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ATP-binding cassette (ABC) transporters utilize the energy from ATP to transport 
substrates across biological membranes. Various ABC transporters perform diverse biological 
functions across all forms of life ranging from importing essential nutrients to exporting toxic 
drugs (Ford and Beis 2019; ter Beek, Guskov, and Slotboom 2014). 

Bacterial cells utilize a class of ABC transporters for exporting proteins or peptides. 
Unlike the Sec translocon machinery, the ABC peptide exporters are dedicated to specific 
peptides (Fath and Kolter 1993). These peptides function as quorum sensing peptides, biofilms, 
or antimicrobial peptides. Among these ABC peptide exporters are Peptidase Containing ABC 
Transporters (PCATs) that perform dual functions of peptide maturation through proteolytic 
cleavage and peptide export (Gebhard 2012). As the name connotes, these transporters contain 
an accessory cysteine protease domain that interacts with the core ABC transporter. This 
structural feature is essential for the function and is unique among ABC transporters, making it a 
biologically interesting target for investigation. 

Although PCATs, which were first described 20 years ago, are essential to prokaryotic 
life, structural and functional studies of these proteins have been lacking. Until recently, only 
soluble parts of the proteins have been crystallized. The first full-length structure of PCATs was 
described in 2015 (Lin, Huang, and Chen 2015). However, structures of PCATs in complex with 
their substrates are needed to understand how PCATs recognize and transport their peptide 
substrates.  

To understand how PCATs work at the atomic level, I mainly took a structural approach. 
To this end, I decided to use cryo-electron microscopy (cryo-EM) and single-particle 
reconstruction techniques to obtain high-resolution structures of PCATs in various 
conformational states in complex with their substrates. These structures, together with the 
biochemical evidence, give us a clearer mechanistic picture of PCATs. 

First, to understand how PCATs bind substrate, I determined the structure of a PCAT 
from Clostridium thermocellum (abbreviated as PCAT1) in the substrate-bound inward-facing 
conformation. I have identified structural features that enable the substrate to bind, translocate 
into the transmembrane cavity, and orient properly for cleavage. 

Next, to understand how substrate binding coordinates with ATP binding, I have 
determined three structures of PCAT1 in the active-turnover condition, where PCAT1 is allowed 
to transition freely through the transport cycle. In addition, I have determined the structure of a 
clear outward-facing structure PCAT1 trapped in the Mg2+ condition that elucidates how the 
behavior of the core transporter affects the accessory peptidase domain. These structures together 
enable us to propose a mechanism of how the ATP binding and hydrolysis cycle is synchronized 
with substrate binding and processing, a unique feature crucial for strict coupling of cleavage and 
translocation. 

In addition to the cryo-EM work, I collaborated with Dr. Paul Dominic Olinares in 
Professor Brian T. Chait’s laboratory to study the stoichiometry of the PCAT1-substrate complex 
and intermediates of PCAT1 in the transport cycle. This work allows us to delineate the steps 
along the transport cycles that are short-lived and cannot be captured using structural study. 
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Fig. 1.1 The overall architecture and mechanism of a canonical ABC transporter
(A) Cartoon ribbon diagram representing overall architecture of a canonical ABC transporter, Sav1866 (PDB: 2hyd).
The domain is color-coded and labeled. Magenta, NBD; orange, TMD; green, PEP.
(B) A zoom-in view of the nucleotide binding site of Sav1866 showing the mechanism of ATP binding and hydrolysis.
Motifs participating in ATP binding and hydrolysis are color-coded and labeled. Green, A-loop; 
yellow, ABC signature motif; light pink, Q loop; blue, Walker A; magenta, Walker B; purple, H switch.
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Fig. 1.2 The crystal structures of wtPCAT1 in apo inward facing conformation
�DQG�(���4�3&$7��LQ�$73Ȗ6�ERXQG�RFFOXGHG�FRQIRUPDWLRQ
(A) Cartoon illustration depicting a general domain organization of PCAT1 and its substrate CtA
(B) Two orthogonal views of the apo PCAT1 structure (PDB: 4ry2)
The cartoon is color-coded by domains. Magenta, NBD; 
yellow, TMD; green, PEP.
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Fig. 1.3 Domain organization and sequence alignment of PCATs and their peptide substrates
Sequence alignments of PCATs and their substrates.
PCAT1 from Clostridium thermocellum, LagD from Lactococcus lactis, 
ComA from Streptococcus pneumoniae, HlyB from Escherichia coli, 
and lahT147 from Lachnospiraceae bacterium C6A11; 
and CtA from Clostridium thermocellum, ComC from Streptococcus pneumoniae, 
LagB from Lactococcus lactis, plantaricin-A (plnA) from Lactobacillus plantarum, 
ColicinV from Escherichia coli, and the leader sequence peptide of LahT147 . % identity is color-coded in blue.



' =='

5QM!@-..&#"("-/)'.$++(#9'
'
01)'%#)8)-&'C"88)#&$&",-'"-36*C)8'$66'/9'R,#4'"-'&1)'E1)-'6$B'"-+)8&".$&"-.'&1)'8&#*3&*#)'$-C'

5*-3&",-',5'@E?0=G''
E1$%&)#'='3,-&$"-8'$'.)-)#$6'"-&#,C*3&",-'&,'?DE'&#$-8%,#&)#8'$"/"-.'$&'6$9"-.'$'

B$34.#,*-C'4-,R6)C.)',5'?DE'&#$-8%,#&)#8'#)6)+$-&'5,#'5*&*#)'C"83*88",-8G'V'%6$3)'%$#&"3*6$#'
)/%1$8"8',-'&1)'@E?0='5#,/'!"#$%&'(')*+%,-&*#.-"")*G'01"8'R,#4'R$8'%)#5,#/)C'B9'Z#G'
Z$+"C'T"-'5#,/'&1)'E1)-'6$B'$-C'8)#+)8'$8'$'B$34.#,*-C'5,#'/9'%#)8)-&'R,#4G'

E1$%&)#';'3,-&$"-8'&1)'8&#*3&*#$6'$-C'B",31)/"3$6'8&*C9',5'&1)'"-&)#$3&",-'B)&R))-'
@E?0='$-C'"&8'8*B8&#$&)G'V'81$66'%#)8)-&'B#")569'&1)'8&,"31",/)&#"3'8&*C9',5'&1)'@E?0=A8*B8&#$&)'
3,/%6)HG'01"8'Q*)8&",-'"8'$-8R)#)C'&1#,*.1'$'-$&"+)'/$88'8%)3&#,/)&#9'%#,^)3&'%)#5,#/)C'B9'/9'
3,66$B,#$&,#L'Z#G'Z,/"-"3'[6"-$#)8L'"-'&1)'D#"$-'E1$"&'T$B,#$&,#9G'I*#&1)#L'V'R"66'."+)'$'C)&$"6)C'
C)83#"%&",-',5'&1)'3#9,AWX'R,#4',-'&1)'@E?0=A8*B8&#$&)'3,/%6)HG'01"8'R,#4'"-36*C)8'&1)'8&*C9'
,5'3$&$69&"3'%#,&),69&"3'/)31$-"8/8',5'@E?08L'&1)'8*B8&#$&)'#)3,.-"&",-'/)31$-"8/L'$-C'&1)'
8*B8&#$&)',#")-&$&",-'"-'&1)'&#$-86,3$&",-'3$+"&9G'

E1$%&)#'P'3,-&$"-8'&1)'8&#*3&*#$6'8&*C9',5'@E?0='$"/"-.'$&'3$%&*#"-.'3,-5,#/$&",-$6'
8&$&)8',5'@E?0='"-'&1)'$3&"+)'&#$-8%,#&'3936)G'V'81$66'5,3*8',-'&1)'3#9,AWX'8&*C9',5'@E?0='"-'
&1)'?0@A#).)-)#$&"-.'$3&"+)'&*#-,+)#'3,-C"&",-G'01"8'R,#4'$&&)/%&8'&,'"-+)8&".$&)'1,R'@E?08'
3,*%6)'8*B8&#$&)'%#,&),69&"3'36)$+$.)'&,'?0@'19C#,698"8G'I*#&1)#/,#)L'V'R"66'C)83#"B)'1,R'&1)'
3,-5,#/$&",-$6'31$-.)8'"-'@E?0=')-$B6)'8&#"3&'3,*%6"-.'B)&R))-'8*B8&#$&)'36)$+$.)'$-C'
&#$-8%,#&G''

E1$%&)#'O')H%6,#)8'&1)'B",%198"3$6'8&*C9',5'@E?0='*8"-.'-$&"+)'/$88'8%)3&#,/)&#9'
&)31-"Q*)G'01"8'%#,^)3&'$"/8'$&'3$%&*#"-.'&1)'#)$6A&"/)'C9-$/"38',5'@E?0='%#,&),698"8'$-C'?0@'
19C#,698"8'$3&"+"&")8G'01)'/$88'8%)3&#,/)&#"3'R,#4'R$8'%)#5,#/)C'B9'Z#G'Z,/"-"3'[6"-$#)8'5#,/'
&1)'D#"$-'E1$"&'T$B,#$&,#9G''

E1$%&)#'S'C"83*88)8'&1)'3,-36*8",-8'&1$&'&1)'&1)8"8'R,#4'1$8'$C+$-3)CG'V'81$66'3,/%$#)'
&1)'R,#4',-'@E?0='"-'&1)'3,-&)H&',5'8&#*3&*#$6'8&*C")8',5',&1)#'?DE'&#$-8%,#&)#8G'V-'&1)')-CL'V'
81$66'C"83*88'$'%6$*8"B6)'#)8)$#31'C"#)3&",-'&1$&'56,R'5#,/'/9'R,#4L'R1$&'5*&*#)'$C+$-3)/)-&8'"-'
&1)'5")6C'/$9'6,,4'6"4)L'$-C'R1$&'6"/"&$&",-8'$'5*&*#)'"-+)8&".$&",-'/$9')-3,*-&)#G'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'



' =;'

2W314?X'KI'2#9/L?B'."#$%"$#&'/0'",&'.$G."#("&LG/$)*'12345''
'
KQ5!!$++(#9'
'
01)'5"#8&'5*66A6)-.&1'8&#*3&*#$6'8&*C9',5'@E?0='"-';<=S'9")6C)C'&R,'+$6*$B6)'8&#*3&*#)8e'&1)'

01#'"-R$#CA5$3"-.'3,-5,#/$&",-L'$-C'&1)'?0@!N'B,*-C',336*C)C'3,-5,#/$&",-':T"-L'U*$-.L'$-C'
E1)-';<=S>G'Z)8%"&)'&1)8)'8&#*3&*#$6'C$&$L'"&'R$8'-,&'36)$#'1,R'&1)'%)%&"C)'8*B8&#$&)8'"-&)#$3&'
R"&1'@E?0=G'01)#)5,#)L',B&$"-"-.'&1)'8&#*3&*#)',5'@E?0=A8*B8&#$&)'3,/%6)H'"8'3#"&"3$6G'V-'&1"8'
%#,^)3&L'V'8,6+)C'&1)'8&#*3&*#)',5'@E?0=A8*B8&#$&)'3,/%6)H'&,'PGP'o'#)8,6*&",-'B9'3#9,AWX'
8"-.6)'%$#&"36)'#)3,-8&#*3&",-'&)31-"Q*)G'[+)#$66L'&#$-8%,#&)#8'#)8)/B6)'&1)'01#'"-R$#CA5$3"-.'
3,-5,#/$&",-G'V-'$CC"&",-L'R)'5,*-C'&1)'8*B8&#$&)'B"-C'&,'&1)'%)%&"C$8)'C,/$"-G'U,R)+)#L',-69'
,-)'8*B8&#$&)'"8',#")-&)C'5,#'&#$-86,3$&",-G'01#,*.1'-$&"+)'/$88'8%)3&#,/)&#9':-$&"+)'XN>'
)H%)#"/)-&8L'R)'+$6"C$&)C'&1)'8&,"31",/)&#9',5'&1)'3,/%6)HG'Z"8*65"C)'3#,88'6"-4"-.')H%)#"/)-&8'
3,-5"#/)C'&1)'8*B8&#$&)'"8'&#$-86,3$&)C'"-'$-'*-5,6C)C'8&$&)G'01"8'R,#4')-$B6)8'*8'&,'%#,%,8)'&1)'
&#$-8%,#&'/)31$-"8/',5'@E?0='R1)#)'&R,'%)%&"C)'8*B8&#$&)8'$#)'B,*-CL'9)&',-)'"8'&#$-8%,#&)CG'

'
01"8'31$%&)#'"8'$C$%&)C'5#,/'/9'R,#4'3,A$*&1,#)C'R"&1'@$*6'Z,/"-"3'DG'[6"-$#)8L'?-&1,-9'
@$6"66,L'X"31$)6'TG'[6C1$/L'D#"$-'0G'E1$"&L'$-C']*)'E1)-G'01)'R,#4'R$8'%*B6"81)C'"-'-5'7-',-'
]$-*$#9'=OL';<;<':(")*+,-.-.$/')&'$6G';<;<>G'
'
KQK!X&.$8".'
'

KQKQ5! !"/-%,-/+&"#9'*&"&#+-)("-/)'/0'12345L.$G."#("&'%/+78&Z'
'

'' @E?0='3,-&$"-8'&R,'"C)-&"3$6'@W@'C,/$"-8L'#$"8"-.'&1)'Q*)8&",-',5'R1)&1)#'&R,'3,%")8'
,5'&1)'8*B8&#$&)'3$-'B"-C'$-C'B)'&#$-86,3$&)C'8"/*6&$-),*869G'0,'$CC#)88'&1"8'Q*)8&",-L'R)'*8)C'
-$&"+)'XN'&,'C)&)#/"-)'&1)'/$H"/*/'B"-C"-.'3$%$3"&9',5'@E?0=G'

0,',B&$"-'$'8&$B6)'@E?0=AE&?'3,/%6)HL'R)'*8)C'$'%#,&),69&"3AC)5"3")-&'/*&$-&':E;=?>'
&1$&'3$-'B"-C'B*&'C,)8'-,&'36)$+)'&1)'8*B8&#$&)G'd)'%*#"5")C'E;=?'@E?0='*8"-.'M6*&$&1",-)'
$55"-"&9'3,6*/-'5,66,R)C'B9'.)6'5"6&#$&",-'31#,/$&,.#$%19':I".G';G=>G'd)'%*#"5")C'E&?'5#,/'
"-36*8",-'B,C")8'*8"-.'`HU"8'$55"-"&9'3,6*/-'*-C)#'aX'*#)$'3,-C"&",-'&,'*-5,6C'&1)'$..#).$&)8G'
E&?'"8'&1)-'#)5,6C)C',+)#-".1&'"-'*#)$A5#))'B*55)#G'01)'5"-$6'.)6'5"6&#$&",-'31#,/$&,.#$%19'"8'*8)C'
&,'5*#&1)#'%*#"59'E&?':I".G';G;>G'

0R,A5,6C'/,6$#')H3)88',5'&1)'8*B8&#$&)'R$8'/"H)C'R"&1'@E?0='%#",#'&,'XN'$-$698"8G'V-'
B,&1'C)&)#.)-&8L'R)',B8)#+)C'&R,'/$"-'$88)/B6")8',5'=_;GP'$-C'=a;GS'4Z$L'3,##)8%,-C"-.'&,'
C"/)#"3'@E?0='B,*-C'&,',-)',#'&R,'E&?L'#)8%)3&"+)69G'01)'#)8*6&'"-C"3$&)8'&1$&'@E?0='3$-'B"-C'
*%'&,';'8*B8&#$&)8L'/,8&'6"4)69',-)',-')$31'%)%&"C$8)'C,/$"-':0$B6)';G=L'I".G';GP>G'

'
'
'
'
'

' '



' =P'

'
' '

  0

100

200

300

400

500

mAU

0.0 5.0 10.0 15.0 20.0 ml
A1 A2 A3 A4 A5 A6 A7 A8 A9 A10 A11 A12 B12 B11 B10 B9 B8 B7 B6 B5 B4 B3 B2 B1 C1 C2 C3 C4 C5 C6 C7 C8 C9 C10C11C12D12

   0

 200

 400

 600

 800

1000

1200

mAU

0.0 5.0 10.0 15.0 20.0 ml
A1 A2 A3 A4 A5 A6 A7 A8 A9 A10A11A12 B1 B2 B3 B4 B5 B6 B7 B8 B9 B10B11B12 C1 C2 C3 C4 C5 C6 C7 C8 C9 C10C11C12 D1 D2 D3 D4 D5

Fig. 2.1 Gel filtration chromatography profile of PCAT1

Fig. 2.2 Gel filtration chromatography profile of CtA
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Fig. 2.3 Native mass spectrometry analysis of  wtPCAT1 and C21A PCAT1-CtA complex
Samples were analyzed in 200 mM ammonium acetate containing C8E4 . The mass of 
the protein complex corresponding to PCAT1 complex is indicated. (A) wtPCAT1. (B) C21A PCAT1
in the presence of 2x molar ratio CtA. 
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Fig. 2.5 Local resolution estimation of the PCAT1-CtA complex density map
(A) The local resolution estimation of the cryo-EM density map. The box shows the 
magnified view of the substrate density highlighted in the thick boundaries.
(B) Cross sectional view of the translocation pathway.
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Fig. 2.6 The cryo-EM structure of PCAT1-CtA complex
(A) Cartoon illustration depicting domain organization of PCAT1 
and its substrate, CtA. The symbol GG denotes the double glycine motif. 
The dotted line represents the unstructured cargo region.
(B) Two orthogonal views of the PCAT1-CtA complex structure, 
the leader peptide helix of CtA is shown as a cylinder. 
The cartoon is color-coded by domains. Blue-cyan, CtA; magenta-pink, NBD; 
yellow-orange, TMD; green, PEP.
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Fig. 2.7 Substrate-peptidase domain interaction
(A) Sequence alignment of different leader peptides. Consensus residues are
highlighted in gray. (B) Docking of the leader peptide (blue) on the PEP surface (green).
The catalytic triad residues are indicated as red spheres and the CtA double glycine motif
are indicated as blue spheres. (C) A zoomed-in view of the catalytic site.
(D) A stereoview of the catalytic site. The cryo-EM map is shown as mesh.
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Fig. 2.8 Common PCAT residues for substrate recognition
(A) Insertion of three hydrophobic residues onto a hydrophobic groove on the surface of the PEP domain, 
represented as electrostatic potential surfaces. CtA is shown in blue and the LahT147 substrate in gold. 
�%��$�FRQVHUYHG�K\GURSKRELF�NQRW���&��5HVLGXH�DW�SRVLWLRQ�í��RI�WKH�VXEVWUDWH�FRQIHUULQJ�VSHFLILFLW\��
(D) Pulldown of the wt or mutant CtA using PCAT1(C21A) conjugated resin. The CtA constructs contain 
a 3x Flag tag at their C-terminus. Western blot was performed using the anti-Flag M2 antibody. 
(E) Pulldown of PCAT1(C21A) using the M2 antibody resin against the Flag-tagged CtA. 
Mutation of hydrophobic residue A55 and I59 were introduced to PCAT1(C21A) background. 
IgG HC and IgG LC denote the heavy chain and the light chain of the M2 antibody, respectively.

20KTe-1

-20KTe-1



' ;S'

KQKQP! 3.9++&"#-%'7/.-"-/)-):'/0'",&'%(#:/.'
'
V-'3,-&#$8&'&,'&1)'6)$C)#'%)%&"C)L'&1)'3$#.,'#).",-':#)8"C*)8';SsJ<>'"8'56)H"B6)'$-C'6)88'

C)5"-)CG'V-8"C)'&1)'&#$-86,3$&",-'%$&1R$9L'R)',B8)#+)'C)-8"&9',5')6,-.$&)C'81$%)'%$34)C'$6,-.'
&1)'"-&)#",#'8*#5$3)',5'&1)'3$+"&9'81,R-'"-'&1)'3,/%,8"&)'3#9,AWX'/$%',5'@E?0='$-C'E&?':I".'
;GJ'?>G'0,'&)8&'"5'&1"8'C)-8"&9'3,##)8%,-C8'&,'&1)'EA&)#/"-$6'#).",-',5'E&?L'8"-.6)'398&)"-)8'R)#)'
"-&#,C*3)C'$&'8"H'%,8"&",-8'C,R-8&#)$/',5'&1)'6)$C)#'%)%&"C)G'd)'$68,'%6$3)C'8"-.6)'398&)"-)L'"-'
&1#))'%,8"&",-L'"-'&1)',&1)#R"8)'398&)"-)A5#))'@E?0=e'(;_SE'$-C'?OPPE',-'&1)'"-&)#",#'8*#5$3)'
,5'&1)'0X'3$+"&9'$-C'(O=_E'"-'$-')H&#$3)66*6$#'6,,%',*&8"C)'&1)'&#$-86,3$&",-'%$&1R$9G'01)'
%#,H"/"&9',5'&1)'398&)"-)'%$"#8'R$8'$-$69F)C'B9'/"H"-.'E&?'R"&1'@E?0='"-'&1)'%#)8)-3)',5'&1)'
,H"C"F"-.'$.)-&'E*@1)-',#'&1)'#)C*3"-.'$.)-&'Z00L'$-C'&1)-'*8"-.'d)8&)#-'B6,&'&,'C)&)3&'&1)'
$%%)$#$-3)',5'@E?0=AE&?'3#,886"-4)C'%#,C*3&':I".G';GJ'DAE>G'X$88'8%)3&#,/)&#9'$-$698"8'R$8'
%)#5,#/)C',-'&1#))'8$/%6)8')H3"8)C'5#,/'&1)'NZNA@?MW'.)6G'V-')$31'3$8)L'&1)')H%)3&)C'3#,88A
6"-4)C'%)%&"C)'3,-&$"-"-.'&1)')-."-))#)C'C"8*65"C)'B,-C'R$8',B8)#+)CG'E98&)"-)8'$&'/*6&"%6)'
%,8"&",-8'$6,-.'E&?'3$-'B)'3#,886"-4)C'&,'(;_SE'$-C'?OPPE',-'@E?0=L'8*..)8&"-.'&1$&'&1)'
3$#.,'"-8"C)'&1)'3$+"&9'"8'*-8&#*3&*#)C'$-C'56)H"B6)L'3,-8"8&)-&'R"&1'&1)'$/,#%1,*8'-$&*#)',5'&1)'
WX'C)-8"&9G'01)'398&)"-)'$&'%,8"&",-'Pa',5'E&?'3$-'B)'R)$469'3#,886"-4)C'&,'(;_SE'B*&'-,&'&,'
(OPPEL'R1"31'"8'3,-8"8&)-&'R"&1'&1)'8&#*3&*#)G'(Pa'"8'-)$#'&1)'6)$C)#'%)%&"C)'$&'&1)'39&,%6$8/"3'
8"C)',5'&1)'/)/B#$-)'$-C'"8'-,&'$B6)'&,'#)$31'&1)')H&#$3)66*6$#'3)"6"-.',5'&1)'3$+"&9'%#",#'&,'
%#,&),69&"3'36)$+$.)G'Y,'3#,886"-4"-.'%#,C*3&'R$8',B8)#+)C'5,#'&1)'398&)"-)'%6$3)C',*&8"C)'&1)'
0X'3$+"&9':(O=_E>L'"-C"3$&"-.'&1$&'&1)'#)$3&",-'"8'8%)3"5"3G'
'
'' 01)'C)-8"&9'"-8"C)'&1)'0X'3$+"&9'$%%)$#8'&,'B)'3,--)3&)C'&,',-69',-)',5'&1)'&R,'6)$C)#'
%)%&"C)8L'#$"8"-.'&1)'Q*)8&",-'R1)&1)#',-)',#'&R,'3$#.,8'$#)'"-8"C)'&1)'0X'3$+"&9G'd)'$84)C'"5'
&1)'0X'3$+"&9'"8'6$#.)')-,*.1'&,'$33,//,C$&)'&R,'3$#.,8G'78"-.'&1)'P!'8)#+)#':!,88'$-C'
M)#8&)"-';<=<>L'&1)'+,6*/)',5'&1)'0X'3$+"&9'"8')8&"/$&)C'&,'B)'=SL<<<'l&G'E,-8"C)#"-.'&1)'
$+)#$.)'C)-8"&9',5'$'8/$66'%#,&)"-'"8'$#,*-C'=GPS'.h3/&':I"831)#L'@,6"4$#%,+L'$-C'E#$")+"31'
;<<J>L'&1)'8"F)',5'$'E&?'3$#.,'"8'$%%#,H"/$&)69'J<<<'Pl&L'$'3,-8)#+$&"+)')8&"/$&)'5,#'$-'
*-8&#*3&*#)C'%#,&)"-G'01*8L'"&'"8'6"4)69'&1$&',-69',-)'3$#.,'"8'"-8)#&)C'"-&,'&1)'0X'3$+"&9G'd)'
&)#/)C'&1)'3$#.,'"-8"C)'&1)'0X'3$+"&9'&1)'u&#$-86,3$&"-.'E&?\'$8'"&'"8'%,8"&",-)C'5,#'36)$+$.)'$-C'
&#$-86,3$&",-':I".G';GJ'Z>G'01)'C)-8"&9'5,#'&1)'3$#.,'#).",-'"8'R)$4'$-C'$/,#%1,*8L'8*..)8&"-.'
&1$&'&1)#)'"8'-,'8%)3"5"3'"-&)#$3&",-'B)&R))-'&1)'3$#.,'$-C'&#$-8%,#&)#L'$-C'&1)'8*B8&#$&)'
8%)3"5"3"&9'"8'3,-5)##)C'&1#,*.1'&1)'6)$C)#'%)%&"C)',-69G'I,#'&1)',&1)#'8*B8&#$&)L'&1)'-,-A
&#$-86,3$&"-.'E&?L'-,'C)-8"&9'"8',B8)#+)C'B)9,-C'N;`L'&R,'#)8"C*)8'B)9,-C'&1)'C,*B6)'.693"-)'
/,&"5G'I*#&1)#/,#)L'M;PL'M;OL'$-C'N;S'5,#/'$'4"-4L',#")-&"-.'&1)'EA&)#/"-*8'&,R$#C8'&1)'
39&,%6$8/G'01)#)'"8'$68,'B",31)/"3$6')+"C)-3)'&1$&'&1)'EA&)#/"-*8',5'E&?'"8'$33)88"B6)e'&1)'
@E?0=AE&?'3,/%6)H'3$-'B)'%*66)C'C,R-'*8"-.'$-'$-&"B,C9'$.$"-8&'$'&$.'%6$3)C'$&'&1)'EA
&)#/"-*8',5'E&?G'D$8)C',-'&1)8)',B8)#+$&",-8L'R)'8*..)8&'&1$&'&1)'-,-A&#$-86,3$&"-.'3$#.,'"8'
6,3$&)C'"-'&1)'39&,8,6L'56)H"B69'6"-4)C'&,'&1)'6)$C)#'%)%&"C)G'
'
'
'
'
'
'
'



' ;`'

'
' '

 

A

D

CB

Translocating CtA Non-translocating CtA

G
G

leader

38

44

65

71

80

86

K275C

A433C

K417C

PCAT1
CuPhen

PCAT1-
CtA K38C

PCAT1-
CtA V44C

PCAT1-
CtA V65C

PCAT1-
CtA V71C

PCAT1-
CtA M80C

PCAT1-
CtA M86C

K275C A433C K417C
+ - + - + -

DTT + + +- - -
+ -

+-

Cys-free

Fig 2.9 Positions of the two cargos
(A) Two orthogonal views of the the translocation pathway. A composite cryo-EM map displays 
PCAT1 density, the CtA density, and the density inside the translocation pathway. The cryo-EM density 
inside the TM cavity (shown in blue) likely corresponds to the C-terminal region of one CtA molecule.
(B) Disulfide crosslinking experiments between PCAT1 and CtA. Crosslinked PCAT1-CtA products 
were detected by Western blot using an anti-HA antibody against HA-tagged CtA. 
Three bands (indicated by arrows) were excised from the SDS-PAGE and analyzed by mass spectrometry. 
In all three cases, peptide fragments with the correct disulfide bond were identified. (C) Summary of the 
crosslinking results. A PCAT1 monomer is shown as grey surface and CtA is represented by a cartoon. 
The dotted lines illustrate the crosslinked pairs (black, 275C crosslink pairs; red, 433C crosslinked pairs). 
(D) Comparison of the cryo-EM density at the two catalytic sites. The density is displayed as surface. 
Dark blue, the translocating CtA; light blue, the non-translocating CtA. The TMD and PEP are shown 
as grey surfaces and the NBDs are omitted for clarity. The leader peptides are shown as ribbons.
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Fig. 2.10 Conformational changes upon CtA binding
(A,B) Widening of the lateral opening of the TM pathway. The arrow in the apo structure 
delineates the CtA binding groove. The catalytic residues C21 and H99 are labeled. 
7KH�&Į�GLVWDQFHV�EHWZHHQ�UHVLGXHV�6����DQG�$����WKDW�OLQH�WKH�ODWHUDO�RSHQLQJ�
are shown. (C) The NBDs are further apart in the CtA-bound structure. 
7KH�&Į�GLVWDQFHV�EHWZHHQ�6����LQ�WKH�:DONHU�$�PRWLI�DQG�'����LQ�WKH�'�ORRS�RI�
the other NBD are indicated.
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Fig. 2.11 The alternating access mechanism of PCAT1
CtA is recruited and cleaved in the inward-facing conformation. 
ATP binding stabilizes the outward-facing conformation in which 
the PEP domains are disengaged. After cargo release, TMDs 
isomerize to form an occluded cavity. ATP hydrolysis resets PCAT1 
back to the inward-facing conformation, allowing PEP to dock 
into the TMD-NBD interface.



' P;'

KQO!B("&#-(8.'()*'B&",/*.'
KQOQ5! C("-H&'+(..'.7&%"#/+&"#9'()(89.-.'
'' 01)'%*#"5")C'@E?0='8$/%6)8'R)#)'B*55)#')H31$-.)C'"-&,'-$&"+)'XN'8,6*&",-':;<<'/X'
$//,-"*/'$3)&$&)'%U'_GS'R"&1')"&1)#'<G<Sav'7ZX',#'<GSv'E$W%>'*8"-.'p)B$'/"3#,8%"-'
C)8$6&"-.'3,6*/-8':01)#/,'N3")-&"5"3>'R"&1'$'O<'4Z$'/,6)3*6$#'R)".1&'3*&A,55':XdE[>G'01)'
&9%"3$6'3,-3)-&#$&",-8'*8)C'5,#'-$&"+)'XN'$-$698"8'R)#)'O'xX'@E?0='/,-,/)#'5,#'&1)'@E?0=A
,-69'8$/%6)'$-C'O'xX'@E?0=:E;=?>'/,-,/)#'y'a'xX'E&?':$'&R,A5,6C')H3)88',5'E&?>G'?-'
$6"Q*,&':;sP'xT>',5'&1)'8$/%6)'R$8'6,$C)C'"-&,'$'.,6CA3,$&)C'Q*$#&F'3$%"66$#9'&1$&'R$8'5$B#"3$&)C'
"-A1,*8)G'01)'8$/%6)'R$8'&1)-')6)3&#,8%#$9)C'"-&,'$-'WH$3&"+)'@6*8'WX2'"-8&#*/)-&':01)#/,'
I"81)#'N3")-&"5"3>'*8"-.'$'8&$&"3'-$-,8%#$9'8,*#3)G'01)'XN'%$#$/)&)#8'*8)C'"-36*C)e'8%#$9'
+,6&$.)L'=G<s=GO'4!K'3$%"66$#9'&)/%)#$&*#)L'=;SzEK'NA6)-8'2I'6)+)6L';<<K'#)8,6+"-.'%,R)#L'a_S<'
,#'=_LS<<'$&'/hF',5';<<K'?ME'&$#.)&L'='{'=<'K'-*/B)#',5'/"3#,83$-8L'SK'/$H"/*/'"-^)3&",-'&"/)L'
;<<'/8K'"-^)3&",-'56$&$%,6)L'a'!K'"-&)#56$&$%,6)L'O'!K'B)-&'56$&$%,6)L'O'!K'*6&#$1".1'+$3**/'
%#)88*#)L'_s=<'{'=<()*'/B$#K'&,&$6'-*/B)#',5'83$-8L'=<<G'01)'"-A8,*#3)'C"88,3"$&",-':VNZ>'$-C'
1".1)#A)-)#.9'3,66"8",-$6'C"88,3"$&",-':UEZ>'%$#$/)&)#8'R)#)'+$#")C'$-C',%&"/"F)C'$33,#C"-.69G'
X$88'3$6"B#$&",-'R$8'%)#5,#/)C'*8"-.'3)8"*/'",C"C)G'01)'$3Q*"#)C'XN'8%)3&#$'R)#)'+"8*$6"F)C'
*8"-.'01)#/,'r3$6"B*#'b*$6'D#,R8)#':+)#8",-'PG<G`P>'$-C'C)3,-+,6*&",-'R$8'%)#5,#/)C')"&1)#'
/$-*$669',#'*8"-.'7-"Z)3'+)#8",-'PG;':X$#&9')&'$6G';<=SK'2)"C')&'$6G';<=J$>G'01)'C)3,-+,6+)C'
8%)3&#$'5#,/'7-"Z)3'R)#)'%6,&&)C'*8"-.'&1)'/hF'8,5&R$#)':@#,&),/)&#"38'TTE>G'WH%)#"/)-&$6'
/$88)8'R)#)'#)%,#&)C'$8'&1)'$+)#$.)'/$88'|'8&$-C$#C'C)+"$&",-':NGZG>'$3#,88'$66'3$63*6$&)C'/$88'
+$6*)8',B&$"-)C'R"&1"-'&1)',B8)#+)C'31$#.)'8&$&)'8)#")8G'
'
KQOQK! ?Z7#&..-/)'()*'7$#-0-%("-/)'/0'12345'
'

01)'/%'$-C'/*&$-&'@E?0='.)-)8'R)#)'8*B36,-)C'"-&,'&1)'%XENM;<'+)3&,#'R"&1'$-'YA
&)#/"-$6'.6*&$&1",-)ANA&#$-85)#$8)':MN0>'&$.'$-C'$'0,B$33,'W&31'!"#*8':0W!>'%#,&)$8)'36)$+$.)'
8"&)G'32+.#"''8&#$"-'DT;=:ZWP>'3,C,-'%6*8':2VT>'3)668')H%#)88"-.'@E?0='R)#)'698)C'$-C'
8,6*B"6"F)C'"-'B*55)#'3,-&$"-"-.'=v'-AC,C)396AgAZA/$6&,8"C)':ZZXK'?-$&#$3)>L'S<'/X'0#"8'%U'
_G<L'S<<'/X'Y$E6L'=<v'.693)#,6L'$-C'S'/X'Z00G'@E?0='R$8')-#"31)C',-'M6*&$&1",-)'
N)%1$#,8)'OD'#)8"-L'R$81)C'R"&1'B*55)#'3,-&$"-"-.'S<'/X'0#"8'%U'_G<L'S<<'/X'Y$E6L'=<v'
.693)#,6L'S'/X'Z00L'$-C';'/X'68*-C)396AgAZA/$6&,%9#$-,8"C)':7ZXK'?-$&#$3)>G'01)'MN0'
&$.'R$8'#)/,+)C'B9'36)$+$.)'R"&1'0W!'%#,&)$8)L'$-C'@E?0='R$8'5*#&1)#'%*#"5")C'*8"-.'$'
N*%)#C)H';<<'"-3#)$8)'3,6*/-':MW'U)$6&13$#)>'"-'$'B*55)#'3,-&$"-"-.'S<'/X'0#"8'%U'_G<L'=S<'
/X'Y$E6L';'/X'7ZXG'
'
KQOQM! ?Z7#&..-/)'()*'7$#-0-%("-/)'/0'12345'.$G."#("&'
'

01)'.)-)')-3,C"-.'E&?'R$8'8*B36,-)C'"-&,'&1)'%XENM_'+)3&,#'R"&1'$-'YA&)#/"-$6'
0W!A36)$+$B6)'`H'U"8'&$.'$-C'$'EA&)#/"-$6'PH'I6$.',#'U?A&$.G'2VT'3)668')H%#)88"-.'E&?'R)#)'
#)8*8%)-C)C'"-'698"8'B*55)#':S<'/X'0#"8'%U'_G<L'=S<'/X'Y$E6L'$-C'=<v'.693)#,6>L'698)C'B9'
&1#))'%$88)8'&1#,*.1'$'1".1A%#)88*#)'1,/,.)-"F)#':W/*68"56)H'EAPK'?+)8&"->L'$-C'3)-&#"5*.)C'$&'
a<L<<<'.'5,#'O<'/"-'&,'"8,6$&)'"-36*8",-'B,C")8G'01)'%)66)&'R$8'R$81)C')H&)-8"+)69'R"&1'698"8'
B*55)#'%6*8'=v'0#"&,-'rA=<<L'&1)-'R"&1'698"8'B*55)#'$6,-)L'B)5,#)'8,6*B"6"F"-.'"-'a'X'*#)$G'01)'
C)-$&*#)C'%#,&)"-'R$8'%*#"5")C',-'3,B$6&'$55"-"&9'#)8"-':E6,-&)31'T$B,#$&,#")8>'$-C'#)5,6C)C'+"$'
C"$698"8'"-'698"8'B*55)#'%6*8'S'/X'Z00G'01)'U"8A&$.'R$8'#)/,+)C'B9'36)$+$.)'R"&1'0W!'



' PP'

%#,&)$8)'$-C'&1)'%#,&)"-'R)#)'5*#&1)#'%*#"5")C'B9'.)6A5"6&#$&",-'31#,/$&,.#$%19':N*%)#C)H'_S'
U"T,$C'=`h`<L'MW'U)$6&13$#)>G'
'
KQOQO! 2#9/L?B'.(+78&'7#&7(#("-/)'()*'*("('%/88&%"-/)'
'

@*#"5")C'@E?0=:E;=?>':S'/.h/6L'`;'xX'/,-,/)#>'R$8'/"H)C'R"&1'`;'xX'#)5,6C)C'
E&?'$-C'"-3*B$&)C',-'"3)'5,#'P<'/"-8G'?B,*&'P'x6',5'8$/%6)'R$8'$%%6")C',-&,'.6,RAC"831$#.)C'
1,6)9'3$#B,-'.#"C8':b*$-&"5,"6'.,6C'2=G;s=GP>L'"-3*B$&)C'5,#';<'8'$&'=<<v'1*/"C"&9L'$-C'B6,&&)C'
R"&1'5"6&)#'%$%)#'5,#'P'8'B)5,#)'B)"-.'%6*-.)A5#,F)-'"-&,'6"Q*"C')&1$-)'*8"-.'$'!"&#,B,&'X$#4'V!'
:IWV>G'?'C$&$8)&',5'PLO_a'/,+")8'R$8'3,66)3&)C',-'&1)'0"&$-'(#",8'0#$-8/"88",-'W6)3&#,-'
X"3#,83,%)':IWV>',*&5"&&)C'R"&1'$'(;'N*//"&'C"#)3&')6)3&#,-'C)&)3&,#':M$&$->'R"&1'$'8*%)#A
#)8,6*&",-'%"H)6'8"F)',5'<GSOS'l'*8"-.'T)."-,-':N*6,R$9')&'$6G';<<J>G'01)')6)3&#,-'C,8)'#$&)'R$8'
)".1&')6)3&#,-8h%"H)6h8'R"&1'$'&,&$6')H%,8*#)'&"/)',5'=;'8'#)8*6&"-.'"-'$'&,&$6')6)3&#,-'C,8)',5'a<'
)6)3&#,-8hl;',+)#'`<'5#$/)8G'
'
'
KQOQP! !-):8&'7(#"-%8&'#&%/)."#$%"-/)'

01)'%#,3)C*#)'5,#'"/$.)'%#,3)88"-.'"8'8*//$#"F)C'"-'I".G';GOG'X,+")'5#$/)8'R)#)'
3,##)3&)C'*8"-.'$'.$"-'#)5)#)-3)'$-C'B"--)C'B9'$'5$3&,#',5'&R,'&,'$'%"H)6'8"F)',5'=G<J'lG'X,+")'
5#$/)8'R)#)'$6".-)C'*8"-.'7-B6*#':M#$-&'$-C'M#".,#")55';<=S>'$-C'&1)')55)3&"+)'3,-&#$8&'&#$-85)#'
5*-3&",-':E0I>'R$8'C)&)#/"-)C'5#,/'5#$/)A8*//)C'/"3#,.#$%18'*8"-.'E0IIVYZO':2,1,*'$-C'
M#".,#")55';<=S>G'0)/%6$&)8'5,#'$*&,A%"34"-.'R)#)'.)-)#$&)C'5#,/';Z'36$88)8'.)-)#$&)C'5#,/'
SL<<<'/$-*$669'%"34)C'%$#&"36)8'"-'2WTV[YG'?5&)#'/$-*$6'"-8%)3&",-'&,'#)/,+)'5$68)'%,8"&"+)8L'
S_;La<<'$*&,/$&)C'%"34)C'%$#&"36)8'R)#)')H&#$3&)C'R"&1'$'B,H'8"F)',5'P<<'%"H)68'$-C'8*B^)3&)C'&,'
C#"5&'3,##)3&",-'*8"-.'$6".-%$#&8}6/B5.8':2*B"-8&)"-'$-C'D#*B$4)#';<=S>G'01)'#)8*6&"-.'%$#&"36)8'
R)#)';ZA36$88"5")C'"-&,'=S<'36$88)8'$5&)#'R1"31'PaPL<<;'%$#&"36)8'R)#)'8)6)3&)CG'?-'09+'6'%'#'PZ'
/,C)6'R"&1'E;'89//)&#9L'.)-)#$&)C'5#,/'E#9,N@?2EL'R$8'6,RA%$88'5"6&)#)C'&,'`<'l'$-C'*8)C'
$8'$-'"-"&"$6'/,C)6'5,#'PZ'E6$88"5"3$&",-'"-'2WTV[YG'01)'/,8&'%,%*6$&)C'36$88'R$8'5*#&1)#'
#)5"-)C'"-'2WTV[Y'&,'O'l'#)8,6*&",-G'?'8/,,&1)C'/$84L')H36*C"-.'&1)'C)&)#.)-&'/"3)66)L'R$8'
3#)$&)C'$-C'*8)C'5,#'PZ'36$88"5"3$&",-'R"&1,*&'$6".-/)-&'$-C'8*B8)Q*)-&'6,3$6'#)5"-)/)-&'"-'
2WTV[YG'01)'5"-$6'PZ'#)3,-8&#*3&",-'R"&1'E;'89//)&#9'9")6C)C'$'PGJ'l'/$%G'

01)'/,+")'5#$/)8'R)#)'$68,'/,&",-A3,##)3&)C'*8"-.'X,&",-E,#;'8,5&R$#)':p1)-.')&'$6G'
;<=_>L'$-C'E0I')8&"/$&",-'R$8'3$63*6$&)C'*8"-.'.E0I':p1$-.';<=`>'B,&1'"/%6)/)-&)C'"-'
2)6",-'P':p"+$-,+')&'$6G';<=a>G'N*B8)Q*)-&69L'&1)'5"-$6'8)&',5'8)6)3&)C'%$#&"36)8'R)#)'#)A)H&#$3&)C'
$-C'8*B^)3&)C'&,'&1#))'"&)#$&",-8',5'D$9)8"$-'%$#&"36)'%,6"81"-.L'E0I'#)5"-)/)-&L'$-C'6,3$6'
#)5"-)/)-&'R"&1'E;'89//)&#9'"-'2)6",-'P':p"+$-,+L'Y$4$-)L'$-C'N31)#)8';<=J>G'[-)'#,*-C',5'
#)5"-)/)-&'"-'E='R$8'%)#5,#/)C'&,'#)6)$8)'&1)'89//)&#9'5#,/'E;'&,'E=G'N*B8)Q*)-&'PZ'
36$88"5"3$&",-'R"&1,*&'"/$.)'$6".-/)-&'R$8'%)#5,#/)CG'01)'PZ'36$88)8'R)#)'/$-*$669'"-8%)3&)C'
5,#'C"55)#)-3)8'"-'6,3$6'$89//)&#9G'01)'%$#&"36)8'B)6,-."-.'&,'$'PZ'36$88'&1$&'$%%)$#)C'&,'1$+)'
$-',%%,8"&)',#")-&$&",-'R)#)'#,&$&)C'=a<z'$6,-.'&1)'89//)&#9'$H"8G'[-)'#,*-C',5'6,3$6'
#)5"-)/)-&'R"&1'E='89//)&#9'9")6C)C'PG`'l'#)8,6*&",-'"-'2)6",-G'01)'5"-$6'#,*-C',5'#)5"-)/)-&'
R$8'%)#5,#/)C'*8"-.'E#9,N@?2E'%#,C*3"-.'$'/$%',5'PGP_'l'#)8,6*&",-':@*-^$-"')&'$6G';<=_>G'
01)'#)8,6*&",-'R$8')8&"/$&)C'*8"-.'I,*#")#'N1)66'E,##)6$&",-':INE>'R"&1'<G=OP'3*&,55'
"/%6)/)-&)C'"-'&1)'PZINE'R)B'$%%6"3$&",-':p"'0$-')&'$6G';<=_>G'T,3$6'#)8,6*&",-')8&"/$&",-'
5#,/'&R,'E#9,N@?2E'1$65'/$%8'R$8'%)#5,#/)C'"-'E#9,N@?2EG'



' PO'

'
KQOQR! B/*&8'G$-8*-):'()*'#&0-)&+&)"'

01)'3#98&$6'8&#*3&*#)',5'@E?0=':@ZDeO2k;>'R$8'%6$3)C'"-&,'$'81$#%)-)C'3#9,AWX'/$%'
:81$#%)-"-.'5$3&,#L'qa<'l!>'*8"-.'#"."C'B,C9'5"&&"-.'"-'E1"/)#$':@)&&)#8)-')&'$6G';<<O>'5,66,R)C'
B9'/$-*$6'$C^*8&/)-&8'"-'E,,&':W/86)9'$-C'E,R&$-';<<O>G'01)'5"-$6'/,C)6'3,-8"8&8',5'#)8"C*)8'
Js_;;',5'@E?0=L'#)8"C*)8'as;J',5'&1)'&#$-86,3$&"-.'E&?L'$-C'#)8"C*)8'as;S',5'&1)'-,-A
&#$-86,3$&"-.'E&?G'

01)'/,C)6'R$8'"-"&"$669'#)5"-)C'$.$"-8&',-)'R,#4"-.'1$65'/$%'"-'#)$6A8%$3)'B9'@UWYVr':?C$/8'
)&'$6G';<=<>L'5,66,R)C'B9'#,*-C8',5'#)5"-)/)-&'"-'#)3"%#,3$6'8%$3)'*8"-.'2WIX?E':D#,R-')&'$6G'
;<=S>L'R"&1'8)3,-C$#9'8&#*3&*#)'$-C'#)5)#)-3)'#)8&#$"-&8'C)#"+)C'5#,/'@#,NX?20':Y"31,668')&'$6G'
;<=O>G'01)'Q*$6"&9',5'&1)'5"-$6'/,C)6'R$8')+$6*$&)C'B9'X,6@#,B"&9':!G'DG'E1)-')&'$6G';<=<>G'0,'
$88)88'&1)'C).#))',5',+)#5"&&"-.L'R)'3$63*6$&)C'&1)'INE'3*#+)8'B)&R))-'&1)'/,C)6'$-C'R,#4"-.'
1$65'/$%L'&1)'-,-AR,#4"-.'1$65'/$%L'$-C'&1)'5*66'/$%'*8"-.'N@VZW2':N1$"41')&'$6G';<<aK'I#$-4'
)&'$6G'=JJ`>G'

'
'
KQOQS! !-"&L*-#&%"&*'+$"("-/)'()(89.-.'/0'.$G."#("&'G-)*-):'
'

0,'$88)88'#)8"C*)8',-'E&?'5,#'@W@'B"-C"-.L'@E?0=':E;=?>AB,*-C'MN0'8)%1$#,8)'#)8"-'
R$8'*8)C'&,'%*66'C,R-'/%',#'/*&$-&'E&?G'E&?'&"&#$&",-'R$8'%)#5,#/)C'B9'/"H"-.';<'x6',5'
M6*&$&1",-)'#)8"-'R"&1'<G;L'<GOL'<GaL'=G`L',#'PG;'-/,6',5'E&?'"-'=<<'x6'#)$3&",-'B*55)#G'01)'
#)$3&",-'/"H&*#)'R$8'"-3*B$&)C'5,#'P<'/"-',-'"3)L'$5&)#'R1"31'&1)'#)8"-'R$8'R$81)C'&R"3)'R"&1'
O<<'x6'R$81'B*55)#':S<'/X'0#"8'%U'_G<L'S<<'/X'Y$E6L'=<v'.693)#,6L';'/X'7ZXL'S'/X'
Z00>G'01)'8$/%6)8'R)#)'$-$69F)C'B9'NZNA@?MW'$8'R)66'$8'd)8&)#-'R"&1'X;'$-&"A56$.'/,*8)'
$-&"B,C9'$8'%#"/$#9'$-&"B,C9':=eS<<<>'$-C'.,$&'$-&"A/,*8)'?6)H$'I6*,#'`a<'$-&"B,C9'$8'$'
8)3,-C$#9'$-&"B,C9':=e=<<<>G'

0,'$88)88'&1)'#)3"%#,3$6'B"-C"-.'#)8"C*)8',-'@E?0=L'8"&)AC"#)3&)C'/*&$.)-)8"8'R$8'
%)#5,#/)C'&,'"-&#,C*3)'/*&$&",-'&,'@E?0=':E;=?>L'$5&)#'R1"31'&1)'%*66C,R-')H%)#"/)-&'R$8'
%)#5,#/)C'*8"-.'&1)'EA&)#/"-$6'PHI6$.'&$..)C'E&?'$8'$'B$"&G'I,#')$31'#)$3&",-L'<G`'xX',5'
@E?0='R$8'"-3*B$&)C',-'"3)'5,#'=<'/"-'R"&1'=G;L';GOL'OGaL'JG`L',#'=JG;'xX',5'E&?'"-'=<<'x6'
#)$3&",-'B*55)#':S<'/X'UW@WN'%U'_G<L'=S<'/X'Y$E6L';'/X'7ZXL'S'/X'Z00>G'0,'3$%&*#)'
&1)'@E?0=':E;=?>AE&?'3,/%6)HL'=S'x6',5'?-&"AI6$.'X;'$.$#,8)'$55"-"&9'.)6':N"./$A?6C#"31>'
R$8'$CC)C'&,'&1)'#)$3&",-'$-C'"-3*B$&)C'5,#'P<'/"-G'01)'$.$#,8)'$55"-"&9'.)6'R$8'R$81)C'&R"3)'
R"&1'O<<'x6'#)$3&",-'B*55)#G'N$/%6)8'$-$69F)C'B9'NZNA@?MWG'

KQOQT! @-.$80-*&'%#/..L8-)[-):'()(89.-.'/0'.$G."#("&'"#().8/%("-/)'
'

'' 0,'%)#5,#/'C"8*65"C)'3#,88A6"-4"-.'$33)88"B"6"&9'$88$9L'R)'3,-8&#*3&)C'$'398&)"-)A5#))'
@E?0='B9'#)%6$3"-.'$66'-"-)'398&)"-)8'"-'@E?0='R"&1'8)#"-)G'N"-.6)'398&)"-)'8*B8&"&*&",-8'$&'
%,8"&",-8';_SL'O=_L',#'OPP'R)#)'"-&#,C*3)C'&,'&1)'398&)"-)A5#))'@E?0='3,-8&#*3&'B9'8"&)AC"#)3&)C'
/*&$.)-)8"8G'X*&$-&'E&?':<G`'xX>'3,-&$"-"-.'$-'"-&#,C*3)C'398&)"-)'#)8"C*)'$-C'$'U?'&$.'R$8'
/"H)C'R"&1')Q*"/,6$#'8"-.6)A398&)"-)'@E?0='"-'B*55)#'3,-&$"-"-.'S<'/X'UW@WN'%U'_G<L'=S<'
/X'Y$E6L'$-C';'/X'7ZXG'01)'#)$3&",-'/"H&*#)'R$8'"-3*B$&)C'$&'#,,/'&)/%)#$&*#)'5,#'=<'/"-'



' PS'

"-'&1)'%#)8)-3)',5'=S'xX'E*A@1)-$-&1#,6"-)',#'S<'/X'Z00'B)5,#)'B)"-.'$-$69F)C'B9'NZNA
@?MWG'I,#'d)8&)#-'B6,&&"-.L'&1)'3#,88A6"-4)C'%#,C*3&'R$8'+"8*$6"F)C'R"&1'$'%#"/$#9'$-&"AU?'
/,*8)'/,-,36,-$6'$-&"B,C9':=e=<<<<>'$-C'$'8)3,-C$#9'.,$&'$-&"A/,*8)'?6)H$'I6*,#'`a<'
$-&"B,C9':=e=<<<>G'V-'$CC"&",-L'R)'1$+)'+)#"5")C'&1)'"C)-&"&9',5'&1)'3#,88A6"-4)C'%#,C*3&8'B9'/$88'
8%)3&#,/)&#9'5,#'&1)'5,66,R"-.'%$"#8e'@E?0='(;_SEAE&?'(PaEL'@E?0='(;_SEAE&?'(OOEL'
$-C'@E?0='(;_SEAE&?'(`SEG'XN'$-$698"8'R$8'%)#5,#/)C'B9'01)'2,34)5)66)#'7-"+)#8"&9'
@#,&),/"38'2)8,*#3)'E)-&)#G'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'



' P`'

'
'
2W314?X'MI'!"#$%"$#&'/0'12345'$)*&#'",&'(%"-H&'"$#)/H&#'()*'B:KN'0#&&'%/)*-"-/)'
#&H&(8.'",&'#("&L8-+-"-):'."&7.'()*'",&'#/8&'/0'341'-)'12345'"#().7/#"'%9%8&'
'
MQ5'!$++(#9'
'
01)'R,#4'C)83#"B)C'"-'&1)'%#)+",*8'31$%&)#'%#,%,8)C'$'19%,&1)8"8'#).$#C"-.'&1)'&#$-8%,#&'3936)'
,5'@E?0=G'01)'19%,&1)8"8'C)&$"68'$'%6$*8"B6)'/)31$-"8/'5,#'8&#"3&'3,*%6"-.'B)&R))-'%#,&),69&"3'
$3&"+"&9',5'@W@'$-C'?0@'19C#,698"8G'U,R)+)#L'C)8%"&)'&1)'R)$6&1',5'B",31)/"3$6')+"C)-3)'
"-C"3$&"-.'&1)'C*$6A5*-3&",-$6'3,*%6"-.'*-"Q*)'&,'@E?08L'&1)'8&#*3&*#$6'/)31$-"8/'#)/$"-8'
%,,#69'*-C)#8&,,CG'0,',B&$"-'C"#)3&'8&#*3&*#$6'"-5,#/$&",-L'V')H$/"-)'&1)'3,-5,#/$&",-$6'8&$&)8'
,5'@E?0='"-'&1)'5*66'5*-3&",-$6'&#$-8%,#&'3936)G'V'*8)'3#9,AWX'8"-.6)'%$#&"36)'#)3,-8&#*3&",-'
&)31-"Q*)8'&,'#)3,-8&#*3&'P'8&#*3&*#)8',5'@E?0='*-C)#'$-'$3&"+)'&*#-,+)#'3,-C"&",-'R1)#)'
5*-3&",-$6'@E?0='$#)'$66,R)C'&,'.,'&1#,*.1'&1)'&#$-8%,#&'3936)G'V'$68,'#)3,-8&#*3&)C'$'8&#*3&*#)'
,5'@E?0='&#$%%)C'"-'&1)',*&R$#CA5$3"-.'3,-5,#/$&",-'*8"-.'X.!"'5#))'3,-C"&",-G'01)'#"."CA
B,C9'/,+)/)-&',5'YDZ'"8'3,-8"8&)-&69',B8)#+)C'$3#,88'$66'8&#*3&*#)8'"-C"3$&"-.'&1)'"-&#"-8"3'
3,-5,#/$&",-$6'1)&)#,.)-)"&9',5'@E?0=G'01)'#"."C'B,C9'/,+)/)-&',5'@W@'#)6$&"+)'&,'&1)'0XZA
YDZL'"8',B8)#+)C'"-'&1)',*&R$#CA5$3"-.'8&$&)G'01)'@W@'/,+)/)-&'"8'3,-8"8&)-&'R"&1'&1)'8&#"3&'
3,*%6"-.'%1)-,/)-,-'$-C'/)31$-"8&"3$669')H%6$"-8'1,R'"-&)#AC,/$"-'/,&",-8'3,,#C"-$&)'&1)'
19C#,698"8'$-C'%#,&),69&"3'36)$+$.)G'V-'&1)'&*#-,+)#'3,-C"&",-L',-69'$'8/$66'5#$3&",-',5'@E?0='
$C,%&8'&1)'YDZAC"/)#"F)C'3,-5,#/$&",-L'"-C"3$&"-.'&1$&'?0@'19C#,698"8'$-C'&1)'8*B8)Q*)-&'
YDZ'C"88,3"$&",-',33*#'5$8&)#'&1$-'YDZ'C"/)#"F$&",-G''
'
01)'C$&$'5#,/'&1)'X.!"'5#))'$-C'?0@'&*#-,+)#'3,-C"&",-'8*%%,#&'&R,'/)31$-"8&"3'3,-36*8",-8e''
'

:=>'&1)'?0@AB,*-C'YDZAC"/)#"F)C'3,-5,#/$&",-'"8'&1)'6,R)8&')-)#.9'8&$&)G'
:;>'01)'#$&)A6"/"&"-.'8&)%'"-'@E?0='"8'&1)'5,#/$&",-',5'&1)'YDZ'C"/)#G''

'
E,/%$#"-.'&1)8)'#)8*6&8'&,',&1)#'8&*C")8'8*..)8&'&1$&'R1)#)$8'&1)'&1)#/,C9-$/"3'%#,%)#&9'"8'
*-"+)#8$6'$/,-.'?DE'&#$-8%,#&)#8L'&1)'4"-)&"3'B,&&6)-)34'+$#")8'5#,/'&#$-8%,#&)#'&,'&#$-8%,#&)#G'
0,'/9'B)8&'4-,R6)C.)'&1"8'"8'&1)'5"#8&')H$/%6)',5'*8"-.'3#9,AWX'C$&$'&,'*-C)#8&$-C'
&1)#/,C9-$/"3'$-C'4"-)&"3'%#,%)#&")8',5'$-'$3&"+)'&#$-8%,#&)#G'
'
MQK'X&.$8".'
'
MQKQ5'!"#$%"$#&'*&"&#+-)("-/)'/0'!"12345'-)'",&'341LG/$)*6'7#&L,9*#/89"-%'%/)0/#+("-/)'
'
@#)+",*8'B",31)/"3$6'8&*C")8')8&$B6"81)C'&1$&'$CC"&",-',5'?0@'"-'&1)'$B8)-3)',5'X.!"'"-1"B"&8'
8*B8&#$&)'36)$+$.)',5'@E?0=':T"-L'U*$-.L'$-C'E1)-';<=S'>G''0,'8&*C9'&1)'8&#*3&*#)',5'&1)'?0@A
B,*-CL'%#,&),69&"3$669'"-$3&"+)'5,#/L'`'/.h/6'/%@E?0='R$8'+"&#"5")C'"-'&1)'%#)8)-3)',5'&1)'
8*B8&#$&)'E&?':;H'/,6$#'#$&",>'$-C'?0@':=<'/X>G'X.!"'",-'R$8',/"&&)C'&,'%#)+)-&'?0@'
19C#,698"8G'N"-.6)'%$#&"36)'#)3,-8&#*3&",-'#)8*6&)C',-)'%#)C,/"-$-&'3,-5,#/$&",-L'R"&1'$-',+)#$66'
#)8,6*&",-',5'OGS'l':I".G'PG=>G'Z)-8"&9'/,C"5"3$&",-'5*#&1)#'"/%#,+)C'&1)'/$%L'81,R"-.'8"C)A
31$"-'C)-8"&")8'5,#'&1)'YDZ8'$-C'&1)'"-&#$3)66*6$#'#).",-8',5'&1)'0XZ8':I".G'PG=WL'I".G'PG;>G'
@#,/"-)-&'C)-8"&9'$&'&1)'?0@$8)'8"&)8'"8'3,-8"8&)-&'R"&1'?0@'R"&1,*&'X.!"'",-':I".G'PG='I>G'01)'



' P_'

0XZ8'81,R'R)66AC)5"-)C'C)-8"&9'"-'&1)'"-&#$3)66*6$#'#).",-K'&1)',*&)#'6)$56)&'#).",-')H1"B"&8'
36)$#'8)3,-C$#9'5)$&*#)'R"&1'6"&&6)'8"C)31$"-'"-5,#/$&",-G'Z)-8"&")8'3,##)8%,-C"-.'&,'&1)'&R,'@W@'
C,/$"-8'$#)'+"8"B6)'$8'&R,'$/,#%1,*8'B6,B8'$&&$31)C'&,'&1)'&#$-8%,#&)#'3,#)G'Y,'C)-8"&9'
3,##)8%,-C8'&,'&1)'8*B8&#$&)'R$8',B8)#+)CL'%,88"B69'C*)'&,'&1)'6"/"&)C'#)8,6*&",-G'01)'8&#*3&*#)'
,5'?0@AB,*-C'@E?0='R$8'B*"6&'B$8)C',-'&1)'3#98&$6'8&#*3&*#)',5'$%,'@E?0=:@ZDe'O#9;>G'
@,69$6$-"-)'/,C)68'R)#)'%6$3)C'R1)#)'8"C)31$"-'C)-8"&")8'R)#)'"-+"8"B6)G'01)'5"-$6'/,C)6'
3,-8"8&"-.',5'=O=a'#)8"C*)8'$-C';'?0@'/,6)3*6)8'R$8'#)5"-)C'&,'.,,C'8&)#),31)/"8&#9':0$B6)'
PG=>G''
'
V-'&1)'%#)8)-3)',5'?0@'R"&1,*&'X.!"L'/%@E?0='$C,%&',*&R$#CA5$3"-.':[I>'3,-5,#/$&",-8'"-'
R1"31'&1)'YDZ8'5,#/'$'36,8)C'C"/)#L'$-C'&1)'&#$-86,3$&",-'%$&1R$9',%)-8'&,'&1)')H&#$3)66*6$#'
8%$3)':I".G'PG;>G'01)'"-&#$3)66*6$#L'6$&)#$6',%)-"-.',5'&1)'&#$-86,3$&",-'%$&1R$9',B8)#+)C'"-'&1)'VI'
3,-5,#/$&",-8'"8'3,/%6)&)69'36,8)C':T"-L'U*$-.L'$-C'E1)-';<=S>G'01)'6,R)#'#)8,6*&",-',5'&1)'
,*&)#'6)$56)&'#).",-',5'0XZ'"-C"3$&"-.'"&8'56)H"B"6"&9':I".'PG;'D>L'$8',B8)#+)C'"-',&1)#'?DE'
&#$-8%,#&)#8'8*31'$8'&1)'/*6&"C#*.'&#$-8%,#&)#'@A.693,%#,&)"-':("/'$-C'E1)-';<=a>G'01)'@W@'
C,/$"-8'$#)'56)H"B69'$&&$31)C'&,'&1)'3,#)'&#$-8%,#&)#L'R"&1'-,'C)5"-)C'"-&)#$3&",-8'R"&1'0XZ8'
-,#'YDZ8':I".G'PG;'D>G''
'
N&#*3&*#$6'3,/%$#"8,-'R"&1'&1)'?0@cNAB,*-CL'W`Oab'/*&$-&'@E?0='C)&)#/"-)C'"-'&1)'$B8)-3)'
,5'8*B8&#$&)'#)+)$68'&R,'/$^,#'C"55)#)-3)8':I".G'PGP>G'I"#8&L'"-'&1)'3#98&$6'8&#*3&*#)',5'&1)'?0@'
19C#,698"8'C)5"3")-&'W`Oab'/*&$-&':@ZDe'O8<5>L'&1)'@W@'C,/$"-8'$#)')-&"#)69'"-+"8"B6)':T"-L'
U*$-.L'$-C'E1)-';<=S>G'N)3,-CL'&1)'/%@E?0='"8'"-'$-',*&R$#CA5$3"-.'3,-5,#/$&",-L'3,-&$"-"-.'
$'0X'3$+"&9',%)-'&,'&1)')H&#$3)66*6$#'8%$3)'$-C'36,8)C',55'&,'&1)'39&,8,6':I".G'PGP'?>G'V-'3,-&#$8&L'
&1)'W`OabA@E?0='"8'"-'$-',336*C)C'3,-5,#/$&",-'R1)#)'&1)'0X'3$+"&9'"8'36,8)C'&,'B,&1'8"C)8'
,5'&1)'/)/B#$-)':I".G'PGP'D>G'V&'"8'%,88"B6)'&1$&'&1)8)'C"55)#)-3)8'$#)'C*)'&,'&1)')-)#.)&"3'
C"55)#)-3)8'"-&#,C*3)C'B9'&1)'/*&$&",-L'&1)'X.!"L'&1)'8*B8&#$&)L',#'&1)'"-56*)-3)',5'3#98&$6'
%$34"-.G''
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'



38

'
'
'
'
'
'
'
'
'
'
'
'
'
' '



' PJ'

'
' '

Motion correction
CTF estimation
Particle picking
Extraction

1.5M particles
          Relion 3
2D classification

       CryoSPARC 2 
non-uniform refinement

Outward-facing
4.5 Å

13% 26% 25%35%

         Relion 3
iterative polishing,
CTF refinement,
masked 3D refinement

       Relion 3
3D refinement,
masked 3D refinement

11236 movies

          Relion 3 
3D classification

376K particles

A

B C D

3.0Å

4.0Å

5.0Å

6.0Å

7.0Å

8.0Å

4.5 Å4.9 Å

E

ATP

F

Fig 3.1 Summary of cryo-EM image processing of PCAT1 in Mg2+ free condition
(A) Flowchart summarizing the cryo-EM image processing
(B) Fourier shell correlation (FSC) curve for the two half maps used in the final reconstruction
(C) Estimated resolution dependent map quality of the original and the density modified map
(D) Model validation of the PCAT1 in the ATP-bound outward-facing conformation
(E) Local resolution estimation of the PCAT1 in the ATP-bound outward-facing conformation
(F) Cryo-EM density for the nucleotide in the OF conformation
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Fig. 3.2 The cryo-EM structure of PCAT1 in the OF conformation
(A) Cartoon illustration depicting domain organization of PCAT1. 
(B) Two orthogonal views of cryo-EM density map of PCAT1 in OF conformation.
The density is color-coded by domains. Magenta, NBD; orange, TMD; green, PEP.
(C) The ribbon representation of PCAT1 in OF conformation color-coded by domains.
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Fig. 3.3 Comparison of conformational differences between PCAT1 in OF and occluded conformations
Orthogonal views of PCAT1 shown as ribbon cartoons. The volume inside the TM cavity generated 
using a probe of 3 Å radius is shown as a blue mesh. The panel shows PCAT1 from the front view. 
The zomed-in panel shows the extracellular gate viewed from extracellular space and the intracellular gate. 
TM helices forming the gates are labeled.
(A) wtPCAT1 in ATP-bound OF conformation
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Fig 3.4 Summary of cryo-EM image processing of PCAT1 under active turnover condition
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Fig 3.5 Quality of the cryo-EM density map of wtPCAT1 in the IF conformations
(A) Fourier shell correlation (FSC) curve for the two half maps used in the final reconstruction
(B) Model validation of the PCAT1 in the inward-facing conformations under active turnover condition
(C) Local resolution estimation of the PCAT1 in the ATP-bound outward-facing conformation
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Fig 3.6 The cryo-EM structure of PCAT1 IF conformations
The left panels: IFW; The middle panels: IFI ; The right panels: IFN.
(A) The frontal views of cryo-EM structures of PCAT1 in IF conformations.
The density is color-coded by domains. Blue, CtA; magenta, NBD; orange, TMD; green, PEP.
�%��7KH�GHJUHHV�RI�1%'V�VHSDUDWLRQ�LQ�WKH�,)�FRQIRUPDWLRQV��7KH�&Į�GLVWDQFHV�EHWZHHQ�*���
LQ�WKH�:DONHU�$�PRWLI�DQG�6����LQ�WKH�$%&�VLJQDWXUH�PRWLI�RI�WKH�RWKHU�1%'�DUH�LQGLFDWHG�
(C) The presence of ATP-Mg in the IF conformations. The cryo-EM density of ATP-Mg 
LV�VKRZQ�DV�D�EOXH�PHVK��7KH�FRQVHUYHG�DURPDWLF�UHVLGXH�<����LV�VKRZQ�IRUPLQJ�ʌ�ʌ�VWDFNLQJ�
interaction with the adenine ring stabilizing the ATP.
(D) The cargo densities inside the transmembrane cavity. Cross sectional views through the 
cryo-EM densities maps of PCAT1. The cargo density is shown in blue.
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Fig. 3.7 Substrate cleavage under active turnover condition
(A) Docking of the leader peptide (blue) on the PEP surface (green). 
The PEP catalytic triad residues are indicated as red spheres and the CtA double glycine motif 
are indicated as blue spheres.
(B) A zoomed-in view of the catalytic site.
(C) Substrate cleavage assay recapitulating the cryo-EM sample preparation
of PCAT1 under active turnover condition: 10 mM ATP-Mg, 2 molar ratio substrate, and creatine phosphokinase
ATP regenerating system.
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Fig. 3.8 Conformational variability in the active turnover dataset 
The variability component resolves a motion along the NBD separation-dimerization axis 
which correspond to the inward-outward motion in the transport cycle. The first and last frame 
of 3D volume series from the 3D variability analysis is displayed in magenta and blue respectively. 
Two perpendicular orientations are shown. The front views and the side views are shown 
with arrows to indicate the direction of domain motion along the peptide transport cycle. 
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Fig. 3.9 Peptide transport cycle model of PCAT1 
PCAT1 is dynamically transitioned between multiple IF conformations. Substrate can bind 
and is cleaved in the IF conformations. The rate limiting step is NBD dimerization.
After NBD dimerization, the substrate is released extracellularly. 
ATP hydrolysis occurs bringing PCAT1 to IF conformations. 
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OF conformations (Fig. 3.4). If we were to make inference from this result, then the ratio of k2/k1 
is about 6.  In other words, resetting the NBD-dimerized OF conformation to the NBD-
dissociation IF conformation (k2) takes place six times faster than formation of the NBD-
dimerized OF conformation (k1).   
 
Recent advances in cryo-EM enabled us to study the conformational landscape of dynamic 
molecules such as ABC transporters. It is important to keep in mind that which conformation 
dominates under ATP turnover conditions is a kinetic property specified by the relative rates of 
transitions in the transport cycle. In contrast, in equilibrium conditions where ATP hydrolysis is 
abolished, the relative abundance of conformations is a thermodynamic property of the system 
determined by the relative energies of states.  Our analyses of PCAT1 give rise to two 
conclusions:  1. In the presence of ATP, the NBD-dimerized conformation is the lowest energy 
state.  2. In the PCAT1 transport cycle, the rate limiting step is NBD dimerization.   
 
So far, the structures of many ABC transporters determined under equilibrium conditions using 
non-hydrolysable ATP analogs or catalytic-deficient mutants resulted in an NBD-dimerized 
conformation  (Dawson and Locher 2006; Ward et al. 2007; Choudhury et al. 2014; Kim and 
Chen 2018; Johnson and Chen 2018; Manolaridis et al. 2018; Perez et al. 2019; Hutter et al. 
2019; Fan, Kaiser, and Rees 2020). Thus, it is likely a general property of ABC transporters that 
in the presence of ATP, the NBD-dimerized conformation is the lowest energy state.  
In contrast, under ATP turnover conditions, different conformational distributions were observed 
for different ABC transporters.  The multidrug transporter ABCG2 exhibits only IF, NBD-
separated conformations (Q. Yu et al. 2021), indicating that similar to PCAT1, NBD 
dimerization is rate limiting.  The opposite result was obtained with MRP1, which adopts the 
NBD-dimerized, OF conformation in the presence of ATP and Mg2+  (Wang et al. 2020).  On the 
other hand, the Thermus thermophilus multidrug-resistance proteins A and B (TmrAB) exhibits 
both NBD-separated and NBD-dimerized conformations(Hofmann et al. 2019).  These different 
results suggest that the kinetic bottleneck of the transport cycle varies from transporter to 
transporter.   
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Fig. 3.10 Kinetic model diagram summarizing the cryo-EM experiments
Under physiological condition, ATP rapidly bind to the IF state. The process of IF-OF transition is governed by 
the forward isomerization rate of NBD dimerization (k

1
) and the backward isomerization rate of NBD 

dissociation (k
-1
). The rate of ATP hydrolysis, nucleotide exchange, and NBD dissociation back to IF state 

is represented as k
2
. 

The cryo-EM experiment 1 under Mg2+ free condition investigated the NBD dimerization and dissociation under 
equilibrium condition. It is found that OF state is enriched under this condition, 
revealing that OF state is the lower energy state. 
The cryo-EM experiment 2 under active ATP turnover condition investigated the rate limitng step of the overall 
transport cycle. It is found that IF state is enriched under this condition, revealing that k

2
 is faster than k

1 
and 

NBD dimerization step is the rate limiting step of the transport cycle.



' S`'

'
MQO'B("&#-(8.'()*'B&",/*.'
MQOQ5'' 1#/"&-)'&Z7#&..-/)'()*'7$#-0-%("-/)'
'
01)'R"6CA&9%)'$-C'W`Oab'@E?0='"-'%XENM;<'+)3&,#'R"&1'$-'YA&)#/"-$6'.6*&$&1",-)ANA
&#$-85)#$8)':MN0>'&$.'$-C'$'0,B$33,'W&31'!"#*8':0W!>'%#,&)$8)'36)$+$.)'8"&)'R)#)')H%#)88)C'
$-C'%*#"5")C'*8"-.'$'%#,&,3,6'%#)+",*869'C)83#"B)C'"-'31$%&)#';G'D#")569L'&1)'3,-8&#*3&'R$8'
)H%#)88)C'"-'32+.#"''8&#$"-'DT;=:ZWP>'3,C,-'%6*8':2VT>'3)668')H%#)88"-.'@E?0=G'01)'3)668'R)#)'
698)C'$-C'8,6*B"6"F)C'"-'B*55)#'3,-&$"-"-.'=v'-AC,C)396AgAZA/$6&,8"C)':ZZXK'?-$&#$3)>L'S<'
/X'0#"8'%U'_G<L'S<<'/X'Y$E6L'=<v'.693)#,6L'$-C'S'/X'Z00G'01)'8*%)#-$&$-&'R$8'$%%6")C'&,'
&1)'M6*&$&1",-)'N)%1$#,8)'OD'$55"-"&9'#)8"-'5,66,R)C'B9'B*55)#')H31$-.)'&,'S<'/X'0#"8'%U'_G<L'
S<<'/X'Y$E"L'=<v'M693)#,6L'S'/X'Z00L'$-C';'/X'-A*-C)396AgAZA/$6&,%9#$-,8"C)':7ZXK'
?-$&#$3)>G'01)'MN0'&$.'R$8'#)/,+)C'B9'0W!'%#,&)$8)'$-C'&1)'%#,&)"-'R$8'5*#&1)#'%*#"5")C'B9'
.)6'5"6&#$&",-'31#,/$&,.#$%19'*8"-.'$'N*%)#C)H';<<'"-3#)$8)'3,6*/-':MW'U)$6&13$#)>'"-'$'B*55)#'
3,-&$"-"-.'S<'/X'0#"8'%U'_G<L'=S<'/X'Y$E6L';'/X'7ZXG'
'
01)'R"6CA&9%)'@E?0='8*B8&#$&)'E&?'"-'XENM_'+)3&,#'R"&1'$-'YA&)#/"-$6'0W!'36)$+$B6)'`H'U"8'
&$.'R)#)')H%#)88)C'$-C'%*#"5")C'*8"-.'$'%#,&,3,6'%#)+",*869'C)83#"B)C'"-'31$%&)#';G'D#")569L'&1)'
3)66'%)66)&'3,-&$"-"-.'"-36*8",-'B,C")8'R)#)'8,6*B"6"F)C'"-'a'X'*#)$L'S<'/X'0#"8'%U'_G<L'=S<'
/X'Y$E6L'$-C'=<v'.693)#,6G'01)'C)-$&*#)C'%#,&)"-'R$8'%*#"5")C',-'3,B$6&'$55"-"&9'#)8"-'
:E6,-&)31'T$B,#$&,#")8>'$-C'#)5,6C)C'+"$'C"$698"8'"-'698"8'B*55)#'%6*8'S'/X'Z00G'01)'U"8A&$.'
R$8'#)/,+)C'B9'36)$+$.)'R"&1'0W!'%#,&)$8)'$-C'&1)'%#,&)"-'R)#)'5*#&1)#'%*#"5")C'B9'.)6A
5"6&#$&",-'31#,/$&,.#$%19':N*%)#C)H'_S'U"T,$C'=`h`<L'MW'U)$6&13$#)>G'
'
'
MQOQK'' 2#9/L?B'.(+78&'7#&7(#("-/)'()*'*("('%/88&%"-/)'/0'",&'(%"-H&'"$#)/H&#'*("(.&"'
'
@*#"5")C'R"6CA&9%)'@E?0='"-'&1)'?0@'#).)-)#$&"-.'B*55)#'3,-C"&",-':<G='/.h/6'3#)$&"-)'
%1,8%1,4"-$8)L'=<'/X'3#)$&"-)'%1,8%1$&)>'R$8'/"H)C'R"&1'&R,5,6C'/,6$#')H3)88',5'#)5,6C)C'
E&?G'V//)C"$&)69'=<'/X'?0@'$-C'=<'/X'X.;y'R$8'$CC)C'&,'&1)'/"H&*#)'8,6*&",-G'01)'
8,6*&",-'R$8'$%%6")C',-&,'.6,RAC"831$#.)C'1,6)9'3$#B,-'.#"C8':b*$-&"5,"6'.,6C'2=G;s=GP>L'
"-3*B$&)C'5,#';<'8'$&'=<<v'1*/"C"&9L'$-C'B6,&&)C'R"&1'5"6&)#'%$%)#'5,#'P'8'B)5,#)'B)"-.'%6*-.)A
5#,F)-'"-&,'6"Q*"C')&1$-)'*8"-.'$'!"&#,B,&'X$#4'V!':IWV>G'?'C$&$8)&',5'==LJ``'/,+")8'R$8'
3,66)3&)C',-'&1)'0"&$-'(#",8'0#$-8/"88",-'W6)3&#,-'X"3#,83,%)':IWV>',*&5"&&)C'R"&1'$'(;'
N*//"&'C"#)3&')6)3&#,-'C)&)3&,#':M$&$->'R"&1'$'8*%)#A#)8,6*&",-'%"H)6'8"F)',5'<GS=S'lG'01)'
)6)3&#,-'C,8)'#$&)'R$8')".1&')6)3&#,-8h%"H)6h8'R"&1'$'&,&$6')H%,8*#)'&"/)',5'=<'8'#)8*6&"-.'"-'$'
&,&$6')6)3&#,-'C,8)',5'a<')6)3&#,-8hl!',+)#'S<'5#$/)8G''
'
'
MQOQM'' !-):8&'7(#"-%8&'#&%/)."#$%"-/)'/0'",&'(%"-H&'"$#)/H&#'*("(.&"'
'
X,+")'5#$/)8'R)#)'3,##)3&)C'5,#'.$"-'#)5)#)-3)'$-C'B"--)C'B9'&R,'&,'9")6C'$'%"H)6'8"F)',5'=G<P'
oh%"H)6G'N*BA5#$/)'$6".-/)-&'R$8'3$##")C',*&'*8"-.'X,&",-E,##;L'$-C'&1)'3,-&#$8&'&#$-85)#'
5*-3&",-':E0I>'R$8')8&"/$&)C'*8"-.'M3&5'8,5&R$#)G'I#,/'==LJ``'/"3#,.#$%18L';Ga'/"66",-'
%$#&"36)8'R)#)'8)6)3&)C'*8"-.'2WTV[Y'%$#&"36)'%"34"-.'R"&1'PZ'&)/%6$&)G'0,'#)/,+)'5$68)'
%,8"&"+)'$-C'B#,4)-'%$#&"36)8L'&R,'#,*-C8',5'B$&31)C'PZ'36$88"5"3$&",-'R$8'3$##")C',*&'"-'



' S_'

2WTV[Y'*8"-.'$'3#9,AWX'/$%',5'@E?0=A8*B8&#$&)'3,/%6)H'6,RA%$88)CA5"6&)#)C'&,'`<o'$8'$'
#)5)#)-3)'/,C)6G'I,*#'C"8&"-3&'36$88)8L'VI+L'VI,L'VI-L'$-C'[I')/)#.)CG'01)'%$#&"36)'-*/B)#8'5,#'
&1)8)'36$88)8'$#)'=PO'(L'aa'(L'a<(L'$-C'JO('%$#&"36)8'#)8%)3&"+)69G'01)'[I'36$88'"8'&,,'%,,#69'
#)8,6+)C'$-C'$'8)%$#$&)C'C$&$8)&'"-'&1)'$B8)-3)',5'X.;y'R$8'3,66)3&)C'"-8&)$CG'
'
I,#')$31'"-R$#CA5$3"-.'36$88L'/$84)C'PZ'36$88"5"3$&",-'R"&1,*&'$6".-/)-&'R$8'%)#5,#/)C'&,'
)-8*#)'&1)'1,/,.)-)"&9',5')$31'36$88G'W$31'36$88'R$8'&1)-'8*B^)3&)C'&,',-)'#,*-C',5'PZ'
#)5"-)/)-&'5,66,R)C'B9'/$84)C'PZ'#)5"-)/)-&G'V&)#$&"+)'3936)8',5'E0I'#)5"-)/)-&L'D$9)8"$-'
%,6"81"-.L'$-C'/$84)C'PZ'#)5"-)/)-&'"-'2WTV[Y'R)#)'&1)-'%)#5,#/)C'&,'"/%#,+)'&1)'/$%'
Q*$6"&9G'01)'5"-$6'#,*-C',5'#)5"-)/)-&'R$8'%)#5,#/)C'R"&1,*&'89//)&#9'"/%,8)C'"-'
E#9,N@?2EA;'8,5&R$#)'*8"-.'-,-A*-"5,#/'#)5"-)/)-&G'01)'#)8,6*&",-',5')$31'3#9,AWX'/$%'
$#)'OG;'oL'PG_'oL'$-C'PG_'o'5,#'VI+L'VI,L'$-C'VI-'#)8%)3&"+)69G''
'
I,#'&1)'PZ'+$#"$B"6"&9'$-$698"8L'$66'%$#&"36)8'B)6,-."-.'&,')$31'3,-5,#/$&",-'R)#)'%,,6)C'
&,.)&1)#G'[-)'#,*-C',5'$'3,-8)-8*8'#)5"-)/)-&'$-C'$-,&1)#'#,*-C',5'-,-A*-"5,#/'#)5"-)/)-&'
R)#)'%)#5,#/)C'"-'E#9,N@?2EA;',-'&1"8'8)&',5'%$#&"36)8G'01)'3,-8)-8*8'/$%'R$8'&1)-'*8)C'$8'
8&$#&"-.'+,6*/)'5,#'PZ'+$#"$B"6"&9'$-$698"8G'01)'/$%8'R)#)'5"6&)#)C'&,'S'l'$-C'&1#))')".)-+)3&,#'
3,/%,-)-&8'R)#)'8,6+)CG'[-)')".)-+)3&,#'3,/%,-)-&'C"8%6$98'+$#"$B"6"&9'3,##)8%,-C"-.'&,'&1)'
VIA[I'3,-5,#/$&",-'31$-.)G'01)'+$#"$B"6"&9'"8'+"8*$6"F)C'$8'/,+")8'"-'$'8)#")8',5';<'+,6*/)8G'
'
'
MQOQO'' 2#9/L?B'.(+78&'7#&7(#("-/)6'*("('%/88&%"-/)6'()*'.-):8&'7(#"-%8&'#&%/)."#$%"-/)'/0'
",&'341LG/$)*'/$"Y(#*L0(%-):'%/)0/#+("-/)'
'
@#,3)C*#)'"-'&1)'%#)+",*8'8)3&",-'R$8'5,66,R)C')H3)%&'=<'/X'?0@'"-'&1)'$B8)-3)',5'X.;y'R$8'
$CC)C'"//)C"$&)69'B)5,#)'&1)'5#))F"-.G'?'C$&$8)&',5'==L;P`'/,+")8'R$8'3,66)3&)C',-'&1)'0"&$-'
(#",8'0#$-8/"88",-'W6)3&#,-'X"3#,83,%)':IWV>',*&5"&&)C'R"&1'$'(;'N*//"&'C"#)3&')6)3&#,-'
C)&)3&,#':M$&$->'R"&1'$'8*%)#A#)8,6*&",-'%"H)6'8"F)',5'<GS=S'lG'01)')6)3&#,-'C,8)'#$&)'R$8')".1&'
)6)3&#,-8h%"H)6h8'R"&1'$'&,&$6')H%,8*#)'&"/)',5'=<'8'#)8*6&"-.'"-'$'&,&$6')6)3&#,-'C,8)',5'a<'
)6)3&#,-8hl!',+)#'S<'5#$/)8G'
'
01)'#)3,-8&#*3&",-'8&#$&).9'$8'"-'&1)'%#)+",*8'8)3&",-'R$8'5,66,R)CG'01)'PZ'36$88"5"3$&",-'
9")6C)C'$'8"-.6)'36$88'#)+)$6"-.',*&R$#CA5$3"-.'5)$&*#)8G'?'#,*-C',5'PZ'#)5"-)/)-&'5,66,R)C'B9'$'
/$84)C'PZ'#)5"-)/)-&'R$8'%)#5,#/)CG'V&)#$&"+)'3936)8',5'E0I'#)5"-)/)-&L'D$9)8"$-'%,6"81"-.L'
$-C'/$84)C'PZ'#)5"-)/)-&'"-'2WTV[Y'R)#)'&1)-'%)#5,#/)C'&,'"/%#,+)'&1)'/$%'Q*$6"&9G'01)'
5"-$6'#,*-C',5'#)5"-)/)-&'R$8'%)#5,#/)C'R"&1,*&'89//)&#9'"/%,8)C'"-'E#9,N@?2EA;'8,5&R$#)'
*8"-.'-,-A*-"5,#/'#)5"-)/)-&'9")6C"-.'$'/$%',5'OGS'l'#)8,6*&",-G''
'
'
MQOQP'J+7#/H-):'",&'%#9/L?B'+(7'^$(8-"-&.'$.-):'*&).-"9'+/*-0-%("-/)'7#/%&*$#&'
'
01)'5*-C$/)-&$6'3,-3)%&',5'&1)'C)-8"&9'/,C"5"3$&",-'"8'&1$&'"-5,#/$&",-'$B,*&'&1)')H%)3&)C'
+$6*)8',5'C)-8"&9'"-',-)'%$#&',5'$'3#9,AWX'C)-8"&9'/$%'3$-'B)'*8)C'&,'%$#&"$669'3,##)3&')##,#8'"-'
&1)'I,*#")#'&)#/8'#)%#)8)-&"-.'&1$&'/$%'$-C'&1)'3,##)3&)C'I,*#")#'&)#/8'6)$C'&,'$-'"/%#,+)C'/$%'
)+)#9R1)#)':0)#R"66".)#L'N,B,6)+L')&'$6G';<;<K'0)#R"66".)#L'T*C&4)L')&'$6G';<;<>G'01)'C)-8"&9'
/,C"5"3$&",-'%#,3)C*#)'#)Q*"#)8'&R,'$88*/%&",-8G'I"#8&L'&1)')##,#8'"-'&1)'I,*#")#'8%$3)',5'&1)'&R,'



' Sa'

"-C)%)-C)-&'1$65'/$%8'$#)'*-3,##)6$&)CG'N)3,-CL'%#",#'4-,R6)C.)'$B,*&'&1)'/$3#,/,6)3*6)8'"8'
4-,R-'"-'$C+$-3)'$-C'3$-'%#,+"C)'4-,R6)C.)'$B,*&'&1)'5)$&*#)8',5'$'3#9,AWX'/$%G'I,#'
)H$/%6)L'&1)'/,6)3*6$#'R)".1&8'3$-'."+)'$-')8&"/$&)',5'$'+,6*/)'8"F)G'E,-8)Q*)-&69L'&1)'#$&",',5'
8,6+)-&'#).",-'$-C'/$3#,/,6)3*6)'#).",-'3$-'B)')8&"/$&)CG'V&'"8'$68,'4-,R-'"-'$C+$-3)'&1$&'&1)'
/$3#,/,6)3*6$#'#).",-'1$8'C"8&#"B*&",-',5'C)-8"&9'6"4)'&1,8)'5,*-C'$/,-.',&1)#'/$3#,/,6)3*6)8'
$-C'&1)'8,6+)-&'#).",-'1$8'-)$#69'3,-8&$-&':56$&&)-)C>'C)-8"&9G'
'
01)'"/%,#&$-3)',5'1$+"-.'&R,'"-C)%)-C)-&'1$65'/$%8'R"&1'*-3,##)6$&)C')##,#'"-'I,*#")#'8%$3)'
3$-'B)'#)$8,-)C'$8'5,66,R)CG'?'8"-.6)')##,#'"-'I,*#")#'&)#/'3$*8)8'.6,B$6')##,#'&1#,*.1,*&'&1)'
3#9,AWX'/$%'"-'#)$6'8%$3)L'"-36*C"-.'&1)'8,6+)-&'#).",-G'01*8L'$C^*8&"-.'&1)'I,*#")#'3,)55"3")-&'
&,'9")6C'56$&&)-)C'8,6+)-&'#).",-'R"66'"/%#,+)'&1)'/$%'Q*$6"&9'"-'#)$6'8%$3)'.6,B$669'"-36*C"-.'&1)'
/$%'Q*$6"&9',5'&1)'/,6)3*6)'#).",-G'01)'C)-8"&9'/,C"5"3$&",-'%#,3)C*#)'R,#48'B9'$C^*8&"-.'
I,*#")#'3,)55"3")-&8',5'$'C)-8"&9'/,C"5")C'/$%'&,'$.#))'R"&1'B,&1'&1)',#"."-$6'"-C)%)-C)-&'1$65'
/$%8L'$-C'&1)')H%)3&)C'5)$&*#)8G'
'
&1)'/$H"/*/'6"4)6"1,,CAB$8)C'C)-8"&9A/,C"5"3$&",-'%#,3)C*#)'"8'"/%6)/)-&)C'"-'@1)-"H'
:0)#R"66".)#L'T*C&4)L')&'$6G';<;<>G'0R,'"-C)%)-C)-&'*-81$#%)-)C'1$65'/$%8L'$'%,69$6$-"-)'/,C)6'
R"&1,*&'-*36),&"C)'6".$-C8L'$-C'$'.)-)#,*8'/$84'$#)'*8)C'$8'"-%*&G'01)',*&%*&'C)-8"&9A/,C"5")C'
3#9,AWX'/$%'R$8'*8)C'&,'"/%#,+)'/,C)6'B*"6C"-.'$-C'5".*#)'%#)%$#$&",-G'
'
MQOQR'B/*&8'G$-8*-):'()*'#&0-)&+&)"'
'
01)'3#9,AWX'8&#*3&*#)',5'@E?0='8*B8&#$&)'3,/%6)H':@ZDe`!Jp>'R$8'C,34)C'"-&,'81$#%)-)C'
"-R$#CA5$3"-.'3,-5,#/$&",-'3#9,AWX'/$%8G'01)'C,34"-.'R$8'%)#5,#/)C'"-'E1"/)#$'*8"-.'#"."C'
B,C9'5"&&"-.L'5,66,R)C'B9'/$-*$6'$C^*8&/)-&8'"-'E,,&G'01)'5"-$6'/,C)68'"-'$66',5'&1)'"-R$#CA
5$3"-.'8&#*3&*#)8'3,-8"8&',5'#)8"C*)8'JA_;;',-'@E?0=L'#)8"C*)8'=OA;O',-'B,&1'E&?8L';'?0@8'$-C'
;'X.!"G'
'
01)'3#98&$6'8&#*3&*#)',5'@E?0='3,/%6)H)C'R"&1'?0@!N'"-'$-',336*C)C'3,-5,#/$&",-':@ZDe'
ON<I>'R$8'#"."C'B,C9'5"&'"-&,'&1)',*&R$#CA5$3"-.'3,-5,#/$&",-'3#9,AWX'/$%'8"/"6$#'&,'&1)'
%#,3)C*#)'%#)+",*869'C)83#"B)CG'01)'5"-$6'/,C)6'3,-8"8&8',5'JA_;;',-'@E?0=L'$8'R)66'$8'&R,'
/,6)3*6)8',5'?0@G'
'
V-'$66'3$8)8L'&1)'/,C)68'R)#)'8*B^)3&)C'&,'#)$6A8%$3)'#)5"-)C'"-'@UWYVr'5,66,R)C'B9'"&)#$&"+)'
3936)8',5'#)5"-)/)-&'"-'2)5/$3'$-C'/$-*$6'#)B*"6C"-.'"-'E[[0G'X,6@#,B"&9'R$8'*8)C'&,'$88)88'
&1)'Q*$6"&9',5'&1)'5"-$6'/,C)6G'0,'$88)88'&1)'C).#))',5',+)#5"&&"-.L'R)'3$63*6$&)C'&1)'INE'3*#+)8'
B)&R))-'&1)'/,C)6'$-C'R,#4"-.'1$65'/$%L'&1)'-,-AR,#4"-.'1$65'/$%L'$-C'&1)'5*66'/$%'*8"-.'
N@VZW2G'
'
'
MQOQR'' E-:$#&'7#&7(#("-/)'
I".*#)8'R)#)'%#)%$#)C'R"&1'@9X[TL'7ENI'E1"/)#$L'$-C'7ENI'E1"/)#$rG'
'
'
'
'



' SJ'

2W314?X'OI'3**-"-/)(8')("-H&'+(..'.7&%"#/+&"#-%'."$*9'/0'12345'
'
OQ5'J)"#/*$%"-/)'
'
@E?08'$#)'1".169'C9-$/"3'?DE'%)%&"C)')H%,#&)#8'&1$&'5*-3&",-'B,&1'$8'$'%)%&"C)'8*B8&#$&)'
/$&*#$&"-.'%#,3)88,#'$-C'$-'?0@AC#"+)-'%)%&"C)')H%,#&)#G'@E?0='3,-&$"-8'5,*#')-F9/$&"3'
$3&"+)'8"&)8e'&R,'%)%&"C$8)'8"&)8'$-C'?0@$8)'8"&)8G'@#)+",*8'8&#*3&*#$6'8&*C")8'1$+)'9)&'&,'
31$#$3&)#"F)'R1)&1)#',-)',#'&R,'8*B8&#$&)8'$#)'%#,3)88)C',#'R1)&1)#',-)',#'&R,'?0@'/,6)3*6)8'
$#)'19C#,69F)C'"-'$'3936)L'$-C'R1)&1)#'?0@'19C#,698"8'1$%%)-8'"-'$'%$#$66)6',#'8)Q*)-&"$6'
/$--)#G'V-'$CC"&",-L'3$%&*#"-.'81,#&A6"+)C'"-&)#/)C"$&)8'R"&1'8&#*3&*#$6'8&*C")8'3$-'B)'
31$66)-."-.G''
'
01)'8&$-C$#C'$-$69&"3$6'/)&1,C8'5,#'$88$9"-.')-F9/)A3$&$69F)C'#)$3&",-8'"-+,6+)'$B8,#B$-3)L'
56*,#)83)-3)L',#'#$C",$3&"+"&9'#)$C,*&8'&1$&'#)Q*"#)'#)$3&",-'3,/%,-)-&8'&,'B)'C)#"+$&"F)CL'
6$B)6)CL',#'"-C"#)3&69'3,*%6)C'&,'31#,/,%1,#)8'$-C'&$.8':D6,31';<<`>G'01)8)'8&#$&).")8'3$-'R,#4'
R)66'5,#'/,-"&,#"-.'8"-.6)'#)$3&$-&'$-C'%#,C*3&'8%)3")8'B*&'C,'-,&'-)3)88$#"69'3$%&*#)'#)$3&",-8'
R"&1'/*6&"%6)'"-&)#/)C"$&)8G'I*#&1)#/,#)L'"&'"8'31$66)-."-.'&,'C)8".-'8%)3&#,83,%"3')H%)#"/)-&8'
&1$&'3$-'C"83#"/"-$&)'&1)'$3&"+"&9',5'8%)3"5"3'$3&"+)'8"&)8'"-'$'/*6&"A8*B*-"&')-F9/)'3,/%6)HL'
C)&)#/"-)'&1)'8&,"31",/)&#9',5'&1)'"-&)#/)C"$&)8',#'/,-"&,#"-.'&1)'8)Q*)-3)',5'/*6&"%6)'3$&$69&"3'
)+)-&8G'
'
01)'31$66)-.)8',5'/,-"&,#"-.'&1)'@E?0='&#$-8%,#&'3936)'%#)8)-&8'$-',%%,#&*-"&9'&,'5*#&1)#'
C)+)6,%'$'-,+)6'#)$3&",-'/,-"&,#"-.'8&#$&).9G'N"-3)'31)/"3$6'&#$-85,#/$&",-8'/$"-69'"-+,6+)'
31$-.)8'"-'/$88'5#,/'8*B8&#$&)'&,'%#,C*3&L'&)31-"Q*)8'&1$&'%#,5"6)'&1)'/$88)8',5'8%)3")8'%#)8)-&'
"-'&1)'#)$3&",-'$-C'/,-"&,#'/$88'31$-.)8'$#)'1".169'8*"&$B6)':#)+")R)C'"-':D)-AY"88$-'$-C'
N1$#,-L';<==K'I$B#"8L';<<SK'M#)"8L';<<_K'T")8)-)#'$-C'($#8&L';<<SK'2$9')&'$6GL';<=a>G'Y$&"+)'
/$88'8%)3&#,/)&#9':-XN>')-$B6)8'C"#)3&'/$88'/)$8*#)/)-&',5'"-&$3&'-,-3,+$6)-&'
/$3#,/,6)3*6$#'$88)/B6")8'*%,-'.$8A%1$8)'&#$-85)#'5#,/'-,-C)-$&*#"-.'8,6*&",-'3,-C"&",-8'
:U)#-$-C)F'$-C'2,B"-8,-L';<<_K'T)-)9'$-C'U)34L';<=_K'T,,L'=JJ_K'0$/$#$')&'$6GL';<;=>G'D9'
/$"-&$"-"-.'&1)'Q*$&)#-$#9'8&#*3&*#)',5'%#,&)"-'$88)/B6")8L'-XN'1$8'%#,+"C)C'4)9'
3,/%6)/)-&$#9'8&#*3&*#$6'"-5,#/$&",-'5,#'19B#"C'$-C'"-&).#$&"+)'8&#*3&*#$6'8&*C")8L'"-36*C"-.'
3,/%6)H'3,/%,8"&",-L'8*B*-"&'8&,"31",/)&#9'$-C'"-&)#A8*B*-"&'3,--)3&"+"&9G'01)'*&"6"&9',5'-XN'
1$8'$68,'B))-')H&)-C)C'&,'3$%&*#)'-,&',-69'8-$%81,&8',5'&1)8)'8&#*3&*#$6'"-5,#/$&",-'*-C)#',-)'
%$#&"3*6$#'3,-C"&",-'$-C'&"/)%,"-&'B*&'$68,'&1)'$88,3"$&)C'31$-.)8'"-'&"/)'R1)-'%#,&)"-'
$88)/B6")8'*-C)#.,'C9-$/"3'%#,3)88)8'8*31'$8'8*B*-"&'$88)/B69hC"8$88)/B69L'3,-5,#/$&",-$6'
&#$-8"&",-8L'%#,&)"-A6".$-C'$-C'%#,&)"-A%#,&)"-'"-&)#$3&",-8'$-C'31)/"3$6'#)$3&",-8':#)+")R)C'"-'
:D)-AY"88$-'$-C'N1$#,-L';<==>G'd"&1'-XN'B)"-.'$B6)'&,'31$#$3&)#"F)'-,-3,+$6)-&'$88)/B6")8L'"&'
3$-'C)&)3&'8*B8&#$&)AB,*-C'3,/%6)H)8'$-C'$-9'/$88'31$-.)8'$88,3"$&)C'R"&1'&1)'31)/"3$6'
#)$3&",-'&1#,*.1,*&'&1)')-&"#)'%#,3)88'$-C'&1*8'C"#)3&69'%#,+"C)'"-5,#/$&",-',-'8*B8&#$&)'
,33*%$-39L')-F9/$&"3'&*#-,+)#L'"-&)#/)C"$&)8L'$-C',#C)#',5'3$&$69&"3'8&)%8'"-'&1)'#)$3&",-G''

N)+)#$6'3,-&"-*,*8'56,R'/)&1,C8'19%1)-$&)C'R"&1'XN'C)&)3&",-'5,#'4"-)&"3'8&*C")8'1$+)'B))-'
%)#5,#/)C'*8"-.'+$#",*8',-6"-)'8)&*%8'$-C'"-8&#*/)-&'3,-5".*#$&",-8'&1$&'/,-"&,#)C'.693,8"C$8)L'
%)%&"C$8)L'-*36)$8)'$-C',&1)#')-F9/$&"3'#)$3&",-8':Z)--1$#&')&'$6G';<<JK';<<aK'Z)--1$#&'$-C'
T)&F)6';<<`K'($*5/$--')&'$6G';<=OK'T))')&'$6G'=JaJK'+$-'C)-'U)*+)6')&'$6G';<<SK'pG'k*')&'$6G'
;<=;>G'U)#)'R)'%)#5,#/'-XNAB$8)C'3,-&"-*,*8'/,-"&,#"-.',5'@E?0=')-F9/$&"3'#)$3&",-8G'&1"8'
$%%6"3$&",-'B9'-XNAB$8)C'3,-&"-*,*8'/,-"&,#"-.',5'@E?0=')-F9/$&"3'#)$3&",-8G'd"&1'1".1'



' `<'

#)8,6*&",-'$-C'$33*#$&)'-XN'#)$C,*&8L'&1)'%#,&),69&"3'36)$+$.)'$-C'?0@'19C#,698"8'#)$3&",-8'3$-'
B)'&#$34)C'*-$/B".*,*869'5#,/'31$#$3&)#"8&"3'/$88'81"5&8'C*)'&,'8%)3"5"3')-F9/$&"3'$3&"+"&9':-2;2L'
#)6)$8)',5'3$#.,'*%,-'%#,&)$8)'36)$+$.)',#'6,88',5'%1,8%1$&)'*%,-'?0@'19C#,698"8>G'
I*#&1)#/,#)L'R1)&1)#',-)',#'&R,'8*B8&#$&)8'$#)'B,*-C'$-C'&1)-'3$&$69&"3$669'%#,3)88)C'3$-'B)'
C"#)3&69'/)$8*#)C'5#,/'&1)'3,##)8%,-C"-.'/$88'6,88)8G'[+)#$66L'5#,/'&1)'3,-&"-*,*8'#)3,#C"-.L'
&1)'#)$3&",-'&#$^)3&,#")8',5'$66'&1)'#)6)+$-&'8%)3")8'"-36*C"-.'81,#&A6"+)C'"-&)#/)C"$&)8'3$-'B)'
)H&#$3&)C'$-C'$-$69F)C'&,'*-3,+)#'&1)'8&,"31",/)&#9L'8)Q*)-3)',5')+)-&8L'C9-$/"38L'$-C'&1)'
/)31$-"8/',5'&1)'#)$3&",-G''

'
OQK'!$++(#9'
'
V-'&1"8'31$%&)#L'R)'%)#5,#/)C'-XNAB$8)C'#)$3&",-'/,-"&,#"-.',5'@E?0='8*B8&#$&)'36)$+$.)8'$-C'
?0@'19C#,698"8G'I,*#'#)$3&",-8'$#)'/,-"&,#)Ce':=>'@E?0='%)%&"C$8)'$3&"+"&9'"-'&1)'$B8)-3)',5'
?0@L':;>'@E?0='?0@$8)'$3&"+"&9'"-'&1)'$B8)-3)',5'&1)'8*B8&#$&)'E&?L':P>'@E?0='$3&"+"&9'R"&1'
E&?'$-C'?0@'B*&'R"&1,*&'X.!"'&1)#)B9'%#)+)-&"-.'?0@'19C#,698"8L'$-C':O>'@E?0='$3&"+"&9'R"&1'
E&?'$-C'X.A?0@G''
'
01"8'31$%&)#'"8'$C$%&)C'5#,/'&1)'R,#4'3,A$*&1,#)C'R"&1'Z#G'@$*6'Z,/"-"3'[6"-$#)8'5#,/'&1)'
6$B,#$&,#9',5'D#"$-'E1$"&'$&'&1)'2,34)5)66)#'*-"+)#8"&9G'V'%)#5,#/)C'&1)'8$/%6)'%#)%$#$&",-'$-C'
%#,+"C)C'1)6%'R"&1'$-$698)8G'Z#G'Z,/"-"3'[6"-$#)8'%)#5,#/)C'$66'&1)'-XN')H%)#"/)-&8'$-C'&"/)'
3,*#8)'C$&$'$-$698)8G'
'
OQM'X&.$8".'
'
OQMQ5'A&)&#(8'Y/#[08/Y'/0'",&'"-+&L#&./8H&*')B!LG(.&*'#&(%"-/)'+/)-"/#-):'
'
d)'%)#5,#/)C'#)$6A&"/)'3,-&"-*,*8'#)$3&",-'/,-"&,#"-.',5'@E?0='$3&"+"&")8'R"&1'-XN'#)$C,*&'
:I".'OG=>G'V-'&1"8',-6"-)'XN'8)&*%L'&1)'#)$3&",-'/"H&*#)'"8'%#)%$#)C'$-C'&1)-'6,$C)C'"-'$-'
)6)3&#,8%#$9')/"&&)#'&1$&'"8'C"#)3&69'3,*%6)C'&,'&1)'",-'8,*#3)',5'&1)'XN'"-8&#*/)-&'5,#'
3,-&"-*,*8'8$/%6"-.'$-C'$-$69&)'C)&)3&",-G'D)3$*8)',5'&1"8'C"#)3&'3,*%6"-.L'&1)'8,6*&",-'
3,-C"&",-8'5,#'&1)'#)$3&",-'/*8&'B)'-,-C)-$&*#"-.L'$/)-$B6)'5,#')6)3&#,8%#$9'",-"F$&",-'$-C'$#)'
5#))'5#,/'-,-A+,6$&"6)'8$6&8L'B*55)#8L'$-C'$CC"&"+)8'&1$&'3,*6C',&1)#R"8)'"-&)#5)#)'R"&1'-XN'
31$#$3&)#"F$&",-G'I"#8&L'@E?0='$-C'&1)'8*B8&#$&)'E&?'$#)'B*55)#')H31$-.)C'"-&,'&1)'-XNA
3,/%$&"B6)'8,6*&",-'=S<'/X'$//,-"*/'$3)&$&)L'<GSv'EL'R1"31'"8'$'-,-+,6$&"6)'8,6*&",-'
/$"-&$"-)C'$&'%198",6,."3$6'%UG'01)'31,"3)',5'XNA3,/%$&"B6)'C)&)#.)-&'R$8'B$8)C',-'%#)+",*8'
C)&)#.)-&'83#))-"-.')H%)#"/)-&8'5,#',%&"/$6'-$&"+)'XN'$-$698"8',5'@E?0='/)/B#$-)'%#,&)"-'
R1)#)"-'E'R$8'81,R-'&,'#)Q*"#)'&1)'6,R)8&'$3&"+$&",-')-)#.9'5,#'C)&)#.)-&'#)/,+$6'"-'&1)'.$8'
%1$8)'R"&1'/"-"/$6'C)8&$B"6"F$&",-',5'/)/B#$-)'%#,&)"-'3,/%6)H)8:(")*+,-.-.$/')&'$6G';<;<K'
T$.$-,R849')&'$6G';<=P>G'''

I,#',*#'-XN')H%)#"/)-&8L'R)'*8)'$'3,//)#3"$6'WH$3&"+)'@6*8'WX2L'$-'[#B"&#$%AB$8)C'/$88'
$-$69F)#'&1$&'"8'3,-5".*#)C'5,#'/)$8*#"-.'&1)'/$88)8',5'/$3#,/,6)3*6$#'$88)/B6")8'$&'1".1'
#)8,6+"-.'%,R)#'$-C')H3)%&",-$6'8)-8"&"+"&9':2,8)')&'$6G';<=;>G'01)'8$/%6)8'$#)'/$-*$669'"-5*8)C'
"-&,'&1)'"-8&#*/)-&'$&'-$-,56,R'#$&)8':&9%"3$669';<'s'S<'-Th/"->'R"&1'$'/,C"5")C'8&$&"3'-$-,8%#$9'
8,*#3)'&1$&')-$B6)8')$89'$33)88'$-C',-A&1)A569'&#,*B6)81,,&"-.',5'&1)')6)3&#,8%#$9':[6"-$#)8'$-C'



' `='

E1$"&';<;<>G'?&'&1)8)'-$-,56,R'#$&)8L'$'SAxT'#)$3&",-'/"H&*#)'"8'.)-)#$669'8*55"3")-&'5,#'$&'6)$8&'
$-'1,*#',#'/,#)',5'3,-&"-*,*8'#)$3&",-'/,-"&,#"-.G''

01)'#)$3&",-'8&$#&'&"/)'"8'#)3,#C)C'*%,-'/"H"-.',5'&1)'B*55)#A)H31$-.)C'#)$3&$-&8'$&'&1)'C)8"#)C'
/,6$#'#$&",8G'01)'#)$3&",-'/"H&*#)'"8'&1)-'Q*"3469'6,$C)C'"-&,'$'3,-C*3&"+)')/"&&)#'$-C'
)6)3&#,8%#$9)C'$&'#,,/'&)/%)#$&*#)'"-&,'&1)'",-'8,*#3)',5'&1)'/$88'8%)3&#,/)&)#'&,'&#$-85)#'&1)'
",-"F)C'$-$69&)8'5#,/'8,6*&",-'&,'.$8A%1$8)'5,#'-XN'C)&)3&",-G'7%,-'/"H"-.'&1)'#)$3&$-&8L'
8)+)#$6'8&)%8'"-36*C"-.'/$-*$6'8$/%6)'6,$C"-.L'8,*#3)'8)&*%'$-C')6)3&#,8%#$9'"-"&"$&",-'
3,-&#"B*&)'&,'$-',+)#$66'C)6$9'&"/)',5'='s';'/"-',+)#$66'B)&R))-'&1)'8&$#&',5'&1)'#)$3&",-'$-C'XN'
C$&$'$3Q*"8"&",-G''

W$31'-XN'83$-'.)-)#$&)8'$'/$88A&,A31$#.)':/hF>'8%)3&#*/G'X$88'8%)3&#$'$#)'$3Q*"#)C'
3,-&"-*,*869'R"&1')$31'83$-'&$4"-.'$B,*&'`<<'s'=L;<<'/8'C)%)-C"-.',-'&1)'",-'"-^)3&",-'&"/)L'
$*&,/$&"3'.$"-'3,-&#,6':?ME>'+$6*)L'-*/B)#',5'/"3#,83$-8L'$-C'"-8&#*/)-&'#)8,6*&",-'8)&&"-.8L'
R1"31'"/%$3&'&1)',+)#$66'C$&$'$3Q*"8"&",-'3936)G'V-'$66'&1)'&"/)'3,*#8)')H%)#"/)-&8'%)#5,#/)C'
1)#)L'&1"8'&"/)'R"-C,R'"8'8*55"3")-&'&,'3$%&*#)'$66'&1)'#)6)+$-&'8%)3")8'."+)-'&1)"#',B8)#+)C'
6"5)&"/)8'$-C'#)$3&",-'#$&)8G'''''

01)'3,/%6)&)'#)3,#C"-.',5'$66'&1)'-XN'83$-8'$3#,88'&1)')-&"#)'C*#$&",-',5'&1)'#)$3&",-'9")6C8'$'
&,&$6'",-'31#,/$&,.#$/':0VE>G'W$31'8%)3")8'$#)'C)&)3&)C'$8'$'%,%*6$&",-',5'/*6&"%69'31$#.)C'",-8'
$-C'&1*8'#)."8&)#'/*6&"%6)'/hF'%)$48',-'&1)'8%)3&#*/G'0,',B&$"-'&1)'$3&*$6'/$88'+$6*)8'5,#')$31'
8%)3")8'%#)8)-&L'&1)'31$#.)A8&$&)'8)#")8'$#)'&1)-'%#,3)88)C'$-C'3,-+)#&)C'"-&,'F)#,A31$#.)'8&$&)'
8%)3&#$':$68,'3$66)C'C)3,-+,6+)C'8%)3&#$>'81,R"-.'$'8"-.6)'/$88'%)$4'5,#')$31',B8)#+)C'8%)3")8G'
0,',B&$"-'#)$3&",-'8-$%81,&8'$&'8%)3"5"3'&"/)%,"-&8'R"&1"-'&1)'31#,/$&,.#$/L'R)'*8)'7-"Z)3L'$'
#,B*8&L'#$%"C'$-C'5#))69'$+$"6$B6)'D$9)8"$-AB$8)C'C)3,-+,6*&",-'8,5&R$#)':X$#&9')&'$6G';<=S>G'
W$31'-XN'8%)3&#*/'&$4)8'Ä='/"-'&,'C)3,-+,6+)'*8"-.'7-"Z)3')-$B6"-.'*8'&,'Q*"3469'%#,3)88'
#$R'-XN'8%)3&#$'C*#"-.',#'"//)C"$&)69'$5&)#'8%)3&#$'$3Q*"8"&",-G' '

0,',B&$"-'1".1)#'8".-$6A&,A-,"8)'#$&",8'$-C'$33*#$&)'/$88'/)$8*#)/)-&8L'&1)'8%)3&#$'$3#,88')+)#9'
=<'s'=;'83$-8'$#)'$+)#$.)CL'R1"31'3,+)#8'$B,*&'<G;'s'<G;S'/"-'&"/)'R"-C,R'"-'&1)'
31#,/$&,.#$/G'?8'8*31L')+)#9'=<'/"-*&)8',5'$3Q*"#)C'C$&$'9")6C8'$B,*&'O<'s'S<'$+)#$.)C'8%)3&#$'
&1$&'-))C'&,'B)'C)3,-+,6+)CG'I,#')55"3")-&'C$&$'%#,3)88"-.L'R)'*8)'X)&$7-"Z)3L'$-')H%$-8",-',5'
&1)'7-"Z)3'8,5&R$#)'&1$&')-$B6)8'$*&,/$&)CL'8&#)$/6"-)C'$-C'1".1A&1#,*.1%*&'%#,3)88"-.',5'
6$#.)'-XN'C$&$8)&8':2)"C')&'$6G';<=JB>G'01)'8,5&R$#)')H&#$3&8'C)3,-+,6+)C'/$88'$-C'"-&)-8"&9'
"-5,#/$&",-'5,#')$31'8%)3")8'C)&)3&)C'$3#,88'&1)')-&"#)'31#,/$&,.#$/'$-C'%#,+"C)8'$CC"&",-$6'
%,8&A%#,3)88"-.'5)$&*#)8G'0,',B&$"-'&1)'#)6$&"+)'C"8&#"B*&",-',5'$66'#)6)+$-&'8%)3")8'$&')$31'
&"/)%,"-&L')$31')H&#$3&)C'%)$4'"-&)-8"&9'"8'-,#/$6"F)C'$.$"-8&'&1)'8*/',5'&1)'%)$4'"-&)-8"&")8'5,#'
$66'&1)'#)6)+$-&'8%)3")8'&1$&'R)#)',B8)#+)C'R"&1"-'&1)'8%)3&#*/G'Y,&)'&1$&'$8'R"&1',&1)#'XN'
&)31-"Q*)8L'-XN'"8'-,&'"-1)#)-&69'Q*$-&"&$&"+)'$8'%)$4'8".-$68'/$9'+$#9'5,#')$31'8%)3")8'
C)%)-C"-.',-'",-"F$&",-')55"3")-39L'",-'&#$-8/"88",-'$-C'"-8&#*/)-&'#)8%,-8)G'Y)+)#&1)6)88L'
31$-.)8'"-'#)6$&"+)'$B*-C$-3)8'$6,-.'&1)'%#,.#)88',5'&1)'#)$3&",-'3$-'8&"66'B)'3$%&*#)C'$8'#)$3&",-'
&#$^)3&,#")8'5,#')$31'$-$69&)G'D$8)C',-'&1)'81$%)8',5'&1)8)'%6,&8L'&1)'&9%)',5'#)$3&",-'3,/%,-)-&'
:#)$3&$-&8L'"-&)#/)C"$&)8'$-C'%#,C*3&8>'$-C'&1)'8)Q*)-3)',5')+)-&8'3$-'B)'#)$C"69'"C)-&"5")CG'01)'
C"8$%%)$#$-3)',5'&1)'#)$3&$-&8'C*#"-.'&1)'#)$3&",-'5,66,R8'$-')H%,-)-&"$6'C)3$9'3*#+)'R1)#)$8'
&1)'$%%)$#$-3)',5'&1)'%#,C*3&8'5,66,R8'$'8"./,"C$6',#'6,."8&"3'3*#+)'31$#$3&)#"F)C'B9'$-'"-3#)$8)'
"-'$B*-C$-3)'&1)-'8*B8)Q*)-&'%6$&)$*'R1)-'$66'&1)'8&$#&"-.'/$&)#"$6'1$+)'B))-'3,-8*/)CG'
N%)3"5"3'"-&)#/)C"$&)8'$%%)$#'$-C'8*B8)Q*)-&69'C"8$%%)$#'C)6"-)$&"-.'$'#"8)A$-CA5$66',#'$'1"66A
81$%)C'%#,5"6)G'V-'$'/*6&"A8&)%'#)$3&",-L'&1)'8)Q*)-3)',5'8&)%8'3$-'B)'C)6"-)$&)C'B9'&1)'#)$3&",-'



' `;'

%#,5"6)8',5'&1)'"-&)#/)C"$&)8G'Y,&)'1,R)+)#'&1$&'&1)')H$3&'/$&1)/$&"3$6'/,C)6'&1$&'5"&8'&1)'
"-&)-8"&9'%#,5"6)'5,#')$31'"-&)#/)C"$&)'C)%)-C8',-'&1)'#)$3&",-'/)31$-"8/L'R1"31'3$-'B)'
31$66)-."-.'&,'C)&)#/"-)G'?8'8*31L'&1)'#)$3&",-'&#$^)3&,#")8'5,#'&1)'"-&)#/)C"$&)8',B8)#+)C'"-'&1"8'
8&*C9'$#)'C)#"+)C'5#,/'B)8&A5"&'3*#+)8':&9%"3$669'$'.$*88"$-'5*-3&",-',#'$'8*/',5'/*6&"%6)'
)H%,-)-&"$6'5*-3&",-8>'R"&1,*&'/"-"/$6'$88*/%&",-8'#).$#C"-.'&1)'#)$3&",-'/)31$-"8/G'

'

'

'

'

'

'

'

'

'

'

'

'

'

'

'

'

'

'

'

'

'

' '



' `P'

'

' '

   Time (min)

%
 In

t.

m/z Mass (kDa)

25+

20+

Reactant
Reactant

Intermediate Intermediate

Product Product

a b c d e

a

b

c

d

e

a

b

c

d

e

Total ion chromatogram (TIC):

Reactant

Intermediate

Product
Raw
MS scans:

Time (min)

R
el

at
iv

e 
P

ea
k 

In
te

ns
ity

1.0

Reaction snapshots: 

Deconvolved
Spectra:

Reaction trajectories: 

Fig. 4.1 Workflow for nMS-based continuous reaction monitoring.
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Fig. 4.2 nMS-based monitoring of the PCAT1 peptidase activity.
(A) Domain composition of PCAT1 and the substrate CtA. 
(B) The TIC for the complete peptidase reaction. The nMS parameters were set to alternate 
in monitoring the PCAT1 assemblies at the high-mass range and the substrate at the low-mass range.  
(C) Representative deconvolved spectra at high-mass and low-mass ranges from specific timepoints. 
(E) Reaction trajectories for the substrate-bound PCAT1 assemblies revealing the main 
reaction intermediate.  
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Fig. 4.3 nMS-based monitoring of the PCAT1 ATP hydrolysis activity.
(A) The TIC for the complete ATPase reaction. 
(B) Representative deconvolved spectra at specific timepoints showing successive hydrolysis 
of the bound ATP. (C) Reaction trajectories for the assemblies observed in the ATPase reaction 
revealing the main reaction intermediate (in red).  
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Fig. 4.4 nMS-based monitoring of PCAT1 peptidase and ATP hydrolysis activity in the absence of Mg2+ 
(A) Total ion count trace for the complete reaction. (B) MS snapshots at different timepoints along the reaction. 
(C) Reaction trajectory plots for the three species observed. No major changes in species occurred throughout the 
entire duration indicating that no substrate cleavage reaction had occurred.
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Fig. 4.5. nMS-based monitoring of the peptidase and ATP hydrolysis activity of PCAT1. 
(A) The TIC for the complete PCAT1 reaction. 
(B) Representative deconvolved spectra at specific timepoints for all the assemblies observed. 
(C) Reaction trajectories for the observed PCAT1 assemblies that started out with 2 CtA (top panel) 
or 1 CtA (bottom panel). In both cases, peptidase activity only occurred when the two bound ATP 
have been hydrolyzed.    
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Fig. 4.6. Reaction monitoring of PCAT1 peptidase activity in nMS-compatible detergent C8E4 and 
detergent used for structural study UDM
(A) 0.058% w/v UDM and (B) 0.5% v/v C8E4 detergent with SDS-PAGE as readout. 
For these time course-experiments, 5 ȝM PCAT1 (monomer) was mixed with 10 ȝM CtA 
(1:2 protease:substrate ratio) in 200 mM ammonium acetate with detergent at 2X CMC. 
Aliquots were collected at specific timepoints and quenched with gel loading buffer prior to 
SDS-PAGE analysis. 
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