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Abstract

Background: Protein phosphorylation and dephosphorylation is an integral component of many cellular
signaling pathways and regulatory mechanisms. Phosphatases are enzymes that catalyze the removal of
phosphate groups from proteins. The phosphatases of regenerating liver (PRLs) are a family of phospha-
tases which have been correlated with cancer development and metastasis. However, they appear to have
weak phosphatase activity and little is known about their physiological substrates. This review discusses
PRL from a structural and functional perspective, including recent findings on its interaction with another
family of proteins, cyclin M (CNNM).

Methods: Articles were obtained from the scientific literature using databases like PubMed and McGill Uni-
versity's open access institutional repository. This paper specifically focuses on those articles that provided
an overview of phosphatases, PRLs, CNNMs, and structural and functional studies of PRLs and CNNMs. In
total, 40 articles were selected for the purpose of this review.

Summary: Although PRLs retain many of the structural features of other protein tyrosine phosphatases
(PTPs) including the phosphatase catalytic motif and regulation via oxidation, other structural features such
as mutation of a conserved serine/threonine residue to alanine in the active site disfavor catalytic activity.
Moreover, PRL interaction with CNNM appears to be responsible for its oncogenic potential, yet this inter-
action does not appear to require PRL phosphatase activity. Thus, PRL may be best classified as a pseudo-
phosphatase, which are phosphatase-like proteins that are structurally similar to phosphatases but have
acquired a dominant function that does not require phosphatase activity.

Introduction

Protein phosphorylation is a key post-translational modification that is
involved in the regulation of protein structure and function. Two classes
of protein kinases, serine/threonine kinases and tyrosine kinases, catalyze
the majority of phosphorylation reactions. (1) However, there are also two
classes of protein phosphatases: protein serine/threonine phosphatases
and protein tyrosine phosphatases (PTPs) (Fig. 1), which both mediate
the dephosphorylation of proteins. (2) Both phosphorylation and dephos-
phorylation play critical roles in cellular signaling pathways, enzyme reg-
ulation, and protein diversity. (3)

Protein phosphatases are grouped into several classes, the largest of which
are the PTPs. This class consists of the classical PTPs and the dual-spec-
ificity phosphatases (DUSPs), which can dephosphorylate both tyrosine
and serine/threonine residues. (4) Examples of classical phosphatases in-
clude tyrosine-protein phosphatase non-receptor type 1 (PTP1B), which
can dephosphorylate phospho-tyrosine sites on the insulin receptor kinase
(5), and receptor-like protein-tyrosine phosphatase (RPTPa), which has
been implicated in the activation of the protein-tyrosine kinase c-Src. (6)
Members of the DUSPs include phosphatase and tensin homolog (PTEN),
which dephosphorylates both polypeptide and phosphatidylinositol sub-
strates (7), and VH1-related (VHR), which dephosphorylates phospho-ty-
rosine and phospho-threonine residues on c-Jun N-terminal kinase (JNK)
to downregulate apoptosis-associated signaling. (8) The three phospha-
tases of regenerating liver (PRL1-3) are also classified as DUSPs, and al-
though investigations have shown that PRL expression is correlated with
various cancers (9, 10), there is no consensus on the physiological sub-
strates of the PRLs. Detailed reviews of the PRLs in cancer and studies of
PRL substrates can be found in Bessette et al. (11) and Rios et al. (12), re-
spectively. Although PRLs share many similarities with the other DUSPs,
there are key differences in their structure and function which suggest that
PRLs may not function in vivo as phosphatases. This is supported by re-
cent results that show another protein, cyclin M (CNNM), can bind to
PRLs (13, 14) while structural studies of this interaction suggest that this
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Fig. 1: Classification of protein phosphatases. Major families
and subfamilies are shown with examples of phosphatases
from each PTP subfamily. Those phosphatases which have been
identified as pseudophosphatases are labelled in brackets with
“PP". Although PRLs are not generally classified as pseudophos-
phatases, they share characteristics of pseudophosphatases:
weak catalytic activity and a role in mediating protein-protein
interactions.

interaction may not be dependent on PRL phosphatase activity. (15) In
this review, I use structural and functional considerations to suggest that
PRLs may be best classified as pseudophosphatases.

Structure Characteristics of PRLs and the Other
PTPs

One feature of cysteine-based PTPs like PRLs is the presence of the phos-
phatase signature motif, HCXXGXXR, in the active site of the enzyme.
(7) The cysteine residue in this motif mediates a nucleophilic attack on
the phosphate group attached to the substrate, forming a phospho-enzyme
intermediate and releasing the dephosphorylated substrate. (16) A con-
served aspartic acid residue in a neighboring WPD loop is involved in
protonation of the dephosphorylated substrate and in subsequent activa-
tion of a water molecule by deprotonation, leading to regeneration of the
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Fig. 2. Mechanism of dephosphorylation by PTPs. A conserved

cysteine residue in the signature motif mediates nucleophilic

attack and removal of the phosphate group from the substrate.

Then, a conserved aspartate residue in the WPD loop activates

a water molecule for regeneration of the active enzyme. A con-

served serine/threonine residue in the catalytic pocket also sta-
bilizes the catalytic cysteine residue.

active enzyme (Fig. 2). (17)

The size of the catalytic pocket of PTPs is also responsible for conferrinﬁ
substrate specificity. In PTP1B, the catalytic pocket is approximately 9
in depth, which corresponds well with the length of a phospho-tyrosine
residue. (18) On the other hand, in the case of most DUSPs, the catalytic
pocket is relatively shallow, and this feature is thought to confer the ability
to dephosphorylate the shorter phospho-serine and phospho-threonine
residues. PRLs have particularly shallow catalytic pockets, with the pocket
of PRL-3 being the shallowest of the known phosphatases. (19) Converse-
ly, PTEN has a large catalytic pocket even though it is a DUSP, and this is
consistent with PTEN’s ability to dephosphorylate the larger PI1(3,4,5)P3
substrate. (7) Thus, the depth of the catalytic pocket is indicative of the size
of the phosphatase substrate, and in regard to PRL, the relatively shallow
pocket appears to predict broad substrate specificity.

The physical and chemical characteristics of the residues in and around
the active site are also responsible for PTP substrate specificity. For exam-
ple, PTP1B is known to dephosphorylate the insulin receptor kinase at a
region with tandem phospho-tyrosine residues. (20) While the first phos-
pho-tyrosine interacts with the active site of PTP1B, another groove in
PTP1B near the active site binds to the second phospho-tyrosine residue,
thus conferring greater affinity for the tandemly phosphorylated site in
insulin receptor kinase. (20) Interestingly, the G129E mutation of PTEN,
observed in Cowden syndrome (18), abolishes lipid phosphatase activity
but not protein phosphatase activity. (21) Thus, G129 appears to be re-
sponsible for the distinctive ability of PTEN to dephosphorylate PI(3,4,5)
P3. The active site of PRLs, unlike the basic active sites of other DUSPs like
PTEN and VHR, is unusually hydrophobic. (19) Although this predicts a
preference for hydrophobic substrates, there has been no conclusive evi-
dence identifying such substrates of PRLs.

One feature particular to PRLs is their slow enzymatic activity, which is
thought to be the result of a mutation of the conserved serine/threonine
in the PTP active site to alanine in PRLs (Fig. 2). (19) This eliminates the
stabilizing hydrogen bonding interactions that normally occur between
the serine/threonine and the catalytic thiolate intermediate (Fig. 2). (22)
Therefore, the phosphatase activity of PRLs appears to be either intrinsi-
cally low or binding to physiological substrates may be required for suf-
ficient PRL enzymatic activity. Studies with PRL-1 and PRL-3 also show
that regeneration of the enzyme is the rate-limiting step, resulting in a
relatively long-lived phospho-enzyme intermediate. (19, 23) In fact, due
to its stability, this phospho-enzyme intermediate may be better viewed
as a phosphorylated variant of PRL, where phosphorylation acts as a
post-translational modification rather than as a transient step in the cat-
alytic mechanism.

Like many of the other PTPs and DUSPs, PRL appears to be regulated by
redox reactions that occur at its catalytic cysteine residue. Several studies
have demonstrated that PRLs can form an intramolecular disulfide bond
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between its catalytic cysteine residue and a neighboring cysteine residue
(C49 in PRL-1 and PRL-3, C46 in PRL-2). (13, 14, 19, 23) Similar disulfide
bond formation in other DUSPs like KAP (24) and PTEN (25) is associated
with a loss of catalytic activity. One contributing factor to the prevalence
of the disulfide bond is the comparatively low pKa of the catalytic cysteine
residue in the active site, which leaves the cysteine prone to oxidation. (26)
In fact, even in PTPs where disulfide bond formation is not observed, oxi-
dation of the catalytic cysteine still occurs. In PTP1B, the catalytic cysteine
reacts with the backbone nitrogen of the adjacent serine residue to form a
sulfenyl-amide bond. (27, 28) This sulfenyl-amide is thought to prevent ir-
reversible oxidation and inactivation of the catalytic cysteine to the sulfinic
or sulfonic acid species. Thus, oxidation of PTPs, although inactivating
catalytic activity, also serves a protective role.

The structural features of PRLs, particularly the mutation of the conserved
PTP serine/threonine residue to alanine, the shallow catalytic pocket, and
the susceptibility of the catalytic cysteine residue to oxidation, predict
weak and indeterminate phosphatase activity. Thus, based on structural
considerations, PRL does not appear to be particularly suited to function
as a phosphatase. However, as will be seen later, this does not mean that
PRL cannot act at all as a phosphatase, and only with consideration of
functional properties does PRLUs status as a pseudophosphatase become
clear.

PRLs as Pseudophosphatases

Pseudophosphatases are broadly defined as phosphatases that lack cata-
lytic activity. In the majority of cases, this is due to the mutation of con-
served residues of the phosphatase signature motif. For example, in the
pseudophosphatase, STYX, the catalytic cysteine is replaced by a glycine
residue. (29) Moreover, the presence of tandem PTP domains with an ac-
tive domain closer to the membrane (D1) and an inactive pseudophospha-
tase domain farther from the membrane (D2) is conserved throughout the
receptor protein tyrosine phosphatases (RPTPs). Although the function
of the D2 domain has not been well-characterized, it is thought to have a
role in regulation of the D1 domain. In LAR, the D2 domain can lower the
catalytic activity of the D1 domain and can regulate the type of substrates
to which the D1 domain can bind. (30) In contrast, in another RPTP found
in Drosophila, PTP99A, the presence of the D2 domain augments the cat-
alytic activity of the D1 domain. (30) Moreover, the D2 domain appears to
have greater sensitivity to oxidation than the D1 domain, which postulates
a redox-sensing role for this domain in the function of RPTPs. (31) Al-
though pseudophosphatases may not have catalytic activity, their structur-
al similarity to active phosphatases makes them susceptible to many of the
regulatory modifications, such as oxidation, seen in active phosphatases.

Although pseudophosphatases have been classified as so because of lack
of catalytic activity, this criterion is not very robust. Pseudophosphatases
that lack catalytic activity in vivo can show catalytic activity in vitro or vice
versa. (32) Moreover, some pseudophosphatases such as PTPN14 do not
have a mutation at the catalytic cysteine residue, and their classification as
pseudophosphatases is primarily due to undetected phosphatase activity.
(33) This does not exclude the existence of physiologically relevant sub-
strates, and another possibility is that the protein may have a dominant
function that does not involve phosphatase activity. Further studies have
found that PTPN14 binds in a phosphatase-independent manner to an-
other oncoprotein, YAP1, in order to inhibit its activity. (34) Therefore, an
alternative classification of a pseudophosphatase would not focus solely
on lack of catalytic activity, but rather on the dominance of some other
function of the phosphatase, such as protein-protein interaction, over the
expected phosphatase activity of the enzyme.

Like PTPN14, PRLs also have low in vitro phosphatase activity even
though there is no mutation of the catalytic cysteine residue. (15, 19) The
substitution of the conserved serine/threonine residue in the phosphatase
signature motif of other PTPs to alanine in PRL may confer such low en-
zymatic activity (15, 19) that PRL phosphatase activity becomes essentially
nonexistent. Recent studies are now revealing that PRL binding and inhi-
bition of a class of putative magnesium transporters, CNNMs, may be the
predominant PRL activity in cells. (13, 14) Features which were thought to

be a consequence of PRL phosphatase activity such as the long-lived phos-
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phorylated intermediate and redox regulation now appear to responsible
for mediating the binding of PRLs to CNNMs.

PRL and CNNM: The Developing Story

CNNMs were originally termed ancient conserved domain proteins
(ACDP). The family has four members (CNNM1-CNNM4), and each
member consists of a transmembrane region, a cystathionine B-synthase
pair (CBS-pair) domain, a cyclin box motif, and a cNMP-binding domain.
(35) The presence of the cyclin box motif initially suggested these proteins
were involved in regulation of the cell cycle, hence the name, cyclin M
(CNNM). (35) The role of these proteins, however, in the cell cycle has
not been fully characterized, and the CNNM proteins have been found
to localize primarily to the plasma membrane. (36) Homology to Mg?**
transport proteins like CorC and MgtE along with recent functional stud-
ies postulate a Mg*" transport role for the CNNM family. (14, 19, 36, 37)
There is disagreement, however, about whether CNNM mediates Mg** ef-
flux (38) or Mg* influx (14). Nonetheless, experiments show that PRL
can bind to CNNM and that this protein-protein interaction causes an
increase in intracellular Mg** levels by either inhibiting Mg** efflux (13)
or by stimulating Mg influx (14). Since Mg** is linked to cellular energy
state and to the activation of processes that lead to cancer development
(39), PRL binding to CNNM and subsequent increase in intracellular Mg**
affords one explanation for the correlation between PRL and cancer. (9,
10) Notably, this explanation does not require the phosphatase activity
of PRL.

Results from structural studies reveal that PRL binds to CNNM via its
phosphatase catalytic pocket. (15) Since this interaction effectively blocks
off the PRL catalytic pocket, it is unlikely that PRL would be able to func-
tion as a phosphatase for other substrates when bound to CNNM. Fur-
thermore, the binding between PRL and CNNM can be modulated by
oxidation of the PRL catalytic cysteine residue since a decrease in binding
affinity is observed when PRL is placed in oxidizing conditions. (11, 12)
These results suggest that structural modifications on PRL traditionally
associated with its role as a phosphatase may also influence its interaction
with CNNM. Further studies are needed to determine if PRL catalytic
activity is dispensable in its biological function.

Conclusion

The term ‘pseudophosphatase; while formally denoting those phospha-
tases that lack catalytic activity, is in reality ambiguous and often open to
interpretation in its application. There are examples of ‘pseudophospha-
tases’ that show catalytic activity towards small molecule substrates yet not
towards larger synthetic peptides. (40) Moreover, it is not entirely accurate
to infer catalytic activity using synthetic substrates. The structure of many
phosphatases require specific interactions with properly shaped physio-
logical substrates before manifestation of any catalytic activity.

On the other hand, there are phosphatases like PRL for which it appears
some other function has taken precedence over phosphatase activity. The
term ‘pseudophosphatase’ would best be applied to these proteins. For one,
they may still retain catalytic activity, which in the case of PRL is observ-
able in vitro albeit very slow. More importantly though, this classification
would come with a recognition that this group of phosphatases, while
similar to traditional protein phosphatases in structure, have a completely
different function. For PRL, this function appears to come from its inter-
actions with CNNM, a class of ion transporters. From what is currently
known, PRL interaction with CNNM could potentially be a significant
player in regulation of cellular energy state through Mg levels. Thus,
PRLs, once viewed as laggard members of the PTP family, have now been
shown to have a completely different side - one which promises to be a
source of intrigue in the future.
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