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Protein tyrosine phosphatases (PTPs) are key enzymes in cellular regulation. The 107
human PTPs are regulated by redox signalling, phosphorylation, dimerisation, and
proteolysis. Recent findings of very strong inhibition of some PTPs by zinc ions at

concentrations relevant in a cellular environment suggest yet another mechanism of

www.rsc.org/

regulation. One of the most extensively investigated PTP is PTP1B (PTPN1). It

regulates the insulin and leptin signalling pathway and is implicated in cancer and
obesity/diabetes. The development of novel assay conditions to investigate zinc
inhibition of PTP1B provides estimates of about 5.6 nM affinity for inhibitory zinc(ll)
ions. Analysis of three PTP1B 3D structures (PDB id: 2CM2, 3180 and 1A5Y) identified
putative zinc binding sites and supports the kinetic studies in suggesting an inhibitory
zinc only in the closed phospho-intermediate structure of the enzyme. These
observations gain significance with regard to recent findings of regulatory roles of zinc
ions released from the endoplasmic reticulum.

Introduction

Protein tyrosine phosphatases (PTPs) do not simply counteract
protein tyrosine kinases but have additional roles in regulating
protein phosphorylation. The human genome contains over 100
PTPs that belong to the receptor-like and the non-
transmembrane class ? They have been investigated in
relation to their roles in normal physiology but also with regard
to cancer, autoimmune and metabolic diseases, insulin
resistance, obesity, and diabetes 3

Among these enzymes, PTP1B (PTPN1) has attracted a lot of
interest. It is ubiquitously expressed and contains a
hydrophobic domain at the C-terminus that targets it to the
endoplasmic reticulum *.

PTP1B functions as a negative regulator of both the insulin and
leptin receptor signalling pathways *®. The phenotype of
PTP1B null mice confirmed the importance of this protein for
metabolism’. The mice are more insulin sensitive as they
presented lower glucose levels with reduced insulinaemia when
compared to littermate controls (WT); when exposed to a high
fat diet, both PTP1B KO and heterozygotes were resistant to
weight gain and insulin-resistance when compared to WT mice.
Moreover, livers and skeletal muscles of KO mice had
increased insulin receptor phosphorylation compared to WT.
Leptin is also an important regulator of energy metabolism, and
is directly linked to obesity . PTP1B KO mice revealed a role
for PTP1B in the regulation of leptin signalling by

This journal is © The Royal Society of Chemistry 2013

dephosphorylating the down-stream target Janus Kinase 2
(JAK2)®, a known PTP1B substrate °; mice deficient in both
leptin (ob/ob mice) and PTP1B gained less weight, had less
adipose tissue and an increased metabolic rate compared to
controls ®.

Since phosphatases oppose the actions of some oncogenic
tyrosine kinases, they can also be tumour suppressors. This
property was demonstrated for PTP1B. When overexpressed in
NIH/3T3 fibroblasts, PTP1B protects the cells from
transformation '*. More recent work has linked PTP1B to
cancer. Investigations on breast cancer reported overexpression
of PTP1B in >70% of human tumour sections *2. Studies on
whole-body and mammary epithelium-specific deletion of
PTP1B in mice revealed delays against HER2/Neu-induced
tumourigenesis 13 However, deletion of PTP1B in mice with
established breast tumours did not affect tumour grovvth“,
indicating that modulation of PTP1B activity might be effective
in cancer prevention but not necessarily treatment®.

Given their central role in cellular functions, it is essential that
PTPs are regulated tightly. At the protein level, the regulation
can be achieved by mechanisms that include redox modulation,
phosphorylation, sumoylation and dimerization 11819 zinc
ions are recognised as inhibitors of PTPs. At a concentration of
10 puM, Brautigan et al showed that they inhibit a protein
tyrosine phosphatase completely 2°. However, it was then
shown that zinc binds much tighter with an 1Cs, of 200 nM for
human T-cell PTP (PTPN2)%. ICs, values of 17 nM for human
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PTP1B %, 93 nM for SHP-1 (PTPN6) 2° and a K; value of 21
pM for receptor protein tyrosine phosphate beta (PTPRB) 2*
were also determined. These tight inhibition constants are
within the range of free cytosolic zinc(ll) ion concentrations
occurring during signalling events in cells, thus suggesting zinc
modulation of PTPs activity in vivo 2%, However, detailed
kinetic studies of zinc inhibition of PTP1B have not been
reported. Measurement of zinc inhibition is based on enzymatic
assays that are usually performed above the K, for substrate to
obtain maximum velocities. This means that if zinc and the
substrate compete for the same site, there will be more
competition at high substrate concentrations and hence higher
measured K; values.

In this investigation, we developed and optimised enzymatic
assays to measure zinc inhibition of PTP1B.Wealso discuss the
issues that must be addressed when working with zinc in
enzymatic assays of PTPs; the new assay allowed us to gain
further insights into the zinc inhibition of PTP1B, which turns
out to have specific features related to the mechanism of this
enzyme. Analysis of three dimensional structures of PTP1B
indicated a specific zinc site in the phosphorylated intermediate
and additional zinc-binding sites.

Experimental Procedures

Reagents

Molecular biology-grade HEPES, ethylenediaminetetraacetic
acid (EDTA), tris(2-carboxyethyl)phosphine hydrochloride
(TCEP), nitrilotriacetic acid (NTA), zinc sulphate (ZnSO,) and
Triton X-100 were from Sigma-Aldrich; 6,8-Difluoro-4-
Methylumbelliferyl Phosphate (DiFMUP) and 6,8-Difluoro-7-
Hydroxy-4-Methylcoumarin (DiFMU) were from Invitrogen.
Recombinant human PTP1B, residues 1-299 was from
Millipore, supplied in 50 mM Hepes, pH 7.2, 1 mM DTT, 1
mM EDTA, and 0.05% (v/v) NP-40.

Enzymatic assay

PTP1B was assessed fluorometrically for enzymatic activity at
25 °C in a freshly prepared buffer containing 50 mM
Hepes/Na*, pH 7.4, 0.1 mM TCEP, 1 mM NTA and 0.01%
(v/v) Triton X-100. The enzyme was added to the buffer to a
final concentration of 2.5 nM. The reaction was initiated by
adding the fluorogenic phosphatase substrate DiFMUP. Assays
were performed in triplicates in a total volume of 100 pl in 96-
well black optical bottom plates (Greiner Bio-One Ltd.,
Stonehouse, UK). Product formation (hydrolysis of DiFMUP to
DiFMU) was monitored by fluorescence at 460 nm with 360
nm excitation using a fluorescence plate reader (Synergy HT,
BioTek, Winooski, VT). The initial rate was determined from
the linear portion of the progress curves. Concentrations were
calculated from a DiFMUP/DIFMU mixture standard.
Michaelis-Menten parameters and turnover number were
obtained by fitting the initial rates to the Michaelis-Menten
equation using SigmaPlot software (SYSTAT Software Inc.).

Zinc-inhibition assay

2| J. Name., 2012, 00, 1-3

Free zinc ion concentrations were calculated with Maxchelator
% 1 mM NTA in the above solution was used to buffer zinc.
The zinc-containing buffers were prepared fresh and
equilibrated for 15 minutes before the enzyme was added. For
incubation experiments, the enzyme was pre-incubated with the
zinc-containing solutions for seven minutes at 25 °C in a closed
Eppendorf tube; the substrate was then added and the reaction
monitored. For competition experiments, the substrate was
added to the reaction buffer containing zinc and the reaction
was started by adding PTP1B. In the latter case, the enzyme
was left at 25 °C for seven minutes before addition to the buffer
to compensate for the possible loss of enzymatic activity upon
pre-incubation with zinc. Inhibition constant (apparent K;)
values were obtained using SigmaPlot software (SYSTAT
Software Inc.).

ICP-MS

Inductively coupled plasma mass spectrometry (ICP-MS,
Perkin Elmer Life Science, model Elan 610 DRC plus) analysis
of metals was performed on all components of the assay.

Samples were prepared in 5% (v/v) HNOs-washed
polypropylene tubes (Elkay).

Protein quantification

The protein concentration was determined

spectrophotometrically (Synergy HT plate reader) using the
Bio-Rad protein assay reagent and bovine serum albumin
standards, following a modified Bradford assay .

Molecular modelling

The representation of protein structures was generated using
PyMOL software 2°. Three different X-ray structures of PTP1B
(PDB id: 2CM2, 3180 and 1A5Y) were considered. First, small
organic compounds, ions and water molecules were removed.
Polar hydrogens were added to the protein complexes and the
resulting polar hydrogens were optimised with the use of the
MolProbability server °.

The docking study was performed considering the entire protein
and using the software PLANTS 1.2 %L It generated 100
possible binding poses for Zn?*. The output was curated using
an in house Perl script to select which Zn?* ions were located
near the donors of at least two of the Cys, His, Glu or Asp
residues 2%, In order to verify the molecular docking
procedure, the X-ray structure of carbonic anhydrase 1l (PDB
id: 1CAM), containing one zinc atom in the catalytic site, was
selected as a positive control. One of the five Zn?" docking
poses selected was located within 2.0 A of the Zn?* coordinates
in the crystal structure (Supporting Information Table S1 and
Fig. S2).

Data analysis and statistics

Data were analysed with Microsoft Excel 2010 and SigmaPlot
12.5 (SYSTAT Software Inc.). Values are reported as mean of
at least three separate experiments + SD. Statistical significance
was assessed by one-way or two-way analysis of variance using
SigmaStat (SYSTAT Software Inc.).

This journal is © The Royal Society of Chemistry 2012
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Results

Enzymatic activity of PTP1B

Several parameters in the conventional PTP assays are not
conducive for determining metal inhibition. Above all, this
concerns the pH and the sensitivity of the assay. DiIFMUP was
used as a fluorogenic substrate as it allows assaying
PTB1Beven at sub-nanomolar concentrations (Fig. 1A). PTP1B
activity is higher at acidic pH (Fig. 1B), a trait common to all
PTPs. The fact that we were unable to measure the activity
below pH 5.0 is in accordance with published data **. Because
protons may compete with Zn?* at zinc-binding sites, enzyme
inhibition should not be measured at acidic pH. Therefore,
reactions were recorded at pH 7.4, where enzymatic activity is
lower. It is known that proteins can absorb on plastic surfaces
as well as form oligomeric structures. Such processes can result
in apparent inhibition of catalytic activity. To avoid this issue,
Triton X-100 was added to the assay buffer *. Relatively small
concentrations proved to be sufficient to stabilise the activity
(Fig. 1C). Accordingly, a concentration of 0.01% Triton X-100
in the assay buffer was chosen. Under these optimised
conditions, the K, of PTP1B for DiIFMUP wa s3.9 + 0.6 uM
and the Viyax 129.9 + 7.8 pmol-min (Fig. 1D), which resulted
in a ke of 8.66 sec. Since the protein concentration of the
commercial PTP1B varies, its concentration was measured to
calculate this turnover number. In the inhibition experiments,
the substrate concentration was set at 3 puM, i.e. below the K,
as higher concentrations might result in incorrect K;
determination.

Determination of total and free Zn?*

A major issue when assessing PTP activity is the control of the
concentration of metal ions. ICP-MS was used to measure the
concentrations of Zn?* in the solutions and buffers. All of them
contained Zn**at various levels ranging from 0.1 to 3ug/L
(ppb), which correspond to nanomolar concentrations that are
known to inhibit PTPs (Table 1)%%2 we used both
Maxchelator 2 and MINEQL+ 4.6 (Environmental Research
Software, Hallowell, ME) to calculate the concentrations of free
Zn?*in the assay buffer. In the calculations, we also
incorporated the total Zn?* concentration measured with ICP-
MS and the concentrations of EDTA and DTT present in the
diluted commercial PTP1B in the assay. Metal buffering was
provided by NTA, which has a logK of 8.3 for zZn?* % and
provides sufficiently high zinc buffering capacity at 1 mM.
However, MINEQL+ 4.6 assigns a logK of 11.950 for
Zn:[NTA]. Moreover, NTA forms 1:1 and 2:1 complexes with
Zn?*%, The 2:1 complex has a logK of 2.9.Modelling with
MINEQL+ 4.6 indicates that the concentration of this complex
compared to the 1:1 complex is negligible at pH 7.4
(Supplementary Information Fig. S1). Included in the
calculations with MINEQL+ 4.6 were also Hepes (logK of 3.7
for Zn?*) * and TCEP (logK of 2.1 for Zn?*) . When we
compared the free zinc concentrations calculated with
Maxchelator to the ones obtained with MINEQL+ 4.6, we

This journal is © The Royal Society of Chemistry 2012
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observed minor differences (Table 2), presumably due to
differences in binding affinities of NTA for zinc as well as the
fact that Maxchelator does not include other zinc species in its
algorithm. We used the values obtained from Maxchelator for
the estimated free zinc concentrations.

Low nanomolarZn?* concentrations inhibit PTB1B

Enzymatic activity was determined in the presence of different
zinc concentrations. The substrate was added to the zinc-
containing buffer and the reaction was started by the addition of
the enzyme (Fig.2A). Interestingly, zinc was capable of
inhibiting the enzyme by 55% only. By fitting the data to a non-
linear regression curve with SigmaPlot, we calculated an
inhibition constant of 5.6 nM. This value is lower than the one
previously observed when the enzyme was pre-incubated with
zinc-containing solutions before assessing the enzymatic
activity %, We therefore also incubated PTP1B with increasing
concentrations of zinc for up to seven minutes and measured
enzymatic activity. When we fitted the data to a non-linear
regression curve, we calculated an inhibition constant of 13.8
nM (Fig. 2B). Under these conditions we noted a loss of
enzymatic activity at high free zinc concentrations (> 250 nM).
In order to achieve such high free zinc concentration, a total
concentration of 990 uM zinc needs to be added to the buffer
(Table 2). These levels are at the limit of NTA’s zinc buffering
capacity and therefore free zinc concentrations are poorly
controlled. Because of this effect we re-calculated the K;
without the data points at high zinc concentrations. We
observed a shift in apparent K; of almost one order of
magnitude (from 13.8 nM to 2.2 nM). A complete loss of
enzymatic activity was never observed in the absence of pre-
incubation. We also noted that the percentage of enzyme
inhibition was higher when pre-incubating the enzyme at a
given zinc concentration for a longer period of time. We
hypothesised that this effect was due to the incubation itself and
therefore equilibrated the enzyme with 1.7 uM zinc at different
times. Without incubation, zinc inhibited the enzyme 50%. The
percentage of inhibition, however, increased to 58%, 62% and
72%, when the enzyme was incubated with zinc for 1, 3, or 10
minutes, respectively. Thus, when pre-incubating the enzyme
with zinc, additional inhibition of the enzyme occurs,
presumably through zinc binding at lower affinity sites.

Zn*" inhibition of the pre-steady state rate

At the beginning of the catalytic reaction, PTP1B is in an open
conformation, corresponding to the dephosphorylated state. The
enzyme then binds the substrate, becomes phosphorylated, and
releases the product. These pre-steady state kinetics precede the
slower steps that determine the steady state kinetics, as the rate-
limiting step is the dephosphorylation of the enzyme before a
new catalytic cycle can occur (Fig. 3A). When assessing
product formation with the fluorescence plate reader, a delay of
about 30 seconds occurs between the start of the enzymatic
reaction (when the substrate is added to the enzyme) and the
beginning of the recording. Once the background fluorescence
counts were subtracted and the 30 seconds delay taken into

J. Name., 2012, 00, 1-3 | 3
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account, we noticed that the progress curve does not intersect
with the abscissa at time zero (Fig. 3B). This indicates that a
burst kinetic step is observed even at the low enzyme
concentrations (2.5 nM). Such a burst is typical for the ping-
pong mechanism of this enzyme. We therefore estimated the
amplitude of the burst for each zinc concentration and
compared it to the control. Increasing the concentration of zinc
has a minor effect on the amplitude of fluorescence, indicating
that the burst is still present even at high zinc concentrations
(Fig. 3C, white bars): 1.7 uM of zinc inhibits the burst by 36%.
Interestingly, the percentage of inhibition observed is smaller
than the one calculated for the steady state kinetics (55%, Fig.
2A). When we analysed the burst amplitude upon pre-
incubation of the enzyme with zinc, we also noticed a higher
percentage of inhibition, compared to the same experiments
performed without incubation (Fig. 3C, black bars).

Effect of EDTA on Zn**-inhibited PTP1B activity

We examined next whether the effect of zinc inhibition is
reversible by adding EDTA. In these sets of experiments, the
enzyme was added to the buffer containing 256 nM zinc and
the reaction was initiated by adding the substrate. EDTA (2.5
mM) was added either before (EDTA+S) or after (S+EDTA)
the substrate (S) DIFMUP (Fig. 4). We noticed that EDTA
restored full enzymatic activity when added to the reaction
buffer (94% of total activity). However, when EDTA was
added after the substrate, the recovery of activity, although
noticeable, was significantly lower than the one observed when
EDTA was added prior to DiFMUP (84% versus 94%, Fig.
4A). Similar responses were observed when the enzyme was
pre-incubated with zinc. Although addition of EDTA to the
reaction buffer promoted a recovery in activity, this was not as
complete (from 3% activity in the presence of zinc, to 23%
after EDTA addition) as observed without pre-incubation, in
the time period investigated. Moreover, addition of EDTA after
DiFMUP promoted a small recovery of activity that was
however not statistically significant (Fig. 4B).

Zn** binding to PTP1B

We examined whether PTP1B has Zn?* binding sites. Since
PTP1B X-ray crystal structures in the presence of zinc have not
been reported, we performed a knowledge-based molecular
docking approach to identify putative binding pockets. The
approach employs rigid protein structures taken form the
Protein Data Bank *!. First, the whole protein was examined
using a docking algorithm to predict zinc-binding sites; second,
the suggested sites were filtered and only sites where zinc could
coordinate at least two conserved residues (see Experimental
Procedures) were retained. The resulting zinc poses were
ranked based on a docking scoring function (Table 3). This
method was applied to three PTP1B X-ray crystal structures
that represent the different conformations during the catalytic
cycle of the enzyme. The results show zinc binding to the
surface of the open (Fig. 5A) and closed (Fig. 5B) conformation
as well as to the cysteinyl-phosphate intermediate of PTP1B
(Fig. 5C). We noted that these sites were not conserved among

4| J. Name., 2012, 00, 1-3

the three structures examined, possibly because of the different
orientation of the amino acid side chains (Table 3).
Significantly, the catalytic site can accommodate zinc ions only
in the closed conformation (Fig.5B) and when the catalytic
cysteine is phosphorylated (Fig. 5C). In the closed
conformation (PDB od: 3180) the binding occurs between
Aspl81, Arg221, GIn262 and the catalytic Cys215. In the
cysteinyl-phosphate intermediate (PDB id: 1A5Y), the binding
occurs between phospho-Cys215, Aspl81 and GIn266. We
noted that in the latter PDB file there is a mutation, Q262A,
explaining why we failed to detect GIn262 as a binding residue
in the catalytic site. The open conformation failed to
accommodate zinc in the catalytic domain as a consequence of
the increased distance between the above residues in the
catalytic pocket.

Discussion

PTP1B is involved in metabolic diseases (e.g. diabetes and
obesity) and cancer® and has over 30 known substrates*?. This
enzyme is therefore considered to be a major potential
pharmaceutical target “°. Inhibition of protein tyrosine
phosphatases with experimental drugs has been studied for
many years but has suffered from issues of specificity of
inhibitors with regard to other phosphatases. Vanadium
compounds are one class of inhibitors. They have insulin-like
and anti-diabetic effects in a variety of animal models *. The
mode of action of vanadium is through inhibition of PTP1B, as
it mimics the phosphate group in the transition state of the
enzyme *°, therefore competing with the substrate for the
binding site. Remarkably, there is much less work on zinc,
which is also a known PTP inhibitor ¢ and binds with much
higher affinity than vanadium compounds. Zinc, in contrast to
vanadium, is a nutritionally essential element. Therefore its
effect on PTB1B is physiologically much more relevant and the
above observations on the biological effects of vanadium
compounds give an indication of what effects zinc might have.
The total cellular zinc concentration is in the range of a few
hundred micromolar while its free cytosolic concentration is in
the high picomolar range 2478,

In this study we investigated zinc inhibition in more detail as
there is no comprehensive study of how zinc inhibits the
enzyme. Using DiIFMUP as a substrate “°, we have found that
the very strong inhibition is dependent on the conformation of
the enzyme. By performing competition experiments, we found
an inhibition constant of 5.6 nM for zinc. The reaction
catalysed by protein tyrosine phosphatases is explained very
elegantly in the work of Brandao et al *°. Briefly, the enzyme
initially is present in an open conformation. The binding of
substrate triggers a conformational change in the phosphatase
that culminates in the closure of the catalytic pocket by a
conserved WPD loop. The general kinetic mechanism is known
as ping-pong: in the first step the thiol of Cys215 attacks the
phosphate ester group of the substrate, which generates a
phospho-enzyme intermediate and the product, which is
immediately released. In the second and rate limiting step, a

This journal is © The Royal Society of Chemistry 2012
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water molecule attacks the phospho-enzyme, releasing the
inorganic phosphate and regenerating the enzyme *° (Fig. 3A).
We estimated the burst of product formation by measuring the
amplitude in fluorescence observed at the beginning of the
experiment. We noted that the effect of zinc on the burst was
minor and much less than the effect on the steady state kinetics.
These data suggest that zinc binds and inhibits the enzyme after
the burst has occurred. When adding EDTA to the reaction in
order to rescue activity, we observed that EDTA restores
enzymatic activity. However, the extent to which this is
achieved depends on whether the chelator is added before or
after the substrate. Addition of the substrate seemed to decrease
the ability of EDTA to restore full enzymatic activity, and this
supports the hypothesis that zinc inhibits the enzyme after the
first catalytic step. In fact, our examination of the 3D structures
of PTP1B revealed that zinc binds to the catalytic pocket only
when the enzyme is in a closed conformation or when it is in
the phospho-intermediate form. The transition from the open to
the closed conformation involves a movement of the so-called
WPD loop. WPD loop closure and release of the product occur
concomitantly. Thus, the possibility of finding PTP1B in a
closed, dephosphorylated conformation is very low %
supporting the hypothesis that zinc binds predominantly to the
phospho-intermediate form of PTP1B. Indeed, the aspartic acid
(Asp181) of the WPD loop is close to GIn262 and to the
phospho-Cys215 in the closed conformation and zinc binding in
this position could trigger inhibition of the second catalytic step
(phosphate release) in the ping-pong mechanism. Infact, the
GIn262 and Aspl181 act in concert to hydrolyse the cysteinyl-
phosphate intermediate through coordinating a water molecule.
Moreover, Arg221 is also close to this putative zinc-binding
pocket. This residue is important for the catalytic activity as it
plays a role in substrate binding and first transition state
stability. In the absence of substrate, the enzyme is in an open
conformation: the WPD loop is far from the catalytic cysteine
and the binding site for zinc is not present. When we pre-
incubated PTP1B with zinc, we noticed that the activity was
inhibited to a higher percentage, although we failed to rescue
the enzymatic activity completely with EDTA, at the time
points tested. We hypothesise that zinc might have additional
effects on PTP1B. Indeed, we found that PTP1B possesses
many acidic residues on its surface, which are potential bind
sites for zinc (Fig. 5). How such binding inhibits the enzyme up
to 100% is not clear but may involve aggregation; it has been
reported that PTP1B dimerises, a known mechanism to inhibit
protein tyrosine phosphatases %2, The identification of a
putative site for zinc binding and PTP1B activity modulation
could be important for the development of pharmaceutical zinc-
containing drugs. However, the design of such compounds
would need to be very specific as the putative site does not
allow accessibility to a large molecule. A zinc-delivering
system might be more appropriate. In this way it would be
possible to address specificity, e.g. in docking a zinc-containing
drug to a specific PTP.

Key questions resulting from this work are under which
conditions zinc inhibition is physiologically relevant and why

This journal is © The Royal Society of Chemistry 2012
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virtually no attention was given to the significance of zinc
inhibition for the biology of this important enzyme. One issue
certainly is that PTPs are always supplied with relatively high
concentrations of chelating agents to keep them active. As this
study shows, it is experimentally extremely challenging to have
the correct conditions to investigate zinc inhibition. The second
critical issue is that only in the last couple of years it became
evident that free zinc concentration are in the range of the
apprent K; of PTP1B inhibition and that they undergo
controlled fluctuation. The concentration of zinc in the cytosol
is tightly regulated by a plethora of proteins: two families of
zinc transporters (ZnT and Zip), metallothioneins (MT), and
other binding proteins 3. The resting concentration of free zinc
in the cytosol is in the high picomolar range although it
fluctuates in response to extracellular stimuli 22647, Zinc ions
are transported from the extracellular space or released from
intracellular compartments. The endoplasmic reticulum (ER) is
a storage compartment for zinc. Growth factor stimulation
triggers zinc release from the ER through the zinc transporter
Zip7 in the TamR breast cancer cell line *. PTP1B is an ER-
bound protein. Its catalytic pocket faces the cytosol where it
dephosphorylates the insulin receptor as well as other substrates
442 7ip7-mediated zinc release from the ER could be a specific
pathway to inhibit ER-bound PTP1B. Because of the co-
localisation of Zip7 and PTP1B, there is no need for increasing
cytosolic zinc globally in order to inhibit the enzyme. However,
from the data presented here, we hypothesise that inhibition
will occur only in the presence of a PTP1B substrate, when
PTP1B is enzymatically active. Zinc is considered to be an
insulin-mimetic. The inhibition of PTP1B can prolong the
insulin signal through the insulin receptor *°. Prolonged
exposure of pancreatic beta cells to high glucose concentrations
resulted in increased cytosolic zinc levels °¢. Recently,
Fernandez-Ruiz et al investigated the involvement of PTP1B in
pancreatic beta cell mass and found that ablating the enzyme in
mice as well as silencing it in a mouse pancreatic beta cell line
(MING) results in beta cell expansion *. As beta cell mass
increases in the early stage of diabetes, when pancreatic islets
start to compensate for the insulin insensitivity, we hypothesise
that the increase in cytosolic zinc observed at prolonged high
glucose concentration could potentially be a signal for PTP1B
inhibition and beta cell proliferation. While this discussion
focuses only on the possible effects on insulin signalling, from
the involvement of the enzyme in leptin signalling and cancer
processes, it seems obvious that there are many additional
implications.

In summary, a specific mechanism for the modulation of
PTP1B by zinc ions suggests that the phosphorylated enzyme
intermediate is required in addition to inhibitory zinc
concentrations, which can be achieved locally at the ER.

Since both the catalytic mechanism described for PTP1B and
the amino acids participating in catalysis are conserved among
different members of the PTP family®®, the proposed
mechanism responsible for the modulation of PTP1B activity
by zinc could be general and applicable to other PTPs. We have
previously described the inhibition by zinc (K; = 21 pM) of
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another member of the PTP family, the receptor PTP beta 2.
Even in that case a mixed type inhibition was noted, supporting
the view that modulation by zinc ions is dependent on the
enzyme being active and catalysing the dephosphorylation of a
substrate.

Other enzymes are inhibited by very low concentrations of zinc
%, Among those, caspases have been shown to be strongly
inhibited by zinc ions #. An investigation of the mode of
inhibition of caspase-3 by zinc revealed that zinc is a mixed
type inhibitor %. The binding site for zinc, which inhibits
enzymatic activity, does not prevent binding of the substrate,
and does not involve the catalytic cysteine. These data together
indicate that zinc modulates the activity of different enzymes in
a new way that might not necessarily involve the catalytic thiol.

Conclusions

We have optimised a new assay for the study of zinc inhibition
of protein tyrosine phosphatases. By using this tool as well as
molecular docking techniques, we have identified a novel
mechanism of PTP1B inhibition by zinc ions. We show here
that zinc binds in the catalytic pocket of the phospho-
intermediate form of PTP1B, therefore only after activation in
the presence of a substrate, with an apparent K; of 5.6 nM. We
also show that enzyme inhibition can also occur through a
second mechanism that is believed to involve binding to surface
residues. The modulation of PTP1B in the range of available
cellular zinc ion concentrations and the localisation of PTP1B
and Zip7 on the ER membrane strongly suggest physiological
significance. These data will need further confirmation by
structural studies employing NMR spectroscopy and X-ray
diffraction experiments, which we have currently begun, as
well as cell biological work to investigate PTP1B activity
towards physiological substrates in response to varied cellular
zinc concentrations.
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Footnotes

6 | J. Name., 2012, 00, 1-3

T The nomenclature used for protein tyrosine phosphatases in this
manuscript is the most common. The updated nomenclature for the
protein mentioned here is as follow: PTPN1 (protein tyrosine
phosphatase, non-receptor type 1) for PTP1B, PTPN6 (protein tyrosine
phosphatase, non-receptor type 6) for SHP-1, PTPN2 (protein tyrosine
phosphatase, non-receptor type 2) for TC-PTP and PTPRB (protein
tyrosine  phosphatase,  receptor type B) for R-PTP-beta
(http://www.genenames.org/genefamilies/PTP).
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39 Figure 1. Optimisation of PTP1B enzymatic assay. (A) The rate of the reaction was measured at
different enzyme concentrations in the presence of 10 uM DiFMUP. (B) PTP1B was assayed at
42 different pH values and (C) Triton X-100 concentrations, using 2.5 nM PTP1B and 10 uM DiFMUP in
43 50 mM Hepes, 1 mM NTA and 0.1 mM TCEP. (D) In order to calculate K,,, Vmax and ke, enzymatic
activity was measured in the presence of increasing concentrations of DiFMUP (0.25 — 25 uM), with
46 2.5 nM PTP1B in the above buffer at pH 7.4.*, p<0.001 compared to control.
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Zn Cu Ca Fe
Water 0.08+£0.02 0.06£0.02 85.42+2.56 4.4110.13
50 mM Hepes 1.67£0.45 0.29+0.01 90.72+1.67 2.7210.90
1 mM NTA 2.8140.16 0.44+0.01 89.97+4.44 2.7840.25
1 mM TCEP 0.27+£0.14  0.05+0.01 57.43+6.83 0.43+0.21
0.01% Triton X-100 | 0.85+£0.13 0.1240.11 46.66£4.63  0.99£0.60
10 uM DiFMUP 0.41+0.20 0.13+0.08 15.10£2.80 0.27£0.18
2.5nM PTPIB 0.93+0.04 0.14+0.02 25.71+0.53 0.61%0.11

Table 1. ICP-MS metal analysis of buffers and solutions used (values in pg/L).
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Zn (Tﬂf) M lzn]free M lzn]free M
MaxChelator MINEQL+ 4.6

10E-6 2.659E-11 2.93E-11
30E-6 8.145E-11 8.98E-11
10 100E-6 2.926E-10 3.22E-10
12 300E-6 1.128E-9 1.24E-9
500E-6 2.633E-9 2.9E-9

15 600E-6 3.951E-9 4.34E-9
17 700E-6 6.146E-9 6.72E-9
18 800E-6 1.053E-8 1.14E-8
20 900E-6 2.371E-8 2.45E-8
> 950E-6 5.007E-8 4.45E-8
23 990E-6 2.565E-7 8.87E-8
25 1E-3 1.7E-6 1.06E-7
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30 Table 2. Maxchelator and MINEQL+ 4.6 were used to calculate the free zinc concentration in a buffer
31 containing 50 mM Hepes, pH 7.4, 1 mM NTA, 0.1 mM TCEP and 0.01% Triton X-100.
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Figure 2. Zinc inhibition of PTP1B. The enzyme was assayed at increasing concentrations of free zinc,
as calculated using Maxchelator (Table 2) in 50 mM Hepes, 1 mM NTA, 0.1 mM TCEP and 0.01%
Triton X-100, pH 7.4 The enzyme was either added to the buffer containing zinc and 3 uM DiIFMUP
(A) or pre-incubated for seven minutes with zinc before addition 3 uM DiFMUP (B).
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35 Figure 3. Zinc inhibition of PTP1B at different catalytic steps. (A) PTPs catalyse dephosphorylation of
36 the substrate by a ping-pong mechanism. The substrate (green) binds to the enzyme, which rapidly
catalyses the dephosphorylation and the release of the product. A water molecule subsequently
39 attacks the phospho-enzyme intermediate to release inorganic phosphate (Pi) and to regenerate the
40 enzyme. (Modified from Brandao et al. *) (B) Schematic of how the steady state rate and
extrapolated pre-state state amplitude were calculated. For steady state kinetics, the first 60
43 seconds of the reaction (small black circles) were used to draw a linear regression line (black), from
44 which the slope was calculated. The lag-time between the start of the reaction and the first acquired
datapoint was 30 seconds; a regression line was drawn between the extrapolated zero and the first
47 measured point (black triangles and dotted line). (C) The amplitude in fluorescence observed at the
48 beginning of the experiment was calculated in incubation (black) as well as in competition
experiments (white) and is presented as percentage of control, in the absence of zinc. ***, p<0.001.
51 ** p<0.01.
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Figure 4. Effect of EDTA on zinc-inhibited PTP1B activity. The buffer contained 256 nM free zinc in
these experiments. (A) 2.5 nM PTP1B was added directly to the buffer before 2.5 mM EDTA was
added either before (EDTA+S) or after (S+EDTA) the addition of 3 uM DiFMUP. The initial rate was
determined and is given as percentage of control in the absence of zinc. (B) The same experiment
was performed but PTP1B was pre-incubated with 256 nM free zinc for seven minutes before further
additions were made. ***, p<0.001, *, p<0.05.
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53 Figure 5. Docking simulation performed on different PTP1B X-ray crystal structures. (A) Open form
54 (PDB id: 2CM2), (B) closed form (PDB id: 3180) and (C) cysteinyl-phosphate intermediate (PDB id:
56 1A5Y). Details of the catalytic site are shown in the square frame. Protein structure is represented in
57 pale cyan, zincions as grey spheres and relevant amino acids as sticks.
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PTP1B open form
(PDBid: 2CM2, res.: 1.50 Posel Pose2 Pose3 Posed PoseS
A)
Estimate binding Energy | ¢ 1e17 | 251668 | -24.1878 | -23.8156 | -23.4430
(kcal/mol)
I{E:; Glu2 Glu4 His0 ‘;:s‘;?
Amino acids within 4 A Glu159 Glud Lys5 Hisl Cys32
Glu6 Glu8 Glu2
Glulel Met258
@Dgf[il;;;';?zgfo;gls ) Posel Pose2 Pose3 Posed Pose5
Estimate binding Energy | - 3140 | 244115 | 24353 | -24.1576 | -23.8244
(kcal/mol)
>
Lys141 ;1;; ADISL |\ o
o Thr143 Glug | Cys215
Amino acids within 4 A Glu159 Glu4 Aspll Arg221 Lys292
Glute1 | 1€273 Gin2e2 | G129
Ala278
PTP1B cysteinyl-phosphate
intermediate (Q262A) Posel Pose2 Pose3 Posed PoseS
(PDBid: 1A5Y, res.: 2.50 A)
Estimate binding Energy | 5 o346 | 233821 | -23.1203 | -22.8746 | -22.8301
(kcal/mol)
Met74 Aspl81
Amino acids within 4 A Glu7s His60 P- His25 Glul29
Glu76 Glul01 Cys215 Glu2e Glu132
Asp252 Gln266

Table 3. Results of docking simulations on PTP1B.
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