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In?T|}^�R{PSDQInBEDGu]F}7%$(y�yiB}>�w�? 0�$ y�DGLe@Z?Uw�BEF�In~XB t�?ULCRTLO�C?T|EPORiDGBaPOFGLC>�?U>��
t BE~�?U>�w |\~�LZLOFH?T>X�xFH^�|\~ NVLCDHu NVLCD'In~XB In^�DG>�?T>��xNVDGBE��^�BE>X|E?TB}F�PO>�w y�DHLe@m?TwXBEF�PxFH?Tuvy�RUB9u]PSIn~'Q
BEu]PSIH?T|aPSR-u]Lmw�BER�NVLOD P�DHB}|EBEyZInLCD 4�~�?T|\~g|ELC^�RUw y�DGLZwX^�|EB]FH^�|\~ IH^�DH>X?T>���DnPSIHBEF}7 YmBE|}IH?TLC> oZ7M1
PORUFHL B30Zy�RTPO?T>�Fr~XL�4 >�LC>'Q�w�?TuvBE>XFHLC>zPSRT?T_EPSIn?ULC>kPS>�w4FG|aPORU?T>�� 4�BEDGB LOtXI\PO?U>�BEwxNVLCDQIH~�B�u]Lmw�B}R 7
YZB}|}In?ULC>]oZ7R, |}LC>[I\PO?U>�F�In~�B)DHB}FH^�RAInF}Wmt LOIH~]PS>zPORUJ�IH?T|rPO>Xw]>�^�uvBEDG?T|aPSR 7 �gB�FH~�L�4 In~�B�>�^�uvBEDH?U|aPOR
FH?Uu ^�RTPSIn?ULC>�F-LON�IH~�B�PSBEDHLSI\PO|bIn?T|)tzPO>Xw�NVLCDHu]PSIH?TLC>�7;,r~�B�?U>[InBEDGy�DHBbI\PSIH?TLC>vLON�>�^�uvBEDG?T|EPORiDGBEFG^�RUIHF
BEuvy�~zPSFH?T_}BEFx~�L�4 In~XB u]Lmw�BER)u]PSIn|\~�B}FMPO>�w�y�DGBEw�?U|}IHFkIn~�B t�PO>�w�NVLCDHu]PSIH?TLC>�7 $'>zPSRUJ�In?U|aPOR
FHLORT^XIH?TLC>�F�PODHB �O?U@CB}>�NVLCD�In~XB FGInBEPOwXJ FGI\P InB LON�In~XB FGJmFGIHBEu�7 ��PODG?TLC^�F�yzPODnPSu]BbInBED]@OPSRT^�B}F
4�~�?U|\~ PODGB�B30ZyiB}DH?Uu]B}>�InPORTRAJ�>XLOI�BaPOFG?TRAJkuvBaPOFG^�DnPOtXRTB�PODGB�B}FGIH?Tu]PSInB}w�7
/K> YZBE|bIn?TLO> oZ7hf!4%BvFH^�uvu]PODH?U_EB LC^XD ��>�w�?T>X�CF�PO>�w I\POR -mF�POt LC^XI�y LOIHBE>[In?TPOR�NV^XIH^�DHBvy�DHL �GBE|}IHF
DHB}R{PSIHBEwxInL IH~�?TFrInLOy�?T|S7
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BE>[@m?TDGLC>�uvBE>[I�:=? 78BO7�LC>�B 4�?UIn~v^�>�?ANVLCDHu |\~�BEuv?T|EPORz|ELC>X|EBE>[IHDnPSIH?TLC>�Fn`�t�PO|}IHBEDH?TP�F 4�?Tu FGu]LmLOIn~XRUJ
?T>MP �O?U@CB}>Mw�?TDGBE|}IH?TLC>]NVLCDrP yiB}DH?ULZwkLSN;IH?TuvBOWmIn~�B}>��OL In~�DGLC^��C~�P y BEDH?ULZwxLSN�PSt�DH^�yZI�|\~zPO>��CB}F
LON�w�?UDHB}|}In?ULC>�Wi|aPORURTBEw4In^�u tXRT?T>X��7',r~�B FGBE��^�B}>�|EBvLON��8DH^�>�F���PO>�w � In^Xu t�RTB}F �iDHBEFG^�RUIHF�?T> PkDnPO>'Q
w�LCu�4%POR - 7�,r~�?TF�DnPO>Xw�LCu�4%PORJ- t BE|}LCu]B}F�tX?{POFGBEwW4�~�BE>xP IHInDHPO|}InPO>[I�:VLCD�DHB}yiB}RTRTB}>[I `�?TF�POw�wXBEw
:=LOD DHBEuvLe@CB}wp`b7�$'wXw�?UIH?TLC>zPSRQPSIGInDnPS|}I\PS>�IHF FH^�yXy�DHB}FHF]IH~�BxNVDHB}�m^XBE>�|bJ 4�?UIn~ 4�~�?U|\~�IH^�u t�RU?T>��
Lm|E|E^XDHF	�mIn~�B}DHBbNVLCDHBSWmIH~�B'F
InDnPS?T�C~[I�DH^�>XF%RTB}>��OIH~�BE>]?T> In~�B)w�?TDGBE|bIn?TLO>]LON"In~�B)~�?T�O~�BEF
IQPSIGInDHPO|}InPO>[I
|ELO>�|EB}>�IHDnPSIH?TLC>"74,r~�?UF PORURTL�4�F�tzPO|}IHBEDG?{P�IHL uvL @OB�^�ygIn~�B]�CDnPOwX?TBE>[IE7 &�BEuvLe@Z?U>�� DGBEy BERURTBE>[IHF
~zPOF�In~XB�FnPSu]BvB �iBE|bIa7�s�>gIH~�B�LOIH~�BED�~zPO>Xw�W�POwXw�?T>���DHB}yiB}RTRUBE>[InF�LCD�DHBEuvLe@m?T>��4PSIHIHDnPO|bI\PO>[IHF
t LOIn~ ?U>�|EDGBaPOFGBQIn~�BQNVDGBE��^�BE>X|}J LONpIn^Xu t�RT?U>���PO>Xw N=PO|E?URT?UInPSInB�In~XBru]Le@CB}u]B}>[I�LON tzPO|}IHBEDG?{P�w�L�4�>
In~XB'�CDHPOw�?TB}>[I � c o��j7���?T�O^�DHB(oZ7Ac�FH~XL�4�F%~�L�4�In^�DG>�?T>���NVDHB}�m^XBE>�|}?TBEFr|\~�PO>��CB(?T>�DGBEFGyiLC>XFHB'IHL PSIHQ
InDHPO|}InPO>[InF LCD DGBEy BERURTBE>[IHFE7 ��B}BEy�?U>�� P IHInDHPO|}InPO>[Ix:=PO>�w DGBEy BERURTBE>[I\`�|}LC>�|EB}>[InDnP In?TLO>�F9|}LC>�FGInPO>[I
DHB}FH^�RAInF�?T>�POw�POyXI\P In?TLO>xLON	IH^�DH>X?T>�� DnP InBEF}7
,r~�B�FH4�?Uu]uv?T>�� uvBE|\~zPS>�?TFGu LON�|}BERURTF |aPO>�@SPODGJ��CDGBaPSIHRUJOW�DGBEFH^XRUIn?U>�� ?T>�w�? �iBEDGBE>[I IKJZy BEF]LON
FH4�?Uu]uv?T>X� >�LOI�w�?UFH|}^�FHFGBEw�?T>xIn~�?UFQIn~�B}FH?UFE7�.(L�4�B}@OBEDEWpIn~XB�^�>�w�B}DHRUJm?U>�� y�DH?U>�|E?Uy�RTB�LSN�P t�?TPOFHB}w
DnPS>�w�LCu 4%POR -�?TFryXDHB}@SPORUBE>[I)?T>�PORURiNVLCDGu]FrLON	tzPO|bInB}DH?{PSR�u]LSIn?TRU?UIKJO7
*%~�B}u]LOInPO|}IH?T|�uvL @OBEuvBE>[I;?TF�>�B}|EBEFGFnPOD
J�NVLCD�tzPO|}IHBEDG?{PORC|}BERURTF�t BE|aPS^�FHB�|ELC>�|}BE>[InDHPSIn?ULC>��CDnPOwX?TBE>[IHF
PODGBxw�B}IHBE|}IHBEw t�J InBEuvy LCDnPOR%|ELCuvyzPODG?TFHLO>�7 ,r~�?UF u]BEPO>�F In~�PSI DnPSIH~�BED IH~zPO>�t BE?T>X�gPSt�RTB�IHL
uvBaPOFG^�DHB�|}LC>�|EB}>[InDnP In?TLO>�F)PSIrIn~�B�wX? �iBEDHB}>[I�BE>�w�F)LON�In~XB�|}BERUR WXt�PO|}IHBEDH?TP u ^�F
I(uvLe@CB�IH~�DHLC^X�C~
In~XBE?TD B}>�@m?UDHLC>�uvBE>[I InL t B4PSt�RTBxInL w�BbInB}|}Ik|}LC>�|}BE>[InDHPSIn?ULC> |\~�PO>��CB}FE7 /K> LCDHwXBED InL ~zPa@CB4P
InB}u]y LCDHPOR�FHBE>XFH?T>X� u]B}|\~zPO>�?UFHu�W�?UI ?TF |EDG^�|E?TPOR�IH~zPSI9|EBERURTF�DHBbI\PO?U> FHLCuvBv?T>XNVLCDGu�P In?TLO>gPStiLC^ZI
In~XB�y�DGB}@m?TLC^XF9BE>[@m?TDGLC>�uvBE>[I
��?U> LOIH~�BED 4%LCDGw�FEW-?AI9?UF >XBE|EB}FHFHPODGJgNVLCD IH~�B�|}BERTR�InL4~zPa@CBkFGLCuvB
FHLODGI)LON	u]B}u]LCD
JC7
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Fast Excitation (Phosphorylation)

Slow Adaptation (Methylation)

attractant
add 

attractant
add remove

attractant

tumbling
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,r~�B�u]B}|\~zPO>�?UFHu NVLCDrIHBEuvyiLCDHPOR�FGBE>�FG?T>��]?TF)PORTFGL w�BEy BE>�wXBE>[I�LC>4POwzPOyZI\PSIH?TLC>xInL In~XB |}^�DHDGBE>[I
RTBb@CB}RQLON(PSIHIHDnPO|bI\PO>[IHF PO>�w�>�^XInDG?TBE>[IHFE7 ,r~X?TF PORURTL�4�F |}BERTRUF9InL DGBEu]PO?T> FHBE>XFH?UIH?U@OBkInL |ELO>�|EB}>'Q
InDHPSIn?ULC>�|\~zPO>��CB}F�?T> P 4�?TwXB DHPO>��CB LON-|\~�B}u]?U|aPOR;BE>[@m?TDGLC>�uvBE>[InF}7($(wzPOyXInPSIn?ULC> PO>Xw u]B}u]LODGJ
PODGB'DHB}R{PSIHBEwk|}LC>�|}BEyXIHFEWzFH?U>�|EB'u]B}u]LCD
J ?TF%P9|ELC>XFHBE��^�B}>�|EB�LON;P FHRTL�4 POwzPSyXI\PSIH?TLC>]u]B}|\~zPO>�?UFHu
4�~�?U|\~4PSRTRTL�4�FQ|}BERURTF%IHLvDGB}InPO?T>x?U>XNVLCDHu]PSIH?TLC>�POtiLO^XIQIn~XB�yXDHB}@m?ULC^�FrBE>[@m?TDGLC>�uvBE>[IrNVLCDrP y BEDG?TLmw
LON�In?Uu]BS7�l�^�DH?U>��MPOwzPOyZI\PSIH?TLC>�W In~�B |}BERUR�DHB}u�PS?T>�F�?U> Pk|\~�BEuv?T|EPOR�F
I\PSIHB w�B}IHBEDHuv?T>XBEw t[J In~XB
PSIGInDnPS|}I\PS>�I :=DGBEy BERURTBE>[I\` |}LC>�|EB}>[InDnP In?TLO> t B}NVLCDGBOW�PO>�w�In~�?UFvIH?TuvBMR{PO� tiBbI<4%B}BE>�IH~�B |}^�DHDGBE>[I
PO>�w�In~�BMyzPSFGI]FGI\P InBEF]FHB}DG@CB}FkPOF In~XB4uvBEuvLCDGJ LON'IH~�BM|EBERUR 7 $'>[J�u]Lmw�B}RrLON�|}LC>[@CBE>[IH?TLC>zPSR
|\~�B}u]LOInP#0Z?TF�u ^�F
I)POw�w�DGBEFGF)IH~�B�?TFHFG^�BEF)LON	FHB}>�FH?AIn?U@m?AIKJxPO>�w�uvBEuvLCDGJO7
,r~�B FH?U�C>zPOR�IHDnPO>�FGw�^�|bIn?TLO> yzP In~ 4QPaJmF ?U> t�PO|}IHBEDH?TP�FG^�|\~ PSF:9 :<;*=$I3> =	;*=D= G>;.9#@B=(~zPa@CB tiB}BE>
4�?TwXBERUJvF
In^�w�?UBEw � , �j7�,r~�B}DHB�PODGB(I<4�L ?TuvyiLODGI\PS>�I�|\~�B}u]?U|aPOR DHBEPO|}IH?TLC>XFEWmy�~�LCFGy�~�LCD
JZRTPSIn?ULC>kPS>�w
uvB}In~[JmR{P In?TLO>�W 4�~�?T|\~xPSDHB'DGBEFGyiLC>XFH?TtXRTB(NVLOD�|}LC>[InDHLORTRT?U>���In~�B)In^�u9t�RT?U>���NVDGBE��^�B}>�|}JOWpPO>�w 4�~X?T|\~
PO|bI�LC> @CB}DGJ w�?��"B}DHB}>�I-IH?TuvBQFH|EPORTB}FE7-�-~�LOFHy�~�LODGJmR{PSIH?TLC> ?UF-P'@CB}DGJ N=PSFGI�DHBEPO|}IH?TLC>�:VLC> In~�BrLODHw�B}D
LON�uv?TRURT?TFGBE|}LC>�w�F � c o �{`)In~�PSI�|EPO^�FHB}F�P]N=POF
I�DHB}FHy LC>�FHBx:=LC> IH~�B LCDGw�BED(LON�qX7Ac FHB}|e`(InL�|\~zPO>��CB}F
?T>vIn~�B(PSIGInDnPS|}I\PS>�I%LCD�DHBEy BERURTB}>�I�|ELO>�|EB}>�IHDnPSIH?TLC>"WD4�~�?URTB�uvB}In~[JmR{P In?TLO>�PO|bInF�LC>]IH~�B'FHPOu]B�In?Uu]B
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FH|EPORTB4POFvPgFG?T>��ORTBxDH^X> :
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attractants and repellents

outer membrane

flagellum

flagellum or motor
proteins

Che protein

chemotaxis receptor 

transport protein

Tar Tsr Trg Tap

CheBCheA

CheW

CheY CheZ
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$ FG?Tuvy�RTB uvLZwXBER�LONQIn~XB�FH?U�C>zPOR�InDHPO>�FGw�^�|}IH?TLC>gyzPSIH~"4%PaJ FG~�L�4�> ?T> �	?T�C^�DGBkom7 o4?U>[@CLCRA@CBEF9P
>�^�u t BED�LONiy�DHLSInBE?U>�FEWZ*%~�B}$9Wm*%~�B ��WZ*%~�Bb� WmBbIn|S7�,r~�B)FH?T�O>zPORT?U>�� 4�LCD -�F�POF-NVLCRTRUL�4�FE��RT?U�[PO>�w�F
:jP IHInDHPO|}InPO>[InF�PS>�w DHB}yiB}RTRUBE>[InFn`(t�?T>Xw InL�IHDnPO>XFHuvBEu t�DHPO>�B |\~�BEuvLCDHB}|EB}yXInLCDGF�LON-In~�B tzPO|bInBEDG?{PX7
,r~�B |}J�InLCFGLCRT?U| FG?Tw�B}F'LON�In~�B�DHB}|EBEyZInLCDGF�PODHB PSIGI\PO|\~�B}w InL -�?T>zPOFGBEF�*%~�BE$ PS>�w *%~�B ��7�*%~�B}$
y�~�LOFHy�~�LODGJmR{PSIHBEF�t LOIn~�?UIHFHB}RUNXPO>�w *%~�Bb� W�4�~�?T|\~�?TF�Pry�DGLOInB}?T>�In~zP I;PO|}IHF	PSF	PruvBEFGFHBE>X�CBED;?T>�FG?Tw�B
In~XB�|EB}RTR 7	,r~�B�DHLORTB)LON	*%~�Bb� ?TF�IHL ?T>X|EDHBEPOFHB(In~�B'IH^�u t�RU?T>���NVDHB}��^�BE>�|bJxt[J�DGBaPO|bIn?U>�� 4�?UIH~�In~XB
uvLOInLCD}7-*%~�B � Bb@CB}>�IH^zPORURUJvw�BEyX~�LCFHyX~�LCDGJmRTPSInB}F 4�?AIn~]IH~�B)~�BERUy]LON�*%~�Be5�7�$QIGInDnPS|}I\PS>�I�t�?U>�w�?T>X�
FHRUL�4�F�w�L�4�>g*%~�Bb� y�~XLCFHy�~XLCDGJmR{P In?TLO>�W�4�~X?T|\~ ?T> IH^�DH> RUBaPOwXF(InLxFG^�y�y�DGBEFGFHBEw In^Xu t�RT?U>��kPS>�w
RTLO>��CBED�DH^�>�F-?U> In~�BrwX?TDHB}|}IH?TLC> LSN�PSIGInDHPO|}InPO>[InFE7�24B}IH~[JZRTPSIn?ULC>�W[LC> IH~�BrLOIH~�BED-~zPS>�w�W[FHy BEB}w�F�^�y
*%~�B � yX~�LCFHyX~�LCDGJmRTPSIn?ULC>!4�~�?T|\~MRUBaPOw�FQIHL PO>MB}@OBE>[In^zPSR;DGB}IH^�DH>xInL IH~�B�tzPOFGB�IH^�u t�RU?T>�� DnPSIHBEF}W
? 78BO7 POwzPOyXInPSIn?ULC>�7 24B}IH~�JmRTPSIn?ULC>�LZ|}|E^�DGF In~�DGLC^��C~ P yzPO?TD9LON)BE>�_bJZuvBEF}W�*%~�BE& PO>�w *%~�Ba#(W
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Dashed line: path of a bacteria, solid line: turning frequency
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Bacteria: solid line, oxygen: dotted line, t=180 s
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RT?U�[PO>�w |ELO>�|EB}>�IHDnPSIH?TLC> RTBaPSw�F IHL P�IHDnPO>�FG?TB}>�I9?T>[InB}DH>zPSR�DGBEFHy LC>�FGBO7 $(RUIH~�LC^��C~gIn~�B]u]Lmw�BER�?UF
In~XBELCDGB}In?U|aPORURUJxuvLCDGB�FGLC^�>�w4In~zPO>4In~�B �zDHF
I�LC>�BSWi?AI)?TF)BE��^zPORURUJMRT?Uu]?AInB}wkInL]IH~zPSIEWit BE|EPO^�FHB ?UIHF
R{PS|.-]LON;|}LC>�>�B}|}In?ULC>xInL B 0Xy BEDG?TuvBE>[I\PSRTRUJvLCtXFHBED
@SPOt�RTB'FH?T�O>zPORT?U>��9y�PSIn~ 4%PeJmF}7�,r~�B�@SPODG?{POtXRTBEF�LON
In~XB�u]Lmw�B}Riu]PaJ�DGBEy�DGBEFHB}>[I(y�PODGIH?T|E^XR{POD�|\~�BEuv?T|EPORTF}WZLOD%In~�BbJ�uv?T�O~�I%DHB}y�DHB}FHBE>[I)u]PO>[J]|}LCuvyiL Q
>�B}>�IHF�LON�IH~�B9FG?T�C>�POR�InDnPS>�FHw�^X|}In?ULC> yzP In~ 4QPaJ 4�~�?T|\~ PO|}IHF�POF'P]^�>�?AI'LO> PvIH?TuvB�FG|aPORUB N=POF
InB}D
In~�PO> 4�~�PSI�?TF�|ELO>�FH?Uw�BEDGBEw�?T>xIn~�B�uvLZwXBER 7
24^�|\~ LON'IH~�BMu]Lmw�B}RQt�^�?URTw�F LC>�In~�BM^�>Xw�BEDGFGI\PS>�w�?T>X�g~�L�4 y BED
NVBE|bI�PSwzPOyXInPSIn?ULC>�LZ|}|E^�DGF]?U>
tzPO|bInB}DH?{PSR'|\~�B}u]LOInP#0Z?TF}7�.(L�4�B}@OBEDEW(In~�B}DHB PODHB ?TuvyiLCD
I\PO>[I�w�? �iBEDGBE>�|}BEFMtiBbI<4%B}BE> tzPO|bInBEDG?{POR
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DGJmRTPSIn?ULC> PS>�w uvB}In~[JmR{P In?TLO> ?T>4tzPO|bInBEDG?{POR�|\~�B}u]LSI\P#0Z?TF54�~�?T|\~ PSRTRTL�4�F�FH?Uu]yXRT?���|aPSIH?TLC>�Fr?U> In~XB
u]PSIn~�B}u�P In?T|EPOR�InDGBaPSIHu]B}>[I�LON-In~XB y�DHLOt�RTB}u47(,r~�B FnPSu]B FG?Tuvy�RT?��z|aP In?TLO>�Fru�PaJ�t B ?T>�|}LCDHDGBE|bI
?T>xIH~�B�w�BEFG|EDH?UyXIn?ULC>MLON	�CDHL�4rIn~�|ELO>�B�|\~�BEuvLOI\P�0X?UFE7
*%RTBEPODHRAJCW�IH~�?TFrInLOy�?T|�?TF�LCy BE>MNVLCDrNV^�D
In~�B}D)IH~�BELCDGB}IH?T|aPSR�PO>�w B 0ZyiB}DH?TuvBE>[InPOR�DHB}FHBaPSDH|\~�7�1P0ZyiB}DH? Q
uvBE>[I\PORiLCt�FGBEDG@SPSIH?TLC>XFQLON	YZLC>X� � �;LZL � /O/��"LC>MPOwzPSyXI\PSIH?TLC>�u]?U�C~[I%t B�P y�DGLCu]?UFH?U>��9F
I\POD
In?T>X�
y LC?T>[I'NVLOD(NV^�D
In~�B}D 4%LCDH-p79YmLC>�� � �	LmLxtiB}RT?TBb@CB�In~zPSI��CDHL�4rIn~ |}LC>�B}F�yiB}DH?TLmw�?U|aPORURUJxRULCFHB PS>�w
DHB}�[PO?U>�IH~�BE?UD FHBE>XFH?UIH?U@m?UIKJ InL �CDnPOwX?TBE>[IHFE7 YZ^�|\~�PSwzPOyXInPSIn?ULC> :�4�~�?U|\~ ?TF wX? �iBEDHB}>[I]NVDGLCu In~XB
POwzPSyXI\PSIH?TLC>�POFGFH^�uvBEw�?T>�LC^�D FGBE|ELO>�w uvLZwXBER ` POy�y BaPODGF]FG?Tuv?TR{PSD�IHL PO>�?TwXBaP y�DHLOyiLCFGBEw t�J
24B}?T>�~zPSDHwXI � ,�, �j7x.(BvFGInPSInB}F�IH~zPSI�?T>gP�DGBaPO|bIn?ULC>'QKwX? �i^�FH?ULC> FGJmFGIHBEu�W�?UN�In~XB]~zPSRUN QKRU?UNVB LONQIn~XB
?T>X~�?Tt�?AInLCD�?UF(FG~�LCDGIHBED'IH~zPO> IH~zPSI'LON-In~�B PO|}IH?U@SPSInLODEWzIn~�B}> LCFH|}?TRUR{PSIH?TLC>�FrLm|E|}^�DE7',r~�B PO|}|E^�u ^DQ
R{P In?TLO>4LON-IH~�B PO|bIn?A@OP InLCD)?TF)Le@CBED
I\P�-SBE> t[J4IH~�B ?T>X~�?Tt�?AInLCD}WpPO>�w NVLCD�In~XB yiB}DH?ULZw4LON-In?Uu]B�In~zP I
LC>�RAJ In~XB(?U>�~�?TtX?UInLOD�?TF�y�DGBEFHB}>[IaWZIH~�B)|EBERURp?TF�^�>zPOtXRTBrInL�DHB}FHy LC>�w�IHL >�B34��CDHPOw�?TB}>[InFE7�.)L�4%Bb@CBED}W
?T>�LCDGw�BED�InL]y�^�DHFG^�B P u]PSIn~�B}u�P In?T|EPOR�uvLZwXBER�tzPOFGBEw LO>4In~X?TF�?Tw�BEPXWpu]LODHB�t�?TLORTLC�C?U|aPORiwzPSInPv?UF
>�B}|EBEFGFnPOD
JMInL NVLCDHu9^�R{PSIHB�P ~[JZy LOIH~�BEFG?TFE7
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,r~�B�yXDHBEFGBE>[I�|\~zPOyZInBED%|ELC>�|}BEDG>�F�P InLOy�?T|�@CB}DGJkwX?TFGIH?T>�|bI�NVDGLCu
�CDnPSw�?TB}>�I�FHB}>�FH?U>���WXIH~�B'FG^�t �GB}|}I
LON�In~�B y�DGB}@m?TLO^�F�FHBE|bIn?ULC>�FE7 /K> In~�B uvLZwXBER�w�Bb@CB}RTLCy BEwg?T> In~�?UF�FHB}|}In?ULC>�W�4�B]?U>�@OBEF
In?T�CPSInB In~XB
uvBE|\~zPO>X?T|aPSR�B �iBE|}IHF'LON	t�RULZLmw��zL�4 LC>�BE>�w�LSIn~�B}RT?{PSR�|EB}RTRTF}7�$(F(LOy�yiLOFHBEw�InL y�DGB}@m?TLC^XF(uvLZwXBERTF
?T>!4�~X?T|\~U4%B�PO?Uu]B}w�InL ^�>Xw�BEDGFGI\PS>�w4tX?TLm|\~�BEuv?T|EPORiFG?T�C>�PORiIHDnPO>�FGw�^�|bIn?TLO>�y�PSIn~ 4%PeJmF}W ~XBEDHB 4�B
?T>[@OBEFGIH?T�[P InB�P�u]B}|\~zPO>�L#Q�InDHPO>�FGw�^�|}IH?TLC> yzP In~ 4QPaJOWZ?j7 BS7�P�yzPSIH~"4%PaJ 4�~�?U|\~vIHDnPO>�FGu]?AInF�yX~�JmFG?T|aPSR
FH?U�C>zPORUFQFH^X|\~ POFrNVLCDG|EBEF)PO>Xw4w�BbNVLCDHu]PSIH?TLC>�F}7
1->�w�LOIH~�BERU?{PORm|EB}RTRUF�NVLCDHu+P�uvLC>�LCRTPaJCBED�?T>�FG?Tw�B�t�RTLmLZw @CBEFGFHB}RTFEWmPO|bIn?U>���POF�P't LC^�>XwzPODGJ9tiBbI<4%B}BE>
In~XB9t�RULZLmw	��L�4 PO>Xw In~�B�@CB}FHFHB}R 4QPSRTRTF}7�,r~�B BE>Xw�LOIn~XBERT?TPOR�R{PaJCB}D'?UF(B 0Xy LCFGBEw InL]@OPSDH?TLO^�F(uvB3Q
|\~zPO>X?T|aPSR%FGIHDHB}FHFHB}FEW�FH^�|\~�POF y�DGBEFGFH^�DGBOW�|E?TDG|E^�u NVBEDGBE>[In?TPOR�FGInDGB}IH|\~�W%PS>�w I\PO>X�CBE>[In?TPOR�FH~�BEPODH?U>��
NVLCDG|EBEFrwX^�B�InL t�RULZLmw���L�4�7�1->�w�LSIn~�B}RT?{PSRi|}BERTRUFQDHB}FHy LC>�wM?T>MP 4�?Uw�B'@SPODG?TB}IKJ]LON(4%PeJmFrInL IH~�BEFGB
NVLCDG|EBEF}WQPO>Xw�IH~�BE?UD DHB}FHy LC>�FHB�?TF IH~�LC^��O~�I IHL y�DHLOIHBE|bIvIH~�B�PODGIHBEDG?{POR�FGJmFGIHBEu NVDHLCu yiLSInBE>[IH?{POR
wzPOu]PO�CB}FE7�1�@m?Tw�B}>�|EB9FH^�y�y LCD
In?T>X�]In~X?TF)~�Jmy LOIn~XBEFH?UF'?UF(L��iBEDGBEw t[J�B30Zy BEDG?TuvBE>[InF54�~�?T|\~ ~�Pe@OB
w�B}u]LC>XFGInDHPSInB}w In~zPSI'In~�B w�Bb@CB}RTLCy�uvBE>[I�LON�|}BEDGInPO?T> @SPOFG|E^�RTPOD�w�?UFHBaPSFHBEF}W�FH^�|\~gPOF�PSIH~�BEDGLCFH|}RTB Q
DHLOFH?TF}W�|ELO?T>�|}?Tw�B}F 4�?AIn~xIn~XB�N=PS?TRT^XDHB�LON;In~XB�yXDHLCy BEDrDGBEFHy LC>�FGBEF(LON	IH~�B�BE>�wXLOIn~�B}RT?U^�u IHL���L�4�7
,r~�B}DHB�?UF%PO>kPODHDHPeJvLON�B}@CB}>[InFQIn~�PSI�InP�-OB}FQy�RTPO|EB(?T>�B}>�w�LOIH~�BERU?{PORz|}BERURTF%B 0ZyiLCFGBEwkIHL �zL�4�WXFGLCuvB
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LC> In~XB In?TuvB9FG|aPORUB LON�u�PS>�J4~�LC^XDHFE79$'uvLC>��kIn~XB N=POFGI�DGBEFGyiLC>XFHBEF PODGB PO|}IH?U@SPSIH?TLC>�F'LON �zL�4 Q
FHB}>�FH?AIn?A@CB ?TLO> |\~zPO>�>�B}RTF�PO>XwgPS|}In?A@SPSIn?ULC> LON%6 QKy�DGLOInB}?T>�F}7 *%~�PO>��CB}F�?T> �CB}>�B B30Zy�DGBEFHFG?TLC>gPODGB
PORUFHL�LCt�FHB}DG@OBEw�W-PSRUIn~XLC^��C~ LC> In~�B}FHB]B}@CB}>[InF ~zPSy�yiB}> LC>gPMFHRTL�4�BED�In?Uu]B FH|EPORTBSW�PS>�w ��>zPORTRAJCW
|EB}RTRUF)�OL]In~XDHLC^��O~ uvLCDHy�~XLCRTLC�O?T|aPSR"|\~zPO>X�CBEF'PSN InB}D)IH~�B}J�~zPa@CB tiB}BE> B 0ZyiLCFGBEw IHL�FG~�BaPOD)FGIHDHB}FHF
POy�yXDHL 0Z?Tu]PSInB}RUJ PMw�PeJO7 /K>gF
InBEPOwXJ PO>Xwg?U> y�^�RTFHPSIn?URTB ��L�4 :jPxFH^XyiB}DHy LCFH?AIn?TLO> LON%LOFH|E?URTRTPSInLCD
J
PO>�w]FGIHBaPOwXJ��zL�4(`�B}>�w�LOIH~�BERU?{PORz|}BERURTF�InBE>Xw�InL BERTLO>��[PSIHB(PS>�wxPORU?T�C> 4�?UIH~]IH~�B(wX?TDHB}|}IH?TLC>]LON�In~XB
�zL�4�7%YZ^�|\~�BE>�LCDGu]LO^�F�|\~zPO>��CB}F(DGBE��^�?UDHB�|EB}RTRTFQIHL B30mInB}>�FH?A@CBERAJ�DHBaPSDHDnPS>��CB�In~XBE?TD�|bJmIHLCF -SBERUB}I\PSR
FGIHDH^�|bIn^�DGBO7-$(RUIn~XLC^��C~ In~�B)|}J�IHLCF -SBERTBbI\POR DHB}LCDH�CPO>�?T_EPSIn?ULC> ?T> DGBEFHy LC>�FGB(IHL �zL�4�?U>�w�^�|}BEw]FH~�BEPOD
FGIHDHB}FHF)~zPOF�tiB}BE>�FGIH^�w�?TB}w�Wp?UIr?UFrFGIH?TRTR"PO>�LCyiB}> PSDHBaP LON	DHB}FHBEPODH|\~�7
,r~�B uvLCDGy�~�LCRULC�C?T|EPOR'|\~�PO>��CB}F ?T> In~�Bg|}J�InLCFH-OB}RTB}IHLC>+PODHB 4�BERTR�w�Lm|E^�uvBE>[IHBEw : � 1 ��LCDG?T�C?U>zPOR
FHLO^�DH|}BO� �8oOdXW�fOf �{`bW)t�^XIM?UIk?TFk^�>L-m>XL�4�> ~�L�4 In~�B |}BERTRUFxPODGB POt�RTB�InL�FHB}>�FHB FG~�BaPODxF
InDGBEFHF}W
PO>�wgLC>�|}B]?AI ?UF�w�B}IHBE|}IHBEw�W�~�L�4 FH~�BEPOD9F
InDGBEFHF ?TF�InDHPO>�FGu]?AIHInB}w NVDGLCu IH~�B]|}BERUR�uvBEu9t�DnPO>XB IHL
In~XB |}J�InLOF -OB}RTBbInLC>�7�,r~�B}DHB ~�Pe@OB tiB}BE> ��^�?UIHB P�RULOI�LSN�y�DHBb@Z?ULC^�F'IH~�BELODHB}IH?T|EPOR�PS>�w >�^�uvBEDH?U|aPOR
?T>[@OBEFGIH?T�[P In?TLO>�F9LONrIH~�Bk|bJmIHLCF -SBERUB}I\PSRQ|\~zPO>��OBEF y�DHLmw�^�|}BEw t[J FG~�BaPSDH?T>X� NVLCDH|}BEF}7 s�^�D PO?Tu ?UF
InL ?U>�|ELODHy LCDnPSIHB]IH~�BxB �iBE|bInF LON �zL�4 LC> In~�Bx|bJ�InLCFH-OBERUB}IHLC>�W�t�^XI ?U> POw�w�?AIn?ULC>�WP4�B!4QPS>�I IHL
B30XPOuv?T>XB�In~�B]@Z?UFH|}LZB}R{POF
In?T|]tiB}~zPa@m?TLCD LSN(LSIn~�B}D FGIHDH^�|bIn^�DGBEFEW�FH^X|\~ PSF In~�Bk>�^�|}RTB}^�FEW�|EB}RTR Q�|EB}RTR
POw�~XBEFH?ULC>�F}WZPS>�w NVLZ|EPORzPOw�~XBEFH?ULC>vFH?UIHBEF}7-.(L�4�B}@CB}DEWZPOF-In~�B�|bJmIHLCF -SBERUB}InLO>�?TF	In~�LC^X�C~[I�IHL�tiBrIn~XB
u]PO?T> NVLCDG|EB3Q�tiBEPODH?U>���FGInDG^�|}IH^�DHB�LONQB}>�w�LOIH~�BERU?{POR-|}BERTRUFEW	u ^�|\~ LSNQIn~�Bvw�BbNVLCDHu]PSIn?ULC>gPO>�w uvB3Q
|\~zPO>X?T|aPSR�DHB}FHy LC>�FGB u ^�FGI�|ELCuvB NVDGLCu ?AIa7'�pLOD(In~X?TF�DGBaPOFGLC>�W 4�B FH^�uvu]PODH?U_EB�FHLCuvB9y�DGB}@m?TLO^�F
DHB}FH^�RAInF�DHB}�[PODGw�?T>���IH~�BrDHB}LCDH�CPO>�?T_EPSIn?ULC> LONi|}J�IHLCF -SBERTBbInLC> 4�?UIH~�LC^XI�P IHInB}u]yZIn?T>X��InL�y�DHLe@m?TwXB�PO>
B30Z~zPS^�FGIH?U@CB�DHBb@m?TB 4 LON;In~�B}LCDHBbIn?T|EPOR 4�LCD -k?U>xIn~�?UF�PODHBEPX7
,r~�B}LCDHBbIn?T|EPORruvLZw�B}RTF NVLm|E^�FG?T>�� LC>�~�L�4 FH~XBaPODvFGIHDHBEFGF�?UF InDnPS>�FHuv?UIGInBEw�LON IHBE> u�P�-SBMLC>�BMLON
I<4�L POFHFG^�u]yZIn?TLO>�FE7 ,r~XB}J B}?UIH~�BED y�DHLCy LCFGB�In~zP I FGIHDHB}FHF ?TF�InDHPO>�FHuv?UIGInB}w t[J y�DGLZwX^�|E?U>�� w�B Q
NVLCDGu�PSIH?TLC>XF9?T> �zR{POuvBE>[IHFEW�LCDEW-IH~zPSI IH~�BEDGBxB30Z?TF
InFvPO> ?T>[IHBEDH>�PORQuvBE|\~zPO>X?T|aPSR�InB}>�FH?ULC>�?T>�FG?Tw�B
|EB}RTRUF]?U>�w�BEy BE>Xw�BE>[InRAJ�LON�In~XB B30mIHBEDH>�POR'FG~�BaPODG?T>�� NVLCDH|}BEF}W�PO>�w IH~zPSI]?T>�F
InBaPSw�LON�FG?T�C>�?��z|aPS>�I
w�BbNVLCDHu]PSIn?ULC>�F}WpIH~�BEDGB9?UF'FH?Uu]yXRUJMP�DGLOI\P In?TLO>4LCD)|\~zPO>X�CB ?T>4FHyzPS|E?T>X��?T>4LCDHwXBED(IHLkDHB}FHy LC>�w IHL
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PO> �OLCyiB}>'QK|}BERUR;NVL[PSu �vu]Lmw�B}R WzIn~�B9FHBE|}LC>�w POFGFH^�uvyXIH?TLC> ?UF'^�FGBEw t[J � PO>X� � /K>��Ct BED : �R/Od � W
LCDG?T�C?U>zPOR"FGLC^�DG|EBO� �MN�/�� ` WiPS>�w t[J4YmInPOu]B}>�Le@m?T|�B}I'POR 7 �R/Od �;?T>�FHL�|EPORTRUBEw �OIHBE>�FGBE�CDG?UIKJ ��uvLZwXBERTF
POF 4�BERTR�PSF �C|aPOtXRTB�>�BbI �vu]Lmw�BERUFE7
YXPSIH|\~�BED � l�B34%BbJ � /[o��(?T>[@OBEFGIH?T�[P InB ~XL�4 FG~�BaPODG?T>�� NVLCDH|}BEFkwX?TFGIHLCDGIvIn~XB yiLORUJmu]B}DHFvLON�In~XB
|}J�IHLCF -SBERTBbInLC>"� ��QKPO|}IH?T>�W�?U>[InBEDGu]B}w�?{P InB �zRTPOu]B}>[InF�PO>�w u]?U|EDGLOIn^�tX^�RTB}FE7 ,r~�B In~�B}FH?UF�LSN�IH~�BE?UD
4�LCD - ?TF�In~zPSI ��Q�PS|}In?U> F
I\POt�?URT?U_EBEF�|EB}RTRUF9t[J w�B}|EDGBaPOFG?T>�� wXB}NVLCDGu�POtX?TRT?AIKJC7�,r~�BkDGLCRTBvLON�FGIHDHB}FHF
�zt BEDGFEW 4�~�?U|\~ PODGB uv?T|EDGL �zRTPOu]B}>[InF'|}LC>�>�B}|}IHBEw ?T>[InLxt�^X>�w�RTB}FEW�?UF�PORTFGLx|ELC>XFH?TwXBEDHB}w�7 YZPSIn|\~�B}D
� l�B34%BbJguvLmw�BER�IH~�B��(Q�PO|bIn?T> �zRTPOuvBE>[InF�POF�LCy BE> R{PSIGIn?T|}BEF}7 :=,r~XB]F
InDH^X|}In^XDHB�LSN%In~XB�PO|bIn?U>
�zRTPOu]B}>[InF-?TF-FG?Tuv?TRTPOD;IHL�LOIn~�B}D�u�PSIHBEDG?{PORjWOFH^X|\~kPOF��CRTPOFHF�NVL[PSu]F}WCB}IH|OWm~�BE>�|}BrIn~�B�>zPOuvB �CLCy BE>DQ
|EB}RTR�NVLCPOu uvLZwXBER �X7 ` ,r~�BvPOwX@SPO>[I\PO�OB LON%FG^�|\~gPMuvLmw�BER;NVLCDHu ^XR{PSIH?TLC> ?UF'In~�PSI�In~�B9��LO^�>�� �8F
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Deformation of the different parts of the cell, steady flow

Body 4, Nucleus

Bodies 2&3, 5&6: −., Actin; Bodies 1,7: −−,Transmembrane Proteins

Bodies 1+2+3+4+5+6+7, Whole cell
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Peak deformation of the different parts of the cell in oscillatory flow

Body 4, Nucleus

Bodies 2&3, 5&6, Actin

Bodies 1, 7, Transmembrane proteins

Bodies 1+2+3+4+5+6+7, Whole cell
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y�DGLCyiLOFHB P]uvLZw�B}R�In~zP I�PO?Uu]FrIHL]B 0XyXR{PO?U>4B 0Xy BEDG?TuvBE>[InF(?T> 4�~�?T|\~ DHBE|}BEyXIHLCDHF'PODHB�DHB34�?TDGBEw4IHL
y�DGLZw�^X|EB'?U>[@CBEDGFHB�DGBEFHy LC>�FGBEF}7�<)FH?U>�� IH~�BE?UD�uvLZwXBERpNVLCD%P�DHB}|EBEyZInLCD}WX?UI�?TF�BaPSFGJvInL9B 0Zy�R{PO?U>�~�L�4
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I\PSIHB DGBE|EB}yXInLODE7
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uvL @OB ?T>�In~�B �kw�?TDGBE|}IH?TLC> POF�PvNV^�>�|}IH?TLC> LON-In~�B y�DHLSInLC> uvLOIH?U@CB�NVLCDH|}BOW"��24�%7�s�>�B yzPODGI'LON
In~XB DHBE|}BEyXIHLCD�?TF�PSt�RTB9IHLx|\~zPO>��OB ?UInF'yiLCFG?UIH?TLC> N=PSFGI�?T> DGBEFGyiLC>XFHB InLM��2 �%WZ4�~�?TRUB9In~�B LSIn~�B}D
yzPOD
I�DHBEPO|}IHF)FGRTL�4�BEDE7 �3~�B}>4IH~�B�I<4%LvyzPOD
InF�LON;In~�B�DGBE|EB}yXInLOD)?U>kIn~�B�uvLZwXBER�PODGB�PSIrIn~XB�FHPOuvB
y LCFH?AIn?TLO>�WzIn~�BbJ RTLm|.-g:=DGBEy�DGBEFHB}>[In?T>X�kIn~�B |}LC>XNVLCDGu�P In?TLO>4|\~zPS>��CB ?T>�In~�B9DHBaPSR�DHB}|EB}yXInLCDn`bW�PS>�w
In~X?TF�?U>�?UIH?{PSIHBEF In^�u9t�RT?U>���7��3~�BE>�In~XB I<4%L y�PODGIHFkLON�In~XB DHB}|EBEyZInLCDxPSDHB >�LSIk?T> In~�B FHPOuvB
y LCFH?AIn?TLO>�WZIH~�B�|EBERUR�FH4�?Uu]F�FGu]LmLOIn~XRUJC7

Random activation in unstimulated cells

Brownian motion

signal (turning bias)

Signaling changes the probability of activation 

Demethylation

Repellent

strong signal (turning bias)

Methylation
Attractant

no signal (smooth bias)
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z

PMF

fast (signaling domain/
critical residue)

slow (catalytic domain/
active site)

f=0.5 s−1
−1f=0.1s

z

PMF
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