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Abstract
Focal	adhesion	kinase	(FAK)	regulates	gastrointestinal	epithelial	restitution	and	heal-
ing.	ZINC40099027	(Zn27)	activates	cellular	FAK	and	promotes	intestinal	epithelial	
wound	closure	 in	vitro	and	 in	mice.	However,	whether	Zn27	activates	FAK	directly	
or	indirectly	remains	unknown.	We	evaluated	Zn27	potential	modulation	of	the	key	
phosphatases,	PTP-	PEST,	PTP1B,	and	SHP2,	that	 inactivate	FAK,	and	performed	in	
vitro	kinase	assays	with	purified	FAK	to	assess	direct	Zn27-	FAK	interaction.	In	human	
Caco-	2	cells,	Zn27-	stimulated	FAK-	Tyr-	397	phosphorylation	despite	PTP-	PEST	inhibi-
tion	and	did	not	affect	PTP1B-	FAK	interaction	or	SHP2	activity.	Conversely,	in	vitro	
kinase	 assays	 demonstrated	 that	 Zn27	 directly	 activates	 both	 full-	length	 125	 kDa	
FAK	 and	 its	 35	 kDa	 kinase	 domain.	 The	ATP-	competitive	 FAK	 inhibitor	 PF573228	
reduced	basal	and	ZN27-	stimulated	FAK	phosphorylation	 in	Caco-	2	cells,	but	Zn27	
increased	 FAK	 phosphorylation	 even	 in	 cells	 treated	 with	 PF573228.	 Increasing	
PF573228	 concentrations	 completely	 prevented	 activation	 of	 35	 kDa	FAK	 in	 vitro	
by	a	normally	effective	Zn27	concentration.	Conversely,	increasing	Zn27	concentra-
tions	dose-	dependently	activated	kinase	activity	and	overcame	PF573228	inhibition	
of	FAK,	suggesting	the	direct	interactions	of	Zn27	with	FAK	may	be	competitive.	Zn27	
increased	the	maximal	activity	(Vmax)	of	FAK.	The	apparent	Km of the substrate also 
increased	under	 laboratory	 conditions	 less	 relevant	 to	 intracellular	ATP	concentra-
tions.	These	results	suggest	that	Zn27	is	highly	potent	and	enhances	FAK	activity	via	
allosteric	interaction	with	the	FAK	kinase	domain	to	increase	the	Vmax	of	FAK	for	ATP.	
Understanding	Zn27	enhancement	of	FAK	activity	will	be	important	to	redesign	and	
develop a clinical drug that can promote mucosal wound healing.
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1  |  INTRODUC TION

Mucosal	 healing	 is	 an	 important	 treatment	 goal	 for	 a	 wide	 range	
of	 gastrointestinal	 disorders	 including	 peptic	 ulcers,	 inflammatory	
bowel	 disease,	 and	 injury	 from	 nonsteroidal	 anti-	inflammatory	
drugs.1 Whether the mucosa heals depends upon the balance be-
tween ongoing injury and mucosal repair mechanisms.2 Therapy is 
generally	 directed	 at	 reducing	 or	 blocking	 the	 injurious	 stimulus.	
Depending	upon	the	disease,	such	treatment	may	include	blocking	
acid	secretion,	eradicating	Helicobacter pylori	(H. pylori),	or	reducing	
inflammation with general immunosuppressive agents or antibodies 
that	target	specific	inflammatory	cytokines.	Although	a	broad	range	
of	 treatment	 strategies	 focus	 on	 ameliorating	 ongoing	 injury,	 no	
therapeutic agents are available to directly stimulate mucosal heal-
ing itself.

Mucosal	wound	healing	is	a	complex	process,	but	epithelial	sheet	
migration across the mucosal defect is critical to healing.3,4	Epithelial	
cell	migration	plays	a	crucial	role	in	several	metabolic	pathways,5 and 
is regulated by a web of intracellular signals6 as well as interaction 
with	other	cell	types,7,8 and luminal nutrients.9,10 During cell adhe-
sion	and	migration,	assembly,	and	disassembly	of	matrix	cell	adhe-
sion	sites	take	place.11

FAK	 is	 a	 125	 kDa	multidomain	 protein	 ubiquitously	 expressed	
as	 a	 nonreceptor	 cytoplasmic	 protein	 tyrosine	 kinase.12	 FAK	 lo-
calized	at	focal	adhesions	is	a	key	mediator	of	integrin	and	growth	
factor-	mediated	signaling.13	FAK	influences	cell	adhesion,	migration,	
and	 proliferation	 by	 mediating	 the	 cell's	 responses	 to	 adhesion-	
dependent	signaling	or	lack	thereof14 and the response to physical 
forces	 like	 repetitive	 deformation.15– 17	 Although	 FAK	 is	 critical	 to	
epithelial	sheet	migration,	 its	activity	is	decreased	in	migrating	gut	
epithelial cells at the edge of defects in vitro18	and	in	vivo,19	making	
it an attractive target for therapy to remediate this defect and thus 
promote mucosal healing.

Previously,	we	 serendipitously	 identified	 two	 novel	 small	mol-
ecules	 that	 may	 mimic	 the	 four-	point-	one,	 ezrin,	 radixin,	 moesin	
(FERM)	domain	of	FAK	in	intestinal	epithelial	cancer	cell	lines	at	con-
centrations	 as	 low	 as	 10	nM.20 We have previously reported that 
Zn27	activates	FAK	and	stimulates	intestinal	epithelial	migration	in	
vitro	and	mucosal	healing	in	vivo.	Although	we	did	not	do	a	full	dose–	
response	range	study	in	our	previous	report,	Zn27	effectively	stimu-
lated	FAK	phosphorylation	in	human	Caco-	2	intestinal	epithelial	cells	
by	approximately	18%	at	concentrations	as	low	as	10	nM,	whereas	a	
greater	36%	effect	was	observed	at	1000	nM.	Similarly,	the	closure	
of	wounds	in	Caco-	2	monolayers	was	accelerated	by	20%	at	10	nM	
and	63%	at	100	µM	of	Zn27.	In	vivo,	we	studied	only	a	single	dose	
level	of	900	µg/kg,	administered	every	6	h	intraperitoneally.	After	
a	single	administration,	this	dose	led	to	peak	levels	of	22.25	at	1	h	
and	trough	levels	of	4	nM	by	6	h.	Repeated	dosing	over	3	days	al-
lowed some accumulation such that we observed a final trough level 
of	4.6	nM,	 just	 below	 the	 lowest	 level	 at	which	we	had	observed	
in vitro efficacy. This dosing range produced substantial effects in 
vivo.	Mucosal	healing	of	circumscribed	small	intestinal	ischemic	ul-
cers	was	accelerated	approximately	3.5-	fold	by	Zn27	versus	healing	

rates	 in	 vehicle-	treated	 control	mice.	 In	 a	 separate	 indomethacin-	
induced	model	of	multiple	small	bowel	ulceration,	total	small	bowel	
ulcer	 area	 in	 mice	 receiving	 Zn27	 was	 approximately	 half	 that	 in	
vehicle-	treated	control	mice,	whereas	increased	phosphor-	FAK	im-
munoreactivity was observed in the mucosa adjacent to these ul-
cers.	Pyk2	is	the	kinase	closest	to	FAK	in	structure,	whereas	Src	is	a	
second	prototypical	nonreceptor	tyrosine	kinase	in	the	focal	adhe-
sion	complex.	Neither	was	activated	by	Zn27	in	Caco-	2	cells	even	at	
a	concentration	of	1000	nM,	100-	fold	higher	than	the	concentration	
required	to	activate	FAK,	suggesting	the	potential	specificity	of	this	
molecule	for	FAK	activation.21

It,	therefore,	became	important	to	understand	how	treating	cells	
or	mice	with	 this	molecule	 results	 in	 increased	FAK	activity.	Since	
Zn27	treatment	increases	FAK	phosphorylation	at	Tyr-	397,	which	is	
generally	held	to	be	a	FAK	autophosphorylation	site,21,22 it seemed 
less	likely	that	the	molecule	activates	FAK	by	activating	some	other	
kinase	 that	 would	 then	 secondarily	 activate	 FAK.	 Competing	 hy-
potheses,	 therefore,	 included	 the	 possibility	 that	 Zn27	 interferes	
with	one	of	the	tyrosine	phosphatases	that	inactivates	FAK	or	that	
Zn27	activates	FAK	directly.	We	now,	 therefore,	 sought	 to	distin-
guish among these possibilities and determine the mechanism by 
which	Zn27	activates	FAK	to	promote	wound	closure.

2  |  MATERIAL S AND METHODS

2.1  |  Chemicals and reagents

Dulbecco's	modified	Eagle's	medium	and	Trypsin	EDTA	were	 from	
Thermo	Fisher.	The	following	primary	antibodies	were	used	for	im-
munoprecipitation	 or	 western	 blot	 analysis:	 FAK-	Tyr-	397	 (1:1000,	
ab81298;	Abcam;	total	FAK	(1:2000,	Anti-	FAK,	clone	4.47,	05-	537;	
1:	EMD	Millipore);	GST	26H1	(1:1000,	mouse	mAb,	2624);	His-	Tag	
27E8	(1:1000,	Mouse	mAb,	2366);	and	Anti-	PTP1B	(1:	1000,	5311S)	
were	 from	 Cell	 Signaling.	 Mouse	 IgG	 (1:200,	 SC-	2025)	 was	 from	
Santa	 Cruz	 Biotechnology,	 Inc.	 Protein	 G	 plus/protein	 A	 agarose	
suspension	beads	IP05-	1.5	ml	were	from	Merck,	Millipore.

Significance statement

Focal	 adhesion	 kinase	 is	 an	 attractive	 target	 to	 promote	
gastrointestinal	 mucosal	 healing.	 Zn27	 activates	 FAK	 to	
heal	murine	 intestinal	 ulcers,	 but	 its	mechanism	 remains	
unclear.	 This	 study	 demonstrates	 that	 Zn27	 is	 a	 potent,	
selective,	and	direct	activator	of	 the	FAK	kinase	domain.	
Zn27	allosterically	interacts	directly	with	FAK	to	increase	
its Vmax.	Understanding	the	characteristics	and	mechanism	
of	this	prototypical	enhancer	of	FAK	activity	will	facilitate	
the design of clinically useful therapeutics to promote mu-
cosal wound healing.
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The	 infrared	 fluorescence	 dye	 (IRDye)	 detection	 method	 was	
used to visualize the immunoblots. IRDye conjugated secondary 
antibodies	were	rabbit	 IRDye	680/800	 (P/N	925-	68073/P/N	925-	
32213)	 and	 mouse	 IRDye	 680/800	 (P/N	 925-	68072/P/N	 925-	
32212).	Secondary	antibodies	anti-	rabbit	680/800	and	anti-	mouse	
680/800	were	from	LI-	COR.	Secondary	antibody	IgG	(Mouse	mono-
clonal	[SB62a]	Anti-	Rabbit	IgG	light	chain	(HRP),	1:10000,	ab99697,	
Abcam).	 The	 homogeneous	 full-	length	 SHP-	2	 activity	 assay	 kit	
(79330)	was	from	BPS	Bioscience.

2.2  |  Activators and inhibitors

ZINC40099027	 (Zn27;	 Z410149492),	 and	 ZINC40099021	 (Zn21;	
Z410148286)	were	supplied	by	Enamine	(Monmouth	Jct.).	For	studies	
of	 tyrosine	phosphatase	activity,	PTP-	PEST	was	 inhibited	using	PTP	
LYP	inhibitor	 (540217;	Calbiochem-	Millipore	Sigma).	The	FAK	inhibi-
tor	PF573228	was	from	Selleck	Chemicals.	The	stocks	for	drugs	were	
prepared	in	100%	DMSO	solution,	then	diluted	into	a	culture	medium	
for	cell-	based	experiments	and	into	distilled	water	for	in	vitro	kinase	
studies.	Final	DMSO	concentration	 in	 cell-	based	 studies	did	not	ex-
ceed	0.05%	and	did	not	exceed	0.005%	for	the	in	vitro	kinase	assays.

2.3  |  Cell culture

Caco-	2	cells	were	obtained	from	the	ATCC	and	cultured	as	previously	
described.23	As	the	signal	cascade	examined	herein	occurs	in	suspended	
cells	before	adhesion,	80%–	90%	confluent	Caco-	2	 cells	were	 seeded	
into	cell	culture	dishes	precoated	with	1%	heat-	inactivated	bovine	serum	
albumin	(BSA,	Sigma-	Aldrich,	Merck)	to	prevent	adhesion	as	previously	
described.24	Caco-	2	cells	were	pretreated	with	50	µM	PTP	LYP	inhibitor	
or	10	nM	Zn27	and	incubated	for	1	h	at	37°C	and	8%	CO2.	For	studies	to	
evaluate	the	effect	of	FAK	inhibition	on	the	effects	of	Zn27,	Caco-	2	cells	
were	seeded	in	BSA-	coated	plates	and	incubated	with	10	µM	PF573228	
in	the	presence	or	absence	of	10	nM	Zn27	for	1	h.

2.4  |  Western blotting

Cell	 lysates	were	 prepared	 using	 lysis	 buffer	 (50	mM	Tris,	 150	mM	
NaCl,	 1	 mM	 EDTA,	 1	 mM	 EGTA,	 1%	 TritonX100,	 1%	 deoxycholic	
acid,	0.1%	SDS,	10%	glycerol,	 and	protease	and	phosphatase	 inhibi-
tors).	The	concentration	of	protein	in	the	lysate	was	estimated	using	
the	bicinchoninic	acid	 (BCA)	assay	 technique	 (Pierce).	For	cell-	based	
studies,	 sample	 preparation	 was	 done	 in	 6X	 Laemmli	 buffer	 (Alfa	
Aesar,	J61337-	AD,	Thermo	Fisher	Scientific).	The	samples	were	then	
resolved	 by	 10%	 SDS-	PAGE,	 transferred	 onto	 nitrocellulose	 mem-
branes,	 blocked	with	Odyssey	TBS	Blocking	Buffer	 (Amersham	Life	
Science),	and	incubated	at	4˚C	overnight	with	primary	antibodies	for	
FAK-	Tyr-	397	or	FAK.	Secondary	antibodies	were	used	at	1:10,000	dilu-
tion	and	incubated	at	room	temperature	for	1	h.	Membranes	were	vis-
ualized	by	the	IRdye	fluorescent	system	using	an	Odyssey	Fc	Imaging	

System	 (LI-	COR	 Biosciences).	 Images	 were	 captured	 and	 analyzed	
using	LI-	COR	software	Image	Studio	Lite	v.5.x	(LI-	COR	Biosciences).

Separate Western blots were performed to determine the effect 
of	10	nM	Zn27	on	purified	125	kDa	and	35	kDa	FAK.	Sample	prepa-
ration	 for	 this	 in	vitro	kinase	assay	was	carried	out	 in	20	µl	of	 re-
action volume.25	The	reaction	mixtures	contained	300	µM	ATP,	2X	
Kinase	reaction	buffer	C	(2X	KRBC)	(1	mM	DTT,	2.5	mM	MnCl2,	5X	
kinase	reaction	buffer	A),	1	µl	DMSO	or	Zn27,	and	100	ng	of	125kda	
or	35kda	FAK	(Signal	Chem).	The	reaction	mixtures	were	incubated	
for 30 min at room temperature before Western blot analysis. 
Membranes	were	probed	with	primary	antibodies	for	FAK-	Tyr-	397,	
GST,	and	His-	Tag.	The	secondary	antibodies	were	used	at	1:10,000	
and incubated at room temperature for 1 h. The membranes were 
visualized as described above.

2.5  |  Co- immunoprecipitation studies

Suspended	Caco-	2	cells	were	treated	with	vehicle	control	DMSO	and/
or	10	nM	Zn27	in	dishes	precoated	with	1%	heat-	inactivated	BSA	at	
37°C	in	8%	CO2.	After	a	1	h	incubation,	cells	were	lysed	in	a	nondena-
turing	lysis	buffer	(Pierce	IP	Lysis	Buffer,	Cat.	No.	87788,	Thermo	Fisher	
Scientific	Inc)	and	a	1–	2	mg	of	protein	was	used	for	each	immunopre-
cipitation.	For	immunoprecipitation	of	FAK,	the	total	protein	was	incu-
bated	with	mouse	anti-	FAK	antibody,	at	4°C	overnight.	Normal	mouse	
IgG	was	used	as	a	control	antibody	 for	 the	co-	immunoprecipitation.	
Protein	G	plus/protein	A	agarose	suspension	beads	were	added	to	the	
lysate	containing	anti-	FAK	and	incubated	for	an	extra	2	h	at	4°C.	Then,	
the	beads	were	washed,	and	protein	was	eluted	in	6X	Laemmli	buffer	
(Alfa	Aesar,	J61337-	AD,	Thermo	Fisher	Scientific).	The	eluted	protein	
samples	were	resolved	by	10%	SDS-	PAGE,	transferred	to	a	nitrocel-
lulose	membrane,	and	immunoblotted	with	the	anti-	FAK	antibody	for	
IP.	The	immunoprecipitated	blots	were	then	probed	with	anti-	PTP1B	
to	 assess	 co-	precipitating	PTP1B	associated	with	FAK.	The	 second-
ary	antibody	anti-	mouse	800	was	used	for	detection	of	FAK	and	the	
detection	of	PTP1B,	anti-	secondary	Ab	mouse	monoclonal	secondary	
antibody	to	Rabbit	 IgG	 light	chain	 (HRP)	was	used.	The	total	 lysates	
loaded	on	gel	and	western	blotted	served	as	input	control	for	the	Co-	
IP.	The	images	were	acquired	by	LICOR	imaging	for	FAK,	whereas	the	
chemiluminescence	detection	system	and	Biorad	gel	doc	were	used	for	
PTP1B.	Densitometric	quantitation	was	performed	with	LICOR	imag-
ing	(LI-	COR	Biosciences).

2.6  |  Phosphatase (SHP2) activity assay

The	SHP-	2	activity	assay	is	a	two-	step	protocol	using	the	homoge-
neous	full-	length	SHP-	2	assay	kit	 (79330)	from	BPS	Bioscience.	 In	
the	first	step,	SHP2	is	activated	 in	the	presence	of	peptide.	 In	the	
second	step,	the	fluorogenic	substrate	DiFMuP	is	added	to	release	
DiFMu	 fluorophore.	 The	 assay	 was	 performed	 in	 a	 total	 reaction	
volume	of	25	µl	at	room	temperature	for	30	min	in	a	96	well,	black,	
low-	binding	 microtiter	 plate	 (Corning,	 3631).	 The	 25	 µl	 reaction	
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mixture	 consisted	 of	 5X	 assay	 buffer,	 SHP2	 activating	 peptide	
(5	µM),	DTT	(5	mM),	SHP2	enzyme	(0.2	ng/μl),	10	nM	Zn27.	SHP2	
activation	was	monitored	using	SHP2	substrate	(DiFMUP)	25	µl	per	
well.	Fluorescence	intensity	was	measured	using	a	microplate	reader	
(Biotek)	using	Ex/Em =360	±	20/460	±	20	nm	reader.

2.7  |  In vitro kinase assay

Highly	 purified	 recombinant	 full-	length	 125	 kDa	 (1–	1157aa)	 and	
35	kDa	(393–	698aa)	human	FAK	expressed	with	baculovirus	in	Sf9	
insect	cells	using	an	N-	terminal	GST	tag	(No.	P91-	10G)	for	125	kDa	an	
N-	terminal	His	tag	(P91-	11H)	for	35	kDa	were	obtained	from	Signal	
Chem.	The	FAK	Kinase	Enzyme	System	(V9301,	Promega)	was	used	
for	 in	 vitro	 kinase	 enzymatic	 assay.	 The	 effect	 of	 Zn27	 (Enamine,	
Monmouth	Jct.)	on	FAK	activity	was	measured	using	a	luminescent	
assay.	Luminescence	was	measured	using	a	Tecan	Spark	plate	reader	
(Tecan	Spark®,	Tecan	Trading	AG).	Concentration-	dependent	stud-
ies	were	performed	using	0	to	100	nM	Zn27.	Iterative	nonlinear	re-
gression	 analysis	was	 used	 to	 calculate	 the	 EC50 concentration of 
Zn27	that	generated	half-	maximal	amounts	of	FAK	activity.26

2.8  |  Competition studies of Zn27 in presence of a 
FAK inhibitor

The	FAK	inhibitor	PF573228	(0–	1000	μM)	was	tested	for	its	interac-
tions	with	the	effect	of	Zn27	on	the	activity	of	the	35	kDa	FAK	kinase	
domain.	The	reaction	mixture	(25	μl/well)	included	5	μl	ATP	(30	µM),	
2X	KRBC	(5X	kinase	reaction	buffer	A,	1	mM	DTT,	2.5	mM	MnCl2),	
FAK	(12.5	ng/µl),	and	Zn27	(0–	100	nM).	Zn21	(10	nM)	was	used	as	a	
negative	control.	After	a	30-	min	incubation,	5	µl	of	10	mM	polypeptide	
substrate	(4:1	Glu;	Tyr)	was	added	to	each	well	for	60	min.	ADP-	Glo	
(25	µl)	was	then	added	to	each	well	to	deplete	ATP,	leaving	only	ADP	
and	very	low	background	of	ATP,	and	thus	stopping	the	reaction.	After	
40	min	further	incubation,	50	µl	of	kinase	detection	reagent	was	added	
to	each	well	to	convert	the	new	ADP	back	to	ATP,	and	luciferase	and	
luciferin	were	introduced	for	detection	of	ATP	followed	by	a	30-	min	
incubation	at	25°C.	Luminescence	 intensity	was	measured	using	the	
Tecan	Spark	plate	reader	(Tecan	Spark®,	Tecan	Trading	AG).	The	en-
zyme activity was calculated by first subtracting the signal obtained 
from	the	negative	control	(no	enzyme	and	no	drug).	The	kinase	activity	
signal without drug was used as a positive control and the effects of 
increasing	concentrations	of	Zn27	were	assessed	as	fold	change	over	
the	kinase	activity	signal	without	Zn27.

2.9  |  Michaelis– Menten saturation kinetics assay

Saturation	kinetic	studies	were	performed	using	the	in	vitro	kinase	
assay	with	increasing	concentrations	of	ATP	(0–	300	µM),	with	and	
without	FAK,	 in	 the	presence	or	 absence	of	10	nM	Zn27	at	 room	
temperature	for	30	min.	Total	luminescence	(FAK	+Zn27	or	control)	

and	nonspecific	luminescence	(no	FAK	+Zn27	or	control)	were	meas-
ured	at	each	ATP	concentration.	Specific	 luminescence	was	calcu-
lated as the difference between total luminescence and nonspecific 
luminescence.10	From	the	plotted	saturation	hyperbola,	maximal	ve-
locity	of	FAK	enzymatic	activity	(Vmax)	and	equilibrium	dissociation	
constant	 (Km)	 of	ATP	 for	 the	 kinase	was	 calculated	using	 iterative	
nonlinear regression analysis.26

2.10  |  Statistical analysis

All	statistical	analyses	were	performed	using	GraphPad	Prism	soft-
ware	 version	 9).	 All	 the	 results	were	 expressed	 as	mean	 ±	 stand-
ard	error.	In	all	experiments,	q	test	was	applied	to	remove	outliers.	
Statistical	analysis	was	performed	using	t-	test	for	normally	distrib-
uted	data,	seeking	95%	confidence.	For	comparing	more	than	two	
sets	of	data,	ordinary	one-	way	ANOVA	was	performed	using	post 
hoc	Tukey's	multiple	comparison	test	for	PTPLYP	inhibitor	study	and	
post hoc	Sidak's	multiple	comparisons	test27	for	studies	of	PF573228	
with	or	without	Zn27.	All	iterative	nonlinear	regression	analysis	was	
performed	using	GraphPad	Prism	software	(version	9).	A	p-	value	of	
less than .05 was considered statistically significant. n	 equals	 the	
number	of	individual	experiments.

For	complex	experiments	with	 small	experimental	effect	 sizes,	
we performed initial sample calculations to determine the number 
of	studies	to	be	performed.	This	was	done	by	G*	Power	3.28 In some 
instances,	we	first	did	6–	8	experiments	to	help	estimate	the	initial	
information	 required	 for	 the	 sample	 size	 calculation,	 including	 the	
mean value to be observed under baseline control conditions and 
the	expected	standard	deviation	of	our	experimental	results.

The competition displacement study analyzing the effects of 
the	FAK	inhibitor	PF573228	on	the	effects	of	Zn27	was	performed	
for	varying	concentrations	of	Zn27	(0.01,	0.1,	1,	10,	100	nM)	in	the	
presence	or	absence	of	PF573228	(10	nM).	A	multiple	nonparamet-
ric	 Mann–	Whitney	 t-	test	 was	 performed	 to	 show	 that	 values	 for	
Zn27	and	Zn27+PF573228	were	statistically	different	at	each	con-
centration	of	Zn27.	A	curve	fitting	nonlinear	regression	analysis	for	
variable slope was performed to assess the competitive property 
of	Zn27	 in	 the	presence	or	absence	of	PF573228	for	each	experi-
ment.	The	function	used	to	calculate	the	EC50 was “log dose versus 
response-	variable	slope	(four	parameters).”	The	Hill	slope	equation	
is	 based	 on	 the	 following	 equation:	Y	 =	 Bottom	 +	 (Top−Bottom)/
(1	+	10((LogEC50-	X)	×	Hill	Slope)).	The	EC50‘s	calculated	for	each	experiment	
for	Zn27	alone	were	then	statistically	compared	with	the	EC50‘s cal-
culated	for	Zn27	in	the	presence	of	PF573228	by	an	unpaired	t-	test,	
seeking	95%	confidence.

2.11  |  Nomenclature of targets and ligands

Key	 protein	 targets	 and	 ligands	 in	 this	 article	 are	 hyperlinked	
to corresponding entries in http://www.guide topha rmaco logy.
org,	 the	 common	portal	 for	 data	 from	 the	 IUPHAR/BPS	Guide	 to	

http://www.guidetopharmacology.org
http://www.guidetopharmacology.org
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PHARMACOLOGY,29 and are permanently archived in the Concise 
Guide	to	PHARMACOLOGY	2019/20	(Alexander	et	al.,	2019).

3  |  RESULTS

3.1  |  Zn27 does not modulate FAK by regulating 
the tyrosine phosphatases that are known to 
inactivate FAK

The	 cytosolic	 phosphatases	 SHP2	 (SRC	 Homology	 2	 domain-	
containing	 phosphatase	 2;	 30),	 PTP-	PEST	 (Protein	 tyrosine	 phos-
phatase	 enriched	with	 proline,	 glutamic/aspartic	 acid,	 and	 serine/
threonine	 residues,31, as well32	 as	 the	 membrane-	bound	 phos-
phatase	PTP1B	(Protein	tyrosine	phosphatase	1B;	33)	are	all	known	
to	 dephosphorylate	 FAK	 at	 Tyr-	397.	We	 evaluated	 the	 possibility	
that	 Zn27	 might	 interact	 with	 one	 of	 these	 three	 tyrosine	 phos-
phatases	to	 indirectly	cause	FAK	activation.	We	first	assessed	the	
ability	 of	 PTP-	PEST	 inhibition	 to	 block	 induction	 of	 FAK-	Tyr-	397	
autophosphorylation	by	Zn27.	We	treated	human	Caco-	2	intestinal	
epithelial	cells	with	50	µM	of	the	PTP-	PEST	inhibitor,	PTP	LYP	in	the	
absence	or	presence	of	10	nM	Zn27.	The	concentration	of	PTP	LYP	
inhibitor	used	far	exceeded	its	 IC50	of	1.5	µM,

34	essentially	block-
ing	PTP-	PEST	phosphatase	activity.	The	concentration	of	Zn27	used	

was	 based	 on	 our	 previous	 study	which	 demonstrated	 that	 Zn27	
treatment	 resulted	 in	 increased	 FAK-	Tyr-	397	 phosphorylation	 and	
epithelial	wound	healing	both	in	vitro	and	in	vivo	at	approximately	
this concentration.21	Although	PTP-	PEST	inhibition	dramatically	en-
hanced	FAK	phosphorylation,	Zn27	stimulated	FAK	phosphorylation	
similarly	in	either	the	absence	or	presence	of	PTP	LYP	(15.4	±	6%	vs.	
15	±	20%,	respectively,	Figure	1A	and	B,	n	=	25,	p	<	.05).

We	next	 investigated	whether	Zn27	modulates	FAK-	PTP1B	in-
teraction.	 Treatment	with	 Zn27	 did	 not	 change	 FAK-	PTP1B	 inter-
action,	 making	 it	 unlikely	 that	 Zn27	 activates	 FAK	 by	modulating	
PTP1B	(Figure	1C	and	D).	Finally,	we	measured	the	activity	of	SHP2	
in	 the	absence	or	presence	of	100	nM	Zn27	and	 found	no	differ-
ences in the amount of dephosphorylated fluorogenic substrate with 
Zn27	than	without	 it	 (Figure	1E).	Taken	together,	these	results	did	
not	suggest	that	Zn27	activates	FAK	by	inhibiting	one	of	these	key	
tyrosine phosphatases.

3.2  |  Zn27 is a potent activator of FAK

Since,	 it	seemed	 less	 likely	 that	Zn27	modulates	FAK	 indirectly	by	
affecting	tyrosine	dephosphorylation,	we	next	investigated	the	pos-
sibility	that	Zn27	directly	activates	FAK.	We	studied	both	purified	
N-	terminal	GST-	tagged	full-	length	FAK	(125	kDa)	and	the	N-	terminal	

F I G U R E  1 Studies	of	potential	interactions	between	Zn27	and	the	tyrosine	phosphatases	that	inactivate	FAK.	(A)	Zn27	(10	nM)	
stimulated	FAK-	Tyr-	397	phosphorylation	as	measured	by	Western	blot	in	Caco-	2	cells	without	or	with	PTP	LYP	inhibitor	(50	μM)	(n	=	25,	
*p	<	.05).	(B)	Densitometric	analysis	of	the	blots	described	in	(A)	Because	PTP	LYP	inhibition	dramatically	accentuated	FAK	phosphorylation,	
a	Y-	axis	break	has	been	placed	to	be	able	to	visually	represent	the	effects	of	Zn27	on	FAK	phosphorylation	in	both	the	absence	and	presence	
of	PTP	LYP	inhibitor	on	the	same	graph.	(C)	Lack	of	effect	of	10	nM	Zn27	on	FAK-	PTP1B	association	in	suspended	Caco-	2	cells.	Cell	lysates	
were	immunoprecipitated	with	anti-	FAK	and	then	blotted	for	either	co-	precipitating	PTP1B	(top	panel)	or	FAK	itself	(bottom	panel).	Input	
is	shown	in	the	first	two	lanes	and	the	immunoprecipitant	in	the	third	and	fourth	lanes.	(D)	Densitometric	analysis	of	eight	similar	studies	to	
the	one	shown	in	C	demonstrates	that	treating	with	Zn27	(10	nM)	does	not	affect	the	amount	of	PTP1B	co-	precipitating	with	FAK	(n	=	8)	(E)	
Lack	of	effect	of	Zn27	(100	nM)	on	SHP2	activity	(n	=	2).	All	data	are	represented	as	mean	±	SE,	*p < .05
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His-	tagged	FAK	kinase	domain	(35	kDa),	each	synthesized	from	bac-
ulovirus	(Figure	2C).	Using	a	cell-	free	system,	the	purified	form	for	
full-	length	FAK	(125	kDa)	and	FAK	kinase	domain	(35	kDa)	was	in-
cubated	for	30	min	in	the	presence	of	ATP	without	and	with	10	nM	
Zn27,	 resolved	 by	 SDS-	PAGE,	 and	 then	 blotted	 with	 an	 antibody	
that	recognizes	the	Tyr-	397	phosphorylated	form	of	FAK.	Zn27	sig-
nificantly	stimulated	FAK-	Tyr-	397	autophosphorylation	of	both	the	
full-	length	FAK	(125	kDa)	(1.12	±	0.02,	n	=	9,	p	<	.05)	and	the	kinase	
(35	kDa)	domain	of	FAK	(1.22	±	0.1,	n	=	8,	p	<	.05)	outside	cells	and	in	
the	absence	of	other	signaling	molecules	(Figure	2D).

Because	these	results	suggested	that	Zn27	 interacts	with	FAK	
directly,	we	 next	 evaluated	 the	 effects	 of	 Zn27	on	 the	 kinase	 ac-
tivity	of	full-	length	FAK	and	its	kinase	domain.	Using	a	luminescent	
ADP	detection	system,	we	observed	a	significantly	increased	kinase	
activity	 for	 both	 full-	length	 FAK	 (1.25	 ±	 0.07,	n	 =	 4,	p	 <	 .05)	 and	
its	kinase	domain	(1.14	±	0.05,	n	=	4,	p	<	 .05)	compared	to	control	
(Figure	2E	and	F).	However,	we	observed	no	increase	in	kinase	ac-
tivity	when	10	nM	Zn21,	a	structural	isomer	of	Zn27,	was	combined	

with	 the	 FAK	 kinase	 domain	 in	 this	 same	 system,	 suggesting	 the	
selectivity	of	the	observation	(Figure	2F).	Finally,	to	determine	the	
optimal	activating	concentration	of	Zn27	in	vitro,	we	used	this	same	
luminescent	ADP	detection	system	with	the	purified	FAK	kinase	do-
main	over	a	range	of	Zn27	concentrations.	Zn27	dose-	dependently	
stimulated	 kinase	 activity	with	 a	 calculated	 EC50	 of	 0.3	 ±	 1.7	 nM	
(n	=	9).	These	results	suggest	that	Zn27	is	a	direct	and	highly	potent	
activator	of	 FAK	 (Figure	2G).	Analysis	 of	 dose–	response	data	was	
performed using nonlinear regression which allows for a variable 
slope.	The	slope	for	Zn27	dose–	response	curve	for	the	FAK	kinase	
domain	was	shallow	with	a	Hill	coefficient	of	0.53	±	0.18.

3.3  |  Zn27 competes with the inhibitor PF573228 
to activate FAK

The	 kinase	 inhibitor	 PF573228	 competitively	 interacts	 at	
the	 ATP-	binding	 pocket	 of	 FAK	 to	 prevent	 FAK-	Tyr-	397	

F I G U R E  2 Zn27	directly	stimulates	
the	activity	of	FAK.	The	chemical	
structures	(A)	ZINC40099021	(Zn21)	
and	(B)	ZINC40099027	(Zn27)	drawn	
using	PubChem	Sketcher	(https://pubch	
em.ncbi.nlm.nih.gov//edit3/	index.html).84 
(C)	A	schematic	diagram	represents	
the	different	domains	of	FAK.	(D)	Zn27	
(10	nM)	directly	stimulates	the	Tyr-	
397 autophosphorylation of full length 
(125	kDa)	(Figure	represents	pooled	data	
from	9	experiments	with	4	replicates	
in	each	experiment,	n	=	9,	*p	<	.05)	and	
35	kDa	FAK	(Figure	represents	pooled	
data	from	8	experiments	with	4	replicates	
in	each	experiment,	n	=	8,	*p	<	.05).	(E)	
Zn27	stimulates	the	conversion	of	ATP	
to	ADP	by	highly	purified	full-	length	
125	kDa	human	FAK	in	an	in	vitro	kinase	
assay	(Figure	represents	pooled	data	
from	3	experiments	with	5	replicates	in	
each	experiment,	n	=	3,	*p	<	.05)	(F)	Zn27	
binding	stimulates	the	conversion	of	ATP	
to	ADP	by	the	35	kDa	FAK	kinase	domain	
in	an	in	vitro	kinase	assay	compared	to	
negative	control	Zn21	(Figure	represents	
pooled	data	from	2	experiments	with	
4	replicates	in	each	experiment,	n	=	2,	
*p	<	.05).	(G)	Dose–	response	curve	of	
Zn27	as	an	agonist	of	the	35	kDa	kinase	
domain	of	FAK.	(Figure	represents	pooled	
data	from	9	experiments	with	3	replicates	
in	each	experiment,	n	=	9,	*p	<	.05)

https://pubchem.ncbi.nlm.nih.gov//edit3/index.html
https://pubchem.ncbi.nlm.nih.gov//edit3/index.html
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auto-	phosphorylation.35	We	used	PF573228	 as	 a	 pharmacological	
tool	to	further	substantiate	the	direct	interaction	of	Zn27	with	FAK.	
We	explored	the	effects	of	combining	Zn27	and	PF573228	on	FAK	
activity	 in	 intact	Caco-	2	cells.	When	Caco-	2	cells	were	 stimulated	
with	10	nM	Zn27	for	an	hour,	Western	blots	with	anti-	Tyr-	397-	FAK	
antibody demonstrated a significant increase in the phosphoryla-
tion	(active)	state	of	FAK	(1.22	±	0.07	fold	over	basal,	n	=	8,	p	<	.05).	
However,	when	Caco-	2	 cells	were	 incubated	with	both	PF573228	
and	Zn27,	Zn27	was	still	able	to	stimulate	FAK	phosphorylation	even	
in	the	presence	of	PF573228	to	148.7	±	3.35%	of	FAK	phosphoryla-
tion	in	the	presence	of	the	inhibitor	alone.	(n	=	8,	p	<	.05,	Figure	3A).	
These	results	further	clarify	the	direct	effect	Zn27	has	on	FAK	activ-
ity and the competitive nature of this interaction.

We	 further	 explored	 the	 interaction	 of	 Zn27	 and	 PF573228	
in	 the	purified	 in	 vitro	 kinase	 system.	Using	 the	 cell-	free	 lumines-
cent	ADP	detection	system	to	measure	35	kDa	FAK	kinase	domain	
activity,	we	 studied	 increasing	 amounts	 of	 PF573228	 in	 the	 pres-
ence	 or	 absence	 of	 10	 nM	 Zn27	 to	 calculate	 effective	 inhibitory	

concentrations.	 PF573228	was	 able	 to	 completely	 inhibit	 FAK	 ac-
tivity	in	a	concentration-	dependent	manner	in	both	the	absence	and	
presence	of	Zn27	(Figure	3B).	The	IC50	for	PF573228	to	inhibit	FAK	
activity	was	essentially	the	same,	calculated	to	be	8.4	±	0.04	nM	and	
9.0	±	0.03	nM,	with	and	without	Zn27,	respectfully.

To	 assess	 the	 potential	 competitive	 properties	 of	 Zn27,	 we	
again	used	the	cell-	free	luminescent	ADP	detection	system	to	mea-
sure	 35	 kDa	 FAK	 activity	with	 increasing	 concentrations	 of	 Zn27	
in the absence or presence of a single effective concentration of 
PF573228	(Figure	3C).	We	observed	a	statistically	significant	differ-
ence	for	the	kinase	activity	at	each	Zn27	concentration	 (0.01,	0.1,	
1,	10,	100	nM)	in	the	presence	or	absence	of	PF573228	(Figure	3C,	
n	=	21,	*p	<	.05,	representing	statistical	difference	in	kinase	activity	
between	Zn27	alone	and	Zn27+PF573228	at	each	Zn27	concentra-
tion).	The	concentration–	response	curve	for	Zn27	alone	suggested	
a	concentration-	dependent	increase	in	kinase	activity	with	an	EC50 
of	0.28	±	0.07	nM.	However,	 in	the	presence	of	10	nM	PF573228	
the	 concentration–	response	 curve	 was	 right-	shifted.	 Indeed,	 we	

F I G U R E  3 Competition	displacement	study	(A)	The	effect	of	PF573228	(10	μM)	on	Zn27	(10	nM)	induced	phosphorylation	of	FAK-	
Tyr-	397	in	suspended	Caco-	2	cells	(p	<	.05,	n	=	8,	*	Zn27	significant	vs.	DMSO	p	<	.05;	*	Zn27+PF573228	(10,	100,	1000	nM)	significant	vs.	
DMSO,	p	<	.05;	#	Zn27+PF573228	significant	vs.	Zn27	p	<	.05).	(B)	Dose-	dependent	inhibition	of	Zn27	(10	nM)	activation	of	35	kDa	FAK	
kinase	domain	by	PF573228	(IC50	8.4	±	0.04	nM).	(Figure	represents	pooled	data	from	9	experiments	with	4	replicates	in	each	experiment,	
n	=	9,	*p	<	.05).	(C)	Concentration-	dependent	activation	of	35	kDa	kinase	domain	of	FAK	by	Zn27	in	the	absence	or	presence	of	PF573228	
(10	nM).	*’s	represents	comparison	of	luminescence	at	varying	concentrations	of	Zn27	in	the	absence	or	presence	of	10	nM	PF573228.	
Increasing	concentration	of	Zn27	causes	a	rightward	shift	of	the	concentration–	response	curve.	Figure	represents	pooled	data	from	21	
experiments	with	3	replicates	in	each	experiment,	n	=	21,	*p	<	.05.	(D)	EC50	for	Zn27	in	absence	and	presence	of	10	nM	PF573228	(n	=	21,	
*p	<	.05)
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calculated	a	statistically	significant	eight-	fold	increase	in	the	EC50 in 
the	presence	of	10	nM	PF573228	to	2.2	±	0.9	nM	(Figure	3D,	n	=	21,	
p	<	 .05).	Together,	these	results	suggest	a	competitive	property	of	
Zn27	for	stimulating	FAK	activity	in	a	cell-	free	system.

3.4  |  Characterization of Zn27- FAK 
activation kinetics

Since	Zn27	directly	interacts	with	the	purified	kinase	domain	of	FAK	
to	potently	increase	activity,	we	investigated	the	characteristics	of	
this	 interaction	using	a	 saturation	enzyme	kinetics	assay	 to	calcu-
late	 any	 changes	 in	Michaelis–	Menten	 kinetic	 parameters	 caused	
by	Zn27.	The	luminescent	ADP	detection	system	was	used	with	in-
creasing	concentrations	of	ATP	(0–	300	µM)	and	12.5	ng	or	357	nM	
of	 purified	 FAK	 kinase	 domain	 in	 the	 absence	 and	 presence	 of	
10	nM	Zn27	to	generate	total	and	nonspecific	plots	(Figure	4A	and	
B).	Specific	activity	was	calculated	by	subtracting	nonspecific	from	
the total activity for each data point. Specific activity was then best 
fitted	to	the	Michaelis–	Menten	equation	using	nonlinear	regression	
analysis to calculate the apparent Km and Vmax. There were important 
and	significant	differences	calculated	for	specific	saturation	kinetics	
parameters	 in	 the	presence	of	Zn27	when	 compared	with	 control	
(Figure	4C).	For	instance,	the	maximum	FAK	kinase	velocity	(Vmax)	in	
the	presence	of	Zn27	was	significantly	greater	(273	±	27	µmol/min/
ng,	n	=	5,	p	<	 .05)	when	compared	with	that	calculated	for	control	
(208	±	27	µmol/min/ng	kinase,	Figure	4D).	Additionally,	the	appar-
ent Km	of	ATP	for	FAK	calculated	in	the	presence	of	Zn27	was	sig-
nificantly	higher	(12.6	±	1.0	µM,	n	=	5,	p	<	.05)	when	compared	with	

the apparent Km	of	ATP	for	FAK	calculated	control	 (6.4	±	1.2	µM,	
Figure	4E).

4  |  DISCUSSION

In	 this	 study,	we	 characterize	 the	 pharmacological	 properties	 and	
molecular	mechanism	of	a	small	molecule	specific	activator	of	FAK,	
Zn27.	FAK	has	been	well	studied	as	a	regulator	of	growth	signaling,	
cell	proliferation,	adhesion,	and	epithelial	sheet	migration	and	mu-
cosal healing.6,19,24,36–	38 This study was prompted by the observa-
tion	that	Zn27	promotes	mucosal	wound	healing	by	activating	FAK	
via	phosphorylation	of	Tyr-	397	and	that	Zn27	does	not	activate	ei-
ther	the	most	closely	related	kinase,	Pyk2,	or	another	paradigmatic	
nonreceptor	tyrosine	kinase,	Src.21	This	study	shows	that	Zn27	does	
not	modulate	 FAK	 indirectly	 by	modulating	 tyrosine	 phosphatase	
activity	but	rather	interacts	directly	with	the	kinase	domain	of	FAK	
itself.	 Furthermore,	 because	 Zn27	 in	 a	 concentration-	dependent	
manner	surmounted	the	effect	of	the	ATP-	competitive	inhibitor	for	
FAK,	PF573228,	Zn27	may	act	as	an	allosteric	FAK	activator	to	over-
come	the	inhibitor's	influence	on	the	kinase.

Zn27	was	 originally	 chosen	 because	 of	 its	 structural	 similarity	
to	residues	113–	117	(Leu-	Ala-	His-	Pro-	Pro)	of	the	FERM	domain	of	
FAK.20	Zn27	follows	“Lipinski's	rule	of	five”	with	a	molecular	weight	
of	449.5,	a	single	hydrogen	bond	donor,	four	hydrogen	bond	accep-
tors,	five	rotational	hydrogens,	and	a	partition	coefficient	of	3.726.39 
This	 makes	 Zn27	 a	 useful	 jumping-	off	 point	 for	 drug	 discovery.	
Having	noted	 that	Zn27	activates	FAK	 in	 suspended	colon	cancer	
cells,20	we	extended	this	work	to	demonstrate	activation	of	FAK	in	

F I G U R E  4 Saturation-	binding	assay	for	ATP	in	the	presence	or	absence	of	FAK	for	Zn27	(10	nM).	The	saturation	curve	representing	the	
total	binding,	specific	binding,	and	nonspecific-	binding	activity	of	FAK	with	increasing	concentrations	(0–	300	μM)	of	ATP	(A)	DMSO	(B)	
Zn27	(10	nM).	(Figure	represents	pooled	data	from	6	experiments	with	3	replicates	in	each	experiment,	n	=	6,	*p	<	.05)	(C)	Specific	binding	
for	ATP	was	determined	in	the	presence	or	absence	of	Zn27	(10	nM).	Specific	binding	=	Total-	(Nonspecific)	(Figure	represents	pooled	data	
from	6	experiments	with	3	replicates	in	each	experiment,	n	=	6,	*p	<	.05)	(D	and	E)	Effect	of	Zn27	(10	nM)	on	Vmax	(D)	and	Km	(E).	The	figure	
represents	pooled	data	from	six	experiments	with	three	replicates	in	each	experiment,	n	=	6,	*p < .05
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human	Caco-	2	epithelial	cells,21 which are a common model for in-
testinal	biology,15,37,40 as well as in the intestinal mucosa at the edge 
of healing wounds in mice.21	Zn27	seems	selective	to	FAK	as	it	does	
not	activate	the	tyrosine	kinase	most	closely	related	to	FAK	(Pyk-	2)	
or	another	prototypical	nonreceptor	tyrosine	kinase	also	located	in	
the	focal	adhesion	complex	(c-	Src).21

If	Zn27	activates	FAK	in	cells,	it	remains	to	be	established	how	
this	 happens.	 FAK	 activation	 begins	with	 its	 autophosphorylation	
at tyrosine 397.41	 Protein	 phosphorylation	 represents	 a	 balance	
between	 kinases	 and	 phosphatases.42	 Indeed,	 phosphatases	 that	
dephosphorylate	FAK	promote	cell	migration	and	adhesion.43,44	 It,	
therefore,	 seemed	an	attractive	hypothesis	 that	Zn27	might	 inter-
act	with	one	of	 the	classical	 tyrosine-	specific	nonreceptor	protein	
phosphatases	 (SHP2,	PTP1B,	PTP-	PEST)	that	have	been	 identified	
as	key	players	in	modulating	both	FAK	activity45–	47 and cell migra-
tion.48	Although	PTP-	PEST	modulates	FAK-	Tyr-	397	dephosphoryla-
tion,44	FAK	activity,46,49	and	cell	migration,50,51	PTP-	PEST	inhibition,	
accentuated	basal	FAK	phosphorylation,	but	did	not	prevent	Zn27	
further	stimulation	of	FAK	Tyr-	397.	Similarly,	although	the	tyrosine	
phosphatase	PTP1B	also	dephosphorylates	FAK,52 we did not ob-
serve	any	 change	 in	PTP1B/FAK	activity	with	Zn27.	Finally,	 SHP2	
is	the	third	of	the	key	phosphatases	known	to	dephosphorylate	and	
inactivate	FAK	and	promote	cell	migration.47,53	However,	Zn27	did	
not	alter	SHP2	activity.	These	results	were	thus	not	consistent	with	
the	hypothesis	that	Zn27	activates	FAK	by	inhibiting	relevant	tyro-
sine phosphatases.

We,	 therefore,	 turned	 our	 attention	 to	 the	 possibility	 that	
Zn27	 interacts	 directly	with	FAK.	Zn27	 in	 our	 current	 study	 ac-
tivated	 FAK	 both	within	 intact	 cells	 and	 in	 vitro	 in	 the	 absence	
of	 other	 cell	 signaling	proteins.	 The	 calculated	EC50	 for	Zn27,	 in	
cell-	free	system	was	0.3	±	1.7	nM.	That	is,	Zn27	at	0.3	±	1.7	nM	
yielded	half	 the	maximal	effect.	EC50	 is	commonly	considered	a	
measure	of	potency,	and	an	EC50	 in	the	nanomolar	range	would	
thus be considered potentially potent.54	 Although	 the	 effect	 of	
this	molecule	on	FAK	activation	itself	might	seem	relatively	mod-
est,	 FAK	 sits	 atop	 an	 increasingly	 amplifying	 signal	 cascade,	 so	
downstream	signals	might	be	more	vigorous.	In	a	previous	study,	
we	demonstrated	that	intraperitoneal	injection	of	Zn27	at	900ug/
kg	resulted	 in	peak	 levels	of	approximately	22.25	nM	at	1	h	and	
trough	levels	of	approximately	4.6	nM	by	6	h.	Four	days	after	the	
creation of an ischemic mucosal jejunal ulcer and 3 days after the 
commencement	of	treatment	1	day	later,	we	observed	the	trough	
levels	 fell	 slightly	 below	 the	 threshold	 that	 seemed	 required	 for	
in	 vitro	 efficacy.	Despite	 this,	we	observed	 increased	 activation	
of	FAK	in	the	epithelium	at	the	edge	of	mucosal	ulcers	and	found	
that	 healing	 was	 accelerated	 approximately	 fourfold	 compared	
that	observed	in	ulcers	in	vehicle-	treated	control	mice.21 In a pa-
tient	with	a	bleeding	GI	ulcer,	 for	 instance,	 such	an	acceleration	
might	well	make	the	difference	between	successful	conservative	
treatment	and	 the	need	 for	 surgery.	 In	 the	 future,	modifications	
of	the	molecule	itself	to	make	it	more	potent	or	modifications	of	
the dosing or drug delivery schedule might further increase the in 
vivo effect.

The	 Hill	 coefficient	 or	 interaction	 coefficient	 is	 an	 important	
measure for dose– response related to cooperativity for multiple 
binding site.55	A	Hill	coefficient	greater	than	1	suggests	positive	co-
operativity	with	steep	slopes	whereas	a	Hill	coefficient	less	than	1	
suggests	negative	cooperativity	by	shallow	slopes,56 meaning that 
binding	of	one	ligand	to	the	receptor	makes	it	much	more	difficult	
for	 subsequent	 ligand	 to	bind.57	Hence,	 the	 shallow	 slope	we	ob-
served	here	 suggests	 that	 if	one	Zn27	molecule	binds	 to	 the	FAK	
kinase	domain	then	binding	of	another	Zn27	to	the	domain	is	more	
difficult.	However,	previous	studies	have	studied	drugs	with	shallow	
slopes.56,58–	60

Such	apparent	negative	cooperativity	could	be	explained	 in	at	
least	 two	ways.	Either	more	 than	one	Zn27	molecule	can	bind	 to	
the	FAK	kinase	domain,	further	activating	it	or	there	is	dimerization	
of	the	FAK	kinase	domain	such	that	Zn27	could	bind	to	each	unit	
of	a	FAK	dimer.	Although	full-	length	FAK	does	dimerize	and	indeed	
this	may	be	important	for	its	further	activation,	such	dimerization	
seems	to	occur	by	FERM:	FERM,	FAT:	FERM,	and	FAT:	FAT	domain	
interactions,	whereas	FAK	kinase	domain	dimerization	has	not	been	
reported.61,62	This,	therefore,	raises	the	possibility	that	Zn27	may	
effectively	bind	to	more	than	one	site	on	the	FAK	kinase	domain,	
and that this multiple binding evidence negative cooperativity. The 
activation	of	full-	length	FAK	in	situ	 is	considerably	more	complex	
than	activation	of	the	kinase	domain	alone,	involving	unmasking	of	
the	kinase	domain	by	the	N-	terminal	FERM	domain,63 further mod-
ulation	dependent	on	the	dimerization	of	full-	length	FAK,61,62 and 
interaction	with	other	kinases	such	as	Src	64 and other molecules.65 
Thus,	 it	 remains	to	be	explored	whether	the	negative	cooperativ-
ity	we	 observed	 here	with	 the	 purified	 kinase	 domain	 is	 import-
ant	 in	 intact	cells.	 Indeed,	despite	the	negative	cooperativity	that	
Zn27	appears	to	exhibit	with	the	purified	kinase	domain	in	solution,	
Zn27	appears	effective	both	in	cells	and	in	mice.21	Future	studies	
may	 further	 explore	 structure–	activity	 relationships	 for	 this	mol-
ecule and attempt to modify its cooperativity for receptor– ligand 
interaction.

Our	 further	 analysis	 demonstrated	 that	 Zn27	 interacts	 selec-
tively	with	the	35	kD	FAK	kinase	domain.	FAK	includes	a	FERM	do-
main	(1–	420aa),	a	kinase	domain	(421–	680aa),	and	a	C	terminal	focal	
adhesion	targeting	(FAT)	domain	(840–	1052aa;	66;	Figure	2A).	The	
FAT	domain	targets	focal	adhesion	sites,	whereas	the	FERM	domain	
is	an	autoinhibitory	site	for	the	kinase	domain,	regulating	FAK	cata-
lytic activity.67	Tyr-	397	is	a	key	autophosphorylation	site	for	FAK	ac-
tivity 68	and	the	release	of	the	FERM	domain	from	the	kinase	domain	
leads	 to	 FAK	 autophosphorylation,	 increasing	 kinase	 activity.69–	71 
Since	Zn27	was	originally	designed	for	similarities	 in	conformation	
to	a	 small	 critical	 subdomain	of	 the	FERM	domain,20	 it,	 therefore,	
seems	attractive	to	further	hypothesize	that	Zn27	somehow	com-
petes	with	the	FERM	domain	for	binding	to	the	kinase	domain,	pre-
venting	full	blockade	of	the	kinase	domain	by	the	FERM	domain	and	
thereby	facilitating	FAK	activation.	However,	this	possibility	awaits	
further study.

PF573228	 is	 an	 ATP-	competitive	 inhibitor	 of	 FAK,	 inhibit-
ing	 Tyr-	397	 phosphorylation	with	 an	 IC50	 of	 4	 nM	 in	 a	 cell-	free	
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assay.35,72,73	As	both	PF573228	and	Zn27	are	acting	to	modulate	
FAK-	Tyr-	397	phosphorylation,	we	used	competition	studies	with	
PF573228	to	investigate	the	properties	of	Zn27.	Our	studies	using	
increasing	concentrations	of	Zn27	in	the	presence	of	an	effective	
PF573228	 concentration	 showed	 the	 classical	 properties	 of	 or-
thosteric ligands competitively interacting with each other. The 
shift	of	curve	to	right	 in	presence	of	antagonist	 is	an	example	of	
functional antagonism with a similar target of drug74	action	(,75	For	
varying	concentrations	of	agonist,	the	basal	activity	is	decreased	
for a specific concentration of antagonist.75	 In	 our	 study,	 the	
basal	activity	for	Zn27	was	completely	antagonized	in	presence	of	
PF573228	with	a	shift	in	the	curve	to	the	right,	and	the	EC50	was	
lowered,	indicating	a	type	of	functional	antagonism	with	a	similar	
target	for	drug	action.	However,	when	conditions	were	reversed,	
there	were	no	differences	in	the	PF573228	IC50 even in the pres-
ence	of	Zn27	when	compared	with	control.	These	results	indicate	
to	us	 that	Zn27	 is	 interacting	with	 the	 kinase	domain	of	 FAK	at	
a	 site	 allosteric	 from	where	ATP	or	PF573228	binds.	How	Zn27	
specifically	 interacts	with	 the	FAK	kinase	domain	awaits	 further	
exploration.

The	 kinetics	 of	 Zn27	 activation	 of	 FAK	 shows	 that	 Zn27	 in-
creases	both	the	FAK	Km and Vmax.	An	increase	in	maximal	kinase	
activity	 at	 saturating	 ATP	 concentrations	 (Vmax)	 is	 not	 an	 unex-
pected	 activating	 property	 for	 Zn27.	 We	 also	 observed	 an	 in-
crease	 in	 the	ATP	concentration	needed	 to	achieve	half-	maximal	
FAK	 activity	 (Km).	 Previous	 studies	 have	 estimated	 in	 vivo	 intra-
cellular	 ATP	 to	 be	 in	 the	 range	 of	 0.01–	0.1	mM,76	whereas	 ATP	
concentrations	 that	 saturate	 in	vitro	kinase	assays	are	 in	 the	mi-
cromolar range.77–	80	Thus,	within	cells,	FAK	is	likely	to	already	be	
exposed	to	an	excess	of	ATP,	and	the	increased	Km in the presence 
of	 Zn27	 is	 likely	 not	 detrimental	 to	 kinase	 activity.	Others	 have	
also described activators that increase both the Km and Vmax of a 
reaction.81–	83 Of interest is that these authors describe the inter-
actions of such activators with the enzyme as allosteric from the 
substrate-	binding	site.

In	summary,	Zn27	is	a	promising	molecule	that	follows	Lipinski's	
rule	 and	 has	 many	 drug-	like	 properties.	 This	 study	 demonstrates	
that	Zn27	interacts	directly	with	the	kinase	domain	of	FAK	to	stim-
ulate	FAK	activity.	Previous	work	suggests	that	the	 increased	FAK	
activation promotes epithelial monolayer wound closure in vitro 
and intestinal epithelial mucosal wound healing in mouse models.21 
Taken	together	with	this	previous	study,	these	results	describe	Zn27	
as	a	novel,	potent,	and	selective	activator	acting	on	35	kDa	FAK	ki-
nase domain and suggest the selective interaction to be allosteric for 
the	kinase	domain	of	FAK.
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