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SUMMARY OF PROJECT  
 
We have cloned, expressed, purified and crystallised the first DH GEF domain of Kalirin (gene: KALRN) in 
complex with RAC1 (gene: RAC1) as part of a programme to explore a new way of targeting GTPases.  
Fragment screening and X-ray crystallography has identified binders within the orthosteric binding site. A 
nucleotide exchange assay has been developed and GEF activity established.  
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SCIENTIFIC BACKGROUND  
 
RAC1 is a member of the RHO subfamily of the RAS small GTPases. These are guanine nucleotide dependent 
molecular switches fundamental to numerous cell signalling pathways and cellular processes. KALRN is a 
guanine nucleotide exchange factor (GEF), a type of regulatory protein which activates RAC1 by catalysing 
the exchange of GDP for GTP (1). Within full length Kalirin(2), there are two GEF domains, DH1 and DH2, 
which target two individual members of the RHO subfamily of small GTPases, proteins RAC1 and RHOA (2). 
Kalirin is found predominantly in the brain. The most abundant isoform is Kalirin-7, a truncation of full length 
Kalirin which contains a single RAC1 DH GEF domain. It was found that through activation of RAC1, Kalirin 
mediates dendritic spine formation and actin remodelling. Changes in KALRN expression have therefore 
been linked to a number of psychiatric and neurodegenerative disorders associated with dendritic spine 
pathology (2-4). 

 
Fig. 1. Domain sequence of full length Kalirin. 
 

Disease Genetic 

association 

Postmortem 

evidence 

Molecular association Animal models 

Schizophrenia GWAS (5,6)  

 

Rare missense 

mutations (7) 

↓ mRNA (8)  

↓ kalirin-7 protein 

(9)  

↑ kalirin-9 (10) 

DISC1 (11,12)  

NRG1 /ErbB4 (13,14)  

5-HT2A (15) 

NMDAR (12) 

PSD-95 (12) 

PAK 

KALRN KO (16) 

Kal7 KO (17) 

Alzheimer’s 

disease 

-- ↓ mRNA (18) 

↓ protein (18,19) 

iNOS (20) 

PAK (21) 

EphB2 (22) 

-- 

ADHD GWAS (23)  -- Cadherins (24)  -- 

Addiction -- -- -- Kal7 KO, addiction 

in mouse model 

(25,26) 

Huntington’s 

disease 

-- -- HAP1 (27)  -- 

Parkinson’s 

disease 

  
Synphillin-1 (28) 

 

Stress -- -- -- Chronic restraint 

stress in mice (29) 

Ischemic 

stroke 

Case-control 

(30) 

-- -- Mouse model of 

ischemia (31) 

Table 1 Reproduced from Remmers et al., 2014 (2). The literature mentioned within can be found in the references. 
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Objectives of this TEP: 

- Demonstrate that Kalirin/RAC1 can be expressed, purified and crystallised as recombinant proteins 
- Identify nucleotide phosphate competitive chemical starting points for a Kalirin/RAC1 inhibitor 
- Develop an assay to assess Kalirin/RAC1 activity 

 

RESULTS – THE TEP 

 

Purified proteins 
Using E. coli as the expression host, we expressed and purified samples of the 1st DH GEF domain of KALRN 
(Kalirin (1)), the 1st DH and PH domains of KALRN (Kalirin (2)) (Fig. 1) and truncated (by 15 residues) full 
length RAC1 (RAC1). 
 

Structures 
We have obtained 12 high resolution diffraction crystal structures of Kalirin(1)/RAC1 either as a holo-GDP 
bound structure (1.64 Å resolution, PDB ID 5O33, Fig. 2) or with fragments bound (1.9-2.3 Å resolution, 
PDB IDs 5QQD, 5QQE, 5QQF, 5QQG, 5QQH, 5QQI, 5QQJ, 5QQK, 5QQL, 5QQM, 5QQN).  
 
 

 

 
Fig. 2 Structure of GDP-bound Kalirin(1)/RAC1 (Kalirin(1) green; RAC1 light blue; GDP, brown), PDB ID: 5O33  

 

Chemical Matter 
A fragment soaking campaign using the XChem fragment library on GDP-bound crystals delivered 1 hit which 
displaced GDP. Docking and subsequent soaking of related compounds found a further 10 analogues. 
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Fig. 3 Overlaid structures of fragment hits in the GDP binding site of Kalirin/RAC1 (Kalirin(1) green, RAC1 light blue, PDB 
IDs 5QQD, 5QQE, 5QQF, 5QQG, 5QQH, 5QQI, 5QQJ, 5QQK, 5QQL, 5QQM, 5QQN) 

 

PDBID Ligand Binding Location Binding Pocket Resolution (Å) 

5QQD  
Z56880342 

(Original hit) 

  

1.91 

5QQE 
 

SG000012 
(follow-up) 

  

1.95 

5QQF  
SG000013 
(follow-up) 

  

2.26 
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5QQG  
SG000055 
 (follow-up) 

  

2.23 

5QQH  
SG000059 
(follow-up) 

  

2.09 

5QQI  
SG000070 
(follow-up) 

  

2.08 

5QQJ  
SG000086 
(follow-up) 

  

1.9 

5QQK 
 

SG000089 
(follow-up) 

  

2.24 

5QQL  
SG000096 
(follow-up) 

  

2.25 
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5QQM  
SG000098 
(follow-up) 

  

2.02 

5QQN  
SG000112 
(follow-up) 

  

2.26 

Table 2 Chemical structures of the fragment hit and follow-up compounds 
 
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.  

 

Nucleotide exchange activity assay 
A nucleotide exchange assay was developed for Kalirin/RAC1 to measure the exchange rate of the GDP inside 
the pocket with GTP in solution (Fig. 4). 
 

 

Fig. 4 The nucleotide exchange assay. (1) Loading BODIPY-GDP into RAC1. (2) Fixing BODIPY-GDP into the pocket. (3) 
Nucleotide exchange reaction of bound BODIPY-GDP with GTP in solution. 

 
This procedure measures the exchange reaction rate of the guanine nucleotide bound to the GTPase RAC1 

with GTP in solution. It can be used to compare the exchange activity of RAC1 when it is either in complex 

with its GEF interacting partner Kalirin or alone. The assay makes use of a fluorescent labelled GDP analogue 

containing a boron-dipyrromethene moiety attached to position 2’ or 3’ (BODIPY-GDP, ex/em: 485/510 nm). 
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The fluorescence yield from BODIPY-GDP is enhanced when it is bound to RAC1 and decreases upon release. 

This can be used to measure the nucleotide exchange rate through changes in the fluorescence intensity. 

 

The assay has three phases: (1) nucleotide replacement, (2) BODIPY-GDP fixing, and (3) nucleotide exchange 
(Fig. 4). During the nucleotide replacement, EDTA sequesters the Mg++ ion, essential for GDP binding, and 
GDP is displaced by labelled BODIPY-GDP. When equilibrium is reached, an excess of Mg++ is added to 
complex the remaining EDTA and fix the fluorescent nucleotide inside the pocket. Lastly, GTP is added to 
trigger the dissociation of BODIPY-GDP and RAC1, decreasing the fluorescence intensity signal (Fig. 5)
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Fig. 5. The nucleotide exchange assay shows that SGC-expressed Kalirin is active as a GEF. Solid line represents initial rate 
of Kalirin (2)/RAC1. 

 
Future work 
- Develop chemical probes for Kalirin/RAC1 based on TEP fragment hits 
- Express and screen other GEF/GTPase targets 

 
Collaborations 
- A collaboration with Paul Harrison (University of Oxford) is planned to test compounds binding to 

Kalirin/Rac1 in cellular models of schizophrenia.  
- Nir London, received a grant from the Israeli Cancer Research Fund to develop RAC1 inhibitors in 

collaboration with the Oxford team (https://www.icrfonline.org/scientists/nir-london-phd/).  
 

CONCLUSION  
 
We have generated protein, an assay, crystal structures and chemical matter that has been shown to bind 
to the guanine nucleotide binding pocket of the Kalirin/RAC1 complex. 
 

TEP IMPACT 
 
Publications arising from this work: 
 

 Gray, J.L., von Delft, F. and Brennan, P.E. Targeting the Small GTPase Superfamily through their 
Regulatory Proteins. (2019) Angew. Chem. Int. Ed.  
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ADDITIONAL INFORMATION 
Structure Files 

PDB ID Structure Details Compound ID 

5O33 Structure of GDP-bound Kalirin/RAC1 GT000001f 

5QQD Kalirin/RAC1 in complex with fragment Z56880342 

5QQE Kalirin/RAC1 in complex with fragment SG000012 

5QQF Kalirin/RAC1 in complex with fragment SG000013 

5QQG Kalirin/RAC1 in complex with fragment SG000055 

5QQH Kalirin/RAC1 in complex with fragment SG000059 

5QQI Kalirin/RAC1 in complex with fragment SG000070 

5QQJ Kalirin/RAC1 in complex with fragment SG000086 

5QQK Kalirin/RAC1 in complex with fragment SG000089 

5QQL Kalirin/RAC1 in complex with fragment SG000096 

5QQM Kalirin/RAC1 in complex with fragment SG000098 

5QQN Kalirin/RAC1 in complex with fragment SG000112 

 

Materials and Methods 
 

Protein expression and purification 

Kalirin (1) 

 

Vector: pNIC28-10His 
Cell line: BL21(DE3)-R3-pRARE2 
Tags and additions: N-terminal, TEV protease cleavable decahistidine tag 
 
Final protein sequence: 
MHHHHHHHHHHSSGVDLGTENLYFQ*SMRKKEFIMAELLQTEKAYVRDLHECLETYLWEMTSGVEEIPPGILNKEHIIFGNI
QEIYDFHNNIFLKELEKYEQLPEDVGHCFVTWADKFQMYVTYCKNKPDSNQLILEHAGTFFDEIQQRHGLANSISSYLIKPVQ
RVTKYQLLLKELLTCCEEGKGELKDGLEVMLSVPKKANDAMHV 
(underlined sequence contains vector encoded His-tag and TEV protease cleavage site*) 
 
Protein Expression 
A 10 mL overnight culture grown in LB containing kanamycin (final concentration 50 μg/mL) and 
chloramphenicol (34 μg/mL) at 37 °C was used to inoculate 1 L of AIM-TB (ForMedium) with 0.01% Antifoam 
204 and antibiotics in a 2.5 L baffled flask (Ultrayield, Thomson). Cells were grown for 4 hours at 37 °C 250 rpm 
before the temperature reduced to 25 °C 250 rpm and shaken overnight. Cells were harvested by 
centrifugation at 4,000 x g for 20 minutes at 4 °C and the pellet stored at -20 °C.  
 
Cell Lysis 
Lysis Buffer: 10 mM HEPES pH 7.5, 500 mM NaCl, 5% Glycerol, 0.5 mM TCEP, 0.5 mg/mL Lysozyme, 0.1 μg/mL 
Benzonase and protease inhibitors (Calbiochem EDTA-free Protease Inhibitor Cocktail Set III) 
 
The cell pellet was resuspended in lysis buffer (20 mL per 5g of pellet), Triton X-100 to a final concentration of 
2% added and the cells frozen overnight at -80 °C. The cells were thawed in a room temperature water bath, 
imidazole added to a final concentration of 20 mM and the cell debris was removed by centrifugation for 1 
hour at 4000 x g. 
 
Column 1: His GraviTrap columns (3 x 1 mL volume of Ni-Sepharose 6 FF in a gravity-flow column) 
Wash Buffer: 10 mM HEPES pH 7.5, 500 mM NaCl, 5% Glycerol, 20 mM Imidazole, 0.5 mM TCEP  
Elution Buffer: 10 mM HEPES pH 7.5, 500 mM NaCl, 5% Glycerol, 500 mM Imidazole, 0.5 mM TCEP 
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The clarified cell extract was added to 3 x 1 mL of His GraviTrap columns pre-equilibrated with Wash buffer. 
The columns were then washed with 2 x 10 mL Wash Buffer. The protein was eluted with 2.5 mL Elution Buffer 
after applying column 1 directly onto column 2. 
 
Column 2: PD-10 desalting columns (3 x 8.3 mL volume of Sephadex G-25 resin in a gravity-flow column) 
Wash Buffer: 10 mM HEPES pH 7.5, 500 mM NaCl, 5% Glycerol, 20 mM Imidazole, 0.5 mM TCEP  
 
Following elution of the protein from the His GraviTrap column directly onto the PD-10 column, the 
HisGraviTrap column was removed and the protein eluted from the PD-10 column using 3.5 mL of Wash Buffer. 
 
Tag cleavage 
1 mg of TEV protease was added to every 10 mg of the eluted protein and the digestion was performed 
overnight at 4 °C.  
 
Column 3: His GraviTrap columns (3 x 1 mL volume of Ni-Sepharose 6 FF in a gravity-flow column) 
Wash Buffer: 10 mM HEPES pH 7.5, 500 mM NaCl, 5% Glycerol, 20 mM Imidazole, 0.5 mM TCEP  
 
The TEV cleaved protein was applied to a HisGraviTrap column pre-equilibrated in Wash Buffer to remove TEV 
protease, His-tag and uncleaved protein. The columns were then washed with 2.5 mL of Wash Buffer for a 
final pool of 6 mL. Protein fractions were combined and concentrated to ~ 30 mg/mL using a 10 kDa MWCO 
concentrator. 
 
Column 4: Yarra SEC 2000 300x21.2 mm column (300x21.2 mm column, 104 mL volume) (Gel filtration) 
GF buffer: 10 mM HEPES pH 7.5, 500 mM NaCl, 5% glycerol, 0.5 mM TCEP 
 
The protein was loaded onto the column pre-equilibrated in GF buffer, the peak corresponding to the target 
protein was taken, concentrated to 12 mg/ml and stored at -80 °C. 
 
Kalirin (2) 
 
Vector: pNIC28-Bsa4 
Cell line: BL21(DE3)-R3-pRARE2 
Tags and additions: N-terminal, TEV protease cleavable hexahistidine tag 
 
Final protein sequence: 
MHHHHHHSSGVDLGTENLYFQ*SMDREVKLRDANHEVNEEKRKSARKKEFIMAELLQTEKAYVRDLHECLETYLWEMTSG
VEEIPPGILNKEHIIFGNIQEIYDFHNNIFLKELEKYEQLPEDVGHCFVTWADKFQMYVTYCKNKPDSNQLILEHAGTFFDEIQQ
RHGLANSISSYLIKPVQRVTKYQLLLKELLTCCEEGKGELKDGLEVMLSVPKKANDAMHVSMLEGFDENLDVQGELILQDAFQ
VWDPKSLIRKGRERHLFLFEISLVFSKEIKDSSGHTKYVYKNKLLTSELGVTEHVEGDPCKFALWSGRTPSSDNKTVLKASNIETK
QEWIKNIREVIQERIIHLKGAL 
 (underlined sequence contains vector encoded His-tag and TEV protease cleavage site*) 
 
Protein Expression 
A 10 mL overnight culture grown in LB containing kanamycin (final concentration 50 μg/mL) and 
chloramphenicol (34 μg/mL) at 37 °C was used to inoculate 1 L of AIM-TB (ForMedium) with 0.01% Antifoam 
204 and antibiotics in a 2.5 L baffled flask (Ultrayield, Thomson). Cells were grown for 4 hours at 37 °C 250 rpm 
before the temperature reduced to 25 °C 250 rpm and shaken overnight. Cells were harvested by 
centrifugation at 4,000 x g for 20 minutes at 4 °C and the pellet stored at -20 °C.  
 
Cell Lysis 
Lysis Buffer: 10 mM HEPES pH 7.5, 500 mM NaCl, 5% Glycerol, 0.5 mM TCEP, 0.5 mg/ml Lysozyme, 0.1 μg/ml 
Benzonase and protease inhibitors (Calbiochem EDTA-free Protease Inhibitor Cocktail Set III) 
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Cell pellet was resuspended in lysis buffer (20 mL per 5g of pellet), Triton X-100 to a final concentration of 2% 
added and the cells frozen overnight at -80 °C. The cells were thawed in a room-temperature water bath, 
imidazole added to a final concentration of 20 mM and the cell debris was removed by centrifugation for 1 
hour at 4000 x g. 
 
Column 1: His GraviTrap columns (3 x 1 mL volume of Ni-Sepharose 6 FF in a gravity-flow column) 
Wash Buffer: 10 mM HEPES pH 7.5, 500 mM NaCl, 5% Glycerol, 20 mM Imidazole, 0.5 mM TCEP  
Elution Buffer: 10 mM HEPES pH 7.5, 500 mM NaCl, 5% Glycerol, 500 mM Imidazole, 0.5 mM TCEP 
 
The clarified cell extract was added to 3 x 1 mL of His GraviTrap columns pre-equilibrated with Wash buffer. 
The columns were then washed with 2 x 10 mL Wash Buffer. The protein was eluted with 2.5 mL Elution Buffer 
after applying column 1 directly onto column 2. 
 
Column 2: PD-10 desalting columns (3 x 8.3 mL volume of Sephadex G-25 resin in a gravity-flow column) 
Wash Buffer: 10 mM HEPES pH 7.5, 500 mM NaCl, 5% Glycerol, 20 mM Imidazole, 0.5 mM TCEP  
 
Following elution of the protein from the His GraviTrap column directly onto the PD-10 column, the 
HisGraviTrap column was removed and the protein eluted from the PD-10 column using 3.5 mL of Wash Buffer. 
 
Tag cleavage 
1 mg of TEV protease was added to every 10 mg of the eluted protein and the digestion was performed 
overnight at 4 °C.  
 
Column 3: His GraviTrap columns (3 x 1 mL volume of Ni-Sepharose 6 FF in a gravity-flow column) 
Wash Buffer: 10 mM HEPES pH 7.5, 500 mM NaCl, 5% Glycerol, 20 mM Imidazole, 0.5 mM TCEP  
 
The TEV cleaved protein was applied to a HisGraviTrap column pre-equilibrated in Wash Buffer to remove TEV 
protease, His-tag and uncleaved protein. The columns were then washed with 2.5 mL of Wash Buffer for a 
final pool of 6 mL. Protein fractions were combined and concentrated to ~ 30 mg/mL using a 30 kDa MWCO 
concentrator. 
 
Column 4: Yarra SEC 2000 300x21.2 mm column (300x21.2 mm column, 104 mL volume) (Gel filtration) 
GF buffer: 10 mM HEPES pH 7.5, 500 mM NaCl, 5% glycerol, 0.5 mM TCEP 
 
The protein was loaded onto the column pre-equilibrated in GF buffer, the peak corresponding to the target 
protein was taken, concentrated to 20 mg/ml and stored at -80 °C. 
 
RAC1 
 
Vector: pNIC-NStIIT 
Cell line: BL21(DE3)-R3-pRARE2 
Tags and additions: N-terminal, TEV protease cleavable Strep-tag II  
 
Final protein sequence 
HMSSGASWSHPQFEKGGGSGGGSGGAAWSHPQFEKGSGVDLGTENLYFQ*SMQAIKCVVVGDGAVGKTCLLISYTTNAF
PGEYIPTVFDNYSANVMVDGKPVNLGLWDTAGQEDYDRLRPLSYPQTDVFLICFSLVSPASFENVRAKWYPEVRHHCPNTPI
ILVGTKLDLRDDKDTIEKLKEKKLTPITYPQGLAMAKEIGAVKYLECSALTQRGLKTVFDEAIRAVL  
(underlined sequence contains vector encoded Strep-tag and TEV protease cleavage site*) 
 
Protein Expression 
A 10 mL overnight culture grown in LB containing kanamycin (final concentration 50 μg/mL) and 
chloramphenicol (34 μg/mL) at 37 °C was used to inoculate 1 L of AIM-TB (ForMedium) with 0.01% Antifoam 
204 and antibiotics in a 2.5 L baffled flask (Ultrayield, Thomson). Cells were grown for 4 hours at 37 °C 250 rpm 
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before the temperature reduced to 25 °C 250 rpm and shaken overnight. Cells were harvested by 
centrifugation at 4,000 x g for 20 minutes at 4 °C and the pellet stored at -20 °C.  
 
Cell Lysis 
Lysis Buffer: 10 mM HEPES pH 7.5, 500 mM NaCl, 5% Glycerol, 0.5 mM TCEP, 0.5 mg/ml Lysozyme, 0.1 μg/ml 
Benzonase and protease inhibitors (Calbiochem EDTA-free Protease Inhibitor Cocktail Set III) 
 
Cell pellet was resuspended in lysis buffer (20 mL per 5g of pellet), Triton X-100 to a final concentration of 2% 
added and the cells frozen overnight at -80 °C. The cells were thawed in a room temperature water bath and 
the cell debris was removed by centrifugation for 1 hour at 4000 x g. 
 
Column 1: Strep-Tactin columns (3 x 1 mL volume of Strep-Tactin XT resin in a gravity-flow column) 
Wash Buffer: 10 mM HEPES pH 7.5, 500 mM NaCl, 5% Glycerol, 0.5 mM TCEP  
Elution Buffer: 10 mM HEPES pH 7.5, 500 mM NaCl, 5% Glycerol, 50 mM D-Biotin, 0.5 mM TCEP 
 
The clarified cell extract was added to 3 x 1 mL of His GraviTrap columns pre-equilibrated with Wash buffer. 
The columns were then washed with 2 x 10 mL Wash Buffer. 2 mL of Elution Buffer was applied to each column. 
After 10 minutes and 20 minutes, this was repeated to result in a 6 mL pool of eluted protein.  
 
Tag cleavage 
1 mg of TEV protease was added to every 10 mg of the eluted protein and the digestion was performed 
overnight at 4 °C.  
 
Column 2: His GraviTrap columns (3 x 1 mL volume of Ni-Sepharose 6 FF in a gravity-flow column) 
Wash Buffer: 10 mM HEPES pH 7.5, 500 mM NaCl, 5% Glycerol, 20 mM Imidazole, 0.5 mM TCEP  
 
The TEV cleaved protein was applied to a HisGraviTrap column pre-equilibrated in Wash Buffer to remove TEV 
protease. The columns were then washed with 2.5 mL of Wash Buffer. Protein fractions were combined and 
concentrated to ~ 30 mg/mL using a 10 kDa MWCO concentrator. 
 
Column 3: Yarra SEC 2000 300x21.2 mm column (300x21.2 mm column, 104 mL volume) (Gel filtration) 
GF buffer: 10 mM HEPES pH 7.5, 500 mM NaCl, 5% glycerol, 0.5 mM TCEP 
 
The protein was loaded onto the column pre-equilibrated in GF buffer, the peak corresponding to the target 
protein was taken and concentrated to 15 mg/ml and stored at -80 °C. 
 
Kalirin(1)/RAC1 GDP-free complex formation 
 
GDP removal 
HPLC buffer: 100 mM Potassium phosphate pH 6.5, 10 mM Tetrabutyl phosphonium bromide, 5% methanol 
Equipment: Agilent 1200 series HPLC. Reverse-phase C-18 5 μM (250 x 4.6 mm) 
10 x Exchange Buffer: 2M ammonium phosphate, 10 μM zinc chloride 
 
Kalirin (1) and RAC1 were mixed in a 1:1 molar ratio for an hour and concentrated to 60 mg/mL (138 μL) using 
a 30 kDa MWCO concentrator. 40 μL of 10 mM β,γ-Methyleneguanosine 5’-triphosphate sodium salt (GppCp, 
Sigma) and 4 Units of Alkaline phosphatase (Roche) were added. 20 μL of the 10x exchange buffer was added 
(final concentration 1 x) and the mixture incubated at 4 °C for 3 hours (Final concentration of Kalirin(1)/RAC1 
is 1 mM). Degradation of GDP to GMP and guanosine was monitored by HPLC. Following complete degradation 
of GDP, 0.008 Units of snake venom phosphodiesterase I (Sigma) was added. The reaction was left overnight 
at 4 °C and the degradation of GppCp to GMP and guanosine monitored by HPLC. The protein was diluted to 
30 mg/mL, flash frozen in liquid nitrogen and stored at -80 °C. 
 
Column 1: Yarra SEC 2000 300x21.2 mm column (300x21.2 mm column, 104 mL volume)  
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GF buffer: 10 mM HEPES pH 7.5, 500 mM NaCl, 5% glycerol, 0.5 mM TCEP 
  
The protein was thawed and loaded onto the column pre-equilibrated in GF buffer, the peak corresponding to 
the complex taken, concentrated to 10.4 mg/mL and stored at -80 °C. 
 

Protein crystallisation 
Kalirin(1)/RAC1 was crystallised by mixing 75nL of 10.4 mg/mL protein in 10mM HEPES pH 7.5, 500mM NaCl, 

5% Glycerol 0.5 mM TCEP with 75nL of reservoir solution containing 0.1M bis-tris pH 5.5, 24% PEG3350. 

Crystals appeared overnight from sitting drop plates at 20 °C. Kalirin(1)/RAC1 crystallised in space group P65 

2 2 with unit cell dimensions of a=63 Å, b=63 Å, c=346 Å, corresponding to one Kalirin(1)/RAC1 molecule in 

the asymmetric unit. The crystals typically diffract between 1.7 and 2.3 Å. 

 

Nucleotide exchange assay 
Equipment 

PHERAstar FSX Plate reader (BMG Labtech, Germany) 
 
Consumables 

Microplate, 384 well, PS, flat bottom, small volume, non-binding, black, 784900. (Grenier Bio-One, UK) 
 
Chemicals and reagents 

MgCl2 (magnesium chloride) M8266. (Sigma-Aldrich, UK) 
GTP (guanosine 5'-triphosphate disodium salt trihydrate) JBS-NU-1012-100. (Enzo Life Sciences, UK) 

 
Buffers 
Dilution buffer (DB): 20 mM TRIS HCl pH7.5, 50 mM NaCl, 1 mM MgCl2, 0.1% BSA, 1 mM DTT 
Exchange buffer (EB): 20 mM TRIS HCl pH7.5, 50 mM NaCl, 2 mM EDTA, 0.1% BSA, 1 mM DTT, 0.75 µM 
BODIPY™ FL GDP 
 
Protein and peptide 

RAC1 c001 (RAC1), SGC: stored in aliquots at -80°C. 
Kalirin c002 (Kalirin (2)), SGC: stored in aliquots at -80°C. 

 
RAC1 was prepared in a stock solution at 50 µM in DB, Kalirin (2) was prepared in stock solution at 1.25 µM in 

DB. Three vials were prepared: 2 µL of RAC1, 2 µL of Kalirin (2) and 63.5 µL of EB were mixed into Vial A; 2 µL 

of RAC1, 2 µL of Kalirin (2) and 63.5 µL of EB were mixed into Vial B; 4 µL of DB and 63.5 µL of EB were mixed 

into Vial C. The vials were incubated at room temperature for 20 minutes, then 7.5 µL of 50 mM MgCl2 in DB 

was added to each vial and mixed. To prepare the assay plate, 15 µL of Vial A was dispensed into row A columns 

1-4, 15 µL of Vial B was dispensed into row B columns 1-4 and 15 µL of Vial C was dispensed into row C columns 

1-4. The Pherastar FSX was used to dispense 5 µL of 1.8 mM GTP in DB into each well. The plate was then 

shaken for 10 seconds and FI signal was measured every 30 seconds for 75 minutes. FI 485/520, Gain 300. FI 

data was analysed in Prism 7 (Version 7.04). The enzyme rate was calculated as the slope obtained by fitting a 

straight line in a range from 0-5 minutes, units are ΔRFU/time. 

 

References 
1. Wennerberg, K., Rossman, K. L., and Der, C. J. (2005) The Ras superfamily at a glance. J Cell Sci 118, 

843-846 
2. Remmers, C., Sweet, R. A., and Penzes, P. (2014) Abnormal kalirin signaling in neuropsychiatric 

disorders. Brain Res Bull 103, 29-38 
3. Penzes, P., and Remmers, C. (2012) Kalirin signaling: implications for synaptic pathology. Mol 

Neurobiol 45, 109-118 

mailto:teps@thesgc.org
https://www.ncbi.nlm.nih.gov/pubmed/15731001
https://www.ncbi.nlm.nih.gov/pubmed/24334022
https://www.ncbi.nlm.nih.gov/pubmed/24334022
https://www.ncbi.nlm.nih.gov/pubmed/22194219


For more information regarding any aspect of TEPs and the TEP programme, please contact teps@thesgc.org  14 

 

4. Sommer, J. E., and Budreck, E. C. (2009) Kalirin-7: linking spine plasticity and behavior. J Neurosci 29, 
5367-5369 

5. Jean, P. S. (2008) Genes associated with schizophrenia identifies using a whole genome scan. in US 
Patent Office, Smithkline Beecham Corporation, Philadelphia, PA (US), United States 

6. Ikeda, M., Aleksic, B., Kinoshita, Y., Okochi, T., Kawashima, K., Kushima, I., Ito, Y., Nakamura, Y., Kishi, 
T., Okumura, T., Fukuo, Y., Williams, H. J., Hamshere, M. L., Ivanov, D., Inada, T., Suzuki, M., 
Hashimoto, R., Ujike, H., Takeda, M., Craddock, N., Kaibuchi, K., Owen, M. J., Ozaki, N., O'Donovan, 
M. C., and Iwata, N. (2011) Genome-wide association study of schizophrenia in a Japanese 
population. Biol Psychiatry 69, 472-478 

7. Kushima, I., Nakamura, Y., Aleksic, B., Ikeda, M., Ito, Y., Shiino, T., Okochi, T., Fukuo, Y., Ujike, H., 
Suzuki, M., Inada, T., Hashimoto, R., Takeda, M., Kaibuchi, K., Iwata, N., and Ozaki, N. (2012) 
Resequencing and association analysis of the KALRN and EPHB1 genes and their contribution to 
schizophrenia susceptibility. Schizophr Bull 38, 552-560 

8. Hill, J. J., Hashimoto, T., and Lewis, D. A. (2006) Molecular mechanisms contributing to dendritic 
spine alterations in the prefrontal cortex of subjects with schizophrenia. Mol Psychiatry 11, 557-566 

9. Rubio, M. D., Haroutunian, V., and Meador-Woodruff, J. H. (2012) Abnormalities of the Duo/Ras-
related C3 botulinum toxin substrate 1/p21-activated kinase 1 pathway drive myosin light chain 
phosphorylation in frontal cortex in schizophrenia. Biol Psychiatry 71, 906-914 

10. Deo, A. J., Cahill, M. E., Li, S., Goldszer, I., Henteleff, R., Vanleeuwen, J. E., Rafalovich, I., Gao, R., 
Stachowski, E. K., Sampson, A. R., Lewis, D. A., Penzes, P., and Sweet, R. A. (2012) Increased 
expression of Kalirin-9 in the auditory cortex of schizophrenia subjects: its role in dendritic 
pathology. Neurobiol Dis 45, 796-803 

11. Millar, J. K., Christie, S., and Porteous, D. J. (2003) Yeast two-hybrid screens implicate DISC1 in brain 
development and function. Biochem Biophys Res Commun 311, 1019-1025 

12. Hayashi-Takagi, A., Takaki, M., Graziane, N., Seshadri, S., Murdoch, H., Dunlop, A. J., Makino, Y., 
Seshadri, A. J., Ishizuka, K., Srivastava, D. P., Xie, Z., Baraban, J. M., Houslay, M. D., Tomoda, T., 
Brandon, N. J., Kamiya, A., Yan, Z., Penzes, P., and Sawa, A. (2010) Disrupted-in-Schizophrenia 1 
(DISC1) regulates spines of the glutamate synapse via Rac1. Nat Neurosci 13, 327-332 

13. Cahill, M. E., Jones, K. A., Rafalovich, I., Xie, Z., Barros, C. S., Muller, U., and Penzes, P. (2012) Control 
of interneuron dendritic growth through NRG1/erbB4-mediated kalirin-7 disinhibition. Mol 
Psychiatry 17, 1, 99-107 

14. Cahill, M. E., Remmers, C., Jones, K. A., Xie, Z., Sweet, R. A., and Penzes, P. (2013) Neuregulin1 
signaling promotes dendritic spine growth through kalirin. J Neurochem 126, 625-635 

15. Jones, K. A., Srivastava, D. P., Allen, J. A., Strachan, R. T., Roth, B. L., and Penzes, P. (2009) Rapid 
modulation of spine morphology by the 5-HT2A serotonin receptor through kalirin-7 signaling. Proc 
Natl Acad Sci U S A 106, 19575-19580 

16. Cahill, M. E., Xie, Z., Day, M., Photowala, H., Barbolina, M. V., Miller, C. A., Weiss, C., Radulovic, J., 
Sweatt, J. D., Disterhoft, J. F., Surmeier, D. J., and Penzes, P. (2009) Kalirin regulates cortical spine 
morphogenesis and disease-related behavioral phenotypes. Proc Natl Acad Sci U S A 106, 13058-
13063 

17. Ma, X. M., Kiraly, D. D., Gaier, E. D., Wang, Y., Kim, E. J., Levine, E. S., Eipper, B. A., and Mains, R. E. 
(2008) Kalirin-7 is required for synaptic structure and function. J Neurosci 28, 12368-12382 

18. Youn, H., Jeoung, M., Koo, Y., Ji, H., Markesbery, W. R., Ji, I., and Ji, T. H. (2007) Kalirin is under-
expressed in Alzheimer's disease hippocampus. J Alzheimers Dis 11, 385-397 

19. Murray, P. S., Kirkwood, C. M., Gray, M. C., Ikonomovic, M. D., Paljug, W. R., Abrahamson, E. E., 
Henteleff, R. A., Hamilton, R. L., Kofler, J. K., Klunk, W. E., Lopez, O. L., Penzes, P., and Sweet, R. A. 
(2012) beta-Amyloid 42/40 ratio and kalirin expression in Alzheimer disease with psychosis. 
Neurobiol Aging 33, 2807-2816 

20. Ratovitski, E. A., Alam, M. R., Quick, R. A., McMillan, A., Bao, C., Kozlovsky, C., Hand, T. A., Johnson, 
R. C., Mains, R. E., Eipper, B. A., and Lowenstein, C. J. (1999) Kalirin inhibition of inducible nitric-oxide 
synthase. J Biol Chem 274, 993-999 

21. Zhao, L., Ma, Q. L., Calon, F., Harris-White, M. E., Yang, F., Lim, G. P., Morihara, T., Ubeda, O. J., 
Ambegaokar, S., Hansen, J. E., Weisbart, R. H., Teter, B., Frautschy, S. A., and Cole, G. M. (2006) Role 

mailto:teps@thesgc.org
https://www.ncbi.nlm.nih.gov/pubmed/19403804
https://www.ncbi.nlm.nih.gov/pubmed/20832056
https://www.ncbi.nlm.nih.gov/pubmed/20832056
https://www.ncbi.nlm.nih.gov/pubmed/21041834
https://www.ncbi.nlm.nih.gov/pubmed/21041834
https://www.ncbi.nlm.nih.gov/pubmed/16402129
https://www.ncbi.nlm.nih.gov/pubmed/16402129
https://www.ncbi.nlm.nih.gov/pubmed/22458949
https://www.ncbi.nlm.nih.gov/pubmed/22458949
https://www.ncbi.nlm.nih.gov/pubmed/22458949
https://www.ncbi.nlm.nih.gov/pubmed/22120753
https://www.ncbi.nlm.nih.gov/pubmed/22120753
https://www.ncbi.nlm.nih.gov/pubmed/22120753
https://www.ncbi.nlm.nih.gov/pubmed/14623284/
https://www.ncbi.nlm.nih.gov/pubmed/14623284/
https://www.ncbi.nlm.nih.gov/pubmed/20139976
https://www.ncbi.nlm.nih.gov/pubmed/20139976
https://www.ncbi.nlm.nih.gov/pubmed/21483438
https://www.ncbi.nlm.nih.gov/pubmed/21483438
https://www.ncbi.nlm.nih.gov/pubmed/23742124
https://www.ncbi.nlm.nih.gov/pubmed/23742124
https://www.ncbi.nlm.nih.gov/pubmed/19889983
https://www.ncbi.nlm.nih.gov/pubmed/19889983
https://www.ncbi.nlm.nih.gov/pubmed/19625617
https://www.ncbi.nlm.nih.gov/pubmed/19625617
https://www.ncbi.nlm.nih.gov/pubmed/19020030
https://www.ncbi.nlm.nih.gov/pubmed/17851188
https://www.ncbi.nlm.nih.gov/pubmed/17851188
https://www.ncbi.nlm.nih.gov/pubmed/22429885
https://www.ncbi.nlm.nih.gov/pubmed/9873042
https://www.ncbi.nlm.nih.gov/pubmed/9873042
https://www.ncbi.nlm.nih.gov/pubmed/16415866


For more information regarding any aspect of TEPs and the TEP programme, please contact teps@thesgc.org  15 

 

of p21-activated kinase pathway defects in the cognitive deficits of Alzheimer disease. Nat Neurosci 
9, 234-242 

22. Penzes, P., Beeser, A., Chernoff, J., Schiller, M. R., Eipper, B. A., Mains, R. E., and Huganir, R. L. (2003) 
Rapid induction of dendritic spine morphogenesis by trans-synaptic ephrinB-EphB receptor 
activation of the Rho-GEF kalirin. Neuron 37, 263-274 

23. Lesch, K. P., Timmesfeld, N., Renner, T. J., Halperin, R., Roser, C., Nguyen, T. T., Craig, D. W., 
Romanos, J., Heine, M., Meyer, J., Freitag, C., Warnke, A., Romanos, M., Schafer, H., Walitza, S., Reif, 
A., Stephan, D. A., and Jacob, C. (2008) Molecular genetics of adult ADHD: converging evidence from 
genome-wide association and extended pedigree linkage studies. J Neural Transm (Vienna) 115, 
1573-1585 

24. Xie, Z., Photowala, H., Cahill, M. E., Srivastava, D. P., Woolfrey, K. M., Shum, C. Y., Huganir, R. L., and 
Penzes, P. (2008) Coordination of synaptic adhesion with dendritic spine remodeling by AF-6 and 
kalirin-7. J Neurosci 28, 6079-6091 

25. Mains, R. E., Kiraly, D. D., Eipper-Mains, J. E., Ma, X. M., and Eipper, B. A. (2011) Kalrn promoter 
usage and isoform expression respond to chronic cocaine exposure. BMC Neurosci 12, 20 

26. Kiraly, D. D., Ma, X. M., Mazzone, C. M., Xin, X., Mains, R. E., and Eipper, B. A. (2010) Behavioral and 
morphological responses to cocaine require kalirin7. Biol Psychiatry 68, 249-255 

27. Colomer, V., Engelender, S., Sharp, A. H., Duan, K., Cooper, J. K., Lanahan, A., Lyford, G., Worley, P., 
and Ross, C. A. (1997) Huntingtin-associated protein 1 (HAP1) binds to a Trio-like polypeptide, with a 
rac1 guanine nucleotide exchange factor domain. Hum Mol Genet 6, 1519-1525 

28. Tsai, Y. C., Riess, O., Soehn, A. S., and Nguyen, H. P. (2012) The Guanine nucleotide exchange factor 
kalirin-7 is a novel synphilin-1 interacting protein and modifies synphilin-1 aggregate transport and 
formation. PLoS One 7, e51999 

29. Li, W., Li, Q. J., and An, S. C. (2010) Preventive effect of estrogen on depression-like behavior induced 
by chronic restraint stress. Neurosci Bull 26, 140-146 

30. Krug, T., Manso, H., Gouveia, L., Sobral, J., Xavier, J. M., Albergaria, I., Gaspar, G., Correia, M., Viana-
Baptista, M., Simoes, R. M., Pinto, A. N., Taipa, R., Ferreira, C., Fontes, J. R., Silva, M. R., Gabriel, J. P., 
Matos, I., Lopes, G., Ferro, J. M., Vicente, A. M., and Oliveira, S. A. (2010) Kalirin: a novel genetic risk 
factor for ischemic stroke. Hum Genet 127, 513-523 

31. Beresewicz, M., Kowalczyk, J. E., and Zablocka, B. (2008) Kalirin-7, a protein enriched in postsynaptic 
density, is involved in ischemic signal transduction. Neurochem Res 33, 1789-1794 

We respectfully request that this document is cited using the DOI value as given above if the content is used in 

your work.  

mailto:teps@thesgc.org
https://www.ncbi.nlm.nih.gov/pubmed/16415866
https://www.ncbi.nlm.nih.gov/pubmed/12546821
https://www.ncbi.nlm.nih.gov/pubmed/12546821
https://www.ncbi.nlm.nih.gov/pubmed/18839057
https://www.ncbi.nlm.nih.gov/pubmed/18839057
https://www.ncbi.nlm.nih.gov/pubmed/18550750
https://www.ncbi.nlm.nih.gov/pubmed/18550750
https://www.ncbi.nlm.nih.gov/pubmed/21329509
https://www.ncbi.nlm.nih.gov/pubmed/21329509
https://www.ncbi.nlm.nih.gov/pubmed/20452575
https://www.ncbi.nlm.nih.gov/pubmed/20452575
https://www.ncbi.nlm.nih.gov/pubmed/9285789
https://www.ncbi.nlm.nih.gov/pubmed/9285789
https://www.ncbi.nlm.nih.gov/pubmed/23284848
https://www.ncbi.nlm.nih.gov/pubmed/23284848
https://www.ncbi.nlm.nih.gov/pubmed/23284848
https://www.ncbi.nlm.nih.gov/pubmed/20332819
https://www.ncbi.nlm.nih.gov/pubmed/20332819
https://www.ncbi.nlm.nih.gov/pubmed/20107840
https://www.ncbi.nlm.nih.gov/pubmed/20107840
https://www.ncbi.nlm.nih.gov/pubmed/18338255
https://www.ncbi.nlm.nih.gov/pubmed/18338255

