine protein phospha-
tases and other phosphatases by redox mecha-
nisms has been hypothesized and in some cases

1872 Vol. 13 October 1999 FETROW ET AL.The FASEB Journal



demonstrated (17, 22, 25–27); however, the mech-
anisms are complex and not well understood.
Serine/threonine protein phosphatases-1 and -2A
have been shown to be inactivated by a variety of
thiol group reagents, although PP1 is more rapidly
inactivated by several of these compounds (21).
The in vivo significance of these observations is not
understood. A redox-sensitive protein phosphatase
is inactivated by tumor necrosis factor/interleu-
kin-1 signal transduction (22). More recent evi-
dence has suggested that the particular redox-
sensitive phosphatase in this case comes from the
PP2A subfamily (28)

Given the multiplicity of pathways that the serine/
threonine phosphatases regulate, there probably are
multiple control mechanisms that act under many
different specific conditions. Because PP1 proteins
are more rapidly inactivated by some sulfhydryl
reagents (21) and given the structural similarity of
the site described here to the disulfide oxidoreduc-
tase active sites in the glutaredoxin/thioredoxin
protein family, that this site is not conserved in the
PP2A or PP2B subfamilies, and that the putative
disulfide reductase active site is very close to the
phosphatase active site, we propose that a specific
pathway exists for redox regulation for the PP1
subfamily that involves this site.

Implications for functional genomics and function
annotation

This prediction, if true, has some significant impli-
cations for the burgeoning field of functional
genomics. First of all, by using structural descriptors
of active sites, we do not require that proteins having
the same function be evolutionary related. Indeed,
in this method such information is not necessary. In
the specific case of the serine/threonine phospha-
tases, we have identified a putative disulfide reduc-
tase active site using a descriptor based on proteins
having no apparent evolutionary relationship what-
soever to this family. Furthermore, this study sug-
gests that proteins with very similar sequences can
gain additional functional sites during evolution.
This has been shown in other proteins (see, for
example, ref 29), but has been rarely predicted in
advance of experiment. Thus, a protein can have
more than one ‘function’, and identification of a
sequence as a serine/threonine phosphatase, or
even as a serine/threonine phosphatase-1, is not
enough to identify the full, multilevel biological
function of the protein. The most useful annotation
methods will explicitly identify all levels of function,
including catalytic activities, substrate specificities,
binding of cofactors, interaction with regulatory
proteins, or interaction with other macromolecules.
Structural descriptors of active sites, rather than

linear sequence motifs, are especially well suited to
this task.
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