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Abstract: The gene family of protein phosphatases is a rich but under-exploited source of therapeutically validated drug targets modulating signal transduction pathways. Unlike the kinase family, research and development activities have not yet yielded any approved small-molecule drugs against a phosphatase. Approximately
20 years ago, the phosphatase family was classified as undruggable and intractable. This was primarily due to the
spectacular failure of the cumulated industry-wide drug discovery efforts to develop PTP1B inhibitors. Recently,
allosteric inhibitors against SHP2, a member of the phosphatase family, have entered clinical trials, which has
reawakened industry’s interest towards this neglected enzyme family. This contribution reviews the recent R&D
trends around small-molecule efforts towards phosphatase modulators over the last years, rather than providing
an exhaustive review of the field of allosteric phosphatase inhibitors.
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1. Signal Transduction Therapy: Kinases and
Phosphatases
The reversible phosphorylation of polar amino acid sidechains
such as those of serine, threonine, or tyrosine on surfaces of intracellular signalling proteins is a post-translational modification
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event controlling signal transduction pathways in all human cells.
Protein phosphorylation is orchestrated by the opposing activities
of protein kinases, catalysing the addition of a phosphate group
and protein phosphatases, hydrolysing the respective phosphate
esters, and removing the phosphate groups. It has been estimated that at least 70% of intracellular proteins undergo reversible
phosphorylation reactions catalysed by kinases and phosphatases,
respectively.[1–3]
The protein phosphatase family, the phosphatome, was systematically analysed by Gerard Manning and co-workers in a recent bioinformatics analysis that uncovered the phylogenetic and
structural details underlying the distinct phosphatase folding families.[4] The human protein phosphatome is composed of ‘only’
189 known and predicted genes encoding for proteins with phosphatase activity. Comparing 518 protein kinases encoded within
the human genome[5] to the phosphatase family, it seems that with
only 189 identified members, the phosphatase family is considerably smaller. In contrast to kinase catalytic domains which follow
a highly conserved protein fold topology, the phosphatase family
encompasses ten distinct folds with a very imbalanced distribution
of distinct proteins over those topological families,[4] thus representing an increased structural heterogeneity with diverse options
for therapeutic modulation. Importantly, several phosphatase catalytic domains, such as PP1 or PP2, form complexes with unique
scaffolding domains and dozens of regulatory domains which
control substrate specificity, thereby following the holoenzyme
concept (Fig. 1).[6,7] Therefore, a single catalytic phosphatase domain can be part of hundreds of substrate-specific phosphatase
enzyme complexes. Consequently, the family of functionally
distinct active phosphatase enzymes, including holoenzymes, is
significantly larger than the protein kinase family.
Despite the multiple options to therapeutically modulate phosphatase signalling, there is a significant imbalance in research
activities, especially in the biopharmaceutical industry, between
the kinase and the phosphatase families.[9] This is illustrated by
a quantitative analysis of patent applications claiming inhibitors/
modulators of protein targets from both classes (Fig. 2). In the kinase inhibitor field, we have witnessed a steep increase in research
activities from the beginning of the 2000’s with more than 2000
patent applications published in 2021. For phosphatase-modulating compounds only around 80 applications were published last
year.
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Fig. 1. Cryo-EM structure of a
heterotrimeric PP2A holoenzyme
complex[8] (pdb-code: 6nts)
consisting of the catalytic PP2a
alpha subunit (yellow), regulatory
subunit B56alpha (blue), and the
scaffolding domain (red). The protein complex is shown in a cartoon representation (left), and in a
Connolly surface mode (right).

Fig. 2. Results of a SciFinder analysis on published patent applications on kinase inhibitors (top, blue bars) and phosphatase inhibitors (bottom,
green bars). Publication year is depicted along the x-axis, number of published patent applications along the y-axis. Note the ten-fold difference in
scale along the vertical axis between both families.

These significant research and development activities in the
kinase field have yielded approximately 80 approved small molecule drugs targeting kinases[10] (Fig. 3). The majority of kinase
inhibitors are approved in oncology disease areas. Surprisingly, to
date, not a single approved drug was explicitly developed to target
a disease-relevant member of the phosphatase family.
In oncology, phosphatases were originally thought to act as
an ‘off-switch’ for kinase-activated oncogenic activity. Today it is
widely accepted that phosphatase activity can also drive tumour
cell proliferation and survival. Phosphatases exert both oncogenic and tumour-suppressive functions, depending on the cellular
context. In general, deregulation of phosphatase signalling contributes to cancer development, rendering phosphatase modulator
approaches highly relevant for disease treatment and potentially
complementary to kinase inhibitors.[11–13] However, over the last

decade, members of the phosphatase family have been strongly
associated with the class of ‘undruggable’ drug targets[14,15] and
referred to as the ‘ugly ducklings of cell signalling’.[16] The reasons for this stigmatization of the phosphatase target family can
be found approximately 20 years ago, coinciding with the beginning of the protein kinase ‘gold-rush’.[17]
2. PTP1B as Anti-diabetes Target
The origin of the troubled history of phosphatase-targeted
drug discovery dates to the end of the 1990s. At this time huge
research efforts were being made to find efficacious and selective
PTP1B (protein tyrosine phosphatase 1B) inhibitors for oral treatment of type 2 diabetes.[18–20]
PTP1B specifically recognizes phospho-tyrosine (pTyr) residues embedded in the corresponding protein substrates and hy-
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Fig. 3. The number of drugs approved from 1995 to 2021 is
depicted for the kinase inhibitor
family (top) and the phosphatase
family (bottom). Each blue box
represents a drug approval within
the respective year, shown along
the x-axis.
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Fig. 4. Selected orthosteric PTP1B inhibitor structures with respective binding afﬁnities or inhibition constants and corresponding binding modes determined by X-ray crystallography. The oxalate moiety in compounds 1 and 2 mimics the pTyr of the substrate structure and is accommodated deep
in the PTP1B active site.[21,22] Compound 3 features two carboxylic acids,[23] and compound 4 carries an isothiazolidinone-ring mimicking the pTyr
moiety.[24] Polar interactions between inhibitors and protein are depicted as stippled lines.

drolyses the phosphate ester to generate a non-phosphorylated
Tyr-containing protein. The medicinal chemistry design attempts
towards hit-generation of that era were dominated by substrate-analogue approaches, trying to mimic the pTyr residue flanked by a
few additional residues. In Fig. 4 a number of active site-directed
PTP1B inhibitors are shown .[21–24]
Their substrate-derived nature becomes apparent in that many
of them are built on a peptidomimetic backbone (e.g. in 4), which
carries a peripherally exposed group that mimics the phosphate
ester of the tyrosine residue. Efforts were made to mimic pTyr
with non-hydrolysable phosphonates or di-fluoro-phospho-

nates or, alternatively, with mono- or di-carboxylic acid-based
isosteres (as in 1, 2, and 3).[21–24] The high local concentration of
hydrogen bond acceptors and fractional negative charge is key to
meet the pharmacophoric requirements of the PTP1B active site.
The catalytic centre is optimised to recognise a double negative
charged tetrahedral phosphate group. Consequently, the binding of active substrate-competitive inhibitors accommodated by
the enzyme’s active site is dominated by polar interactions, i.e.
mostly charge-enforced hydrogen bonds to active site residues or
metal ions. As exemplified in Fig. 4, numerous research groups
developed orthosteric PTP1B inhibitors following the pTyr mimic
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approach. In general, such compounds suffer from poor physicochemical properties leading to permeability, selectivity, and metabolic stability issues. Hence, taking this approach, the generation
of potent, selective, bioavailable, and safe PTP1B inhibitors failed
industry wide. Consequently, only very few compounds were successfully progressed to pre-clinical development and reached advanced phases of clinical development.
One of them, Ertiprotafib 5, was assumed to bind to the active
site of PTP1B and was promoted to advanced phases of clinical
development as an anti-diabetic drug candidate. Due to insufficient clinical efficacy and dose-limiting adverse effects, further
development of the compound was discontinued. Only after discontinuation in phase II was the precise molecular mechanism-of-action elucidated by a thorough biophysical investigation
of the target binding mechanism (Fig. 5). It was demonstrated
using heteronuclear 2D NMR spectroscopy that the efficacy of the
drug candidate is not due to a specific binding to PTP1B, the
compound triggers PTP1B aggregation in a dose-dependent manner.[25]

Black: PTP1B (1-393)
Red: PTP1B + Inhibitor 5

5
Fig. 5. Chemical structure of Ertiprotaﬁb 5 (left) and an overlay of two
heteronuclear 2D NMR [1H,15N]-TROSY spectrum of PTP1B alone (black
peaks) and PTP1B with Ertiprotaﬁb (1:15 molar equivalents), indicating
a collapse of the formerly (PTP1B alone) well-dispersed set of signals
(modiﬁed from ref. [25]).

At the beginning of the 2000s, it was found that parts of the
active site of protein kinases, i.e. the co-substrate (ATP) binding
site, proved to be readily druggable. In contrast the phosphatase
active site was recognized to be dominated by pharmacophoric
requirements that rendered attempts to obtain safe and selective
drug candidates nearly impossible.
Based on this disappointing outcome and the significant investments that had been assigned to this member of the phosphatase
target class, the family of phosphatase enzymes was classified as
undruggable. This perception has since dominated target selection
processes within the pharmaceutical and biotech industry until
very recently. In summary, the outcome of this intensive research
phase can be classified as the ‘Waterloo of the phosphatase’ drug
discovery efforts. An entire target class acquired a reputation as
being intractable and undruggable.[26–28]
Despite the lack of interest from the biopharmaceutical industry for the phosphatase target family, academia has never abandoned that research field. Over the last 20 years, much progress has
been made in understanding structural and mechanistic aspects of
phosphatases and their role in disease biology.
3. Non-orthosteric SHP2 Inhibitors
SHP2 plays a modulatory role in numerous oncogenic cell signalling pathways such as the Ras-Raf-Mek-Erk, PI3K-Akt, or the
Jak-Stat pathways, respectively. Novartis pursued drug discovery
attempts focussed on inhibiting the SHP2 phosphatase, and the
achieved results can be envisioned as a turning point in the history
of industrial phosphatase inhibitor research.[29]
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The SHP2 enzyme is a nonreceptor phosphotyrosine phosphatase containing two N-terminal SH2 (Src homology 2) domains, and a catalytical PTP domain. In its inactive state, the
phosphatase adopts a closed, autoinhibited structure in which the
N-terminal SH2 domain prevents access to the catalytic centre of
the PTP domain. Upon binding to bis-phospho-tyrosine peptides
such as IRS-1, both SH2 domains unfold from the catalytic domain of SHP2 and thus activate the phosphatase.
To overcome the limitations of the PTP1B approach, Novartis
Pharmaceuticals reported in 2016 on the identification of a potent allosteric SHP2 inhibitor, SHP099 (Fig. 6)[29]. This compound emerged from a tailored differential screening approach
aimed at the discovery of novel allosteric inhibitors. For this purpose, a 100,000-compound library was screened against a near
full-length version of SHP2 and in parallel against a truncated
version, encompassing the catalytic domain only. The results of
the screen against the catalytic domain were used to filter out
active site-directed compounds from the HTS campaign against
the full-length SHP2 protein. The remaining hits from the screen
against the full-length enzyme qualify them as non-orthosteric
inhibitors.
The piperidinyl-phenyl-pyrazine SHP099 functionally inhibits the catalytic dephosphorylation activity of SHP2. Extensive
X-ray structural studies revealed the precise molecular mechanism of action of the SHP099 class. The compounds bind to
a pocket at the interface between the catalytic domain and the
N-terminal SH2 domains and thereby function as protein-protein
interaction agonists.[29] This mechanism generated significant interest in a number of other areas of medicinal chemistry, and the
research area of ‘molecular glues’ was born.
In the meantime, Novartis progressed members of this family
(TNO155) into clinical development. They have been rapidly followed by companies that pursued opportunistic approaches using
the same inhibition mechanism for SHP2,[30] and the structural
similarity of the clinical compounds shown in Fig. 6 is obvious.
Since this first publication of a clinic-ready allosteric SHP2
inhibitor, the focus on allosteric modulation of enzyme activity
has increased dramatically and is helping to end the stigma of the
phosphatase family.
4. Pre-clinical Allosteric Phosphatase Inhibitors
Over the last few years, a number of phosphatase inhibitors
have been described in literature that can modulate activity via a
non-orthosteric (allosteric) molecular mechanism of action (examples in Fig. 7) .[31–33]
Compounds 6–8 are only a few examples of a variety of published compounds that act according to an allosteric molecular
mechanism of action. A review of phosphatase inhibitor compounds which are profiled enzymatically and often by X-ray crystallography as allosteric inhibitors shows that only few molecules
score high on a drug-likeness scale. In general, most of the drug
discovery efforts of the last decade in the phosphatase inhibitor
space suffer from poor compound quality. The target family of
the phosphatases can still be characterised as a compound-poor
area in which most of the compounds are of poor quality.
Despite these limitations, they clearly show that hit matter
can be identified and should give impetus to finding improved
hit and lead compounds. These new drug-like molecules will
hopefully progress forward towards the clinic and help banish
the stigma of the phosphatase family one and for all.
Received: April 19, 2022
[1] T. Hunter, Phil. Trans. R. Soc. B
https://doi.org/10.1098/rstb.2012.0013.
[2] T.
Hunter,
Curr.
Opin.
Cell
Biol.
https://doi.org/10.1016/j.ceb.2009.01.028.

2012,
2009,

367,

2513,

21,

140,

464

Medicinal cheMistry

CHIMIA 2022, 76, No. 5

Differential screening approach
100,000 compound library
against full-length SHP2

SHP099

Hits: ortho- and allosterics
100,000 compound library
against catalytic domain

TNO155

Hits: allosterics

RMC-4630

Biophysics, X-ray, MedChem

SHP099
JAB-3068

6

7

[3] N. K. Tonks, FEBS J. 2013, 280, 346, https://doi.org/10.1111/febs.12077.
[4] M. J. Chen, J. E. Dixon, G. Manning, Sci. Signal. 2017, 10, eaag1796,
https://doi.org/10.1126/scisignal.aag1796.
[5] G. Manning, D. B. Whyte, R. Martinez, T. Hunter, S. Sudarsanam, Science
2002, 298, 1912, https://doi.org/10.1126/science.1075762.
[6] J. Sangodkar, C. C. Farrinton, K.McClinch, M. D. Galsky, D. B. Kastrinsky,
G. Narla, FEBS J. 2016, 283, 1004, https://doi.org/10.1111/febs.13573.
[7] R. Baskaran, B. K. Velmurugan, Life Sci. 2018, 210, 40,
https://doi.org/10.1016/j.lfs.2018.08.063.
[8] D. Leonard, W. Huang, S. Izadmehr, C.M. O’Connor, D. D.
Wiredja, Z. Wang, N. Zaware, Y. Chen, D. M. Schlatzer, J. Kiselar,
N. Vasireddi, S. Schüchner, A. L. Perl, M. D. Galsky, W. Xu, D.
L. Brautigan, E. Ogris, D. J. Taylor,G. Narla, Cell 2020 181, 1,
https://doi.org/10.1016/j.cell.2020.03.038.
[9] R. Santos, O. Ursu, A. Gaulton, A. P. Bento, R. S. Donadi, C. G. Bologa, A.
Karlsson, B. Al-Lazikani, A. Hersey, T. I. Oprea, J. P. Overington , Nat. Rev.
Drug Discov. 2017, 16, 19, https://doi.org/10.1038/nrd.2016.230.
[10] C. C. Ayala-Aguilera, T. Valero, A. Lorente-Macias, D. J. Baillache,
S. Croke, A. Unciti-Broceta, J. Med. Chem. 2022, 65, 1047,
https://doi.org/10.1021/acs.jmedchem.1c00963.
[11] Z-Y.
Zhang,
Acc.
Chem.
Res.
2017,
50,
122,
https://doi.org/10.1021/acs.accounts.6b00537.
[12] B. Meeusen, V. Janssens, Int. J. Biochem. Cell Biol. 2018, 96, 98,
https://doi.org/10.1016/j.biocel.2017.10.002.
[13] J. P. Vainonen, M. Momeny, J. Westermarck, Sci. Transl. Med. 2021, 13,
eabe2967, https://doi.org/10.1126/scitranslmed.abe2967.
[14] J. S. Lazo, E. R. Sharlow, Annu. Rev. Pharmacol. Toxicol. 2016, 56, 23,
https://doi.org/10.1146/annurev-pharmtox-010715-103440.

8

Fig. 6. Schematic representation of the discovery of allosteric
SHP2 inhibitors. The differential
screening approach pursued
by Novartis Pharmaceuticals
is shown as ﬂow chart on the
left.[29] The multidomain topology
of the SHP2:inhibitor (SHP099)
complex (pdb-code: 5ehr) is
depicted in a solid surface mode
in the middle. The N-terminal
SH2 domain is shown in light
blue, the C-terminal SH2 domain
in magenta, while the catalytic
phosphatase domain is depicted
in yellow. The binding pocket of
SHP099 is at the interface of the
distinct subunits (middle bottom).
Chemical structures of allosteric
SHP2 inhibitors in clinical development are depicted on the right.

Fig. 7. A selection of allosteric
phosphatase inhibitors (top) together with their experimentally
determined binding modes (bottom) are depicted. Compound
6 is an allosteric inhibitor of the
low-molecular-weight protein
tyrosine phosphatase LMPTP
(pdb-code: 7kh8) and shows a
20 nM inhibition constant and
high selectivity,[31] compound 7
was found to be an allosteric
mitogen-activated protein kinase
phosphatase 5 (MKP5, pdb-code:
6mc1) inhibitor with a 4 µM inhibition constant,[32] while compound
8 was found to be an allosteric
inhibitor of receptor protein tyrosine phosphatase g (RPTPg;
pdb-code: 3qcj) with an inhibition
constant around 500 nM.[33]

[15] J. S. Lazo, K. E. McQueeney, E. R. Sharlow, SLAS Discovery 2017, 22, 1071,
https://doi.org/10.1177/2472555217721142.
[16] D.
L
Brautigan,
FEBS
J.
2013,
280,
324,
https://doi.org/10.1111/j.1742-4658.2012.08609.x.
[17] P. Cohen, D. Cross, P. A. Jänne, Nat. Rev. Drug Discov. 2021, 20, 551,
https://doi.org/10.1038/s41573-021-00195-4.
[18] T. O. Johnson, J. Ermolieff, M. R. Jirousek, Nat. Rev. Drug Discov. 2002, 1,
696, https://doi.org/10.1038/nrd895.
[19] A.
J.
Barr,
Future
Med.
Chem.
2010,
2,
1563,
https://doi.org/10.4155/fmc.10.241.
[20] A. K. Tamrkar, C. K. Maurya, A. K. Rai, Expert Opin. Ther. Patents 2014,
24, 1101, https://doi.org/10.1517/13543776.2014.947268.
[21] G. Liu, Z. Xin, H. Liang, C. Abad-Zapatero, P. J. Hajduk, D. A. Janowick, B.
G. Szczepankiewicz, Z. Pei, C. W. Hutchins, S. J. Ballaron, M. A. Stashko,
T. H. Lubben, C. E. Berg, C. M. Rondinone, J. M. Trevillyan, M. R. Jirouse,
J. Med. Chem. 2003, 46, 3437, https://doi.org/10.1021/jm034088d.
[22] H. S. Andersen, O. H. Olsen, L. F. Iversen, A. L. P. Sørensen, S. B. Mortensen,
M. S. Christensen, S. Branner, T. K. Hansen, J. F. Lau, L. Jeppesen, E.
J. Moran, J. Su, F. Bakir, L. Judge, M. Shahbaz, T. Collins, T. Vo, M. J.
Newman, W. C. Ripka, N. P. H. Møller, J. Med. Chem. 2002, 45, 4443,
https://doi.org/10.1021/jm0209026.
[23] D. P. Wilson, Z.-K. Wan, W.-X. Xu, S. J. Kirincich, B. C. Follows, D.
Joseph-McCarthy, K. Foreman, A. Moretto, J. Wu, M. Zhu, E. Binnun,
Y.-L. Zhang, M. Tam, D. V. Erbe, J. Tobin, X. Xu, L. Leung, A. Shilling,
S. Y. Tam, T. S. Mansour, J. Lee, J. Med. Chem. 2007, 50, 4681,
https://doi.org/10.1021/jm0702478.
[24] A. P. Combs, E. W. Yue, M. Bower, P. J. Ala, B. Wayland, B. Douty, A.
Takvorian, P. Polam, Z. Wasserman, W. Zhu, M. L. Crawley, J. Pruitt, R.

Medicinal cheMistry

[25]
[26]
[27]
[28]
[29]

[30]
[31]

Sparks, B. Glass, D. Modi, E. McLaughlin, L. Bostrom, M. Li, L. Galya, K.
Blom, M. Hillman, L. Gonneville, B. G. Reid, M. Wei, M. Becker-Pasha, R.
Klabe, R. Huber, Y. Li, G. Hollis, T. C. Burn, R. Wynn, P. Liu, B. Metcalf, J.
Med. Chem. 2005, 48, 6544, https://doi.org/10.1021/jm0504555.
G. S. Kumar, R. Page, W. Peti, PLoS ONE 2020, 15, e0240044,
https://doi.org/10.1371/journal.pone.0240044.
M.
Köhn,
ACS
Cent.
Sci.
2020,
6,
467,
https://doi.org/10.1021/acscentsci.9b00909.
A.
Mullard,
Nat.
Rev.
Drug
Discov.
2018,
17,
847,
https://doi.org/10.1038/nrd.2018.201.
S. M. Stanford, N. Bottini, Trends Pharmacol. Sci. 2017, 38, 524,
https://doi.org/10.1016/j.tips.2017.03.004.
J. G. Fortanet, C. Hiu-Tung Chen, Y.-N. P. Chen, Z. Chen, Z. Deng, B.
Firestone, P. Fekkes, M. Fodor, P. D. Fortin, C. Fridrich, D. Grunenfelder,
S. Ho, Z. B. Kang, R. Karki, M. Kato, N. Keen, L. R. LaBonte, J Larrow, F.
Lenoir, G. Liu, S. Liu, F. Lombardo, D. Majumdar, M. J. Meyer, M. Palermo,
L. Perez, M. Pu, T. Ramsey, W. R. Sellers, M D. Shultz, T. Stams, C. Towler,
Wang, S. L. Williams, J.-H. Zhang, M. J. LaMarche, J. Med. Chem. 2016,
59, 7773, https://doi.org/10.1021/acs.jmedchem.6b00680.
Y. Song, S. Wang, M. Zhao, X. Yang, B. Yu, J. Med. Chem. 2022, 65, 3066,
https://doi.org/10.1021/acs.jmedchem.1c02008.
S. M. Stanford, M. A. Diaz, R. J. Ardecky, J. Zou, T. Roosild, Z. J. Holmes,
T. P. Nguyen, M. P. Hedrick, S. Rodiles, A. Guan, S. Grotegut, E. Santelli,

CHIMIA 2022, 76, No. 5

465

T. D. Y. Chung, M. R. Jackson, N. Bottini, A. B. Pinkerton, J. Med. Chem.
2021, 64, 5645, https://doi.org/10.1021/acs.jmedchem.0c02126.
[32] Z. T. K. Gannam, K. Min, S. R. Shillingford, L. Zhang, J. Herrington, L.
Abriola, P. C. Gareiss, G. Pantouris, A. Tzouvelekis, N. Kaminski, X. Zhang,
J. Yu, H. Jamali, J. A. Ellman, E. Lolis, K. S. Anderson, A. M. Bennett, Sci.
Signal. 2020, 13, eaba3043, https://doi.org/10.1126/scisignal.aba3043.
[33] S. Sheriff, B. R. Beno, W. Zhai, W. A. Kostich, P. A. McDonnell, K.
Kish, V. Goldfarb, M. Gao, S. E. Kiefer, J. Yanchunas, Y. Huang, S.
Shi, S. Zhu, C. Dzierba, J. Bronson, J. E. Macor, K. K. Appiah, R. S.
Westphal, J. O’Connell, S. W. Gerritz, J. Med. Chem. 2011, 54, 6548,
https://doi.org/10.1021/jm2003766.

License and Terms

This is an Open Access article under the
terms of the Creative Commons Attribution
License CC BY 4.0. The material may not
be used for commercial purposes.
The license is subject to the CHIMIA terms and conditions:
(https://chimia.ch/chimia/about).
The definitive version of this article is the electronic one that can be
found at https://doi.org/10.2533/chimia.2022.460

