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Abstract: 1Q motif-containing GTPase-activating proteins (IQGAPs), which are well-known Ca*-independent
calmodulin (CaM) binding proteins, are involved in various cellular functions such as cell proliferation,
carcinogenesis and cell migration. The IQGAP3 similar to IQGAPI has four repeated 1Q motifs, which are
crucial for CaM binding. It has been recently shown that all four IQ motifs of the IQGAP1 could bind to
CaM, while not clear the binding of four IQ motifs of the IQGAP3. In this study, we examined the binding
between CaM and each 1Q motif of IQGAP3. As a result, we found that 1Q2 and 1Q3, but not IQ1 and 1Q4,
have a Ca**-independent CaM binding activity. We also found that 1Q(3.5-4.4) on the IQGAP3 has Ca*'-
dependent CaM binding activity as similar with that of IQGAPI. This finding indicates that IQ motifs of the
IQGAP3 plays a dynamic role via different interaction of IQ motifs with Ca?>"/CaM or apoCaM.
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Scaffolding T3l ZFof 31121 IQGAP1 (Ras GIPase-
activating-like protein 1):= A X UJo|A] Al Xo]& &
A, 22 Az AY, A E3let e g 75S
3 A2 IQGAPE human®l 3 70 9] isoform
o] &A1, IQGAPs & A 9] domain T3¢} ©}v]
A ES B, o5 A isoformAle] o= A sH
A S BYS & 571 Aok o] 59 =4 W 21
S R IQGAPIS thito] ZF oA I e,
IQGAP2E ZHolM F2 233, IQGAP3E , 3
1, &, AR S ddETy By Hud olF
74 A7) %ol 1P E IQGAP1IY] B4 7155
ThFst e A e s Ae-S S o) F
ojZIth 3 2 Fol|A E3] calmodulin (CaM)2] 739+
IQGAP1# A5 A%S 3] IQGAP1 Tt} 2 s
o] AgS 2k T3 9TS Fy

IQGAP1 1994 S 2 o]T2 7}F ®o] A
T7F ER2°, IQGAP3E 200730l S F2 0,
71%50] ¥ AT AR UThY IQGAP3E A&
B3 =Z A= IQGAP37} actin filament2} 2 &
3taZ, Racl3 Cdcd20l] 2] 3t neurite outgrowthol] o]
TS BHAFEAE TE IQGAP3E A3 A E ol A
ERK (extracellular signal-regulated kinases) 1% A&
F A ZRG o] & & 5 ULk

IQGAPs= Z+z+ || 7]¢] 1QF-$17F BojA] o] Foizl
1Q domaing 7FA 3L Ut} o] 1Q domaintf 2] Z+z}He]
IQ F9EL HZ b& CaM AT S welg 713 o
T-7F Zo] o]F o7 IQGAP12] 7% CaM sepharose
4B (CaM 4B) pull-downs ©] &3t A¥ & F3te]
A 1Q #Y RFE Ca¥/CaMol| A&ali, 1Q3%}
1Q4+= Ca*'-free FEI] apoCaMell A33tt= A
Aokl AE2 v o2 in vitro A FolME 1Q37Ho]
oml 3= IQ FHYS & F UMY, YA = CaM
o] Aol RS B uFATE M 3 3xFLAG-
human CaM (hCaM) co-immunoprecipitation (co-IP)E
ol &3l HAAS FA A, in viro CaM 4B pull-
down A@A#e= ] 2E 1Q 917t CaM 24
o] gl FAsATHE 2l 1Q F$ el 1QR.7-
3)Z 1Q(3.5-44) F917F CaM Aol #HAES A FA
H I3 IQGAP29} IQGAP32] 1Q F$1¢F CaM
o] Aol the ATE FHZ & ATE 3 &
b o] Aol Aol tfgwelr] BAE CaMz}
7}zke] 1QF-9lol| dFate T3 peptides ©]-8-3H

t}. o] 2 %3 IQGAP2Y 1Q29} 1Q3, IQGAP3Y 4
el 1Q F¢ BF7F Ca¥fol g W AYS st
Ca’*o] 918 wl& IQGAP29} IQGAP3 R IQIRHo]
AAIA] CaM A¥HS o]Fthar B3t ey,
o] A+ Adb= in vitroolX 3] AR Z7oNA F
< peptides ©]&3l AHE s8] B2 AV U2
o wEkA], B AFolr = CaM 4B pull-down3}
3xFLAG-hCaM co-IPH S ©]&3] IQGAP3Y 2] 1Q%
14 CaM A& ATt A4F 2, IQGAP3
W 1Q2¢} 1Q3& Ca*™-H|&]EF CaM Aol Aas
A = oh E3 IQGAP3W 2] 1Q(3.5-4.4) F-9=
IQGAP13} ulR7 A &2 Ca?*-2]|E2] CaM ZTHAo]
& & F Ak o]H 3 AFE F3 IQGAPE Y
o] IQF-F1EC] e NEAe|2E THE CaM A%
e verd F USS G F Sl

2.1. DNA M=}

Mouse brain cDNA®| A IQGAP3W ol IQ 915 X
et FE-2 PCRS ©]&3te] #2883, Hind I/
BamH 12 A 3 Fof 1Q1, 1Q2, 1Q3, 1Q4, 1Q(1-2),
1Q(2-3), 1Q(3-4), 1Q(3.5-44), 1Q(1-2-34) ¥-$]1= pEGFP-
C3°ll Adstaar.

22. MZ ¥
HEK293T 4| X= DMEM ¥} <%9%(10% FBS+ Peni-
cillin/streptomycin)oll A 37 °C (5% CO,)el A v &aksith.

2.3. CaM 4B pul-down XZk

HEK293TH| X lysateE ©]-8%F CaM 4B pull-down
A& o] A% lipofectamine 2000 (Invitrogen)= ©]-8-3]
740 FAAES HEK293T A X0l = 3le] vl
S A Z U} Transfection$- 244 7kl lysis 24
[S0 mM Tris-HCI (pH 7.5), 150 mM NaCl, 1% triton-
X 100, protease inhibitor cocktails (Roche), 2 mM CaCl,
= 5 mM EGTA)Jol ¥ AlZ2E E3) sttt Al
915 Zelste] BCARH S o83l Az o
A st w o] 23hE A ZEgNof 30
uL2] CaM 4B beadS 21 4 °ColM 2417+ <t 24
3+ Al FH . o] F, beadE 72 lysis 84S o] &3] 3
W Al 1X SDS sample buffers Yol £ a1
t}. o] F JZ NS FHal| SDS-PAGE JolA Hlst,
GFP A& ©]-8-3F Western blottingS 533 3}51th.
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24. 3xFLAG-hCaM co-P

HEK293T A|39] lysateS ©]& 38 3xFLAG-hCaM
co-IP A3 2] 79 lipofectamine 2000 (Invitrogen)S-
o] &l Ztzte] fAAES HEK293T Al Eoll E¢4s}
o] @ A-g THAZ T Transfection$ 24A]7Fo] 2]
W ol lysis £ AFEd [50 mM Tris-HCI (pH
7.5), 150 mM NaCl, 1% triton-X 100, protease inhibitor
cocktails (Roche), 2 mM CaCl, (‘E“ 5 mM EGTA)]°ll
Y AEE Fal stk AEXZAFNE sk
BCARH S o] &3 Alxu] o= % A itk &
o] x3E M EZEN 30 uLe] M2-agaroses
YAl 4 °CollA 2A17F Ft A% "]7&‘:} °]%, beads
22 lysis 45 o] &3l 38 AlH 3t 30 uLel F
E4NEATEA 5 mg/mL 3xFLAG HJEIOI=E =
s ¥ ATk olF FF A& FHsh, 5X
SDS sample buffersS ¥, ©ild H719F5S 32,
GFP A9} FLAG @A & ©] &3l Western blottingS
T3kt

at

2.5. Western blotting

Western blottinge 93] &2 58 10-12% poly-
acrylamide geloll #7] 953 & 0.45 pum nitrocellulose
membrane®| transferddtF. = 3, membraneS TBS [25
mM Tris-HCI (pH 7.5), 150 mM NaCl, and 0.01%
Tween 20]°] 5% A E/HE U2 SN2 =2 blocking
< &9t} o] F GFP A Z A3ty oA 2E
horseradish peroxidase-conjugated goat anti-mouse IgG
of that A E ]85+ 3L, Western blotting] 21 &
£ 918 ECL (Amersham)g- ©]-8-3)] &<l 3} t}.

3. &gn o« n#

3.1. IQGAP1Z} IQGAP3 LHe| 1Q
Ol=dh MY E4

IQGAP3H ol A3t 1Q F-91¢] CaM T 4 of
ek 23S A7) Y180, mouse?] ¥ cDNAZF-
B IQGAP39] 1Q H$& Z=E4Y3IATH Mouse
IQGAPH 4% human IQGAP13} wlZ7FX| 2 4
Mol IQ F-91E 7HA L Ut ol & Atol9] ofmi=it
MNEE Er*# gt Aap, MZ 7k F 70%9] 5 S
7HTE AMES & A}THFig 1B). Z4H 1Q
A= RugE B 2H Q47 M SAFsH,
1Q3, 1Q1, 1Q2¢] <=5 & 71 UMTHFig 1). 1Q +
e gubg o 2 [QXXXRGXXXRO|ZHE consensus A]

#1=2 of
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1Q1 GLITR LQARCRGYLVRQEFRSRMN FLKKQI -IQGAP1
GFVI LQARLRGFLVRQKFAEHSH FLRTWL -IQGAP3
Consensus: LQXXXRGXXXR

1Q2 PAITC IQSQWRGYKQKKAYQDRLA YLRSHK -IQGAP1
PAVIK IQAHWRGYRQRKAYQERLQ HFKANL -IQGAP3
Consensus: IQXX XRGXXXR

1Q3 DEWK IQSL ARMHQARKRYRDRLQ YFRDHI -IQGAP1
DAIIK IQAWARMWAARRRYLRRLR YFOKNV -IQGAP3
Consensus: IQX X XRXXXXR

NSIVK IQAFFRARKAQDDYRILVH APHPPL -IQGAP3
Consensus: IQXXXR

1Q4 NDIIK IQAFIRANKARDDYKTLIN AEDPPM-IQGAP1

m---m =

Identity (%) 46. 433
Positive (%) 66.7 66.7 733 733 714
Fig. 1. Sequence comparison between IQGAP1’s and IQGAP3’s
1Q domains. (A) Alignment of amino acid sequences
of 1Q motifs of human IQGAP1 and mouse IQGAP3.
Identical sequences between IQGAP1 and IQGAP3
were bolded and positive sequences between IQGAP1
and IQGAP3 were underlined. (B) Quantification of

sequence similarity of each 1Q motif between human
IQGAP1 and mouse IQGAP3.

8 2 "nhal g A Tt olek e S -85
HH IQGAP1°]Y IQGAP39] 7399+ ©] consensusZ
7= 1Q F-917F EA8HA] =t Al o|HTth= &
o X222 1Q F99] consensus sequenceS! [I, L,
QXXXRXXXX[R, KIE A3 HH, IQGAP32] 7%
1Q1¢} 1Q2¢} 1Q37} ©]& F53t, IQGAP19] 73
vl 7)) 1Q F-¢ Z319 o 571 AT

SR T o]k IQ F$19] consensus sequenceS
= ]_L 7—]\:]-0;‘4 CaM Qtﬂ-}do] OIQ_.Q. 1:/_]—35]?:52
= Atk 2 A7Ae old d+E B3 BY, v E
IQGAP19] Y] 7§¢] 1Q ¥-917F &A1 1Q #-91¢]
consensus sequenceE WHE3IA T in viro CaM pull-
down 2¥& Sa W, 1Q3vte] 2n|9ls CaMZA g

SUP

fr oo

BE olF 3

4 o

g BT o2 AP H 2 3xFLAG-hCaM co-IP
£ o] &3 AN e 9rde CaMEAFE S 7=
QF-9YE 828 ¢ 4 JUTB F o] consensus
sequence ©] 9ol ThE F-9]¢] ofu] Ak % CaM
A o8-S & F7F AATh

3.2. Cav4B pul-downg 0|38t
QFelel CaM ZEH £

IQGAP3°] &A)8t= ] 719) 1Q ¥9]¢] CaM AT
g AT HEH 4 o vl 7He] 1Q F-91E BT
Z3lal= K912 EGFPY fusiont]7! ¥ HEK293T Al

IHWOr— T Ul=

IQGAP3LH 2|
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1Q(1-4)
1Q(1-2)
102:3)
1Q(3-4)
1Q1
—_— — 12 @ a3 Q4
B EGFP-IQ(1-4) EGFP-IQ(1-2) EGFP-IQ(2-3) EGFP-1Q(3-4)

Ca?* EGTA Input Ca?* EGTA Input Ca?* EGTA Input Ca?" EGTA Input

—-— . esceses GRS WP - EGFP
c

EGFP-IQ(1) EGFP-IQ(2) EGFP-IQ(3) EGFP-IQ(4)
Ca> EGTAInput  Ca? EGTAInput  Ca? EGTA Input Ca?* EGTA Input

- -— UDeny . . G o wn "= e <+ EGFP

Fig. 2. Characterization of CaM binding of IQ motifs of
IQGAP3 using CaM 4B pull-down assay in HEK293T
cells. (A) A schematic representation of 1Q motif of
IQGAP3. (B and C) CaM binding of overexpressed
1Q motifs of IQGAPI fused to EGFP in HEK293T
cells using CaM 4B pull-down assay. EGFP-IQ1
showed weak Ca**-dependent CaM binding and other
1Q motifs showed Ca*'-independent CaM binding.
Bound proteins were visualized by immunoblotting
using anti-GFP antibody. The cell lysates were
equally divided and incubated with CaM 4B at 4 °C
for 1 hr.

Eo] &S A HY. 2 ¥, CaM 4B pull-downS ©]
&3 CaMzte] S ?in‘L SFATE Fig. 2004 B
o] IQGAP39] 1Q(1-4) F9+& Ca¥o] YEA JEXA
g o]_b Ca*t- 3147-)\-1 CaM gm—}do] 01_0__% Q) 2= e
7} AAhFig 2). o] A¥E o] Ho| Bigh vt =
IQGAPI«] 1Q(1-4)2] ZAz}s} vﬂ}o} STk o3 ek AR
< &l 1QGAP3E] ] 7H9] 1Q H-9l= CaM¥} 5 3HA|
E 3T F e Felge A S %} T AAnt
2 2, IQGAP3W ] Yl 79 1Q #91& ZHzh
1Q(1-2), IQ(2-3), IQB-4)E o] AT LS zALs|
B4tk IQGAP3] AR/3S 1QGAP1F} H|aLst7] <]
all, IQGAPIH e Yl 7i¢] 1Q F91& 7t 1Q(1-2),
1Q(2-3), 1Q(3-HE 2L, ZH7He EGFPS} fusiondle
HEK293TH| 20| WEAIA CaM AT vlws) 2%
t}. Fig 2014 B AXE IQGAP3Y] Z-$-E 1Q(1-2),
1Q(2-3), IQ(3-4) &5 Ca**H|&X o2 CaM3} AT

U ale

sk AS ERlEAH.
o2 Ao 2 IQGAP3Y ZHzte] 1Q 919 CaM
A S AR ol & 98l 7 ﬁA 1Q #91&

EGFP® fusiondll ] HEK293TA| o] w3 Az} A
d& T4 A3 IQGAP39] 1Q1= FskAIRF Ca*-¢]
0] CaM Z ¥ Kol 1Q29) IQ3E Ca**-v] 9]
CaM 23S BYdS & ]%E}(Flg 2). al

L)

o
< e

Holl, 1Q49] A= Ca™-H]eEA CaM Aol 3
S8 ¢ F7F AU CaM 4B pull-downS ©]-& 3
old el Aol A= IQGAP19] 1Q1¥ 1Q2& Ca™-9]
£7, 1Q3, 1Q4= Ca*-H]| &2 CaM ZFA o] Atk
3 B sk T2
23t A S 53] CaM 4B pull-down 28-S 5
IQGAPIJ}“ =24 1QGAP3¢] 4l 7§¢] IQ
5 HEK293T M EoA CaMz} B3A & FA4
A —8—% UA A wbE, B AFAe] 93|
2% CaM 4B pull-downs ©]-&3 A+ A=
Q1 <Fgt Ca¥-9] &4 CaM AF S Hola, 1Q29}
1Q3= CaZ+ H| o] &4 CaM ZAS Holi, 1Q4= 4
ghelA] k-2 B3It 0|23 Axbe HEK293T
Ao A 1Q4 1916_L U2 1Q F-9= CaM E3
Ag FHE oS BoFEr) olgid Aol A
2l OH-M A8l Z2He] 1Q #9115 GST
WA Z #2]5te] CaM 4B pull-downs ©]-8-3
Z2AME A3, 1Q12 FskA RE Ca*-o] &3
al S Kol 1Q2e Aol I
A3HA 1Q37F] CaM ZAF ol AeS ¢ = AT
= IQZQ/] 76‘1_?_}:_ CaMJ,]_.__ Z] ZJZ;]]_Q_E gfﬂ-g]_;q ‘E%X]
T+ HEK293T Al2ei|A] ol Th& Tz Eo] ul7ljsle
CaM 53 & 34T 7s730] IS A =T
AYS =338 A7} IQGAP3Y] 1Q1, 1Q2, 1Q32] 74
£ IQGAP13} FAFSHA, IQ1= oFskRI R Ca*'-o]&
A CaM AL Holi, 1Q29} 1Q3E Ca¥-H| o] &3
Ql CaM A3s BAS & F AUtk vkH, 1Q49]
A5 IQGAP1Y] 1Q49tE THEA Ca*-H| &4
CaM Aol IS & F7F ATk olgf gt A S
53] CaM pull-down 28-S F3lA+= IQGAP1F=
274 IQGAP39] U] 7M<] 1Q F¢ 5 HEK293T
AZofA CaM EFAE FAHAY F ASS U =
Atk
ojFe] Aol FAE CaMs} 742k
5]]1:%—5—]._‘: z‘ﬂ-x—];] rﬂ};].o]ci A]—J‘lo}oﬂ zﬂu
X, A2 |l e 1Q 9 BF Ca’
% 3laL, Ca¥™o] §1g W= olvk: IQIRe] A%
= ap_i EJ_EAE} 15 CaM 4B pull down— o]-&
2 2 Y Y 1QRYE Ca¥ol Ue
e AL oA & OHLX} o Aot
L WEHe Ca¥el §l& W Q12 AF
o] 913, 1Q2, 1Q3 ¥ 1Q4= ZATA S 7Hdt o <]
£ d7ddE @AY ArdFe} 2ol Heole A

A7t AR E AP 279 Aololtt. 1EL in vitro
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oA BAE CaM¥} € et =5 o] &3 U
< YA, 8= HEK293TAHI 2] CaM 4B 7t
Zke] 1QF-915 EGFPSt A9 A A3 33l
EAE, 25| CaM A7 AHEF AHEE 1Q F-9
7F o gEY, 250 AR IQF-ET -E7F A
Poll o] & F-9= 2E0] o] &% FoRY C-L
(terminal)ZFo] FT 2o}o] Hof glrt. ofnji= o]d 4
AHR Aol 7} of7he] Aol & WEE o' AY7HH

ot}

33. 3xFLAG-hCaM coPZ 0|88t IQGAP3L<|
QFele] CaM ZEM BN

2 AFA7E g o] d ATE F3 3xFLAG-
hCaM co-IP ¥ o] CaM#9] A4S A+3st=d
& YIS & FUF dAGE 2 AFATL
3XxFLAG-hCaM co-IPE ©]-83] IQGAP19] 779 1IQ
2209 CaM 2 $AS HEK293T A Eoll A A =43k
A3 v A9 1Q H-9 BF 2vdE CaM A4l

s 4 A}

HE #8359 IQGAP3H
7+7ke] 1Q #919] CaM A& ZARBNEUTE ol &
38 HEK293T Aol 3xFLAG-hCaM-& z+z}+e] 1Q
99t WEAIZl ¥ FLAG co-IPE 33ttt 4%
S 3 A3, Fig 3904 BoIx=o] 1Q13} 1Q49]
A= CaM#e] Agde] glas & F A, W
H 1Q2¢} 1Q39] A$-& Ca¥-H|9)E4 CaM A 0|
Vs & 7 AATHFig 3). =, IQGAP3<] 1Q2¢}

B oo | @@ | e | o B

— 1 e s s

EGFP-IQ(1) EGFP-1Q(2) EGFP-IQ(3) EGFP-IQ(4)
Ca? EGTA Input  Ca?* EGTA Input Ca? EGTA Input Ca? EGTA Input

S G e ———— ® < EGFP
MO . ewew © —wew - wpe=w —FLAG

Fig. 3. Characterization of CaM binding of 1Q motifs of
1IQGAP3 using 3XxFLAG-hCaM co-IP. (A) A schematic
representation of 1Q motif of IQGAP1. (B) CaM
binding of overexpressed 1Q motifs of IQGAPI fused
to EGFP using 3xFLAG-hCaM co-IP in HEK293T
cells. EGFP-IQ2 and 1Q3 but not IQ1 and 1Q4
showed Ca®*-independent CaM binding. Bound proteins
were visualized by immunoblotting using anti-GFP
antibody. The lysates were equally divided and
incubated with M2-agarose at 4 °C for 1 hr.
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1Q39] 7%+ IQGAP1$+= thEA 3xFLAG-hCaM
co-IPE °]&3% CaM¥t HHJAE T + A5
& 4 Atk CaM 4B pull-downs ©] &3 28 Z
Fol= 1Q29) 1Q39] A= YA 3, 1Q137 1Q4=
2ol 7} Atk 1Q2¢F 1Q47F M EWelAM 2 e
CaM A4S 7HS o3 & 5 dth

34. 3xFLAG-hCaM co-PE 0|28 IQGAP3LHS|
IQ(3.5-4.4) §2lo] CaM ZHEM &AM

o][ ] A4 E IQGAPIS] 1Q F¢ W4 A=
£ CaM A% 199 1QR.7-3)F 1Q(3.54.4)2 B
sl th IQGAP1FHE TFEA IQGAP3S 79 1Q37}
oujglE CaMA TS Ho|E=E IQGAP3Y A%
1Q2.7-3)9] A$E ATE FYsle Aol vzt ¢l
Aok wekA, 2 AP E IQGAP32] 1Q(3.5-4.4)0
st A S AT 94 IQGAP3) 1Q(3.5-
4.4 A Fst= F919 ofbn =4 M E-S IQGAP1H
vl s Bogth Fig 414 & 4 A5°] IQGAP19
Ca®™-9]&3 CaM ZAgo] Z235ltta L2 consensus
sequenceS! 1-8-14 -] ((FILVW )xoxxxxx(FAILV W)xxxxx
(FILVW))7} J=t', IQGAP32] A$% o] ¥97}
BEZY 0SS & F AAKFig 4). o]He] A+
ANA Aol Fasltty deld RKRAEE RRR
MEE HEFHY IS & F IS ez
o] B85 EGFPS} AFAIA HEK293T Aol &d
AlA 3xFLAG-hCaM co-IPZ o]&3) CaM#e] 2%
< ZASIA T Fig 404 Hoz%o] o] 9w
Ca’-9]&3 CaM Aol A & 5 AU w
24, IQGAP191 44 8 IQGAP3 oA & 1Q(3.5-4.4)
97} Ca¥-olEF CcaM AT FE Z8T £ )

e % 5 A

AFIRAN -IQGAP1

1Q3.5-4.4 AFFRAR -IQGAP3

RKRYRDYFRDHNDII
RRRYLRRLRYFQKNVINSIVI
Consensus: 1

8 14

EGFP-1Q(3.5-4.4)
Ca?* EGTA Input

= = —EGFP

Fig. 4. CaM binding of 1Q(3.5-4.4) of IQGAP3 in HEK293T
cells. Alignment of amino acid sequences of 1Q(3.5-
4.4) motif of human IQGAPI and mouse IQGAP3
(upper) and CaM binding of overexpressed 1Q(3.5-4.4)
of IQGAP3 using 3xFLAG-hCaM co-IP (lower). EGFP-
IQ (3.5-44) showed Ca**-dependent CaM binding.
Bound proteins were visualized by immunoblotting
using an anti-GFP antibody.
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foks) BH IQGAP1ZE THE7, IQGAP3I A &
1Q2¢} 1Q37F Ca**-H|9]E2 CaM AF F-915 JA s}
3, 1Q(3.5-4.4)7} Ca**-2]&4 CaM AT H-915 ¥4
TS & F AU olHH IQGAP1IF IQGAP39] 1Q
domainAtelel] oAt Qo] =2 A54S Hol
o, 247t 1QF-919] CaM A@A & tES & 7t
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