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SUMMARY OF PROJECT

SH2-containing-inositol-5-phosphatases (SHIP1 and SHIP2, coded for by genes INPP5D and INPPLI,
respectively)  dephosphorylate  phosphatidylinositol-3,4,5-trisphosphate  (PI(3,4,5)Ps) to produce
phosphatidylinositol-3,4-bisphosphate (PI(3,4)P2). This is an important part of the PI3K/AKT/mTOR signalling
pathway. The SHIPs have been linked to a range of conditions, including cancer(1-3) diabetes (4), hypertension
(5), and graft versus host disease (6). A link has also been demonstrated by GWAS between a non-coding
mutation in the INPP5D (SHIP1) gene and increased risk of late-onset Alzheimer’s disease. The role of SHIP1 in
Alzheimer’s disease is believed to be mediated through inflammatory processes such as the regulation of
microglia and cytokine release (7,8). The distinction between the effects of SHIP1 and SHIP2 on these
processes is not fully understood. In this TEP we present an apo structure of the phosphatase and C2 domains
of SHIP1 and a structure with a magnesium ion and a phosphate ion bound to the active site. We also present
91 fragment bound structures that may act as starting points for the modulation of SHIP1. We are also able to
crystallise an equivalent construct of SHIP2 and purify a range of other inositol-5-phosphatases to serve as a
selectivity panel for the development of specific compounds. An assay has also been developed.
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SCIENTIFIC BACKGROUND

The human genome codes for ten inositol-5-phosphatases, all of which are believed to primarily convert
PI(3,4,5)P5; to PI(3,4)P,. The active site is generally well conserved within the family, although there are
differences in their levels of activity (9). The primary method by which the functions of the inositol-5-
phosphatases are delineated seems to be through differing levels of expression in various tissues (10-12).
Despite this, there is some evidence of overlapping roles (13).

rs35349669, a non-coding SNP in the SHIP1 gene has been shown to increase the risk of late-onset Alzheimer’s
disease (14). SHIP1 has been implicated in neuroinflammatory processes within the brain, specifically through
regulation of microglia and cytokine release (7,8). It is through these processes that the link to Alzheimer’s is
believed to be mediated, although it has also been suggested that SHIP2 may be involved (13).

Clearly, an improved understanding of the how the two SHIPs carry out their functions and their respective
roles in Alzheimer’s disease and other conditions is required, alongside a broader understanding of the related
roles of all ten inositol-5-phosphatases. To this end, a number of inhibitors and activators that can be used as
probes have been developed in recent years, some of which are reported to have near-equal efficacy on the
two SHIPs, while others are selective (13,15,16). The utility of many of these compounds is somewhat limited
and better probes, particularly ones that have been structurally engineered to have high affinities and to be
selective, would prove invaluable

RESULTS — THE TEP

Proteins purified

Various constructs have been cloned for 7 of the 10 human inositol-5-phosphatases. Of these, constructs
coding for at least the phosphatase domain of INPP5D (SHIP1), INPPL1 (SHIP2), INPP5A, INPP5B, INPP5E, SKIP1
(INPP5K) and SYNJ1 can be expressed and purified. Other inositol phosphatases including PTEN, INPP4A,
INPP4B and INPP1A have also been cloned, expressed and purified to serve as a selectivity panel for the
development of novel and selective compounds. INPP5D and INPPL1 are 52% identical in the phosphatase-C2
domains, with near-identity in the catalytic site, and we expect particular challenges in developing selective
inhibitors.

The two primary constructs code for the phosphatase and C2 domains of SHIP1 (INPP5DA-c232, E396-Q856)

and SHIP2 (INPPL1A-c231, E420-R878) and can be purified to a high degree (Fig 1), with a yield of
approximately 1 mg per litre expressed and 2 mg per litre expressed for SHIP1 and SHIP2, respectively.
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Figure 1. Gel filtration chromatograms (A) INPP5DA-c232, the phosphatase and C2 domains of SHIP1 (B) INPPL1a-c231,
the phosphatase and C2 domains of SHIP2.
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Structural Data

Crystallisation conditions have been established for INPP5SDA-c232 and INPPL1A-c231. Crystals grown in these
conditions routinely diffract to a high resolution. A SHIP1 apo structure at 1.48 A (6/BD) and a structure with
magnesium and phosphate bound to the active site at 1.09 A (6XY7) have been deposited in the PDB (Fig 2).
An X-ray fragment screen was performed on SHIP1 and 108 binding events were observed (Fig 3). These can
be viewed in Fragalysis. While no fragments were observed to be bound to the active site, several were seen
in a pocket near to the interface between the phosphatase and C2 domains, including two fragments
covalently bound to C505. As the C2 domain is believed to modulate activity of the phosphatase domain
(10,17), it is possible these fragments could be used as starting points for the development of compounds that
may be able to disrupt the allosteric effect of the C2 domain.

Figure 2. High resolution structures of the phosphatase and C2 domains SHIP1 (A) The 1.48 A apo structure. The
phosphatase domain is coloured in brown, the C2 domain in blue. Functionally important loops noted by Le Coq et al.
(2017) are highlighted in red. (B) The magnesium and phosphate bound structure of SHIP1. Colouring follows that of A.
The magnesium ion and phosphate ion are shown bound to the active site.

Assays

A biochemical assay has been established for INPP5DA to measure its catalytic activity against
phosphatidylinositol (3,4,5)-trisphosphate - aka PI(3,4,5)Ps, through the detection of free orthophosphate
product using the Malachite Green detection method. In brief, the assay works through the quantification of
the green complex formed between Malachite Green, molybdate, and free orthophosphate as detected via
absorbance at 620 nm. The assay is able to detect the production of free phosphate by the enzyme in a
concentration-dependent manner, as well as detect the activity of the known INPP5DA inhibitor 3a-
aminocholestane — aka 3AC (Fig 3).
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Figure 3. Representative figure for INPP5DA (SHIP1) Malachite Green catalytic activity assay. The substrate is present at 25
UM,

Chemical Matter
A crystal-based fragment screen yielded clusters of small molecules which were mostly bound at the protein
surface and in crystallisation interfaces.

Figure 4. 108 binding events were observed for 92 compounds. The majority were crystallographic artefacts (in contacts
between neighbouring proteins in the crystal), but a small number were located in site 3, near the interface between the
phosphatase and the C2 domains (inset), including two fragments that were bound covalently to Cys 505. It may be possible
to use these fragments as starting points for compounds that could allosterically affect the enzymatic activity.
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IMPORTANT: Please note that the existence of small molecules within this TEP indicates only that chemical matter might bind to the
protein in potentially functionally relevant locations. The small molecule ligands are intended to be used as the basis for future
chemistry optimisation to increase potency and selectivity and yield a chemical probe or lead series. As such, the molecules within this
TEP should not be used as tools for functional studies of the protein, unless otherwise stated, as they are not sufficiently potent or
well-characterised to be used in cellular studies.

Future plans

Forty follow-up compounds have been designed based upon the fragments bound at the interface between
the phosphatase and C2 domains. 72 Compounds suspected to be able to bind to the active site have also
been identified by Atomwise using in silico methods. Both sets of compounds will be screened
crystallographically against both SHIP1 and SHIP2 to identify those able to bind to either protein. Activity
assays will be used to measure any modulatory effect the compounds have. Compounds will be further
optimised using iterative crystallographic methods and activity assays, with a particular focus on compounds
that are active against SHIP1 and not the other inositol phosphatases in the selectivity panel.

CONCLUSION

The structures of SHIP1 presented here allow comparison to that of SHIP2 and other inositol 5-phosphatases.
Any differences between them should be considered as possible avenues to explore for the development of
novel and selective compounds to moderate their activity. While the structures of SHIP1 and SHIP2 are very
similar, there are some potentially important differences. The two proteins appear to differ more in the C2
domain than the phosphatase domain. The fragment bounds structures may serve as starting points for the
development of novel compounds able to modulate the interaction between the phosphatase and C2
domains, thereby affecting the activity of the phosphatase domain. A biochemical assay (Malachite green) has
been established and validated for screening, which will enable the identification of novel SHIP1 modulators,
and can be used in hit-confirmation activities from the fragment screen.

TEP IMPACT
This work has lead a degree of collaboration with Purdue/Indiana TREAT-AD team, who are also working on
SHIP1 and with the Potter lab, Department of Pharmacology, University of Oxford and Charles Brearley, UEA,
who have developed a range of artificial SHIP2 substrates.
A manuscript of the work presented here is currently being written.

FUNDING INFORMATION

The work performed at the SGC has been funded by NIH grants 1RF1AG057443-01 and 1U54AG065187-01 and Wellcome
grant [106169/7714/7].

ADDITIONAL INFORMATION

Structure Files

PDBID Structure Details
61BD Apo structure of the phosphatase and C2 domains
6XY7 Phosphatase and C2 domains with magnesium and phosphate bound

Fragments and PDB depositions
Note: only fragments in site 3 are seen as relevant for further development.

Resolution

PDBID | Ligand Binding location Binding pocket (A)
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Materials and Methods

Cloning and expression

Expression plasmids

INPP5DA-c232 (Phosphatase and C2 domains 396-856). Vector: pFB-HGT-LIC (Baculovirus transfer vector with
N-terminal His6-GST-TEV tag. Ampicillin -resistance). The plasmid is recombined with a baculovirus genome
using the Bac-to-Bac system (Thermo), and the DNA is transfected into SF9 cells for virus generation and
propagation.

Protein sequence with tag (Tag sequence underlined; * TEV protease cleavage site)
MGHHHHHHSSMSPILGYWKIKGLVQPTRLLLEYLEEKYEEHLYERDEGDKWRNKKFELGLEFPNLPYYIDGDVKLTQSMAIIR
YIADKHNMLGGCPKERAEISMLEGAVLDIRYGVSRIAYSKDFETLKVDFLSKLPEMLKMFEDRLCHKTYLNGDHVTHPDFMLY
DALDVVLYMDPMCLDAFPKLVCFKKRIEAIPQIDKYLKSSKYIAWPLQGWQATFGGGDHPPKSSSGVDLGTENLYFQ*SME
QPEPDMITIFIGTWNMGNAPPPKKITSWFLSKGQGKTRDDSADYIPHDIYVIGTQEDPLSEKEWLEILKHSLQEITSVTFKTVAI
HTLWNIRIVVLAKPEHENRISHICTDNVKTGIANTLGNKGAVGVSFMFNGTSLGFVNSHLTSGSEKKLRRNQNYMNILRFLAL
GDKKLSPFNITHRFTHLFWFGDLNYRVDLPTWEAETIIQKIKQQQYADLLSHDQLLTERREQKVFLHFEEEEITFAPTYRFERLT
RDKYAYTKQKATGMKYNLPSWCDRVLWKSYPLVHVVCQSYGSTSDIMTSDHSPVFATFEAGVTSQFVSKNGPGTVYDSQGQ
IEFLRCYATLKTKSQTKFYLEFHSSCLESFVKSQEGENEEGSEGELVVKFGETLPKLKPIISDPEYLLDQHILISIKSSDSDESYGEGCI
ALRLEATETQLPIYTPLTHHGELTGHFQGEIKLQTSQ

Predicted mass: 81077.6
Protein sequence after tag removal:
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SMEQPEPDMITIFIGTWNMGNAPPPKKITSWFLSKGQGKTRDDSADYIPHDIYVIGTQEDPLSEKEWLEILKHSLQEITSVTFK
TVAIHTLWNIRIVVLAKPEHENRISHICTDNVKTGIANTLGNKGAVGVSFMFNGTSLGFVNSHLTSGSEKKLRRNQNYMNILR
FLALGDKKLSPFNITHRFTHLFWFGDLNYRVDLPTWEAETIIQKIKQQQYADLLSHDQLLTERREQKVFLHFEEEEITFAPTYRF
ERLTRDKYAYTKQKATGMKYNLPSWCDRVLWKSYPLVHVVCQSYGSTSDIMTSDHSPVFATFEAGVTSQFVSKNGPGTVDS
QGQIEFLRCYATLKTKSQTKFYLEFHSSCLESFVKSQEGENEEGSEGELVVKFGETLPKLKPIISDPEYLLDQHILISIKSSDSDESY
GEGCIALRLEATETQLPIYTPLTHHGELTGHFQGEIKLQTSQ

Predicted mass: 52812.9

DNA sequence (ORF):
ATGGGCCACCATCATCATCATCATTCTTCTATGTCCCCTATACTAGGTTATTGGAAAATTAAGGGCCTTGTGCAACCCACT
CGACTTCTTTTGGAATATCTTGAAGAAAAATATGAAGAGCATTTGTATGAGCGCGATGAAGGTGATAAATGGCGAAAC
AAAAAGTTTGAATTGGGTTTGGAGTTTCCCAATCTTCCTTATTATATTGATGGTGATGTTAAATTAACACAGTCTATGGC
CATCATACGTTATATAGCTGACAAGCACAACATGTTGGGTGGTTGTCCAAAAGAGCGTGCAGAGATTTCAATGCTTGAA
GGAGCGGTTTTGGATATTAGATACGGTGTTTCGAGAATTGCATATAGTAAAGACTTTGAAACTCTCAAAGTTGATTTTCT
TAGCAAGCTACCTGAAATGCTGAAAATGTTCGAAGATCGTTTATGTCATAAAACATATTTAAATGGTGATCATGTAACCC
ATCCTGACTTCATGTTGTATGACGCTCTTGATGTTGTTTTATACATGGACCCAATGTGCCTGGATGCGTTCCCAAAATTA
GTTTGTTTTAAAAAACGTATTGAAGCTATCCCACAAATTGATAAGTACTTGAAATCCAGCAAGTATATAGCATGGCCTTT
GCAGGGCTGGCAAGCCACGTTTGGTGGTGGCGACCATCCTCCAAAATCGAGCTCAGGTGTAGATCTGGGTACCGAGAA
CCTGTACTTCCAATCCATGGAGCAGCCGGAGCCCGACATGATCACCATCTTCATCGGCACCTGGAACATGGGTAACGCC
CCCCCTCCCAAGAAGATCACGTCCTGGTTTCTCTCCAAGGGGCAGGGAAAGACGCGGGACGACTCTGCGGACTACATC
CCCCATGACATTTACGTGATCGGCACCCAAGAGGACCCCCTGAGTGAGAAGGAGTGGCTGGAGATCCTCAAACACTCC
CTGCAAGAAATCACCAGTGTGACTTTTAAAACAGTCGCCATCCACACGCTCTGGAACATCCGCATCGTGGTGCTGGCCA
AGCCTGAGCACGAGAACCGGATCAGCCACATCTGTACTGACAACGTGAAGACAGGCATTGCAAACACACTGGGGAACA
AGGGAGCCGTGGGGGTGTCGTTCATGTTCAATGGAACCTCCTTAGGGTTCGTCAACAGCCACTTGACTTCAGGAAGTG
AAAAGAAACTCAGGCGAAACCAAAACTATATGAACATTCTCCGGTTCCTGGCCCTGGGCGACAAGAAGCTGAGTCCCTT
TAACATCACTCACCGCTTCACGCACCTCTTCTGGTTTGGGGATCTTAACTACCGTGTGGATCTGCCTACCTGGGAGGCAG
AAACCATCATCCAGAAAATCAAGCAGCAGCAGTACGCAGACCTCCTGTCCCACGACCAGCTGCTCACAGAGAGGAGGG
AGCAGAAGGTCTTCCTACACTTCGAGGAGGAAGAAATCACGTTTGCCCCAACCTACCGTTTTGAGAGACTGACTCGGGA
CAAATACGCCTACACCAAGCAGAAAGCGACAGGGATGAAGTACAACTTGCCTTCCTGGTGTGACCGAGTCCTCTGGAA
GTCTTATCCCCTGGTGCACGTGGTGTGTCAGTCTTATGGCAGTACCAGCGACATCATGACGAGTGACCACAGCCCTGTC
TTTGCCACATTTGAGGCAGGAGTCACTTCCCAGTTTGTCTCCAAGAACGGTCCCGGGACTGTTGACAGCCAAGGACAGA
TTGAGTTTCTCAGGTGCTATGCCACATTGAAGACCAAGTCCCAGACCAAATTCTACCTGGAGTTCCACTCGAGCTGCTTG
GAGAGTTTTGTCAAGAGTCAGGAAGGAGAAAATGAAGAAGGAAGTGAGGGGGAGCTGGTGGTGAAGTTTGGTGAGA
CTCTTCCAAAGCTGAAGCCCATTATCTCTGACCCTGAGTACCTGCTAGACCAGCACATCCTCATCAGCATCAAGTCCTCT
GACAGCGACGAATCCTATGGCGAGGGCTGCATTGCCCTTCGGTTAGAGGCCACAGAAACGCAGCTGCCCATCTACACG
CCTCTCACCCACCATGGGGAGTTGACAGGCCACTTCCAGGGGGAGATCAAGCTGCAGACCTCTCAGTGA

Note: in initial experiments, the same His6-GST-INPP5D(396-856) fusion protein was expressed in E. coli from
construct INPP5DA-c132. This protein was used to generate the first crystal structure, 61BD. This construct was
supplanted by the baculovirus construct, which gives much higher yields and purity, in all subsequent
experiments and structures (6XY7 and the fragment screen).

The protein was expressed in Sf9 cells grown in Sf-900 Il SFM. Each litre of cells at a density of 0.2x10%/ml was
infected with in 3 ml of P2 viruses and allowed to grow for approximately 68 hours at 27 °C. Cells were
harvested by centrifugation at 1500g, flash frozen in liquid nitrogen and stored at -80 °C.

Protein purification

Purifications were performed on cell pellets from an expression volume of 1 or 2 litres. Pellets were
resuspended in lysis buffer (50 mM HEPES pH 7.5, 500 mM NaCl, 20 mM imidazole, 5% glycerol, 1 mM TCEP)
to avolume of 120 ml per litre expression. EDTA-free protease inhibitors were also added. The cells were lysed
by sonication on ice with 5 seconds on, 10 seconds off for a total of 15 minutes. The lysate was mixed halfway
through. Once lysis was complete, lysate was cleared by centrifugation at 75,000g for 20 minutes.
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3 ml of nickel beads prewashed in lysis buffer were added to the supernatant, split between 50 ml falcon
tubes, which were rotated in a cold room for 1 hour. The beads were pelleted by centrifugation at 700g for 5
minutes, resuspended in 50 ml lysis buffer, pelleted, then in resuspended in 50 ml and pelleted again.

The beads were resuspended in 20 ml lysis buffer and put on a gravity column. The column was washed with
10 ml wash buffer (50 mM HEPES pH 7.5, 500 mM NaCl, 40 mM imidazole, 5% glycerol, 1 mM TCEP) and the
protein was eluted with three 10 ml washes with elution buffer (50 mM HEPES pH 7.5, 500 mM NaCl, 300 mM
imidazole, 5% glycerol, 1 mM TCEP).

TEV protease was added to the eluate at a concentration (mg/ml) of 5:1 target protein:TEV (This concentration
was required for INPP5DA-c232 and INPPL1A-c232, but not for other inositol phosphatases in the selectivity
panel. The mixture was dialysed overnight into dialysis buffer (50 mM HEPES pH 7.5, 500 mM NacCl, 5% glycerol,
1 mM TCEP) at 4 °C.

The TEV was removed by passing the sample back down the nickel column, which was washed with 10 ml lysis
buffer. The flow through and wash fractions were combined and concentrated to a volume of 1 ml. This was
passed down a Superdex 200 16/60 column in gel filtration buffer (50 mM HEPES pH 7.5, 250 mM NaCl, 5%
glycerol, 1 mM TCEP). Selected fractions were combined and concentrated.

Crystallisation
Crystallisation conditions were screened at 20 °C by sitting drop vapour diffusion using 150 nl drops with ratios

of 2:1, 1:1 and 1:2. Screens were set up around identified conditions. Apo SHIP1 crystals grew from protein at
6 mg/ml in 0.1M bis-tris pH 7.0, 14% PEG2KMME, 12% PEG3350. The crystals were cryoprotected by addition
of 1 ul reservoir to the drop. These crystals were also used for seeding. Crystals from 6 drops were resuspended
in a total of 30 pl reservoir solution and conditions were rescreened with 20 nl seeds added to 150 nl drops.
Crystals were observed in Molecular Dimensions Morpheus C1 (30 mM sodium phosphate, ammonium
sulphate, sodium nitrate, 100 mM MES/imidazole pH 6.5, 10% PEG 20,000, 20 % PEG 500 MME) after around
a week. Crystals grown in this way were used for X-ray fragment screens at Diamond Light Source using the
standard X-Chem protocol with fragment soaks at 75 mM (15% DMSO) (19). Crystals were harvested after
approximately 2.5 to 5 hours. Alternatively, they were cryoprotected by addition of 1 ul reservoir solution to
the drop with 2mM MgCl, added to obtain the magnesium and phosphate bound structure. SHIP2 crystals
were obtained in the same form as the published SHIP2 structure (50KM) (10) in 2.4 M sodium malonate, pH
7.0 mixed 9:1 with a wide range of PEG containing conditions. The crystals were cryoprotected by addition of
1 ul reservoir solution.

Data collection and processing

Data collection: For the apo structure 6IBD, data were collected at Diamond Light Source on beamline 103 to
a resolution of 1.48 A. For the magnesium and phosphate bound structure 6XY7, data were also collected on
103 to a resolution of 1.09 A.

Data processing: The data were integrated with Dials and scaled with Aimless. For the magnesium and
phosphate bound structure 6XY7, an anisotropic high-resolution limit of 1.09-1.34 A was applied using
Staraniso. Both structures were determined by molecular replacement with Phaser using the phosphatase
domains of SHIP2 (50KM, chain B) as a model. The structures were refined using Refmac to final R / Rfree Of
17.3%/20.0% and 13.6%/15.9% for 6IBD and 6XY7, respectively.

Malachite green assay

The assay was performed in a 384-well clear-bottomed, black-walled microtitre plate (Greiner Bio One, # -
781906). Additions of INPP5D enzyme dilution, test compound and INPP5D substrate phosphatidylinositol
(3,4,5)-trisphosphate (Echelon Biosciences, # - P-3908) were made to a final assay volume of 40 pL/well. The
[final] for substrate was 50 uM. The known INPP5D catalytic activity inhibitors 3AC (Calbiochem, # - 565835)
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or K118 (Echelon Biosciences, # - B-0344) were used as positive controls for inhibition at a [final] of 2 100 uM.
After 30 min incubation at room temperature, the assay was terminated and detection performed using the
Malachite Green Phosphate Assay Kit (Sigma-Aldrich, # - MAK307). Detection solution was prepared to the
required volume by combining 100 volumes of Reagent A to 1 volume of Reagent B. Detection solution was
added to test wells 10 uL/well, followed by 30 min incubation at room temperature. The signal was determined
by measuring Abs®?*°"™ using the PHERAstar FS (BMG Labtech).
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