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Kv2 Potassium Channels Form Endoplasmic Reticulum /
Plasma Membrane Junctions via Interaction with VAPA
and VAPB
"EN *OHNSON�� !SHLEY ,EEK�� ,AURA 3OLE�� %MILY -AVERICK�� 4IM ,EVINE�� -ICHAEL -� 4AMKUN�

�#OLORADO 3TATE 5NIVERSITY� �5#,� ,ONDON

3UBMITTED TO 0ROCEEDINGS OF THE .ATIONAL !CADEMY OF 3CIENCES OF THE 5NITED 3TATES OF !MERICA

+V��� EXHIBITS TWO DISTINCT FORMS OF LOCALIZATION PATTERNS ON THE
NEURONAL PLASMA MEMBRANE� ONE POPULATION IS FREELY DIFFUSIVE
AND REGULATES ELECTRICAL ACTIVITY VIA VOLTAGEDEPENDENT +� CON
DUCTANCE WHILE A SECOND LOCALIZES TO MICRONSIZED CLUSTERS THAT
CONTAIN DENSELYPACKED� BUT NONCONDUCTING� CHANNELS� 7E HAVE
PREVIOUSLY ESTABLISHED THAT THESE CLUSTERS REPRESENT ENDOPLASMIC
RETICULUM�PLASMA MEMBRANE �%2�0-	 JUNCTIONS THAT FUNCTION AS
MEMBRANE TRAFlCKING HUBS AND THAT +V��� PLAYS A STRUCTURAL ROLE
IN FORMING THESE MEMBRANE CONTACT SITES IN BOTH PRIMARY NEURONAL
CULTURES AND TRANSFECTED (%+ CELLS� #LUSTERING AND THE FORMATION OF
%2�0- CONTACTS IS REGULATED BY PHOSPHORYLATION WITHIN THE CHAN
NEL #TERMINUS� OFFERING CELLS FAST� DYNAMIC CONTROL OVER THE PHYSI
CAL RELATIONSHIP BETWEEN THE CORTICAL %2 AND 0-� 4HE PRESENT STUDY
ADDRESSES THE MECHANISMS BY WHICH +V���� AND THE RELATED +V���
CHANNEL� INTERACT WITH THE %2 MEMBRANE� 5SING PROXIMITYBASED
BIOTINYLATION TECHNIQUES IN TRANSFECTED (%+ CELLS WE IDENTIlED %2
6!0S AS POTENTIAL +V��� INTERACTORS� #ONlRMATION THAT +V��� AND
��� BIND 6!0! AND 6!0" EMPLOYED COLOCALIZATION�REDISTRIBUTION�
SI2.! KNOCKDOWN AND &2%4BASED ASSAYS� #$� CHIMERAS CONTAIN
ING SEQUENCE FROM THE +V��� #TERMINUS WERE USED TO IDENTIFY
A NONCANONICAL 6!0 BINDING MOTIF� 6!0S WERE lRST IDENTIlED AS
6!-0 !SSOCIATED 0ROTEINS REQUIRED FOR NEUROTRANSMITTER RELEASE
IN !PLYSIA AND ARE NOW KNOWN TO BE ABUNDANT SCAFFOLDING PRO
TEINS INVOLVED IN MEMBRANE CONTACT SITE FORMATION THROUGHOUT
THE %2� 4HE 6!0 INTERACTOME INCLUDES !+!0S� KINASES� MEMBRANE
TRAFlCKING MACHINERY� AND PROTEINS REGULATING NONVESICULAR LIPID
TRANSPORT FROM THE %2 TO 0-� 4HEREFORE� THE +V�INDUCED 6!0
CONCENTRATION AT %2�0- CONTACT SITES IS PREDICTED TO HAVE WIDE
RANGING EFFECTS ON NEURONAL CELL BIOLOGY�

+V��� | +V��� | SUBSURFACE CISTERNAE | 6!0 | %2�0- JUNCTIONS

)NTRODUCTION

,W��� BOE ,W��� BSF BCVOEBOU WPMUBHF�HBUFE ,� DIBOOFMT JO
UIF NBNNBMJBO CSBJO� ,W��� JT UIF QSFEPNJOBOU DIBOOFM JO UIF
IJQQPDBNQVT XIJMF CPUI DIBOOFMT BSF EJGGFSFOUJBMMZ FYQSFTTFE
JO UIF DPSUFY 	�
� #PUI DIBOOFMT MPDBMJ[F UP NJDSPO�TJ[FE DMVT�
UFST PO UIF OFVSPOBM TVSGBDF PG UIF TPNB QSPYJNBM EFOESJUFT
BOE BYPO JOJUJBM TFHNFOU 	"*4
 JO WJWP BOE JO WJUSP 	�
� $MVT�
UFSFE ,W��� DIBOOFMT EJTQFSTF JO SFTQPOTF UP JTDIFNJD PS IZQPYJD
DPOEJUJPOT OFVSPOBM BDUJWJUZ BOE HMVUBNBUF�JOEVDFE FYDJUPUPYJUZ
WJB DBMDJOFVSJO�EFQFOEFOU EFQIPTQIPSZMBUJPO PG UIF DIBOOFM $�
UFSNJOVT 	� �
� 8IJMF ,W��� DMVTUFSJOH XBT GJSTU QSPQPTFE UP
SFHVMBUF DIBOOFM WPMUBHF�EFQFOEFODF 	�
 TFWFSBM TUVEJFT JOEJDBUF
MJUUMF DPOOFDUJPO CFUXFFO DIBOOFM DMVTUFSJOH BOE SFHVMBUJPO PG
DPOEVDUBODF 	���
� *O GBDU PVS FWJEFODF TVHHFTUT UIBU UIF GSFFMZ
EJGGVTJWF DIBOOFM QPQVMBUJPO QSPWJEFT UIF WPMUBHF�EFQFOEFOU ,�

DPOEVDUBODF UIBU SFHVMBUFT OFVSPOBM FMFDUSJDBM BDUJWJUZ XIJMF DMVT�
UFSFE DIBOOFMT BSF OPO�DPOEVDUJOH BOE IBWF PUIFS GVODUJPOT�
8F QSFWJPVTMZ SFQPSUFE UIBU UIF DMVTUFST SFQSFTFOU USBGGJDLJOH
IVCT XIFSF NFNCSBOF QSPUFJO JOTFSUJPO BOE SFUSJFWBM BU UIF DFMM
TVSGBDF JT MPDBMJ[FE 	�
� 5IFTF GJOEJOHT BHSFF XJUI SFTVMUT GSPN
UIF -PUBO HSPVQ 	��
 UIBU JOEJDBUF POF OPO�DPOEVDUJOH GVODUJPO
PG ,W��� JT UP FOIBODF EFOTF DPSF WFTJDMF SFMFBTF GSPN OFVSPFO�

EPDSJOF DFMMT� 3FDFOU TUVEJFT BMTP JOEJDBUF ,W��� DMVTUFST SFHVMBUF
JOTVMJO FYPDZUPTJT GSPN QBODSFBUJD CFUB DFMMT 	�� ��
� 5BLFO UP�
HFUIFS UIFTF TUVEJFT TUSPOHMZ TVHHFTU UIBU ,W��� DMVTUFSJOH QMBZT B
TUSVDUVSBM SPMF SFMBUFE UP UIF DFMM CJPMPHZ PG UIF OFVSPOBM TVSGBDF�
*OEFFE XF SFDFOUMZ EFUFSNJOFE UIBU UIF DMVTUFSFE MPDBMJ[BUJPO
QBUUFSO JT EVF UP ,W��� JOUFSBDUJOH XJUI UIF DPSUJDBM &3 BOE
JOEVDJOH TUBCMF &3�1. DPOUBDU TJUFT 	��
� *O SBU IJQQPDBNQBM
OFVSPOT UIJT DPSUJDBM &3 SFNPEFMJOH JT SFHVMBUFE CZ BDUJWJUZ GPS
HMVUBNBUF USFBUNFOU JOEVDFT ,W��� EFDMVTUFSJOH UIBU JT TIPSUMZ
GPMMPXFE CZ DPSUJDBM &3 SFUSBDUJPO GSPN UIF DFMM TVSGBDF 	��
�
8IJMF &3�1. DPOUBDUT BSF CFTU VOEFSTUPPE GPS UIFJS SPMF JO TUPSF�
PQFSBUFE DBMDJVN FOUSZ BOE OPO�WFTJDVMBS MJQJE USBOTGFS GSPN UIF
&3 UP UIF DFMM TVSGBDF 	��
 BEEJUJPOBM SFTFBSDI JOEJDBUFT UIFTF
NJDSPEPNBJOT SFHVMBUF OFVSPOBM CVSTU GJSJOH 	��
 BOE QMBTNB
NFNCSBOF 1*1� MFWFMT 	��
� *O BEEJUJPO B SFDFOU TUVEZ GSPN UIF
)FTT BOE %F $BNJMMJ HSPVQT 	��
 SFWFBMT UIBU OFVSPOBM &3�1.
DPOUBDU TJUFT SFQSFTFOU BQQSPYJNBUFMZ ��� PG UIF TPNBUJD TVSGBDF
JO WJWP� (JWFO UIF BCVOEBODF BOE GVODUJPOBM TJHOJGJDBODF PG OFV�
SPOBM &3�1. DPOUBDUT BOE UIF MJLFMJIPPE UIBU QSPDFTTFT XJUIJO
UIFTF EPNBJOT BSF JOGMVFODFE CZ UIF ,W����&3 JOUFSBDUJPO JU JT
QBSBNPVOU UP VOEFSTUBOE UIF NFDIBOJTNT VOEFSMZJOH UIF BDUJWJUZ�
EFQFOEFOU JOUFSBDUJPO CFUXFFO ,W� DIBOOFMT BOE UIF DPSUJDBM &3�

0VS QSFTFOU XPSL EFNPOTUSBUFT UIBU ,W� DIBOOFMT JOUFSBDU
XJUI 7".1�BTTPDJBUFE QSPUFJOT 	7"1T
 FNCFEEFE JO UIF &3
NFNCSBOF� 7"1T XFSF GJSTU EJTDPWFSFE JO "QMZTJB XIFSF UIFZ BSF
SFRVJSFE GPS GBTU OFVSPUSBOTNJUUFS SFMFBTF 	��
� 7"1T BSF OPX
LOPXO UP CF VCJRVJUPVT &3 TDBGGPMEJOH QSPUFJOT XJUI B MBSHF
BOE HSPXJOH MJTU PG JOUFSBDUPST JODMVEJOH ","1T QSPUFJO LJOBTFT

3IGNIlCANCE

)N ADDITION TO FUNCTIONING AS A DELAYEDRECTIlER +� CHANNEL�
+V��� INTERACTS WITH THE CORTICAL %2 IN HIPPOCAMPAL NEURONS
TO FORM SOMATIC ENDOPLASMIC RETICULUM�PLASMA MEMBRANE
�%2�0-	 JUNCTIONS� .EURONAL ACTIVITY AND INSULT INDUCE +V���
RELEASE FROM THE CORTICAL %2 AND SUBSEQUENT %2 WITHDRAWAL
FROM THE 0-� .EURONAL %2�0- CONTACTS REPRESENT ���� OF
THE CELL SURFACE AND PLAY ROLES IN MEMBRANE TRAFlCKING� THE
REGULATION OF BURST lRING� #A�� HOMEOSTASIS� AND CONTROL OF
0- LIPID� 7E REPORT HERE THAT +V� CHANNEL6!0 INTERACTION
TETHERS THE CORTICAL %2 TO THE 0- VIA A NONCANONICAL &&!4 MOTIF
CONTAINED WITHIN THE CHANNEL #TERMINUS� 3INCE 6!0S HAVE A
WIDE RANGING INTERACTOME� +V�INDUCED %2 REMODELING AND
6!0 CONCENTRATION AT %2�0- CONTACTS LIKELY PLAY A CENTRAL ROLE
IN NEURONAL PHYSIOLOGY�

2ESERVED FOR 0UBLICATION &OOTNOTES
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&IG� �� 5SE OF PROXIMITY BIOTINYLATION TO IDENTIFY POTENTIAL +V��� INTERACTORS�
�!	 $IAGRAM OF THE APPROACH� !0%8 WAS ATTACHED TO THE #TERMINAL END OF
THE +V��� BETA SUBUNIT� !-)'/� �"	 ,OCALIZATION OF !0%8MEDIATED BIOTINY
LATION� (%+ CELLS WERE TRANSFECTED WITH +V��� AND !-)'/9&0!0%8� TREATED
WITH BIOTIN AND (�/�� THEN lXED USING FORMALDEHYDE AND LABELED WITH
#&���2CONJUGATED STREPTAVIDIN TO VISUALIZE BIOTINYLATED PROTEINS AS IMAGED
WITH A LASER SCANNING CONFOCAL MICROSCOPE� "IOTINYLATION LOCALIZED AT %2�0-
JUNCTIONS ONLY OCCURS IN CELLS EXPRESSING !-)'/9&0!0%8 AND +V���� �SEE
INSET IN LOWER RIGHT PANEL FOR AN ENHANCED VIEW OF BIOTINYLATION AT A +V���
CLUSTER	� 4HE SCALE BAR REPRESENTS � μM� �#	 0ARALLEL SAMPLES WERE COLLECTED
AND SUBJECTED TO 7ESTERN BLOT ANALYSIS WITHOUT AFlNITY PURIlCATION� USING
STREPTAVIDINHORSE RADISH PEROXIDASE TO VISUALIZE ALL BIOTINYLATED PROTEINS�
! �� K$ BAND IS PRESENT WHEN !-)'/9&0!0%8 IS COEXPRESSED WITH THE
WILDTYPE +V��� CHANNEL �ASTERISK	� 4HIS BAND IS ABSENT FROM THE INDICATED CON
TROL LANES� I�E� WITHOUT ANY !0%8 TRANSFECTION� WITH SOLUBLE !0%8 EXPRESSION�
WHEN !-)'/9&0!0%8 IS EXPRESSED ALONE OR EXPRESSED WITH A MUTANT +V���
CHANNEL WHICH IS UNABLE TO FORM %2�0- JUNCTIONS�

3BCT MJQJE USBOTGFS QSPUFJOT BOE LJOFTJOT 	�� ��
� *OUFSFTUJOHMZ
TJOHMF BNJOP BDJE TVCTUJUVUJPOT JO 7"1�# DBVTF MBUF�POTFU 4QJOBM
.VTDVMBS "USPQIZ BOE "NZPUSPQIJD -BUFSBM 4DMFSPTJT 	"-4
�
UZQF � 	�� ��
 XIJDI JT JOUSJHVJOH HJWFO UIBU ,W��� DMVTUFSJOH
PWFS UIF DPSUJDBM &3 BMTP FYJTUT JO BMQIB NPUPS OFVSPOT 	��
�
#PUI UIF DMVTUFSJOH PG UIF ,W� DIBOOFMT BOE JOEVDUJPO PG &3�1.
KVODUJPOT PDDVST WJB B OPO�DBOPOJDBM 7"1 CJOEJOH NPUJG DPOUBJOFE
XJUIJO ,W� DIBOOFM $�UFSNJOVT� 5IJT CJOEJOH NPUJG DPOUBJOT
QIPTQIPSZMBUJPO TJUFT UIBU BSF LOPXO UP SFHVMBUF ,W� DMVTUFSJOH
BOE DPSUJDBM &3 SFNPEFMJOH� 5IF CBMBODF PG QIPTQIPSZMBUJPO�EF�
QIPTQIPSZMBUJPO BU UIFTF TJUFT MJLFMZ HPWFSOT BGGJOJUZ GPS 7"1T
UIVT FYQMBJOJOH UIF QIPTQIPSZMBUJPO EFQFOEFODF PG UIF ,W��&3
JOUFSBDUJPO� 4JODF ,W� DIBOOFMT DPODFOUSBUF 7"1T BU UIF &3�1.
DPOUBDU TJUF UIF ,W��7"1 JOUFSBDUJPO TVNNBSJ[FE JO UIF QSFTFOU
XPSL JT MJLFMZ UP IBWF B NBKPS JOGMVFODF PO OFVSPOBM QIZTJPMPHZ�

2ESULTS
*EFOUJGJDBUJPO PG 7"1T BT UIF QVUBUJWF ,W� &3 CJOEJOH QBSUOFS

1SFWJPVT TUVEJFT FNQMPZJOH BOUJCPEZ�CBTFE BGGJOJUZ QVSJGJDB�
UJPO PG ,W��� GSPN FJUIFS USBOTGFDUFE )&, DFMMT PS SBU CSBJO
JTPMBUFE UIF DIBOOFM QSPUFJO GSFF PG BOZ BCVOEBOU JOUFSBDUJOH
QSPUFJOT 	��
� 5IJT SFTVMU JT OPU VOFYQFDUFE TJODF B NBKPSJUZ PG

&IG� �� +V� CHANNELS IMPACT LOCALIZATION OF 6!0! AND 6!0" IN (%+ CELLS�
�!	 6!0!'&0 EXPRESSED ALONE DISPLAYS UNIFORM LOCALIZATION ACROSS THE %2�
�"	 6!0!'&0 EXPRESSED WITH +V���LOOP"!$ REDISTRIBUTES TO +V���INDUCED
%2�0- JUNCTIONS� �#	 6!0! EXPRESSED WITH THE %2�0- JUNCTION FORMING
PROTEIN� *0(�� DOES NOT REDISTRIBUTE TO JUNCTIONS� �$	 +V��� COEXPRESSED
WITH 6!0"'&0 REDISTRIBUTES THIS 6!0 TO THE INDUCED %2�0- JUNCTIONS� �%	
6!0!�+��$�-��$	 HAS A REDUCED ABILITY TO REDISTRIBUTE TO +V���INDUCED
%2�0- JUNCTIONS� 3CALE BARS ARE � µM� �&	 "AR GRAPH SUMMARIZING 6!0 REDISTRI
BUTION BY CALCULATING THE RATIO OF mUORESCENCE AT %2�0- JUNCTIONS TO THAT AT
%2 DEEPER WITHIN THE CELL WHEN JUNCTIONS ARE FORMED USING +V� AND�OR *0(�
AS INDICATED� /NLY +V��� AND +V��� INCREASE THE RATIO OF 6!0 mUORESCENCE�
&OR ANALYSIS� A LOG TRANSFORMATION WAS USED TO SATISFY THE HOMOGENEITY OF
VARIANCE CONDITION AND A ONEWAY !./6! WAS PERFORMED� &��� ��	 � �������
P � ����� X ���� WITH POST HOC PAIRWISE 4UKEY’S TESTS� 3INGLE ASTERISKS INDICATE
SIGNIlCANT DIFFERENCES RELATIVE TO THE DS2ED%2 CONTROL� P � ������� 4HE �
INDICATES SIGNIlCANCE AT P � ����� %RROR BARS � 3%-� �� 2/)S FROM lVE CELLS
EXAMINED IN EACH CASE�

,W��� JT JOTPMVCMF JO UIF OPO�JPOJD EFUFSHFOUT VTFE GPS BGGJOJUZ
QVSJGJDBUJPO 	�����
 BOE NBDSPNPMFDVMBS DPNQMFYFT DPOUBJOJOH
,W��� BSF MJLFMZ UP SFTJEF JO UIJT EFUFSHFOU JOTPMVCMF GSBDUJPO�
*OEFFE XIFO JNBHJOH ('1�,W��� DMVTUFST JO USBOTGFDUFE )&,
DFMMT EVSJOH UIF BQQMJDBUJPO PG �� 59���� BU ��P$ DPOEJUJPOT
XIJDI TPMVCJMJ[F QVUBUJWF MJQJE SBGU TUSVDUVSFT 	��
 UIF DMVTUFST
SFNBJOFE JOUBDU BT UIF SFTU PG UIF NFNCSBOF XBT TPMVCJMJ[FE�
4JODF BUUFNQUT UP CJPDIFNJDBMMZ QVSJGZ UIFTF EFUFSHFOU JOTPMVCMF
NJDSPEPNBJOT VTJOH B WBSJFUZ PG GSBDUJPOBUJPO QSPDFEVSFT XFSF
VOTVDDFTTGVM XF VTFE "1&9 QSPYJNJUZ�CJPUJOZMBUJPO UFDIOJRVFT
	��
 JO USBOTGFDUFE )&, DFMMT JO PSEFS UP JEFOUJGZ QVUBUJWF ,W����
JOUFSBDUJOH &3�SFTJEFOU QSPUFJOT SFTQPOTJCMF GPS UIF GPSNBUJPO PG
&3�1. KVODUJPOT� "1&9 JO UIF QSFTFODF PG CJPUJO�QIFOPMT BOE
IZESPHFO QFSPYJEF HFOFSBUFT GSFFMZ�EJGGVTJOH CVU TIPSU�MJWFE CJ�
PUJO SBEJDBMT UIBU OPO�EJTDSJNJOBUFMZ CJPUJOZMBUF OFBS�CZ QSPUFJOT�
*O PSEFS UP NBYJNJ[F UIF CJPUJOZMBUJPO PG OFJHICPSJOH QSPUFJOT
BT PQQPTFE UP ,W��� JUTFMG "1&9 XBT BQQFOEFE UP UIF DZUPTPMJD
FOE PG UIF ,W��� CFUB TVCVOJU ".*(0 BT EJBHSBNFE JO 'JH�
�"� 5IF $�UFSNJOBM ,W��� TFRVFODF LOPXO UP CF JOWPMWFE JO UIF
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&IG� �� &2%4 BETWEEN +V��� AND BOTH 6!0S IN TRANSFECTED (%+ CELLS� �!	
2EPRESENTATIVE IMAGES OF $ONOR� !CCEPTOR AND &2%4 EFlCIENCY BETWEEN
THE INDICATED CONSTRUCTS� &2%4 EFlCIENCY MAGNITUDE IS ILLUSTRATED BY THE
REPRESENTATIVE HEAT MAPS� 3CALE BARS REPRESENT � μM� �"	 1UANTIlED &2%4
EFlCIENCY� (ERE THE &2%4 SIGNALS WERE STANDARDIZED TO THAT OBTAINED WITH
THE LINKED #LOVER2UBY� POSITIVE CONTROL� 0OSITIVE CONTROLS ARE INDICATED BY
THE BLACK BARS� NEGATIVE CONTROLS IN LIGHT GREY AND THE +V����6!0 INTERACTIONS
INDICATED BY THE INTERMEDIATE SHADE� ! ONEWAY !./6! WAS PERFORMED�
&��� ���	 � ������ P � ���� X ����� WITH POST HOC 4UKEY’S TESTS TO EXAMINE
SIGNIlCANCE� !STERISKS INDICATE SIGNIlCANT DIFFERENCES RELATIVE TO THE UNLINKED
NEGATIVE CONTROL� P � ��������� %RROR BARS REPRESENT 3%-� . � ��� LINKED� ���
6!0!� �� 6!0! �MUTANT	� �� 6!0"� �� +V���� AND �� UNLINKED CELLS� %ACH CELL
HAD �� 2/)S EXAMINED�

DMVTUFSJOH BOE &3�CJOEJOH QIFOPUZQF JT JOEJDBUFE XJUI QSFWJPVTMZ
EFTDSJCFE QPJOU NVUBUJPOT UIBU BCPMJTI TPNB DMVTUFSJOH BOE &3
JOUFSBDUJPO IJHIMJHIUFE JO CMBDL 	��
� ".*(0 B TJOHMF USBOT�
NFNCSBOF DFMM BEIFTJPO NPMFDVMF BTTPDJBUFT XJUI UIF DMVTUFSFE
,W��� DIBOOFMT XIFO DP�FYQSFTTFE 	�� ��
� *NQPSUBOUMZ JO PVS
)&, DFMMT ".*(0 PO UIF 1. EPFT OPU DMVTUFS OPS BTTPDJBUF XJUI
UIF DPSUJDBM &3 XIFO FYQSFTTFE BMPOF� "T TIPXO JO 'JH� �# DP�
FYQSFTTJPO PG $'1�,W��� BOE ".*(0�:'1�"1&9 JOEVDFE QSP�
UFJO CJPUJOZMBUJPO JO UIF WJDJOJUZ PG ,W��� DMVTUFST BT JOEJDBUFE CZ
UIF CJOEJOH PG $'���3�DPOKVHBUFE TUSFQUBWJEJO� 5IF TUSFQUBWJEJO
CJOEJOH XBT NPTU QSPNJOFOU BU ,W��� DFMM TVSGBDF DMVTUFST JOEJDBU�
JOH MPDBMJ[FE CJPUJOZMBUJPO 	TFF JOTFU JO MPXFS SJHIU QBOFM
� /FYU B
8FTUFSO CMPU BOBMZTJT XBT QFSGPSNFE JO PSEFS UP DIBSBDUFSJ[F UIF
CJPUJOZMBUFE QSPUFJOT� /PO�USBOTGFDUFE DFMMT BOE DFMMT FYQSFTTJOH
TPMVCMF "1&9 XFSF FYBNJOFE JO BEEJUJPO UP DFMMT XIFSF ".*(0�
:'1�"1&9 XBT FYQSFTTFE FJUIFS BMPOF XJUI ,W��� PS XJUI UIF
OPO�DMVTUFSJOH ,W���	4���"
 QPJOU NVUBOU 	��
� 8FTUFSO CMPUT
XFSF QSPCFE XJUI GMVPSPQIPSF�DPOKVHBUFE TUSFQUBWJEJO UP EFUFDU
UIF CJPUJOZMBUFE QSPUFJOT� "T JOEJDBUFE CZ UIF BTUFSJTL JO 'JH� �$
B �� L% QSPUFJO XBT EFUFDUFE JO DFMMT DP�USBOTGFDUFE XJUI ".*(0
BOE ,W��� CVU OPU JO DFMMT USBOTGFDUFE XJUI FJUIFS ".*(0 BMPOF
PS ".*(0 QMVT UIF ,W���	4���"
 QPJOU NVUBOU UIBU EPFT OPU
JOUFSBDU XJUI UIF &3� 7".1 BTTPDJBUFE QSPUFJOT 	7"1T
 BSF
BCVOEBOU &3 QSPUFJOT PG �� L% UIBU GVODUJPO JO NFNCSBOF
DPOUBDU TJUF GPSNBUJPO CFUXFFO UIF &3 BOE B WBSJFUZ PG PSHBOFMMFT
	��
� 5IVT 7"1T CFDBNF BO PCWJPVT DBOEJEBUF�

7"1T TQFDJGJDBMMZ SFEJTUSJCVUF UP ,W��JOEVDFE &3�1. KVOD�
UJPOT

8IJMF PVS QSFWJPVT XPSL 	��
 EFNPOTUSBUFE ,W����JOEVDUJPO
PG &3�1. KVODUJPOT OP EJSFDU CJOEJOH QBSUOFS XBT LOPXO BU UIBU
UJNF� 0VS GJSTU BQQSPBDI UP EFUFSNJOJOH XIFUIFS 7"1T JOUFSBDU
XJUI ,W��� XBT UP QFSGPSN DP�MPDBMJ[BUJPO FYQFSJNFOUT� 7"1"�
('1 PS 7"1#�('1 XFSF FYQSFTTFE FJUIFS BMPOF PS XJUI B ,W����
MPPQ#"% DPOTUSVDU UIBU BMMPXFE GPS $'����TUSFQUBWJEJO MBCFMJOH
PG POMZ TVSGBDF DIBOOFMT� 4JODF BMM DFMMT FYQSFTT FOEPHFOPVT 7"1T
UIF FYPHFOPVT ('1�UBHHFE 7"1T BDU BT B NBSLFS GPS FOEPHFOPVT
QSPUFJOT XIFO FYQSFTTFE BU MPX MFWFMT 	��
� "T JMMVTUSBUFE JO 'JH�
�" XIFO FYQSFTTFE BMPOF 7"1"�('1 EJTQMBZFE B VOJGPSN EJTUSJ�
CVUJPO UISPVHIPVU UIF &3 BT FYQFDUFE� 'JH� �# TIPXT UIBU JO UIF
QSFTFODF PG ,W��� UIF 7"1"�('1 MPDBMJ[BUJPO XBT ESBNBUJDBMMZ
BMUFSFE XJUI BO PCWJPVT SFEJTUSJCVUJPO JO GBWPS PG UIF ,W����

JOEVDFE &3�1. KVODUJPOT� 8F OFYU VTFE KVODUPQIJMJO � 	+1)�

UP JOEVDF &3�1. KVODUJPOT JOEFQFOEFOU PG ,W��� UP SVMF PVU
UIF QPTTJCJMJUZ UIBU 7"1 GBWPST BMM &3�1. DPOUBDUT SFHBSEMFTT PG
NPMFDVMBS DPNQPTJUJPO� +1)� JT BO &3 NFNCSBOF QSPUFJO XIJDI
JOEVDFT NFNCSBOF DPOUBDUT CZ CJOEJOH 1. MJQJE 	��
� 8IFO DP�
FYQSFTTFE XJUI N$IFSSZ�+1)� UIF 7"1"�('1 SFNBJOFE FWFOMZ
EJTQFSTFE UISPVHIPVU UIF &3 TIPXJOH OP DPODFOUSBUJPO BU UIF
+1)��JOEVDFE &3�1. DPOUBDUT 	'JH� �$
� 5IVT UIF QSFTFODF PG
&3�1. KVODUJPOT QFS TF IBE OP FGGFDU PO 7"1"�('1 EJTUSJCVUJPO�
8F BMTP DP�FYQSFTTFE ('1�,W��� XJUI 7"1#�3VCZ� TJODF ,W���
BMTP DMVTUFST PWFS UIF &3 	� ��
� 'JH� �% TIPXT UIBU ,W��� BMTP
DPODFOUSBUFT 7"1T BU JUT JOEVDFE &3�1. DPOUBDU TJUFT� 8IFO
,W��� BOE ,W��� XFSF DP�FYQSFTTFE XJUI 7"1# BMM UISFF QSPUFJOT
DP�MPDBMJ[FE XJUIJO UIF TBNF &3�1. DPOUBDU TJUFT BT JMMVTUSBUFE JO
'JH� 4�"� *O PSEFS UP EFUFSNJOF XIFUIFS UIF 7"1 SFEJTUSJCVUJPO
UP ,W����JOEVDFE &3�1. DPOUBDUT JT EFQFOEFOU PO ''"5 NPUJG
CJOEJOH CZ 7"1 XF DP�FYQSFTTFE UIF ,��%�.��% 7"1" NVUBOU
	��
 XIJDI JT VOBCMF UP CJOE ''"5 NPUJGT XJUI ,W��� BT TIPXO JO
'JH� �&� 5IJT 7"1 NVUBOU TIPXFE MFTT SFEJTUSJCVUJPO UP ,W����
JOEVDFE &3�1. KVODUJPOT CVU XBT TUJMM TMJHIUMZ FOSJDIFE BU UIF
,W��� DMVTUFST� 5BLFO UPHFUIFS UIFTF EBUB TVHHFTU UIBU 7"1 DPO�
DFOUSBUJPO BU &3�1. KVODUJPOT JT EFQFOEFOU PO UIF QSFTFODF PG
,W� DIBOOFMT BOE UIBU UIJT MPDBMJ[BUJPO JT MBSHFMZ EFQFOEFOU PO B
GVODUJPOBM ''"5 CJOEJOH NPUJG XJUIJO UIF 7"1 QSPUFJO�

5IF FGGFDU PG ,W��� FYQSFTTJPO PO 7"1 MPDBMJ[BUJPO JT TVN�
NBSJ[FE JO 'JH� �'� )FSF XF DBMDVMBUFE UIF SBUJP PG 7"1�('1
GMVPSFTDFODF BU UIF 1. UP UIF DZUPQMBTNJD &3 TJHOBM MPDBUFE GVS�
UIFS XJUIJO UIF DFMM 	'MVPSFTDFODF 3BUJP
 UP RVBOUJGZ UIF EFHSFF
UP XIJDI 7"1T XFSF DPODFOUSBUJOH UP &3�1. KVODUJPOT GPSNFE
CZ UIF WBSJPVT QSPUFJOT� ET3FE&3 B TPMVCMF &3 NBSLFS IBE B
SBUJP PG ���� JOEJDBUJOH B MPXFS &3 JOUFOTJUZ BU ,W��� DMVTUFST
PO UIF 1. BT DPNQBSFE UP TJHOBM JO UIF &3 EFFQFS XJUIJO UIF
DFMM� 5IJT SBUJP XBT OPU TJHOJGJDBOUMZ EJGGFSFOU UIBO UIF SBUJPT PG
7"1" PS 7"1# XIFO DP�FYQSFTTFE XJUI +1)� 	SBUJP PG ���� Q �
� GPS 7"1" BOE SBUJP PG ���� Q � ������ GPS 7"1#
� *O DPOUSBTU
UP XIBU XBT PCTFSWFE XJUI +1)��JOEVDFE KVODUJPOT UIF 7"1T
XFSF TJHOJGJDBOUMZ NPSF DPODFOUSBUFE BU ,W��� &3�1. KVODUJPOT
	SBUJP PG ��� Q ≤ ������ GPS 7"1" BOE SBUJP PG ��� Q ≤ ������ GPS
7"1#
� /PUF UIBU +1)� BOE ,W��� GPSN &3�1. KVODUJPOT UIBU
BSF TJNJMBS JO BQQFBSBODF 	'JH� �$
 BOE JO GBDU ,W��� BOE +1)�
DP�MPDBMJ[F XJUIJO UIF TBNF KVODUJPOT XIFO FYQSFTTFE UPHFUIFS BT
JMMVTUSBUFE JO 'JH� 4�#� 5IF QSFTFODF PG ,W��� BMPOHTJEF +1)� BU
&3�1. DPOUBDU TJUFT SFTVMUT JO TJHOJGJDBOU 7"1" SFEJTUSJCVUJPO
OPU TFFO XIFO +1)� JT GPSNJOH KVODUJPOT BMPOF 	SBUJP PG ����
WT ���� Q � ≤ ������ DPNQBSFE UP +1)� BMPOF
� /PUF UIBU
XIJMF UIF SBUJP ���� GPS 7"1"	,��%�.��%
 XBT OPU TUBUJTUJDBMMZ
TJHOJGJDBOU DPNQBSFE UP UIF ET3FE&3 DPOUSPM UIFSF XBT B USFOE
UPXBSET JODSFBTFE DPODFOUSBUJPO XJUI UIJT SFEJTUSJCVUJPO CFJOH
WJTJCMZ OPUJDFBCMF JO TPNF DFMMT� 5IFTF EBUB TVQQPSU UIF JEFB UIBU
''"5 NPUJG CJOEJOH JT DSJUJDBM GPS 7"1 SFEJTUSJCVUJPO UP ,W����
JOEVDFE &3�1. KVODUJPOT IPXFWFS B TFDPOEBSZ NFDIBOJTN CZ
XIJDI 7"1T DPODFOUSBUF UP ,W����DPOUBJOJOH &3�1. KVODUJPOT
UIBU JT JOEFQFOEFOU PG ''"5 NPUJG�CJOEJOH NBZ FYJTU�

'3&5 BOBMZTJT TVQQPSUT B EJSFDU ,W����7"1 JOUFSBDUJPO BU
,W����JOEVDFE &3�1. KVODUJPOT

5IF EBUB QSFTFOUFE UIVT GBS TVQQPSU B SFMBUJPOTIJQ CFUXFFO
,W� DIBOOFMT BOE 7"1T CVU EP OPU EFNPOTUSBUF EJSFDU CJOEJOH
CFUXFFO UIF UXP QSPUFJOT� 5IFSFGPSF XF VTFE 'öSTUFS SFTPOBODF
FOFSHZ USBOTGFS 	'3&5
 UP EFUFSNJOF XIFUIFS UIFTF UXP QSPUFJOT
BSF MJLFMZ JO EJSFDU DPOUBDU� 8F BUUBDIFE UIF '3&5 BDDFQUPS
	N3VCZ�
 BOE EPOPS 	$MPWFS
 UP UIF 7"1 DZUPQMBTNJD EPNBJOT
BOE UIF /�UFSNJOJ PG ,W��� SFTQFDUJWFMZ� " $MPWFS� N3VCZ�
MJOLFE UBOEFN DPOTUSVDU XBT VTFE BT B QPTJUJWF DPOUSPM XIJMF DP�
FYQSFTTJPO PG TPMVCMF VOMJOLFE N3VCZ� BOE $MPWFS TFSWFE BT
B OFHBUJWF DPOUSPM� 5IF '3&5 TJHOBMT PCUBJOFE GSPN UIFTF UXP
DPOUSPMT BOE UIF '3&5 PCTFSWFE CFUXFFO ,W��� BOE 7"1" BSF
TIPXO JO UIF SJHIU�IBOE QBOFMT PG 'JH� �"� 5IF '3&5 TJHOBMT PC�
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&IG� �� %FFECT OF SI2.!MEDIATED KNOCKDOWN OF 6!0! AND 6!0" ON +V��� CLUSTERING� �!	 7ESTERN BLOT DEMONSTRATING EFlCACY OF 6!0! AND 6!0" SI2.!�
0ROTEIN BLOT WAS PROBED WITH ANTI6!0" ANTIBODY WHICH CROSSREACTS WITH 6!0!� �"	 2EPRESENTATIVE IMAGE OF '&0+V���LOOP"!$ CLUSTERING IN THE PRESENCE
OF SCRAMBLED OR 6!0! AND 6!0" SI2.! TAKEN VIA SPINNING DISK MICROSCOPY� ZSTACK MAXIMUM INTENSITY PROJECTIONS ARE SHOWN� )N THE LOWER LEFT IMAGE ALL
THREE CELLS �AC	 WERE SCORED AS HAVING CLUSTERED +V���� )N THE LOWER RIGHT IMAGE ONLY CELL �I	 WAS SCORED AS HAVING CLUSTERS� .OTE THAT THIS IMAGE IS PRESENTED
SIMPLY TO ILLUSTRATE HOW CLUSTERING WAS DElNED AS OPPOSED TO BEING QUANTITATIVE WITH RESPECT TO THE EFFECT OF THE SI2.! TREATMENT� 3CALE BARS ARE � µM� �#	
1UANTIlCATION OF THE PERCENTAGE OF CELLS DISPLAYING +V��� CLUSTERING AFTER VARIOUS SI2.! TREATMENTS� �� CELLS RECEIVING THE SCRAMBLED SI2.!� �� RECEIVED 6!0!
SI2.!� �� RECEIVED 6!0" SI2.!� AND ��� CELLS RECEIVING BOTH 6!0! AND 6!0" SI2.! WERE EXAMINED WITHIN ��� ��� ��� AND �� IMAGES� RESPECTIVELY� %RROR BARS
REPRESENT 3%-� &OR ANALYSIS� A ONEWAY !./6! WAS PERFORMED� &��� ���	 � ������ P � ���� X ���� WITH POST HOC 4UKEY’S TESTS� !STERISKS INDICATE SIGNIlCANCE� P
� �����

&IG� �� 0HOTOACTIVATABLE'&0 �PA'&0	BASED ANALYSIS OF 6!0! STABILITY AT
+V���INDUCED %2�0- JUNCTIONS� �!	 2EPRESENTATIVE 4)2& MICROSCOPY IMAGES OF
6!0!PA'&0 AT EITHER +V��� OR *0(�INDUCED %2�0- JUNCTIONS �� ��� AND ��� S
AFTER ��� NM INDUCED PHOTOACTIVATION IN 4)2&� 3CALE BARS ARE � µM� �"	 4IME
COURSE OF PA'&0mUORESCENCE LOSS� .ORMALIZED mUORESCENCE MEASUREMENTS
WERE lT WITH A TWOEXPONENTIAL DECAY� BLACK LINES �	� 6!0! WAS SIGNIlCANTLY
LESS STABLE AT *0(�INDUCED %2�0- JUNCTIONS �τ� � ���� τ� � ����	 THAN AT +V���
JUNCTIONS �τ� � ����� τ� � �����	� P������� AT ��� S� %RROR BARS REPRESENT 3%-�
�� 2/)S FROM � +V��� EXPRESSING CELLS AND �� 2/)S FROM �� *0(� EXPRESSING
CELLS WERE USED�

TFSWFE JO BMM FYQFSJNFOUT BSF TVNNBSJ[FE JO 'JH� �#� 8F PCTFSWFE

TJHOJGJDBOU '3&5 FGGJDJFODZ CFUXFFO ,W��� BOE CPUI 7"1" BOE
7"1# 	��� PG MJOLFE DPOUSPM BOE ��� PG MJOLFE DPOUSPM Q ≤
�������� BOE Q ≤ �������� DPNQBSFE UP VOMJOLFE DPOUSPM SF�
TQFDUJWFMZ
 JOEJDBUJWF PG QSPUFJO�QSPUFJO JOUFSBDUJPO� #Z DPOUSBTU
VOMJOLFE $MPWFS BOE N3VCZ�� EJTQMBZFE '3&5 FGGJDJFODZ WBMVFT
UIBU XFSF POMZ �� PG UIF MJOLFE DPOUSPM� "O BEEJUJPOBM QPTJUJWF
DPOUSPM FYBNJOFE UIF '3&5 FGGJDJFODZ FYJTUJOH CFUXFFO ,W���
TVCVOJUT XJUIJO B IFUFSPNFSJD DIBOOFM J�F� N3VCZ�� BOE $MPWFS�
,W��� TVCVOJUT 	��� PG MJOLFE DPOUSPM
� 5IF EFDSFBTFE '3&5
CFUXFFO ,W��� TVCVOJUT SFMBUJWF UP UIF MJOLFE $MPWFS�N3VCZ�
QPTJUJWF DPOUSPM JT MJLFMZ EVF UP UIF SBOEPN BTTFNCMZ PG UIF
DIBOOFM UFUSBNFS� *OUFSFTUJOHMZ B TFDPOE OFHBUJWF DPOUSPM UIF
7"1"	,��%�.��%
 NVUBOU XIJDI JT JODBQBCMF PG CJOEJOH ''"5
NPUJGT 	��
 EJTQMBZFE B EJNJOJTIFE CVU TUJMM TJHOJGJDBOU 	���
PG MJOLFE DPOUSPM Q ≤ �������� DPNQBSFE UP VOMJOLFE DPOUSPM

'3&5 FGGJDJFODZ� 5IJT TJHOBM DPVME CF EVF UP PMJHPNFSJ[BUJPO XJUI
FOEPHFOPVT 7"1T WJB UIF USBOTNFNCSBOF EPNBJO BT IBT CFFO
QSFWJPVTMZ EFTDSJCFE 	��
� *O FTTFODF UIF 7"1"	,��%�.��%

NVUBOU XIJDI JT JODBQBCMF PG CJOEJOH ,W��� JT PMJHJNFSJ[JOH XJUI
FOEPHFOPVT 7"1T UIBU BSF CPVOE UP UIF DIBOOFM� 4VDI B NFDI�
BOJTN XPVME BMMPX GPS UIF BDDVNVMBUJPO PG 7"1T XJUI BWBJMBCMF
''"5�NPUJG CJOEJOH EPNBJOT XJUIJO UIF ,W����JOEVDFE &3�1.
DPOUBDUT�

,OPDLEPXO PG 7"1 QSPUFJO JNQBDUT UIF DMVTUFSJOH CFIBWJPS
PG ,W���

*O PSEFS UP DPOGJSN UIBU 7"1T BSF EJSFDUMZ JOWPMWFE JO ,W���
DMVTUFSJOH PWFS UIF &3 XF VTFE B TJ3/" BQQSPBDI UP SFEVDF
FOEPHFOPVT 7"1 FYQSFTTJPO JO )&, DFMMT� "T JMMVTUSBUFE JO 'JH�
�" XIJMF UIF TDSBNCMFE TJ3/" DPOUSPM IBE OP FGGFDU PO FJUIFS
7"1" PS 7"1# FYQSFTTJPO DPNCJOJOH CPUI TJ3/"T HSFBUMZ SF�
EVDFE CPUI 7"1" BOE 7"1#� 8F OFYU FYBNJOFE UIF FGGFDU PG
7"1 LOPDLEPXO PO ,W��� DMVTUFSJOH BT JMMVTUSBUFE JO 'JH� �# BOE
TVNNBSJ[FE JO 'JH� �$� "T TIPXO JO 'JH� �# LOPDLJOH EPXO CPUI
7"1" BOE 7"1# WJTVBMMZ EFDSFBTFE UIF FYUFOU PG ('1�,W����
MPPQ#"% DMVTUFSJOH BT JNBHFE XJUI $'����4" CJOEJOH UP UIF
CJPUJOZMBUFE DIBOOFMT PO UIF DFMM TVSGBDF� 4JODF ,W��� DMVTUFS TJ[F
BOE JOUFOTJUZ BSF EFQFOEFOU PO UIF ,W��� FYQSFTTJPO MFWFMT XF
RVBOUJUBUFE UIF FGGFDU PG 7"1 LOPDLEPXO CZ TJNQMZ DPNQBSJOH
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&IG� �� +V� CHANNEL #TERMINUS IS SUFlCIENT TO FORM %2�0- JUNCTIONS THROUGH
6!0 INTERACTION� �!	 3EQUENCE COMPARISON OF +V��� AND +V��� #TERMINI� .OTE
THE HIGH DEGREE OF CONSERVATION IN THE AREA REQUIRED FOR CLUSTERING� BUT
LACK THEREOF ELSEWHERE� +NOWN SEQUENCE REQUIRED FOR CLUSTERING IN +V��� IS
INDICATED BY THE MAGENTA LINE� +NOWN AMINO ACIDS REQUIRED FOR CLUSTERING ARE
HIGHLIGHTED IN CYAN� �"	 3CHEMATIC OF WILDTYPE #$�� ON RIGHT� AND THE #$�
+V���������� CONSTRUCT� ON LEFT� #RITICAL AMINO ACIDS FOR +V��� CLUSTERING ARE
INCLUDED IN BLACK� �#	 !PPENDING AMINO ACIDS ������ OF +V��� ONTO THE #$�
#TERMINUS RESULTS IN %2�0- JUNCTIONS THAT CONCENTRATED 6!0! AT THE 0-�
�$	 4HE #TERMINUS OF +V��� ATTACHED TO #$� ALSO RESULTS IN A CONSTRUCT THAT
CLUSTERS AND INTERACTS WITH 6!0S� �%	 %XPRESSION OF 6!0!'&0 WITH THE #$�
+V���������� CONSTRUCT IN WHICH THE SERINES UNDERLINED IN �!	 WERE MUTATED
TO ALANINES� �&	 %XPRESSION OF 6!0!'&0 WITH THE #$�+V���������� CONSTRUCT
IN WHICH THE SERINES UNDERLINED IN �!	 WERE MUTATED TO ASPARTIC ACIDS� 3CALE
BARS ARE � µM�

UIF QFSDFOUBHF PG DFMMT XJUI DMVTUFST PCTFSWFE VOEFS UIF EJGGFSFOU
TJ3/" USFBUNFOUT� 'PS B DFMM UP CF DMBTTJGJFE BT ,W��� DMVTUFS�GSFF
JU IBE UP IBWF UIF IPNPHFOFPVT TVSGBDF EJTUSJCVUJPO JMMVTUSBUFE CZ
UIF UXP DFMMT 	JJ BOE JJJ
 JO UIF MPXFS SJHIU�IBOE QBOFM PG 'JH� �#�
$FMM 	J
 XBT DMBTTJGJFE BT QPTTFTTJOH DMVTUFSFE ,W���� 6TJOH UIJT
RVBOUJUBUJPO BQQSPBDI UIF FGGFDUT PG SFEVDJOH 7"1" PS 7"1#
MFWFMT BSF TVNNBSJ[FE JO 'JH� �$ 	���� BOE ����� /4 BT DPN�
QBSFE UP UIF TDSBNCMFE TJ3/" DPOUSPM
� $PNCJOJOH CPUI TJ3/"T
IBE UIF HSFBUFTU FGGFDU PO ,W��� DMVTUFSJOH QFSDFOUBHF SFEVDJOH
DMVTUFSJOH GSPN ���� UP ����� 	Q � �������
 BT DPNQBSFE UP
UIF TDSBNCMFE TJ3/" DPOUSPM� *O TVNNBSZ UIF SFTVMUT QSFTFOUFE
JO 'JH� � JOEJDBUF CPUI 7"1 JTPGPSNT BSF JOWPMWFE JO ,W���
DMVTUFSJOH J�F� CJOEJOH UP UIF DPSUJDBM &3 JO )&, DFMMT� 8IJMF
OPU BQQBSFOU JO 'JH� � 7"1 TJ3/" SFMBUJWF UP UIF TDSBNCMFE
TJ3/" DPOUSPM EFDSFBTFE UIF UPUBM TVSGBDF ,W��� UP ��� PG
DPOUSPM BOE EFDSFBTFE UIF JOUFOTJUZ PG ,W��� DMVTUFST UP ���� ('1
JOUFOTJUZ XBT SFEVDFE UP ��� PG DPOUSPM� 5IVT 7"1 LOPDLEPXO
TVQQSFTTFE ,W��� TVSGBDF MFWFMT UP B TPNFXIBU HSFBUFS FYUFOU UIBO

UIF PWFSBMM ,W��� FYQSFTTJPO� 8IFUIFS 7"1 MFWFMT BSF TQFDJGJDBMMZ
MJOLFE UP ,W��� CJPTZOUIFTJT USBGGJDLJOH PS TUBCJMJUZ SFNBJOT BO
PQFO RVFTUJPO�

7"1 SFTJEFOU UJNF BU ,W����JOEVDFE &3�1. KVODUJPOT JT MPOH
MJWFE

0VS QSFWJPVT BOBMZTJT PG ,W��� CFIBWJPS BU UIF TJOHMF NPMFDVMF
MFWFM SFWFBMFE UIBU JOEJWJEVBM ,W��� DIBOOFMT DBO SFTJEF XJUIJO
B DMVTUFS GPS � �� NJO 	��
 TVHHFTUJOH B WFSZ TUBCMF JOUFSBDUJPO
CFUXFFO UIF ,W��� $�UFSNJOVT BOE UIFJS &3 CJOEJOH QBSUOFS� 5P
FYBNJOF UIF TUBCJMJUZ PG ,W��� 7"1 CJOEJOH XF NFBTVSFE UIF
EJTTPDJBUJPO LJOFUJDT PG QIPUPBDUJWBUBCMF ('1 	QB('1
 UBHHFE
7"1" BU ,W��� DMVTUFST GPMMPXJOH QIPUPBDUJWBUJPO� 8F TFMFDUJWFMZ
BDUJWBUFE BOE RVBOUJUBUFE 7"1�QB('1 GMVPSFTDFODF TPMFMZ XJUIJO
UIF 5*3' GJFME UP BWPJE BDUJWBUJOH GMVPSFTDFODF SFNPWFE GSPN
UIF 1. BT EFNPOTUSBUFE JO 'JH� �"� "DUJWBUJOH UIF QB('1 BOE
UIFO NFBTVSJOH JUT MPTT EVF UP EJGGVTJPO JOUP UIF DZUPQMBTNJD &3
BMMPXFE VT UP NFBTVSF UIF SFMBUJWF TUBCJMJUZ PG UIF 7"1�,W���
JOUFSBDUJPO 	TFF 'JH� �#
� 8F GPVOE UIBU 7"1T XFSF EFNPOTUSBCMZ
NPSF TUBCMF BU ,W��� KVODUJPOT UIBO BU +1)��JOEVDFE KVODUJPOT
BT FYQFDUFE JG ,W��� DIBOOFMT BOE 7"1T BSF JOUFSBDUJOH UP GPSN
UIJT KVODUJPO� "T JOEJDBUFE JO 'JH� � UIPVHI 7"1T BSF OPU DPO�
DFOUSBUFE UP UIFTF BSFBT 7"1T BSF QSFTFOU BU UIF +1)� NFN�
CSBOF KVODUJPOT TPMFMZ CFDBVTF UIFZ FYJTU UISPVHIPVU UIF &3� 5IF
QB('1 GMVPSFTDFODF EFDBZFE UP CBTFMJOF XJUI UIF +1)� JOEVDFE
KVODUJPOT XIJMF JO UIF QSFTFODF PG ,W��� BQQSPYJNBUFMZ POF�UIJSE
PG UIF PSJHJOBM 7"1"�QB('1 XBT TUBCMZ SFUBJOFE TVHHFTUJOH B
TUBCMF ,W����7"1 JOUFSBDUJPO MBTUJOH MPOHFS UIBO �� NJO� *G 7"1T
EP JOEFFE GVODUJPO BT TDBGGPMEJOH QSPUFJOT BU &3�1. DPOUBDUT UIJT
TUBCJMJUZ BMMPXT GPS UIF FYJTUFODF PG MPOH�MJWFE DPNQMFYFT� " UXP�
FYQPOFOUJBM EFDBZ XBT SFRVJSFE UP GJU UIF EBUB JOEJDBUJOH UJNF
DPOTUBOUT PG ���T BOE ����T GPS UIF +1)� NFNCSBOF KVODUJPOT
BT DPNQBSFE UP ����T BOE �����T GPS UIF ,W����JOEVDFE &3�1.
DPOUBDUT� 5IFTF UJNF DPOTUBOUT BSF MJLFMZ UIF SFTVMU PG 7"1 EJG�
GVTJPO JOUP UIF EFFQFS &3 UIBU JT SFNPWFE GSPN UIF 1.� 5IF
UJNF DPOTUBOU JODSFBTFT PCTFSWFE JO UIF QSFTFODF PG ,W��� DPVME
CF EVF UP JODSFBTFE NPMFDVMBS DSPXEJOH JO UIF QSFTFODF PG ,W���
BT DPNQBSFE UP +1)��

#JOEJOH UP 7"1T JT NFEJBUFE CZ UIF ,W��� BOE ,W��� $�
UFSNJOVT�

7"1T CJOE B MPPTFMZ EFGJOFE ''"5 NPUJG 	UXP QIFOZMBMBOJOFT
XJUIJO BO BDJEJD USBDU
 DPOUBJOFE XJUIJO UIFJS CJOEJOH QBSUOFST�
,W��� DMVTUFSJOH SFRVJSFT B QSFWJPVTMZ EFGJOFE NPUJG XJUIJO UIF
DIBOOFM $�UFSNJOVT BT IJHIMJHIUFE JO 'JH� �" 	��
 XJUI UIF VO�
EFSMJOFE TFSJOFT MJLFMZ SFQSFTFOUJOH QIPTQIPSZMBUFE BNJOP BDJET
JOWPMWFE JO ,W��� DMVTUFSJOH PWFS UIF &3 	�� ��
� )PXFWFS
PCWJPVT 7"1 CJOEJOH ''"5 NPUJGT XIJDI IBWF B DPOTFOTVT TF�
RVFODF PG &''%"Y& 	��
 BSF MBDLJOH XJUIJO CPUI UIF ,W��� BOE
��� $�UFSNJOVT 	DPNQBSFE JO 'JH� �"
� "T B GJSTU TUFQ UPXBSET
JEFOUJGZJOH UIF TFRVFODFT XJUIJO ,W� DIBOOFMT UIBU BSF JOWPMWFE
JO 7"1 CJOEJOH XF BQQFOEFE BNJOP BDJET ������� PG ,W��� BOE
BNJOP BDJET ������� PG ,W��� UP UIF TJOHMF QBTT USBOTNFNCSBOF
QSPUFJO $%� BT EJBHSBNNFE JO 'JH� �#� 5IFTF BNJOP BDJET XFSF
TFMFDUFE TP BT UP LFFQ UIF UPUBM BNJOP BDJE MFOHUI GSPN UIF 1.
UP UIF SFHJPOT LOPXO UP CF SFRVJSFE GPS DMVTUFSJOH BT DMPTF UP
85 ,W��� BT QPTTJCMF BT UIFSF JT SFBTPO UP CFMJFWF UIBU &3�
1. NFNCSBOF EJTUBODF DBO IBWF B QSPGPVOE FGGFDU PO QSPUFJO
MPDBMJ[BUJPO UP &3�1. KVODUJPOT 	��
� $%� XBT DIPTFO CFDBVTF
XJME�UZQF $%� TIPXT B IPNPHFOPVT DFMM TVSGBDF EJTUSJCVUJPO
JO CPUI USBOTGFDUFE SBU IJQQPDBNQBM OFVSPOT BOE )&, DFMMT�
5IVT BOZ DMVTUFSJOH PS DPODFOUSBUJPO PWFS UIF DPSUJDBM &3 JT
SFBEJMZ EFUFDUFE� 4JODF TUSVDUVSBM TUVEJFT JOEJDBUF $%� GPSNT B
EJNFS 	��
 XF BTTVNF FBDI PG UIFTF DIJNFSJD DPOTUSVDUT DPO�
UBJOT UXP ,W $�UFSNJOBM EPNBJOT� 5IF $%��,W� DIJNFSBT XFSF
UIFO DP�FYQSFTTFE XJUI 7"1"�('1 JO )&, DFMMT BOE UIF $%�
MPDBMJ[FE VTJOH $'����DPOKVHBUFE BOUJ�$%� NPOPDMPOBM BOUJCPEZ
EJSFDUFE BHBJOTU BO FYUSBDFMMVMBS FQJUPQF� "T TIPXO JO 'JH� �$
UIF $%��,W��� $�UFSNJOVT DIJNFSB DMVTUFSFE PO UIF DFMM TVSGBDF
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&IG� �� $ElNING THE MINIMUM DOMAIN NECESSARY FOR
+V���6!0 INTERACTION� �!	 #$�+V���������� FORM
ING %2�0- JUNCTIONS IN (%+ CELLS VIA 6!0 INTERACTION�
4HIS CONSTRUCT REPRESENTED THE MINIMAL SEQUENCE OF
AMINO ACIDS WE OBSERVED CAPABLE OF THIS BEHAVIOR
�(OWEVER� SEE ASTERISK BELOW	� �"	 #$�+V����������
WAS NOT CAPABLE OF FORMING %2�0- JUNCTIONS THROUGH
6!0 INTERACTION� �#	 #$�/3"0 CONSTRUCT DEMONSTRAT
ING THAT %2�0- FORMATION AND 6!0 CONCENTRATION
OCCURRING IN THE PRESENCE OF A CLASSIC &&!4 MOTIF CON
TAINING PROTEINS ON THE 0-� 3CALE BARS ARE � µM� �$	
3CHEMATIC DISPLAYING AMINO ACID IDENTITY AND RELATIVE
POSITION OF +V��� SEQUENCE FRAGMENTS APPENDED TO
THE #$� BACKBONE� 2IGHTHAND SIDE INDICATES WHICH
CHIMERAS FORMED CLUSTERS ON THE MEMBRANE WITH CON
COMITANT 6!0 RELOCALIZATION TO THESE SITES� �!STERISK	�
#$�+V���������� WAS CAPABLE OF FORMING %2�0-
JUNCTIONS IF 6!0 WAS COEXPRESSED BUT DID NOT FORM
THESE MICRODOMAINS WITH ONLY THE ENDOGENOUS 6!0
LEVELS�

&IG� �� +V� INTERACTION WITH 6!0S IN RAT HIPPOCAM
PAL NEURONS� �!	 #OEXPRESSION OF +V���LOOP"!$
AND 6!0!'&0� 3URFACE +V���LOOP"!$ WAS VISU
ALIZED WITH #&���CONJUGATED STREPTAVIDIN� �"	 #O
EXPRESSION OF '&0+V��� AND 6!0"M2UBY�� �#%	 #O
LOCALIZATION OF +V���LOOP"!$� '&0+V��� AND THE
#$�+V���������� CHIMERA WITH 6!0!'&0� 6!0"
M2UBY� AND 6!0!'&0� RESPECTIVELY� WITHIN THE !)3�
4HE !)3 WAS CONlRMED WITH ANTINEUROFASCIN ANTI
BODY STAINING AS ILLUSTRATED IN &IG� 3�� �&	 3UMMARY
OF THE PERCENTAGE OF NEURONS CONCENTRATING 6!0S AT
INDUCED %2�0- JUNCTIONS� 3CALE BARS � �μM� %RROR BARS
INDICATE 3%-� P VALUES COMPARING THE INTERACTION OF
THE lRST THREE #$�+V��� CHIMERAS WITH EITHER 6!0!
OR 6!0"� TO WILDTYPE +V���� WERE NOT SIGNIlCANT�
+RUSKAL7ALLIS !./6! VALUES OF P � ���� AND P � ����
RESPECTIVELY�

&IG� �� 7ORKING MODEL WHERE +V� CHANNELS CONCENTRATE %2 6!03 BY
BOTH DIRECT BINDING VIA THE #TERMINAL NONCANONICAL &&!4 MOTIF AND 6!0
OLIGOMERIZATION VIA THE 6!0 TRANSMEMBRANE DOMAIN�

BOE DPODFOUSBUFE 7"1" TJNJMBS UP UIF GVMM�MFOHUI ,W��� JO 'JH�
�#� 5IF TBNF DMVTUFSJOH BOE 7"1" SFEJTUSJCVUJPO XBT PCTFSWFE
XJUI UIF $%��,W���$�UFSNJOBM DIJNFSB 	'JH� �%
� 5IVT B OPO�
DBOPOJDBM 7"1�CJOEJOH NPUJG JT MJLFMZ QSFTFOU XJUIJO UIFTF $�
UFSNJOBM TFRVFODFT�

4JODF QIPTQIPSZMBUJPO JT CFMJFWFE UP SFHVMBUF UIF ,W����
&3 JOUFSBDUJPO BOE UIF SFTVMUJOH DIBOOFM DMVTUFSJOH QIFOP�
UZQF XF OFYU NVUBUFE UIF VOEFSMJOFE TFSJOFT IJHIMJHIUFE JO
'JH� �" UP FJUIFS BMBOJOFT JODBQBCMF PG QIPTQIPSZMBUJPO 	$%��
,W����""""
 PS BTQBSUJD BDJET JO PSEFS UP DSFBUF QIPTQIP�
NJNFUJDT 	$%��,W����%%%%
� $%��,W��� $�UFSNJOVT DIJNFSBT
DPOUBJOJOH UIFTF TVCTUJUVUJPOT XJUIJO BQQFOEFE ������� BNJOP
BDJET PG ,W��� XFSF UIFO DP�FYQSFTTFE XJUI 7"1"�('1 BOE
7"1" SFEJTUSJCVUJPO BTTFTTFE� "T JMMVTUSBUFE JO 'JH� �& BMBOJOF
TVCTUJUVUJPO QSFWFOUFE CPUI UIF DIJNFSB DMVTUFSJOH BOE UIF 7"1"
SFEJTUSJCVUJPO XIJMF 'JH� �' TIPXT SPCVTU DMVTUFSJOH BOE 7"1"
SFEJTUSJCVUJPO XJUI UIF QIPTQIPNJNFUJD TVCTUJUVUJPOT� 5IFTF EBUB
GVSUIFS TVQQPSU UIF JEFB UIBU ,W����7"1 JOUFSBDUJPO JT SFHVMBUFE
CZ QIPTQIPSZMBUJPO XJUIJO B TNBMM TFDUJPO PG UIF DIBOOFM $�
UFSNJOVT�

,W��� GPSNT &3�1. KVODUJPOT UISPVHI JOUFSBDUJPO XJUI 7"1T
WJB B OPO�DBOPOJDBM ''"5 NPUJG

*O PSEFS UP JEFOUJGZ UIF FYBDU ,W��� $�UFSNJOBM TFRVFODF
JOWPMWFE JO 7"1 CJOEJOH XF HFOFSBUFE B TFSJFT PG $%� DIJNFSBT
DPOUBJOJOH WBSZJOH BNPVOUT PG ,W��� $�UFSNJOBM TFRVFODF 	TVN�
NBSJ[FE JO 'JH� �%
� *O PSEFS UP QSPWJEF FOPVHI DZUPQMBTNJD
EFQUI UP DPOUBDU UIF DPSUJDBM &3 XF BEEFE β��NJDSPHMPCVMJO
CFUXFFO UIF $%� BOE DIBOOFM TFRVFODF UP DSFBUF B SJHJE MJOLFS�
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7BSJBCMF MFOHUI GMFYJCMF MJOLFST XFSF BMTP JOTFSUFE CFUXFFO UIF
NJDSPHMPCVMJO BOE MFOHUIT PG TIPSU ,W��� TFRVFODF JO BO FGGPSU
UP NBJOUBJO DPOTUBOU TQBDJOH CFUXFFO UIF &3 BOE 1.� "T B
QPTJUJWF DPOUSPM XF BMTP BQQFOEFE UIF DMBTTJD ''"5 TFRVFODF
PG PYZTUFSPM CJOEJOH QSPUFJO 	04#1
 XJUI CPUI VQTUSFBN BOE
EPXOTUSFBN GMBOLFST 	TFF .BUFSJBMT BOE .FUIPET BOE 4* GPS
BEEJUJPOBM EFUBJMT
� 04#1 JT B MJQJE USBOTGFS QSPUFJO UIBU JT B LOPXO
7"1 JOUFSBDUPS BOE IBT B XFMM DIBSBDUFSJ[FE ''"5 NPUJG 	�� ��
��
� 8F CFHBO CZ DPOGJSNJOH UIBU UIF BNJOP BDJE TFRVFODF BMSFBEZ
LOPXO UP CF SFTQPOTJCMF GPS UIF DMVTUFSJOH CFIBWJPS PG ,W���
DIBOOFMT 	BNJOP BDJET ������� 	��

 XBT BMTP SFTQPOTJCMF GPS 7"1
CJOEJOH� "T TIPXO JO 'JH� �" B $%��,W��� $�UFSNJOVT DIJNFSB
DPOUBJOJOH POMZ BNJOP BDJET ������� PG ,W��� CPUI DMVTUFSFE
BOE DPODFOUSBUFE 7"1" BU UIF &3�1. KVODUJPO� *O DPOUSBTU
UIF DIJNFSB XJUI BNJOP BDJET ������� GBJMFE UP CPUI DMVTUFS BOE
SFEJTUSJCVUF UIF 7"1 BT JMMVTUSBUFE JO 'JH� �#� 'JH� �$ TIPXT UIF
7"1 CJOEJOH PCTFSWFE XJUI UIF $%��04#1 ''"5 NPUJG QPTJUJWF
DPOUSPM� 5IF TFRVFODF BOE CFIBWJPS PG UIFTF BOE PUIFS DPOTUSVDUT
JT TVNNBSJ[FE JO 'JH� �%� 'PS DPNQBSJTPO UIF ,W��� $�UFSNJOBM
TFRVFODF VTFE JO 'JH� �% JT JODMVEFE� 5IF DPNQBSJTPOT TIPXO
JO 'JH� �% TVHHFTU UIBU UIFSF JT B OPO�DBOPOJDBM ''"5 NPUJG
QSFTFOU JO CPUI UIF ,W��� BOE ��� $�UFSNJOJ� 5IF TFWFO BNJOP
BDJET JO ZFMMPX SFQSFTFOU UIF DPSF NPUJG XIFSF UIF GJSTU FYQFDUFE
QIFOZMBMBOJOF JT BCTFOU� 5IF VQTUSFBN BNJOP BDJET JO CMVF MJLFMZ
TVCTUJUVUF GPS UIF VQTUSFBN BDJEJD USBDU PCWJPVT JO UIF 04#1
TFRVFODF� *O ,W��� TFSJOF QIPTQIPSZMBUJPO MJLFMZ QSPWJEFT UIF
OFHBUJWF DIBSHF SFRVJSFE UP HVJEF UIF ,W��7"1 JOUFSBDUJPO TJN�
JMBS UP PUIFS TUVEJFE ''"5�DPOUBJOJOH QSPUFJOT XIJDI BSF LOPXO
UP JOUFSBDU XJUI UIF 7"1T 	��
� 5IJT SFRVJSFE QIPTQIPSZMBUJPO FY�
QMBJOT UIF DBMDJOFVSJO�JOEVDFE EFDMVTUFSJOH PG ,W��� UIBU PDDVST JO
SFTQPOTF UP FYDJUPUPYJDJUZ PS OFVSPOBM JOTVMU 	� �� ��
� /PUF UIBU
UIF ������� DPOTUSVDU DMVTUFST POMZ XIFO 7"1T BSF DP�USBOTGFDUFE
TVHHFTUJOH UIBU UIF MBDL PG EPXOTUSFBN TFRVFODF SFEVDFT 7"1
BGGJOJUZ� 8F DBOOPU TBZ JG UIFTF TQFDJGJD BNJOP BDJET BSF JODSFBTJOH
BGGJOJUZ PG CJOEJOH PS JG BOZ SBOEPN TFRVFODF BGUFS UIF ''"5
NPUJG XPVME TFSWF UIJT QVSQPTF� UP PVS LOPXMFEHF OP ''"5 NPUJG
IBT FWFS CFFO EFTDSJCFE UIBU JT MPDBMJ[FE BU UIF WFSZ FOE PG BOZ
QSPUFJO BT JT UIF DBTF XJUI UIJT $%��DIJNFSB�

*OUFSFTUJOHMZ UISFF PG UIF GPVS BNJOP BDJET BMSFBEZ GPVOE UP
CF DSJUJDBM GPS UIF DMVTUFSJOH PG ,W��� 	4��� '��� 4���
 SFTJEF
EJSFDUMZ XJUIJO UIF ''"5 NPUJG 	�� ��
� " GPVSUI DSJUJDBM SFTJEVF
	4���
 JT MPDBUFE KVTU UISFF BNJOP BDJET VQTUSFBN BOE XJUIJO
UIF ''"5 NPUJG GMBOLFS SFHJPO LOPXO UP CF JNQPSUBOU GPS 7"1
CJOEJOH 	��
� 5IF TFSJOF BU ��� JT B LOPXO QIPTQIPSZMBUJPO TJUF
	��
�

,W��� BOE ,W��� JOUFSBDU XJUI BOE SFHVMBUF UIF MPDBMJ[BUJPO
PG 7"1" BOE 7"1# JO SBU IJQQPDBNQBM OFVSPOT

*O PSEFS UP DPOGJSN UIBU UIF ,W� 7"1 JOUFSBDUJPOT BMTP PDDVS
JO IJQQPDBNQBM OFVSPOT ,W����MPPQ#"% XBT DP�FYQSFTTFE XJUI
7"1"�('1 JO %*7 � SBU IJQQPDBNQBM OFVSPOT BT JMMVTUSBUFE
JO 'JH� �"� "HBJO 7"1" DPODFOUSBUFE BU UIF ,W����JOEVDFE
&3�1. KVODUJPOT� 'JH� �# TIPXT B TJNJMBS SFTVMU XIFO ('1�,W���
BOE 7"1#�N3VCZ� XFSF DP�FYQSFTTFE� ,W� DIBOOFMT BMTP GPSN
&3�1. KVODUJPOT XJUIJO UIF BYPO JOJUJBM TFHNFOU 	"*4
 	�� ��

BOE 'JHT� �$ BOE % JMMVTUSBUF 7"1 DPODFOUSBUJPO IFSF JO UIF
QSFTFODF PG ,W��� BOE ,W��� SFTQFDUJWFMZ� 'JH� �& JMMVTUSBUFT UIF
JOUFSBDUJPO PG UIF $%��,W���� ������� DIJNFSB XJUI 7"1" XJUIJO
UIF "*4� 3FDFOU XPSL JOEJDBUFT UIBU ,W��� MJLFMZ DPOUBJOT UXP
JOEFQFOEFOU "*4 MPDBMJ[BUJPO TJHOBMT XJUIJO UIF $�UFSNJOVT POF
JT DPOUBJOFE XJUIJO UIF TFRVFODF TIPXO JO 'JH� �" BOE UIF PUIFS
JT MPDBUFE EJTUBMMZ BU BNJOP BDJET �������	��
� 5IF $%� DIJNFSB
MBDLT UIJT TFDPOEBSZ "*4 MPDBMJ[BUJPO TJHOBM UIVT EFNPOTUSBUJOH
UIBU 7"1 CJOEJOH BMPOF DBO MPDBMJ[F ,W��� UP UIF "*4� 2VBOUJ�
UBUJPO PG ,W��7"1 JOUFSBDUJPO JT TVNNBSJ[FE JO 'JH� �'� )FSF
UIF QFSDFOUBHF PG USBOTGFDUFE OFVSPOT DPODFOUSBUJOH FJUIFS 7"1"
PS 7"1# UP UIF ,W� JOEVDFE &3�1. KVODUJPOT JT JOEJDBUFE� 5IF
$%� DIJNFSBT UIBU GBJMFE UP JOUFSBDU XJUI 7"1T JO )&, DFMMT

	'JH� �
 BMTP GBJMFE UP CJOE 7"1T JO OFVSPOT� 5IFTF EBUB JOEJDBUF
UIBU ,W��7"1 JOUFSBDUJPO JT TJNJMBS CFUXFFO )&, DFMMT BOE SBU
IJQQPDBNQBM OFVSPOT XIJDI JT OPU TVSQSJTJOH HJWFO UIBU )&,
DFMMT BSF PG OFVSPOBM PSJHJO 	��
 BOE UIF DBMDJOFVSJO�EFQFOEFOU
SFHVMBUJPO PG ,W��� DMVTUFSJOH JT DPOTFSWFE CFUXFFO UIFTF UXP DFMM
UZQFT 	��
�

$ISCUSSION

0VS EBUB EFNPOTUSBUF UIBU B ,W� DIBOOFM�7"1 JOUFSBDUJPO MJOLT
UIF 1. UP DPSUJDBM &3 BT TVNNBSJ[FE JO 'JH� �� 5IF GPSNBUJPO PG
UIJT NFNCSBOF DPOUBDU TJUF HJWFT SJTF UP ,W� DIBOOFM DMVTUFST PO
UIF OFVSPOBM TVSGBDF� 7"1" BOE 7"1# BSF BCVOEBOUMZ FYQSFTTFE
JO IJQQPDBNQBM DPSUJDBM BOE NPUPS OFVSPOT CBTFE PO CPUI XFTU�
FSO CMPU BOE JNNVOP�TUBJOJOH BQQSPBDIFT BOE UIFTF OFVSPOBM
UZQFT EJTQMBZ QSPNJOFOU ,W��� DMVTUFST PO UIF TPNBUJD TVSGBDF
	��
� )PXFWFS OP DPODFOUSBUJPO PG 7"1T JOUP QMBTNB NFNCSBOF
BTTPDJBUFE DMVTUFST IBT CFFO QSFWJPVTMZ SFQPSUFE QFSIBQT CFDBVTF
UIF BWBJMBCMF BOUJCPEJFT UBSHFU 7"1 EPNBJOT BTTPDJBUFE XJUI
''"5 NPUJG CJOEJOH UIVT QSFWFOUJOH JNNVOF�MBCFMJOH PG 7"1T
XJUIJO BO BTTFNCMFE DPNQMFY� 8IJMF XF QSFWJPVTMZ QSPQPTFE
UIBU JOEJWJEVBM ,W� DIBOOFMT XJUIJO UIFTF NJDSPEPNBJOT NVTU CF
DPSSBMMFE CFIJOE B DZUPTLFMFUBM GFODF EVF UP UIFJS IJHI MBUFSBM
NPCJMJUZ XJUIJO UIF 1. 	��
 CPUI UIF NPCJMJUZ BOE DMVTUFSJOH BSF
OPX CFTU FYQMBJOFE CZ UIF CJOEJOH UP GSFFMZ EJGGVTJOH 7"1T XJUIJO
UIF &3� 5IF '3&5 FYQFSJNFOUT QSFTFOUFE JO 'JH� � JOEJDBUF ,W���
BOE 7"1T SFTJEF XJUIJO ���� ON PG FBDI PUIFS 	��
 TVHHFTUJOH
UIFZ BSF JO EJSFDU DPOUBDU� 5IF GMVPSFTDFODF MPTT LJOFUJDT BGUFS
7"1�QB('1 QIPUPBDUJWBUJPO 	'JH� �
 TVHHFTU UIJT JOUFSBDUJPO JT
SFMBUJWFMZ MPOH�MJWFE 	��� NJO
 XIJDI BHSFFT XJUI PVS QSFWJPVT
TUVEJFT JOEJDBUJOH UIBU JOEJWJEVBM ,W��� DIBOOFMT DBO SFNBJO
XJUIJO B DMVTUFS GPS �� NJO PS NPSF VOEFS SFTUJOH DPOEJUJPOT 	��
�
5IF TJ3/" 7"1 LOPDLEPXO FYQFSJNFOUT 	'JH� �
 TVQQPSU UIF
JEFB UIBU 7"1T BSF SFRVJSFE GPS UIF ,W��� DMVTUFSJOH BOE JOEJDBUF
UIBU CPUI 7"1" BOE 7"1# QBSUJDJQBUF JO UIJT QSPDFTT� )PXFWFS
,W��� TVSGBDF FYQSFTTJPO XBT EFQSFTTFE CZ ��� VQPO LOPDLEPXO
PG CPUI 7"1" BOE 7"1#� 8IFUIFS UIJT SFTVMU NFBOT 7"1T BSF
TQFDJGJDBMMZ JOWPMWFE JO ,W��� CJPTZOUIFTJT USBGGJDLJOH PS TUBCJMJUZ
SFNBJOT BO PQFO RVFTUJPO� )PXFWFS ,W��� DIBOOFMT BSF EFMJWFSFE
UP UIF DFMM TVSGBDF BU ,W����JOEVDFE &3�1. KVODUJPOT 	�
 NBLJOH
JU MJLFMZ UIBU EJTSVQUJPO PG UIJT NFNCSBOF DPOUBDU TJUF XJMM BGGFDU
,W��� EFMJWFSZ� /PUF UIBU XIFO ,W��� JT GJSTU TZOUIFTJ[FE JO B
USBOTGFDUFE )&, DFMM JU JT EFMJWFSFE UP UIF DFMM TVSGBDF BU UIF TNBMM
BOE EZOBNJD &3�1. DPOUBDUT UIBU FYJTU JO UIF BCTFODF PG ,W���
	��
� "T ,W��� BDDVNVMBUFT PO UIF TVSGBDF JU CFHJOT UP CJOE &3
7"1T BOE GPSN UIF MBSHF BOE TUBCMF NFNCSBOF KVODUJPOT�

7"1T CJOE ''"5 NPUJGT WJB B QPTJUJWFMZ DIBSHFE TVSGBDF MP�
DBUFE JO UIFJS NBKPS TQFSN QSPUFJO�MJLF EPNBJO 	��
� 5IF ''"5
NPUJG DPSF JT B TFRVFODF PG TFWFO BNJOP BDJET UIBU BSF FYUFOEFE
UZQJDBMMZ VQTUSFBN CZ BO BDJEJD USBDU� 7"1�''"5 NPUJG CJOEJOH
JT JOJUJBUFE UISPVHI UIF OPO�TQFDJGJD OFHBUJWFMZ�DIBSHFE BNJOP
BDJET VQTUSFBN PG UIF DPSF NPUJG BT JMMVTUSBUFE JO 'JH� � CZ UIF
DMBTTJD ''"5 NPUJG PG PVS $%��04#1	''"5
 DPOTUSVDU� 8IJMF
UIF PSJHJOBMMZ EFGJOFE TFRVFODF GPS ''"5 EPNBJOT JT &''%"Y&
UIJT NPUJG DBO UPMFSBUF B IJHI EFHSFF PG WBSJBCJMJUZ� 'PS FYBN�
QMF UIF UXP QIFOZMBMBOJOFT BSF OPU QSFTFOU JO BMM 7"1�CJOEJOH
TFRVFODFT GPS JOTUBODF QSPUSVEJO IBT BO ''"5�MJLF NPUJG XJUI
B MZTJOF BU QPTJUJPO � 	BT DPNQBSFE UP JTPMFVDJOF JO ,W���
 	��
�
5IF ,W��� BOE ��� 7"1�CJOEJOH EPNBJOT JEFOUJGJFE JO PVS QSFTFOU
XPSL 4'*4$"5 BOE 4'54$"5 SFTQFDUJWFMZ BHBJO EFNPOTUSBUF
UIBU UIF UXP QIFOZBMBOJOFT BSF OPU FTTFOUJBM GPS CJOEJOH BOE UIBU
QIPTQIPSZMBUFE TFSJOFT MJLFMZ DBO TVCTUJUVUF GPS BDJEJD SFTJEVFT�
*NQPSUBOUMZ UIF ,W� TFRVFODFT BEIFSF UP B NJOJNBM SFRVJSF�
NFOU GPS ''"5�MJLF NPUJGT� '�: BU QPTJUJPO � OFHBUJWF SFTJEVF
BU QPTJUJPO � TNBMM SFTJEVF BU QPTJUJPO � BOE OFHBUJWF GMBOL�
/FWFSUIFMFTT DSJUFSJB TVHHFTUFE GPS GJOEJOH ''"5 NPUJGT XPVME
QMBDF UIF ,W� TFRVFODFT CFMPX UIF FTUBCMJTIFE UISFTIPME 	��
�
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5IF GFBUVSF UIBU NBEF UIFTF NPUJGT EFUFDUBCMF JT UIF QSFWJPVT
QSFDJTF NBQQJOH BDSPTT ,W���’T $�UFSNJOVT 	��
�

$MVTUFSJOH PG ,W��� BOE UP B MFTTFS FYUFOU ,W��� JT SFHV�
MBUFE CZ QIPTQIPSZMBUJPO 	� � ��
 BOE QIPTQIPSZMBUJPO PG TFSJOF
SFTJEVF ��� BU UIF CFHJOOJOH PG UIF OPO�DBOPOJDBM ''"5 NPUJG
DPOGJSNFE CZ NBTT TQFDUSPNFUSZ BOE QIPTQIP�TQFDJGJD BOUJCPEZ
CJOEJOH 	�� ��
 MJLFMZ HFOFSBUFT OFHBUJWF DIBSHF OFDFTTBSZ UP
GBDJMJUBUF 7"1 CJOEJOH� 1IPTQIPSZMBUJPO PG SFTJEVFT TVSSPVOEJOH
''"5 NPUJGT UP GBDJMJUBUF CJOEJOH JT BMSFBEZ LOPXO UP PDDVS JO
PUIFS 7"1 JOUFSBDUPST 	��
� *U JT DVSSFOUMZ VOLOPXO XIFUIFS
TFSJOF ��� XJUIJO UIF VQTUSFBN MJOLFS SFRVJSFE GPS ,W��� DMVT�
UFSJOH 	��
 PS TFSJOF ��� B DSJUJDBM ''"5 NPUJG SFTJEVF BSF
QIPTQIPSZMBUFE� 8IBU JT LOPXO JT UIBU OFVSPOBM JOTVMUT TVDI BT
JTDIFNJB BOE OFVSPOBM BDUJWJUZ SFTVMU JO DBMDJOFVSJO�EFQFOEFOU
EFQIPTQIPSZMBUJPO PG UIF DIBOOFM EJTQFSTBM PG DIBOOFM DMVTUFST
BOE SFUSBDUJPO PG UIF DPSUJDBM &3 	� �� �� ��
� )PX DBMDJOFVSJO
BDDFTTFT UIF QIPTQIPSZMBUFE TFSJOFT JOWPMWFE JO 7"1 CJOEJOH JT
VODMFBS� 1FSIBQT UIF JOEJWJEVBM ''"5 NPUJG�7"1 JOUFSBDUJPOT BSF
EZOBNJD FOPVHI UP BMMPX DBMDJOFVSJO BDDFTT PWFS UIF � NJO QFSJPE
SFRVJSFE GPS TJHOJGJDBOU HMVUBNBUF�JOEVDFE EFDMVTUFSJOH BOE &3
SFUSBDUJPO 	��
� *U JT JNQPSUBOU UP OPUF UIBU ,W� DIBOOFMT BSF
UFUSBNFSJD� 5IJT DVSSFOU TUVEZ IBT OPU JOWFTUJHBUFE UIF TUPJDIJPN�
FUSZ JOWPMWFE JO ,W��7"1 JOUFSBDUJPO CVU JU JT MJLFMZ UIBU POF ,W�
UFUSBNFS DBO CJOE VQ UP GPVS 7"1T� *OEJWJEVBM 7"1T VOCJOEJOH
BOE RVJDLMZ SFCJOEJOH EJGGFSFOU α�TVCVOJUT CPUI XJUIJO B TJOHMF
DIBOOFM BOE BDSPTT DIBOOFMT DPVME FYQMBJO USBOTJFOU DBMDJOFVSJO
''"5 BDDFTT BOE XPVME TUJMM CF DPOTJTUFOU XJUI UIF HFOFSBM MPOH�
UFSN TUBCJMJUZ PG QSPUFJOT XJUIJO UIFTF EPNBJOT� $MFBSMZ GVUVSF
SFTFBSDI JT SFRVJSFE UP BEESFTT UIF FYBDU NFDIBOJTNT VOEFSMZJOH
UIF QIPTQIPSZMBUJPO�EFQFOEFOU 7"1 JOUFSBDUJPO�

%BUB QSFTFOUFE JO 'JHT� � BOE � TVHHFTU UIF
7"1"	,��%�.��%
 NVUBOU XIJDI JT VOBCMF UP CJOE ''"5
NPUJGT TUJMM MPDBMJ[FT UP ,W� DIBOOFM�JOEVDFE &3�1. KVODUJPOT
BMUIPVHI UP B SFEVDFE FYUFOU SFMBUJWF UP XJME�UZQF 7"1"� 4JODF
7"1T DBO GPSN IPNPNFSJD BOE IFUFSPNFSJD PMJHPNFST QPTTJCMZ
UISPVHI B USBOTNFNCSBOF (YYY( NPUJG 	��
 UIF NVUBOU ('1�
UBHHFE 7"1" NBZ CF BTTFNCMJOH JOUP PMJHPNFST XJUI FOEPHFOPVT
XJMEUZQF 7"1T UIBU BSF CPVOE UP ,W� DIBOOFMT BU KVODUJPOT� 4VDI
B NFDIBOJTN XPVME BMMPX GPS UIF MPDBMJ[BUJPO PG 7"1T UP UIFTF
NJDSPEPNBJOT XIJDI QPTTFTT ''"5 CJOEJOH NPUJGT BWBJMBCMF UP
JOUFSBDU XJUI BEEJUJPOBM QBSUOFST BQBSU GSPN ,W� DIBOOFMT 	TFF
'JH� � GPS EFQJDUJPO
� 7"1T IBWF B HSPXJOH MJTU PG JOUFSBDUPST
JODMVEJOH ","1T QSPUFJO LJOBTFT LJOBTF SFHVMBUPST LJOFTJOT
USBOTDSJQUJPO GBDUPST 3BCT BOE MJQJE USBOTGFS QSPUFJOT 	�� �� ��

BOE BOZ DPODFOUSBUJPO PG UIFTF QSPUFJOT UP &3�1. DPOUBDU TJUFT
TIPVME CF QIZTJPMPHJDBMMZ TJHOJGJDBOU� (JWFO UIBU UIF ,W��7"1
JOUFSBDUJPO JT MJLFMZ EJSFDUMZ SFHVMBUFE CZ QIPTQIPSZMBUJPO XJUIJO
BOE BEKBDFOU UP UIF ,W� $�UFSNJOBM ''"5 NPUJG JU JT QPTTJCMF
UIBU UIF LJOBTFT BOE QIPTQIBUBTFT JOWPMWFE BSF 7"1 UFUIFSFE�
)PXFWFS UP UIF CFTU PG PVS LOPXMFEHF LOPXO ,W��� NPEJGZJOH
LJOBTFT 	DE,� Q�� ."1, TSD
 	�����
 BOE QIPTQIBUBTFT
	DBMDJOFVSJO
 	� ��
 IBWF OPU CFFO DPOGJSNFE UP CF QBSU PG
UIF 7"1 JOUFSBDUPNF 	��
� )PXFWFS ''"5 NPUJG DPOUBJOJOH
QSPUFJOT BSF JOWPMWFE JO UIF OPO�WFTJDVMBS USBOTGFS PG DFSBNJEF
DIPMFTUFSPM BOE QIPTQIPUJEZMJOPTJUPMT CFUXFFO UIF &3 BOE MBUF
TFDSFUPSZ PSHBOFMMFT JODMVEJOH 5(/ BOE 1.� ,W� DIBOOFMT NBZ
FTUBCMJTI BO &3�1. KVODUJPO XIFSF UIF DPODFOUSBUFE 7"1T
GVODUJPO BT B TDBGGPMEJOH IVC NBLJOH UIFTF NFNCSBOF DPOUBDU
TJUFT OPU POMZ GVODUJPOBMMZ EJTUJODU GSPN &3�1. DPOUBDUT TVDI BT
UIPTF JOEVDFE CZ 45*.� PS UIF FYUFOEFE TZOBQUPUBHNJOT 	��

CVU BMTP POF XIJDI JT SFHVMBUFE CZ OFVSPOBM BDUJWJUZ BOE TFOTJUJWF
UP JOTVMU� *O BEEJUJPO JU JT QPTTJCMF UIBU UIF DPOWFSTF JT USVF
XIFSF UIF 7"1�NFEJBUFE DPODFOUSBUJPO PG ,W� DIBOOFMT JNQBSUT
TQFDJGJD GVODUJPOT POUP UIF &3�1. KVODUJPO EVF UP EPNBJOT
DPOUBJOFE XJUIJO UIF DIBOOFM JUTFMG� ,W��� DPOUBJOT B TZOUBYJO
CJOEJOH SFHJPO 	�� ��
 BO JPO QPSF BOE B WPMUBHF�TFOTJOH EPNBJO
UIBU FWFO JO UIF OPO�DPOEVDUJOH DIBOOFM SFTQPOET UP NFNCSBOF

QPUFOUJBM 	�
� *O BEEJUJPO UP MPDBMJ[FE 4/"3& QSPUFJO CJOEJOH
PS ,� DPOEVDUBODF QFSIBQT ,W��� DPNNVOJDBUFT OFVSPOBM
FMFDUSJDBM BDUJWJUZ UP GVODUJPOT PDDVSSJOH BU UIF &3�1. DPOUBDUT�

&3�1. DPOUBDU TJUFT SFQSFTFOU BQQSPYJNBUFMZ ��� PG UIF
TPNBUJD TVSGBDF JO WJWP CVU OPU BMM KVODUJPOT BSF DSFBUFE FRVBM
	��
� +VODUJPOT DBO CF GPSNFE CZ FYUFOEFE TZOBQUPUBHNJOT 45*.
QSPUFJOT KVODUPQIJMJOT BOE PUIFS QSPUFJOT 	��
 JO BEEJUJPO UP ,W�
DIBOOFMT BOE BO PCWJPVT RVFTUJPO EFBMT XJUI UIF EZOBNJD DPNQP�
TJUJPO PG UIFTF NFNCSBOF DPOUBDUT BU BOZ QBSUJDVMBS UJNF� *U’T MJLFMZ
UIBU NVMUJQMF KVODUJPO GPSNJOH QSPUFJOT DBO CF QSFTFOU BOE UIBU
UIFTF DPNQPOFOUT XJMM EJGGFSFOUJBMMZ SFDSVJU TQFDJGJD JOUFSBDUPST BT
QSPQPTFE IFSF GPS UIF ,W� SFDSVJUNFOU PG 7"1T� ,W��� BOE ,W���
BSF EJGGFSFOUJBMMZ FYQSFTTFE JO DFMM UZQFT UISPVHIPVU UIF CSBJO BOE
FYIJCJU EJGGFSFOU GVODUJPOBM QSPQFSUJFT JODMVEJOH SFTQPOTF UP TUJN�
VMJ TVDI BT BDVUF IZQPYJB XJUI ,W��� CFJOH MFTT SFTQPOTJWF JO UFSNT
PG CPUI EFDMVTUFSJOH BOE BMUFSFE WPMUBHF�EFQFOEFODF 	�
� *U TFFNT
QSPCBCMF UIBU UIFTF EJGGFSFODFT JO KVODUJPO MPDBUJPO BOE TUBCJMJUZ
BT XFMM BT GVODUJPOBMJUZ BSF TJHOJGJDBOU XJUI SFTQFDU UP EJGGFSFOU DFMM
UZQFT� *O BEEJUJPO ,W��� FYIJCJUT EJGGFSFOU CFIBWJPS EFQFOEJOH
PO UIF TVCDFMMVMBS DPNQBSUNFOU JU JT MPDBUFE JO� ,W��� DIBOOFMT
PO UIF "*4 BSF NPSF SFTJTUBOU UP HMVUBNBUF�JOEVDFE EFDMVTUFSJOH
BT DPNQBSFE UP DIBOOFMT PO UIF TPNB 	�� ��
� 8IJMF PVS EBUB
JOEJDBUF 7"1�CBTFE UFUIFSJOH PDDVST JO CPUI DPNQBSUNFOUT UIFSF
JT B EPNBJO EPXOTUSFBN PG UIF ''"5 NPUJG 	BNJOP BDJET �������

UIBU JT TVGGJDJFOU GPS "*4�TQFDJGJD MPDBMJ[BUJPO 	��
� 1FSIBQT EVSJOH
FWPMVUJPO UIF BEEJUJPO PG B TFDPOE &3 UBSHFUJOH NPUJG FOTVSFE
UIBU OFVSPOBM BDUJWJUZ EPFT OPU BMUFS ,W����&3 DPOUBDUT XJUIJO UIF
"*4�

"T XJUI NBOZ JPO DIBOOFMT NVUBUJPOT JO ,W��� UIBU BMUFS
DPOEVDUBODF BSF MJOLFE UP IVNBO EJTFBTF XJUI NVUBUJPOT UIBU
BMUFS JPO TFMFDUJWJUZ BOE WPMUBHF�TFOTJOH CFJOH BTTPDJBUFE XJUI
FQJMFQTZ BOE EFWFMPQNFOUBM EFMBZ 	�� ��
� )PXFWFS UISFF SF�
DFOUMZ EFTDSJCFE ,W��� NVUBUJPOT SFTVMU JO QSFNBUVSF TUPQ DPEPOT
UIBU BSF QSFEJDUFE UP OPU BMUFS ,W��� DPOEVDUBODF 	��
� 5IFTF
NVUBUJPOT PDDVS EPXOTUSFBN PG UIF DPOTFSWFE DIBOOFM EPNBJOT
GBMMJOH CFUXFFO UIF MBTU USBOTNFNCSBOF EPNBJO BOE UIF OPO�
DBOPOJDBM ''"5 NPUJG JEFOUJGJFE JO UIF QSFTFOU XPSL� 0OF PG UIFTF
NVUBUJPOT USVODBUFT ,W��� BU UIF BSHJOJOF SFTJEVF JNNFEJBUFMZ
VQTUSFBN GSPN UIF ''"5 NPUJG GMBOLFS SFHJPO 	3���
� "MM UISFF
NVUBUJPOT SFTVMU JO EFWFMPQNFOUBM EFMBZ BOE BMM UISFF BSF FY�
QFDUFE UP BCPMJTI UIF &3�1. KVODUJPOT GPSNFE CZ ,W���� 5IVT
NVUBUJPOT UIBU TQFDJGJDBMMZ JOUFSGFSF XJUI ,W����7"1 CJOEJOH BSF
MJLFMZ UP CF JOWPMWFE JO IVNBO EJTFBTF�

-ATERIALS AND -ETHODS
$.! #ONSTRUCTS 0LASMIDS ENCODING mUORESCENT PROTEIN AND BIOTIN ACCEPTOR
DOMAIN TAGGED +V��� HAVE BEEN DESCRIBED PREVIOUSLY ���� ��� ��	� "RIEmY�
THE mUORESCENT PROTEINS ARE ATTACHED TO THE CHANNEL .TERMINUS AND THE
BIOTIN ACCEPTOR DOMAIN �"!$	 INSERTED INTO THE EXTRACELLULAR LOOP BETWEEN
THE lRST AND SECOND TRANSMEMBRANE DOMAINS� #OTRANSFECTION WITH THE "IR!
BIOTIN LIGASE IN THE P3EC VECTOR WAS PERFORMED AS PREVIOUSLY DESCRIBED IN
ORDER TO BIOTINYLATE A SPECIlC LYSINE WITHIN THE "!$ SEQUENCE ���� ��� ��	�
+V��� CONTAINS TWO METHIONINE RESIDUES lVE RESIDUES APART� AT THE BEGINNING
OF THE CODING SEQUENCE� EACH OF WHICH HAVE EACH BEEN SELECTED AS THE
STARTING AMINO ACID IN DIFFERENT PUBLICATIONS� 4HUS THERE ARE TWO SEPARATE
NUMBERING SYSTEMS CURRENTLY IN USE IN THE +V����+#."� LITERATURE� &OR THE
SAKE OF CONSISTENCY BETWEEN THIS MANUSCRIPT AND PREVIOUSLY PUBLISHED WORK
CONCERNING +V� SEQUENCE CRITICAL FOR CLUSTERING ���� ��	� WE HAVE OPTED TO
RETAIN THE ORIGINAL AMINO ACID NUMBERING WHICH SETS THE SECOND METHIONINE
AS AMINO ACID �� 3YNTHETIC FULL LENGTH +V��� SEQUENCE WAS OBTAINED FROM 'E
NEWIZ AND INSERTED INTO THE PE'&0#� EXPRESSION VECTOR �#LONTECH	� !-)'/ IN
P$/.2��� WAS OBTAINED FROM $.!35 �PLASMID )$ (S#$��������	 AND FROM
THIS !-)'/9&0 WAS CREATED BY USING !PA) AND 8HO) CUT SITES AND PLACING
THE !-)'/ FRAGMENT INTO A PE9&0.� VECTOR� !DDITIONAL DETAILS REGARDING
PLASMID CONSTRUCTION ARE PRESENTED IN 3) -ATERIALS AND -ETHODS�

#ELL CULTURE� TRANSFECTION� AND LABELING OF SURFACE +V��� AND #$�
CHIMERAS (%+ ��� CELLS [!MERICAN 4YPE #ULTURE #OLLECTION �!4##	� PASSAGE
����= WERE CULTURED� TRANSFECTED WITH THE INDICATED $.! CONSTRUCTS VIA
ELECTROPORATION AND PLATED ONTO -ATRIGEL COATED �� MM GLASS BOTTOM
COVERSLIP DISHES �-ATSUNAMI 'LASS #ORPORATION	 AS PREVIOUSLY DESCRIBED ���	�
"IR! COTRANSFECTION WAS USED TO INDUCE BIOTINYLATION OF THE BIOTIN ACCEPTOR
DOMAIN �"!$	 CONTAINING +V��� CONSTRUCTS� E�G� '&0+V���"!$� )MAGING WAS
PERFORMED �� H AFTER TRANSFECTION� )N ORDER TO LABEL THE SURFACE +V���"!$�
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CELLS WERE INCUBATED WITH A ������ DILUTION OF #&���CONJUGATED STREPTAVIDIN
�#&���3!	 �"IOTIUM	 FOR �� MINUTES IN (%+ PHYSIOLOGICAL IMAGING SALINE ����
M- .A#L� ��� M- +#L� ��� M- #A#L�� ��� M- -G3/�� ��� M- .A(#/��
���� M- .A(�0/�� ��� M- ASCORBIC ACID� � M- GLUCOSE� AND �� M- ���
HYDROXYETHYL	�PIPERAZINEETHANESULFONIC ACID �(%0%3	� P( OF ���	� 5NBOUND
#&���3! WAS REMOVED WITH IMAGING SALINE WASHES� #$� CHIMERAS ON THE
CELL SURFACE WERE SPECIlCALLY DETECTED BY INCUBATING THE TRANSFECTED CELLS
WITH A ������ DILUTION OF #&���CONJUGATED ANTI#$� ANTIBODY TARGETING AN
EXTRACELLULAR EPITOPE FOR �� MINUTES�

(IPPOCAMPAL NEURONS WERE ISOLATED FROM EMBRYONIC �%��	 ANIMALS
DEEPLY ANESTHETIZED USING ISOmURANE IN ACCORDANCE WITH A PROTOCOL APPROVED
BY THE )NSTITUTIONAL !NIMAL #ARE AND 5SE #OMMITTEE OF #OLORADO 3TATE
5NIVERSITY �0ROTOCOL )$� ������!	� %MBRYOS OF BOTH SEXES WERE COLLECTED AND
THUS THE NEURONAL CULTURES CONTAIN A MIXED POPULATION OF MALE AND FEMALE
CELLS� .EURONS WERE DISSOCIATED AND CULTURED AS PREVIOUSLY DESCRIBED ���� ���
��	� /N $)6� R(. DISHES WERE WASHED WITH NEURONAL IMAGING SALINE ����
M- .A#L� ��� M- +#L� ��� #A#L�� ��� M- -G3/�� ���� M- .A(�0/�� ���
M- ASCORBIC ACID� � M- GLUCOSE� AND �� M- (%0%3� P( ���	� FOLLOWED BY
INCUBATION WITH EITHER #&���CONJUGATED STREPTAVIDIN OR ANTI#$� ANTIBODY
AS DESCRIBED ABOVE� !NTINEUROFASCIN MONOCLONAL ANTIBODIES WERE USED TO
IDENTIFY THE AXON INITIAL SEGMENT WHEN REQUIRED� (ERE ANTI.&��� ANTIBODY
�.EUROMAB	 WAS USED AT A ������ DILUTION FOR �� MIN� FOLLOWED BY � RINSES
WITH .)3 AND A �� MIN INCUBATION WITH mUORESCENT �!LEXA ��� OR ���	 GOAT
ANTIMOUSE SECONDARY ANTIBODY DILUTED ������� $ISHES WERE RINSED � TIMES
AND IMAGED IMMEDIATELY�

!0%8BASED PROXIMITY BIOTINYLATION 0ROMISCUOUS BIOTINYLATION OF %2�0-
JUNCTION COMPONENTS WAS ACCOMPLISHED BY TRANSFECTING (%+ CELLS WITH
!-)'/9&0!0%8� IN REALITY !0%8�� ���	 WITH OR WITHOUT OTHER PLASMIDS
AS INDICTED� !T �� HOURS POST TRANSFECTION THE CELLS WERE INCUBATED WITH
��� µ- BIOTIN PHENOL IN $-%- � ��� &"3 FOR �� MINUTES� TREATED WITH
� M- (�/� FOR � MINUTE� THEN lXED IN �� FORMALDEHYDE FOR �� MINUTES
PRIOR TO LABELING WITH � NG�ML #&���CONJUGATED STREPTAVIDIN �#&���3!	 AND
SUBSEQUENT IMAGING� &OR 7ESTERN BLOT ANALYSIS UNlXED CELLS WERE SCRAPED
FROM PLATES IN PHOSPHATEBUFFERED SALINE �0"3	 CONTAINING #OMPLETE -INI
PROTEASE INHIBITOR �2OCHE	� CENTRIFUGED� AND THE CELL PELLET RESUSPENDED IN
3$3 GEL ,AEMMLI SAMPLE BUFFER �"IORAD	 CONTAINING βMERCAPTOETHANOL� &OL
LOWING SONICATION AND BOILING FOR �� MINUTES THE NONPURIlED SAMPLES WERE
FRACTIONATED BY STANDARD 3$3POLYACRYLAMIDE GEL ELECTROPHORESIS ON A ���
GEL� !FTER TRANSFER TO NITROCELLULOSE MEMBRANES� THE PROTEINS WERE PROBED
WITH EITHER MOUSE ANTI+V��� �.EUROMAB	 AT A ������ DILUTION OR MOUSE
ANTI!-)'/ ANTIBODY �.EUROMAB	 AT ������ DILUTION� !NTIBODY BINDING WAS
DETECTED WITH ,I#OR )2$YE���#7 GOAT ANTMOUSE ANTIBODY� "IOTINYLATED
PROTEINS WERE DETECTED WITH ,I#OR )2$YE ���2$ STREPTAVIDIN USED AT ���������
)MAGING WAS PERFORMED USING A DUAL COLOR /DYSSEY #,X ,I#OR SYSTEM� )N THIS
MANNER ANY BIOTINYLATED %2RESIDENT PROTEINS WERE VISUALLY SEPARATED FROM
ANY POTENTIAL +V��� OR !-)'/ PROTEIN DEGRADATION PRODUCTS�

-ICROSCOPY ,ASER SCANNING AND SPINNING DISK MICROSCOPY WERE EMPLOYED
IN ADDITION TO 4)2& IMAGING� 5NLESS NOTED OTHERWISE IN THE lGURE LEGENDS THE
SPINNING DISK SYSTEM WAS USED� !DDITIONAL DETAILS REGARDING MICROSCOPY ARE
PRESENTED IN 3) -ATERIALS AND -ETHODS AND OUR PREVIOUSLY PUBLISHED STUDIES
���� ��� ��	�

&öRSTER RESONANCE ENERGY TRANSFER �&2%4	 3ENSITIZEDEMISSION &2%4 IM
AGED IN LIVING CELLS EMPLOYED #LOVER2UBY� PAIRS ANALYZED AS DESCRIBED
BY ���	� (%+ ��� CELLS WERE TRANSFECTED USING ,IPOFECTAMINE ���� �� µL�
)NVITROGEN� #ARLSBAD� #!	 AND ��� µL /PTI-%- �,IFE 4ECHNOLOGIES� #ARLSBAD�
#!	 PER DISH USING THE FOLLOWING $.!S� � µG #LOVER+V���� � µG 2UBY�
+V���� ��� NG PC$.!���#LOVER2UBY� �TANDEM	� ��� NG M#LOVER#�� ���
NG M2UBY�#�� ��� NG 2UBY�6!0!� ��� NG 2UBY�6!0!MUT� AND ��� NG
2UBY�6!0"� &2%4 IMAGES WERE OBTAINED ON THE /LYMPUS�!NDOR SPINNING
DISK CONFOCAL MICROSCOPE DESCRIBED ABOVE� &OR EACH CELL� � IMAGES WERE
COLLECTED� �	 EXCITATION WITH ��� NM PAIRED WITH A ������ BANDPASS lLTER
�$ONOR IMAGE	� �	 EXCITATION WITH ��� NM PAIRED WITH A ������ BANDPASS
lLTER �&2%4 IMAGE	� �	 EXCITATION WITH ��� NM PAIRED WITH A ������ BANDPASS
lLTER �!CCEPTOR IMAGE	� AND �	 A $)# IMAGE� 5SING )MAGE*� �� �PX BY �PX 2/)S
WERE PLACED ON +V��� CLUSTERS �OR RANDOMLY IN THE CASE OF TANDEM AND SOLUBLE
CONDITIONS	 AND THE mUORESCENCE INTENSITY OF EACH CHANNEL WAS MEASURED�
#ELLS EXPRESSING ONLY THE DONOR �#LOVER	 OR ACCEPTOR �2UBY�	 CONSTRUCTS ALONE
WERE IMAGED TO CALCULATE BLEEDTHROUGH COEFlCIENTS FOR THE &2%4 EFlCIENCY
CALCULATIONS� "LEEDTHROUGH COEFlCIENTS �"4#LOVER OR "42UBY�	 WERE CALCULATED
AS THE AVERAGE INTENSITY OF THE &2%4 CHANNEL �)&2%4	 DIVIDED BY THE AVERAGE
INTENSITY OF THE DONOR OR ACCEPTOR �)#LOVER OR )2UBY�	� &OR OUR EXPERIMENTAL
CONDITIONS� "4#LOVER � ��� AND "42UBY� � ����� !LTHOUGH THERE ARE MANY
OPTIONS FOR THE CALCULATION OF &2%4� WE DECIDED TO USE .&2%4� DUE TO ITS
CORRECTION FOR EXPRESSION LEVELS OF DONOR AND ACCEPTOR AND ITS UTILITY IN THE

STUDY OF INTERMOLECULAR PROTEIN INTERACTIONS ���	� 4O CALCULATE &2%4 �.&2%4	�
THE FOLLOWING RELATIONSHIP WAS USED AS PREVIOUSLY DESCRIBED ���	�

&2%4 EFlCIENCY IMAGES WERE CREATED USING THE IMAGE CALCULATOR IN )MAGE*
AND APPLYING MATHEMATICAL TRANSFORMATIONS TO &2%4� $ONOR AND !CCEPTOR
IMAGES AS DESCRIBED IN THE EQUATION ABOVE� !FTER ALL TRANSFORMATIONS WERE

PERFORMED� THE ROYAL LOOK UP TABLE �,54	 IN )MAGE* WAS APPLIED TO EACH
IMAGE�

SI2.!BASED KNOCKDOWN OF 6!0! AND 6!0" (%+ ��� CELLS PLATED IN EI
THER ��� MM TISSUE CULTURE DISHES OR �� MM COVERSLIP DISHES WERE TRANSFECTED
WITH ��� N- SI2.! �$HARMACON	 USING $HARMA&%#4 TRANSFECTION REAGENT
AS PER THE MANUFACTURER’S DIRECTIONS� !FTER �� H THE CELLS ON THE �� MM
COVERSLIP DISHES WERE TRANSFECTED AGAIN WITH THE SI2.! AND WITH THE '&0
+V���LOOP"!$ AND "IR! PLASMIDS� � µG AND ��� μG� RESPECTIVELY� 4HE CELLS ON
THE ��� MM DISHES DID NOT RECEIVE THE +V���ENCODING PLASMID $.! DURING
SECOND ROUND OF SI2.! TRANSFECTION� !FTER ANOTHER �� H THE CELLS ON �� MM
COVERSLIP DISHES WERE IMAGED TO ASSESS +V��� CLUSTERING WHILE THE CELLS ON ���
MM PLATES WERE COLLECTED AS DESCRIBED ABOVE FOR WESTERN BLOT ANALYSIS OF 6!0
EXPRESSION� )NCUBATION WITH ANTI6!0! AND 6!0" MOUSE ANTIBODIES �������
AND ������ DILUTIONS� 2�$ 3YSTEMS� -!"���� AND -!"������ RESPECTIVELY	
FOLLOWED BY (20CONJUGATED GOAT ANTIMOUSE ANTIBODY AND DETECTION WITH
3UPER3IGNAL 7EST $URA �4HERMO 3CIENTIlC� PRODUCT ������	 WAS USED TO
ASSESS 6!0 EXPRESSION IN THE PRESENCE OF VARIOUS SI2.!S�

)MAGE PROCESSING AND ANALYSIS )MAGE PROCESSING WAS PERFORMED WITH
)MAGE*� )MAGES WERE PSEUDOCOLORED� CROPPED� AND ADJUSTED FOR CONTRAST AND
BRIGHTNESS� )MAGE ANALYSIS WAS COMPLETED USING EITHER )MAGE* OR 6OLOCITY
ANALYSIS SOFTWARE� $ETAILS SPECIlC TO EACH EXPERIMENT ARE PRESENTED IN THE
2ESULTS SECTION OR &IG� LEGENDS� 5NLESS NOTED SINGLE CONFOCAL PLANES ARE
PRESENTED�

%XPERIMENTAL $ESIGN AND 3TATISTICAL !NALYSIS 4HE MAJORITY OF OUR EXPER
IMENTS WERE PERFORMED IN (%+ ��� CELLS AS OPPOSED TO CULTURED HIPPOCAMPAL
NEURONS SINCE THESE CELLS ARE WELL SUITED FOR DEMONSTRATING PROTEINPROTEIN
INTERACTIONS THAT ONLY OCCUR WITHIN SPECIlC COMPARTMENTS OF LIVING CELLS� )N
ADDITION� (%+ ��� CELLS LACK ION CHANNEL SUBUNITS THAT THAT COULD ASSEMBLE
WITH THE EXPRESSED CONSTRUCTS AND ARE LESS HETEROGENEOUS THAN NEURONAL
CULTURES� /UR PRIMARY CONCERN WITH RESPECT TO EXPERIMENTAL DESIGN FOCUSED
ON OVEREXPRESSION ISSUES� FOR HIGH LEVEL EXPRESSION COULD INDUCE PROTEIN
INTERACTIONS THAT ARE OTHERWISE NONEXISTENT� 4HE LEVELS OF +V��� EXPRESSED
IN BOTH TRANSFECTED (%+ ��� CELLS AND NEURONS ARE SIMILAR TO THE LEVEL OF
THE ENDOGENOUS +V��� AS PREVIOUSLY DESCRIBED ��� �� ��	 WHERE IMMUNOS
TAINING OF TRANSFECTED CELLS WAS COMPARED TO THAT AGAINST THE ENDOGENOUS
CHANNEL IN CULTURED HIPPOCAMPAL NEURONS� 4HE #$�CHIMERA EXPRESSION LEVELS
WERE SIMILAR TO THOSE OF THE ENDOGENOUS CHANNELS� 7E DID NOT USE HIGHER
EXPRESSION LEVELS TO AVOID POTENTIAL ARTIFACTS AND OUR GOAL WAS TO EXPRESS
JUST ENOUGH mUORESCENT PROTEIN TAGGED 6!0 TO ACT AS A TRACER FOR THE
ENDOGENOUS PROTEINS� ESPECIALLY SINCE ANY 6!0 REDISTRIBUTION IS LOST WITH
OVEREXPRESSION� )N ADDITION� 6!0 OVEREXPRESSION ALTERS %2 MORPHOLOGY AS
PREVIOUSLY DESCRIBED ���	� SOMETHING WE DID NOT OBSERVE WITH OUR TRANSFECTED
6!0 EXPRESSION LEVELS� .OTE THAT HIGH EXPRESSION LEVELS WERE NOT NECESSARY
GIVEN THE SENSITIVITY OF OUR 4)2& AND SPINNING DISK MICROSCOPES� WHICH ARE
BOTH CAPABLE OF IMAGING SINGLE MOLECULES�

&OR STATISTICAL ANALYSIS� ONEWAY ANALYSIS OF VARIANCE �!./6!	 WITH AD
HOC 4UKEY’S TESTS WERE PERFORMED USING /RIGIN ����B SOFTWARE� &OR THE
DATA PRESENTED IN &IG �� +RUSKAL7ALLIS !./6!S WERE PERFORMED� .UMBER
OF REGIONS OF INTEREST AND CELLS EXAMINED AND P VALUES ARE INDICATED IN THE
RESULTS SECTION�

!UTHOR CONTRIBUTIONS
"�*�� !�. ,�� ,�3�� %�%�-�� 4�0�,�� AND -�-�4� DESIGNED EXPERIMENTS� "�*��

!�.�,�� ,�3�� %�%�-� PERFORMED EXPERIMENTS AND ANALYZED DATA� "�*� AND
-�-�4� WROTE THE MANUSCRIPT� 4�0�,� ORIGINALLY PROPOSED THAT +V��� CONTAINED
A NONCANONICAL &&!4 MOTIF WITHIN THE #TERMINUS� !LL AUTHORS EDITED THE
MANUSCRIPT�

!CKNOWLEDGMENTS
4HE AUTHORS THANK %MILY %DEN �5NIVERSITY #OLLEGE ,ONDON	 AND $IEGO

+RAPF �#OLORADO 3TATE 5NIVERSITY	 FOR HELPFUL DISCUSSIONS AND !NN (ESS �'RAY
BILL 3TATISTICAL ,ABORATORY� #OLORADO 3TATE 5NIVERSITY	 FOR HELP WITH STATISTICAL
ANALYSIS 4HIS WORK WAS SUPPORTED BY .ATIONAL )NSTITUTES OF (EALTH GRANT
2��'-������ TO -�-�4�

�� #JTIPQ )* FU BM� 	����
 %JTUJODU $FMM� BOE -BZFS�4QFDJGJD &YQSFTTJPO 1BUUFSOT BOE *OEF�
QFOEFOU 3FHVMBUJPO PG ,W� $IBOOFM 4VCUZQFT JO $PSUJDBM 1ZSBNJEBM /FVSPOT� + /FVSPTDJ�
��	��
�������������

�� 4BSNJFSF 1% 8FJHMF $. � 5BNLVO .. 	����
 5IF ,W��� ,� DIBOOFM UBSHFUT UP UIF BYPO
JOJUJBM TFHNFOU PG IJQQPDBNQBM BOE DPSUJDBM OFVSPOT JO DVMUVSF BOE JO TJUV� #.$ /FVSPTDJ
������

�� .JTPOPV ) FU BM� 	����
 3FHVMBUJPO PG JPO DIBOOFM MPDBMJ[BUJPO BOE QIPTQIPSZMBUJPO CZ
OFVSPOBM BDUJWJUZ� /BU /FVSPTDJ �	�
���������

�� 3PNFS 4) %FBSEPSGG "4 � 'ZGGF 3& 	����
 "DUJWJUZ�EFQFOEFOU SFEJTUSJCVUJPO PG ,W��� JPO
DIBOOFMT PO SBU TQJOBM NPUPOFVSPOT� 1IZTJPM 3FQ� �	��
�	QJJ
�F������

�� 4VSNFJFS %+ � 'PFISJOH 3 	����
 " NFDIBOJTN GPS IPNFPTUBUJD QMBTUJDJUZ� /BU /FVSPTDJ�
�	�
���������

�� #BWFS 4# � 0h$POOFMM ,.4 	����
 5IF $�UFSNJOVT PG OFVSPOBM ,W��� DIBOOFMT JT SFRVJSFE
GPS DIBOOFM MPDBMJ[BUJPO BOE UBSHFUJOH CVU OPU GPS /.%"�SFDFQUPS�NFEJBUFE SFHVMBUJPO PG
DIBOOFM GVODUJPO� /FVSPTDJ� ����������

�� 'PY 1% -PGUVT 3+ � 5BNLVO .. 	����
 3FHVMBUJPO PG ,W��� ,	�
 DPOEVDUBODF CZ DFMM

����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����

&OOTLINE !UTHOR 0.!3 )SSUE $ATE 6OLUME )SSUE .UMBER �

����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����



Submission PDF

TVSGBDF DIBOOFM EFOTJUZ� + /FVSPTDJ� ��	�
�����������
�� 0h$POOFMM ,.4 -PGUVT 3 � 5BNLVO .. 	����
 -PDBMJ[BUJPO�EFQFOEFOU BDUJWJUZ PG UIF

,W��� EFMBZFE�SFDUJGJFS ,� DIBOOFM� 1SPD /BUM "DBE 4DJ 64" ���	��
�������������
�� %FVUTDI & FU BM� 	����
 ,W��� DFMM TVSGBDF DMVTUFST BSF JOTFSUJPO QMBUGPSNT GPS JPO DIBOOFM

EFMJWFSZ UP UIF QMBTNB NFNCSBOF� .PM #JPM $FMM ��	��
�����������
��� 'FJOTISFJCFS - FU BM� 	����
 /PO�DPOEVDUJOH GVODUJPO PG UIF ,W��� DIBOOFM FOBCMFT JU UP

SFDSVJU WFTJDMFT GPS SFMFBTF JO OFVSPFOEPDSJOF BOE OFSWF DFMMT� + $FMM 4DJ� ���	1U ��
�����������
��� 'V + FU BM� 	����
 ,W��� $MVTUFSJOH $POUSJCVUFT UP *OTVMJO &YPDZUPTJT BOE 3FTDVFT )VNBO

CFUB�$FMM %ZTGVODUJPO� %JBCFUFT� ��	�
����������� EPJ� ����������EC����������
��� (SFJU[FS�"OUFT % FU BM� 	����
 ,W��� DMVTUFST PO CFUB�DFMM QMBTNB NFNCSBOF BDU BT SFTFSWPJST

UIBU SFQMFOJTI QPPMT PG OFXDPNFS JOTVMJO HSBOVMF UISPVHI UIFJS JOUFSBDUJPO XJUI TZOUBYJO��� +
#JPM $IFN ��	������
��������

��� 'PY 1% FU BM� 	����
 *OEVDUJPO PG TUBCMF &3�QMBTNB�NFNCSBOF KVODUJPOT CZ ,W��� QPUBTTJVN
DIBOOFMT� + $FMM 4DJ� ���	��
�����������

��� 4BIFLJ : � %F $BNJMMJ 1 	����
 &OEPQMBTNJD 3FUJDVMVN�1MBTNB .FNCSBOF $POUBDU 4JUFT�
"OOV 3FW #JPDIFN���������������

��� *SJF 5 � 5SVTTFMM -0 	����
 %PVCMF�/BOPEPNBJO $PVQMJOH PG $BMDJVN $IBOOFMT 3ZBOPEJOF
3FDFQUPST BOE #, $IBOOFMT $POUSPMT UIF (FOFSBUJPO PG #VSTU 'JSJOH� /FVSPO� ��	�
�����
����F����

��� %JDLTPO &+ FU BM� 	����
 %ZOBNJD GPSNBUJPO PG &3�1. KVODUJPOT QSFTFOUT B MJQJE QIPTQIBUBTF
UP SFHVMBUF QIPTQIPJOPTJUJEFT� + $FMM #JPM� ���	�
�������

��� 8V : FU BM� 	����
 $POUBDUT CFUXFFO UIF FOEPQMBTNJD SFUJDVMVN BOE PUIFS NFNCSBOFT JO
OFVSPOT� 1SPD /BUM "DBE 4DJ 6 4 "� ���	��
�&�����&�����

��� 4LFIFM 1" .BSUJO ,$ ,BOEFM &3 � #BSUTDI % 	����
 " 7".1�CJOEJOH QSPUFJO GSPN
"QMZTJB SFRVJSFE GPS OFVSPUSBOTNJUUFS SFMFBTF� 4DJFODF� ���	����
�����������

��� )VUUMJO &- FU BM� 	����
 5IF #JP1MFY /FUXPSL� " 4ZTUFNBUJD &YQMPSBUJPO PG UIF )VNBO
*OUFSBDUPNF� $FMM� ���	�
���������

��� .VSQIZ 4& � -FWJOF 51 	����
 7"1 B 7FSTBUJMF "DDFTT 1PJOU GPS UIF &OEPQMBTNJD
3FUJDVMVN� 3FWJFX BOE BOBMZTJT PG ''"5�MJLF NPUJGT JO UIF 7"1PNF� #JPDIJN #JPQIZT "DUB�
����	� 1U #
���������

��� $IBUUPQBEIZBZ % � 4FOHVQUB 4 	����
 'JSTU FWJEFODF PG QBUIPHFOJDJUZ PG 7���* NVUBUJPO PG
I7"1# GPVOE JO "NZPUSPQIJD -BUFSBM 4DMFSPTJT� #JPDIFN #JPQIZT 3FT $PNNVO� ���	�
�����
����

��� ,BCBTIJ & FU BM� 	����
 *OWFTUJHBUJOH UIF DPOUSJCVUJPO PG 7"1#�"-4� MPTT PG GVODUJPO JO
BNZPUSPQIJD MBUFSBM TDMFSPTJT� )VN .PM (FOFU� ��	��
�����������

��� .VFOOJDI &" � 'ZGGF 3& 	����
 'PDBM BHHSFHBUJPO PG WPMUBHF�HBUFE ,W��� TVCVOJU�
DPOUBJOJOH QPUBTTJVN DIBOOFMT BU TZOBQUJD TJUFT JO SBU TQJOBM NPUPOFVSPOFT� + 1IZTJPM� ���	1U
�
���������

��� $IVOH ++ � -J . 	����
 #JPDIFNJDBM DIBSBDUFSJ[BUJPO PG UIF OBUJWF ,W��� QPUBTTJVN DIBOOFM�
'&#4 +� ���	��
�����������

��� 0h$POOFMM ,. � 5BNLVO .. 	����
 5BSHFUJOH PG WPMUBHF�HBUFE QPUBTTJVN DIBOOFM JTPGPSNT
UP EJTUJODU DFMM TVSGBDF NJDSPEPNBJOT� + $FMM 4DJ ���	1U ��
�����������

��� 4DBOOFWJO 3) .VSBLPTIJ ) 3IPEFT ,+ � 5SJNNFS +4 	����
 *EFOUJGJDBUJPO PG B DZUPQMBT�
NJD EPNBJO JNQPSUBOU JO UIF QPMBSJ[FE FYQSFTTJPO BOE DMVTUFSJOH PG UIF ,W��� ,� DIBOOFM� +
$FMM #JPM� ���	� 1U �
�����������

��� 4JNPOT , � *LPOFO & 	����
 'VODUJPOBM SBGUT JO DFMM NFNCSBOFT� /BUVSF� ���	����
���������
��� -BN 44 FU BM� 	����
 %JSFDUFE FWPMVUJPO PG "1&9� GPS FMFDUSPO NJDSPTDPQZ BOE QSPYJNJUZ

MBCFMJOH� /BU .FUIPET� ��	�
�������
��� -JN 45 "OUPOVDDJ %& 4DBOOFWJO 3) � 5SJNNFS +4 	����
 " OPWFM UBSHFUJOH TJHOBM GPS

QSPYJNBM DMVTUFSJOH PG UIF ,W��� ,� DIBOOFM JO IJQQPDBNQBM OFVSPOT� /FVSPO ��	�
���������
��� #JTIPQ )* FU BM� 	����
 ,W� *PO $IBOOFMT %FUFSNJOF UIF &YQSFTTJPO BOE -PDBMJ[BUJPO PG UIF

"TTPDJBUFE ".*(0�� $FMM "EIFTJPO .PMFDVMF JO "EVMU #SBJO /FVSPOT� 'SPOU .PM /FVSPTDJ�
�����

��� 1FMUPMB ." ,VKB�1BOVMB + -BVSJ 4& 5BJSB 5 � 3BVWBMB ) 	����
 ".*(0 JT BO BVYJMJBSZ
TVCVOJU PG UIF ,W��� QPUBTTJVN DIBOOFM� &.#0 3FQ� ��	��
�����������

��� (BSCJOP " FU BM� 	����
 .PMFDVMBS FWPMVUJPO PG UIF KVODUPQIJMJO HFOF GBNJMZ� 1IZTJPM (F�
OPNJDT� ��	�
���������

��� ,BJTFS 4& FU BM� 	����
 4USVDUVSBM CBTJT PG ''"5 NPUJG�NFEJBUFE &3 UBSHFUJOH� 4USVDUVSF�
��	�
�����������

��� ,JN 4 -FBM 44 #FO )BMFWZ % (PNFT $. � -FW 4 	����
 4USVDUVSBM SFRVJSFNFOUT GPS 7"1�
# PMJHPNFSJ[BUJPO BOE UIFJS JNQMJDBUJPO JO BNZPUSPQIJD MBUFSBM TDMFSPTJT�BTTPDJBUFE 7"1�
#	1��4
 OFVSPUPYJDJUZ� + #JPM $IFN� ���	��
�������������

��� 5BNLVO .. 0h$POOFMM , . � 3PMJH "4 	����
 " DZUPTLFMFUBM�CBTFE QFSJNFUFS GFODF
TFMFDUJWFMZ DPSSBMT B TVC�QPQVMBUJPO PG DFMM TVSGBDF ,W��� DIBOOFMT� + $FMM 4DJ ���	1U ��
������
�����

��� 7BSOBJ 1 5PUI # 5PUI %+ )VOZBEZ - � #BMMB 5 	����
 7JTVBMJ[BUJPO BOE NBOJQVMBUJPO PG
QMBTNB NFNCSBOF�FOEPQMBTNJD SFUJDVMVN DPOUBDU TJUFT JOEJDBUFT UIF QSFTFODF PG BEEJUJPOBM
NPMFDVMBS DPNQPOFOUT XJUIJO UIF 45*.��0SBJ� $PNQMFY� + #JPM $IFN� ���	��
�������������

��� 8V ) ,XPOH 1% � )FOESJDLTPO 8" 	����
 %JNFSJD BTTPDJBUJPO BOE TFHNFOUBM WBSJBCJMJUZ
JO UIF TUSVDUVSF PG IVNBO $%�� /BUVSF� ���	����
���������

��� -FW 4 #FO )BMFWZ % 1FSFUUJ % � %BIBO / 	����
 5IF 7"1 QSPUFJO GBNJMZ� GSPN DFMMVMBS
GVODUJPOT UP NPUPS OFVSPO EJTFBTF� 5SFOET $FMM #JPM� ��	�
���������

��� .JTPOPV ) FU BM� 	����
 #JEJSFDUJPOBM BDUJWJUZ�EFQFOEFOU SFHVMBUJPO PG OFVSPOBM JPO DIBOOFM
QIPTQIPSZMBUJPO� + /FVSPTDJ ��	��
�������������

��� .JTPOPV ) .PIBQBUSB %1 .FOFHPMB . � 5SJNNFS +4 	����
 $BMDJVN� BOE NFUBCPMJD
TUBUF�EFQFOEFOU NPEVMBUJPO PG UIF WPMUBHF�EFQFOEFOU ,W��� DIBOOFM SFHVMBUFT OFVSPOBM
FYDJUBCJMJUZ JO SFTQPOTF UP JTDIFNJB� + /FVSPTDJ ��	��
�������������

��� 1BSL ,4 .PIBQBUSB %1 .JTPOPV ) � 5SJNNFS +4 	����
 (SBEFE SFHVMBUJPO PG UIF ,W���
QPUBTTJVN DIBOOFM CZ WBSJBCMF QIPTQIPSZMBUJPO� 4DJFODF ���	����
���������

��� +PIOTUPO + FU BM� 	����
 *OJUJBM TFHNFOU ,W��� DIBOOFMT NFEJBUF B TMPX EFMBZFE SFDUJGJFS
BOE NBJOUBJO IJHI GSFRVFODZ BDUJPO QPUFOUJBM GJSJOH JO NFEJBM OVDMFVT PG UIF USBQF[PJE CPEZ
OFVSPOT� + 1IZTJPM� ���	��
�����������

��� 4BODIF[�1PODF % %F'FMJQF + (BSSJEP ++ � .VOP[ " 	����
 %FWFMPQNFOUBM FYQSFTTJPO PG
,W QPUBTTJVN DIBOOFMT BU UIF BYPO JOJUJBM TFHNFOU PG DVMUVSFE IJQQPDBNQBM OFVSPOT� 1-P4

0OF �	��
�F������
��� +FOTFO $4 FU BM� 	����
 5SBGGJDLJOH PG ,W��� $IBOOFMT UP UIF "YPO *OJUJBM 4FHNFOU CZ B /PWFM

/PODPOWFOUJPOBM 4FDSFUPSZ 1BUIXBZ� + /FVSPTDJ� ��	��
�������������
��� 4IBX ( .PSTF 4 "SBSBU . � (SBIBN '- 	����
 1SFGFSFOUJBM USBOTGPSNBUJPO PG IVNBO

OFVSPOBM DFMMT CZ IVNBO BEFOPWJSVTFT BOE UIF PSJHJO PG )&, ��� DFMMT� '"4&# +� ��	�
�����
����

��� .PIBQBUSB %1 � 5SJNNFS +4 	����
 5IF ,W��� $ UFSNJOVT DBO BVUPOPNPVTMZ USBOTGFS ,W����
MJLF QIPTQIPSZMBUJPO�EFQFOEFOU MPDBMJ[BUJPO WPMUBHF�EFQFOEFOU HBUJOH BOE NVTDBSJOJD NPE�
VMBUJPO UP EJWFSTF ,W DIBOOFMT� + /FVSPTDJ� ��	�
���������

��� 5FVMJOH & FU BM� 	����
 .PUPS OFVSPO EJTFBTF�BTTPDJBUFE NVUBOU WFTJDMF�BTTPDJBUFE NFNCSBOF
QSPUFJO�BTTPDJBUFE QSPUFJO 	7"1
 # SFDSVJUT XJME�UZQF 7"1T JOUP FOEPQMBTNJD SFUJDVMVN�
EFSJWFE UVCVMBS BHHSFHBUFT� + /FVSPTDJ� ��	��
�����������

��� #BKBS #5 8BOH &4 ;IBOH 4 -JO .; � $IV + 	����
 " (VJEF UP 'MVPSFTDFOU 1SPUFJO '3&5
1BJST� 4FOTPST 	#BTFM
� ��	�
�	QJJ
�T��������� EPJ� ������������������T���������

��� 'PY 1% FU BM� 	����
 1MBTNB NFNCSBOF EPNBJOT FOSJDIFE JO DPSUJDBM FOEPQMBTNJD SFUJDVMVN
GVODUJPO BT NFNCSBOF QSPUFJO USBGGJDLJOH IVCT� .PM #JPM $FMM� ��	��
�����������

��� $PCC .. "VTUJO %$ 4BDL +5 � 5SJNNFS +4 	����
 $FMM $ZDMF�EFQFOEFOU $IBOHFT JO
-PDBMJ[BUJPO BOE 1IPTQIPSZMBUJPO PG UIF 1MBTNB .FNCSBOF ,W��� ,� $IBOOFM *NQBDU &O�
EPQMBTNJD 3FUJDVMVN .FNCSBOF $POUBDU 4JUFT JO $04�� $FMMT� + #JPM $IFN� ���	��
�������
������

��� $FSEB 0 � 5SJNNFS +4 	����
 "DUJWJUZ�EFQFOEFOU QIPTQIPSZMBUJPO PG OFVSPOBM ,W���
QPUBTTJVN DIBOOFMT CZ $%,�� + #JPM $IFN� ���	��
�������������

��� 3FENBO 15 )BSUOFUU ," "SBT ." -FWJUBO &4 � "J[FONBO & 	����
 3FHVMBUJPO PG
BQPQUPUJD QPUBTTJVN DVSSFOUT CZ DPPSEJOBUFE [JOD�EFQFOEFOU TJHOBMMJOH� + 1IZTJPM� ���	1U
��
�����������

��� 3FENBO 15 FU BM� 	����
 "QPQUPUJD TVSHF PG QPUBTTJVN DVSSFOUT JT NFEJBUFE CZ Q�� QIPTQIP�
SZMBUJPO PG ,W���� 1SPD /BUM "DBE 4DJ 6 4 " ���	�
�����������

��� 4JOHFS�-BIBU % FU BM� 	����
 ,� DIBOOFM GBDJMJUBUJPO PG FYPDZUPTJT CZ EZOBNJD JOUFSBDUJPO
XJUI TZOUBYJO� + /FVSPTDJ ��	�
�����������

��� ,JOH "/ .BOOJOH $' � 5SJNNFS +4 	����
 " VOJRVF JPO DIBOOFM DMVTUFSJOH EPNBJO PO UIF
BYPO JOJUJBM TFHNFOU PG NBNNBMJBO OFVSPOT� + $PNQ /FVSPM� ���	��
�����������

��� 5IJGGBVMU * FU BM� 	����
 " OPWFM FQJMFQUJD FODFQIBMPQBUIZ NVUBUJPO JO ,$/#� EJTSVQUT ,W���
JPO TFMFDUJWJUZ FYQSFTTJPO BOE MPDBMJ[BUJPO� + (FO 1IZTJPM� ���	�
���������

��� 5PSLBNBOJ " FU BM� 	����
 %F OPWP ,$/#� NVUBUJPOT JO FQJMFQUJD FODFQIBMPQBUIZ� "OO
/FVSPM� ��	�
��������� EPJ� ���������BOB�������

��� EF ,PWFM $(' FU BM� 	����
 /FVSPEFWFMPQNFOUBM %JTPSEFST $BVTFE CZ %F /PWP 7BSJBOUT JO
,$/#� (FOPUZQFT BOE 1IFOPUZQFT� +"." /FVSPM� ��	��
�����������

��� 0h$POOFMM ,. 3PMJH "4 8IJUFTFMM +% � 5BNLVO .. 	����
 ,W��� QPUBTTJVN DIBOOFMT BSF
SFUBJOFE XJUIJO EZOBNJD DFMM TVSGBDF NJDSPEPNBJOT UIBU BSF EFGJOFE CZ B QFSJNFUFS GFODF� +
/FVSPTDJ ��	��
�����������

��� "LJO &+ 4PMF - %JC�)BKK 4% 8BYNBO 4( � 5BNLVO .. 	����
 1SFGFSFOUJBM UBSHFUJOH PG
/BW��� WPMUBHF�HBUFE /B� $IBOOFMT UP UIF BYPO JOJUJBM TFHNFOU EVSJOH EFWFMPQNFOU� 1-P4
0OF� ��	�
�F��������

��� "LJO &+ FU BM� 	����
 4JOHMF�.PMFDVMF *NBHJOH PG /BW��� PO UIF 4VSGBDF PG )JQQPDBNQBM
/FVSPOT 3FWFBMT 4PNBUJD /BOPDMVTUFST� #JPQIZT +� ���	�
�����������

��� )VOH 7 FU BM� 	����
 1SPUFPNJD NBQQJOH PG UIF IVNBO NJUPDIPOESJBM JOUFSNFNCSBOF TQBDF
JO MJWF DFMMT WJB SBUJPNFUSJD "1&9 UBHHJOH� .PM $FMM� ��	�
���������

��� 9JB ; � -JV : 	����
 3FMJBCMF BOE HMPCBM NFBTVSFNFOU PG GMVPSFTDFODF SFTPOBODF FOFSHZ
USBOTGFS VTJOH GMVPSFTDFODF NJDSPTDPQFT� #JPQIZT +� ��	�
�����������

��� )PQQF " $ISJTUFOTFO , � 4XBOTPO +" 	����
 'MVPSFTDFODF SFTPOBODF FOFSHZ USBOTGFS�
CBTFE TUPJDIJPNFUSZ JO MJWJOH DFMMT� #JPQIZT +� ��	�
�����������

����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����

�� WWW�PNAS�ORG   &OOTLINE !UTHOR

����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����



 
 

1 
 

 
 
 
 
 
 
Supplementary Information for 
 

Kv2 Potassium Channels Form Endoplasmic Reticulum / Plasma  
Membrane Junctions via Interaction with VAPA and VAPB 

 
Ben Johnson1,2, Ashley N. Leek1,2, Laura Solé1,2, Emily E. Maverick1,2, 

Tim P. Levine4, and Michael M. Tamkun1,2,3 
 
 
 
1Department of Biomedical Sciences, 2Program in Molecular, Cellular, and Integrative 
Neurosciences, 3Department of Biochemistry and Molecular Biology, Colorado State University, 
Fort Collins, CO 80523 USA and 4 Department of Cell Biology, University College London 
Institute of Ophthalmology, 11-43 Bath Street, UK EC1V 9EL  

 
Michael M. Tamkun  
Email:  michael.tamkun@colostate.edu 
 
 
This PDF file includes: 
 

Supplementary text 
Figs. S1 to S2 
References for SI reference citations 

 
 



 
 

2 
 

Supplementary Materials and Methods  
 
DNA Constructs  VAPA-GFP and VAPA(K87D/M89D)-GFP were provided by Axel Brunger 
via Addgene (Addgene plasmids 18874 and 18875, respectively). VAPB-GFP has been 
previously described (1). From these initial constructs, VAPB-mRuby2, VAPB-Clover, and 
VAPA-paGFP were created using standard DNA manipulation techniques. 
 For the proximity biotinylation experiments AMIGO-YFP-APEX was generated from the 
APEX2-NES vector obtained from Alice Ting (Addgene plasmid # 49386). Overlap PCR was 
used to insert an EcoRI cut site 
(5’GACGGAGAATTCAAGGGATGGACTACAAGGATGAC3’) in the APEX2-NES vector at 
the 5’ end of APEX2 allowing the resulting XbaI and EcoRI APEX DNA to be added to the 3' 
end of AMIGO-YFP to form AMIGO-YFP-APEX. 
 pcDNA3.1-Clover-mRuby2 was a gift from Kurt Beam (Addgene plasmid # 49089), 
mRuby2-C1 was from Michael Davidson (Addgene plasmid # 54768) and pcDNA3-Clover was 
from Michael Lin (Addgene plasmid # 40259). An mClover-C1 construct was generated by 
digesting pcDNA3-Clover and mRuby2-C1 with NdeI and BsrGI and exchanging Ruby2 with 
Clover. Ruby2-Kv2.1 was generated from mRuby2-C1 and the previously described GFP-Kv2.1  
(2) by replacing the NheI to EcoRI GFP encoding fragment in GFP-Kv2.1 with mRuby2. Clover-
Kv2.1 was generated from mClover-C1 and a Ruby2-Kv2.1 by inserting the XhoI to XmaI 
fragment containing Kv2.1 into mClover-C1.  
 Generation of the CD4-based chimeras relied heavily on synthetic DNA obtained from 
Genewiz. CD4-Kv2.1:445-609 was created using synthetic DNA (amino acids 445-609 of 
Kv2.1) which were appended to wildtype CD4 using SacII and NotI restriction sites. The CD4-
Kv2.2:452-911 was made using the same approach. In both of these constructs the VAP binding 
motif was the same distance from the CD4 transmembrane domain. The other CD4 Kv2.1 
minimal FFAT sequence constructs (see Fig. 7) were based on work done in the Bjorkman 
laboratory (3), where the CD4 transmembrane domain was separated from the Kv2.1 channel 
sequence by using a combination of (Gly4Ser)n linkers, to confer flexibility, with β2-
microglobulin sequence to provide a more rigid structure. β2-microglobulin is a monomeric 12 
kD protein with an N- to C-termini separation distance of ~3.5 nanometers (4). The Gly4Ser 
linkers were of variable length so as to keep the total amino acid number from the CD4 
transmembrane domain to the Kv2.1 FFAT motif consistent between the CD4-chimeric 
constructs and wildtype Kv2.1. For the oxysterol-binding protein (OSBP) FFAT motif (5) and 
flanker construct (CD4-OSBP(FFAT)), a single serine in the OSBP FFAT flanker region was 
changed to aspartic acid to a priori nullify any possible phosphorylation effects on VAP binding. 
All synthetic DNA segments were inserted into the CD4 backbone using SacII and XbaI 
restriction sites. All constructs terminated in a stop codon inserted into the sequence immediately 
after the last amino acid of interest.  
 The luminal ER marker dsRedER has been previously described (6, 7). mCherry-JPH4 
was provided by Yousang Gwack (Addgene 79599). 
 



 
 

3 
 

Microscopy Laser scanning confocal microscopy was performed using an Olympus FluoView 
1000 inverted microscope equipped with two spectral detectors and one filter based detector in 
addition to an Ar laser (458/488/515 nm), 543 nm and 633 nm HeNe lasers and a 60X PlanApo, 
1.4 NA, objective. Spinning disk confocal microscopy was performed using a Yokogawa-based 
CSUX1 system built around an Olympus IX83 inverted stand coupled to an Andor laser launch 
containing 405, 488, 561, and 637 nm diode lasers, 100-150 mW each. Images were collected 
using an Andor iXon EMCCD camera (DU-897) and 100X Plan Apo, 1.4 NA objective. This 
system is equipped with the ZDC constant focus system and a Tokai Hit chamber and objective 
heater. Unless stated otherwise, all images were acquired taken via spinning disk microscopy. 
When indicated, TIRF microscopy was performed on a Nikon Eclipse Ti fluorescence 
microscope with 405, 488, 561, and 633 nm diode lasers, 100 mW each, split evenly between 
TIRF and photoactivation unit pathways. However, 405 nm based activation of the 
photoactivatable GFP-VAPA presented in Fig. 5 was performed in TIRF to limit the activated 
GFP fluorescent to within 100 nm of the plasma membrane. TIRF images were collected using 
an Andor iXon EMCCD DU-897 camera through a Plan Apo 100x, NA 1.49, TIRF objective. 
Both the objective and dish are temperature controlled and z-drift was mitigated through the use 
of the Nikon Perfect-Focus system. With all three systems the appropriate use of spectral 
detectors, sequential excitation, dichroics and bandpass filters permitted fluorophore separation. 
Additional details regarding our microscopy have been previously described (6, 8, 9). 
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Fig. S1. The presence of Kv2.2 and junctophilin-4 do not alter the concentration of VAPs at the 
induced ER/PM contact sites. (A) Co-expression of Kv2.1loopBAD labeled with streptavidin-
CF640, GFP-Kv2.2, and mRuby2-VAPB. (B) Co-expression of Kv2.1-loopBAD labeled with 
streptavidin-CF640, mCherry-JPH4, and VAPA-GFP. Scale bars represent 10 µm. 
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Fig. S2. Use of neurofascin immunostaining to identify the axon initial segment.  (A) 
Representative image showing the localization of transfected Kv2.1-loopBAD, VAPB-GFP and 
neurofascin immuno-staining in live DIV 7 rat hippocampal neurons. Surface Kv2.1-loopBAD 
was visualized with CF640-conjugated streptavidin and antibody binding to extracellular 
neurofascin was detected using Alexa 594-conjugated goat anti-mouse secondary antibody. Note 
that the neurofascin-positive axon initial segment (AIS) in the top left corner is derived from a 
non-transfected neuron. (B) Colocalization of VAPA-GFP with Kv2.1 within the neurofascin-
positive AIS. (C) Colocalization of VAPB-mRuby2 with GFP-Kv2.2 within the neurofascin-
positive AIS (labeled with Alexa-647 secondary antibody). (D) Colocalization of VAPA-GFP 
with the CD4-Kv2.1:573-598 chimera within the neurofascin-positive AIS. All images are 
maximum intensity projections. Scale bars represent 5 µm. 
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