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Abstract

Studies on the Substrate Interactions of the Bacterial Primase 

by 
 

Richard Untermayer Rymer
 

Doctor of Philosophy in Molecular and Cell Biology 

University of California, Berkeley

Professor James M. Berger, Chair

Primases are DNA‐dependent RNA polymerases found in all cellular organisms.  In bacteria, 
primer synthesis is carried out by DnaG, an essential enzyme that serves as a key compo‐
nent of DNA replication initiation, progression, and restart.  A long‐standing question in the 
!"#$%&'(&)'$*+#,-.#&/"'01#+".2,*&".&1'3&21#&.2,"4"56&.2,7027,-$&%"((#,#50#.&/#23##5&85-9&
-5%&'21#,&."56$#:.7/75"2&)'$*+#,-.#.&2,-5.$-2#&2'&%"((#,#50#.&"5&(7502"'5;&<&.)#0"!"0&/-,‐
,"#,&2'&-%%,#.."56&1'3&85-9&,#$-2#.&2'&'21#,&)'$*+#,-.#.&".&-&,#$-2"=#$*&)'',&75%#,.2-5%‐
"56&'(&1'3&85-9&-..'0"-2#.&3"21&"2.&'35&.7/.2,-2#.;&>#&"5=#.2"6-2#%&21".&"..7#&21,'761&
-&+7$2"),'56#%&-)),'-01;&&?",.2@&3#&1-=#&#A-+"5#%&'5#&'(&21#&#-,$"#.2&.2-6#.&"5&),"+#,&
synthesis by solving crystal structures of the S. aureus DnaG catalytic core bound to metal 
"'5&0'(-02',.&-5%&#"21#,&"5%"="%7-$&570$#'."%#&2,")1'.)1-2#.;&B#0'5%@&3#&"5=#.2"6-2#%&1'3&
21#&45'35&0$-..#.&'(&),"+-.#&"51"/"2',.@&"50$7%"56&23'&5-27,-$$*:),#=-$#52&"51"/"2',.@&21#&
nucleotidyl alarmones, pppGpp and ppGpp, and 2´:%#'A*,"/'570$#'."%#&2,")1'.)1-2#.@&
0'52,'$&),"+#,&.*521#.".;&&>1#5&2-4#5&2'6#21#,&3"21&/'21&/"'01#+"0-$&-5-$*.#.&-5%&0'+‐
parative studies of enzymes that use the same catalytic fold as DnaG, these studies pinpoint 
the predominant nucleotide‐binding site of DnaG, leading to a reconciled model for primer 
.*521#.".&/*&85-9;&C7,&.27%"#.&'(&21#&"51"/"2',.&'(&85-9&"$$7.2,-2#&1'3&21#&"5%702"'5&'(&21#&
.2,"56#52&,#.)'5.#&"5&/-02#,"-&"52#,(#,#.&3"21&),"+#,&.*521#.".@&-5%&#A)$-"5&21#&-/"$"2*&'(&
85-9&2'&%"((#,#52"-$$*&%".0,"+"5-2#&/#23##5&%DEF.&-5%&,DEF.&%#)#5%"56&'5&21#&.2-6#&'(&
),"+#,&.*521#.".;&?"5-$$*@&+-5*&5#3&2''$.&3#,#&%#=#$')#%@&31"01&0'+/"5#%&3"21&'7,&"+‐
),'=#%&75%#,.2-5%"56&'(&1'3&85-9&(7502"'5.&"5&.7/.2,-2#&,#0'65"2"'5&-5%&0-2-$*.".&0'7$%&
+'2"=-2#&,#5#3#%&"52#,#.2&"5&21#&,#.#-,01&-5%&%#=#$')+#52&'(&85-9:2-,6#2#%&-52"+"0,'/"-$&
agents.
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Chapter 1 – Introduction to the DNA primase of bacteria

DNA REPLICATION AND THE ROLE OF DNAG

DNA replication is a highly choreographed and tightly‐regulated event in the lifecycle of all 
0#$$.&`V',5/#,6&GbbMa;&O-,,"#%&'72&/*&-&%*5-+"0@&+7$2":),'2#"5&0'+)$#A&45'35&-.&21#&,#)$"‐
some, the process of replication relies on the coordinated and coupled action of DNA un‐
3"5%"56&3"21&.2,-5%&.*521#.".;&&<$21'761&+-5*&%"((#,#50#.&#A".2&-+'56&/-02#,"-$@&-,01-#-$@&
and eukaryotic replisomes, they all utilize a specialized type of DNA‐dependent RNA poly‐
merase – termed a primase – to synthesize short RNA oligonucleotides (Frick and Richard‐
.'5&MTTGa;&&E1#.#&PD<&),"+#,.&"5&27,5&.#,=#&-.&"5%".)#5."/$#&.2-,2"56&)'"52.&(',&#A2#5."'5&
/*&8D<&)'$*+#,-.#.@&31"01&-,#&"50-)-/$#&'(&"5"2"-2"56&.2,-5%&.*521#.".&de novo (Fig. 1.1a) 
(Frick and Richardson 2001; Kuchta and Stengel 2010).

R5&/-02#,"-@&-&),'2#"5&45'35&-.&85-9&".&,#.)'5."/$#&(',&0-2-$*W"56&),"+#,&.*521#.".&%7,"56&
8D<&,#)$"0-2"'5&`P'3#5&-5%&V',5/#,6&GbL_c&V"2-5"@&d'%-&#2&-$;&Gb_Na;&85-9&3-.&%".0'=#,#%&
-$'56&3"21&Z&'21#,&6#5#.&"5&-&.#+"5-$&.27%*&3"21&E. coli strains having temperature sensitive 
8D<&.*521#.".&+72-2"'5.&`O-,$&GbLTa;&R2&3-.&.766#.2#%&#-,$*&'5&21-2&85-9&)$-*#%&-&,'$#&"5&
21#&"5"2"-2"'5&'(&8D<&.*521#.".&`B01#4+-5@&>#"5#,&#2&-$;&GbLNa@&-&),#%"02"'5&/',5#&'72&/*&
21#&".'$-2"'5&`X'701#@&e#01#$&#2&-$;&GbLNa&-5%&"5"2"-$&/"'01#+"0-$&01-,-02#,"W-2"'5&`P'3#5&
-5%&V',5/#,6&GbL_a&'(&21#&),'2#"5&-&(#3&*#-,.&-(2#,&"2.&%".0'=#,*;&87,"56&21".&.-+#&2"+#@&
23'&'21#,&.*.2#+.&(',&.27%*"56&85-9:2*)#&),"+-.#.&3#,#&-$.'&/#6"55"56&2'&#+#,6#;&E1#&
)1-6#&EL&1#$"0-.#:),"+-.#&6)J&3-.&%".0'=#,#%&."+7$2-5#'7.$*&"5&GbLL&/*&V'$'%5#,&-5%&
P"01-,%.'5&`V'$'%5#,&-5%&P"01-,%.'5&GbLLa&-5%&/*&B01#,W"56#,&-5%&0'3',4#,.&`B01#,W‐
"56#,@&Q-54-&#2&-$;&GbLLa;&&E1".&#5W*+#&3-.&.1'35&2'&/#&-&),"+-.#&"5&GbL_&`V'$'%5#,@&S-‐
.-+75#&#2&-$;&GbL_a;&&E1#&)1-6#&EJ&),"+-.#@&6)ZG@&3-.&.1'35&2'&/#&"+)',2-52&(',&),"+"56&
"5&GbLb&`B"$=#,&-5%&D'..-$&GbLba@&-5%&1-%&/##5&".'$-2#%&-5%&01-,-02#,"W#%&/*&Gb_M&`B"$=#,&
and Nossal 1982). 

F,"+#,&.*521#.".&/*&85-9&".&5'3&45'35&2'&)$-*&-&0,"2"0-$&,'$#&"5&21#&,#67$-2"'5&'(&57+#,'7.&
,#)$"0-2"=#&),'0#..#.@&"50$7%"56&,#)$".'+#&-..#+/$*&`S-4'3.4-:9,W*.4-&-5%&V-675"&MTGTa@&
21#&0'52,'$&'(&(',4&),'6,#.."'5&`B-$W/#,6@&B-$W/#,6&#2&-$;&Gbb_c&Q##@&^"2#&#2&-$;&MTTZc&E-55#,@&
Hamdan et al. 2008; Chintakayala, Machon et al. 2009), the regulation of Okazaki fragment 
$#5621&`>7@&e#015#,&#2&-$;&GbbMc&>7@&e#015#,&#2&-$;&GbbMc&e#015#,@&>7&#2&-$;&GbbMa@&-5%&,#)‐
$"0-2"'5&(',4&,#.2-,2&`^#$$#,&-5%&S-,"-5.&MTTZa;&&P#0#52&3',4&1-.&(7,21#,&.1'35&21-2&85-9&
".&-&2-,6#2&(',&"51"/"2"56&8D<&,#)$"0-2"'5&75%#,&0'5%"2"'5.&'(&572,"#52:%#),"=-2"'5&`>-56@&
B-5%#,.&#2&-$;&MTTLc&S-0"-6@&V'01-5'3.4-&#2&-$;&MTGTa@&-&),'0#..&45'35&-.&21#&.2,"56#52&,#‐
.)'5.#;&&E17.@&),"+#,&.*521#.".@&-5%&85-9&"2.#$(@&".&-&0#52,-$&5'%#&(',&,#67$-2"56&21#&,#)$"0-‐
2"'5&),'0#..&"5&/-02#,"-&-.&-&31'$#&`Fig. 1.1b).

DNAG IS A STRUCTURALLY UNIQUE POLYMERASE

Despite the central of role of DnaG in DNA replication, many aspects of the structure‐
function relationships underlying DnaG substrate‐interactions and catalysis remain poorly 
75%#,.2''%;&85-9&".&-&+#+/#,&'(&-&$-,6#&0$-..&'(&#5W*+#.&45'35&-.&570$#"0:-0"%&)'$*+#,‐
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-.#.;&F'$*+#,-.#.&0-5&/#&0$-.."!"#%&-00',%"56&2'&.#K7#50#&',&.2,7027,-$&."+"$-,"2*&"52'&GI&
(-+"$"#.H&GM&(-+"$"#.&'(&."56$#:.7/75"2&)'$*+#,-.#.&`P'213#$$&-5%&>-4.+-5&MTTNc&O-+#,‐
on, Moustafa et al. 2009; Steitz 2009; Heitz, Harter et al. 2010), and a single family of multi‐
subunit RNA polymerases (Cramer 2002; Cramer, Armache et al. 2008). Although important 
for a diverse array of functions in cells, viruses, and self‐replicating plasmids, the single‐
subunit nucleic acid polymerases are surprisingly closely related to each other, a feature 
21-2&,#!$#02.&21#&0'++'5&.7/.2,-2#.&'(&21#&/"'$'6"0-$&),'0#..#.&21#*&-,#&"5='$=#%&"5;&U$#=#5&
'(&21#&."56$#:.7/75"2&(-+"$"#.&.1-,#&-&+#01-5".+&'(&-02"'5&2#,+#%&21#&23':+#2-$&+#01-‐
5".+@&31"01&".&-$.'&72"$"W#%&/*&21#&+7$2".7/75"2&PD<&)'$*+#,-.#.&`d-56@&Q##&#2&-$;&MTTZa;&
E1#&+-]',"2*&'(&21#&."56$#:.7/75"2&)'$*+#,-.#.&`GG&(-+"$"#.a&-$.'&.1-,#&-&6$'/-$&.2,7027,-$&
-,,-56#+#52&'(&)'$*+#,-.#&%'+-"5.&3"21&-5&-5-2'+"0-$&,#.#+/$-50#&2'&-&,"612:1-5%&`Fig. 
1.2aa@&3"21&21#&!"56#,.@&)-$+@&-5%&217+/&,#),#.#52"56&%".2"502&%'+-"5.;&E1#&.2,7027,#.&-5%&
.#K7#50#&."+"$-,"2"#.&'(&#-01&%'+-"5&=-,*&."65"!"0-52$*&-+'56&21#&(-+"$"#.@&/72&2'&%-2#&-$$&
'(&21#.#&f0-5'5"0-$&)'$*+#,-.#.g&%".)$-*&21".&%'+-"5&.2,7027,#&`P'213#$$&-5%&>-4.+-5&
MTTNa;&E1#&23#$(21&(-+"$*&'(&."56$#:.7/75"2&)'$*+#,-.#.@&21#&85-9:2*)#&),"+-.#.@&72"$"W#.&
the same substrates, and they perform the same reaction as the other single‐subunit poly‐
+#,-.#.@&/72&21#*&-,#&'21#,3".#&75,#$-2#%&21#.#&0-5'5"0-$&)'$*+#,-.#.;

OVERVIEW OF THE STRUCTURES AND FUNCTIONS OF THE DOMAINS OF DNAG

E1#&%"((#,#50#.&/#23##5&85-9:2*)#&),"+-.#.&-5%&0-5'5"0-$&)'$*+#,-.#.&/#6"5&3"21&21#&
6$'/-$&%'+-"5&.2,7027,#&'(&85-9@&31"01&".&%".2"502&(,'+&0-5'5"0-$&)'$*+#,-.#.;&R5.2#-%&'(&
-&0$-.."0&!"56#,.:)-$+:217+/&%'+-"5&',6-5"W-2"'5@&85-9&".&0'+),".#%&'(&21,##&'21#,&2*)#.&
of domains (Fig. 1.2b, Fig. 1.3a): 1) an N‐terminal Zinc Binding Domain (ZBD), 2) a central 
RNA Polymerase Domain (RPD), and 3) a C‐terminal Helicase Interaction Domain (HID) 
`>7@&e#015#,&#2&-$;&GbbMc&B75@&E',+'&#2&-$;&GbbJc&S7.2-#=&-5%&9'%.'5&GbbNa;&&S'.2&+#+‐
/#,.&'(&21#&(-+"$*&.1-,#&21".&%'+-"5&.2,7027,#@&-$21'761&-&.7/.#2&2*)"!"#%&/*&EL&6)J&1-=#&
$'.2&21#&^R8&-5%&/#0'+#&0'=-$#52$*&-22-01#%&2'&21#&1#$"0-.#&`S-2.'5@&E-/',&#2&-$;&Gb_Ia;

>1"$#&21#&21,##&%'+-"5.&'(&85-9&3'7$%&.##+&2'&,#$-2#&"2&(7502"'5-$$*&2'&'21#,&)'$*+#,-.#.@&
these elements are structurally unrelated, and are probably only loosely related function‐
-$$*&2'&21#&!"56#,.@&)-$+&-5%&217+/&)-,-%"6+;&R5&)-,2"07$-,@&21#&!"56#,.@&)-$+&-5%&217+/&'(&
other polymerases collaborate in substrate recognition and catalysis (Brautigam and Steitz 
Gbb_a@&31#,#-.&21#&%'+-"5.&'(&85-9&-,#&+',#&$''.#$*:2#21#,#%&2'&#-01&'21#,@&-5%&-))#-,&2'&
have distinct functions (Larson, Griep et al. 2010).

B7/.2,-2#&.)#0"!"0"2*&-5%&-72',#67$-2"'5&-,#&0'5(#,,#%&7)'5&85-9&21,'761&"2.&D:2#,+"5-$&
eX8;&E1".&%'+-"5&".&-&."56$#@&6$'/7$-,&('$%&21-2&,#.#+/$#.&21#&W"50:,"//'5&+'2"(.&('75%&
more commonly in transcription factors (Fig. 1.3ba&`F-5&-5%&>"6$#*&MTTTa;&<$21'761&23'&
crystal structures of the ZBD have been solved (Fig. 1.3ca@&#A-02$*&1'3&21#&eX8&0-,,"#.&'72&
"2.&%"=#,.#&(7502"'5.&".&5'2&75%#,.2''%&-2&21#&.2,7027,-$&$#=#$;&E1#.#&-.)#02.&'(&21#&eX8&-,#&
discussed later in more detail.

E1#&0#52,-$&PF8&0'52-"5.&21#&85-9&-02"=#&."2#;&E1".&,#6"'5&.1'3.&5'&."+"$-,"2"#.&3"21&21#&
catalytic palm domain of any other family of polymerase; rather, it is more closely related 
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2'&2')'".'+#,-.#.@&CQ8&(-+"$*&570$#-.#.@&-5%&P#0P&="-&21#&ECFPRS&`TOpoisomerase PRI­
Mase) fold (Aravind, Leipe et al. 1998; Keck, Roche et al. 2000; Podobnik, McInerney et al. 
2000; Kato, Ito et al. 2003). Several RPD structures have been solved that together illustrate 
21#&1"61&%#6,##&'(&.2,7027,-$&0'5.#,=-2"'5&3"21"5&21#&/-02#,"-$&85-9.&`.##&Chapter 2 for 
+',#&%#2-"$a;&E1#&PF8.&'(&85-9&-5%&EL&6)J&-,#&,#$-2#%&+'.2$*&21,'761&21#",&,#.)#02"=#&
ECFPRS&('$%.&`Fig. 1.3d/ea;&E1#&D:2#,+"5-$&.7/%'+-"5&'(&EL&6)J&".&.+-$$#,&-5%&.2,7027,‐
-$$*&%".2"502&(,'+&21#&0',,#.)'5%"56&%'+-"5&'(&85-9@&-5%&EL&6)J&$-04.&21#&O:2#,+"5-$&1#$"‐
0-$&/75%$#&('75%&"5&"2.&/-02#,"-$&',21'$'6.;&E1#&(7502"'5-$&"+)$"0-2"'5.&'(&21#.#&.2,7027,-$&
%"((#,#50#.@&"(&-5*@&-,#&5'2&3#$$&75%#,.2''%@&-$21'761&21#&/"'01#+"0-$&01-,-02#,".2"0.&-5%&
),')#,2"#.&'(&EL&-,#&6#5#,-$$*&-))$"0-/$#&2'&85-9;

E1#&O:2#,+"5-$&1#$"0-.#&"52#,-02"'5&%'+-"5&%",#02.&21#&-..'0"-2"'5&/#23##5&),"+-.#&-5%&
21#&,#)$"0-2"=#&1#$"0-.#&`%".07..#%&/#$'3a&/*&/"5%"56&2'&21#&D:2#,+"57.&'(&85-X&`O1"5‐
2-4-*-$-@&Q-,.'5&#2&-$;&MTTLa;&E3'&0,*.2-$&.2,7027,#.&(,'+&E. coli and G. stearothermophilus 
.1'3&21-2&21#&^R8&".&-&.+-$$&1#$"0-$&%'+-"5&.2,7027,-$$*&,#$-2#%&2'&21#&85-X&D:2#,+"5-$&
%'+-"5@&-5%&21-2&21#&23'&#$#+#52.&$"4#$*&-,'.#&(,'+&-&6#5#&%7)$"0-2"'5&#=#52&`C-4$#*@&Q'.‐
01-&#2&-$;&MTTNc&B*.'5@&E1",$3-*&#2&-$;&MTTN&a;&E1#&^R8&".&,#$-2"=#$*&)'',$*&0'5.#,=#%&-+'56&
/-02#,"-$&.)#0"#.&`B*.'5@&E1",$3-*&#2&-$;&MTTNa@&31"01&+-*&,#!$#02&21#&1"61&%#6,##&'(&.)#0"#.&
.)#0"!"0"2*&'(&21#&),"+-.#:1#$"0-.#&"52#,-02"'5&`V'#).#$$@&Q-,.'5&#2&-$;&MTT_c&Q-,.'5@&9,"#)&#2&
al. 2010).

DETERMINANTS OF SUBSTRATE BINDING AND CATALYSIS BY DNAG

Both biochemical and structural efforts have pursued an understanding of the structure‐
function relationships underlying substrate recognition and catalysis by DnaG. Overall, the 
catalytic and substrate recognition roles of the conserved residues of the primase catalytic 
0',#&-,#&'5$*&$''.#$*&75%#,.2''%;&^'3#=#,@&.'+#&.2,7027,-$&(#-27,#.&'(&85-9&-))#-,&2'&/#&
analogous to those of canonical polymerases. 

O-5'5"0-$&)'$*+#,-.#.&72"$"W#&23'&',&21,##&-0"%"0@&+#2-$:/"5%"56&,#."%7#.&2'&0-2-$*W#&.2,-5%&
.*521#.".&`P'213#$$&-5%&>-4.+-5&MTTNa;&85-9:2*)#&),"+-.#.&.1-,#&21".&(#-27,#@&/72&'5$*&
in part. Several studies have investigated catalytically‐important acidic amino acids in the 
85-9&-02"=#&."2#@&-5%&('75%&21-2&21#.#&#5W*+#.&,#K7",#&-&0'+)$#+#52&'(&#"21#,&!"=#&`ELa&
`Q##&-5%&P"01-,%.'5&MTTNa@&',&."A&`E. coli) (Godson, Schoenich et al. 2000; Rodina and 
Godson 2006), invariant glutamate and aspartate residues to carry out synthesis (Fig. 
6U5(V.a;&&E17.&(-,@&1'3#=#,@&'5$*&-&.7/.#2&'(&,#."%7#.&"5&/'21&),'2#"5.&1-.&/##5&.1'35&2'&
bind divalent metal ions (Godson, Schoenich et al. 2000; Kato, Ito et al. 2003).  Moreover, 
the functional topology of the DnaG active site differs drastically from the classic catalytic 
triad observed in the canonical polymerases (W&HU*6U50).

A common feature of RNA and DNA binding proteins is the use of basic amino acids to 
"52#,-02&3"21&21#",&570$#"0:-0"%&.7/.2,-2#.;&85-9&-5%&EL&6)J&/'21&)'..#..&0'5.#,=#%@&/-."0&
-+"5'&-0"%.&"5&-5%&-,'75%&21#&-02"=#&."2#@&.'+#&'(&31"01&-,#&"5%##%&"5='$=#%&"5&/"5%"56&
DNA (W&HU*6U5;). For E. coli 85-9@&.#=#,-$&'(&21#.#&,#."%7#.&(',+&-&.1-$$'3&/-."5&21-2&3-.&
,#0#52$*&.1'35&2'&/#&"5='$=#%&"5&/"5%"56&21#&NY:2-"$&'(&-&..8D<&2#+)$-2#&`B##&Chapter 2 for 
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+',#&%#2-"$a&`O',5@&F#$2'5&#2&-$;&MTT_a;&<$21'761&'21#,&0'5.#,=#%&,#."%7#.&"5&/'21&EL&6)J&
and E. coli&85-9&-,#&0$#-,$*&"+)',2-52&(',&0-2-$*.".@&21#",&#A-02&,'$#&"5&8D<&/"5%"56&1-.&/##5&
$#..&3#$$&#.2-/$".1#%&`Q##&-5%&P"01-,%.'5&MTTGc&P'%"5-&-5%&9'%.'5&MTTZa;&

Structural efforts to understand the mechanisms of substrate binding and catalysis have 
+#2&3"21&."+"$-,$*&$"+"2#%&.700#..;&E3'&.7/.2,-2#&/'75%&.2,7027,#.&-,#&-=-"$-/$#H&21#&S62+ 
/'75%&EL&eX8:PF8&.2,7027,#&`V-2'@&R2'&#2&-$;&MTTIa@&-5%&21#&.2,7027,#&'(&E. coli RPD cross‐
$"54#%&2'&-&..8D<&2#+)$-2#&`O',5@&F#$2'5&#2&-$;&MTT_a;&E1#&.2,7027,#&'(&-&(7$$&2#,5-,*&0'+‐
)$#A&'(&85-9&".&5'2&-=-"$-/$#&-2&21".&2"+#@&-$21'761&21#&-(',#+#52"'5#%&/-."5&3-.&"%#52"!"#%&
in part through capturing the ssDNA bound structure of the E. coli DnaG RPD (Corn). In 
.7++-,*@&"2&".&750$#-,&1'3&21#&%".2"502"'5.&/#23##5&21#&.2,7027,#.&'(&21#&85-9:2*)#&),"‐
mases and the canonical polymerases translate to differences in function.

DETERMINANTS OF SUBSTRATE SPECIFICITY BY DNAG

In addition to their structural differences, DnaG‐type primases are also enzymologically 
%"((#,#52&(,'+&0-5'5"0-$&)'$*+#,-.#.@&)'..#.."56&-2&$#-.2&23'&75"K7#&01-,-02#,".2"0.&"5&21#&
)'$*+#,-.#&)-521#'5H&.2-,2:."2#&.#K7#50#&.)#0"!"0"2*&-5%&-72',#67$-2"'5&'(&),'%702&$#5621;&
In the absence of accessory factors, E. coli&85-9&3"$$&.)#0"!"0-$$*&.*521#."W#&_:GM&570$#'2"%#&
`52a&),"+#,.&`V"2-5"@&d'%-&#2&-$;&Gb_Na@&7."56&21#&+"%%$#&/-.#&'(&OE9&',&O<9&2,")$#2&.#K7#50‐
#.&"5&21#&2#+)$-2#&-.&-&.2-,2&."2#&`B3-,2&-5%&9,"#)&GbbIc&V1')%#@&X".3-.&#2&-$;&MTTMa;&EL&
6)J&-$.'&/#6"5.&.*521#.".&(,'+&'))'."2#&21#&0#52,-$&/-.#&"5&-&2#+)$-2#:#50'%#%&9EO&2,")$#2&
`E-/',&-5%&P"01-,%.'5&Gb_Ga@&/72&.2').&'50#&21#&),'%702&,#-01#.&J&52&`B01#,W"56#,@&Q-54-&
#2&-$;&GbLLc&P'+-5'&-5%&P"01-,%.'5&GbLbac&EJ&6)ZG&/#6"5.&.*521#.".&'))'."2#&9EE&',&9OE&
(Valentine, Ishmael et al. 2001), and synthesizes 4‐5 nt primers (Liu and Alberts 1980; Nos‐
sal 1980).  More recently, several surveys of the biochemical properties of DnaGs from dif‐
(#,#52&',6-5".+.&('75%&21".&(,-+#3',4&'(&.#K7#50#&.)#0"!"0"2*&-5%&$#5621&,#67$-2"'5&2'&/#&-&
highly conserved feature of the enzyme class (Koepsell, Larson et al. 2006; Larson, Bressani 
et al. 2008; Larson, Griep et al. 2010). In all cases, the 3´ base in the recognition sequence 
`#;&6;@&f9g&'(&OE9&3"21&E. coli DnaG) is omitted from the primer product.

E1#&.'7,0#&'(&.#K7#50#&.)#0"!"0"2*&-5%&$#5621&,#67$-2"'5&3-.&!",.2&%#2#,+"5#%&7."56&-&
=-,"-52&'(&EL&6)J&$-04"56&21#&eX8&`X#,5.2#"5&-5%&P"01-,%.'5&Gb__a;&&E1".&2,750-2#%&(',+&
retained some synthesis capabilities (albeit at a reduced level), but no longer discrimi‐
nated against primer sequence and length.  Subsequent studies using a variety of methods 
1-=#&-%%#%&.7/.2-52"-$&.7))',2&2'&21".&"5"2"-$&!"5%"56&`S#5%#$+-5&-5%&P"01-,%.'5&GbbGc&
Hine and Richardson 1994; Mendelman, Beauchamp et al. 1994; Mendelman, Kuimelis et 
al. 1995; Kusakabe, Hine et al. 1999; Akabayov, Lee et al. 2009; Lee, Zhu et al. 2010).  An 
identical role for the E. coli&eX8&3-.&$-2#,&#.2-/$".1#%&"5&-&.#,"#.&'(&.27%"#.&`B75@&E',+'&#2&
-$;&GbbJc&S7.2-#=&-5%&9'%.'5&GbbNc&9,"#)&-5%&Q'4#*&GbbZc&9,"#)@&<%4"5.&#2&-$;&GbbLc&F'3‐
#,.&-5%&9,"#)&Gbbba;&&E1#&+#01-5".+.&'(&.#K7#50#:.)#0"!"0"2*&-5%&$#5621&,#67$-2"'5&-,#&
-5&-,#-&'(&-02"=#&.27%*;&&R2&".&0$#-,&21-2&21#&eX8&"52#,-02.&%",#02$*&3"21&21#&2#+)$-2#&-5%&21#&
5-.0#52&),"+#,&21,'761&.#K7#50#:.)#0"!"0&"52#,-02"'5.&`S#5%#$+-5@&V7"+#$".&#2&-$;&GbbNc&
Kusakabe and Richardson 1996; Frick and Richardson 1999; Kusakabe, Hine et al. 1999; 
Kato, Frick et al. 2001; Valentine, Ishmael et al. 2001; Corn, Pease et al. 2005; Akabayov, Lee 
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#2&-$;&MTTba;&&E'&%-2#@&1'3#=#,@&-&0,*.2-$&.2,7027,#&'(&21#&eX8&/'75%&2'&-&.7/.2,-2#&1-.&5'2&
/##5&.'$=#%;&&C5#&)'"52&'(&0'52#52"'5&".&31#21#,&21#&eX8&"52#,-02.&3"21&21#&PF8&"5&cis or in 
trans (Lee and Richardson 2002; Corn, Pease et al. 2005; Qimron, Lee et al. 2006; Akabayov, 
Lee et al. 2009; Lee, Zhu et al. 2010; Zhu, Lee et al. 2010), a distinction that is only relevant 
"5&21#&0'52#A2&'(&21#&,#)$"0-2"=#&1#$"0-.#&3"21&31"01&21#&85-9:2*)#&),"+-.#.&"52#,-02;

INTERACTIONS WITH THE REPLICATIVE HELICASE

Most polymerases require a single‐stranded template, and therefore rely on the action of a 
1#$"0-.#&2'&.#)-,-2#&-&%7)$#A&8D<&"52'&"5%"="%7-$&.2,-5%.;&&85-9:2*)#&),"+-.#.&-,#&5'&%"(‐
(#,#52&"5&21".&,#.)#02@&-&),')#,2*&31"01&$"4#$*&$#%&5-27,#&2'&#='$=#&-&%",#02&"52#,-02"'5&3"21&
21#&,#)$"0-2"=#&1#$"0-.#&`S-,"-5.&GbbMc&>:@&e#015#,&#2&-$;&GbbMc&E'767@&F#56&#2&-$;&GbbJc&Q7@&
Ratnakar et al. 1996). It has been suggested that the helicase interaction is a mechanism for 
$"+"2"56&),"+"56&2'&21#&,#)$"0-2"'5&(',4@&,-21#,&21-5&-5*&-=-"$-/$#&..8D<&3"21&21#&-)),'),"‐
-2#&.#K7#50#&`O',5&-5%&X#,6#,&MTTZa;&E1".&0'55#02"'5&+-*&-$.'&0'7)$#&),"+#,&.*521#.".&2'&
,#)$"0-2"'5&),'6,#..&"5&6#5#,-$&`e17@&Q##&#2&-$;&MTGTa;&&E1#&-..'0"-2"'5&'(&-&85-9:2*)#&),"‐
+-.#&-5%&-&P#0<:(-+"$*&,#)$"0-2"=#&1#A-+#,"0&1#$"0-.#&".&('75%&"5&21,##&(',+.&`Fig. 1.5a­c), 
-$21'761&-$$&'007,&-.&-5&-,,-*&'(&-2&$#-.2&21,##&),"+-.#&),'2'+#,.&2'&#-01&1#$"0-.#&1#A-+#,&
`X",%@&F-5&#2&-$;&MTTTc&E1",$3-*@&E7,5#,&#2&-$;&MTTJc&E1",$3-*&-5%&B'7$2-5-.&MTTZc&X-"$#*@&
U$"-.'5&#2&-$;&MTTLa;&EL&6)J&#A#+)$"!"#.&-5&"5:(,-+#&(7."'5&'(&-&85-9:2*)#&),"+-.#&-5%&-&
helicase. G. stearothermophilus 85-9&-5%&EJ&6)ZG&(',+&1"61$*&.2-/$#@&5'5:0'=-$#52&0'+‐
)$#A#.&3"21&21#",&,#)$"0-2"=#&1#$"0-.#.&`85-X&-5%&6)JG&,#.)#02"=#$*a;&85-9.&(,'+&E. coli, and 
'21#,&+#.')1"$"0&/-02#,"-&(',+&'5$*&2,-5."#52&"52#,-02"'5.&3"21&85-X&21-2&-,#&'/.#,=-/$#&
"5%",#02$*&21,'761&-02"="2*&`e#015#,@&>7&#2&-$;&GbbMc&\'15.'5@&X1-22-01-,**-&#2&-$;&MTTTc&
V'#).#$$@&Q-,.'5&#2&-$;&MTTZa@&',&21,'761&.#5."2"=#&2,-))"56&#A)#,"+#52.&-5%&/"')1*."0-$&
methods that probe transient states (Mitkova, Khopde et al. 2003).  

One reason for the reduced stability of mesophilic DnaG‐DnaB arrays may be that repeated 
cycles of primase‐helicase association and dissociation are an important feature in systems 
3"21&.#)-,-2#&),'2#"5.&`Q##@&^"2#&#2&-$;&MTTZc&D#$.'5@&V7+-,&#2&-$;&MTT_c&B)"#,"56@&D#$.'5&
#2&-$;&MTT_c&S-5'.-.@&B)"#,"56&#2&-$;&MTTba;&R5&21#&0-.#&'(&EL&6)J@&),"+#,:1-5%'((&'007,.&
21,'761&-&%",#02&"52#,-02"'5&'(&-&2#+)$-2#&/'75%&eX8&-5%&-&3-"2"56&)'$*+#,-.#&`V-2'@&
?,"04&#2&-$;&MTTGc&V-2'@&R2'&#2&-$;&MTTJa;&R5&/-02#,"-&-5%&)1-6#&EJ@&"52#,+#%"-2#&0'+)$#A#.&
(',+&3"21&'21#,&0'+)'5#52.&'(&21#&,#)$".'+#@&31"01&0'7$%&5#0#.."2-2#&%"..'0"-2"'5&'(&21#&
),"+-.#&(,'+&21#&1#$"0-.#&`d7W1-4'=@&V#$+-5&#2&-$;&Gbbbc&D#$.'5@&V7+-,&#2&-$;&MTT_a;&R5&
/-02#,"-@&(',&#A-+)$#@&"2&3-.&('75%&',"6"5-$$*&21-2&-&f21,##:)'"52&.3"201g&/#23##5&),"+-.#@&
single‐stranded DNA binding protein (SSB), and the !‐subunit of the clamp loader com‐
)$#A&.1#)1#,%#%&21#&),"+#,&2'&21#&,#)$"0-2"=#&)'$*+#,-.#&`d7W1-4'=@&V#$+-5&#2&-$;&Gbbba;&&
Recent evidence, though, does not support the requirement for the formation of a stable !‐
BBX:),"+#,&.7/0'+)$#A&"5&C4-W-4"&(,-6+#52&.*521#.".&`S-,0#-7@&X-156&#2&-$;&MTGGa@&31"01&
".&-&%#!"5"56&(#-27,#&'(&21#&21,##:)'"52&.3"201;&R5.2#-%@&21#&"52#,-02"'5&/#23##5&! and SSB 
is more important in coupling leading and lagging strand synthesis (Marceau, Bahng et al. 
2011).

X#*'5%&,#.2,"02"56&),"+"56&2'&-)),'),"-2#&2"+#.&-5%&$'0-2"'5.@&-$'56&3"21&0'7)$"56&),"+#,&
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.*521#.".&2'&),"+#,&1-5%:'((@&21#&-..'0"-2"'5&'(&-&85-9:2*)#&),"+-.#&3"21&-&,#)$"0-2"=#&
helicases both greatly stimulates the rate of primer synthesis (Johnson, Bhattacharyya et 
al. 2000; Koepsell, Larson et al. 2006; Koepsell, Larson et al. 2008) and loosens sequence 
.)#0"!"0"2*&`X1-22-01-,**-&-5%&9,"#)&MTTTa;&E1#&+-,4#%&#((#02&'5&),"+-.#&7)'5&/"5%"56&2'&
85-X&'007,.&),"+-,"$*&21,'761&-5&#51-50#+#52&'(&"2.&-))-,#52&-(!"5"2*&(',&2#+)$-2#&`\'15‐
.'5@&X1-22-01-,**-&#2&-$;&MTTTa@&31"01&$"4#$*&-,".#.&-2&$#-.2&"5&)-,2&(,'+&-5&"50,#-.#&"5&21#&
local concentration of template bound to DnaB (Mitkova, Khopde et al. 2003). 

INTERACTION OF THE RPD WITH THE ZBD

E1#&),"+-.#:1#$"0-.#&-,,-*&+-*&-$.'&),'+'2#&21#&-..'0"-2"'5&'(&21#&eX8&3"21&21#&PF8&in 
trans (Fig. 1.6aa;&&E1".&"52#,-02"'5&".&45'35&2'&$#-%&2'&-%%"2"'5-$&.2"+7$-2"'5&'(&21#&),"+#,&
synthesis rate, and further insures that primer synthesis is initiated at the appropriate se‐
quence (Corn, Pease et al. 2005). A trans&"52#,-02"'5&/#23##5&23'&5#"61/',"56&85-9&),'‐
tomers has also been demonstrated to be functionally important for a bacterial primase‐he‐
licase array (Larson, Griep et al. 2010) using chimeric bacterial DnaG enzymes. In this latter 
.27%*@&21#&eX8&(,'+&'5#&.)#0"#.&1-.&/##5&.3-))#%&'52'&21#&PF8&'(&-5&-$2#,5-2"=#&.)#0"#.&
-5%&="0#&=#,.-;&E1#&01"+#,-.&'5$*&-01"#=#&+-A"+7+&-02"="2*&75%#,&1#$"0-.#:.2"+7$-2#%&
0'5%"2"'5.&7."56&+"A27,#.&'(&01"+#,"0&#5W*+#.;&

E1".&+'%#$&0'7$%&#A2#5%&2'&'21#,&+#+/#,.&'(&21#&85-9&(-+"$*@&"50$7%"56&EL&6)J;&R5&21".&
0-.#@&.7/75"2.&'(&EL&6)J&1-="56&-&+72-52&PF8&%#!"0"#52&"5&),"+#,&.*521#.".&0-5&0'+)$#‐
ment subunits lacking a ZBD (Lee and Richardson 2002).  Curiously, subsequent studies 
1-=#&"5%"0-2#%&21-2&EL&6)J&0-5&.3"201&/#23##5&cis and trans activated synthesis (Qimron, 
Q##&#2&-$;&MTTZa@&-$21'761&31-2&0-7.#.&21#&.3"201&-5%&31-2&)7,)'.#&"2&.#,=#.&".&5'2&75%#,‐
.2''%;&E1#&0,*.2-$&.2,7027,#&'(&21#&EL&6)J&),"+-.#&(,-6+#52&`V-2'@&R2'&#2&-$;&MTTIa&.766#.2.&
21-2&21#&eX8&0-5&-00#..&-5&#A2#5%#%&0'5(',+-2"'5&+',#&,#-%"$*@&31"01&".&0'5.".2#52&3"21&
21#&-/"$"2*&'(&21#&#5W*+#&2'&.3"201&/#23##5&-&cis and trans synthesis (Fig. 1.6b/c). 

Bacterial primases, on the other hand, are unlikely to engage in a cis interaction.  In both E. 
coli and A. aeolicus DnaG, the ZBD and RPD primarily adopt a compact conformation rela‐
2"=#&2'&'5#&-5'21#,;&<$21'761&-5&#A2#5%#%&0'5(',+-2"'5&".&-00#.."/$#&"5&1"61&.-$2&`O',5@&
Pease et al. 2005), it is unclear from the Aa85-9&eX8:PF8&0,*.2-$&.2,7027,#&1'3&21#&eX8&
0'7$%&-..'0"-2#&3"21&21#&-02"=#&."2#&'(&"2.&'35&PF8&`Fig. 1.6d). DNA binding data also sup‐
)',2&21#&-..'0"-2"'5&'(&23'&85-9&),'2'+#,.&'5&-&."56$#&2#+)$-2#&.2,-5%&`V1')%#@&X".3-.&#2&
-$;&MTTMa;&?"5-$$*@&-&%".2-$&"52#,-02"'5&/#23##5&21#&eX8&-5%&21#&2#+)$-2#&',&5-.0#52&),'%‐
702&".&75$"4#$*@&-.&,#0#52&.27%"#.&%#+'5.2,-2#&21-2&-5&"52#,-02"'5&/#23##5&21#&eX8&-5%&21#&
"5"2"-2"56&570$#'."%#&2,")1'.)1-2#&/'75%&"5&21#&),"+-.#&-02"=#&."2#&'(&EL&6)J&".&0,"2"0-$&(',&
activity (Lee, Zhu et al. 2010). 

E1#&)'.."/"$"2*&'(&-&trans&"52#,-02"'5&/#23##5&21#&eX8&-5%&21#&PF8&,#),#.#52.&'5#&'(&21#&
+'.2&(75%-+#52-$&%"((#,#50#.&/#23##5&85-9&(-+"$*&)'$*+#,-.#.&-5%&0-5'5"0-$&)'$*+#,-.‐
#.;&<$21'761&"2&".&7545'35&#A-02$*&1'3&21#&eX8&/"5%.&2'&2#+)$-2#&-5%&'21#,&.7/.2,-2#.@&21#&
75"K7#&+-55#,&"5&31"01&"2&0'$$-/',-2#.&3"21&21#&PF8&2'&0-,,*&'72&),"+#,&.*521#.".&.766#.2.&
its roles in substrate recognition and catalysis are unlike those of the potentially function‐



L

-$$*&-5-$'6'7.&!"56#,.&-5%&217+/&%'+-"5.&'(&'21#,&."56$#:.7/75"2&)'$*+#,-.#.;

PRIMER SYNTHESIS KINETICS BY DNAG

C5#&$-.2&%"((#,#50#&/#23##5&0-5'5"0-$&)'$*+#,-.#.&-5%&85-9&2*)#&),"+-.#.&".&21#",&)'',&
enzymatic activities.  E. coli&.*521#."W#.&),"+#,.&3"21&-&4cat  (0.00089 s‐1) that is more than 
-&175%,#%&2"+#.&$'3#,&21-5&E. coli&PD<&)'$*+#,-.#.&`B3-,2&-5%&9,"#)&GbbNa;&<%%"2"'5&'(&
the helicase improves activity ~13‐fold (to 0.012 s‐1) (Johnson, Bhattacharyya et al. 2000), 
/*&,-2#&'(&),'%702&(',+-2"'5&".&.2"$$&-$+'.2&GT:('$%&.$'3#,&21-5&-&f.$'3g&#5W*+#&$"4#&E. coli 
PD<&)'$*+#,-.#;&E1".&(#-27,#&'(&85-9:2*)#&),"+-.#.&+-*&/#&-5'21#,&-%-)2-2"'5&2'&$"+"2&
),"+"56&2'&'5$*&.)#0"!"0&2"+#.&-5%&$'0-2"'5.;&

>1"$#&21#&01#+"0-$&+#01-5".+&'(&),"+#,&.*521#.".&/*&85-9&1-.&5'2&/##5&%#2#,+"5#%@&
these enzyme likely employ a catalytic cycle similar to RNA polymerases (Fig. 1.7a&`B3-,2&
and Griep 1995; Frick, Kumar et al. 1999; Frick and Richardson 1999; Steitz 2009). In the 
!",.2&-5%&,-2#:$"+"2"56&.*521#.".&.2-6#@&23'&DEF.&-,#&0'5%#5.#%&"52'&-&%"570$#'2"%#&"5&-&),'‐
0#..&0-$$#%&"5"2"-2"'5;&&?'$$'3"56&21".@&21#&),"+#,&".&#$'56-2#%&%7,"56&21#&#A2#5."'5&)1-.#&'(&
.*521#.".&/*&.#,"-$&-%%"2"'5.&'(&DEF.;&

SUMMARY AND EXPERIMENTAL APPROACH

As outlined above, the DnaG family of polymerases differs remarkably from the other 
3#$$:75%#,.2''%&+#+/#,.&'(&21#&570$#"0&-0"%&)'$*+#,-.#&0'1',2;&&E1".&%".)-,"2*&,-".#.&21#&
possibility that DnaG substrate recognition and catalysis mechanisms also differ from the 
'21#,&)'$*+#,-.#.&"5&(75%-+#52-$&3-*.;&8#!"5"56&21#&+#01-5".+.&'(&-02"'5&-5%&.7/.2,-2#&
#56-6#+#52&/*&85-9&0'7$%&$#-%&2'&5#3&)-,-%"6+.&'(&570$#"0&-0"%&)'$*+#,-.#&/"'01#+".‐
2,*;&S',#'=#,@&-&+'$#07$-,$*&%#2-"$#%&75%#,.2-5%"56&'(&85-9&+#01-5".+.&3'7$%&1#$)&2'&
evaluate its prospects as a target for antibacterial development.  Currently, the argument 
for primases as an antibacterial target is purely hypothetical: they are completely unre‐
lated to the human primase (Frick and Richardson 2001; Kuchta and Stengel 2010), and so 
21#",&7.#&3'7$%&$"4#$*&-='"%&2-,6#2:/-.#%&$#21-$"2*&2'&21#&)-2"#52;&^'3#=#,@&85-9:2*)#&),"‐
+-.#.&-,#&.7(!"0"#52$*&,#$-2#%&2'&#-01&'21#,&21-2&"51"/"2',.&+"612&.#,=#&-.&/,'-%:.)#02,7+&
-52"/"'2"0.`P'/"5.'5@&O-7.#,&#2&-$;&MTGMa;&&8#2#,+"5"56&31#21#,&85-9&".&-&,#-.'5-/$#&2-,‐
get for small‐molecule intervention requires a deeper understanding primase structure and 
(7502"'5;&&<&.)#0"!"0&#A-+)$#&'(&-&)'$*+#,-.#:2-,6#2#%&-52"/"'2"0&".&,"(-+)*0"5@&31"01&/"5%.&
2'&-5%&"51"/"2.&/-02#,"-$&+7$2".7/75"2&PD<&)'$*+#,-.#.&`+PD<F.a&`V'1-5.4"@&83*#,&#2&
-$;&MTGTa;&E1".&%,76&3'7$%&5'2&/#&-.&.)#0"!"0&(',&21#.#&)'$*+#,-.#.&3#,#&"2&5'2&(',&21#&=-.2&
.2,7027,-$&-5%&(7502"'5-$&%"((#,#50#.&/#23##5&21#&/-02#,"-$&+PD<F.&-5%&21#&+7$2"27%#&'(&
'21#,&)'$*+#,-.#.&"5&-&17+-5&0#$$;&C5#&3'5%#,.&"(&85-9&".&-5'21#,&#A-+)$#&'(&-&%"=#,6#52&
)'$*+#,-.#&21-2&".&,")#&(',&#A)$'"2-2"'5&-.&-&%,76:2-,6#2@&',&"(&"2&".&(7502"'5-$$*&2''&1"61$*:
,#$-2#%&2'&'21#,&."56$#:.7/75"2&)'$*+#,-.#.&2'&-='"%&21#&.#=#,#&."%#:#((#02.&21-2&3'7$%&/#&
21#&"5#="2-/$#&,#.7$2&'(&"51"/"2"56&21#+;&R5&.7++-,*@&21#,#&".&-&."65"!"0-52&5##%&(',&-&/#22#,&
understanding of DnaG‐substrate interactions.
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S*&-)),'-01&2'&21".&),'/$#+&1-.&"5='$=#%&23'&.2,-2#6"#.;&&?",.2@&3#&.27%"#%&21#&.2,7027,-$&
%#2-"$.&'(&85-9:.7/.2,-2#&"52#,-02"'5.&/*&A:,-*&0,*.2-$$'6,-)1*@&-5%&$#=#,-6#%&21#.#&%-2-&
into a residue‐by‐residue analysis of the structural requirements for primer synthesis by 
85-9;&&B#0'5%@&3#&#$70"%-2#%&21#&+#01-5".+.&'(&-02"'5&'(&-&.#,"#.&'(&),"+-.#&"51"/"2',.;&

E1,'761&21".&#((',2@&3#&1-=#&/##5&-/$#&2'&),'%70#&21#&!",.2&6$"+).#&'(&.7/.2,-2#:/'75%&
primase (Chapter 2a;&&D'2-/$*@&21".&-00'+)$".1+#52&$#-%.&2'&-&75"!"#%&+'%#$&(',&),"+#,&
.*521#.".;&>#&-$.'&%#=#$')#%&5#3&2''$.&(',&-..-*"56&85-9&-02"="2*&`Chapter 3/6a;&E1#.#&
%#=#$')+#52.&"5&27,5&1-=#&-$$'3#%&7.&2'&%#2#,+"5#&21#&+#01-5".+.&'(&),"+#,&.*521#.".&
regulation by physiologically important small molecule inhibitors of DnaG (B@(/#"$)*5VE). 
E1#&5#2&,#.7$2&".&21#&,#-$"W-2"'5&21-2&85-9&"52#,-02.&3"21&"2.&.7/.2,-2#.&21,'761&(75%-+#5‐
tally different structural paradigms.



Figure 1.1: The roles of DnaG

a) A diagram illustrating the role of a primase in DNA replication. In bacteria, primer syn‐
thesis is carried out by DnaG. b) A diagram illustrating the overall involvement of DnaG in 
multiple cellular processes.
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Figure 1.2: A comparison of the domain structures of canonical polymerases and 
DnaG.
-a&<&.01#+-2"0&'(&21#&%'+-"5&.2,7027,#&'(&-&0-5'5"0-$&)'$*+#,-.#&3"21&21#&-02"=#&."2#&1"61‐
$"612#%@&-5%&21#&+'%#&'(&.7/.2,-2#&#56-6#+#52&"5%"0-2#%&/*&21#&%7)$#A&8D<&%"-6,-+;&E1#&
/$7#&1#$"A&.2,-5%&,#),#.#52.&21#&2#+)$-2#&.2,-5%@&-5%&21#&,#%&1#$"A&.2,-5%&,#),#.#52.&21#&
product strand. b) Schematic of DnaG domain structure. ZBD, Zinc Binding Domain. RPD, 
PD<&F'$*+#,-.#&8'+-"5;&^R8@&^#$"0-.#&R52#,-02"'5&8'+-"5;&&E1#&-02"=#&."2#&".&%#5'2#%&/*&-&
6,-*&/'A;&>1"2#&.)1#,#&'5&eX8&,#),#.#52.&-&W"50&"'5;
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a) A schematic of the primary structure of DnaG. Subdomains of the RPD: I) N‐SUB – N‐
2#,+"5-$&.7/%'+-"5@&RRa&ECFPRS&('$%@&-5%&RRRa&^X&h&^#$"0-$&X75%$#;&/a&<&0-,2''5&,#),#.#5‐
tation of the crystal structure of the Zinc Binding Domain of DnaG as represented by the A. 
aeolicus&G:JTG&.2,7027,#&`F8X&0'%#&M<iIa@&'5$*&21#&eX8&".&.1'35@&E1#&/'75%&W"50&"'5&".&
.1'35&-.&-&31"2#&.)1#,#;&0a&<&.7)#,)'."2"'5&'(&-5%&21#&A. aeolicus&-5%&EL&6)J&eX8.;&X'21&
),'2#"5.&-,#&.1'35&-.&0-,2''5&,#),#.#52-2"'5.@&3"21&21#&AaeX8&.1'35&-.&"5&`/a@&-5%&21#&
EL&6)J&eX8&(,'+&21#&EL&),"+-.#&(,-6+#52&0,*.2-$&.2,7027,#&`F8X&0'%#&GDiRa&".&.1'35&"5&
purple. d) A superposition of and the A. aeolicus&-5%&EL&6)J&PF8.;&O'52"57#%&'5&5#A2&)-6#;&

Figure 1.3: The structures of the domains of DnaG
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X'21&),'2#"5.&-,#&.1'35&-.&0-,2''5&,#),#.#52-2"'5.@&3"21&21#&AaRPD colored by subdo‐
+-"5&-00',%"56&2'&`-a;&E1#&EL&6)J&PF8&(,'+&21#&EL&),"+-.#&(,-6+#52&0,*.2-$&.2,7027,#&
`F8X&0'%#&GDiRa&".&.1'35&0'$',#%&-00',%"56&2'&.7/%'+-"5@&/72&7."56&-&%-,4#,&.1-%#&'(&21#&
,#$#=-52&.7/%'+-"5&0'$',&-.&".&%#)"02#%&"5&`-a;&#a&<&.01#+-2"0&'(&21#&ECFPRS&('$%&.1-,#%&/*&
85-9&-5%&2')'".'+#,-.#&RR;&j:.2,-5%.&-,#&.1'35&-.&0*-5&-,,'3.@&k:1#$"0#.&-.&,#%&'=-$.@&-5%&
linkers as purple lines. Helices and sheets are numbered according to EcDnaG. Conserved 
-0"%"0&-+"5'&-0"%.&-,#&.1'35&-.&/$7#&0",0$#.@&-5%&57+/#,#%&-00',%"56&2'&EcDnaG. Only a 
.7/.#2&'(&-0"%"0&-+"5'&-0"%.&-,#&),#.#,=#%&/#23##5&85-9&-5%&EL&6)J;
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W&H-$"*6U5X*Y@"*-'&Z-"*(0#&G"*)&#"*($0@&#"0#-$"*+,*!'(3F#2/"*/$&%()")
-a&l"#3&'(&21#&-)'&U;&0'$"&-02"=#&."2#&3"21&/-04/'5#&.1'35&"5&0-,2''5&(',+@&0-2-$*2"0&-0"%"0&
,#."%7#.&.1'35&-.&.2"04.&3"21&'A*6#5.&0'$',#%&,#%@&-5%&$-/#$#%&-00',%"56&2'&21#",&"%#52"2*&
-5%&U;&0'$"&),"+-,*&.2,7027,#&)'."2"'5;&/a&l"#3&'(&21#&+-65#."7+:/'75%&EL&6)J&),"+-.#&
(,-6+#52&`F8X&0'%#&GDiRa&-02"=#&."2#@&3"21&/-04/'5#&.1'35&"5&0-,2''5&(',+-2@&0-2-$*2"0&
-0"%"0&,#."%7#.&.1'35&-.&.2"04.&3"21&'A*6#5&0'$',#%&,#%@&-5%&$-/#$#%&-00',%"56&2'&21#",&
"%#52"2*&-5%&EL&6)J&),"+-,*&.2,7027,#&)'."2"'5;&0a&<&+'%#$&'(&21#&-02"=#&."2#&"5&-&0-5'5"0-$&
)'$*+#,-.#;&E1#&21,##&."%#01-"5.&.1'35&,#),#.#52&21#&0-2-$*2"0&2,"-%&'(&0-5'5"0-$&)'$*+#,‐
ases. Green spheres represent Mg2+. d) A surface and cartoon representation of the 
E. coli DnaG RPD, colored according to surface charge potential. Surface charge potential 
3-.&0-$07$-2#%&3"21&8UQF^R&-5%&O^<PSSMI/&(',0#!"#$%.;&E1#&$'0-2"'5&'(&..8D<&/"5%"56&
site is indicated.  Conserved, catalytically important basic residues are highlighted.

a b c

bound ssDNA

Arg199

Arg201
Lys241Arg320

Lys229 Arg146

Arg221

d
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Figure 1.5: Forms of primase­helicase interactions.
-a&O'=-$#52$*&2#21#,#%;&&E1#&EL&6)J&),"+-.#:1#$"0-.#&".&-&),"+#&#A-+)$#;&&O,*.2-$&.2,7027,#H&
E'21&U<&-5%&0'3',4#,.&`MTTIa;&eX8@&e"50&X"5%"56&8'+-"5@&PF8@&PD<&F'$*+#,-.#&8'+-"5;&
/a&B2-/$#@&5'5&0'=-$#52&"52#,-02"'5;&&X'21&EJ&6)ZG:6)JG&-5%&B. stearothermophilus are 
#A-+)$#.;&&^R8@&^#$"0-.#&R52#,-02"'5&8'+-"5@&85-X&DE8@&D:2#,+"5-$&8'+-"5@&85-X&OE8@&
O:2#,+"5-$&8'+-"5;&O,*.2-$&.2,7027,#&'(&21#&X.2;&85-X&1#A-+#,&/'75%&2'&I&85-9&1#$"0-.#&
"52#,-02"'5&%'+-"5.;&&X-"$#*&B;&-5%&0'3',4#,.&`MTTLa;&0aD'5:0'=-$#52@&2,-5."#52&"52#,-02"'5;&
S'.2&+#.')1"$"0&/-02#,"-&(-$$&"52'&21".&0-2#6',*;&&8'7/$#&1#-%#%&-,,'3&,#(#,.&2'&,#)#-2#%&
cycles of association and dissociation.
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T7 gp4 helicase­primase
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Figure 1.6: A comparison of the locations of the Zinc Binding Domain relative to the 
(0#&G"*)&#"*&'*.(0#"$&(*(';*Y[*H/5U
a) A schematic of synthesis in trans, as is thought to occur in bacterial systems. Coloring as 
in Fig. 1.5c. b) A schematic of synthesis in cis@&-.&".&21'7612&2'&'007,&3"21&EL&6)J;&O'$',"56&
as in Fig. 1.5a;&0a&O-,2''5&,#),#.#52-2"'5&'(&21#&EL&6)J&),"+-.#&(,-6+#52&0,*.2-$&.2,7027,#&
`F8X&0'%#&GDiRa&0'$',#%&/*&%'+-"5&-.&"5&`%a;&EL&6)J&$-04.&-&0:2#,+"5-$&1#$"0-$&/75%$#;&
X$-04&-,,'3&%#5'2#.&21#&0'5(',+-2"'5-$&01-56#&,#K7",#%&"5&',%#,&(',&21#&eX8&2'&%'04&3"21&
the active site from its current location above the RPD as proposed by Kato et al. (2003). 
d) Cartoon representation of the A. aeolicus ZBD‐RPD crystal structure (PDB code 2AU3) 
0'$',#%&/*&%'+-"5@&-5%&.1'3"56&21#&$'0-2"'5&'(&21#&eX8&,#$-2"=#&2'&21#&PF8@&-5%&21#&0'5(',‐
+-2"'5-$&01-56#&,#K7",#%&`/$-04&-,,'3a&(',&21#&eX8&2'&,#-01&21#&-02"=#&."2#&(,'+&"2.&07,,#52&
$'0-2"'5&/#1"5%&21#&PF8@&31"01&3'7$%&"5='$=#&,'2-2"56&-,'75%&21#&PF8&2'&,#-01&21#&-02"=#&
site.  

a

b

ZBD
linker
N­SUB
TOPRIM
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Figure 1.7: A diagram of the catalytic cycle of DnaG.
E3'&+'%#.&'(&.*521#.".&3#,#&"%#52"!"#%&/*&?,"04&8D&-5%&0'3',4#,.&`Gbbba@&"5"2"-2"'5&-5%&
#A2#5."'5@&31"01&0-5&/#&-,,-56#%&"52'&-&0-2-$*2"0&0*0$#&3"21&2#+)$-2#&/"5%"56;&&E1#&0*0$#&
/#6"5.&3"21&2#+)$-2#&`/$7#&0-,2''5&."56$#:.2,-5%#%&8D<a&/"5%"56@&('$$'3#%&/*&-..'0"-2"'5&
3"21&-&N´ initiating nucleoside triphosphate, and a 3´ incoming nucleoside triphosphate. Ca‐
talysis of phosphodiester bond formation leads to a dinucleotide product, represented here 
/*&23'&0-,2''5&570$#'2"%#.&"5&,#%;&&R5&21#&.#0'5%&+'%#&'(&.*521#.".@&21#&#A2#5."'5&)1-.#@&
21#&#5W*+#&),'0#.."=#$*&#A2#5%.&21#&%"570$#'2"%#&3"21&-%%"2"'5-$&,'75%.&'(&.*521#.".@&,#‐
sulting in an RNA oligonucleotide primer, represented here by a red cartoon strand.
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Chapter 2: Discovery of the incoming nucleotide­binding 
site of DnaG leads to a reconciled model of primer syn­
thesis

INTRODUCTION

B2,7027,#.&'(&8D<&-5%&PD<&)'$*+#,-.#&2#,5-,*&0'+)$#A#.&`0'5.".2"56&'(&),'2#"5@&-&5-.0#52&
product)2#+)$-2#&%7)$#A@&-5%&-5&"50'+"56&570$#'2"%#a&1-=#&),'="%#%&21#&),"+-,*&/-.".&
(',&#$70"%-2"56&1'3&%".)-,-2#&%'+-"5.&'(&21#.#&#5W*+#.&h&21#&.':0-$$#%&!"56#,.@&)-$+@&-5%&
thumb – function in substrate recognition and catalysis (Brautigam and Steitz 1998). Unfor‐
tunately, the starkly different domain structure of DnaG diminishes the utility of this frame‐
3',4&"5&75%#,.2-5%"56&/-02#,"-$&),"+-.#&(7502"'5;&S',#'=#,@&21#&.-+#&+#21'%.&21-2&$#%&
to an understanding of the mechanisms of substrate binding by polymerases have attained 
'5$*&$"+"2#%&.700#..&3"21&85-9:2*)#&),"+-.#.;

In the absence of substrate‐bound states, researchers have advanced several theoreti‐
0-$&+'%#$.&2'&#A)$-"5&1'3&85-9&+"612&(',+&-&),'%702"=#&2#,5-,*&0'+)$#A&3"21&2#+)$-2#@&
DEF.@&-5%m',&-&5#3$*:(',+#%&),"+#,;&E1#&!",.2&0,*.2-$&.2,7027,#.&'(&-)'&E. coli DnaG al‐
$'3#%&23'&2#-+.&2'&."+7$2-5#'7.$*&),')'.#&-5&"5"2"-$&+'%#$&`Fig. 2.1a) (Keck, Roche et al. 
MTTTc`F'%'/5"4@&S0R5#,5#*&#2&-$;&MTTTa@&"5&31"01&2#+)$-2#&8D<&".&/'75%&/*&-&1"61$*:0'5‐
.#,=#%&,#6"'5@&2#,+#%&21#&/-."0:,"%6#@&-5%&21#&),'%702&),"+#,&#A2#5%.&(,'+&21#&-02"=#&."2#&
into a positively‐charged basin. More recently, the crystal structure of the E. coli RPD bound 
2'&."56$#:.2,-5%#%&8D<&0'50,#2#$*&%#!"5#%&21#&$'0-2"'5&'(&2#+)$-2#&/"5%"56&'5&85-9@&-5%&
"5%"0-2#%&21-2&21#&),'%702&%7)$#A&+"612&"5.2#-%&#A2#5%&-0,'..&21#&/-."0:,"%6#@&3"21&2#+‐
)$-2#&27,5"56&-3-*&(,'+&21#&-02"=#&."2#&-5%&"52'&21#&)'."2"=#$*&01-,6#%&/-."5@&31"01&".&5'3&
45'35&2'&/"5%&..8D<&`Fig. 2.1ba&`O',5@&F#$2'5&#2&-$;&MTT_a;&E1".&$-.2&+'%#$&".&+',#&0'5.".‐
2#52&3"21&1'3&0-5'5"0-$&)'$*+#,-.#.&-,#&45'35&2'&/"5%&.7/.2,-2#.@&-5%&),'="%#.&-00#..&'(&
the product primer to single‐stranded DNA binding protein (SSB), a critical interaction in 
replisomal dynamics.

<5&-$2#,5-2"=#&+'%#$&1-.&/##5&),')'.#%&(',&21#&)1-6#&EL&6)J&),"+-.#@&-&%".2-52&,#$-2"=#&'(&
DnaG (Fig. 2.1c) (Kato, Ito et al. 2003).  Here, the crystal structure of the protein bound to 
Mg2+@&0'+/"5#%&3"21&DSP&%-2-&"5&21#&),#.#50#&-5%&-/.#50#&'(&-&),#(',+#%&),"+#,:2#+‐
)$-2#&0'+)$#A@&&.766#.2&21-2&21#&,#67$-2',*&D:2#,+"5-$&e"50:/"5%"56&%'+-"5&'(&21#&#5W*+#&
stabilizes the primer product in cis;&E1".&"52#,-02"'5&3'7$%&$#-%&21#&2#+)$-2#&.2,-5%&2'&2,-‐
=#,.#&%"-6'5-$$*&-0,'..&21#&),'2#"5@&(,'+&21#&+"%%$#&'(&21#&EL&6)J&D:2#,+"5-$&.7/%'+-"5&
2'&21#&ECFPRS&('$%;&&<&)-,2"07$-,$*&0'6#52&(#-27,#&'(&21".&+'%#$&".&21-2&"2&),'="%#.&-&+#01-‐
5".+&(',&/'21&),"+#,&.2-,2&."2#&.#$#02"'5&-5%&$#5621&,#67$-2"'5;&^'3#=#,@&21#&,#$#=-50#&'(&
21".&+'%#$&2'&.7/.2,-2#&#56-6#+#52&+#01-5".+.&/*&85-9&"2.#$(&".&7545'35@&-.&EL&6)J&-5%&
85-9&-,#&)'',$*&,#$-2#%&'72."%#&'(&21#&ECFPRS&('$%;&R5&)-,2"07$-,@&EL&6)J&$-04.&-&)',2"'5&'(&
21#&0'5.#,=#%&/-."5@&31"01&)$-*.&"+)',2-52&,'$#.&"5&+'%#$.&'(&21#&/-02#,"-$&),"+-.#&/'75%&
to substrate. 

8#.)"2#&21#",&#A)$-5-2',*&)'3#,@&-$$&'(&21#.#&.01#+#.&.7((#,&(,'+&-&."+"$-,&%#!"0"#50*c&
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namely, the paucity of structural data for substrate binding to the active site of the enzyme. 
>"21'72&21#.#&"5."612.@&21#&',"#52-2"'5&'(&),"+#,&.*521#.".&3"21&,#.)#02&2'&21#&ECFPRS&
('$%&1-.&,#+-"5#%&7545'35@&-&(#-27,#&21-2&%"((#,#52"-2#.&+-5*&'(&21#&),')'.#%&+'%#$.;&<.&
-&0'5.#K7#50#@&21#&+#01-5".+.&'(&.7/.2,-2#&,#0'65"2"'5&-5%&0-2-$*.".&/*&85-9&$"4#3".#&
,#+-"5&"$$:%#!"5#%@&)-,2"07$-,$*&"5&0'+)-,".'5&2'&'21#,&)'$*+#,-.#.;

Barriers to conducting structural investigations of DnaG have stemmed largely from its 
01-$$#56"56&/"'01#+"0-$&),')#,2"#.;&R5&)-,2"07$-,@&21#&#5W*+#&1-.&-&,#$-2"=#$*&$'3&-(!"5"2*&
(',&.7/.2,-2#.&.701&-.&PD<n8D<&1#2#,'%7)$#A#.&`oNT&pSa&`S"24'=-@&V1')%#&#2&-$;&MTTIa@&
31"01&1-.&),#0$7%#%&21#&.2,-"612(',3-,%&%#2#,+"5-2"'5&'(&)#,2"5#52&0':0,*.2-$&.2,7027,#.;&
^'3#=#,@&85-9:2*)#&),"+-.#.&-,#&45'35&2'&),'%702"=#$*&/"5%&"5%"="%7-$&570$#'2"%#.&"5&
21#&+"%:+"0,'+'$-,&,-56#&`S#5%#$+-5@&X#-701-+)&#2&-$;&GbbJc&B3-,2&-5%&9,"#)&GbbNa@&
-&),')#,2*&21-2&.1'7$%&"5&),"50")$#&-$$'3&(',&21#&7.#&'(&1"61&DEF&0'50#52,-2"'5.&2'&%,"=#&
0'+)$#A&(',+-2"'5;&^#,#@&3#&1-=#&2-4#5&-%=-52-6#&'(&21".&),')#,2*&2'&'/2-"5&.#=#,-$&0,*.‐
tal structures of the S. aureus 85-9&PF8&"5&0'+)$#A&3"21&"5%"="%7-$&570$#'2"%#.&-5%&21#",&
+#2-$:"'5&0'(-02',.;&E1#.#&.2,7027,#.@&2'6#21#,&3"21&/"'01#+"0-$&.27%"#.&-5%&.2,7027,-$&
0'+)-,".'5.&21-2&=-$"%-2#&21#.#&"52#,-02"'5.@&,#=#-$&-5&75#A)#02#%&$'0-2"'5&-5%&',"#52-2"'5&
(',&570$#'2"%#&/"5%"56&3"21"5&21#&ECFPRS&,#6"'5&'(&21#&#5W*+#;&E1#&'/.#,=#%&+-55#,&'(&
binding in turn both highlights a mechanistic role for a number of conserved amino acids in 
the DnaG family and reconciles the disparate models of DnaG‐substrate engagement pres‐
ent in the literature.

RESULTS AND DISCUSSION

!"#$%"$#&'()*(!+(,$#&$'(-.,/(012(3)456&#,'&(-)6,7.8193(%)6:4&;&'
R5"2"-$&#((',2.&2'&.'-4&DEF&"52'&0,*.2-$.&0'+),"."56&21#&PF8.&'(&#"21#,&E. coli or 2<$7*&;(,&)47­
cus&85-9&3#,#&75.700#..(7$@&$"4#$*&%7#&2'&2"612&)-04"56&#5=",'5+#52.&21-2&'00$7%#%&21#",&
respective catalytic centers (Keck, Roche et al. 2000; Podobnik, McInerney et al. 2000; Corn, 
F#-.#&#2&-$;&MTTNa;&E'&0",07+=#52&21".&),'/$#+@&3#&.7,=#*#%&21#&85-9&PF8.&(,'+&.#=#,-$&
/-02#,"-$&.)#0"#.&(',&-&+',#&.7"2-/$#&0,*.2-$&(',+;&E1".&"5=#.2"6-2"'5&"%#52"!"#%&0,*.2-$$"W-‐
tion conditions for a previously uncharacterized RPD from Staphylococcus aureus (SaDnaG), 
31"01&%"((,-02#%&2'&M&q&,#.'$72"'5&-5%&0'52-"5#%&-5&-,,-56#+#52&'(&),'2'+#,.&3"21&.'$‐
vent‐accessible active sites (Fig. 2.2a). Molecular R#)$-0#+#52&`SPa&3-.&7.#%&2'&6#5#,-2#&
"5"2"-$&)1-.#.&(',&21#.#&%-2-@&31"01&-$$'3#%&(',&21#&.7/.#K7#52&/7"$%"56&-5%&,#!"5#+#52&'(&
the structure (Methodsa;&E1#&!"5-$&+'%#$&1-.&-5&P3',4mPfree&'(&G_;JrmMG;br@&3"21&#A0#$$#52&
6#'+#2,*&-.&]7%6#%&/*&S'$F,'/"2*&`Table 2.1a&`O1#5@&<,#5%-$$&#2&-$;&MTGTa;&E1#&S. aureus 
PF8&.7)#,)'.#.&3#$$&3"21&'21#,&PF8.&.'$=#%&2'&%-2#@&1-="56&-5&-=#,-6#&PSB8&'(&o&G&q&`Fig. 
2.2b); only the relative orientation of a poorly‐conserved C‐terminal helical bundle differs 
appreciably among the structures.

E1#&SaDnaG RPD crystallographic system facilitated the soaking of divalent metal ions and 
=-,"'7.&DEF.&2'&'/2-"5&570$#'2"%#:/'75%&0'+)$#A#.&`Methodsa;&S-56-5#.#&"5"2"-$$*&3-.&
01'.#5&'=#,&+-65#."7+&(',&21#.#&.27%"#.@&."50#&),"+-.#&3',4.&#K7-$$*&3#$$&3"21&#"21#,&
cofactor (Godson, Schoenich et al. 2000; Rodina and Godson 2006), and because the spec‐
tral properties of manganese enabled the unambiguous determination of its presence from 
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anomalous diffraction data. Crystals treated in this manner diffracted to a similar resolu‐
tion as apo crystals, indicating that the soaking procedure did not induce crystal damage. 
B2,7027,#.&3#,#&%#2#,+"5#%&(',&#-01&'(&21#&('7,&,"/'570$#'2"%#&.7/.2,-2#.&7."56&SP@&-5%&
,#!"5#%&2'&-&."+"$-,&$#=#$&'(&K7-$"2*&-.&21#&570$#'2"%#:(,##&+'%#$&`Methods, Table 2.1a;&E1#&
,#.7$2-52&+-).&-$$&.1'3#%&-&."56$#&,#6"'5&'(&.2,'56@&0'52"67'7.&%"((#,#50#&%#5."2*&"5."%#&
21#&PF8&-02"=#&."2#&21-2&0'7$%&/#&/#.2&!"2&/*&-&."56$#&570$#'."%#&2,")1'.)1-2#&-5%&21,##&S52+ 
ions (Fig. 2.3aa;&<5'+-$'7.&%"((#,#50#&+-).&0'5!",+#%&21#&/"5%"56&'(&+-56-5#.#;
R5.)#02"'5&'(&21#&('7,&DEF:/'75%&.2,7027,#.&,#=#-$#%&21-2&21#&!",.2&23'&.7/%'+-"5.&'(&
the RPD form the nucleotide‐binding pocket (Fig. 2.3b). One subdomain consists of the 
+#2-$:/"5%"56&0#52#,&'(&21#&ECFPRS&('$%@&31"01&0'',%"5-2#.&-$$&21,##&%"=-$#52&+#2-$.&7.‐
"56&-&0'5.2#$$-2"'5&'(&."A&1"61$*:0'5.#,=#%&-0"%"0&-+"5'&-0"%.&`Figs. 2.3c, S2.1, S2.2aa;&E1#&
other forms an abutting ridge that is rich in invariant, basic amino acids. One of the observ‐
able Mn2+&"'5.&`%#5'2#%&1#,#&-.&+#2-$&<a&".&'((.#2&(,'+&21#&'21#,&23'@&-5%&+-4#.&5'&%",#02&
0'52-02.&3"21&21#&570$#'2"%#c&/*&0'52,-.2@&+#2-$.&X&-5%&O&0$'.#$*&-..'0"-2#&3"21&'5#&."%#&'(&
21#&570$#'2"%#&2,")1'.)1-2#&+'"#2*@&31"01&".&(7,21#,&.-5%3"01#%&/*&23'&-,6"5"5#.&`<,6GJZ@&
Arg221) and a lysine (Lys230) from the basic ridge. Overall, the B‐factors of the bound 
$"6-5%.&`IN&q2a&-,#&0$'.#&2'&21#&-=#,-6#&X:(-02',&(',&21#&#52",#&),'2#"5&`ML&q2), indicating 
21-2&21#&$"6-5%.&-,#&3#$$&',%#,#%&-5%&/'75%&-2&1"61&'007)-50*&`Table 2.1a;&E1,##&'(&21#&
570$#'2"%#.&`OEF@&9EF&-5%&iEFa&3#,#&.##5&2'&/"5%&"5&-&."56$#&0'5(',+-2"'5@&31#,#-.&<EF&
-%')2#%&23'&',"#52-2"'5.&%7#&2'&-&,'2-2"'5&/#23##5&"2.&,"/'.#&-5%&-:)1'.)1-2#&6,'7).;&<5&
-$"65+#52&'(&21#&9EF:/'75%&.2,7027,#&3"21&21#&A. aeolicus or E. coli DnaG RPD structures re‐
=#-$.&21-2&21#&570$#'2"%#&'007)"#.&-&0'5.".2#52$*&.'$=#52:#A)'.#%&,#6"'5&"5&-$$&'(&21#&.2,70‐
tures (Fig. S2.2b). By varying the substituents of the soaking conditions (Methodsa@&3#&
#.2-/$".1#%&21-2H&Ga&DEF&/"5%"56&".&+#2-$&%#)#5%#52&`Fig. S2.2c), 2) nucleotide is required 
for metal C to bind (Fig. S2.2d), and 3) Mg2+ and Mn2+ are essentially interchangeable (Fig. 
S2.2e).

9=&(-.,/(.$%4&)"7>&?@7.>7.A('7"&(7'(:#&'&#B&>(C7"=()"=&#(9D30EF?>&:&.>&."(&.G56&'
^-="56&#.2-/$".1#%&21#&5'5:),'2#"5-0#'7.&%#5."2*&-..'0"-2#%&3"21&21#&SaDnaG RPD after 
.'-4"56&3-.&-&+#2-$[DEF&0'+)$#A@&3#&5#A2&-.4#%&"(&21#&570$#'2"%#:/"5%"56&0'5!"67,-2"'5&
3-.&-%=#52"2"'7.@&',&"(&"2&,#!$#02#%&-&)#,2"5#52&+'%#&'(&-..'0"-2"'5&0'5.".2#52&3"21&),"+-.#&
(7502"'5;&C5#&0$7#&2'&,#.'$="56&21".&K7#.2"'5&0-+#&(,'+&21#&,#$-2"'5.1")&/#23##5&85-9&
-5%&2*)#&R<mRR&2')'".'+#,-.#.;&X'21&#5W*+#&(-+"$"#.&#+)$'*&-&ECFPRS&('$%&2'&),'+'2#&
metal‐assisted catalysis of nucleotidyl phospho‐transfer reactions – nucleotide addition in 
the case of DnaG, and reversible DNA strand scission through a catalytic tyrosine in topoi‐
somerases (Aravind, Leipe et al. 1998) (W&H)U*8U5(F.\*T8U9a;&E1#&-=-"$-/"$"2*&'(&+7$2")$#&
topoisomerase structures, in particular a crystal structure of yeast topoisomerase II (topo 
RRa&0-)27,#%&-.&-&+#2-$:-..'0"-2#%&),'%702&0'+)$#A&3"21&8D<&`B01+"%2@&X7,6"5&#2&-$;&MTGTa@&
-((',%#%&21#&'))',275"2*&2'&0'+)-,#&'7,&+#2-$:DEF&Sa85-9&0'+)$#A#.&3"21&-&1'+'$'6'7.@&
catalytically competent system.

E'&0-,,*&'72&21".&-5-$*.".@&3#&.7)#,)'.#%&21#&0-2-$*2"0&0#52#,.&'(&2')'&RR&-5%&21#&SaDnaG 
RPD. Only conserved C

&
&)'."2"'5.&3"21"5&21#&ECFPRS&('$%.&'(&21#&23'&#5W*+#.&3#,#&7.#%&

"5&21#&-$"65+#52.@&.'&-.&5'2&2'&/"-.&21#&,#$-2"=#&,#$-2"'5.1")&/#23##5&/'75%&.7/.2,-2#.;&
<$21'761&."65"!"0-52&=-,"-2"'5&".&.##5&"5&21#&)'."2"'5&-5%&$#5621&'(&21#&'72#,&-:1#$"0#.&21-2&
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0'+),".#&/'21&ECFPRS&('$%.@&21#&21,##&"52#,5-$&/:.2,-5%.&-5%&27,5.&/#-,"56&21#&),#.#,=#%&
catalytic acidic residues align closely (W&HU*8U50a;&E1#&,#.7$2"56&0'+)-,".'5&.1'3.&21-2&21#&
."56$#&0-2-$*2"0&+#2-$&'(&2')'&RR@&31"01&#56-6#.&/'21&21#&,#-02"=#&)1'.)1-2#&-5%&21#&IY:C^&
'(&21#&0$#-=#%&8D<&.2,-5%@&".&0'',%"5-2#%&/*&-&)-",&'(&-0"%"0&-+"5'&-0"%.&`9$7JJbm<.)NMZa@&
-5%&21-2&21#&1'+'$'6'7.&0'752#,)-,2.&2'&21#.#&,#."%7#.&`9$7MZZm<.)IGTa&$"6-5%&+#2-$&
A in Sa85-9;&E1#&DEF&/'75%&2'&21#&SaDnaG active site also occupies the same location as 
21#&sG&570$#'/-.#&"5&2')'&RR@&31"01&+-,4.&21#&NY&)',2"'5&'(&21#&0$#-=#%&.2,-5%&,#.7$2"56&
from DNA cleavage by this enzyme (W&HU*8U5;a;&R5&21#&*#-.2&2#,5-,*&0'+)$#A@&21#&.0".."$#&
)1'.)1-2#&-..'0"-2#%&3"21&21".&570$#'2"%#&".&$"54#%&0'=-$#52$*&2'&21#&-02"=#:."2#&2*,'."5#&'(&
the enzyme; superposition of the Sa85-9&-5%&2')'&RR&ECFPRS&('$%.&,#.7$2.&"5&-&5#-,:#A-02&
'=#,$-)&'(&21".&)1'.)1-2#&-5%&21#&-:)1'.)1-2#&'(&21#&/'75%&DEF;&E17.@&21#&DEF:/"5%"56&."2#&
of the Sa85-9&PF8&+-).&2'&21#&.-+#&,#6"'5&'(&21#&ECFPRS&%'+-"5&21-2&.7))',2.&)1'.)1'‐
ryl transfer in topo II, and further appears to pre‐position the metal cofactors and reactive 
6,'7).&'(&21#&/'75%&DEF&"5&-5&-5-$'6'7.&+-55#,;

<&+',#&6$'/-$&"5.)#02"'5&'(&21#&.7)#,)'."2"'5&/#23##5&21#&85-9&-5%&2')'&RR&ECFPRS&('$%.&
highlights additional congruencies (W&HU*8U5"a;&?',&#A-+)$#@&21#&',"#52-2"'5&'(&21#&DEF&"5&
Sa85-9&-$$'3.&(',&21#&0$-.1:(,##&.2-04"56&'(&"2.&/-.#&-6-"5.2&21#&:G&570$#'/-.#&'(&21#&8D<&
/'75%&2'&2')'&RR&`31"01&/#-,.&-&(,##&It:C^&"5&21#&0$#-=-6#&0'+)$#Aa;&E1".&',"#52-2"'5&-$.'&
)'."2"'5.&21#&1*%,'6#5:/'5%"56&6,'7).&'(&21#&DEF&/-.#&"5:$"5#&2'&#56-6#&21#&0'+)$#+#5‐
2-,*&.2,-5%&'(&21#&2')'".'+#,-.#:/'75%&%7)$#A&21,'761&>-2.'5:O,"04&)-","56&`Fig. 2.5a). 
S',#'=#,@&21#&)'$-,"2*&-5%&6#5#,-$&)'."2"'5&'(&21#&5'5:.0".."$#&8D<&.2,-5%&)-",#%&3"21&21#&
ECFPRS:/'75%&.#6+#52&"5&2')'&RR&'=#,$-).&3"21&-&),#="'7.$*:'/.#,=#%&/"5%"56&."2#&(',&
single‐stranded template DNA on the DnaG RPD (Corn, Pelton et al. 2008). Interestingly, 
"5.)#02"'5&'(&21#&8D<&+'%#$#%&(,'+&2')'&RR&'52'&85-9&)$-0#%&21#&"52-02&8D<&.2,-5%&5#A2&
to both an invariant lysine in subdomain I of the RPD (Lys242) and a highly‐conserved, 
/-."0&-+"5'&-0"%&`Q*.IMGa&"5&21#&PF8&ECFPRS&('$%&`W&HU*T8U5(). In E. coli&85-9@&21#&!",.2&
-+"5'&-0"%&1-.&/##5&.1'35&2'&/#&"+)',2-52&(',&2#+)$-2#&/"5%"56&`B75@&B01'5#"01&#2&-$;&
Gbbba@&31"$#&21#&$-22#,&1-.&/##5&.1'35&2'&0,'..$"54&2'&21#&IY:2#,+"57.&'(&21"'$-2#%&..8D<&
'$"6'570$#'2"%#.&31#5&+72-2#%&2'&0*.2#"5#&`O',5&-5%&X#,6#,&MTTLa;&E'&%#2#,+"5#&"(&Q*.IMG&
-$.'&)$-*.&-&,'$#&"5&),"+#,&.*521#.".&/*&85-9&21,'761&2#+)$-2#&/"5%"56@&3#&.7/.2"272#%&21#&
corresponding amino acid in E. coli 85-9&`<,6IMTa&3"21&#"21#,&-$-5"5#&',&6$72-+-2#c&/'21&
+72-2"'5.&%#0,#-.#%&-02"="2*&"5&-00',%&3"21&21#&.#=#,"2*&'(&21#&+72-2"'5&`Fig. 2.5b), and 
(7,21#,&%".,7)2#%&/"5%"56&2'&-5&PD<n8D<&1#2#,'%7)$#A&21-2&+"+"0.&-&),#(',+#%&),"+#,:
template substrate (W&HU*T8U5., Methodsa;&E17.@&21#&)'."2"'5&'(&8D<&/"5%"56&2'&2')'&RR@&-.&
%#!"5#%&/*&"2.&"52#,-02"'5&3"21&21#&ECFPRS&('$%@&),'="%#.&-&),'.)#02"=#&+'%#$&(',&0'5."%#,‐
"56&1'3&85-9&#56-6#.&"2.&'35&570$#"0&-0"%&.7/.2,-2#.;

9=&(.$%4&)"7>&?@7.>7.A('7"&(7'(%#7"7%,4(*)#(:#76,'&(,%"7B7"5(
X#0-7.#&+'%#$"56&#((',2.&.701&-.&21#.#&-,#&/*&5-27,#&0',,#$-2"=#@&3#&5#A2&27,5#%&2'&+72-‐
6#5#.".&.27%"#.&2'&#A-+"5#&21#&+-55#,&'(&DEF&/"5%"56;&E1#&'/.#,=#%&DEF:/"5%"56&."2#&"5&
Sa85-9&".&(',+#%&/*&+7$2")$#&1"61$*:0'5.#,=#%&,#."%7#.@&+-5*&'(&31"01&1-=#&/##5&%#+'5‐
strated previously to be critical for catalysis (Fig S2.1, S2.2a, Table 2.2a;&?',&#A-+)$#@&21#&
invariant acidic amino acids that ligand the metal ions involved in nucleotide coordination 
1-=#&/##5&.1'35&2'&/#&0,"2"0-$&(',&+#2-$&/"5%"56&-5%&),"+"56&-02"="2*&"5&/'21&E. coli DnaG 
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-5%&"5&21#&,#$-2#%&)1-6#&),'2#"5@&EL&6)J&`i,$-01#,&-5%&9,"#)&GbbNc&9'%.'5@&B01'#5"01&#2&-$;&
MTTT@c&Q##&-5%&P"01-,%.'5&MTTNc&P'%"5-&-5%&9'%.'5&MTTZa;&E1#&)'."2"=#$*:01-,6#%&-+"5'&
acids that emerge from the basic ridge to contact the nucleotidyl triphosphate moiety like‐
3".#&1-=#&/##5&#A-+"5#%@&-5%&('75%&2'&/#&"+)',2-52&(',&),"+-.#&(7502"'5&`V#04@&P'01#&#2&
al. 2000; Rodina and Godson 2006). In particular, substitutions at the amino acid equivalent 
2'&Q*.MMb&"5&EL&6)J&`Q*.GM_a&"52#,(#,#&3"21&/'21&2#+)$-2#:%#)#5%#52&-5%&2#+)$-2#:"5%#‐
pendent synthesis (Lee and Richardson 2001), directly implicating this residue in nucleo‐
tide binding.

E1#&)',2"'5&'(&21#&PF8&.##5&2'&.7,,'75%&21#&.76-,&-5%&/-.#&'(&21#&/'75%&570$#'2"%#&"5&
Sa85-9&1-.&,#0#"=#%&.'+#31-2&$#..&-22#52"'5;&E1#,#&-,#&23'&0'5.#,=#%&$'').&"5&21".&,#‐
6"'5@&#-01&'(&31"01&/#-,.&-5&"5=-,"-52&6$*0"5#&21-2&/722,#..&21#&,"/'.#&`9$*MZL&-5%&9$*M_L&
in SaDnaG) (Fig. 2.6aa;&E1#&0$'.#&0'52-02.&"5&21".&"52#,-02"'5&.766#.2#%&21-2&.7/.2"272"'5&'(&
21#.#&-+"5'&-0"%.&3"21&$-,6#,&."%#01-"5.&.1'7$%&'00$7%#&/"5%"56&'(&21#&570$#'2"%#&-5%&-/‐
rogate primer synthesis. Mutation of the more N‐terminal glycine to alanine in E. coli DnaG 
`9$*MZZa&1-.&/##5&.1'35&),#="'7.$*&2'&%".,7)2&),"+"56&-02"="2*&`P'%"5-&-5%&9'%.'5&MTTZac&
7."56&21#&.-+#&.*.2#+@&3#&"5=#.2"6-2#%&21#&,'$#&'(&21#&.#0'5%&6$*0"5#&`9$*M_Za@&-5%&('75%&
that it, too, is required for priming activity (Fig. 2.6b). By contrast, neither glycine proved 
"+)',2-52&(',&/"5%"56&2'&-5&PD<n8D<&1#2#,'%7)$#A&`Methods, Fig. S2.5), indicating that 
%".,7)2"'5&'(&),"+#,&.*521#.".&-,".#.&(,'+&-&%#(#02&"5&21#&0-2-$*2"0&0#52#,;&?7,21#,&#A-+"5-‐
2"'5&'(&21#&DEF&/"5%"56&#5=",'5+#52&"%#52"!"#%&-5&"5=-,"-52&-.)-,-6"5#&`<.5MIIa&"5&.7/‐
%'+-"5&R&21-2&(',+.&-&3-2#,:+#%"-2#%&1*%,'6#5&/'5%&3"21&21#&,"/'.#&MY:C^&`Fig. 2.6c). As 
3"21&21#&6$*0"5#&.7/.2"272"'5.@&01-56"56&21#&0',,#.)'5%"56&,#."%7#&"5&E. coli DnaG (Asn232) 
2'&-$-5"5#&-/,'6-2#%&),"+#,&.*521#.".@&/72&1-%&$"22$#&#((#02&'5&1#2#,'%7)$#A&/"5%"56&`Fig. 
S2.5). 

R5&-66,#6-2#@&21#&-=-"$-/$#&/"'01#+"0-$&%-2-@&0'+/"5#%&3"21&21#&0'+)-,-2"=#&.27%"#.&%#‐
tailed above, strongly argue that the manner of Mn2+[DEF&/"5%"56&2'&SaDnaG is representa‐
2"=#&'(&21#&."2#&-5%&0'5!"67,-2"'5&7.#%&2'&0'',%"5-2#&21#&"50'+"56&570$#'2"%#&%7,"56&.2,-5%&
.*521#.".;&E1#*&-$.'&.766#.2&21-2@&%#.)"2#&21#",&%".2"502&-02"=#:."2#&-,01"2#027,#@&85-9:2*)#&
),"+-.#.&+-*&#+)$'*&-&570$#'2"%#:-%%"2"'5&.2,-2#6*&21-2&,#!$#02.&21#&3#$$:#.2-/$".1#%&23':
metal mechanism seen in other polymerases (Steitz, Smerdon et al. 1994; Doublie and El‐
$#5/#,6#,&Gbb_c&V"#(#,@&S-'&#2&-$;&Gbb_a;&R5&21".&=#"5@&3#&.)#07$-2#&21-2&+#2-$&<&3'7$%&.#,=#&
2'&0'',%"5-2#&-5%&-02"=-2#&-&IY&-00#)2',&1*%,'A*$&(',&570$#')1"$"0&-22-04&21#&-:)1'.)1-2#&
'(&21#&"50'+"56&DEF@&31#,#-.&+#2-$&X&3'7$%&),'+'2#&%"..'0"-2"'5&'(&21#&)*,')1'.)1-2#&
$#-="56&6,'7)&-5%&-"%&+#2-$&<&"5&2,-5."2"'5&.2-2#&.2-/"$"W-2"'5;&S#2-$&O@&31"01&".&6#5#,-$$*&
5'2&.##5&"5&'21#,&)'$*+#,-.#&.2,7027,#.@&3'7$%&/#&-&%".2"502"=#&(#-27,#&'(&85-9&21-2&0'7$%&
)$-*&-&,'$#&"5&/"5%"56&-="%"2*&-5%m',&570$#*'2"%#&)'."2"'5"56;&>#&5'2#&21-2&+#2-$&O&".&0'',‐
%"5-2#%&"5&)-,2&/*&23'&-0"%"0&-+"5'&-0"%.&`<.)IJI&-5%&<.)IJN&"5&Sa85-9a&21-2&-,#&45'35&
to be important for synthesis (Godson, Schoenich et al. 2000), but that also comprise a 
75"K7#&f8F8g&."65-27,#&+'2"(&2'&85-9:(-+"$*&ECFPRS&('$%.&`Fig. S2.3a) (Aravind, Leipe et 
al. 1998; Godson, Schoenich et al. 2000).

H).%4$>7.A(0&6,#I'
E1#&+#01-5".+.&/*&31"01&/-02#,"-$@&85-9:2*)#&),"+-.#.&.*521#."W#&),"+#,.&"5&.7))',2&'(&
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8D<&,#)$"0-2"'5&1-.&$'56&,#+-"5#%&#5"6+-2"0;&X*&%#2#,+"5"56&1'3&/-02#,"-$&),"+-.#.&#5‐
6-6#&570$#'2"%#&.7/.2,-2#.@&21".&3',4&1#$).&0$-,"!"#.&'5#&'(&21#&!",.2&.2#).&21-2&'007,.&%7,"56&
PD<&.2,-5%&)'$*+#,"W-2"'5;&>#&!"5%&21-2&DEF.&/"5%&2'&21#&-02"=#&."2#&'(&85-9&"5&-5&75-52"0"‐
)-2#%&+-55#,&21-2&,#0'50"$#.&),"',&.2,7027,-$&.27%"#.&3"21&/"'01#+"0-$&3',4&"5&/'21&/-0‐
terial and phage systems, and accounts for the roles of several highly conserved sequence 
+'2"(.&"5&),"+-.#&(7502"'5;&E1#&."+"$-,"2"#.&/#23##5&21#&-02"=#&."2#.&'(&85-9&-5%&2*)#&R<mRR&
2')'".'+#,-.#.@&2'6#21#,&3"21&+72-6#5#.".&#((',2.@&.7))',2&21#&+'%#&'(&/"5%"56&3#&'/‐
.#,=#&-5%&"+)$"0-2#&21#&DEF:/"5%"56&$'07.&-.&21#&."2#&'(&570$#'2"%#&-%%"2"'5;&&R52#,#.2"56$*@&
'7,&0'+)-,".'5.&3"21&2')'&RR&.7))',2&#-,$"#,&),')'.-$.&.766#.2"56&21-2&21#&5#3$*:(',+#%&
1#2#,'%7)$#A&".&67"%#%&"52'&-&.1-$$'3@&)'."2"=#$*&01-,6#%&/-."5&-%]-0#52&2'&21#&O:2#,+"5-$&
helical subdomain as polymerization occurs (Fig. 2.7) (Keck, Roche et al. 2000; Podobnik, 
S0R5#,5#*&#2&-$;&MTTTc&V-2'@&R2'&#2&-$;&MTTIa@&,-21#,&21-5&)-.2&21#&/-."0&,"%6#@&31"01&-027-$$*&
.#,=#.&-.&-&."2#&(',&2,")1'.)1-2#&/"5%"56;&^'3#=#,@&75$"4#&21#.#&#-,$*&+'%#$.@&21#&07,,#52&
3',4&-6,##.&3"21&$-2#,&+'%#$.&21-2&),#%"02&21#&),'%702&PD<&3"$$&/#&1"61$*&.'$=#52&#A)'.#%@&
-&(#-27,#&0'5.".2#52&3"21&21#&45'35&),')#,2"#.&'(&),"+#,&+-5-6#+#52&/*&21#&,#)$".'+#&
(Kusakabe, Baradaran et al. 1998; VanLoock, Chen et al. 2001). Future efforts, aimed at 
"+-6"56&1"61#,:',%#,&2#,5-,*&0'+)$#A#.&/#23##5&85-9&-5%&%".2"502&),"+#,[2#+)$-2#&0'+‐
)$#A#.@&3"$$&/#&5#0#..-,*&2'&/#22#,&%#!"5#&21#&01#+"0-$&/-.".&(',&),"+#,&"5"2"-2"'5@&#$'56-2"'5&
-5%&2#,+"5-2"'5@&-.&3#$$&-.&2'&+',#&21','761$*&0'+)-,#&21#&0-2-$*2"0&-)),'-01#.&#+)$'*#%&
by DnaG to those used in other polymerase systems.  

MATERIALS AND METHODS

H4).7.AJ(&;:#&''7).J(:$#7K7%,"7).
Ec85-9&(7$$:$#5621&-5%&PF8&0'5.2,702.&3#,#&6#5#,-2#%&),#="'7.$*&`V#04@&P'01#&#2&-$;&
MTTTa;&E1#&Sa85-9&PF8&`,#."%7#.&GGGhJILa&3-.&0$'5#%&"52'&-&)UEM_/&`D'=-6#5a&%#,"=-‐
2"=#&3"21&-&2'/-00'&#201&=",7.&`EUla&),'2#-.#:0$#-=-/$#@&D:2#,+"5-$&1#A-1".2"%"5#&2-6;&E1#&
0'%"56&8D<&.#K7#50#&3-.&=#,"!"#%&(',&-$$&0'5.2,702.&`U$"+&X"')1-,+-0#72"0-$.a;&<$$&),'‐
2#"5.&3#,#&#A),#..#%&"5&XQMG&0'%'5s&0#$$.&-5%&)7,"u#%&/*&O'2+:-(!"5"2*&01,'+-2'6,-)1*&
'=#,&-&N:+Q&9#5#,-$&U$#02,"0&^".E,-)&^F&0'$7+5;&&X"5%"56&/7((#,&0'5.".2#%&'(&NTT&+S&D-O$@&
GT&+S&"+"%-W'$#@&MT&+S&^UFUB@&-5%&GTr&6$*0#,'$&-2&)^&L;N;&&9,-%"#52&#$72"'5&3-.&0-,‐
,"#%&'72&(,'+&GTTr&/"5%"56&/7((#,&2'&GTTr&'(&-5&'21#,3".#&#K7"=-$#52&/7((#,&0'52-"5"56&
NTT&+S&"+"%-W'$#&'=#,&GT&0'$7+5&='$7+#.;&&^".Z:2-6.&3#,#&21#5&,#+'=#%&3"21&G;N&+6&'(&
EUl&),'2#-.#&-5%&"507/-2"'5&'5&"0#&'=#,5"612;&&F,'2#"5.&3#,#&21#5&#A01-56#%&"52'&/"5%‐
"56&/7((#,@&,#)-..-6#%&'=#,&21#&^".E,-)&0'$7+5@&-5%&!"5-$$*&,75&'=#,&-&B#)1-,'.#&B:MTT&6#$&
u$2,-2"'5&0'$7+5&`9Ua&"5&#"21#,&GTT&+S&)'2-.."7+&6$72-+-2#@&MT&+S&^UFUB&`)^&L;Na@&GTr&
glycerol (E. coli&0'5.2,702.@&?7$$:$#5621&-5%&PF8a@&',&NTT&+S&D-O$@&MT&+S&^UFUB&`)^&L;Na@&
10% glycerol (S. aureus&PF8a;&<$$&),'2#"5.&3#,#&.2',#%&"5&BUO&/7((#,;&&?7$$:$#5621&EcDnaG 
3-.&.2',#%&-2&IT&+6m+Q@&Ec85-9&PF8&-2&GTT&+6m+Q@&-5%&Sa85-9&PF8&-2&_&+6m+Q;&F7,"2*&
3-.&-..#..#%&7."56&)'$*-0,*$-+"%#&6#$&#$#02,')1',#.".&-5%&O''+-.."#&.2-"5"56;&O'50#52,-‐
2"'5&3-.&%#2#,+"5#%&/*&-/.',)2"'5&-2&M_T&5+&7."56&21#&('$$'3"56&#A2"502"'5&0'#(!"0"#52.H&
44080 M‐1cm‐1 for FL EcDnaG, 28260 M‐1cm‐1 for EcDnaG RPD, and 28310 M‐1cm‐1 SaDnaG 
RPD. Mutant E. coli&),'2#"5.&3#,#&6#5#,-2#%&7."56&v7"4O1-56#&`B2,-2-6#5#a&."2#:.)#0"!"0&
+72-6#5#.".@&.#K7#50#%@&-5%&#A),#..#%&-5%&)7,"!"#%&7."56&21#&-/'=#&),'0#%7,#;&&
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H#5'",447G,"7).()*("=&(!,-.,/(03-
B)-,.#&+-2,"A&.0,##5"56&"5&21#&1-56"56:%,')&(',+-2&3-.&7.#%&2'&!"5%&"5"2"-$&1"2.@&31"01&
3#,#&.7/.#K7#52$*&"+),'=#%&/*&.0,##5"56&),#0")"2-52@&.-$2@&/7((#,&-5%&-%%"2"=#&0'5%"2"'5.;&
Final crystallization conditions for the Sa85-9&PF8&#+)$'*#%&-&3#$$&.'$72"'5&'(&GNT&+S&
sodium thiocyanate, 100 mM Bis‐tris pH 6.5, 13% PEG 3350, and 2% benzamidine. Crystals 
7.#%&(',&%-2-&0'$$#02"'5&3#,#&6,'35&/*&1-56"56:%,')&"5&MJ:3#$$&)$-2#.&-2&G_wO&7."56&),'2#"5&
%"-$*W#%&"52'&GTT&+S&D-O$@&GT&+S&^UFUB&)^&L;N&-2&N&+6m+Q;&&?',&.'-4.@&0,*.2-$.&3#,#&!",.2&
#A01-56#%&"52'&3#$$&.'$72"'5&0'52-"5"56&N&+S&S5O$2 and 2.5 mM nucleotide, unless other‐
3".#&5'2#%@&-5%&"507/-2#%&'=#,5"612&),"',&2'&0,*'),'2#02"'5&-5%&1-,=#.2"56;&O,*.2-$.&3#,#&
0,*'),'2#02#%&7."56&-&+7$2":.2#)@&.#,"-$:%"$72"'5&),'0#..&"5&31"01&M&pQ&'(&),#0")"2-52&.'$7‐
2"'5&`.7))$#+#52#%&3"21&MTr&6$*0#,'$&-5%&0'52-"5"56&21#&$"6-5%&'(&"52#,#.2a&3-.&%"$72#%&
"52'&M&pQ&%,').@&('$$'3#%&/*&,#+'=-$&'(&M&pQ&'(&21#&+"A27,#;&E1#&#A01-56#&3-.&,#)#-2#%&!"=#&
2"+#.@&,#.7$2"56&"5&-&,#)$-0#+#52&'(&obLr&'(&21#&.'-4"56&.'$72"'5&3"21&0,*'),'2#02-52&.'$7‐
2"'5;&<$$&0,*.2-$.&3#,#&!$-.1:(,'W#5&-5%&.2',#%&"5&$"K7"%&5"2,'6#5&),"',&2'&%-2-&0'$$#02"'5&-2&
100 K. 

-,",(%)44&%"7).(,.>(#&K7.&6&."
8"((,-02"'5&%-2-&3#,#&0'$$#02#%&-2&21#&<%=-50#%&Q"612&B'7,0#&X#-+$"5#&_;I;G&-2&Q-3,#50#&
X#,4#$#*&D-2"'5-$&Q-/',-2',*&`S-08'3#$$@&O#$#.2,#&#2&-$;&MTTJa;&8"((,-02"'5&%-2-&3#,#&
"5%#A#%&-5%&"52#6,-2#%&7."56&x8B&`V-/.01&MTGTa&-5%&.0-$#%&3"21&BO<Q<&"5&21#&OOFJ&0,*.‐
2-$$'6,-)1*&.7"2#&`>"55@&X-$$-,%&#2&-$;&MTGGa;&F1-.#.&-5%&-5&"5"2"-$&+'%#$&3#,#&'/2-"5#%&/*&
MR using a polyalanine model of the E. coli&85-9&PF8&`F8X&0'%#&G88Ua&31#,#"5&,#."%7#.&
GGN:MJb@&,#."%7#.&MZT:IZI@&-5%&,#."%7#.&IZZ:JML&3#,#&#-01&.#-,01#%&(',&.#)-,-2#$*&7."56&
F^UDRx&<72'SP&`<%-+.@&<('5"5#&#2&-$;&MTGGa;&?',&.'-4#%&SaDnaG RPD crystals, phases 
3#,#&'/2-"5#%&7."56&21#&-)'&SaDnaG RPD model. Rfree&!$-6.&(',&%-2-&0'$$#02#%&(,'+&.'-4#%&
0,*.2-$.&3#,#&0')"#%&(,'+&21#&-)'&%-2-&.#2&2'&-='"%&+'%#$&/"-.;&P#!"5#+#52&0'5.".2#%&'(&
-&."56$#&,'75%&'(&,"6"%&/'%*&-5%&EQB&,#!"5#+#52@&('$$'3#%&/*&+7$2")$#&,'75%.&'(&+-57-$&
,#/7"$%"56&-5%&,#!"5#+#52&3"21&21#&F^UDRx&.'(23-,#&.7"2#&`<%-+.@&<('5"5#&#2&-$;&MTGGa;&
DEF.&-5%&+#2-$.&3#,#&5'2&-%%#%&2'&+'%#$.&(,'+&.'-4#%&%-2-&.#2.&752"$&21#&),'2#"5&)',2"'5&
'(&21#&+'%#$&1-%&,#-01#%&0'5=#,6#50#&"5&,#!"5#+#52&`%#!"5#%&-.&21#&P3',4mPfree remaining 
.2-/$#&(',&23'&,'75%.&'(&,#!"5#+#52a;&87,"56&+'%#$&/7"$%"56&"5&O''2&`U+.$#*@&Q'14-+)&#2&
-$;&MTGTa@&,#-$:.)-0#&,#!"5#+#52&3-.&0-,,"#%&'72&7."56&#$#02,'5&%#5."2*&+-).&0-$07$-2#%&
3"21'72&21#&Pfree set.

De novo primer synthesis assays
For all de novo .*521#.".&#A)#,"+#52.@&,#-02"'5.&3#,#&0-,,"#%&'72&"5&2,")$"0-2#@&75$#..&'21‐
#,3".#&5'2#%@&-5%&-,#&,#)',2#%&1#,#&-.&-5&-=#,-6#&'(&21#&21,##&=-$7#.@&-$'56&3"21&21#&B2-5‐
dard Error of the Mean (SEM) for each data point. Primer synthesis assays are based on 
21#&+#21'%&%#.0,"/#%&"5&`V'#).#$$@&^-5.'5&#2&-$;&MTTNa;&<$$&,#-02"'5.&3#,#&0-,,"#%&"5&-&2'2-$&
='$7+#&'(&MT&pQ&0'52-"5"56&-&/7((#,&`,#(#,,#%&2'&-.&P#-02"'5&X7((#,a&0'5.".2"56&'(&GTT&+S&
)'2-.."7+&6$72-+-2#@&MT&+S&^UFUB&`)^&L;Na@&T;M&+6m+Q&XB<@&MT&+S&S6C<0&-5%&G&+S&
8EE;&<EF&-5%&iEF&3#,#&),#.#52&-2&T;G&+S;&&?7$$:$#5621&EcDnaG and Ec85-X&`#A),#..#%&
-5%&)7,"!"#%&-.&"5&`O',5@&F#$2'5&#2&-$;&MTT_aa&3#,#&#-01&),#.#52&-2&NTT&5S;&&<&IY:)1'.‐
)1',*$-2#%@&."56$#:.2,-5%#%&'$"6'570$#'2"%#&`NY:O<O<O<O<O<O<O<OE9<<<9OO<<<<9:IYa&
3-.&7.#%&-.&-&2#+)$-2#&8D<&-2&ZTT&5S&"5&#-01&,#-02"'5;&E1#&),#(#,,#%&),"+#,&.2-,2&."2#&".&
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75%#,$"5#%@&-5%&21#&IY:0,*)2"0&9&570$#'2"%#&".&5'2&0')"#%&"52'&21#&),"+#,@&0-7."56&-$$&),"+‐
#,.&2'&/#&"5"2"-2#%&/*&21#&0'5%#5.-2"'5&'(&-&NY:<EF&-5%&IY:9EFc&1#50#@&9EF&".&-$3-*.&-5&
"50'+"56&570$#'2"%#&75%#,&21#.#&0'5%"2"'5.;&9EF&%"$72"'5.&-2&JA&0'50#52,-2"'5&`(,'+&J&+S&
2'&I;b&pSa&3#,#&),#)-,#%&/*&.#,"-$$*&%"$72"56&9EF&.2'04&.'$72"'5&`J&+S@&"5&EUa&GHG&"52'&EU;&
P#-02"'5&+"A27,#.&`GT&pQa&$-04"56&9EF&3#,#&"507/-2#%&-2&,''+&2#+)#,-27,#&(',&GT&+"5&
),"',&2'&-%%"2"'5&'(&-&%"$72#%&9EF&.'$72"'5&`GT&pQa&2'&(',+&-&0'+)$#2#&,#-02"'5&+"A27,#;&
O'+)$#2#&,#-02"'5.&3#,#&"507/-2#%&"5&-&.#-$#%&I_J:3#$$&)$-2#&`X"':P-%a&(',&G&1&-2&IL&wO@&
-5%&21#5&.2'))#%&/*&-%%"2"'5&'(&GT&pQ&'(&-&GHZL&%"$72"'5&'(&F"0'9,##5&.2'04&.'$72"'5&`R5="2‐
,'6#5a&"5&MT&+S&E,".@&NT&+S&U8E<@&)^&L;N@&6"="56&-&!"5-$&.2-"5&%"$72"'5&'(&GHMTT@&-.&)#,&21#&
+-57(-027,#,t.&"5.2,702"'5.;&B2'))#%&,#-02"'5.&3#,#&"507/-2#%&"5&21#&%-,4&(',&N&+"5@&.)75&
-2&ITTT&A&6&(',&M&+"5@&-5%&,-3&!$7',#.0#50#&+#-.7,#%&"5&-&F#,4"5U$+#,&l"02',Il&+7$2"$-/#$&
)$-2#&,#-%#,;&P-3&!$7',#.0#50#&3-.&/-046,'75%&0',,#02#%&3"21&-&5':DEF&0'52,'$&2'&6"=#&
?$7',#.0#50#&R52#5."2*&`?Ra;&E1#&3"$%:2*)#&l+-A&3-.&0-$07$-2#%&/*&!"22"56&,#.7$2-52&07,=#.&2'&
21#&S"01-#$".:S#52#5&+'%#$&`UK5;&G;Ga&7."56&5'5$"5#-,&,#6,#.."'5;&<$$&%-2-&3"21"5&-&6"=#5&
#A)#,"+#52&3#,#&21#5&5',+-$"W#%&2'&21#&3"$%:2*)#&l+-A, and are reported here as Relative 
Primer Synthesis (RPS).

Equation 2.1     FI =

!

! 

Vmax " [GTP]

KM,app + [GTP]
 ,

31#,#&l+-A&".&21#&?R&(',&21#&+-A"+7+&),"+#,&.*521#.".&#A2#52@&-5%&Vm,app is the concentra‐
2"'5&'(&9EF&21-2&*"#$%.&-&),"+#,&.*521#.".&#A2#52&#K7-$&2'&'5#&1-$(&21#&l+-A.

L&"&#)>$:4&;(@7.>7.A(,'',5'(
P#-02"'5.&3#,#&0-,,"#%&'72&"5&2,")$"0-2#@&-5%&-,#&,#)',2#%&1#,#&-.&-5&-=#,-6#&'(&21#&21,##&
=-$7#.&-$'56&3"21&21#&B2-5%-,%&8#="-2"'5&`B8a&'(&#-01&%-2-)'"52;&?',&-..-*.&)#,(',+#%&3"21&
21#&(7$$:$#5621&#5W*+#@&-&)7/$".1#%&),'2'0'$&3-.&7.#%&`O',5@&F#$2'5&#2&-$;&MTT_a@&#A0#)2&21#&
..8D<&3-.&,#)$-0#%&3"21&-&NY:!$7',#.0#"5&$-/#$#%&PD<n8D<&1#2#,'%7)$#A&3"21&-&NY:'=#,‐
1-56&`8D<&.2,-5%&`R8Ea&.#K7#50#H&NY:<<<<OE9OO9OO9O:IY@&PD<&.2,-5%&`81-,+-0'5a&.#‐
K7#50#H&NY&:9O99O99O<:IYa@&-5%&GT&+S&S62+&3-.&"50$7%#%&"5&21#&,#-02"'5&/7((#,;&E1#&1#2‐
#,'%7)$#A&3-.&-55#-$#%&/*&0'+/"5"56&21#&8D<&-5%&PD<&.2,-5%.&"5&GTT&pQ&'(&EU&-2&GTT&pS&
#-01@&/'"$"56&21#&+"A27,#&(',&N&+"5&"5&-&NTT&+Q&3-2#,&/-21@&-5%&-$$'3"56&"2&2'&0''$&2'&,''+&
2#+)#,-27,#&(',&_&1;&E1#&-55#-$#%&1#2#,'%7)$#A&3-.&%"$72#%&2'&GT&pS@&-5%&-$"K7'2#%&),"',&
2'&.2',-6#&-2&:_T&wO;&U5W*+#.&3#,#&2"2,-2#%&(,'+&MN&pS&2'&MN&5S;&?$7',#.0#52&F'$-,"W-2"'5&
`?Fa&3-.&+#-.7,#%&3"21&-&F#,4"5U$+#,&l"02',Il&+7$2":$-/#$&)$-2#&,#-%#,@&-5%&0'5=#,2#%&2'&
?$7',#.0#50#&<5".'2,')*&`?<a&),"',&2'&/-046,'75%&0',,#02"'5&3"21&-&5':),'2#"5&0'52,'$&2'&
'/2-"5&y?<&=-$7#.;&

?',&/"5%"56&-..-*.&0-,,"#%&'72&3"21&21#&E. coli&85-9&PF8@&-..-*.&0'5%"2"'5.&0'5.".2#%&'(&GA&
Reaction Buffer (see de novo&),"+#,&.*521#.".&-..-*&+#21'%.a&.7))$#+#52#%&3"21&NT&5S&
'(&21#&.-+#&1#2#,'%7)$#A;&?<&3-.&+#-.7,#%&-5%&),'0#..#%&-.&3"21&21#&(7$$:$#5621&),'2#"5&
#A)#,"+#52.;&8-2-&3#,#&!"2&2'&21#&#A)$"0"2&.'$72"'5&2'&."56$#&."2#&/"5%"56@&UK5;&G;M&`B2#"5@&
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>"$4"5.'5&#2&-$;&MTTGa@&/*&5'5$"5#-,&,#6,#.."'5@&

Equation 2.2 

y?<&z

! 

("FAmax + [Pt ]+ KD,app) # ("FAmax + [Pt ]+ KD,app)
2
# 4 $ [Pt ]$"FAmax

2
, 

"5&31"01&y?<+-A is the signal at 100% ligand binding, and [Pt] is the total protein concentra‐
tion. 

M7'$,47G,"7).(,.>(>,",(,.,45'7'(6&"=)>'
B2,7027,#.&3#,#&=".7-$"W#%&-5%&!"67,#.&6#5#,-2#%&7."56&F*SCQ&`B01,'%"56#,&MTGTa;&8-2-&
(',&-02"="2*&-5%&/"5%"56&-..-*.&3#,#&),'0#..#%&"5&S"0,'.'(2&UA0#$;&F$'2.&-5%&0',,#.)'5%"56&
!"2.&3#,#&6#5#,-2#%&3"21&V-$#"%-6,-)1;&B#K7#50#.&(',&.#K7#50#&-$"65+#52.&3#,#&'/2-"5#%&
21,'761&XQ<BE&`<$2.017$@&9".1&#2&-$;&GbbTa;&<$"65+#52.&3#,#&0-$07$-2#%&3"21&S<??E&`V-‐
2'1@&S".-3-&#2&-$;&MTTMa@&-5%&=".7-$"W#%&-5%&#%"2#%&3"21&\-$l"#3&`>-2#,1'7.#@&F,'02#,&#2&-$;&
2009).
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Figure 2.1: Models for primer synthesis by DnaG­type primases

active site basic ridge

basin

template DNA
product
RNA

ZBD

a

b

c

a) Schematic of the model proposed simultaneously by Keck, J. L. et al. (2000) and Podobnik, 
M. P., et al. (2000). Gray blob represents the DnaG RPD, with regions of interest highlighted and 
labeled.  "e product RNA is extruded out the right side of the basin, while the temple interacts 
with the le# side of the basin and the basic ridge. b) Schematic of the model proposed by Corn, J. 
E., et al. (2008). Coloring as in (a).  "e product RNA is extruded past the basic ridge out the bot-
tom of the RPD, while the template tracks into the basin, and exits the side of the RPD. c) Sche-
matic of the model for T7 gp4 proposed by Kato, M., et al. (2003). "e RPD is represented by the 
gray blob, the ZBD by the yellow polygon, and template DNA and product RNA are colored as in 
(a). "e template DNA tracks diagonally across the RPD, passing above the active site. "e prod-
uct RNA is extruded parallel to template, but highly solvent exposed. "e active site is also solvent 
exposed, and is available to interact with the ZBD.

FIGURES



ML

Figure 2.2: Structure of the S. aureus DnaG RPD

-a&E1# S. aureus DnaG RPD active site is solvent accessible. Cartoon and surface represen‐
2-2"'5&".&.1'35&(',&21#&0,*.2-$&)-04"56&-,,-56#+#52&'(&S. aureus&85-9&PF8&),'2'+#,.;&B"A&
),'2'+#,.@&,#$-2#%&/*&0,*.2-$&.*++#2,*@&-,#&.1'35;&E1,##&-,#&0'$',#%&)7,)$#&3"21&0*-5&-0‐
2"=#&."2#.c&21,##&-,#&/$-04&3"21&*#$$'3&-02"=#&."2#.;&B)1#,#.&%#5'2#&21#&Ok&)'."2"'5.&'(&(750‐
tionally important residues in the active site. b) Superposition of several DnaG RPDs solved 
2'&%-2#;&B2,7027,#.@&0',,#.)'5%"56&2'&45'35&-)'&.2-2#.@&-,#&.1'35&-.&0-,2''5.&-5%&0'$',#%&
-.&('$$'3.H&E. coli RPD (PDB ID: 1DDE, maroon), A. aeolicus RPD (PDB ID: 2AU3, cyan), S. 
aureus RPD (PDB ID: 4E2K, orange).

a b

E. coli (apo)

A. aeolicus
S. aureus (apo)
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Figure 2.3: Overview of NTP­bound SaDnaG RPDs
a) Difference density present in the SaDnaG RPD active site for Mn2+[DEF:.'-4#%&0,*.2-$.;&
?,'+&$#(2&2'&,"612@&%#5."2*&0',,#.)'5%.&2'&OEF@&iEF@&<EF@&-5%&9EF;&E1#&,#.7$2"56&%"((#,#50#&
density (mFo‐DFca&".&.1'35&0'52'7,#%&-2&I{&-.&-&6,##5&+#.1;&<5'+-$'7.&%"((#,#50#&%#5‐
."2*&+-).&'/2-"5#%&/*&0'$$#02"56&%-2-&'5&-&OEF&-5%&S52+ soaked crystal at the Mn K‐edge 
".&.1'35&0'52'7,#%&-2&N{&-.&)7,)$#&+#.1;&R5%"="%7-$&DEF.&-,#&.1'35&(,'+&,"612&2'&$#(2&-.&
/-$$:-5%:.2"04&,#),#.#52-2"'5.@&31"$#&S52+&"'5.&-,#&.1'35&-.&6,-*&.)1#,#.;&S-).&3#,#&0-$‐
07$-2#%&-(2#,&,#!"5#+#52&'(&21#&),'2#"5&)',2"'5&'(&21#&+'%#$&0'5=#,6#%@&/72&),"',&2'&+'%#$‐
ing of the nucleotide (Methodsa;&/a&<$$&('7,&+#2-$[DEF&0'+)$#A#.&/"5%&2'&-&0'++'5&."2#&'5&
the SaDnaG RPD.  A superposition of the apo Sa85-9&PF8&.2,7027,#&`31"2#&.7,(-0#a&-5%&-$$&
('7,&DEF&/'75%&SaDnaG RPD structures (cartoons colored by subdomain, as per Fig. 2.2a) 
".&.1'35;&B"%#01-"5.&'(&+#2-$:/"5%"56&,#."%7#.&-,#&.1'35&-.&,#%&.2"04.@&-5%&."%#01-"5.&'(&
/-."0&,"%6#&-+"5'&-0"%.&-.&/$7#&.2"04.;&DEF.&-5%&S52+&"'5.&-,#&.1'35&-5%&0'$',#%&-.&"5&`-a;&
E1#&."%#01-"5.&'(&21#&"5%"="%7-$.&,#."%7#.&"5=#.2"6-2#%&"5&21".&.27%*&-,#&$-/#$#%&`SaDnaG 
57+/#,"56a@&-5%&-,#&.1'35&-.&.2"04&,#),#.#52-2"'5.;&0a&O'',%"5-2"'5&'(&+#2-$[DEF&0'+‐
)$#A#.;&E1#&OEF&/'75%&.2,7027,#&".&%".)$-*#%&-.&-&,#),#.#52-2"=#&#A-+)$#@&-5%&21#&DEF&-5%&
Mn2+ ions are colored as in panel (a). Sidechains of residues that contact the nucleotide 
-5%&+#2-$&"'5.&-,#&.1'35&"5&.2"04&,#),#.#52-2"'5@&-5%&0'$',#%&-00',%"56&2'&21#",&,#.)#02"=#&
subdomain. Residue numbering is for SaDnaG.
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W&H-$"*8U5X*NG"$G&"L*+,*]YRF.+-';*SaDnaG RPDs
a) Cartoon representation of the Sa85-9&PF8&ECFPRS&('$%&/'75%&2'&570$#'2"%#&`OEFa;&
B"%#01-"5.&'(&21#&0'5.#,=#%&-0"%"0&,#."%7#.&"5&21#&85-9&ECFPRS&('$%&-,#&.1'35&-.&.2"04.&
3"21&0-,/'5&0'$',#%&0*-5&-5%&'A*6#5&,#%;&OEF&-5%&"2.&-..'0"-2#%&S52+ ions are colored as 
in Fig. 2.2a. b) Cartoon representation of the S. cerevisiae&2')'&RR&ECFPRS&('$%&-.&('75%&"5&-&
8D<:0$#-=-6#&0'+)$#A&`F8X&R8&IQJVa;&B"%#01-"5.&'(&21#&0'5.#,=#%&-0"%"0&,#."%7#.&-5%&21#&
0'=-$#52$*&-22-01#%&0-2-$*2"0&2*,'."5#&`E*,L_Ma&(,'+&21#&5#"61/',"56&),'2'+#,&-,#&.1'35&
-.&.2"04.&3"21&0-,/'5&0'$',#%&6'$%&-5%&'A*6#5&"5&,#%;&E1#&.0".."$#&.2,-5%&".&.1'35&-.&',-56#&
.2"04.;&E1#&:G&-5%&sG&570$#'/-.#.&-2&21#&0$#-=-6#&."2#&-,#&0'$',#%&/$7#;&E1#&0'+)$#+#52-,*&
.2,-5%&".&.1'35&"5&/,"612&)"54&-.&-&0-,2''5&,#),#.#52-2"'5;&E1#&+#2-$&"'5&/'75%&2'&21#&2')'&
II catalytic center (Zn2+@&"5&21".&)-,2"07$-,&0'+)$#Aa&".&.1'35&-.&-&31"2#&.)1#,#;&0a&B7)#,)'‐
."2"'5&'(&ECFPRS&('$%.&(,'+&OEF:/'75%&B-85-9&PF8&-5%&21#&*#-.2&2')'&RR[8D<&0$#-=-6#&
0'+)$#A;&E1#&85-9&-5%&2')'&RR&ECFPRS&('$%.&-5%&."%#01-"5.@&-$'56&3"21&21#",&-..'0"-2#%&
.7/.2,-2#.@&-,#&%#)"02#%&-.&)#,&)-5#$.&`-a&-5%&`/a@&,#.)#02"=#$*;&X'A#%&)-5#$H&0$'.#:7)&'(&21#&
aligned metal binding regions (region highlighted by dashed outline in main panel) of both 
ECFPRS&('$%.@&3"21&0'5.#,=#%&-0"%"0&,#."%7#.&.1'35&-.&.2"04&,#),#.#52-2"'5.&-5%&0'$',#%&
-.&)#,&)-5#$.&`-a&-5%&`/a;&E1#&+#2-$&"'5.&/'75%&2'&2')'&RR&-5%&B-85-9&-,#&0'$',#%&31"2#&-5%&
6,-*@&,#.)#02"=#$*;&%a&O$'.#:7)&'(&.7/.2,-2#&0'5!"67,-2"'5&/-.#%&'5&-&ECFPRS:('$%&-$"65+#52&
/#23##5&85-9&-5%&*#-.2&2')'&RR;&C5$*&21#&.7/.2,-2#.&(,'+&/'21&.2,7027,#.&-,#&.1'35@&-5%&
-,#&0'$',#%&-.&"5&)-5#$&`0a;&E1#&0'=-$#52&$"54-6#&/#23##5&E*,L_M&-5%&8D<&'/.#,=#%&"5&2')'&
RR&".&.1'35&-.&-&.#+":2,-5.)-,#52&.2"04&,#),#.#52-2"'5;&#a&B01#+-2"0&'(&21#&-02"=#&."2#&"5&21#&
EL&8D<&)'$*+#,-.#&2#,5-,*&0'+)$#A&.2,7027,#&`F8X&R8H&GELF@&`8'7/$"#@&E-/',&#2&-$;&Gbb_aa;&
E1#&"50'+"56&570$#'2"%#&-5%&),"+#,&.2,-5%&-,#&.1'35&"5&.2"04&,#),#.#52-2"'5.&3"21&0-,/'5&
colored dark green. Mg2+&"'5.&-,#&.1'35&-.&6,##5&.)1#,#.;
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Figure 2.5: Congruencies between the binding sites for the complementary DNA 
strand in topo II DNA and SaDnaG.
-a&E1#&)'$-,"2*&-5%&2#,+"5-$&)'."2"'5&'(&21#&0'+)$#+#52-,*&8D<&.2,-5%&/'75%&2'&21#&2')'&
RR&ECFPRS&('$%&$"5#.&7)&3"21&21#&."2#&(',&..8D<&/"5%"56&"5&21#&85-9&PF8;&&B7)#,)'."2"'5&'(&
21#&ECPFRS&('$%.&/#23##5&-5&B;&0#,#="."-#&2')'&RR[8D<&0$#-=-6#&0'+)$#A&-5%&-5&..8D<:
bound state of the E. coli&85-9&PF8&&`F8X&R8&IXIba&3-.&7.#%&2'&#A-+"5#&1'3&-&570$#"0&-0"%&
%7)$#A&+"612&/"5%&21#&),"+-.#&-02"=#&."2#;&E1#&.0".."$#&.2,-5%&"5&2')'&RR&".&.1'35&-.&',-56#&
sticks, and its complement as a magenta cartoon.  ssDNA bound to EcDnaG, thought to mark 
21#&."2#&'(&2#+)$-2#&/"5%"56&`O',5&-5%&X#,6#,&MTTLc&O',5@&F#$2'5&#2&-$;&MTT_a@&".&.1'35&-.&-&
0*-5&0-,2''5;&E1#&)'$-,"2"#.&'(&21#&+-6#52-&-5%&0*-5&8D<.&+-201@&31"$#&21#&8D<&.2,-5%.&
)-,2"-$$*&'=#,$-)@&-.&-&,#.7$2&'(&21#&ECPFRS:/-.#%&-$"65+#52;&E1#&),'2#"5&)',2"'5&'(&21#&
Sa85-9&PF8&/'75%&2'&OEF&".&%".)$-*#%&-.&-&.7,(-0#&,#),#.#52-2"'5&"5&6,-*@&3"21&21#&+#2-$&
/"5%"56&0$7.2#,&'(&85-9&1"61$"612#%&"5&,#%@&-5%&21#&/-."0&,"%6#&"5&/$7#;&E1#&+'%#$"56&"+)$"‐
0-2#.&,#."%7#.&VIMG&-5%&VMJM&'(&B-85-9&`/$7#&.2"04.&3"21&0',,#.)'5%"56&/$7#&.7,(-0#.a&
-.&)'.."/$*&)$-*"56&-&,'$#&"5&/"5%"56&-&),"+#,[2#+)$-2#&),'%702;&/a&<,6IMT&'(&EcDnaG 
(corresponding to Lys321 in SaDnaG) is required for de novo primer synthesis. Helicase‐
.2"+7$-2#%@&9EF:%#)#5%#52&),"+#,&.*521#.".&3-.&-..-*#%&(',&21#&3"$%:2*)#&#5W*+#&`/$-04a@&
<,6IMT<$-&`$"612&6,-*a&-5%&<,6IMT9$7&`6,-*a&+72-52&#5W*+#.&"5&-&!$7','+#2,"0&%#&5'='&
primer synthesis assay (Methodsa;&O7,=#.&,#),#.#52&!"2.&2'&-&.2-5%-,%&S"01-#$".:S#52#5&
kinetics model (Methods); error bars represent ±SEM  (Methods).
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Figure 2.6: Analysis of conserved residues that engage the ribose of bound nucleotide
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-a&l"#3.&'(&21#&,#6"'5&5#-,&21#&,"/'.#&"5&21#&OEF:/'75%&Sa85-9&PF8;&E1#&),'2#"5&)',2"'5&
'(&21#&PF8&".&.1'35&-.&-&0-,2''5;&O'5.#,=#%&,#."%7#.&9$*MZL&-5%&9$*M_L&`0',,#.)'5%"56&
to Gly266 and Gly286 in Ec85-9a&-,#&1"61$"612#%&"5&,#%@&3"21&21#",&Ok&=-5&%#,&>--$.&,-‐
dii represented by red dots. b) Ribose‐binding amino acids are critical for DnaG function.  
E1#&,#.7$2.&'(&-&9EF:%#)#5%#52@&1#$"0-.#:.2"+7$-2#%&%#&5'='&),"+#,&.*521#.".&-..-*&-,#&
.1'35&(',&3"$%:2*)#&`/$-04&0",0$#.a@&9$*M_Z<$-&`6,-*&%"-+'5%.a@&-5%&<.5MIM<$-&`$"612:6,-*&
squares) E. coli&85-9;&&F,"+#,&.*521#.".&#A2#52&".&,#)',2#%&-.&-&(,-02"'5&'(&21#&3"$%:2*)#&
l+-A;&O7,=#.&,#),#.#52&!"2.&2'&-&.2-5%-,%&S"01-#$".:S#52#5&4"5#2"0.&+'%#$&`Methods); 
error bars represent ±SEM (Methods). c) Asn233 (Asn232 in Ec85-9a&-..'0"-2#.&3"21&21#&
MY:C^&'(&21#&/'75%&570$#'2"%#&21,'761&-&3-2#,:+#%"-2#%&1*%,'6#5&/'5%;&8-.1#%&$"5#.&,#)‐
resent hydrogen bonds.
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Figure 2.7: A reconciled prospective model for primer synthesis
<&.01#+-2"0&.1'3"56&21#&,#0'50"$#%&+'%#$&(',&),"+#,&.*521#.".;&O'$',"56&-.&"5&Fig. 2.1a. As 
3"21&21#&'21#,&+'%#$.@&21#&/-."5&/"5%.&21#&2#+)$-2#&.2,-5%@&/72&+',#&0'+)$#2#$*&21-5&3-.&
),')'.#%&),#="'7.$*;&&E1#&/-."0&,"%6#&/"5%.&21#&"50'+"56&DEF;&&E1#&),'%702&),"+#,&".&1"61$*&
.'$=#52&#A)'.#%;

active site
(metal binding 
and catalysis)
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(Incoming NTP
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Figure Legend S2.1: Sequence conservation between DnaG­family RPDs 
B#K7#50#&0'5.#,=-2"'5&/#23##5&85-9:(-+"$*&PF8.;&<5&-$"65+#52&'(&85-9&.#K7#50#.&(,'+&
."A&/-02#,"-$&.)#0"#.&-5%&(,'+&/-02#,"')1-6#&EL&6)J&".&.1'35;&B#K7#50#.&3#,#&'/2-"5#%&
and aligned as described in the Methods. Position numbering refers to E. coli DnaG, and the 
secondary structure of the fold as determined from the E. coli&),'2#"5&".&.1'35&/#$'3&#-01&
-$"65+#52&.#02"'5;&E1#&)#,0#52&"%#52"2*&-2&#-01&)'."2"'5@&.1'35&-.&.1-%#%&/$7#&/'A#.@&3-.&
0-$07$-2#%&/*&\-$l"#3&`>-2#,1'7.#@&F,'02#,&#2&-$;&MTTba;&&P#."%7#.&%".07..#%&"5&O1-)2#,&M&
are highlighted.
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Figure S2.2: Conservation and solvent accessibility of the DnaG NTP­binding site 
across species.
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-a&B7,(-0#&,#),#.#52-2"'5&'(&OEF:/'75%&Sa85-9&PF8&3"21&1"61$*&0'5.#,=#%&,#."%7#.&1"61‐
lighted. Residue numbering is for Sa85-9;&&X'75%&570$#'2"%#&".&.1'35&-.&2,-5.)-,#52&31"2#&
sticks, and associated Mn2+&"'5.&-.&.)1#,#.;&/a&E1#&85-9&570$#'2"%#:/"5%"56&."2#&".&),#‐
served across species. Mn2+[9EF&3-.&%'04#%&"52'&21#&A. aeolicus and E. coli DnaG RPD struc‐
27,#.&/*&.7)#,)'."2"'5&3"21&Sa85-9&PF8;&9EF&".&.1'35&-.&-&/-$$:-5%:.2"04&,#),#.#52-2"'5&
3"21&0-,/'5.&0'$',#%&*#$$'3;&S52+&"'5.&-,#&.1'35&-.&6,-*:.)1#,#.;&&8'04"56&%'#.&5'2&,#.7$2&
"5&-5*&0$-.1#.&3"21&#"21#,&),'2#"5&.7,(-0#;&0a&8"=-$#52&+#2-$.&-,#&,#K7",#%&(',&DEF&/"5%"56&
to Sa85-9;&&PF8&0,*.2-$.&3#,#&.'-4#%&3"21&GT&+S&<EF&"5&21#&-/.#50#&'(&%"=-$#52&.-$2.c&-(‐
ter data collection, processing and initial model and phase generation by MR, the active site 
`.1'35a&3-.&"5.)#02#%&(',&21#&),#.#50#&'(&%"((#,#50#&%#5."2*&`+?':8?0@&6,##5&+#.1@&I{a;&
X$7#&+#.1H&M?':?0&#$#02,'5&%#5."2*&-2&G{;&E1#&-/.#50#&'(&.2,'56&',&0'52"67'7.&,#6"'5.&'(&
%"((#,#50#&%#5."2*&"5%"0-2#.&21-2&5'&$"6-5%&".&/'75%;&%a&DEF.&-,#&,#K7",#%&(',&21#&/"5%"56&'(&
+#2-$&O;&O,*.2-$.&3#,#&.'-4#%&3"21&-&1"61&0'50#52,-2"'5&'(&S5O$2 (50 mM) in the absence of 
570$#'2"%#&2'&%#2#,+"5#&21#&.)#0"!"0"2*&'(&21#&'/.#,=#%&+#2-$&/"5%"56&$'0-2"'5.;&&8"((,-02"'5&
%-2-&3#,#&0'$$#02#%&-2&21#&S5:V&#%6#@&),'0#..#%@&-5%&)1-.#.&'/2-"5#%&/*&SP;&<5'+-$'7.&
%"((#,#50#&+-).&3#,#&0-$07$-2#%&3"21&F^UDRx;&S#2-$.&3#,#&"%#52"!"#%&-.&1"61&`|GT{a&)#-4.&
in anomalous (Fo‐Fca&%"((#,#50#&+-).&`0*-5&+#.1a;&E1#&9EF:/'75%&.2,7027,#&3-.&21#5&
-$"65#%&3"21&21#&+#2-$:.'-4#%&+'%#$&2'&0'+)-,#&21#&)'."2"'5&'(&+#2-$&/"5%"56&"5&21#&),#.‐
#50#&`)7,)$#&.)1#,#.a&',&21#&-/.#50#&`31"2#&.)1#,#.a&'(&570$#'2"%#;&B"%#01-"5.&-,#&0'$',#%&
-00',%"56&2'&21#",&,#.)#02"=#&%-2-.#2;&&#a&<5-$*.".&'(&21#&"5!$7#50#&'(&1"61&0'50#52,-2"'5.&'(&
Mg2+ on nucleotide binding. Difference density (mFo‐DFca&0'52'7,#%&-2&I{&(,'+&-&%-2-&.#2&
0'$$#02#%&(,'+&-&0,*.2-$&.'-4#%&3"21&GTT&+S&S6O$2@&M&+S&9EF&-5%&N&+S&S5O$2&".&.1'35&
-.&6,##5&+#.1;&S-).&3#,#&0-$07$-2#%&-(2#,&-&."56$#&,'75%&'(&,"6"%&/'%*&-5%&EQB&,#!"5#+#52;&
E1#&%"((#,#50#&%#5."2*&."65-$&`6,##5&+#.1a&-5%&21#&)'."2"'5&'(&21#&/'75%&570$#'2"%#&`*#$‐
$'3&.2"04.a&%'&5'2&01-56#&75%#,&1"61&S62+ ion concentrations.

Figure Legend S2.2: Conservation and solvent accessibility of the DnaG NTP­binding 
site across species.
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Figure S2.3:  The S. cerevisiae topoisomerase II TOPRIM fold.
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-a&B01#+-2"0&'(&21#&ECFPRS&('$%&.1-,#%&/*&85-9&-5%&2')'".'+#,-.#&RR;&j:.2,-5%.&-,#&
.1'35&-.&0*-5&-,,'3.@&k:1#$"0#.&-.&,#%&'=-$.@&-5%&$"54#,.&-.&)7,)$#&$"5#.;&^#$"0#.&-5%&.1##2.&
are numbered according to Ec85-9;&O'5.#,=#%&-0"%"0&-+"5'&-0"%.&-,#&.1'35&-.&/$7#&0",‐
cles, and numbered according to SaDnaG. Only a subset of acidic amino acids are preserved 
/#23##5&85-9&-5%&2')'&RR@&31"01&$"4#$*&#A)$-"5.&21#&-/"$"2*&'(&21#&2')'&RR&0-2-$*2"0&0#52#,&2'&
/"5%&'5$*&-&."56$#&01#+"0-$$*:0'+)#52#52&+#2-$&"'5&`X-A@&O1-5&#2&-$;&MTGTc&Q-)'5'6'=@&F-5&
et al. 2010; Schmidt, Burgin et al. 2010). b) Cartoon representation of the functional dimer 
21-2&0'+),".#.&21#&2')'&RR&0$#-=-6#&0'+)$#A&`F8X&R8&IQJVa;&C5#&.7/75"2&".&0'$',#%&%-,4&
6,-*@&21#&'21#,&$"612&6,-*;&E1#&/'75%&8D<&.7/.2,-2#&".&.1'35&-.&-&0-,2''5&,#),#.#52-2"'5@&
colored orange for the scissile strand and bright pink for the nonscissile strand (as de‐
!"5#%&/*&21#&%-,4:6,-*&.7/75"2&'5&21#&$#(2a;&E1#&ECFPRS&('$%&'(&#-01&.7/75"2&".&.1'35&3"21&
j:.2,-5%.&0'$',#%&0*-5@&-5%&k:1#$"0#.&,#%;&0a&bTw&,'2-2#%&="#3&'(&21#&.2,7027,#&%".)$-*#%&
"5&)-5#$&`/a;&E1#&sG&-5%&:G&570$#'/-.#.&'(&21#&0$#-=-6#&."2#&-,#&0'$',#%&/$7#&-5%&.1'35&-.&
sticks.

Figure Legend S2.3: The S. cerevisiae topoisomerase II TOPRIM fold
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W&H-$"*T8U5X*I$H987*&)*.+#@*@&H@=2*0+')"$G";*(';*&%/+$#('#*,+$*@"#"$+;-/="J*.&';&'H*
in E. coli DnaG.
-a&F$'2&.1'3"56&21#&%".2,"/72"'5&'(&-+"5'&-0"%.&('75%&-2&)'."2"'5&<,6IMT&'(&E. coli  DnaG.  
Bin height represents the number of times a given amino acid is present in ~1400 non‐re‐
dundant DnaG sequences (Methodsa;&/a&F$'2&0'+)-,"56&21#&-/"$"2*&'(&3"$%:2*)#&E. coli DnaG 
-5%&23'&<,6IMT&+72-52.&2'&/"5%&-5&PD<[8D<&1#2#,'%7)$#A&/-.#%&'5&21#&01-56#&"5&!$7'‐
,#.0#50#&-5".'2,')*&'(&-&!$7',#.0#52$*:$-/#$#%&.7/.2,-2#.&-.&-&(7502"'5&'(&),'2#"5&0'50#52,-‐
tion (Methodsa;&?7$$:$#5621&3"$%:2*)#&E. coli – black circles; Arg320Ala – orange squares; 
<,6IMT9$7&h&/$7#&%"-+'5%.;&&E1#&"5-/"$"2*&2'&,#-01&/"5%"56&.-27,-2"'5&(',&21#&+72-52&),'‐
teins precludes an accurate determination of the change in apparent Kd, but corresponds to 
-2&$#-.2&-&GT:('$%&%,')&"5&-(!"5"2*&(',&21#&+'.2&.#=#,#&+72-2"'5c&/#0-7.#&'(&21#&750#,2-"52*&"5&
21#&!"5-$&.-27,-2"'5&=-$7#.@&07,=#&!"2.&-,#&(',&=".7-$&)7,)'.#.&'5$*;&&U,,',&/-,.&,#),#.#52&}B8&
(Methods).
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Figure S2.5: Amino acids associated with the ribose of bound NTPs are not required 
for heteroduplex binding.
E1#&)$'2&.1'3.&21#&01-56#&"5&!$7',#.0#50#&-5".'2,')*&'(&-&!$7',#.0#52$*:$-/#$#%&1#2#,'‐
%7)$#A&-.&-&(7502"'5&'(&85-9&0'50#52,-2"'5&`Methodsa;&8-2-&-,#&.1'35&(',&/"5%"56&2'&21#&
3"$%:2*)#&E. coli RPD (black circles), and to the Gly286Ala (orange diamonds), Gly266Ala 
`/$7#&.K7-,#.a&-5%&<.5MIM<$-&`0*-5&2,"-56$#.a&+72-52&),'2#"5.;&8-2-&3#,#&!"2&2'&21#&#A)$"0"2&
solution to single site binding (Methods).  Error bars represent ±SD (Methods).
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41



Table 2.2: Putative functions of conserved residues in DnaG­family RPDS

E. coli 
Residue

S. aureus 
Residue

T7 gp4 
Residue Prospective Role Reference

W165 S165

O#?@=,)#%P'*-'*+

K0$*%,*-%P#$+#$%LMMQ

ANRR ALMM K0$*%,*-%P#$+#$%LMMQ

ALMN ALML K0$*%,*-%P#$+#$%LMMQ

K241 K242 K137 S>*<%S3"0*#'3"%#)%,=4%NRRR

ATLM K321 K0$*%,*-%P#$+#$%LMMQU%This study

E265 E266 E157 I#),=%H%9'*-'*+
V0-(0*<%S3"0#*'3"%#)%,=4%LMMMU%W#3B<%A03"#%#)%
,=4%LMMMU%W,)0<%&)0%#)%,=4%LMMTU%X##%,*-%A'3",$--

(0*%LMMDU%A0-'*,%,*-%V0-(0*%LMMY

D269 D270 D161 I#),=(%P;K%9'*-'*+
V0-(0*<%S3"0#*'3"%#)%,=4%LMMMU%W#3B<%A03"#%#)%
,=4%LMMMU%W,)0<%&)0%#)%,=4%LMMTU%X##%,*-%A'3",$--

(0*%LMMDU%A0-'*,%,*-%V0-(0*%LMMY

D309 D310 D207 I#),=%H%9'*-'*+
W#3B<%A03"#%#)%,=4%LMMMU%W,)0<%&)0%#)%,=4%LMMTU%
X##%,*-%A'3",$-(0*%LMMDU%A0-'*,%,*-%V0-(0*%

2006

D311 D312 D209 I#),=%P%9'*-'*+
W#3B<%A03"#%#)%,=4%LMMMU%W,)0<%&)0%#)%,=4%LMMTU%
X##%,*-%A'3",$-(0*%LMMDU%A0-'*,%,*-%V0-(0*%

2006

D345 D343 D237 I#),=(%P;K%9'*-'*+
V0-(0*<%S3"0#*'3"%#)%,=4%LMMMU%W#3B<%A03"#%#)%
,=4%LMMMU%W,)0<%&)0%#)%,=4%LMMTU%X##%,*-%A'3",$--

son 2005 

D347 D345 N239 I#),=%K%9'*-'*+
V0-(0*<%S3"0#*'3"%#)%,=4%LMMMU%W#3B<%A03"#%#)%
,=4%LMMMU%W,)0<%&)0%#)%,=4%LMMTU%X##%,*-%A'3",$--

son 2005 

ANZY ANZY A[Z
P,('3%A'-+#

O$'@"0(@",)#%9'*-'*+

W#3B<%A03"#%#)%,=4%LMMMU%A0-'*,%,*-%V0-(0*%
2006

ALLN ALLL ANLZ W#3B<%A03"#%#)%,=4%LMMMU%A0-'*,%,*-%V0-(0*%
2006

K229 K230 K128 W#3B<%A03"#%#)%,=4%LMMMU%X##%,*-%A'3",$-(0*%
LMMNU%A0-'*,%,*-%V0-(0*%LMMY

N232 N233 K122
\>3=#0)'-#%9'*-'*+
&*30?'*+%$'90(#

X##%,*-%A'3",$-(0*%LMMNU%X##%,*-%A'3",$-(0*%
LMMDU%This study

G266 G267 G158 A0-'*,%,*-%V0-(0*%LMMYU%This study

G286 G287 G181 This study
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Chapter 3 ­ An introduction to inhibitors of DnaG and 
investigation of the mechanism of inhibition of DnaG by 
drug­like inhibitors

INTRODUCTION

F&%=,.7'6'()*(:#76&#('5."=&'7'(#&A$4,"7).
Control of primer synthesis by DnaG is a central regulatory point in bacterial DNA replica‐
tion (Chapter 1). Overall, three general strategies to modulating DnaG function have been 
"%#52"!"#%;&C5#&,#$"#.&'5&21#&.#$#02"=#&,#0,7"2+#52&'(&85-9&2'&-&.)#0"!"0&."2#&'(&-02"'5;&?',&
#A-+)$#@&Escherichia coli&85-9&"52#,-02.&3"21&/'21&21#&,#)$"0-2"=#&1#$"0-.#@&85-X&`S-,"-5.&
GbbMc&>7@&e#015#,&#2&-$;&GbbMc&E'767@&F#56&#2&-$;&GbbJc&Q7@&P-25-4-,&#2&-$;&GbbZa@&-5%&21#&
."56$#:.2,-5%#%&8D<&/"5%"56&),'2#"5@&BBX&`B75&-5%&9'%.'5&GbbIc&B75@&E',+'&#2&-$;&GbbJa@&
"52#,-02"'5.&21-2&-$$'3&85-9&2'&"52#,(-0#&3"21&%".2"502&,#)$".'+-$&),'0#..#.&`E'767&-5%&
Marians 1996; Heller and Marians 2006). A second strategy involves the localized control 
of primer synthesis. Once bound to DnaB, DnaG can self‐associate as a means to both deter‐
+"5#&21#&.2-,2"56&)'."2"'5&(',&),"+#,&.*521#.".&-5%&0'52,'$&),"+#,&$#5621&`E'767&-5%&S-,‐
ians 1996; Bhattacharyya and Griep 2000; Corn, Pease et al. 2005; Chintakayala, Machon 
#2&-$;&MTTbc&^-+%-5&-5%&=-5&C"]#5&MTGTc&=-5&C"]#5&-5%&Q')-,'&MTGTa;&E1#&21",%&-)),'-01&
is the use nucleotidyl inhibitors, such as the stringent response effectors (p)ppGpp and 
2´:%DEF.@&31"01&%",#02$*&"+)#%#&),"+#,&(',+-2"'5&`B3-,2&-5%&9,"#)&GbbNc&>-56@&B-5%#,.&
#2&-$;&MTTLc&S-0"-6@&V'01-5'3.4-&#2&-$;&MTGTa;&<2&),#.#52@&1'3&21#.#&=-,"'7.&),'2#"5m),'‐
2#"5&-5%&),'2#"5m$"6-5%&"52#,-02"'5.&"5!$7#50#&21#&0-2-$*2"0&),')#,2"#.&'(&85-9&".&5'2&75%#,‐
stood.

!"$>7&'().("=&(6&%=,.7'6'()*(,%"7).()*(-.,/(7.=7@7")#'
E'&-%%,#..&21#&+#01-5".+.&'(&-02"'5&75%#,$*"56&21#&$-22#,&.2,-2#6*@&3#&"5=#.2"6-2#%&21#&
+#01-5".+.&'(&),"+#,&.*521#.".&"51"/"2"'5&/*&('7,&45'35&0$-..#.&'(&),"+-.#&"51"/"2',.&
(Fig. 3.1a&`P'/"5.'5@&O-7.#,&#2&-$;&MTGMa;&E1#&+#01-5".+&'(&),"+#,&.*521#.".&"51"/"2"'5&/*&
the stringent responses alarmones, (p)ppGpp is elucidated in B@(/#"$*5, and the mecha‐
5".+&'(&"5"2"-2"'5:.)#0"!"0&"51"/"2"'5&'(&85-9&&/*&M´:%DEF.&in vitro is investigated in Chap­
ter 5. 

In this chapter, a study of the mechanisms of primer synthesis inhibition by drug‐like pri‐
+-.#&"51"/"2',.&".&),#.#52#%;&R5&21#&0'7,.#&'(&21".&3',4@&3#&%#=#$')#%&-&1"61$*&.#5."2"=#&
0'7)$#%&,#)',2#,&#A)#,"+#52@&21#&^#$"0-.#:B2"+7$-2#%@&F'$*+#,-.#:O'7)$#%&`^BFOa&),"+#,&
.*521#.".&-..-*@&21-2&".&3#$$&.7"2#%&2'&21#&.27%*&'(&),"+-.#&"51"/"2',.&`Appendix I). An 
important feature of this assay is the ability to account for off‐target effects on alternative 
)'$*+#,-.#.;&>#&-$.'&%#2#,+"5#%&21-2&+'$#07$#.&"5&'5#&%,76:$"4#&0$-..@&2*)"!"#%&/*&B01:
ZJMITN@&-,#&75$"4#$*&2'&-027-$$*&/#&),"+-.#&"51"/"2',.@&31"$#&21-2&-&.#0'5%&6,'7)&'(&.+-$$:
+'$#07$#&-6#52.@&21#&/#5W')*,"+"%"5#.@&"51"/"2&85-9&/*&5'5.)#0"!"0@&"52#,0-$-2"=#&"52#,-0‐
2"'5.&3"21&8D<;
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RESULTS

N,74$#&(")()@'&#B&(:#76&#('5."=&'7'(7.=7@7"7).(@5(!%=?OPQRST
Drug‐like primase inhibitors have received relatively little attention (Robinson, Causer et 
-$;&MTGMa;&R5&MTTI@&-&6,'7)&-2&B01#,"56:F$'761&`5'3&)-,2&'(&S#,04@&R50;a&%".0'=#,#%&-&5-27‐
,-$&),'%702&21-2&"51"/"2#%&85-9&"5&-&.0,##5&(',&/-02#,"0"%-$&0'+)'75%.&/-.#%&'5&#A2,-02.&
from Penicillium verrucosum (#,+#52-2"'5&07$27,#.&`O17@&S"#,W3-&#2&-$;&MTTIa;&&E1#&0'+‐
pound, originally named Sch‐642305 (compound 2, Fig. 3.1b), is a cyclic, 10‐membered 
+-0,'$"%#&3"21&-5&RO50&'(&LT&pS;&B#=#,-$&+#21'%.&(',&21#&2'2-$&.*521#.".&'(&21".&0'+)'75%&
have been reported (Mehta and Shinde 2005; Snider and Zhou 2006; Nicoletti, Lopez‐
9,#.-&#2&-$;&MTTLc&>"$.'5&-5%&E,-75#,&MTTLa;&>#&),'/#%&'(&21#&+#01-5".+&'(&-02"'5&'(&
B01:ZJMITN&"5"2"-$$*&/*&)7,.7"56&-&0'0,*.2-$&.2,7027,#&3"21&21".&0'+)'75%&-5%&21#&E. coli 
PF8;&<.&21#.#&#((',2.&3#,#&75.700#..(7$@&3#&27,5#%&2'&-&/"'01#+"0-$&01-,-02#,"W-2"'5&'(&21#&
),"+#,&.*521#.".&"51"/"2"'5&-22,"/72#%&2'&21#&-6#52;&B7,),"."56$*@&'7,&!",.2&0'52,'$@&-&2"2,-‐
tion of Sch‐642305 into reactions of the HSPC primer synthesis assay, revealed no appar‐
ent inhibition (Fig. 3.2aa;&E1#&"50$7."'5&',&'+".."'5&'(&21#&1#$"0-.#&%"%&5'2&"5!$7#50#&21".&
,#.7$2&`5'2&.1'35a;&&<.&21#&0'7)$#%&-..-*&3-.&,75&-.&-5&#5%)'"52&+#21'%@&3#&21#',"W#%&
21-2&21#&,#$-2"=#$*&3#-4&,#)',2#%&"51"/"2"'5&/*&B01:ZJMITN&+"612&/#&+-.4#%&/*&21#&$'56&
"507/-2"'5&2"+#.&3#&#+)$'*#%&`G&1a;&&^'3#=#,@&-&%'.#:,#.)'5.#&-5-$*.".&-2&23'&#-,$"#,&2"+#&
points (10 and 20 min), revealed no evidence of inhibition (Fig. 3.2ba;&&D'&"51"/"2"'5&3-.&
-))-,#52&3"21&21#&)'$*+#,-.#&-$'5#&`5'2&.1'35a;&&<$21'761&3#&.#-,01#%&(',&-$2#,5-2"=#&
#A)$-5-2"'5.&(',&"51"/"2"'5&/*&B01:ZJMITN@&.701&-.&"52#,(#,#50#&3"21&/"'2"5:.2,#)2-="%"5&
binding (an interaction required to observe signal for the assay originally used to discover 
21#&0'+)'75%a@&5'5#&'(&21#.#&#A)#,"+#52.&,#=#-$#%&-&,#)#-2-/$#&.'7,0#&'(&"51"/"2"'5;&&<.&-&
0'5.#K7#50#&'(&21".&!"5%"56@&3#&0#-.#%&(7,21#,&"5=#.2"6-2"'5.&"52'&21#&+'%#&'(&-02"'5&'(&B01:
642305.

U&.G):5#767>7.&'(7.=7@7"(-.,/(,.>(V4&.)C(@5(.).':&%7K7%,445(7."&#,%"7.A(C7"=("&6:4,"&(-12
B"50#&'7,&#((',2.&2'&75%#,.2-5%&B01:ZJMITN&1-%&,#-01#%&-5&"+)-..#@&3#&27,5#%&'7,&-22#5‐
tion to a second class of drug‐like primase inhibitors, collectively called benzopyrimidines. 
E1#.#&"51"/"2',.&3#,#&"%#52"!"#%&-2&<01"$$"'5&X"')1-,+-0#72"0-$.&/*&0'+)72-2"'5-$&%'04"56&
#A)#,"+#52.&3"21&0'++#,0"-$$*&-=-"$-/$#&%,76:$"4#&+'$#07$-,&.0-(('$%.&`<6-,3-$@&Q'7".#:
S-*&#2&-$;&MTTLa;&&O'+)'75%.&3 and 5&#A#+)$"(*&21#&1"2.&'/2-"5#%&(,'+&21".&.0,##5;&E1#&
same researchers also performed a limited SAR study that indicated IC50 values in the 5 – 
GTT&pS&,-56#@&),'="%"56&/"'01#+"0-$&=-$"%-2"'5&'(&21#&0'+)72-2"'5-$&,#.7$2.;&&

>#&'/2-"5#%&.-+)$#.&`Methods) of the most potent compounds, 3 and 5*(Fig. 3.1c,d), as 
3#$$&-.&.#=#,-$&'21#,&-5-$'67#.&`5'2&.1'35a;&&<&%'.#:,#.)'5.#&-5-$*.".&'(&3 and 5 using the 
HSPC primer synthesis assay indeed demonstrated robust and concentration dependent in‐
hibition of DnaG (Fig. 3.3a, black curves a@&3"21&RO50.&'(&JZ&pS&(',&3 -5%&JI&pS&(',&5.  Using 
-&+',#&2,-%"2"'5-$&),"+#,&.*521#.".&-..-*@&3#&=-$"%-2#%&21#.#&!"5%"56.@&.1'3"56&21-2&-2&$#-.2&
one of the benzopyrimidines, 3, inhibited DnaG (Fig. 3.3ca&`B3-,2&-5%&9,"#)&GbbNa@&Meth­
odsa;&^'3#=#,@&7)'5&2#.2"56&(',&"51"/"2"'5&'(&21#&)'$*+#,-.#&/*&'7,&^BFO&-)),'-01&`Meth­
odsa@&3#&75#A)#02#%$*&%".0'=#,#%&21-2&/'21&0'+)'75%.&-$.'&"51"/"2#%&21#&8D<&)'$*+#,-.#&
-$'5#@&3"21&'5$*&.$"612$*&,#%70#%&)'2#50*&`Fig. 3.3a, gray curves).  
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X#0-7.#&'(&21".&0,'..:,#-02"="2*@&3#&.#2&'72&2'&%#2#,+"5#&"(&/#5W')*,"+"%"5#.&+"612&/#&.)#‐
0"!"0&"51"/"2',.&'(&/'21&V$#5'3&-5%&85-9@&',&"(&.'+#&-$2#,5-2"=#@&/72&5'5.)#0"!"0&+#01-5".+&
'(&-02"'5&0'7$%&-00'752&(',&21#&"51"/"2"'5&.##5&3"21&/'21&#5W*+#.;&&>#&/#6-5&/*&"5=#.2"6-2‐
"56&21#&,#.)'5.#&'(&21#&0'+/"5#%&"51"/"2"'5&'(&85-9&-5%&V$#5'3&/*&3 to substrate DNA.  
E"2,-2"'5&'(&+GI&..8D<&3"21&"50,#-."56&0'50#52,-2"'5.&'(&3 using the coupled assay results 
"5&07,=#.&21-2&-))#-,&2'&/#&01-,-02#,".2"0&'(&-&+"A#%&+'%#&"51"/"2',&`W&HU*9U5().  As a means 
'(&,#%70"56&21#&"+)-02&'(&21#&-))-,#52&.7/.2,-2#&"51"/"2"'5&'5&21#&%-2-&-5-$*.".@&3#&,#)$'2‐
2#%&21#&$'3&0'50#52,-2"'5&%-2-&)'"52.&`31#,#&.7/.2,-2#&"51"/"2"'5&3'7$%&/#&21#&$#-.2&"5!$7‐
#52"-$a&7."56&U-%"#:^'(.2##&-5-$*.#.&`B#6#$&GbbIa;&X*&#A2,-)'$-2"56&21#.#&%-2-&2'&21#&*:-A".@&
3#&3#,#&-/$#&2'&#.2"+-2#&21#&l+-A in the absence of substrate inhibition, revealing a pattern 
+',#&0'5.".2#52&3"21&-&),#%'+"5-52$*&0'+)#2"2"=#&"51"/"2',&`W&HU*9U5.). 
>#&-$.'&0'+)-,#%&21#&RO50 of 3&'/2-"5#%&'5&-&.2-5%-,%&+GI&..8D<&2#+)$-2#@&3"21&21-2&.##5&
31#5&7."56&21#&.-+#&.1',2@&."56$#:.2,-5%#%&.7/.2,-2#&7.#%&"5&2,-%"2"'5-$&),"+#,&.*521#‐
sis assays (Fig. 3.3c and Methodsa;&E'&'/2-"5&21#.#&%-2-@&3#&7.#%&-&),#="'7.$*&)7/$".1#%@&
750'7)$#%&!$7','+#2,"0&),"+#,&.*521#.".&-..-*&`Methods, (Koepsell, Hanson et al. 2005)).  
E'&'7,&.7,),".#@&-&."+)$#&%'.#:,#.)'5.#&07,=#&'(&3 using the short template returns an IC50 
!"=#&2"+#.&1"61#,&21-5&-5&"%#52"0-$&2"2,-2"'5&)#,(',+#%&7."56&+GI&-.&-&2#+)$-2#&`W&HU*9U50). 
E1#.#&2"2,-2"'5.&3#,#&)#,(',+#%&-2&-&2#+)$-2#&0'50#52,-2"'5&21-2&*"#$%#%&-)),'A"+-2#$*&
the same relative primer synthesis rate (Methods). 

E1".&2,#5%&"5&21#&2#+)$-2#&$#5621:%#)#5%#50#&'(&RO50 for 3&".&5'2&0'+)-2"/$#&3"21&#"21#,&-&
0'+)#2"2"=#&',&+"A#%&+'%#&'(&"51"/"2"'5@&-.&21#&+GI&..8D<&2#+)$-2#&".&-)),'A"+-2#$*&MZT&
times longer than the ssDNA oligonucleotide template. Consequently, the concentration of 
template in the titration of 3&7."56&+GI&..8D<&3-.&1"61#,&'5&-&)#,:/-.#&.0-$#&`IZ&pSa&21-5&
3"21&21#&2"2,-2"'5&7."56&21#&.1',2&'$"6'570$#'2"%#&..8D<&`GL&pS@&Methods). Because the 
IC50&'(&-&0'+)#2"2"=#&"51"/"2',&%#)#5%.&"5=#,.#$*&'5&21#&0'50#52,-2"'5&'(&21#&.7/.2,-2#&3"21&
31"01&"2&0'+)#2#.&`O')#$-5%&MTTNa@&21#&RO50&3"21&+GI&..8D<&.1'7$%&/#&1"61#,@&5'2&$'3#,@&
-.&3#&'/.#,=#;&E'&,#0'50"$#&21#.#&23'&,#.7$2.@&3#&21#',"W#%&21-2&21#&2#+)$-2#&$#5621&%#)#5‐
%#50#&'(&"51"/"2"'5&%#,"=#%&(,'+&-&5'5.)#0"!"0&+#01-5".+&'(&"51"/"2"'5&"5='$="56&-&%",#02&
-..'0"-2"'5&3"21&2#+)$-2#@&5'2&),"+-.#;&&

9"=#5&21#&-,'+-2"0&5-27,#&'(&+-5*&'(&21#&/#5W')*,"+"%"5#.@&3#&.7,+".#%&21-2&21#&0'+‐
pounds might intercalate into DNA, and that the large, complicated structure of m13 ssDNA 
3'7$%&),'="%#&+',#&'))',275"2"#.&(',&21#&0'+)'75%.&2'&"52#,-02&3"21&21#&2#+)$-2#&8D<&
"5&0'+)-,".'5&2'&21#&.1',2&'$"6'570$#'2"%#&2#+)$-2#;&E'&2#.2&21".&21#',*@&3#&)#,(',+#%&-&
0-5'5"0-$&"5%70#%&.7)#,0'"$"56&,#$-A-2"'5&-..-*&3"21&3 and 5*(W&HU*9U5;).  In this assay, 3 
and 5&3#,#&+"A#%&3"21&,#$-A#%&)$-.+"%&8D<&-2&0'50#52,-2"'5.&.$"612$*&/#$'3&21#",&,#.)#0‐
tive IC50.&3"21&+GI&..8D<&-.&-&2#+)$-2#;&&R5&21".&-..-*@&-&8D<&"52#,0-$-2',&"5%70#.&)'."2"=#&
.7)#,0'"$"56&'(&21#&.7/.2,-2#&)$-.+"%;&E,#-2+#52&3"21&2')'&R&,#27,5.&21#&8D<&2'&-&,#$-A#%&
.7)#,0'"$"56&.2-2#;&<(2#,&)7,"!"0-2"'5&'(&21#&)$-.+"%&-3-*&(,'+&21#&0'+)'75%@&21#&)$-.+"%&
compensates by adopting a negatively supercoiled state. As can be seen in W&HU*9U5", ad‐
dition of both 3 and 5&,#.7$2#%&"5&."65"!"0-52$*&(-.2#,&+"6,-2"56&.)#0"#.@&21#&01-,-02#,".2"0&
signature of additional supercoiling in a plasmid, demonstrating that both compounds are 
8D<&"52#,0-$-2"56&-6#52.;&&C(&21#&23'@&0'+)'75%&3&3-.&)-,2"07$-,$*&,'/7.2&-2&-$2#,"56&8D<&
topology.
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DISCUSSION

Because of its central role in DNA replication DnaG is an attractive prospective target for 
21#,-)#72"0&"52#,=#52"'5c&1'3#=#,@&,#$-2"=#$*&$"22$#&1-.&/##5&%'5#&2'&#.2-/$".1&"2.&(#-."/"$"2*&
-.&-&%,76&2-,6#2;&>#&"5=#.2"6-2#%&21#&+#01-5".+&'(&),"+#,&.*521#.".&"51"/"2"'5&/*&23'&),#‐
="'7.$*&,#)',2#%&85-9&"51"/"2',.@&-5%&.1'3&21-2&5#"21#,&".&-&@).,(K7>& primase inhibitor.  In 
the case of 2, it is apparent that the compound is in fact a false positive, but poor disclosure 
'(&21#&#A-02&+#21'%.&-5%&0'5%"2"'5.&#+)$'*#%&"5&21#&,#)',2&%#2-"$"56&"2.&%".0'=#,*&),#‐
vented us from determining the true source of its apparent inhibition in the Shering‐Plough 
-..-*;&&?',&21#&.#0'5%&0$-..&'(&"51"/"2',.@&/#5W')*,"+"%"5#.@&3#&('75%&21-2&21#*&"51"/"2&8D<&
.*521#.".&/*&V$#5'3&5#-,$*&-.&3#$$&-.&21#*&%'&85-9@&/72&21-2&21#",&+'%#&'(&"51"/"2"'5&".&%7#&
2'&8D<&"52#,0-$-2"'5&,-21#,&21-5&21,'761&.)#0"!"0&),'2#"5&"52#,-02"'5.;&E'6#21#,@&21#.#&.27%‐
"#.&1"61$"612&.'+#&21#&01-$$#56#.&'(&('$$'3"56&7)&'5&.+-$$:+'$#07$#&"%#52"!"0-2"'5&#((',2.&"5&
21#&$"2#,-27,#@&-.&-&,-56#&'(&)'',$*:0'52,'$$#%&(-02',.&0-5&"50',,#02$*&"%#52"(*&5'5:.)#0"!"0&
inhibitory agents.

MATERIALS AND METHODS

!)$#%&'(*)#(7.=7@7")#'J(:#)"&7.'J(,.>("&6:4,"&(-12
2 3-.&.*521#."W#%&/*&,#.#-,01#,.&"5&21#&E,-75#,&$-/&-00',%"56&2'&21#",&)7/$".1#%&),'0#%7,#&
`>"$.'5&-5%&E,-75#,&MTTLa;&S-2#,"-$&3-.&%"..'$=#%&"5&8SBC&2'&GTT&+S@&-5%&.2',#%&-2&:MT&
wO&752"$&]7.2&),"',&2'&7.#;&&B'$"%&)'3%#,&'(&/#5W')*,"+"%"5#.&3 and 5&3#,#&)7,01-.#%&(,'+&
O1#+8"=&R50;@&%"..'$=#%&"5&-/.'$72#&#21-5'$&`B"6+-:<$%,"01a&2'&GTT&+S@&-5%&.2',#%&-2&:MT&wO&
752"$&]7.2&),"',&2'&7.#;&85-9&-5%&85-X&3#,#&#A),#..#%&-5%&)7,"!"#%&-.&%#.0,"/#%&`O',5@&F#$‐
2'5&#2&-$;&MTT_a;&SGI&..8D<&3-.&)7,01-.#%&(,'+&<((*+#2,"A&-.&-&G&p6mpQ&.2'04&.'$72"'5&"5&
EU@&-$"K7'2#%&-5%&.2',#%&-2&:MT&wO;&V$#5'3&3-.&)7,01-.#%&(,'+&U)"0#52,#&X"'2#015'$'6"#.&
-.&-&NT&impQ&.2'04&.'$72"'5@&-5%&3-.&.2',#%&-2&:MT&wO&"5&21#&/7((#,&),'="%#%&/*&U)"0#52,#;&
C$"6'570$#'2"%#&2#+)$-2#.&3#,#&)7,01-.#%&(,'+&R52#6,-2#%&8D<&E#015'$'6"#.@&,#.7.)#5%‐
#%&"5&EU&2'&G&+S@&-$"K7'2#%@&-5%&.2',#%&-2&:MT&wO;

Polymerase Coupled Primer Synthesis Assay
<$$&,#-02"'5.&3#,#&0-,,"#%&'72&"5&-&='$7+#&'(&NT&pQ;&U-01&0'+)$#2#&,#-02"'5&0'52-"5#%&
buffer (referred to as Reaction Buffer) consisting of 100 mM potassium glutamate, 20 mM 
^UFUB&`)^&L;Na@&Zr&.70,'.#@&T;M&+6m+Q&XB<@&MT&+S&S6C<0&-5%&G&+S&8EE;&i5$#..&'21‐
#,3".#&5'2#%@&-$$&570$#'2"%#.&3#,#&),#.#52&-2&T;G&+S@&-5%&+GI&..8D<&2#+)$-2#&-2&G;J&5S@&
V$#5'3&3-.&),#.#52&-2&T;G&im,A5@&85-9&-2&GTT&5S&-5%&85-X&-2&GTT&5S;&R51"/"2',.&3#,#&
"50$7%#%&"5&21#&"50'+)$#2#&,#-02"'5&+"A27,#&(',&2#+)$-2#&2"2,-2"'5.&/#"56&0'5%702#%&"5&21#&
),#.#50#&'(&"51"/"2',.;&O'+)$#2#&,#-02"'5.&3#,#&"507/-2#%&"5&-&.#-$#%&1-$(:-,#-&bZ:3#$$&
)$-2#&`O',5"56a&(',&G&1&-2&IL&wO@&-5%&21#5&.2'))#%&/*&-%%"2"'5&'(&NT&pQ&'(&-&GHGTT&%"$72"'5&
'(&F"0'9,##5&.2'04&.'$72"'5&`R5="2,'6#5a&"5&MT&+S&E,".@&NT&+S&U8E<@&)^&L;N@&6"="56&-&!"5-$&
.2-"5&%"$72"'5&'(&GHMTT@&-.&)#,&21#&+-57(-027,#,t.&"5.2,702"'5.;&B2'))#%&,#-02"'5.&3#,#&"5‐
07/-2#%&"5&21#&%-,4&(',&N&+"5@&.)75&-2&ITTT&A&6&(',&M&+"5@&-5%&!$7',#.0#50#&"52#5."2*&+#-‐
.7,#%&"5&-&F#,4"5U$+#,&l"02',Il&+7$2"$-/#$&)$-2#&,#-%#,;&P-3&!$7',#.0#50#&3-.&/-046,'75%&
0',,#02#%&3"21&-&5':DEF&0'52,'$&2'&6"=#&?$7',#.0#50#&R52#5."2*&`?Ra;&E1#&3"$%:2*)#&l+-A&3-.&
0-$07$-2#%&/*&!"22"56&,#.7$2-52&07,=#.&2'&21#&UK5;&M;G&/*&5'5$"5#-,&,#6,#.."'5;&<$$&%-2-&3"21"5&
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-&6"=#5&#A)#,"+#52&3#,#&21#5&5',+-$"W#%&2'&21#&3"$%:2*)#&l+-A, and are reported here as 
P#$-2"=#&F,"+#,&B*521#.".&`PFBa;&?',&2#+)$-2#&2"2,-2"'5.@&,-3&!$7',#.0#50#&3-.&/-046,'75%&
0',,#02#%&3"21&-&5'&),'2#"5&0'52,'$&-2&#-01&2#+)$-2#&0'50#52,-2"'5&2'&6"=#&?R;&E1#&%-2-&3#,#&
21#5&!"2&2'&UK5;&I;G&`B#6#$&GbbIa&/*&5'5$"5#-,&,#6,#.."'5@&-5%&5',+-$"W#%&2'&21#&T&pS&2"2,-‐
tion V+-A. 

W<$,"7).(R+X    FI =  
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?',&"51"/"2',&2"2,-2"'5.@&%"$72"'5.&`N&pQa&3#,#&),#)-,#%&"5&EU&`1) or DMSO (all others), and 
+"A#%&3"21&MT&pQ&'(&-5&"50'+)$#2#&,#-02"'5&+"A27,#&0'52-"5"56&V$#5'3@&85-9@&85-X@&<EF@&
iEF&-5%&2#+)$-2#@&-5%&-$$'3#%&2'&"507/-2#&-2&,''+&2#+)#,-27,#&(',&GT&+"572#.&),"',&2'&-%‐
%"2"'5&'(&%mDEF&.'$72"'5&`MN&pQa&2'&.2-,2&21#&,#-02"'5;&&P#-02"'5.&3#,#&"507/-2#%&-2&IL&wO&(',&
1 h, and stopped, stained and measured using the same protocol as the standard reactions. 
E1#&%-2-&3#,#&5',+-$"W#%&2'&21#&-=#,-6#&+-A&?R@&-5%&!"2&2'&21#&UK5;&I;M&`O')#$-5%&MTTNa&/*&
nonlinear regression.
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"5&31"01&~R�&".&21#&"51"/"2',&0'50#52,-2"'5@&RO50 is the concentration of inhibitor that results 
"5&NTr&"51"/"2"'5@&-5%&1&".&21#&1"$$&0'#(!"0"#52;&?',&-$$&de novo .*521#.".&#A)#,"+#52.@&,#-0‐
2"'5.&3#,#&0-,,"#%&'72&"5&2,")$"0-2#@&75$#..&'21#,3".#&5'2#%@&-5%&-,#&,#)',2#%&1#,#&-.&-5&
-=#,-6#&'(&21#&21,##&=-$7#.@&-$'56&3"21&21#&B2-5%-,%&8#="-2"'5&`B8a;

/&.&#,4(:#76&#('5."=&'7'(,'',5(@5(#,>7)4,@&4(7.%)#:)#,"7).
E1#&6#5#,-$&),"+#,&.*521#.".&-..-*&1-.&/##5&%#.0,"/#%&`B3-,2&-5%&9,"#)&GbbNa@&-5%&3-.&
)#,(',+#%&-00',%"56&2'&21#&),'2'0'$&%#.0,"/#%&#$.#31#,#&`O',5@&F#-.#&#2&-$;&MTTNa;&E1#&
2#+)$-2#&3-.&)1'.)1',*$-2#%&'5&21#&It:#5%;

Y.%)$:4&>(K4$)#)6&"#7%(>&(.)B)(:#76&#('5."=&'7'(,'',5'
<$$&,#-02"'5.&3#,#&0-,,"#%&'72&"5&-&='$7+#&'(&MN&pQ;&U-01&0'+)$#2#&,#-02"'5&0'52-"5#%&
P#-02"'5&X7((#,&$-04"56&.70,'.#;&&i5%#,&.2-5%-,%&,#-02"'5&0'5%"2"'5.@&-$$&570$#'2"%#.&3#,#&
),#.#52&-2&T;G&+S@&2#+)$-2#&-2&N&5S&(',&21#&L@MNT&52&+GI&..8D<&2#+)$-2#@&',&ZTT&5S&(',&
21#&M_&52&."56$#:.2,-5%#%&'$"6'570$#'2"%#&2#+)$-2#@&31"01&0',,#.)'5%&2'&-&0'50#52,-2"'5&
of each template that yields activity of ~25% of V+-A for DnaG at 500 nM and DnaB at 500 
nM. 3&3-.&2"2,-2#%&(,'+&I;N&pS&2'&T;N&+S;&R51"/"2',&%"$72"'5.&`M;N&pQa&3#,#&),#)-,#%&"5&
8SBC@&-5%&+"A#%&3"21&MT&pQ&'(&-5&"50'+)$#2#&,#-02"'5&+"A27,#&0'52-"5"56&V$#5'3@&85-9@&
85-X@&<EF@&iEF&-5%&2#+)$-2#@&-5%&-$$'3#%&2'&"507/-2#&-2&,''+&2#+)#,-27,#&(',&GT&+"572#.&
),"',&2'&-%%"2"'5&'(&DEF&.'$72"'5&`M;N&pQa&2'&.2-,2&21#&,#-02"'5;&O'+)$#2#&,#-02"'5.&3#,#&
"507/-2#%&"5&-&.#-$#%&1-$(:-,#-&bZ:3#$$&)$-2#&`O',5"56a&(',&G&1&-2&IL&wO@&-5%&21#5&.2'))#%&/*&
-%%"2"'5&'(&MN&pQ&'(&-&GHGTT&%"$72"'5&'(&F"0'9,##5&.2'04&.'$72"'5&`R5="2,'6#5a&"5&MT&+S&E,".@&
NT&+S&U8E<@&)^&L;N@&-.&)#,&21#&+-57(-027,#,t.&"5.2,702"'5.;&<(2#,&.2'))"56&-5%&.2-"5"56@&
,#-02"'5.&3#,#&2,#-2#%&-.&-/'=#;&E1#&%-2-&3#,#&5',+-$"W#%&2'&21#&-=#,-6#&+-A&?R&2'&6"=#&
PFB@&-5%&!"2&2'&UK5;&I;G&/*&5'5$"5#-,&,#6,#.."'5;&
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Z#7"=&(*))":#7."7.A(,'',5(*)#(7."&#%,4,"7).
P#-02"'5.&3#,#&0-,,"#%&'72&"5&-&2'2-$&='$7+#&'(&MN&pQ;&F$-.+"%&`ITT&56a@&/7((#,@&-5%&0'+‐
)'75%&3#,#&"507/-2#%&(',&GT&+"5&-2&PE;&E')'&R&`G&pQa&3-.&-%%#%&2'&#-01&,#-02"'5@&-5%&21#&
,#-02"'5.&"507/-2#%&-2&IL&wO&(',&MN&+"5@&21#5&.2'))#%&/*&21#&-%%"2"'5&'(&B8B&2'&Gr@&U8E<&2'&
MT&+S@&),'2#"5-.#&V&2'&G&+6m+Q&-5%&"507/-2"'5&-2&NN&wO&(',&GT&+"5;&N&pQ&'(&$'-%"56&/7((#,&
3-.&-%%#%&2'&#-01&,#-02"'5.@&N&pQ&'(&.-+)$#&$'-%#%&'52'&-&Gr&GT&A&IT&0+&-6-,'.#&6#$@&-5%&
21#&,#-02"'5&),'%702.&.#)-,-2#%&/*&#$#02,')1',#.".&-2&NT&l&(',&MJ&1&"5&GAE<U;&E1#&6#$&3-.&
21#5&.2-"5#%&/*&-%%"2"'5&'(&#21"%"7+&/,'+"%#&.2-"5"56&.'$72"'5@&-5%&"507/-2"'5&3"21&.1-4‐
"56&(',&GT&+"5&"5&21#&%-,4;&?"5-$$*@&21#&6#$&3-.&%#.2-"5#%&(',&MT&+"5&"5&,755"56&/7((#,@&-5%&
=".7-$"W#%&/*&il;&P#$-A#%&)$-.+"%&-5%&2')'&R&.'$72"'5&3#,#&),'="%#%&/*&U$.-&S;&E,#22#,;
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a b

c

nucleotidyl 10­membered
macrolides

Benzopyrimidines

Cordycepin (1) (+)­Sch 642305 (2)

3 4
Figure 3.1: The Classes of DnaG­type Primase Inhibitors.
Chemical structures of representative members of the DnaG‐type primase inhibitors. 
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Figure 3.2: Failure to observe Sch­dependent inhibition of primer synthesis by E. coli 
DnaG.
-a&8'.#:,#.)'5.#&'(&85-9:85-X&2'&B01&"5&21#&^BFO&),"+#,&.*521#.".&-..-*;&B01&3-.&2"2,-2#%&
(,'+&GG&pS&2'&G&+S&"52'&,#-02"'5.&0'52-"5"56&GTT&5S&85-9&-5%&GTT&5S&85-X;&P#$-2"=#&
F,"+#,&B*521#.".@&21#&),"+#,&.*521#.".&#A2#52&-.&-&(,-02"'5&'(&21#&.*521#.".&#A2#52&(',&21#&
T&pS&B01&%-2-&)'"52&`P#$-2"=#&F,"+#,&B*521#.".a;&/a&8'.#:,#.)'5.#&'(&85-9:85-X&2'&B01&-2&
#-,$"#,&2"+#&)'"52.&"5&21#&^BFO&),"+#,&.*521#.".&-..-*;&B01&3-.&2"2,-2"'5&(,'+&NT&pS&2'&MTT&
pS&"52'&,#-02"'5.&-.&"5&`-a@&/72&),"+#,&.*521#.".&3-.&+#-.7,#%&-2&GT&`6,-*&.K7-,#.a&-5%&MT&
min (black diamonds) as opposed to the standard 1 h. A. U., arbitrary units.
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Figure 3.3: Equivalent inhibition of DnaG and Klenow by benzopyrimidines.

a) Dose response of DnaG‐DnaB and 
V$#5'3&2'&3. 3&3-.&2"2,-2#%&(,'+&N&
pS&2'&T;N&+S&"52'&,#-02"'5.&0'52-"5‐
ing 100 nM DnaG and 100 nM DnaB 
(black squares) or 10 nM of an m13 
complementary DNA primer and no 
85-9&`6,-*&0",0$#.a;&O7,=#.&-,#&!"2&2'&
an IC50 model (Methods). Synthesis is 
reported as a fraction of the synthe‐
.".&#A2#52&(',&21#&T&pS&3 data point. 
Error bars represent ±SD (Methods). 
b) Dose response of DnaG‐DnaB and 
V$#5'3&2'&5. 5&3-.&2"2,-2#%&(,'+&N&
pS&2'&T;N&+S&"52'&,#-02"'5.&0'5‐
taining 100 nM DnaG and 100 nM 
DnaB (black circles) or 10 nM of an 
m13 complementary DNA primer 
and no DnaG (gray squares). Curves 
-,#&!"2&2'&-5&RO50 model (Methods). 
Synthesis is reported as a fraction of 
21#&.*521#.".&#A2#52&(',&21#&T&pS&5 
data point. Error bars represent ±SD 
(Methods). c) Dose‐response of DnaG 
to 3 in a radiolabel incorporation 
primer synthesis assay. 3&3-.&2"2,-2#%&
(,'+&IT&pS&2'&ITT&pS&"52'&,#-02"'5.&
0'52-"5"56&GT&pS&85-9@&5'&85-X&-5%&
no polymerase.  A 3´‐phosphorylated 
2#+)$-2#&3-.&7.#%@&/72&'21#,&,#-02"'5&
conditions matched the published 
procedure (Methods).
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template DNA.
a) m13 ssDNA dependent synthesis in the presence of increasing concentrations of 3. m13 
..8D<&3-.&2"2,-2#%&(,'+&T;M&2'&MT&5S&"52'&,#-02"'5.&0'52-"5"56&T&`/$-04&0",0$#.a@&GT&`6,-*&
.K7-,#.a@&NT&`%-,4&6,-*&%"-+'5%.a@&',&GTT&pS&`$"612&6,-*&2,"-56$#.a&3;&O7,=#.&3#,#&!"2&2'&-&
substrate inhibition model (Eqn. 3.2, Methods). Error bars represent ±SD (Methods). RPS, 
,#$-2"=#&),"+#,&.*521#.".;&&O'52"57#%&'5&5#A2&)-6#;
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/a&U-%"#:^'(.2##&)$'2&`=&=.;&=m.a&'(&21#&T:N&5S&+GI&..8D<&%-2-&)'"52.&.1'35&"5&`-a;&8-2-&
3#,#&!"2&/*&$"5#-,&,#6,#.."'5@&-5%&21#&$"5#.&#A2#5%#%&2'&21#&*:-A".&2'&),'="%#&-5&#.2"+-2#&'(&
21#&l+-A&'(&#-01&2"2,-2"'5&3"21'72&.7/.2,-2#&"51"/"2"'5;&0a&E1#&"+)-02&'(&2#+)$-2#&$#5621&'5&
the IC50 of 3;&E"2,-2"'5.&'(&3&3#,#&)#,(',+#%&"5&-5&750'7)$#%&-..-*&7."56&#"21#,&N&5S&+GI&
ssDNA (open circles), or 600 nM of a short ssDNA oligonucleotide template (closed circles). 
<$$&,#-02"'5.&0'52-"5#%&NTT&5S&85-9&-5%&NTT&5S&85-X@&-5%&GTT&pS&,DEF.;&<$$&'21#,&-.‐
.-*&0'5%"2"'5.&(,'+&21#&0'7)$#%&-..-*&3#,#&+-"52-"5#%;&O7,=#.&3#,#&!"2&2'&-5&RO50 model 
(Methodsa;&%a&B01#+-2"0&'(&-&3,"21#&-..-*&7.#%&2'&"52#,,'6-2#&.7)#,0'"$"56&0-7.#%&/*&
"52#,0-$-2"'5&'(&.+-$$&+'$#07$#&"52'&8D<;&E1#&)'2#52"-$&"52#,0-$-2',&".&,#+'=#%&7)'5&".'$-‐
2"'5&'(&21#&8D<@&,#.7$2"56&"5&0'+)#5.-2',*&.7)#,0'"$"56;&#a&E1#&),#.#50#&'(&3 and 5 induces 
.7)#,0'"$"56&'(&,#$-A#%&8D<;&9#$&"+-6#&.1'3"56&21#&,#.7$2.&(,'+&"50$7%"56&3 and 5 in the 
-..-*&%#)"02#%&"5&`%a;&&B#=#,-$&0'52,'$.&3#,#&"50$7%#%@&,#$-A#%&8D<&-5%&5#6-2"=#$*&.7)#,‐
0'"$#%&8D<@&-.&3#$$&-.&-&,#-02"'5&3"21&-&.+-$$&-+'752&'(&#21"%"7+&/,'+"%#&`U2X,a@&-&45'35&
8D<&"52#,0-$-2',;&E1#&-))#-,-50#&'(&-%%"2"'5-$&/-5%.&3"21&(-.2#,&+'/"$"2*&21-5&0-5&/#&.##5&
"5&21#&,#$-A#%&8D<&$-5#&".&"5%"0-2"=#&'(&-%%"2"'5-$&.7)#,0'"$"56@&-5%&21#,#(',#&"52#,0-$-2"'5;
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B@(/#"$*5*C*D=-0&;(#&+'*+,*#@"*%"0@('&)%*+,*(0#&+'*+,*
primer synthesis inhibition by the stringent response 
alarmones, (p)ppGpp.

INTRODUCTION

Nutrient deprivation in bacteria evokes a cellular reaction, termed the Stringent Response, 
"5&31"01&8D<&,#)$"0-2"'5@&2,-5.0,")2"'5&-5%&2,-5.$-2"'5&/#0'+#&"51"/"2#%&21,'761&21#&
-02"'5&'(&23'&.+-$$&+'$#07$#&-$-,+'5#.@&))9))&-5%&)))9))&`W&HU*5U6(). Both of these 
570$#'2"%#.@&0'$$#02"=#$*&45'35&-.&`)a))9))@&&/"5%&2'&-5%&-$2#,&21#&-02"="2*&'(&0,"2"0-$&#5‐
W*+#.&"5='$=#%&"5&-$$&21,##&),'0#..#.&`B,"=-2.-5&-5%&>-56&MTT_a@&$#-%"56&2'&.$'3#,&6,'321@&
,#%70#%&0'5.7+)2"'5&'(&+#2-/'$"0&.2-,2"56&+-2#,"-$.@&-5%&"50,#-.#%&#A),#.."'5&'(&=-,"'7.&
+#2-/'$"0&#5W*+#.;&<$21'761&21#&+'$#07$-,&-5%&-2'+"0&%#2-"$.&'(&1'3&`)a))9))&-((#02&2-,‐
gets in transcription and translation have been studied for some time (Potrykus and Cashel 
2008), only recently have researchers begun to unlock these details for enzymes involved in 
8D<&,#)$"0-2"'5H&"52#,#.2"56$*@&,#0#52&!"5%"56.&"5%"0-2#&21-2&`)a))9)):%#)#5%#52&"51"/"2"'5&
'(&),"+#,&.*521#.".&/*&85-9&-))#-,.&2'&)$-*&-&+-]',&,'$#&"5&,#)$"0-2"'5&"51"/"2"'5;&`>-56@&
B-5%#,.&#2&-$;&MTTLa;&

E'&"5=#.2"6-2#&21#&+#01-5".+&'(&),"+#,&.*521#.".&"51"/"2"'5&/*&`)a))9))@&3#&.'$=#%&21#&
crystals structures of the S. aureus DnaG catalytic core bound individually to each alarmone.  
X'21&.2,7027,#.&,#=#-$&-&75"K7#&+'%#&'(&"52#,-02"'5&3"21&21#&85-9&0-2-$*2"0&0',#&21-2&'=#,‐
$-).&3"21&/'21&21#&."2#&'(&570$#'2"%#&/"5%"56&-5%&3"21&21#&5-.0#52&),"+#,&01-"5;&&E1#.#&"5‐
."612.@&2'6#21#,&3"21&/"'01#+"0-$&.27%"#.@&"5%"0-2#&21-2&.2,"56#52&,#.)'5.#&-$-,+'5#.&/$'04&
85-9&(7502"'5&/*&0'+)$#A@&+"A#%&+'%#&'(&"51"/"2"'5&(',&+7$2")$#&.7/.2,-2#.;

RESULTS

9=&(%#5'",4('"#$%"$#&'()*("=&(!+(,$#&$'(-.,/(03-(@)$.>(")([:\::/::
E'&!",.2&%#!"5#&1'3&`)a))9))&+"612&/"5%&2'&85-9@&3#&"5"2"-$$*&-22#+)2#%&2'&+'%#$&21#&23'&
+'%"!"#%&570$#'2"%#.&"52'&'7,&.2,7027,#&'(&21#&".'$-2#%&S. aureus RPD (Chapter 2a;&&E1#.#&#(‐
(',2.@&1'3#=#,@&"5%"0-2#%&21-2&5#"21#,&9NF&5',&9JF&0'7$%&/"5%&2'&21#&SaDnaG RPD in a man‐
ner similar to that of Mn2+[DEF&3"21'72&"52,'%70"56&.2#,"0&0$-.1#.&/#23##5&21#&IY:)1'.‐
phates of the alarmones and the protein.  

E'&"5.2#-%&#.2-/$".1&21#&$'0-2"'5&-5%&',"#52-2"'5&'(&9NF&-5%&9JF&/"5%"56&2'&21#&85-9&PF8&
%",#02$*@&3#&0'$$#02#%&%"((,-02"'5&%-2-&-5%&%#2#,+"5#%&.2,7027,#.&(',&0,*.2-$.&.'-4#%&"5&
.'$72"'5.&'(&M;N&+S&'(&#"21#,&9NF&',&9JF@&-$'56&3"21&GT&+S&S5O$2, and 1 mM MgCl2.  Clear 
%"((#,#50#&%#5."2*&3-.&#="%#52&(',&/'21&+'$#07$#.&`W&HU*5U6.V0a@&31"01&,#=#-$#%&21-2&21#&
23'&67-5'."5#&-5-$'6.&-..'0"-2#&3"21&21#&SaDnaG RPD in a similar manner.  Interestingly, 
0'+)-,".'5&3"21&21#&570$#'2"%#:/'75%&Sa85-9&0'+)$#A#.&.1'3.&21-2&21#&."2#&'(&/"5%"56&
(',&9NF&-5%&9JF&'=#,$-).&3"21&21#&S52+[DEF&/"5%"56&$'07.@&/72&'5$*&)-,2$*&`W&HU*5U6;V").  
R5&)-,2"07$-,@&21#&NY:)1'.)1-2#.&'(&/'21&"51"/"2',.&'007)*&21#&.-+#&2,")1'.)1-2#:/"5%"56&
,#6"'5@&7."56&-&+#2-$:0'',%"5-2#%&0'5!"67,-2"'5&"%#52"0-$&2'&21-2&'/.#,=#%&(',&21#&'21#,&
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DEF.@&3"21&21#&#A0#)2"'5&21-2&+#2-$&X&(-"$.&2'&/"5%&3"21&9JF@&0-7."56&-&.1"(2&"5&21#&)'."2"'5&
'(&"2.&NY:)1'.)1-2#.&0'+)-,#%&2'&21-2&'(&#"21#,&9NF&',&21#&('7,&.2-5%-,%&570$#'2"%#.;&&X*&
0'52,-.2@&21#&IY:)1'.)1-2#.&'(&/'21&-$-,+'5#.&$"6-5%&+#2-$&<@&-&0'55#02"'5&21-2&,#K7",#.&
,#',"#52-2"'5&'(&21#&/-.#&-5%&,"/'.#&"52'&-&0'5!"67,-2"'5&%".2"502&(,'+&21-2&.##5&3"21&DEF.;&&
E1".&$'0-2"'5&-5%&,#-,,-56#+#52&.766#.2.&21-2&9NF&-5%&9JF&"52#,(#,#&3"21&),"+#,&.*521#‐
.".&/*&0':'007)*"56&/'21&21#&IY:C^&-5%&NY:)1'.)1-2#&/"5%"56&$'0"@&21#,#/*&'00$7%"56&21#&
entire DnaG active site. 

[:\::/::(%)6:&"&(C7"=("C)('$@'"#,"&'(*)#(@7.>7.A(")(-.,/
^-="56&#.2-/$".1#%&-&/"5%"56&+'%-$"2*&(',&`)a))9))@&3#&.#2&'72&2'&2#.2&21#&+#01-5".+&'(&
-02"'5&21#&.2,7027,#.&"+)$"#%H&21-2&21#&23'&+'$#07$#.&"+)#%#&),"+-.#&-02"="2*&5'2&'5$*&
21,'761&/$'04"56&/"5%"56&'(&-5&"50'+"56&DEF@&/72&/*&-$.'&"52#,(#,"56&3"21&21#&/"5%"56&'(&#"‐
21#,&-5&"5"2"-2"56&NY:DEF@&',&21#&#A2#5."/$#&IY&#5%&'(&-5&PD<[8D<&1#2#,'%7)$#A;&E'&21".&#5%@&
3#&#A-+"5#%&21#&0'50#52,-2"'5:%#)#5%#52&#((#02.&'(&/'21&9JF&-5%&9NF&'5&=-,"'7.&-02"="‐
ties of E. coli&85-9;&&<.&-&0'52,'$@&3#&!",.2&-..#..#%&21#&-/"$"2*&'(&'7,&-$-,+'5#&),#)-,-2"'5.&
to inhibit de novo primer synthesis by full‐length DnaG, using an established helicase‐stim‐
7$-2#%&-..-*&`V'#).#$$@&^-5.'5&#2&-$;&MTTNa;&&O'5.".2#52&3"21&),#="'7.$*&)7/$".1#%&!"5%"56.&
`S-0"-6@&V'01-5'3.4-&#2&-$;&MTGTa@&3#&('75%&21-2&/'21&570$#'2"%#.&3#,#&3#-4&"51"/"2',.@&
having IC50.&"5&21#&$'3&+S&,-56#&`W&H*5U8().  

>#&5#A2&-.4#%&"(&`)a))9))&0'7$%&"52#,(#,#&3"21&1#2#,'%7)$#A&/"5%"56@&-.&+"612&/#&#A)#02#%&
"(&21#&IY:)1'.)1-2#.&'(&21#&"51"/"2',.&3#,#&2'&0$-.1&3"21&-5&-00#)2',&IY:C^&-..'0"-2#%&3"21&
+#2-$&<;&&i."56&-&01-56#&"5&!$7',#.0#50#&-5".'2,')*&'(&-&!$7',#.0#"5&$-/#$#%:8D<[PD<&1#2‐
#,'%7)$#A&-.&-&,#-%'72&(',&/"5%"56&2'&-&),"+#,:2#+)$-2#&.7/.2,-2#&`Methods) by the EcD‐
5-9&PF8@&3#&'/.#,=#%&21-2&"50,#-."56&0'50#52,-2"'5.&'(&#"21#,&9NF&',&9JF&),'6,#.."=#$*&
"+)#%#%&21#&),'2#"5&(,'+&-..'0"-2"56&3"21&21#&'$"6'&`W&H*5U8.). 

E'&=#,"(*&21-2&`)a))9))&0'+)#2#&(',&/"5%"56&2'&21#&'/.#,=#%&DEF&/"5%"56&."2#@&3#&!",.2&
#A-+"5#%&21#&-/"$"2*&'(&9NF&-5%&9JF&2'&"52#,(#,#&3"21&/"5%"56&'(&21#&EcDnaG RPD to a 
!$7',#.0#52$*&$-/#$#%&570$#'2"%#@&-%#5'."5#&N´:C:`I:21"'2,")1'.)1-2#a:XC8RFd&!$7',#.‐
cein thioester, Appendix IIa;&&E1#&,#.7$2.&(,'+&21#.#&#A)#,"+#52.&3#,#&"50'50$7."=#@&.'&3#&
"5.2#-%&-..#..#%&21#&-/"$"2*&'(&`)a))9))&2'&0'+)#2#&3"21&9EF&"5&-&2'2-$&),"+#,&.*521#.".&
-..-*&7."56&(7$$:$#5621&85-9;&&B"50#&9EF&0-55'2&),'="%#&-5&"5"2"-2"56&IY:C^&%7#&2'&21#&.2-,2&
site preferences of E. coli DnaG (5´‐CEG and 5´‐CA9@&31#,#&21#&E&',&<&)'."2"'5&+-,4.&21#&N´ 
2#,+"5-$&."2#&'(&21#&),"+#,a@&"2&-02.&-.&-&.)#0"!"0&),'/#&(',&21#&-00#.."/"$"2*&'(&21#&"50'+"56&
570$#'2"%#&/"5%"56:."2#@&31"01&/'21&-$-,+'5#.&/$'04&)-,2"-$$*&"5&'7,&.2,7027,#.&`V1')%#@&
X".3-.&#2&-$;&MTTMa;&&X'21&-$-,+'5#.&K7-$"2-2"=#$*&#A1"/"2#%&+"A#%:2*)#&"51"/"2',&/#1-="',&
"5&/$'04"56&21#&-/"$"2*&'(&85-9&2'&.*521#."W#&),"+#,.&"5&-&9EF:0'50#52,-2"'5&%#)#5%#52&
manner (W&H*5U80\;a@&3"21&9NF&0-7."56&-&$-,6#,&"50,#-.#&"5&21#&-))-,#52:Vm compared to 
G4P (W&H*5U8"\,). 
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DISCUSSION

E1#&-/"$"2*&'(&/-02#,"-$&',6-5".+.&2'&,#.)'5%&2'&.2,#..(7$&0'5%"2"'5.&1-.&-&%",#02&/#-,"56&
'5&21#&)'2#52"-$&)-21'6"0-$&/#1-="',&`Q#="5&-5%&P'W#5&MTTZa;&&E'&%-2#@&21#&.2,"56#52&,#‐
sponse has been implicated many times in the pathogenicity of several clinically relevant 
organisms, including E. coli and 3+(,&#$A7.)',&`E,-A$#,@&B7++#,.&#2&-$;&MTT_c&l'62@&9,##5&#2&
-$;&MTGGa;&E1#&.2,"56#52&,#.)'5.#&"51"/"2.&8D<&,#)$"0-2"'5&"5&/-02#,"-&/*&23'&-$-,+'5#.@&
)))9))&`9NFa&-5%&))9))&`9JFa&`\-"5@&V7+-,&#2&-$;&MTTZa;&Q'56&45'35&2'&/$'04&2,-5.$-2"'5&
-5%&2,-5.0,")2"'5&`F'2,*47.&-5%&O-.1#$&MTT_a@&/'21&570$#'2"%#.&1-=#&/##5&.1'35&,#0#52$*&
2'&-%%"2"'5-$$*&"+)#%#&),"+#,&.*521#.".&/*&"51"/"2"56&85-9&%",#02$*&`>-56@&B-5%#,.&#2&-$;&
MTTLc&S-0"-6@&V'01-5'3.4-&#2&-$;&MTGTa;&E1".&.27%*&,#"5(',0#.&21".&!"5%"56@&31"$#&(7,21#,&
.1'3"56&21-2&21#&23'&.+-$$:+'$#07$#&-$-,+'5#.&-..'0"-2#&3"21&21#&85-9&0-2-$*2"0&0',#&"5&-&
+-55#,&21-2&3'7$%&'00$7%#&-00#..&2'&21#&-02"=#&."2#&'(&85-9&`Chapter 2), thereby providing 
a mechanism of action for these agents. 

MATERIALS AND METHODS

H4).7.AJ(&;:#&''7).J(:$#7K7%,"7).
See Methods, Chapter 2.

H#5'",447G,"7).()*("=&(!,-.,/(03-
See Methods, Chapter 2 (',&21#&0,*.2-$$"W-2"'5&),'2'0'$;&?',&.'-4.@&0,*.2-$.&3#,#&!",.2&#A‐
01-56#%&"52'&3#$$&.'$72"'5&0'52-"5"56&GT&+S&S5O$2, 1 mM  MgCl2 and 2.5 mM of either G4P 
',&9NF&-5%&"507/-2#%&'=#,5"612&),"',&2'&0,*'),'2#02"'5&-5%&1-,=#.2"56;&&O,*.2-$.&3#,#&0,*'‐
protected as described in Methods, Chapter 2;&<$$&0,*.2-$.&3#,#&!$-.1:(,'W#5&-5%&.2',#%&"5&
liquid nitrogen prior to data collection at 100 K. 

-,",(%)44&%"7).(,.>(#&K7.&6&."
See Methods, Chapter 2.

De novo primer synthesis assays
9EF&2"2,-2"'5.&3#,#&)#,(',+#%&7."56&21#&),'2'0'$&%#.0,"/#%&"5&Methods, Chapter 2@&#A0#)2&
"51"/"2',.&3#,#&"50$7%#%&"5&21#&"50'+)$#2#&,#-02"'5&+"A27,#@&-5%&"507/-2#%&(',&GT&+"5&-2&
,''+&2#+)#,-27,#&),"',&2'&-%%"2"'5&'(&9EF&.'$72"'5&2'&.2-,2&21#&,#-02"'5;&?',&"51"/"2',&2"2,-‐
2"'5.@&9NF&-5%&9JF&3#,#&),#)-,#%&-.&%#.0,"/#%&`S#01'$%@&S7,)1*&#2&-$;&MTTMa@&-5%&.2',#%&
"5&%#."00-2#%&(',+&752"$&]7.2&),"',&2'&7.#;&8,*&)#$$#2.&3#,#&,#.7.)#5%#%&"5&GA&E,".:U8E<&
`EUa@&-5%&21#&0'50#52,-2"'5&+#-.7,#%&/*&-/.',/-50#&-2&MN_&5+&7."56&21#&#A2"502"'5&0'#(‐
!"0"#52&'(&GI@LTT&S‐1cm‐1;&98F&3-.&),#)-,#%&/*&%"..'$="56&98F&)'3%#,&`B"6+-<$%,"01a&"5&
EU&2'&GTT&+S@&-5%&21#&)^&-%]7.2#%&2'&L;N;&&R51"/"2',&%"$72"'5.&`L;N&pQa&3#,#&),#)-,#%&"5&EU@&
-5%&+"A#%&3"21&-5&#K7-$&='$7+#&'(&-5&"50'+)$#2#&,#-02"'5&+"A27,#&0'52-"5"56&M;ZA&P#-0‐
2"'5&X7((#,@&85-9@&85-X@&<EF@&iEF&-5%&2#+)$-2#@&-5%&-$$'3#%&2'&"507/-2#&-2&,''+&2#+)#,-‐
27,#&(',&GT&+"572#.&),"',&2'&-%%"2"'5&'(&9EF&.'$72"'5&`N&pQ&-2&JTT&pSa&2'&.2-,2&21#&,#-02"'5;&
P#-02"'5.&3#,#&"507/-2#%&-2&IL&wO&(',&G&1@&-5%&.2'))#%@&.2-"5#%&-5%&+#-.7,#%&7."56&21#&
.-+#&),'2'0'$&-.&21#&.2-5%-,%&9EF&2"2,-2"'5.;&9NF&3-.&2"2,-2#%&(,'+&_;J&+S&2'&_;M&pS@&9JF&
3-.&2"2,-2#%&(,'+&Z;b&+S&2'&Z;_&pS@&-5%&98F&(,'+&GT&+S&2'&L_&pS;&&E1#&%-2-&3#,#&5',‐
+-$"W#%&2'&21#&-=#,-6#&+-A"+7+&!$7',#.0#50#&"52#5."2*&2'&6"=#&PFB@&-5%&!"2&2'&UK5;&I;G&/*&
nonlinear regression.



NL

L&"&#)>$:4&;(%)6:&"7"7).(,'',5'(
E. coli&85-9&PF8&`NTT&pSa&3-.&"507/-2#%&3"21&GTT&5S&'(&-&NY:!$7',#.0#"5&$-/#$#%&PD<n8D<&
1#2#,'%7)$#A&3"21&-&NY:'=#,1-56&`8D<&.2,-5%&`R8Ea&.#K7#50#H&NY:<<<<OE9OO9OO9O:IY@&
PD<&.2,-5%&`81-,+-0'5a&.#K7#50#H&NY&:9O99O99O<:IYa&-5%&MA&P#-02"'5&X7((#,&0'5%"‐
2"'5.&-2&PE&(',&GT&+"5;&R51"/"2',&-2&MA&!"5-$&0'50#52,-2"'5&`GT&+Sa&3-.&.#,"-$$*&%"$72#%&GHG&
"52'&EUc&%"$72"'5.&3#,#&21#5&+"A#%&GHG&"52'&21#&MA&PF8&-5%&$-/#$#%&1#2#,'%7)$#A&+"A27,#;&
<$$&"51"/"2',.&3#,#&2"2,-2#%&(,'+&N&+S&2'&GT&pS;&&P#-02"'5.&3#,#&"507/-2#%&-2&,''+:2#+‐
)#,-27,#&(',&IT&+"5@&-5%&?$7',#.0#52&F'$-,"W-2"'5&`?Fa&3-.&+#-.7,#%&3"21&-&F#,4"5U$+#,&
l"02',Il&+7$2":$-/#$&)$-2#&,#-%#,;&?F&3-.&0'5=#,2#%&2'&?$7',#.0#50#&<5".'2,')*&`?<a&),"',&
2'&/-046,'75%&0',,#02"'5&3"21&-&5':),'2#"5&0'52,'$&2'&'/2-"5&y?<&=-$7#.;&E1#&%-2-&3#,#&!"2&
by nonlinear regression to Eqn. 4.1 (Copeland 2005), 

W<$,"7).(P+X    = 

! 

"FAmin +
("FAmax #"FAmin)

1+ (
[I]

IC50
)
h ,

"5&31"01&y?<min -5%&y?<+-A&,#(#,&2'&21#&."65-$&+"5"+7+&-5%&."65-$&+-A"+7+@&,#.)#02"=#$*@&
[I] is the concentration of inhibitor, IC50 is the concentration of inhibitor that results in 50% 
%".)$-0#+#52@&-5%&1&".&21#&^"$$&0'#(!"0"#52;

M7'$,47G,"7).(,.>(>,",(,.,45'7'(6&"=)>'
B2,7027,#.&3#,#&=".7-$"W#%&-5%&!"67,#.&6#5#,-2#%&7."56&F*SCQ&`B01,'%"56#,&MTGTa;&8-2-&
(',&-02"="2*&-5%&/"5%"56&-..-*.&3#,#&),'0#..#%&"5&S"0,'.'(2&UA0#$;&&F$'22"56&-5%&!"22"56&3#,#&
carried out in Kaleidagraph.  
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W&H-$"*5U6X*T#$-0#-$"*+,*#@" S. aureus DnaG RPD bound to pppGpp and ppGpp

a

b

c

e

d
G5P

G4P

GTP

-a&E1#&01#+"0-$&.2,7027,#&'(&`)a))9));&E1#&)1'.)1-2#&#50$'.#%&"5&)-,#521#.#.&".&),#.#52&
3"21&)))9))&`9NFa@&/72&5'2&))9))&`9JFa;&/@0a&8"((#,#50#&%#5."2*&),#.#52&"5&21#&SaDnaG 
PF8&-02"=#&."2#&6#5#,-2#%&(,'+&0,*.2-$.&.'-4#%&3"21&/a&9NF&',&0a&9JF;&8"((#,#50#&%#5."2*&
(green mesh, mFo‐DFc) is contoured at 3.&-(2#,&,#!"5#+#52&'(&21#&),'2#"5&,#-01#%&0'5=#,‐
gence. Anomalous difference density generated from data collected from the same crystal 
-2&21#&S5:V&#%6#&".&.1'35&-.&$"612&6,##5&+#.1@&-5%&".&0'52'7,#%&-2&_.;&9NF&".&.1'35&-.&-&
/-$$:-5%:.2"04&,#),#.#52-2"'5&3"21&0-,/'5.&0'$',#%&*#$$'3;&9JF&".&.1'35&-.&-&/-$$:-5%:.2"04&
,#),#.#52-2"'5&3"21&0-,/'5.&0'$',#%&.-$+'5;&S52+ "'5.&-,#&.1'35&-.&6,-*&.)1#,#.;&%a&<$"65‐
+#52&'(&21#&9NF&-5%&9JF&/'75%&.2,7027,#.&3"21&#-01&'21#,&-5%&3"21&21#&9EF&/'75%&.2,70‐
27,#;&9EF&".&.1'35&-.&-&/-$$:-5%:.2"04&+'%#$&3"21&0-,/'5.&0'$',#%&6,-*;&9NF&-5%&9JF&-,#&
colored as in (b) and (c), respectively. Mn2+&"'5.&-,#&.1'35&-.&6,-*&.)1#,#.;&#a&B2#,#'&"+-6#&
'(&21#&-$"65+#52&.1'35&"5&`%a&3"21&),'2#"5&+'%#$.&'+"22#%;

FIGURES
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W&H-$"*5U8X*Y@"*.&+0@"%&0(=*$")/+')"*+,*#@"*DU*0+=&*!'(3*#+*3ER*(';*35R

a) Concentration dependent inhibition of Ec85-9&/*&`)a))9))&"5&-&!$7','+#2,"0@&1#$"0-.#:
stimulated de novo primer .*521#.".&-..-*;&E"2,-2"'5&'(&9NF&`%-,4:6,-*&0",0$#.a@&9JF&`/$-04&
.K7-,#.a@&-5%&98F&`$"612:6,-*&%"-+'5%.a&"52'&,#-02"'5.&3"21&(7$$:$#5621&E. coli DnaG. Curves 
-,#&!"2&2'&-&.2-5%-,%&RONT&+'%#$&`Methods). Error bars represent ±SE. b) Competition 
for binding of the Ec85-9&PF8&2'&-&!$7',#.0#52$*&$-/#$#%&1#2#,'%7)$#A&/*&9NF&`%-,4:6,-*&
0",0$#.a@&9JF&`/$-04&.K7-,#.a@&-5%&98F&`$"612:6,-*&%"-+'5%.a;&R51"/"2',.&3#,#&2"2,-2#%&"52'&
,#-02"'5.&0'52-"5"56&21#&!$7',#.0#52$*&$-/#$#%&1#2#,'%7)$#A@&-5%&MNT&pS&PF8;&X"5%"56&
#A2#52&3-.&%#2#,+"5#%&/*&+#-.7,"56&21#&01-56#&"5&21#&?$7',#.0#50#&<5".'2,')*&`8?<a&'(&
21#&$-/#$#%&1#2#,'%7)$#A;&O7,=#.&-,#&!"2&2'&-&.2-5%-,%&RONT&+'%#$&`Methods). Error bars 
,#),#.#52&}BU;&0@%a&9EF:%#)#5%#52&"51"/"2"'5&'(&),"+#,&.*521#.".&/*&9NF&-5%&9JF;&&9EF:
%#)#5%#52@&1#$"0-.#:.2"+7$-2#%&),"+#,&.*521#.".&-02"="2*&3-.&+#-.7,#%&`Methodsa&3"21&
increasing concentrations of c) G5P or d) G4P. Points represent averages of duplicate reac‐
2"'5.;&F,"+#,&.*521#.".&#A2#52&".&,#)',2#%&-.&-&(,-02"'5&'(&21#&T&pS&"51"/"2',&,#-02"'5&l+-A;&
O7,=#.&-,#&!"2&2'&-&.2-5%-,%&S"01-#$".:S#52#5&4"5#2"0.&+'%#$;&#@(a&9EF:%#)#5%#52@&1#$"0-.#:
stimulated primer synthesis activity from (c )and (d ) replotted on an Eadie‐Hofstee (v vs. 
=m.a&)$'2;&Q"5#-,&!"2.&7.#&21#&.-+#&)-,-+#2#,.&-.&3#,#&%#2#,+"5#%&/*&5'5$"5#-,&,#6,#.."'5&
!"22"56&"5&`0a&-5%&`%a;
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Log [inhibitor] (µM)

Log [inhibitor] (µM)

[GTP] (µM)

0 µM G5P

500 µM G5P

1000 µM G5P

2000 µM G5P

1000 µM G4P

500 µM G4P

250 µM G4P

0 µM G4P

[GTP] (µM)10

10

10000

10000

RPS/[GTP]

RPS/[GTP]

0 µM G5P
500 µM G5P
1000 µM G5P
2000 µM G5P

0 µM G4P
250 µM G4P
500 µM G4P
1000 µM G4P

G5P
G4P
GDP

G5P
G4P
GDP



Y(.="*5U6X*!(#(*B+=="0#&+'*(';*<"1&'"%"'#*T#(#&)#&0)
G5P Bound
SaDg RPD

4EDV*

G4P Bound 
SaDg RPD

4EDT*

Space Group
Cell Dimensions (a, b, c 
!"#$%&$%'$%(!)##

P 61
152.6,152.6,38.6 

90, 90, 120

P 61
150.2,150.2, 38.6 

90, 90, 120

Data Collection Native Native

Wavelength (Å)
Resolution (Å)
*+,+-./012%!3+4256+78%%%%%%%%

unique)
†Rsym (%) (highest shell)
9:8;:<%!=/>=+2.%2=+??#
Completeness (%) (high-
est shell)
Redundancy

1.115
38.64-2.01

277,309/34,211

8.3 (57.2)
17.8 (4.1)

99.8(99.8)
8.2

1.115
43.4-2.00

284,153/35,073

7.5 (63.0)
18.7 (3.2)

99.7(98.1)
8.2

‡Rwork8*free (%)

Average B factor (Å²) 
   protein
   solvent
Rmsd
   Bond lengths (Å)
%%%@017%41>?+%!)#
Protein residues
Water molecules 
Ions
§*434-=417641%!A4B06+78%
>+1+605287/24??0C+7#

16.7/20.3

36.4
47.6

0.003
0.705
321
338

3
317/4/0

18.0/22.0

39.4
50.3

0.011
1.269
321
299

2
317/4/0

Avg. B Factor (Å²) 57.6 70.1

Real-space correlation 
-0+AD-/+1.

0.948 0.917

*+D1+3+1.

Crystal Data

E/>417%*+D1+3+1.

*PDB ID. †Rsym = Σ| I-,I-|/ΣI, where I is the integrated intensity for a given 
$#2#3)'0*4  ‡Rwork%5%67809(%:%837;%6809(<%!"#$#%809(%,*-%83%,$#%)"#%
09(#$1#-%,*-%3,=3>=,)#-%()$>3)>$#%/,3)0$%,?@=')>-#(<%$#(@#3)'1#=.4%A/$##%'(%
3,=3>=,)#-%,(%/0$%A!0$B<%9>)%/$0?%,%(>9(#)%0/%)"#%-,),%CD%EF%)",)%!,(%!')"-
"#=-%/$0?%3$.(),==0+$,@"'3%$#G*#?#*)4 §H(%3,=3>=,)#-%9.%I0=J$09').%CK"#*<%
H$#*-,==%#)%,=4%LMNMF4

60
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Chapter 5 ­ Investigation of the mechanism initiation 
)/"0&1&0*&'@&.&#&+'*+,*/$&%"$*)2'#@")&)*.2*8`F;]YR)

INTRODUCTION

E1#&+#01-5".+&/*&31"01&85-9&#5.7,#.&21#&.*521#.".&'(&PD<&),"+#,.&`'=#,&8D<&'$"6'‐
570$#'2"%#.a&".&5',+-$$*&-22,"/72#%&2'&"2.&.)#0"!"0"2*&(',&,DEF.&%7,"56&),"+#,&.*521#.".;&<&
07,"'7.&(#-27,#&'(&85-9@&1'3#=#,@&".&"2.&,#$-2"=#$*&,'/7.2&-/"$"2*&2'&"50',)',-2#&%DEF.&"52'&-&
primer in vitro `P'3#5&-5%&V',5/#,6&GbL_c&B3-,2&-5%&9,"#)&GbbNa;&E1".&),')#,2*&.766#.2.&
21-2&85-9:2*)#&),"+-.#.&+-*&5'2&)'..#..&-&.2,'56@&"51#,#52&.#$#02"="2*&(',&,DEF.;&<$21'761&
primers produced in vivo&-,#&0'+)'.#%&-$+'.2&#A0$7."=#$*&'(&PD<&`V"2-5"@&d'%-&#2&-$;&Gb_Na@&
this distribution may simply arise from the overabundance of ribonucleotides compared 
2'&%#'A*,"/'570$#'2"%#.&`D#"%1-,%2&Gb_La;&8#.)"2#&21".&),'+".07"2*@&#-,$*&.27%"#.&'(&85-9&
1-=#&.1'35&21-2&%DEF.&0-5&"51"/"2&85-9&in vitro&`P'3#5&-5%&V',5/#,6&GbL_c&?,"04@&V7+-,&
et al. 1999), but only at an early stage of synthesis (Frick, Kumar et al. 1999). Consequently, 
85-9&-))#-,.&2'&1-,/',&-&.)#0"!"0&+#01-5".+&(',&,DEF&.#$#02"="2*&%7,"56&21#&"5"2"-2"'5&
phase of synthesis.

E'&"5=#.2"6-2#&21#&+#01-5".+&'(&%DEF&72"$"W-2"'5&/*&85-9@&3#&.'$=#%&21#&0'0,*.2-$&.2,70‐
tures of the S. aureus DnaG RPD bound to Mn2+&-5%&.#=#,-$&%#'A*570$#'2"%#&-5-$'67#.;&
E1#.#&.2,7027,#.&"$$7.2,-2#&-&)'.."/$#&+#01-5".+@&"5='$="56&-/#,,-52&570$#'2"%#&0'5(',+-‐
2"'5.@&/*&31"01&85-9&0-5&.#$#02&-6-"5.2&%DEF&"50',)',-2"'5&%7,"56&"5"2"-2"'5@&/72&'00-."'5‐
-$$*&-$$'3&"2&%7,"56&#A2#5."'5;&

RESULTS

>#&!",.2&"5=#.2"6-2#%&21#&.#K7#50#:.)#0"!"0&"50',)',-2"'5&'(&MY:%DEF.&/*&85-9&"5&de novo 
),"+#,&.*521#.".&,#-02"'5.&7."56&-5&#.2-/$".1#%&!$7','+#2,"0&),"+#,&.*521#.".&-..-*&
(Methodsa;&<.&.1'35&"5&Fig. 5.1a@&%9EF&`9EF&".&72"$"W#%&%7,"56&),"+#,&.*521#.".&"5"2"-2"'5@&
Methods) impedes synthesis in a concentration‐dependent fashion, but only after an initial 
"50,#-.#&"5&.*521#.".;&O'5=#,.#$*@&31#5&3#&)#,(',+#%&21#&.-+#&2"2,-2"'5&3"21&-&2#+)$-2#&
"5&31"01&%9EF&0-5&'5$*&/#&72"$"W#%&%7,"56&"5"2"-2"'5&`Fig. 5.1ba@&3#&'/.#,=#%&'5$*&+"5"+-$&
primer synthesis (Fig. 5.1aa;&%EEF@&'5&21#&'21#,&1-5%@&$#-%.&'5$*&2'&-&0'50#52,-2"'5:%#‐
)#5%#52&"50,#-.#&"5&2'2-$&),"+#,&.*521#.".@&-&,#.)'5.#&"5&-00',%-50#&3"21&"2.&7.#&"5&#A2#5‐
sion but not initiation (Methodsa;&&>#&5#A2&#A-+"5#%&21#&#((#02&'(&%<EF&7."56&-&2#+)$-2#&
"5&31"01&"2&0-5&/#&72"$"W#%&%7,"56&#A2#5."'5@&/72&5'2&"5"2"-2"'5&`Fig. 5.1b, Methodsa;&E1#&
,#.7$2"56&07,=#&.1'3.&-5&"52#,+#%"-2#&#((#02&/#23##5&21-2&.##5&(',&%9EF&-5%&%EEF@&31"01&
".&01-,-02#,"W#%&/*&-5&"5"2"-$&"50,#-.#@&('$$'3#%&/*&.7/%7#%&.7/.2,-2#&"51"/"2"'5;&E1#.#&,#‐
.7$2.&"5%"0-2#&21-2&-$$&%DEF.&-,#&"50',)',-2#%&"52'&5-.0#52&),"+#,.&2'&.'+#&#A2#52@&/72&3"21&
5'5#K7"=-$#52&#(!"0"#50"#.&#=#5&(',&#K7"=-$#52&"50',)',-2"'5&)'."2"'5.;

E'&-%%,#..&21#&)1*."0-$&/-.".&'(&21#.#&#((#02.@&3#&.'$=#%&21#&.2,7027,#.&'(&21#&SaDnaG RPD 
/'75%&2'&MY:&-5%&IY:%<EF@&-5%&2'&/'21&MY:%9EF&-5%&MY:%EEF&`Fig. 5.2a­d), using meth‐
ods described earlier (Chapter 2a;&&E1#&,#.7$2"56&.2,7027,#.&-$$&6$'/-$$*&,#0-)"27$-2#&21#&
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),#="'7.$*:"%#52"!"#%&DEF&/"5%"56&."2#&`Fig. 5.3a, Chapter 2a@&0'5.".2#52&3"21&"50',)',-‐
2"'5&'(&-$$&'(&21#&570$#'2"%#.&"52'&),"+#,&),'%702.;&^'3#=#,@&-$"65+#52&'(&21#&MY:%<EF&3"21&
IY:%<EF@&,OEF@&,9EF@&',&,iEF:/'75%&+'%#$.@&,#=#-$.&21-2&21-2&21#&MY:%#'A*,"/'570$#'2"%#&
binds in a tilted conformation involving a rotation of the ribose and base relative to the 
-:)1'.)1-2#;&<&."+"$-,&-5-$*.".&3"21&MY:%EEF&,#=#-$#%&-5&"%#52"0-$&0'5(',+-2"'5-$&01-56#&
relative to 3Y:%<EF&-5%&21#&)-5#$&'(&,DEF.@&31"$#&21#&.76-,&-5%&/-.#&'(&%9EF&3#,#&5'2&.7(‐
!"0"#52$*&3#$$:,#.'$=#%&2'&"%#52"(*&21#",&0'5(',+-2"'5&,#$-2"=#&2'&21#&2,")1'.)1-2#;&E'&"5=#.‐
2"6-2#&21#&."65"!"0-50#&'(&21#&0'5(',+-2"'5-$&01-56#&'/.#,=#%&3"21&MY:%<EF&-5%&MY:%EEF@&
3#&.7)#,)'.#%&-&%"570$#'2"%#&'52'&IY:%<EF&-(2#,&-$"65"56&21#&),'2#"5&0'+)'5#52.&'(&21#&
IY:%<EF:&-5%&MY:%<EF:/'75%&.2,7027,#.&`Fig. 5.3ba;&E1".&-$"65+#52&"5%"0-2#.&21-2&21#&/-.#&
'(&-&570$#'2"%#&/'75%&"5&21#&MY:%<EF:0'5(',+-2"'5&3'7$%&0$-.1&3"21&-&.#0'5%&/-.#&.2-04#%&
against the incoming nucleotide.

<.&"2&1-.&5'2&/##5&#.2-/$".1#%&31#21#,&21#&,#6"'5&'007)"#%&/*&21#&NY:570$#'2"%#&'(&21#&
+'%#$#%&%"570$#'2"%#&".&"5='$=#%&"5&0-2-$*.".@&3#&2#.2#%&21#&0-2-$*2"0&"+)',2-50#&'(&-&1"61$*:
conserved residue (Ala314, Ala313 in E. coli) that is located near the hypothetical second‐
nucleotide binding site (W&HU*EU5(). Substitution of Ala313 in E. coli&85-9&3"21&6$72-+"5#&',&
6$72-+-2#&,#.7$2#%&"5&-&,#%702"'5&"5&2'2-$&),"+#,&.*521#.".&0'50'+"2-52&3"21&21#&.#=#,"2*&
'(&21#&+72-2"'5@&/72&3"21'72&.2,'56$*&-((#02"56&1#2#,'%7)$#A&/"5%"56&`W&HU*EU5.V0a;&E17.@&
+72-6#5#.".&".&0'5.".2#52&3"21&.7/.2,-2#&/"5%"56&2'&21".&,#6"'5&'(&21#&-02"=#&."2#;

DISCUSSION

Synthesis of a ribonucleotide primer is a conserved feature of DNA replication in all cellular 
',6-5".+.;&E1".&-%-)2-2"'5&+-*&),'+'2#&),"+#,&),'0#.."56@&21#,#/*&),#=#52"56&"50',)',-‐
tion of these highly error‐prone oligomers into the chromosome, and contributing to the 
'=#,-$$&!"%#$"2*&'(&8D<&,#)$"0-2"'5&`V7012-&-5%&B2#56#$&MTGTa;&O7,"'7.$*@&85-9&".&5'2&1"61$*&
.)#0"!"0&(',&,DEF.&%7,"56&),"+#,&#A2#5."'5@&/72&".&(',&"5"2"-2"'5;&^#,#@&3#&1-=#&750'=#,#%&
-&)'.."/$#&+'$#07$-,&+#01-5".+&(',&21".&21#&,DEF&.)#0"!"0"2*&"5&85-9&%7,"56&"5"2"-2"'5;&>#&
discovered that at least some 2Y:%DEF.&/"5%&"5&-&0'5(',+-2"'5&21-2&3'7$%&),#=#52&/"5%"56&
of the 5Y:+'.2&DEF&%7,"56&%":570$#'2"%#&0'5%#5.-2"'5;&>#&.)#07$-2#&21-2&#A2#5."'5&3'7$%&
5'2&/#&-((#02#%&/*&21#&2"$2#%&/"5%"56&',"#52-2"'5&'(&21#&%DEF.@&-.&21#&.2#,"0&/$'04&-((',%#%&
/*&/-.#&.2-04"56&"52#,-02"'5.&/#23##5&-&5-.0#52&),"+#,&-5%&21#&"50'+"56&570$#'2"%#&3'7$%&
(-=',&-&),'%702"=#&0'5(',+-2"'5&+',#&."+"$-,&2'&21#&/"5%"56&+'%-$"2*&'(&21#&'21#,&,DEF.;&
>#&1-=#&.1'35&21-2&#=#5&=#,*&#-,$*&#A2#5."'5&#=#52.&-,#&2'$#,-52&'(&21#&),#.#50#&'(&-&
%DEF@&31"01&".&0'5.".2#52&3"21&21#&-/"$"2*&'(&-&5-.0#52&),"+#,&2'&"5%70#&),'%702"=#&/"5%"56&
'(&-&%DEF;&
R2&".&750$#-,&#A-02$*&1'3&21#&%DEF&/"5%"56&+'%-$"2*&".&-01"#=#%@&-.&3#&3#,#&75-/$#&2'&"%#5‐
2"(*&21#&.)#0"!"0&,#."%7#.&21-2&67"%#&21#&%DEF.&"52'&21#&2"$2#%&0'5(',+-2"'5@&"5&)-,2&%7#&2'&
21#&(-02&+-5*&'(&21#&"52#,-02"'5.&3#&0'7$%&"%#52"(*&-,#&,#K7",#%&(',&0-2-$*.".;&<$21'761&3#&
%'&'/.#,=#&21-2&-&3-2#,:+#%"-2#%&1*%,'6#5&/'5%&/#23##5&<.5MII&-5%&21#&MY:C^&'(&,DEF.&
.3"201#.&2'&21#&IY:C^&3"21&%DEF.@&3#&0-55'2&.-*&"(&21".&.3"201&".&21#&0-7.#&',&-5&#((#02&'(&
the tilted binding conformation. <%%"2"'5-$&,#.#-,01&3"$$&/#&5#0#..-,*&2'&%#2#,+"5#&"(&21".&
0'5(',+-2"'5&".&#((#02#%&/*&.)#0"!"0&"52#,-02"'5.&3"21"5&21#&85-9&-02"=#&."2#@&-5%&1'3&21#.#&
"52#,-02"'5.&-,#&'=#,0'+#&%7,"56&21#&#A2#5."'5&)1-.#&'(&.*521#.".;&
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MATERIALS AND METHODS

H4).7.AJ(&;:#&''7).J(:$#7K7%,"7).
See Methods, Chapter 2.

H#5'",447G,"7).()*("=&(!,-.,/(03-
O,*.2-$.&3#,#&6,'35&-.&%#.0,"/#%&"5&Chapter 2;&&?',&.'-4.@&0,*.2-$.&3#,#&!",.2&#A01-56#%&
"52'&3#$$&.'$72"'5&0'52-"5"56&MT&+S&S5O$2&-5%&GT&+S&%DEF@&-5%&"507/-2#%&'=#,5"612&),"',&
2'&0,*'),'2#02"'5&-5%&1-,=#.2"56;&O,*.2-$.&3#,#&0,*'),'2#02#%@&1-,=#.2#%@&-5%&(,'W#5&-.&
described in Chapter 2. 

-,",(%)44&%"7).(,.>(#&K7.&6&."
See Methods, Chapter 2.

De novo primer synthesis assays
For all de novo .*521#.".&#A)#,"+#52.@&,#-02"'5.&3#,#&0-,,"#%&'72&-00',%"56&2'&21#&),'2'0'$&
described in Chapter 2;&?',&%DEF&2"2,-2"'5.@&,#-02"'5.&3#,#&)#,(',+#%&"5&2,")$"0-2#@&-5%&
-,#&,#)',2#%&1#,#&-.&-5&-=#,-6#&'(&21#&21,##&=-$7#.&-$'56&3"21&21#&B2-5%-,%&8#="-2"'5&`B8a;&
,DEF.&3#,#&),#.#52&-2&T;G&+S@&#A0#)2&21#&,DEF&0',,#.)'5%"56&2'&21#&2"2,-2#%&%DEF&3-.&
'+"22#%;&%DEF&%"$72"'5.&-2&MA&0'50#52,-2"'5&`(,'+&J&+S&2'&MNT&5Sa&3#,#&),#)-,#%&/*&.#,"‐
-$$*&%"$72"56&%DEF&.2'04&.'$72"'5&`J&+S@&"5&EUa&GHG&"52'&EU;&P#-02"'5&+"A27,#.&`GT&pQa&$-04‐
"56&21#&%DEF&3#,#&"507/-2#%&-2&,''+&2#+)#,-27,#&(',&GT&+"5&),"',&2'&-%%"2"'5&'(&-&%"$72#%&
%DEF&.'$72"'5&`GT&pQa&2'&(',+&-&0'+)$#2#&,#-02"'5&+"A27,#;&O'+)$#2#&,#-02"'5.&3#,#&"5‐
07/-2#%&"5&-&.#-$#%&I_J:3#$$&)$-2#&`X"':P-%a&(',&G&1&-2&IL&wO@&-5%&21#5&.2'))#%&/*&-%%"2"'5&
'(&GT&pQ&'(&-&GHZL&%"$72"'5&'(&F"0'9,##5&.2'04&.'$72"'5&`R5="2,'6#5a&"5&MT&+S&E,".@&NT&+S&
U8E<@&)^&L;N@&6"="56&-&!"5-$&.2-"5&%"$72"'5&'(&GHMTT@&-.&)#,&21#&+-57(-027,#,t.&"5.2,702"'5.;&
B2'))#%&,#-02"'5.&3#,#&"507/-2#%&"5&21#&%-,4&(',&N&+"5@&.)75&-2&ITTT&A&6&(',&M&+"5@&-5%&
!$7',#.0#50#&"52#5."2*&+#-.7,#%&"5&-&F#,4"5U$+#,&l"02',Il&+7$2"$-/#$&)$-2#&,#-%#,;&P-3&
!$7',#.0#50#&3-.&/-046,'75%&0',,#02#%&3"21&-&5':DEF&0'52,'$;&E1#&l+-A&3-.&0-$07$-2#%&/*&
!"22"56&,#.7$2-52&07,=#.&2'&-&.7/.2,-2#&"51"/"2"'5&+'%#$&`UK5;&I;Ga&/*&5'5$"5#-,&,#6,#.."'5@&
31#,#&B&".&21#&0'50#52,-2"'5&'(&%DEF@&Vi,app&".&21#&-))-,#52&"51"/"2"'5&0'5.2-52&(',&21-2&%DEF@&
-5%&1&".&21#&^"$$&0'#(!"0"#52;&E1#&%-2-&3#,#&21#5&5',+-$"W#%&2'&21#&!"22#%&l+-A&2'&6"=#&P#$-‐
tive Primer Synthesis (RPS).

L&"&#)>$:4&;(@7.>7.A(,'',5'(
See Methods, Chapter 2.

M7'$,47G,"7).(,.>(>,",(,.,45'7'(6&"=)>'
See Methods, Chapter 2.
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Figure 5.1: The effects of dGTP, dTTP and dATP on primer synthesis by E. coli DnaG.

-a&X"'01#+"0-$&,#.)'5.#&'(&85-9&2'&21#&),#.#50#&'(&%DEF.&%7,"56&%"((#,#52&.*521#.".&)1-.‐
#.;&E1#&"5%"0-2#%&570$#'2"%#.&3#,#&2"2,-2#%&"52'&,#-02"'5.&0'52-"5"56&21#&"5%"0-2#%&2#+)$-2#@&
EcDnaG and Ec85-X&-$'56&3"21&21#&I&,#+-"5"56&570$#'2"%#.&-.&,"/'570$#'2"%#.;&O7,=#.&
3#,#&!"2&2'&-&.7/.2,-2#&"51"/"2"'5&+'%#$&`S#21'%.a;&&U,,',&/-,.&,#),#.#52&}B8&`S#21'%.a;&/a&
B01#+-2"0&'(&2#+)$-2#.&7.#%&"5&`-a;&<$$&2#+)$-2#.&3#,#&)1'.)1',*$-2#%&'5&21#&I´‐end.

FIGURES
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a b

c d

Figure 5.2: The crystal structures of the SaDnaG RPD bound to 3´­dATP, 2´­dATP, 2´­
dGTP, and 2´­dTTP.
-a&?"5-$&,#!"5#%&M?o‐Fc density of 2Y:%<EF&-5%&S52+ bound to the SaDnaG RPD contoured 
-2&G&{&`/$7#&+#.1a;&MY:%<EF&".&.1'35&-.&-&/-$$&-5%&.2"04&+'%#$&3"21&0-,/'5&0'$',#%&6,-*;&
Mn2+&"'5.&-,#&.1'35&-.&6,-*&.)1#,#.;&/a&?"5-$&,#!"5#%&M?o‐Fc density of 3Y:%<EF&-5%&S52+ 
bound to the Sa85-9&PF8&0'52'7,#%&-2&G&{&`/$7#&+#.1a;&IY:%<EF&".&.1'35&-.&-&/-$$&-5%&
.2"04&+'%#$&3"21&0-,/'5&0'$',#%&.-$+'5;&S52+&"'5.&-,#&.1'35&-.&6,-*&.)1#,#.;&0a&8"((#,#50#&
density (mFo‐DFc&6,##5&+#.1a&0'52'7,#%&-2&I&{&),#.#52&"5&21#&-02"=#&."2#&(,'+&%-2-&'/2-"5#%&
(,'+&-&0,*.2-$&.'-4#%&3"21&MY:%9EF&-5%&S52+. Only the triphosphate and metal ions are vis‐
"/$#&"5&21#&%#5."2*;&E1#.#&3#,#&+'%#$#%&"5&-(2#,&.#=#,-$&,'75%.&'(&,#!"5#+#52;&9EF&".&.1'35&
-.&31"2#&.2"04.&2'&"5%"0-2#&21#&$'0-2"'5&21#&,"/'.#&-5%&/-.#&-,#&5',+-$$*&'/.#,=#%;&D'2-/$*&
"5&21".&.2,7027,#@&-$$&I&+#2-$&"'5.&-,#&0'$$"5#-,@&-5%&21#&k:)1'.)1-2#&"52#,-02.&3"21&+#2-$&<;&
%a&?"5-$&,#!"5#%&M?o‐Fc density of 2Y:%EEF&-5%&S52+ bound to the SaDnaG RPD contoured at 
G&{&`/$7#&+#.1a;&MY:%EEF&".&.1'35&-.&-&/-$$&-5%&.2"04&+'%#$&3"21&0-,/'5&0'$',#%&0*-5;&S52+ 
"'5.&-,#&.1'35&-.&6,-*&.)1#,#.;
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dGTP
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3´­dATP
2´­dATP

Incoming Nucleotide

Second Nucleotide

3´­dATP
2´­dATP

a

b

Figure 5.3: The 2´­dATP bound structure illustrates a possible mechanism of initia­
#&+'*)/"0&1&0*/$&%"$*)2'#@")&)*&'@&.&#&+'*.2*8`F;]YR)U
a) 2Y:%<EF&/"5%.&"5&-&2"$2#%&0'5(',+-2"'5;&<&.7)#,)'."2"'5&'(&21#&<EF&/'75%&SaDnaG RPD 
.2,7027,#&`31"2#&.7,(-0#@&-5%&*#$$'3&570$#'2"%#a&-5%&21#&('7,&%DEF&/'75%&B-85-9&PF8&
.2,7027,#.&`0-,2''5.&0'$',#%&/*&.7/%'+-"5@&-.&)#,&?"6;&M;G-a&-,#&.1'35;&DEF.&-,#&.1'35&
-.&/-$$&-5%&.2"04&,#),#.#52-2"'5.&3"21&0-,/'5&0'$',#%&6,-*&`MY:%<EFa@&.-$+'5&`IY:%<EFa@&
orange (2Y:%EEFa@&',&*#$$'3&`<EFa;&&S52+&"'5.&-,#&.1'35&-.&6,-*&.)1#,#.;&E1#&2,")'$*)1'.‐
phate model represents the position of the 2Y:%9EF&2,")1'.)1-2#&+'"#2*@&-5%&".&0'$',#%&
+-6#52-;&/a&E1#&0'5(',+-2"'5&'(&MY:%<EF&3'7$%&0$-.1&3"21&-&.#0'5%&570$#'2"%#&/'75%&2'&
the active site. Stereo diagram of an alignment of the 3Y:%<EF&/'75%&570$#'2"%#&`.-$+'5a@&
-5%&-&+'%#$#%&%"570$#'2"%#;&E1#&%-,4&/$7#&570$#'2"%#&'(&21#&%"570$#'2"%#&,#),#.#52.&21#&sG@&
or incoming nucleotide, and the light blue nucleotide represents the ‐1, or initiating nucleo‐
2"%#;&E1#&MY:%<EF&/'75%&.2,7027,#&3-.&21#5&.7)#,)'.#%&'52'&21#&IY:%<EF&/'75%&.2,7027,#;
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W&H-$"*EU5X*I=(969*&)*$"Z-&$";*,+$*%(J&%(=*/$&%"$*)2'#@")&)\*.-#*'+#*@"#"$+;-/="J*
binding with E. coli DnaG.

-a&l"#3&'(&21#&85-9&-02"=#&."2#&"5&21#&
3´-dATP bound structure highlighting 
21#&2"612&%".2-50#&,#.2,-"52.&3"21&<$-IGI&
-5%&-5&"5"2"-2"56&570$#'2"%#;&E1#&),'‐
tein portion of the RPD of the 3´-dATP 
bound structure (Chapter 2a&".&.1'35&
-.&-&0-,2''5&-5%&31"2#&.7,(-0#@&-5%&21#&
bound 3´-dATP as a ball and stick model 
3"21&0-,/'5&0'$',#%&.-$+'5;&S52+ ions 
-,#&.1'35&-.&6,-*&.)1#,#.;&<&%'04#%&
dinucleotide (see Fig. 5.3a&".&.1'35@&
and is colored as in Fig. 5.3b. Conserved 
residue Ala314 (corresponding to 
Ala313 in EcDnaG) is highlighted in red. 
E1#&.7,(-0#&'(&21#&"5"2"-2"56&570$#'2"%#&
".&.1'35&-.&-&$"612&/$7#&.7,(-0#&2'&"$$7.‐
2,-2#&21#&%".2-50#&/#23##5&21#&"5"2"-2‐
ing nucleotide and Ala314. b) Ala313 is 
0,"2"0-$&(',&85-9&(7502"'5;&&E1#&,#.7$2.&'(&
-&9EF:%#)#5%#52@&1#$"0-.#:.2"+7$-2#%&%#&
5'='&),"+#,&.*521#.".&-..-*&-,#&.1'35&
(',&3"$%:2*)#&`/$-04&0",0$#.a@&<$-IGI9$5&
(gray squares), and Ala313Glu (light‐
gray diamonds) E. coli DnaG.  Primer syn‐
21#.".&#A2#52&".&,#)',2#%&-.&-&(,-02"'5&'(&
21#&3"$%:2*)#&l+-A;&O7,=#.&,#),#.#52&!"2.&
to a standard Michaelis‐Menten kinetics 
model (Methods); error bars represent 
±SEM (Methodsa;&0a&E1#&)$'2&.1'3.&21#&
01-56#&"5&!$7',#.0#50#&-5".'2,')*&'(&-&
!$7',#.0#52$*:$-/#$#%&1#2#,'%7)$#A&-.&-&
function of DnaG concentration (Meth­
odsa;&8-2-&-,#&.1'35&(',&/"5%"56&2'&21#&
3"$%:2*)#&E. coli RPD (purple squares), 
and to the Ala313Gln (black circles) mu‐
2-52&),'2#"5;&8-2-&3#,#&!"2&2'&21#&#A)$"0"2&
solution to single site binding (Meth­
ods).  Error bars represent ±SD (Meth­
odsa;&E1#&!"22#%&-))-,#52&%"..'0"-2"'5&
constants differ by less than 2‐fold.
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Chapter 6 – An improved labeled nucleotide incorpora­
tion primer synthesis assay for bacterial primase

INTRODUCTION

Primases are DNA dependent RNA polymerases required by all cellular organisms to syn‐
thesize short RNA oligonucleotide “primers” needed by DNA polymerases to replicate DNA 
(Kornberg 1992). In bacteria, DnaG functions as the replicative primase (Frick and Richard‐
.'5&MTTGa@&-5%&1-.&/##5&0"2#%&,#0#52$*&-.&-5&75%#,#A)$'"2#%&2-,6#2&(',&21#&%#=#$')+#52.&'(&
5'=#$&-52"/"'2"0.&`P'/"5.'5@&O-7.#,&#2&-$;&MTGMa;&E1#&0-.#&(',&85-9&-.&-&%,76&2-,6#2&.2#+.&
primarily from the fact that it bears no sequence or structural homology to the eukaryotic 
),"+-.#&`V7012-&-5%&B2#56#$&MTGTa@&',&-5*&'21#,&)'$*+#,-.#;&R5&-00',%-50#&3"21&21".&.2,70‐
tural divergence, DnaG displays many biochemical behaviors unique to polymerases, such 
-.&.#K7#50#&.)#0"!"0"2*&"5&21#&-/.#50#&'(&-00#..',*&(-02',.@&-5%&-72',#67$-2"'5&'(&),'%702&
length (Corn and Berger 2006).

E1#&.2,7027,#:(7502"'5&,#$-2"'5.1").&75%#,$*"56&21#.#&75"K7#&-02"="2"#.&-,#&5'2&3#$$&75%#,‐
.2''%;&R5&21#&0'7,.#&'(&'7,&.27%"#.&2'&/#22#,&75%#,.2-5%&1'3&85-9&(7502"'5.&"5&.7/.2,-2#&
,#0'65"2"'5&-5%&0-2-$*.".@&3#&1-=#&+'.2&'(2#5&#+)$'*#%&-&),"+#,&.*521#.".&-..-*&21-2&,#$"#.&
'5&"50',)',-2"'5&'(&-&,-%"'$-/#$#%&570$#'2"%#&"52'&21#&),'%702&),"+#,;&E1#&),'%702.&-,#&
separated by denaturing gel electrophoresis, and visualized by phoshporimaging. An im‐
),'=#%&-..-*&1-.&/##5&-=-"$-/$#&(',&.'+#&2"+#@&"5&31"01&21#,+-$$*&%#5-27,"56&^FQO&".&7.#%&
in place of gel electrophoresis, and native products are detected directly by UV absorption 
`V'#).#$$@&X-.2'$-&#2&-$;&MTTJa;&R+)',2-52$*@&/'21&+#21'%.&-$$'3&21#&."+7$2-5#'7.&+#-‐
.7,#+#52&'(&/'21&21#&%".2,"/72"'5&'(&),"+#,&$#5621@&-.&3#$$&-.&2'2-$&),"+#,&.*521#.".;&E1".&
method has been employed to great effect in the study of the fundamental enzymology of 
DnaG (Koepsell, Larson et al. 2006; Koepsell, Larson et al. 2008; Larson, Griep et al. 2010). 
^'3#=#,@&"+)$#+#52-2"'5&'(&21#&^FQO&+#21'%&,#K7",#.&-&.)#0"-$"W#%&-5%&%#%"0-2#%&"5.2,7‐
+#52&21-2&),#0$7%#.&3"%#,&-5%&+',#&0'++'5)$-0#&7.-6#;&

>#&1-=#&,#0#52$*&%#=#$')#%&-&0'+)-5"'5&f/#5012')g&-..-*&2'&21#&^FQO&-..-*&"5&21#&(',+&
'(&-&!$7',#.0#52&570$#'2"%#&"50',)',-2"'5&),"+#,&.*521#.".&-..-*;&E1".&-..-*&0'+/"5#.&21#&
#-.#&'(&#A#072"'5&-5%&"5(',+-2"'5&%#5."2*&'(&21#&^FQO&+#21'%@&3"21&21#&75"(',+&-=-"$-/"$‐
ity of the equipment required for the radiolabel incorporation method. 

MATERIALS AND METHODS

?7$$&$#5621&85-9&3-.&#A),#..#%&-5%&)7,"!"#%&-.&%#.0,"/#%&`O',5@&F#$2'5&#2&-$;&MTT_a;&i5$#..&
'21#,3".#&5'2#%@&,#-02"'5.&3#,#&0-,,"#%&'72&3"21&MT&pS&),"+-.#@&JT&pS&'(&-&."56$#&?$7',#.‐
0#5:GM:DEF&`F#,4"5U$+#,a@&MTT&pS&'(&21#&'21#,&21,##&DEF.@&-5%&IT&pS&2#+)$-2#&8D<;&E1#&
2#+)$-2#&8D<&'$"6'.&3#,#&)1'.)1',*$-2#%&'5&21#&I´:#5%@&-5%&3#,#&)7,01-.#%&(,'+&R8E;&
Sequences of the templates are reported in Fig. 6.1. Reaction buffer consisted of 100 mM 
)'2-.."7+&6$72-+-2#@&GT&+S&S6&-0#2-2#@&MT&+S&^UFUB@&Nr&6$*0#,'$@&-5%&T;M&+6m+Q&XB<;&&
P#-02"'5.&`MN&pQ&2'2-$&='$7+#a&3#,#&+"A#%&-5%&21#5&"507/-2#%&-2&IL&wO&(',&G&1;&B2')&/7((#,&



69

`M;N&pQa&0'52-"5"56&G&+6m+Q&),'2#"5-.#&V&`F,'+#6-a@&MT&+S&U8E<@&Mr&B8B@&3-.&-%%#%&
2'&#-01&,#-02"'5@&-5%&21#&2#+)#,-27,#&,-".#%&2'&NN&wO&(',&GT&+"5;&&?,##&$-/#$&3-.&,#+'=#%&
-5%&21#&/7((#,&#A01-56#%&2'&bTr&?',+-+"%#@&GT&+S&U8E<&3"21&-&X"':P-%&S"0,'X"'B)"5&
Z&0'$7+5&-00',%"56&2'&21#&+-57(-027,#&"5.2,702"'5.;&P#-02"'5&),'%702.&3#,#&.#)-,-2#%&
'5&-&GNr&)'$*-0,*$-+"%#&`JTHG&/".H-0,*$-+"%#@&?".1#,&B0"#52"!"0a&0'52-"5"56&_&S&7,#-&-5%&
GA&2,".:2-7,##5:U8E<&`EEUa&/7((#,&)'7,#%&"5&-&G;N&++&D'=#A�&9#$&O-..#22#.&`R5="2,'6#5a;&&
U$#02,')1',#.".&3-.&0'5%702#%&"5&-5&xO#$$&B7,#Q'04�&S"5":O#$$&`R5="2,'6#5a&#$#02,')1',#‐
.".&01-+/#,&3"21&GA&EEU&,755"56&/7((#,&-2&MT&lm0+&(',&o&JN&+"5;&&9#$.&3#,#&),#,75&-5%&21#&
3#$$.&,"5.#%&#A2#5."=#$*&),"',&2'&.-+)$#&$'-%"56;&&?$7',#.0#52&$-%%#,&0'5.".2#%&'(&!$7',#.0#‐
"5&$-/#$#%&O<&,#)#-2&8D<&'$"6'.&'(&21#&.)#0"!"#%&$#5621&`U$"+&X"')1-,+-0#72"0-$.a;&?$7',#.‐
0#52&),'%702.&3#,#&=".7-$"W#%&'5&-&.2-5%-,%&il&$"612&/'A;&v7-52"!"0-2"'5&3-.&0-,,"#%&'72&/*&
+#-.7,#+#52&'(&21#&2'2-$&.-+)$#&!$7',#.0#50#&),"',&2'&#$#02,')1',#.".&3"21&-&F#,4"5U$+#,&
Victor3V multilabel plate reader, and normalized to a no‐enzyme control.

RESULTS AND DISCUSSION

?$7',#.0#52&570$#'2"%#&"50',)',-2"'5&".&-&0'++'5&+#21'%&72"$"W#%&3"21&570$#"0&-0"%&)'$*‐
+#,-.#.&`V,"04-&MTTMa;&&<$21'761&'7,&!",.2&-22#+)2.&2'&'/.#,=#&!$7',#.0#52&570$#'2"%#&
"50',)',-2"'5&3#,#&75.700#..(7$@&3#&%".0'=#,#%&21-2&1"61:0'50#52,-2"'5.&'(&2#+)$-2#@&GTT&
pS&'(&2#+)$-2#&-5%&MT&pS&(7$$:$#5621&),'2#"5@&-((',%#%&!$7',#.0#52:570$#'2"%#&"50',)',-‐
2"'5&3"21&/'21&!$7',#.0#"5:GM:<EF&-5%&!$7',#.0#"5:GM:9EF&`5'2&.1'35a;&&<&.2-5%-,%&#5‐
zyme titration (Fig. 6.1a) revealed that the rate of incorporation is dependent on enzyme 
0'50#52,-2"'5@&/'21&/*&=".7-$&"5.)#02"'5&'(&21#&6#$@&-.&3#$$&-.&-5-$*.".&'(&2'2-$&.-+)$#&!$7'‐
,#.0#50#&]7.2&),"',&2'&#$#02,')1',#.".&`Fig. 6.1b).  

<.&.701&-&1"61&0'50#52,-2"'5&'(&2#+)$-2#&+"612&"52#,(#,#&3"21&-.)#02.&'(&85-9&),"+#,&
.*521#.".@&$"4#&.#K7#50#&.)#0"!"0"2*@&3#&"5=#.2"6-2#%&21#&#((#02&'(&-&.#K7#50#&.)#0"!"0&"51"/"‐
tor, 3´:%<EF&`I8<a@&'5&),"+#,&.*521#.".&7."56&21#&!$7',#.0#52&570$#'2"%#&"50',)',-2"'5&
-..-*;&&<&2"2,-2"'5&'(&I8<&3"21&21#&.2-5%-,%&,-%"'$-/#$&"50',)',-2"'5&),"+#,&.*521#.".&-..-*&
generates a characteristic, and concentration dependent reduction in primer size due to 
chain termination (Fig. 6.1ca;&&>#&'/.#,=#%&-&1"61$*&."+"$-,&),"+#,&$#5621&2,#5%&3"21&-&I8<&
2"2,-2"'5&0'5%702#%&7."56&21#&!$7',#.0#52&570$#'2"%#&"50',)',-2"'5&-..-*&`Fig. 6.1d).  An 
-5-$'6'7.&#A)#,"+#52&3"21&98F@&-5'21#,&.#K7#50#&.)#0"!"0&),"+-.#&"51"/"2',@&),'%70#%&
0'+)-,-/$#&,#.7$2.&`%-2-&5'2&.1'35a;&

E1#&!$7',#.0#52&$-/#$&"50',)',-2"'5&),"+#,&.*521#.".&-..-*&),#.#52#%&1#,#&,#),#.#52.&-&
0'5=#5"#52&+#21'%&(',&"52#,,'6-2"56&),"+#,&.*521#.".&/*&85-9&3"21'72&7."56&,-%"'-02"="2*;&&
One of the strengths of the method is the ability to easily link total activity to primer length 
%".2,"/72"'5&/*&#-."$*&K7-52"(*"56&2'2-$&.-+)$#&!$7',#.0#50#&]7.2&),"',&2'&6#$&#$#02,')1',#.".;&&
<$21'761&)'.."/$#&2'&%'&.'&3"21&21#&-5-$'6'7.&,-%"'$-/#$&"50',)',-2"'5&+#21'%@&21#&7.#&'(&
-&)$-2#&,#-%#,&',&!$7','+#2#,&".&(-,&+',#&0'5=#5"#52&21-5&.0"52"$$-2"'5&0'752"56@&-5%&+',#&
-007,-2#&21-5&/-5%&"52#5."2*&K7-52"!"0-2"'5;&<&+-]',&$"+"2-2"'5&'(&21#&-..-*&".&"2.&,#$-2"=#$*&
$"+"2#%&21,'761)72c&3#&-,#&07,,#52$*&-%%,#.."56&21".&),'/$#+&/*&.27%*"56&-$2#,5-2"=#&$-/#$&
removal methods. 
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W&H-$"*>U6X*!"G"=+/%"'#*+,*(*1=-+$")0"'#=2*=(."=";*'-0="+#&;"*&'0+$/+$(#&+'*())(2*,+$*
DnaG.

-a&?7$$:$#5621&85-9&2"2,-2"'5&3"21&-&I´‐phosphory‐
lated single stranded template (5´‐CACACACA‐
O<O<O<OE9<<<9OO<<<<9:I´a@&-5%&!$7',#.0#"5:
GM:iEF&-.&21#&$-/#$#%&570$#'2"%#;&B2-,2"56&-2&II&
pS@&.7/.#K7#52&.-+)$#.&-,#&GHI&%"$72"'5.&'(&21#&
),#0#%"56&.-+)$#;&R+-6#&.1'3.&21#&6#$&#$#02,'‐
phoresis results from the enzyme titration.  An 
#K7"=-$#52&='$7+#&`GT&pQa&3-.&$'-%#%&(',&#-01&
,#-02"'5;&Q-5#&S@&."W#&+-,4#,;&/a&v7-52"!"0-2"'5&
'(&!$7',#.0#52&."65-$&"5&MT&pQ&'(&#-01&2"2,-2"'5&
.-+)$#&(,'+&`-a;&E1#&2'2-$&!$7',#.0#50#&(,'+&21#&
5'&#5W*+#&.-+)$#&3-.&.7/2,-02#%&-.&/-046,'75%;&
0a&<&IY:%<EF&2"2,-2"'5&(,'+&GT&+S&2'&GJ&pS&"5&GHI&
steps using a radiolabel incorporation assay. Reac‐
2"'5.&3#,#&0-,,"#%&'72&3"21&G&pO"&'(&_T&+O"m++'$&
-$)1-:IMF:iEF@&JTT&5S&'(&I´‐phosphorylated tem‐
plate DNA of sequence 5´:<E<E<E<E<E<E<EOE‐
GAAAGCCAAAAG‐3´@&-5%&MTT&pS&<EF@&OEF@&-5%&
9EF;&Q-5#&S@&."W#&+-,4#,;&&%a&<&I´:%<EF&2"2,-2"'5&
(,'+&GT&+S&2'&GJ&pS&"5&GHI&.2#).&7."56&21#&!$7'‐
,#.0#52&$-/#$&"50',)',-2"'5&-..-*;&P#-02"'5.&3#,#&
0-,,"#%&'72&3"21&JT&pS&?$7',#.0#"5:GM:iEF@&IT&
pS&'(&21#&2#+)$-2#&7.#%&"5&`0a@&-5%&MTT&pS&<EF@&
OEF@&-5%&9EF;&Q-5#&S@&."W#&+-,4#,;&&?',&-$$&)-5#$.@&
marker sizes are reported in nucleotides.
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Chapter 7 – Concluding Remarks

Bacterial DnaG‐type primases represent a distinctive class of nucleotide polymerases. First, 
21#.#&#5W*+#.&-,#&.2,7027,-$$*&=#,*&%"((#,#52&(,'+&-$$&'21#,&)'$*+#,-.#.&"%#52"!"#%&2'&%-2#;&
Second, they form a critical component of the bacterial DNA replication machinery, yet syn‐
21#."W#&PD<@&,-21#,&21-5&8D<@&'$"6'570$#'2"%#.;&R5&21#&07,,#52&3',4@&3#&1-=#&#A-+"5#%&21#&
.2,7027,#.&-5%&,#67$-2"'5&'(&.'+#&'(&21#&#-,$"#.2&.2#).&'(&),"+#,&.*521#.".&/*&85-9@&3"21&
particular focus on nucleotidyl and small‐molecule inhibitor interactions.

Chapter 2&),#.#52.&#="%#50#&(',&-&,#0'50"$#%&+'%#$&(',&),"+#,&.*521#.".&/*&85-9;&E1#&
.2,7027,#.&21-2&$#-%&2'&21".&+'%#$&"$$7.2,-2#&1'3&21#&+#2-$:/"5%"56&ECFPRS&('$%&-5%&21#&
N‐terminal subdomain of DnaG act in concert to bind the incoming nucleoside triphos‐
)1-2#;&&S',#'=#,@&0'+)-,".'5.&3"21&21#&.2,7027,#&'(&-&0'=-$#52&),'2#"5[8D<&0'+)$#A&'(&
yeast topoisomerase II reveal the function of additional metal‐binding residues unique to 
21#&85-9&-02"=#&."2#;&85-9&-))-,#52$*&72"$"W#.&-&75"K7#&=-,"-52&'(&23':+#2-$&+#01-5".+@&
21#&fMsG:+#2-$&+#01-5".+;g&R5&21".&+#01-5".+@&23'&'(&21#&+#2-$.&-,#&-5-$'6'7.&2'&+#2-$.&<&
-5%&X&'(&21#&23':+#2-$&+#01-5".+&/*&!$-54"56&21#&-:)1'.)1-2#;&^'3#=#,@&"5.2#-%&'(&+#2-$&
B chelating the entire triphosphate moiety, a third metal binds the b‐ and g‐phosphates 
`+#2-$&Oa;&<2&),#.#52@&"2&".&750$#-,&31#21#,&85-9&,#K7",#.&+#2-$&O&(',&),"+#,&.*521#.".&
"5&6#5#,-$@&',&31#21#,@&(',&#A-+)$#@&-$$&21,##&+#2-$.&-,#&,#K7",#%&'5$*&%7,"56&"5"2"-2"'5&'(&
primer synthesis. 

E1".&3',4&-$.'&750'=#,#%&.2,7027,-$&%#2-"$.&'(&),"+#,&.*521#.".&,#67$-2"'5&/*&23'&2*)#.&'(&
natural small‐molecule DnaG inhibitors, (p)ppGpp (B@(/#"$*5a&-5%&MY:%DEF.&`Chapter 5). 
X'21&'(&21#.#&.27%"#.&.7))',2&21#&0,*.2-$$'6,-)1"0&-)),'-01&#+)$'*#%&"5&O1-)2#,&M@&31"$#&
the former provides a mechanistic basis for the response of DnaG to changing cellular con‐
%"2"'5.;&B)#0"!"0-$$*@&%7,"56&572,"#52&.2-,=-2"'5@&`)a))9))&'00$7%#.&21#&+#2-$:/"5%"56&,#6"'5&
'(&21#&85-9&-02"=#&."2#@&21#,#/*&%".,7)2"56&(',+-2"'5&'(&5#3&),"+#,.&-5%&/,"56"56&C4-W-4"&
(,-6+#52&.*521#.".&2'&-&1-$2;&E1#&$-22#,&.27%*@&-5&"5=#.2"6-2"'5&'(&21#&+#01-5".+&'(&"5"2"-‐
2"'5&.)#0"!"0&"51"/"2"'5&'(&),"+#,&.*521#.".&/*&MY:%DEF.@&),'="%#.&-&)1*."0-$&#A)$-5-2"'5&(',&
-&)#,)$#A"56&(#-27,#&'(&in vitro primer synthesis by DnaG.

E-4#5&2'6#21#,@&21#.#&.27%"#.&"$$7.2,-2#&1'3&21#&.2,7027,-$&%"=#,6#50#&'(&85-9&(,'+&'21#,&
)'$*+#,-.#.&2,-5.$-2#.&2'&%"((#,#50#.&"5&(7502"'5;&?',&#A-+)$#@&"5&+'.2&'21#,&)'$*+#,-.#.@&
the triphosphate is stabilized by basic amino acids protruding from a mobile element called 
21#&!"56#,.&%'+-"5&`P'213#$$&-5%&>-4.+-5&MTTNa;&85-9&#+)$'*.&-5&-5-$'6'7.&.#2&'(&/-."0&
-+"5'&-0"%.@&/72&,"6"%$*&-..'0"-2#.&21#.#&6,'7).&3"21&21#&+#2-$:/"5%"56&-02"=#&."2#&`Chapter 
2a;&E17.@&21#&"50'+"56&570$#'2"%#:/"5%"56&."2#&'(&85-9&".&),#(',+#%@&"+)-,2"56&-5&"51#,‐
#52&,"6"%"2*&2'&85-9&21-2&#A)$-"5.&31*&-&!"56#,.&%'+-"5&".&5'2&5#0#..-,*;&E1".&),')#,2*&
+-*&-$.'&#A)$-"5&31*&21#&570$#'2"%#&.'-4"56&#A)#,"+#52.&)#,(',+#%&"5&21#&),#.#52&3',4&
yielded a productively oriented nucleoside triphosphate bound in the active site of DnaG.  
B"+"$-,&#A)#,"+#52.&3"21&+'.2&8D<&-5%&PD<&)'$*+#,-.#.&1-=#&/##5&.'+#31-2&$#..&"5(',‐
mative, and typically result only in nucleotide binding to a “pre‐insertion” site present in 
21#&!"56#,.&%'+-"5&`Q"@&V'56&#2&-$;&Gbb_c&E1'+).'5@&<$/#,2"5"&#2&-$;&MTTLa;&?',&+'.2&'21#,&
."56$#:.7/75"2&)'$*+#,-.#.@&-&),"+#,[2#+)$-2#&0'+)$#A&+7.2&/#&/'75%&2'&21#&#5W*+#&(',&
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an incoming nucleotide to be captured and positioned in a catalytically‐competent confor‐
+-2"'5&`Q"@&V','$#=&#2&-$;&Gbb_c&9'56&-5%&F##,.#5&MTGTa;&E1".&,#K7",#+#52&%'#.&5'2&-))#-,&
to hold for DnaG. Moreover, our data suggest that DnaG binds the incoming nucleotide in a 
+-55#,&+',#&-4"5&2'&-&$'04:-5%:4#*&+#01-5".+@&31#,#-.&'21#,&)'$*+#,-.#.&/"5%&21#&"5‐
0'+"56&570$#'2"%#&7."56&"5%70#%&!"2;&<&(7502"'5-$&0'5.#K7#50#&'(&21".&3',4&".&21#&%#=#$')‐
ment of several novel and improved primer synthesis assays. Details on one such assay are 
described in Chapter 6.

E1#&5#A2&2-.4&(-0"56&21#&!"#$%&".&2'&75%#,.2-5%&1'3&21#&D:2#,+"5-$&e"50&X"5%"56&8'+-"5&%"‐
rects primase to appropriate start sites on DNA, and then regulates the length of the subse‐
K7#52&),"+#,&),'%702;&E1#&+'%#$&(',&),"+#,&.*521#.".&),#.#52#%&"5&Chapter 2 implies that 
21#&eX8&0'7$%&-02&-5-$'6'7.$*&2'&21#&217+/&%'+-"5&'(&0-5'5"0-$&)'$*+#,-.#.;&&^'3#=#,@&,#‐
0#52&#="%#50#&"5%"0-2#.&21-2&21#&eX8&"52#,-02.&3"21&-&570$#'2"%#&"5&21#&-02"=#&."2#&`Q##@&e17&
#2&-$;&MTGTa@&-5&'/.#,=-2"'5&21-2&3'7$%&/#&+',#&0'5.".2#52&3"21&-&0'+/"5#%&!"56#,.:217+/&
,'$#;&E'&%"((#,#52"-2#&/#23##5&21#.#&23'&+'%#$.@&"2&3"$$&/#&5#0#..-,*&2'&'/2-"5&-5&-2'+"‐
0-$$*&%#2-"$#%&+'%#$&'(&21#&eX8&/'75%&2'&-&2#+)$-2#&',&),"+#,[2#+)$-2#&0'+)$#A;&R%#-$$*@&
21#&-2'+"0&.2,7027,#&'(&-&(7$$&K7-2#,5-,*&0'+)$#A&3"21&21#&PF8@&21#&eX8@&-&),"+#,[2#+)$-2#&
.7/.2,-2#@&-5%&-5&"50'+"56&570$#'2"%#&3'7$%&/#&.'$=#%;&E'3-,%.&-00'+)$".1"56&21".&6'-$@&
preliminary data are presented in Appendix III for covalently and productively tethering 
21#&85-9&PF8&/'75%&2'&-&),"+#,[2#+)$-2#&.7/.2,-2#&21-2&0'7$%&.#,=#&-.&-&.7/.2,-2#&(',&eX8&
/"5%"56&-5%&.2,7027,-$&.27%"#.;&O$-,"!"0-2"'5&'(&21#&,'$#&'(&21#&eX8&"5&.7/.2,-2#&,#0'65"2"'5&
-5%&0-2-$*.".&3'7$%&0'+)$#2#&'7,&75%#,.2-5%"56&'(&21#&.2,7027,-$&-5%&(7502"'5-$&%"((#,#50‐
#.&/#23##5&85-9&-5%&21#&,#.2&'(&21#&+#+/#,.&'(&21#&8D<&-5%&PD<&)'$*+#,-.#&.7)#,(-+"$*;

R5&0'50$7."'5@&21#&),#.#52&3',4&#.2-/$".1#.&21-2&85-9&".&5'2&'5$*&.2,7027,-$$*@&/72&-$.'&
functionally divergent from other polymerases. As DnaG is found only in bacteria, these 
insights could motivate future efforts to develop a primase‐targeted antimicrobial agent. 
<5&"5"2"-$&.2#)&"5&21".&%",#02"'5&3'7$%&/#&-%-)2"56&-5&"+),'=#%&),"+#,&.*521#.".&-..-*&2'&
1"61:21,'761)72&.0,##5"56&)$-2(',+.&2'&.#-,01&(',&$#-%&"51"/"2',.;&R5&0'+/"5-2"'5&3"21&-%‐
ditional research into inhibitors of bacterial DNA replication (Dallmann, Fackelmayer et al. 
2010), such an effort could lead to a truly universal antibiotic.
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erichia coli DNA replication." Nat Struct Mol Biol 15`MaH&GLT:GLZ;
E1",$3-*@&\;&-5%&F;&B'7$2-5-.&`MTTZa;&�R5&21#&X-0"$$7.&.2#-,'21#,+')1"$7.&85-X:85-9&0'+‐
)$#A@&21#&-02"="2"#.&'(&21#&23'&),'2#"5.&-,#&+'%7$-2#%&/*&%".2"502&/72&'=#,$-))"56&5#23',4.&
of residues." J Bacteriol 188(4): 1534‐1539.

E1",$3-*@&\;@&R;&\;&E7,5#,@&#2&-$;&`MTTJa;&�85-9&"52#,-02.&3"21&-&$"54#,&,#6"'5&21-2&]'"5.&21#&D:&
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and C‐domains of DnaB and induces the formation of 3‐fold symmetric rings." Nucleic Acids 
Res 32`GTaH&MbLL:Mb_Z;
E1'+).'5@&<;&<;@&P;&<;&<$/#,2"5"@&#2&-$;&`MTTLa;&�B2-/"$"W-2"'5&'(&)'$"'=",7.&)'$*+#,-.#&/*&
DEF&/"5%"56&-5%&!"56#,.:217+/&"52#,-02"'5.;�&J Mol Biol 366`NaH&GJNb:GJLJ;
E'767@&V;&-5%&V;&\;&S-,"-5.&`GbbZa;&�E1#&#A2,#+#&O&2#,+"57.&'(&),"+-.#&".&,#K7",#%&(',&"5‐
2#,-02"'5&3"21&85-X&-2&21#&,#)$"0-2"'5&(',4;�&J Biol Chem 271`INaH&MGIbG:MGIbL;
E'767@&V;&-5%&V;&\;&S-,"-5.&`GbbZa;&�E1#&"52#,-02"'5&/#23##5&1#$"0-.#&-5%&),"+-.#&.#2.&21#&
replication fork clock." J Biol Chem 271(35): 21398‐21405.

E'767@&V;@&^;&F#56@&#2&-$;&`GbbJa;&�R%#52"!"0-2"'5&'(&-&%'+-"5&'(&U.01#,"01"-&0'$"&),"+-.#&,#‐
K7",#%&(',&(7502"'5-$&"52#,-02"'5&3"21&21#&85-X&1#$"0-.#&-2&21#&,#)$"0-2"'5&(',4;�&J Biol Chem 
269`ZaH&JZLN:JZ_M;
E,-A$#,@&S;&?;@&B;&S;&B7++#,.@&#2&-$;&`MTT_a;&�E1#&6$'/-$@&))9)):+#%"-2#%&.2,"56#52&,#.)'5.#&
to amino acid starvation in Escherichia coli." Mol Microbiol 68(5): 1128‐1148.

i,$-01#,@&E;&S;&-5%&S;&<;&9,"#)&`GbbNa;&�S-65#."7+&-0#2-2#&"5%70#.&-&0'5(',+-2"'5-$&
change in Escherichia coli primase." Biochemistry 95`NGaH&GZLT_:GZLGJ;
l-$#52"5#@&<;&S;@&?;&E;&R.1+-#$@&#2&-$;&`MTTGa;&�<&W"50&,"//'5&),'2#"5&"5&8D<&,#)$"0-2"'5H&),"+#,&
.*521#.".&-5%&+-0,'+'$#07$-,&"52#,-02"'5.&/*&21#&/-02#,"')1-6#&EJ&),"+-.#;�&Biochemis‐
try 57`NTaH&GNTLJ:GNT_N;
=-5&C"]#5@&<;&S;&-5%&\;&\;&Q')-,'&`MTGTa;&�B"56$#:+'$#07$#&.27%"#.&'(&21#&,#)$".'+#;�&Annu 
Rev Biophys 39: 429‐448.

l-5Q''04@&S;&B;@&d;&\;&O1#5@&#2&-$;&`MTTGa;&�E1#&),"+-.#&-02"=#&."2#&".&'5&21#&'72."%#&'(&21#&
1#A-+#,"0&/-02#,"')1-6#&EL&6#5#&J&1#$"0-.#:),"+-.#&,"56;�&J Mol Biol 311(5): 951‐956.
l'62@&B;&Q;@&O;&9,##5@&#2&-$;&`MTGGa;&�E1#&.2,"56#52&,#.)'5.#&".&#..#52"-$&(',&F.#7%'+'5-.&
aeruginosa virulence in the rat lung agar bead and Drosophila melanogaster feeding models 
of infection." Infect Immun 79(10): 4094‐4104.

>-56@&\;&8;@&9;&S;&B-5%#,.@&#2&-$;&`MTTLa;&�D72,"2"'5-$&0'52,'$&'(&#$'56-2"'5&'(&8D<&,#)$"0-2"'5&
by (p)ppGpp." Cell 128`NaH&_ZN:_LN;
>-2#,1'7.#@&<;&S;@&\;&X;&F,'02#,@&#2&-$;&`MTTba;&�\-$="#3&l#,."'5&M::-&+7$2")$#&.#K7#50#&-$"65‐
+#52&#%"2',&-5%&-5-$*.".&3',4/#501;�&Bioinformatics 25(9): 1189‐1191.
>"$.'5@&U;&S;&-5%&8;&E,-75#,&`MTTLa;&�O'50".#&.*521#.".&'(&21#&/-02#,"-$&8D<&),"+-.#&"5‐
hibitor (+) ‐Sch 642305." Org Lett 9`LaH&GIML:GIMb;
>"55@&S;&8;@&O;&O;&X-$$-,%@&#2&-$;&`MTGGa;&�C=#,="#3&'(&21#&OOFJ&.7"2#&-5%&07,,#52&%#=#$')‐
ments." Acta Crystallogr D Biol Crystallogr 67(Pt 4): 235‐242.

>7@&O;&<;@&U;&Q;&e#015#,@&#2&-$;&`GbbMa;&�O'',%"5-2#%&$#-%"56:&-5%&$-66"56:.2,-5%&.*521#.".&-2&
the Escherichia coli DNA replication fork. I. Multiple effectors act to modulate Okazaki frag‐
ment size." J Biol Chem 267(6): 4030‐4044.

>7@&O;&<;@&U;&Q;&e#015#,@&#2&-$;&`GbbMa;&�O'',%"5-2#%&$#-%"56:&-5%&$-66"56:.2,-5%&.*521#.".&-2&
the Escherichia coli DNA replication fork. V. Primase action regulates the cycle of Okazaki 
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fragment synthesis." J Biol Chem 267`ZaH&JTLJ:JT_I;
d-56@&>;@&\;&d;&Q##@&#2&-$;&`MTTZa;&�S-4"56&-5%&/,#-4"56&570$#"0&-0"%.H&23':S6Ms:"'5&0-2-$*.".&
-5%&.7/.2,-2#&.)#0"!"0"2*;�&Mol Cell 22(1): 5‐13.
d7W1-4'=@&<;@&e;&V#$+-5@&#2&-$;&`Gbbba;&�E,-%"56&)$-0#.&'5&8D<::-&21,##:)'"52&.3"201&75%#,‐
lies primer handoff from primase to the replicative DNA polymerase." Cell 96(1): 153‐163.

e#015#,@&U;&Q;@&O;&<;&>7@&#2&-$;&`GbbMa;&�O'',%"5-2#%&$#-%"56:&-5%&$-66"56:.2,-5%&.*521#.".&-2&
21#&U.01#,"01"-&0'$"&8D<&,#)$"0-2"'5&(',4;&RR;&?,#K7#50*&'(&),"+#,&.*521#.".&-5%&#(!"0"#50*&'(&
primer utilization control Okazaki fragment size." J Biol Chem 267(6): 4045‐4053.

e17@&X;@&B;&\;&Q##@&#2&-$;&`MTGTa;&�8",#02&,'$#&(',&21#&PD<&)'$*+#,-.#&%'+-"5&'(&EL&),"+-.#&"5&
primer delivery." Proc Natl Acad Sci U S A 107(20): 9099‐9104.
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I//"';&J*:*C*!")&H'*(';*&%/="%"'#(#&+'*+,*1=-+$+%"#$&0*
de novo primer synthesis assays

DEVELOPMENT OF A POLYMERASE COUPLED FLUOROMETRIC PRIMER SYNTHESIS 
ASSAY

E'&%#=#$')&-5&"+),'=#%&+"0,')$-2#&/-.#%&-5%&1"61$*&.#5."2"=#&),"+#,&.*521#.".&-..-*@&3#&
chose to develop a helicase‐stimulated and polymerase coupled version of the published 
!$7','+#2,"0&),"+#,&.*521#.".&-..-*&7."56&-&%'7/$#:.2,-5%&.)#0"!"0&%*#@&F"0'9,##5&`Fig. 
AI.1@&�8,-6-5@&MTGT&�GZGL�a;&&B701&-5&-)),'-01&),'="%#.&1"61&.#5."2"="2*&-5%&$'3&+-2#‐
,"-$&0'5.7+)2"'5@&3"21'72&21#&5##%&(',&-5*&.)#0"-$"W#%&#K7")+#52&/#*'5%&-&+"0,')$-2#&
!$7','+#2#,;&&F,"+#,&#A2#5."'5&".&21#&-027-$&,#-%'72&"5&21".&-)),'-01@&31"01&".&),#.7+-/$*&
#52",#$*&%#)#5%#52&'5&),"+#,&.*521#.".@&/72&3#&5'5#21#$#..&0'5%702#%&-&.#,"#.&'(&#A)#,"‐
+#52.&%#."65#%&2'&%#+'5.2,-2#&21#&(#-."/"$"2*&'(&21".&-)),'-01;&R5&'7,&!",.2&),''(:'(:),"5‐
0")$#&#A)#,"+#52@&3#&+#-.7,#%&21#&!$7',#.0#52&."65-$&.#5."2"="2*&2'&),"+#,&.*521#.".&/*&
85-9;&&<.&.1'35&"5&Fig. AI.2a@&-5&"50,#-.#&"5&!$7',#.0#50#&".&'5$*&'/.#,=#%&3"21&3"$%:2*)#&
85-9&-5%&5'2&3"21&-&+72-52&'(&85-9&3"21&-5&-$-5"5#&.7/.2"272"'5&2'&<.)MZb&21-2&,#5%#,.&
the enzyme incapable of primer synthesis (Godson, Schoenich et al. 2000). Primer synthe‐
.".&3-.&+#-.7,-/$#&-2&85-9&0'50#52,-2"'5.&-.&$'3&-.&GT&5S&3"21&bTT&5S&85-X@&-5%&21#.#&
,#.7$2.&"5%"0-2#%&21-2&-&),'2#"5&0'50#52,-2"'5&'(&GTT&5S&85-9&),'="%#%&-&,'/7.2&."65-$;&&>#&
)#,(',+#%&21".&#A)#,"+#52&"5&-&57+/#,&'(&)$-2#&(',+-2.&`5'2&.1'35a@&-5%&7$2"+-2#$*&.#22$#%&
'5&-&!$-2:/'22'+@&1-$(:-,#-&bZ:3#$$&/$-04&)$-2#&`O',5"56a;&<&2"2,-2"'5&'(&21#&)'$*+#,-.#&"5‐
%"0-2#%&21-2&-&)#,:,#-02"'5&0'50#52,-2"'5&'(&T;G&i&),'="%#%&-+)$#&."65-$&-+)$"!"0-2"'5&`not 
showna;&&>#&-$.'&.#-,01#%&(',&-5&"%#-$&1#$"0-.#&0'50#52,-2"'5@&-5%&('75%&21-2&-5&#K7"+'$-,&
concentration of helicase produced the most stimulation (not shown).

>#&5#A2&#5%#-=',#%&2'&#.2-/$".1&31#21#,&',&5'2&21#&),"+#,&#A2#5."'5&+#-.7,#%&"5&21".&
-..-*&),'="%#%&-5&75/"-.#%&,#-%'72&'(&),"+#,&.*521#.".&/*&85-9@&-.&3#$$&-.&2'&%#=#$')&-&
+#-5.&'(&%#2#,+"5"56&"(&-5&"51"/"2',&".&.)#0"!"0&2'&85-9@&',&"(&"2&-$.'&"52#,(#,#.&3"21&8D<&
.*521#.".&/*&V$#5'3;&E'&21".&#5%@&3#&#A-+"5#%&21#&4"5#2"0&01-,-02#,".2"0.&'(&),"+#,&.*521#‐
.".&/*&85-9&,#)',2#%&/*&21".&-..-*;&<&2"+#&0'7,.#&'(&21#&,#-02"'5&3"21&GTT&5S&85-9&-5%&GTT&
nM DnaB (Fig. AI.1ba&,#=#-$#%&-&0'+)$#A&4"5#2"0&),'!"$#&3"21&.7/.2-52"-$&."6+'"%"0"2*c&-&
0'++'5&(#-27,#&(',&0'7)$#%&,#-02"'5.&31#,#&-2&$#-.2&'5#&'(&21#&.7/.2,-2#.&".&5'5:.-27,-2"56&
�B#6#$@&GbbI&�GNGG�;&8#.)"2#&21#.#&0'+)$#A&4"5#2"0.@&-5-$*.".&'(&21#&%#)#5%#50#&'(&),"+#,&
.*521#.".&'5&DEF&`Fig. AI.1c) returns an average Km&(',&,"/'570$#'2"%#.&'(&oJT&pS@&-&=-$7#&
"5&6''%&-6,##+#52&3"21&21'.#&,#)',2#%&),#="'7.$*&`B3-,2&-5%&9,"#)&GbbNa;&<&2"2,-2"'5&'(&
the m13 ssDNA template (Fig. AI.1d) displays more pronounced substrate inhibition at 
1"61&0'50#52,-2"'5.&21-5&31-2&1-.&/##5&'/.#,=#%&),#="'7.$*&`\'15.'5@&X1-22-01-,**-&#2&
-$;&MTTTa;&>#&!"2&21#&%-2-&2'&-&0-5'5"0-$&.7/.2,-2#&"51"/"2"'5&+'%#$&`O')#$-5%&MTTNa&2'&-%‐
%,#..&21#&)'.."/"$"2*&21-2&+#-.7,"56&),"+#,&#A2#5."'5&-.&-&),'A*&(',&),"+#,&.*521#.".&1-%&
altered the apparent template dependent kinetics for helicase stimulated primer synthesis 
/*&85-9;&E1#&Vm&'/2-"5#%&(,'+&21".&!"2&`GT&5Sa&".&"5&6''%&-6,##+#52&3"21&21#&),#="'7.$*&
published Km&'(&21#&),"+-.#:1#$"0-.#&0'+)$#A&(',&-&..8D<&2#+)$-2#&`GI}M&5+&`\'15.'5@&
X1-22-01-,**-&#2&-$;&MTTTaa;&?"5-$$*@&3#&-%%,#..#%&21#&)'.."/"$"2*&21-2&"51"/"2',.&0'7$%&"5‐
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2#,(#,#&3"21&21#&-02"'5&'(&21#&8D<&)'$*+#,-.#&/*&"5=#.2"6-2"56&21#&"51"/"2"'5&'(&),"+-.#&/*&
the nucleotide analogue cordycepin triphosphate (3Y:%#'A*:<EFa@&31"01&".&-&.)#0"!"0&"51"/"‐
2',&'(&.#=#,-$&PD<&)'$*+#,-.#.&�V7012-@&MTGT&�GNMb�;&&<&2"2,-2"'5&'(&I8<&"52'&,#-02"'5.&
containing primase and the polymerase (Fig. AI.1e, black squares), or reactions containing 
performed primers and the polymerase (Fig. AI.1e, gray circles) reveals a pattern of inhibi‐
2"'5&1"61$*&"5%"0-2"=#&'(&-5&"51"/"2',&.)#0"!"0&2'&PD<&)'$*+#,-.#.&`),"+-.#&"5&21".&"5.2-50#a;&
E17.&21#&%#)#5%#50"#.&'(&21#&,#-02"'5&'5&21#&.7/.2,-2#.&'(&85-9&-,#&$-,6#$*&75-$2#,#%@&-5%&
+#-.7,"56&),"+#,&#A2#5."'5&/*&V$#5'3&%'#.&),'="%#&-5&75/"-.#%&,#-%'72&'5&),"+#,&.*5‐
thesis.

IMPLEMENTATION OF AN UNCOUPLED FLUOROMETRIC PRIMER SYNTHESIS ASSAY

Despite the utility of this approach, subsequent efforts (Chapter 3) highlighted a need 
(',&-5&750'7)$#%&+#21'%;&<.&%#=#$')"56&21".&-..-*&3'7$%&,#K7",#&,#2"2,-2"56&-$$&,#-02"'5&
0'+)'5#52.@&3#&/#6-5&/*&$''4"56&(',&-5&"%#-$&+GI&..8D<&2#+)$-2#&0'50#52,-2"'5&7."56&-5&
#$#=-2#%&0'50#52,-2"'5&'(&85-9m85-X&`NTT&5Sa;&&E1".&#A)#,"+#52&.1'3#%&,#$-2"=#$*&,'/7.2&
."65-$&`-$21'761&(-,&,#%70#%&(,'+&21#&.-+#&#A)#,"+#52&3"21&)'$*+#,-.#&0'7)$"56a@&-5%&
%#+'5.2,-2#%&21-2&,#$-2"=#$*&(#3&0'5%"2"'5&01-56#.&3#,#&5#0#..-,*;&<%%"2"'5-$&F"0'9,##5&
3-.&7.#%&"5"2"-$$*&2'&.2-"5&,#-02"'5.@&/72&3#&7$2"+-2#$*&('75%&21".&3-.&755#0#..-,*@&-5%&21-2&
21#&.2-5%-,%&GHMTT&!"5-$&.2-"5&%"$72"'5&%'#.&5'2&,#.7$2&"5&."65-$&.-27,-2"'5;&&

R5&21#&.-+#&=#"5@&3#&-$.'&#A01-56#%&21#&+GI&..8D<&(',&-&.1',2&'$"6'570$#'2"%#&2#+)$-2#&
7.#%&"5&21#&.2-5%-,%&),"+#,&.*521#.".&-..-*;&&>#&('75%&21-2&7."56&-&IY:)1'.)1',*$-2#%&
template avoids so‐called “overlong” products, but only marginally increases the cost of 
21#&2#+)$-2#;&<&2"2,-2"'5&3"21&21".&2#+)$-2#&.1'3#%&21-2&-&2#+)$-2#&0'50#52,-2"'5&'(&ZTT&
5S&),'="%#%&,'/7.2&."65-$&3"21'72&.7/.2,-2#&"51"/"2"'5;&E1".&!"5-$&+#21'%&),'=#%&2'&/#&
#A2,#+#$*&=#,.-2"$#;&R2&0-5&/#&,75&-2&=",27-$$*&-5*&='$7+#@&-5%&2'$#,-2#.&"50$7."'5&'(&-&.7,‐
prisingly high concentration of other solvents (e. g., MeOH, EtOH, DMSO, and IPA).  For 
#A)#,"+#52.&"5&31"01&,#-6#52.&-,#&5'2&$"+"2"56@&-&NT&pQ&,#-02"'5&='$7+#&-5%&-&GTT&pQ&!"5-$&
='$7+#&".&0'5=#5"#52@&-5%&2#5%.&2'&6#5#,-2#&5-,,'3#,&#,,',&/-,.;&&?',&#A)#,"+#52.&"5&31"01&
,#-6#52.&-,#&$"+"2"56@&.701&-.&3"21&21#&`)a))9))&2"2,-2"'5.&`B@(/#"$*5a@&-&MT&pQ&,#-02"'5&
='$7+#&-5%&-&IT&pQ&!"5-$&='$7+#&".&+',#&-)),'),"-2#;&&E'&)#,(',+&-5&#A)#,"+#52&3"21&.701&
.+-$$&='$7+#.@&-&.)#0"-$"W#%&I_J:3#$$&)$-2#&".&7.#%&`X"'P-%&^BF:I_ZZa;&&E1".&".&2#015"0-$$*&
-&FOP&)$-2#;&&R2&1-.&-&)'$*.2#,#5#&.4",2&-5%&)'$*),')*$#5#&0'50"0-$:/'22'+&3#$$.&21-2&-,#&
,-".#%&-/'=#&21#&.4",2&2'&-$$'3&21#&)$-2#&2'&/#&.#-$#%;

?"5-$$*@&+-5*&%"((#,#52&/7((#,.&3#,#&2,"#%&(',&-$$&'(&21#&!$7','+#2,"0&de novo primer synthe‐
.".&-..-*.&%#.0,"/#%&1#,#;&&<&.2-5%-,%&,#-02"'5&/7((#,&3-.&"%#52"!"#%&21-2&3',4#%&(',&-$$&'(&
21#.#&-..-*.@&-5%&(7502"'5#%&"5&21#&,-%"'$-/#$#%:&-5%&!$7',#.0#52:570$#'2"%#&"50',)',-2"'5&
-..-*.&-.&3#$$;&&R2&3',4.&#K7-$$*&3#$$&-.&-&/"5%"56&/7((#,@&-5%&"(&21#&XB<&".&,#)$-0#%&3"21&
6$*0#,'$&2'&GTr@&(7502"'5.&-.&-&$'3&.-$2&."W#&#A0$7."'5&/7((#,@&21'761&"5&6#5#,-$&8EE&-5%&S6:
-0#2-2#&`.##&/#$'3a&3#,#&5'2&"50$7%#%&"5&BUO&/7((#,&=#,."'5.;
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Standard procedure for a helicase­stimulated de novo 
primer synthesis assay, coupled or uncoupled

MATERIALS

<$$&0'+)'5#52.&3#,#&/,'7612&7)&"5&P5-.#&(,##&3-2#,&`)7,01-.#%@&',&8SFO&2,#-2#%a@&',&
3#,#&)7,01-.#%&-.&0#,2"!"#%&P5-.#m85-.#&(,##;

R5%"="%7-$&.'$72"'5.&'(&<EF@&OEF@&9EF@&iEF@&%<EF@&%OEF@&%9EF@&-5%&%EEF&-2&GTT&+S&"5&EU;&&
%DEF&.'$72"'5.&3#,#&2*)"0-$$*&)7,01-.#%;&,DEF&.'$72"'5.&3#,#&+-%#&(,'+&)'3%#,@&-5%&
/,'7612&7)&"5&EU;&E1#&)^&3-.&-%]7.2#%&2'&o&L;N&3"21&GTT&+S&D-C^;

5x Reaction Bu%er:
500 mM potassium glutamate (stock should be @ pH 7.5)
100 mM HEPES pH 7.5
≥50 mM MgOAc2
5 mM DTT
1 mg/mL BSA

1 mM template of various designs, though the “standard” template had the following sequence:
5´-CACACACACACACACTGAAAGCCAAAAG-3´-phosphate (CTGCA16P)

"e constant region is underlined. "e start site is bolded, and the variable region is in italics. An 
appropriate template design consists of a 3´-constant region, a start site, and a variable region of 
some dinucleotide repeat, such as AT or GA.  Avoid GC repeats.

m13 ssDNA was purchased from USB corp. as a 1 µg/µL solution

Klenow exo- was purchased from epicenter biotechnologies as a 50 U/µL solution.

DnaB was obtained from Jacob E. Corn Ph. D. as a 96 µM (hexamer) stock solution in 500 mM 
NaCl, 20 mM HEPES pH 7.5, 10% glycerol.

DnaG was puri'ed as described (Chapter 2), and was stored in 100 mM potassium glutamate, 20 
mM HEPES pH 7.5, 10% glycerol at 500 µM.

PicoGreen was purchased from Invitrogen

50 mM EDTA, 50 mM HEPES pH 7.5 (stop solution)

A 96-well, 200 µL/well PCR plate

A reaction plate (see above)
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METHODS

<&9EF&2"2,-2"'5&(',&21#&750'7)$#%@&$'3:='$7+#&-..-*&3"$$&/#&7.#%&-.&-5&#A-+)$#;

1. 3#&:,#&(]%).'",."(')4$"7).^(67;J(C=7%=(C744(%).",7.(,44(%).'",."(%)6:).&."':
& O'+/"5#&"5&21#&('$$'3"56&',%#,H

G&pQ&?7$$&Q#5621&h3"$%&2*)#&85-9
& N&pQ&85-X
& T;Z&pQ&2#+)$-2#&
& G&pQ&'(&#-01&'(&<EF&-5%&iEF
& bZ&pQ&NA&/7((#,&`-%%&.$'3$*a
& >-2#,&2'&J_T&pQ&`ILZ&pQ&h&/#.2&2'&-%%&"5&M:I&.2#).&-5%&.$'3$*a
`DCEUH&-$+'.2&5#=#,&3#,#&21#.#&='$7+#.&-027-$$*&)")#22#%@&7.7-$$*&+7$2")$#&#A)#,"+#52.&
3#,#&0'5%702#%&-2&'50#@&.'&.'+#&)'."2"=#&"52#6#,&+7$2")$#&'(&#-01&=-$7#&3-.&-027-$$*&)")#2‐
ted)

:S"A&21','761$*@&/72&6#52$*&/*&.$'3&)")#22"56;&
:8".2,"/72#&IN&pQ&"52'&#-01&3#$$&'(&-&,'3&'(&21#&FOP&)$-2#;&R507/-2#&-2&PE&(',&-2&$#-.2&
10 min. 
:R(&,755"56&-&)'$*+#,-.#:0'7)$#%&-..-*@&"2&.1'7$%&/#&"50$7%#%&1#,#&-2&T;GLN&im,A5;

2. E.("=&(6&,.("76&J(:#&:,#&(/93(>74$"7).'((For a 2 mM – 62.5 nM 1:1 titration): 
‐Combine:

& I;M&pQ&9EF
& GZ&pQ&NA&/7((#,
& ZT;_&pQ&3-2#,

:B#,"-$&%"$72#&IN&pQ&'(&.'$72"'5&"52'&IN&pQ&'(&GA&/7((#,&GT&2"+#.&"5&21#&.-+#&FOP&)$-2#&
7.#%&#-,$"#,;&&?",.2&3#$$&".&75%"$72#%@&$-.2&3#$$&1-.&5'&9EF;

3. 2''&6@4&(#&,%"7).':  
:i."56&-&GM:01-55#$&MT&pQ&)")#22',@&%".2,"/72#&GT&pQ&'(&9EF&.'$72"'5&"52'&#-01&3#$$&
'(&I&,'3.&'(&-&X"':P-%&^BF:I_ZZ&FOP&)$-2#@&21#,#&".&5'&5##%&2'&.3"201&2").&75$#..&
severe bubbles are introduced.
:B3"201&2").;&8".2,"/72#&GT&pQ&'(&0'5.2-52&.'$72"'5&"52'&#-01&'(&21#.#&3#$$.@&+"A&/*&
)")#22"56&I&2"+#.;&E1#,#&".&5'&5##%&2'&.3"201&2").&/#23##5&,'3.;

4. Seal and Spin plate:
:B#-$&)$-2#&3"21&-&2,-5.)-,#52@&),#..7,#&.#5."2"=#&)$-2#&.#-$@&%'&5'2&7.#&-$7+"57+&',&
sticky seals, and do not thermoseal.
:B)"5&)$-2#&-2&INTT&PFS&"5&B',=-$$&E-/$#&E')&0#52,"(76#&(',&-2&$#-.2&G&+"5;

5. E.%$@,"&(,"(R_(`H(*)#(X(=.
6. E.("=&(6&,.("76&J(:#&:,#&('"):a'",7.(')4$"7).:
& :8"$72#&Z&pQ&F"0'9,##5&.'$72"'5&"52'&JGJ&pQ&'(&.2')&.'$72"'5;
& :8".2,"/72#&IN&pQ&2'&#-01&3#$$&'(&-&,'3&'(&21#&.-+#&FOP&)$-2#;
  ‐Cover, and keep in dark until ready to stop reaction.
L;&!"):a'",7.(#&,%"7).:
  ‐Remove reaction from incubator, and remove seal.

:8".2,"/72#&GT&pQ&'(&.2')m.2-"5&.'$72"'5&"52'&#-01&3#$$&7."56&-&GM:01-55#$&)")#22',;&&R2&
".&-&6''%&"%#-&2'&.3"201&2").&/#23##5&,'3.;&&S"A&/*&)")#22"56&I&2"+#.&(',&#-01&,'3;
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8. 0&'&,4(,.>(7.%$@,"&(:4,"&(7.(>,#I(*)#(T(67..
9. F&,'$#&(K4$)#&'%&.%&:

:i.#%&-&F#,4"5U$+#,&l"02',&Il&+7$2"$-/#$&)$-2#&,#-%#,&-5%&21#&('$$'3"56&),'2'0'$H
& & [&B1-4#&)$-2#&(',&M&.
& & [&>-"2&MT&.

[&UA0"2-2"'5&!"$2#,H&J_N&5+&}&GJ&5+
& & [&U+".."'5&!"$2#,H&NIN&5+&}&MN&5+
& & [&Q-+)&.#2&2'&fB2-/"$"W#%&U5#,6*g&-2&$#=#$&GM@TIM;
& & [&O'752"56&2"+#&'(&G&.
& & [&J&++&+#-.7,#+#52&1#"612
10. -,",(:#)%&''7.Ab
& :UA)',2&%-2-&2'&-5&UA0#$&!"$#;
& :C)#5&"2&7)&"5&SB&UA0#$@&-5%&6'&2'&f)$-2#g&2-/;
  ‐Remove unused columns.
& :E'&0-$07$-2#&21#&/-046,'75%&0',,#02#%&-=#,-6#&'(&#-01&%-2-&)'"52H

[U52#,&21#&('$$'3"56&(',+7$-&`P&.2-5%.&(',&P#)$"0-2#@&B&(',&B-+)$#@&-5%&X&(',&
X-046,'75%@&.'&BPG&0',,#.)'5%.&2'&,#)$"0-2#&G&'(&-&.-+)$#&,#-02"'5@&31#,#-.&
BR3 corresponds replicate 3 of a background reaction): 
= AVERAGE(SR1:SR3) – AVERAGE($BR$1:$BR$3)
[O')*&21".&(',+7$-&2'&21#&,#+-"5"56&%-2-&)'"52.;

& :E'&0-$07$-2#&21#&/-046,'75%&0',,#02#%&#,,',&'(&#-01&%-2-&)'"52H
[U52#,&21#&('$$'3"56&(',+7$-&2'&'/2-"5&21#&.2-5%-,%&#,,',&'(&21#&+#-5
z&`BvPE`BE8Ul`BPGHBPIa�M&s&BE8Ul`�XP�GH�XP�Ia�MaamBvPE`Ia
[O')*&21".&(',+7$-&2'&21#&,#+-"5"56&%-2-&)'"52.;

:O')*&,#.7$2"56&/-046,'75%&0',,#02#%&=-$7#.&"52'&V-$#"%-6,-)1@&-$'56&3"21&21#&2"2,-‐
tion series concentrations.

& :F$'2&-.&x:d&.0-22#,@&-5%&!"2&2'&UK5;&M;G;
:O')*&'72&!"22#%&+G&=-$7#&`l+-Aa&/-04&2'&UA0#$;
‐Divide all average, background corrected values by this number to obtain Relative 
F,"+#,&B*521#.".;&&E1".&"50$7%#.&#,,',.&-5%&-$$&21#&+72-52.&2#.2#%@&-.&#=#,*21"56&
3"21"5&-&."56$#&#A)#,"+#52&+7.2&/#&5',+-$"W#%&2'&-&."56$#&3"$%:2*)#&0'52,'$�
:O')*&5#3&=-$7#.&`"50$7%"56&#,,',a&/-04&"52'&V-$#"%-6,-)1@&-5%&,#!"2&3"21&UK5&M;G@&
/72&+G&.2-,2"56&=-$7#&.1'7$%&5'3&/#&G;

FINAL REMARKS

-&'7A.()*(@,%IA#)$.>(%)##&%"7).'(,::#):#7,"&45
F"0'9,##5&.2-"5.&#=#,*21"56@&/72&'5$*&%'7/$#:.2,-5%#%&8D<&-5%&PD<[8D<&1#2#,'%7)$#A#.&
,#.7$2&"5&-5&"50,#-.#&"5&!$7',#.0#50#;&E17.@&-5&-)),'),"-2#&/-046,'75%&,#-02"'5&2-4#.&
"52'&-00'752&-=-"$-/$#&..8D<;&<&2#+)$-2#&2"2,-2"'5@&(',&#A-+)$#@&,#K7",#.&-&)'"52:/*:)'"52&
background titration series, as each point of the titration has a different amount of ssDNA.  
Moreover, it is possible to deplete the PicoGreen during staining, resulting in aberrant sig‐
nal saturation. It is therefore necessary to determine empirically the amount of PicoGreen 
,#K7",#%&2'&'/2-"5&-&5'5.-27,-2"56&."65-$&3"21&21#&1"61#.2&0'50#52,-2"'5&%-2-&)'"52;&E1".&
amount should be used for all other points in the titration.
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c$,."7K7%,"7).
It is theoretically possible to calculate the concentration of primers synthesized by run‐
5"56&-&.2-5%-,%&07,=#;&&E1".&,#K7",#.&7."56&-&),'%702&+"+"0&21-2&,#0-)"27$-2#.&-.&0$'.#$*&-.&
possible the actual reaction product.  For the single‐stranded oligo templates, this requires 
-&2"2,-2"'5&'(&-&0',,#.)'5%"56&1#2#,'%7)$#A&3"21&-&IY:'=#,1-56&"52'&-&.'$72"'5&0'52-"5"56&
#=#,*21"56&/72&85-9;&&E1#&!$7',#.0#50#&"52#5."2*&'(&-027-$&,#-02"'5.&0-5&21#5&/#&0'5=#,2#%&
2'&+'$#.&'(&),"+#,.&.*521#."W#%&7."56&21#&.2-5%-,%&07,=#;&E1".&+#21'%&3-.&5'2&0'++'5$*&
#+)$'*#%&1#,#@&/72&"2&3-.&2,"#%@&-5%&"2&%'#.&3',4;
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Figure AI.1: Development of a Fluorometric, Helicase­Stimulated, Polymerase­Cou­
pled primer synthesis assay.
-a&B)#0"!"0"2*&'(&.2-"5"56&(',&.*521#.".&/*&85-9;&O'50#52,-2"'5&%#)#5%#52&),"+#,&#A2#5‐
."'5&."65-$&`-.&%#2#,+"5#%&/*&.2-"5"56&3"21&F"0'9,##5a&"5&21#&),#.#50#&'(&bTT&5S&85-X&
3"21&3"$%:2*)#&85-9&`/$-04&0",0$#.a&-5%&85-9&0'52-"5"56&-&<.)MZb<$-&.7/.2"272"'5&`6,-*&
.K7-,#.a&21-2&%".,7)2.&0-2-$*.".&/*&21#&#5W*+#;&E1#&2,#5%&"5&21#&"50,#-.#&"5&!$7',#.0#50#&
"52#5."2*&".&"$$7.2,-2#%&/*&-&.+''21#%&!"2@&-5%&".&"52#5%#%&(',&=".7-$"W-2"'5&)7,)'.#.&'5$*;&&<;&
U.,  arbitrary units. Error bars represent ±SD (Methodsa;&O'52"57#%&'5&5#A2&)-6#;&
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/a&F,"+#,&.*521#.".&/*&85-9&'=#,&2"+#&"5&21#&^BFO&),"+#,&.*521#.".&-..-*;&E1#&)$'2&.1'3.&
21#&/-046,'75%&0',,#02#%@&2"+#:%#)#5%#52&"50,#-.#&"5&!$7',#.0#50#&(,'+&,#-02"'5.&0'5‐
taining 100 nM DnaG and 100 nM DnaB. A. U., arbitrary units. Error bars represent ±SD 
(Methodsa;&0a&DEF&%#)#5%#52&-02"="2*&'(&85-9&"5&21#&^BFO&),"+#,&.*521#.".&-..-*;&<$$&('7,&
DEF.&3#,#&2"2,-2#%&"52'&,#-02"'5.&0'52-"5"56&GTT&5S&85-9@&GTT&5S&85-X@&-5%&GTT&pS&'(&
-$$&J&%DEF.;&8-2-&-,#&!"2&2'&-&.2-5%-,%&S"01-#$".:S#52#5&#5W*+#&4"5#2"0.&+'%#$&`Meth­
odsa@&*"#$%"56&-5&-=#,-6#&V+&(',&DEF.&'(&NT&pS;&U,,',&/-,.&,#),#.#52&}B8&`Methods). d) 
E#+)$-2#&%#)#5%#52&-02"="2*&'(&85-9&"5&21#&^BFO&),"+#,&.*521#.".&-..-*;&SGI&..8D<&3-.&
2"2,-2#%&"52'&,#-02"'5.&0'52-"5"56&GTT&5S&85-9@&GTT&5S&85-X;&8-2-&-,#&!"2&2'&-&.7/.2,-2#:"5‐
hibition model (Eqn. 3.2, Methods). Error bars represent ±SD (Methods). e) Impact of an 
PD<&)'$*+#,-.#&.)#0"!"0&"51"/"2',@&It:%<EF@&'5&),"+#,&.*521#.".&/*&85-9@&-5%&8D<&.*521#‐
.".&/*&V$#5'3&"5&21#&^BFO&),"+#,&.*521#.".&-..-*;&I8<&3-.&2"2,-2#%&(,'+&IT&pS&2'&T;N&+S&
"52'&,#-02"'5.&0'52-"5"56&GTT&5S&85-9&-5%&GTT&5S&85-X&`/$-04&0",0$#.a&',&(,'+&_&pS&2'&G&
mM into reactions containing 10 nM of an m13 complementary DNA primer and no DnaG 
`6,-*&0",0$#.a;&O7,=#.&-,#&!"2&2'&-5&RO50 model (Methods). Error bars represent ±SD (Meth­
odsa;&B*521#.".&".&,#)',2#%&-.&-&(,-02"'5&'(&21#&.*521#.".&#A2#52&(',&21#&T&pS&I8<&%-2-&)'"52;&
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I//"';&J*::*C*I##"%/#)*#+*;"G"=+/*(*1=-+$")0"'#*'-0="+­
tide binding assay for DnaG

INTRODUCTION

Nucleotide binding is a distinct kinetic step in nucleic acid polymerization. As such, most 
)'$*+#,-.#.&)'..#..&-&.7"2#&'(&,#."%7#.&21-2&.)#0"!"0-$$*&"52#,-02&3"21&"5%"="%7-$&570$#'."%#&
2,")1'.)1-2#.;&87,"56&'7,&3',4&2'&%#2#,+"5#&21#&.2,7027,-$&/-.".&'(&570$#'2"%#&/"5%"56&
by DnaG (Chapter 2a@&3#&-22#+)2#%&2'&%#=#$')&-&!$7',#.0#52&570$#'2"%#:/"5%"56&-..-*&(',&
85-9;&R5"2"-$$*&21".&3',4&.##+#%&2'&/#&K7"2#&.700#..(7$@&/72&.7/.#K7#52&%-2-&0$'7%#%&21#&=-‐
$"%"2*&'(&21#.#&,#.7$2.;&&^#,#@&21".&3',4&".&.7++-,"W#%@&-5%&%#2-"$#%&),'2'0'$.&-,#&%#.0,"/#%;

<&.#,"#.&'(&5-27,-$$*&!$7',#.0#52&-5%&!$7',#.0#52:$-/#$#%&570$#'2"%#&-5-$'67#.&3#,#&0'5."%‐
ered for developing a nucleotide‐binding assay for the E. coli DnaG RPD.  Of these, Fluores‐
0#"5:GM:<EF&`Fig. AII.1a@&?$;GM;<EFa&-5%&-%#5'."5#&N�:C:`I:21"'2,")1'.)1-2#a:XC8RFd:!$7‐
orescein‐thioester (Fig. AII.1d@&N�?$;<EFa&3#,#&.#$#02#%&/-.#%&'5&-=-"$-/"$"2*@&0'+)-2"/"$"2*&
3"21&-=-"$-/$#&"5.2,7+#52-2"'5@&-5%&75"2&),"0#;&&E1#&E. coli RPD bound to both of these 
-5-$'67#.@&3"21&?$;GM;<EF&%".)$-*"56&21#&6,#-2#.2&-(!"5"2*&`oJT&pSa&-5%&N�?$;<EF&21#&3',.2&
`oNTT&pSa&"5&21#&),#.#50#&'(&S62+.

DaRD<:?D]YT*b:Yc*WdeN<DTBD:]f68fIYR

B#=#,-$&4#*&,#."%7#.&3#,#&"%#52"!"#%&(',&"5='$=#+#52&"5&570$#'2"%#&/"5%"56&`Chapters 2,5).  
E1#.#&3#,#&2#.2#%&(',&21#",&-/"$"2*&2'&/"5%&2'&?$;GM;<EF&"5&21#&),#.#50#&'(&MT&+S&S62+ (Fig. 
AII.1ba;&&B#=#,-$&.2,'56&#((#02.&'5&570$#'2"%#&/"5%"56&3#,#&'/.#,=#%@&.701&-.&3"21&<,6GJZ<‐
$-&`6'$%&.K7-,#.a&-5%&<,6MMG<$-&`0*-5&%"-+'5%.a@&-.&3#$$&-.&+',#&+'%#.2&,#%702"'5.&"5&
-(!"5"2*@&-.&3"21&<.5MIM<$-&`+-6#52-&"5=#,2#%:2,"-56$#.a&-5%&Q*.MMb<$-&`/$-04&2,"-56$#.a;&&
Substituting glutamine for alanine at position 313 in E. coli&'5$*&+'%#.2$*&,#%70#%&-(!"5"2*;&&
<$$&'(&21#.#&,#.7$2.&-,#&0'5.".2#52&3"21&21#&"52#,-02"'5.&'/.#,=#%&"5&21#&570$#'2"%#&/'75%&
crystal structures of the Sa85-9&PF8;&&^'3#=#,@&+-5*&'21#,&,#.7$2.&3#,#&5'2;&&?',&#A-+)$#@&
%".,7)2"56&+#2-$&/"5%"56&/*&,#)$-0"56&<.)MZb&3"21&-$-5"5#&-$.'&'5$*&+'%#.2$*&,#%70#.&-(‐
!"5"2*@&31"01&".&"5&%",#02&0'52,-%"2"'5&3"21&21#&,#.7$2.&'/2-"5#%&(',&21#&/-."0&,"%6#&,#."%7#.;&&
<%%"2"'5-$$*@&.7/.2"272"56&#"21#,&9$*MZZ&',&9$*M_Z&3"21&-$-5"5#&$"4#3".#&%'#.&5'2&"+)-02&
570$#'2"%#&/"5%"56&+-2#,"-$$*@&31"01&%'#.&5'2&-6,##&3"21&21#&#((#02&0-7.#%&/*&+72-2"56&
Asn232.

E'&-%%,#..&21#.#&%".0,#)-50"#.@&3#&"5=#.2"6-2#%&21#&+#2-$&%#)#5%#50#&'(&/"5%"56@&-5%&21#&
.2'"01"'+#2,*&'(&/"5%"56;&&>#&'/.#,=#%&21-2&'+".."'5&'(&S62+ from the reactions had no ef‐
(#02&'5&21#&/"5%"56&".'21#,+.&(',&-5*&'(&21#&+72-52&),'2#"5.&%".07..#%&-/'=#&`5'2&.1'35a;&&
<&2"2,-2"'5&'(&21#&PF8&"52'&,#-02"'5.&0'52-"5"56&(,##&!$7',#.0#"5&`5'&570$#'2"%#a&.1'3#%&
'5$*&-&$"5#-,&"50,#-.#&0'5.".2#52&3"21&-5&"50,#-.#&"5&=".0'."2*&0-7.#%&/*&21#&1"61&0'50#52,-‐
2"'5.&'(&),'2#"5&72"$"W#%&`5'2&.1'35a;&&O',,#02"'5&'(&21#&/"5%"56&".'21#,+.&3"21&21#.#&%-2-&
`31"01&0-5&/#&21'7612&'(&-.&/-046,'75%a&%'#.&5'2&"+)-02&21#&-))-,#52&%"..'0"-2"'5&0'5‐
.2-52.@&',&21#&'=#,-$$&.1-)#&'(&21#&07,=#.&`5'2&.1'35a;&&<.&21".&#A)#,"+#52&.##+#%&2'&,7$#&
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'72&21#&)'.."/"$"2*&'(&-&5'5.)#0"!"0&"52#,-02"'5&3"21&!$7',#.0#"5@&3#&5#A2&"5=#.2"6-2#%&-&5'5‐
.)#0"!"0&"52#,-02"'5&3"21&21#&31'$#&$-/#$#%&570$#'2"%#;&&E'&%'&.'@&3#&#A-+"5#%&21#&-/"$"2*&'(&
75$-/#$#%&<EF&2'&0'+)#2#&(',&/"5%"56&2'&21#&$-/#$#%&<EF;&&<.&0-5&/#&.##5&"5&Fig. AII.1c@&<EF&
does compete for binding, and this competition is Mg2+‐independent.  Attempts to deter‐
+"5#&21#&.2'"01"'+#2,*&'(&/"5%"56&3#,#&75.700#..(7$&`5'2&.1'35a@&-.&3#,#&#((',2.&2'&#$"+"‐
5-2#&/"5%"56&21,'761&21#&"52,'%702"'5&'(&.#=#,#&',&+7$2")$#&+72-2"'5.&`5'2&.1'35a;&&?"5-$$*@&
3#&#.2-/$".1#%&21-2&?$;GM;<EF&0-5&/#&"50',)',-2#%&"52'&-&),"+#,&"5&-&.#K7#50#&.)#0"!"0&
manner (Chapter 6), and must therefore be binding to the incoming nucleotide‐binding 
."2#&-2&0#,2-"5&2"+#.;&&<%%"2"'5-$&#((',2.&2'&#.2-/$".1&0'5%"2"'5.&75%#,&31"01&?$;GM;<EF&/"5%.&
0'+)#2#52$*&2'&21#&PF8&3#,#&5'2&(,7"2(7$@&-5%&3#&#=#527-$$*&0#-.#%&3',4&'5&%#=#$')"56&
-5%&75%#,.2-5%"56&21#&/"5%"56&'(&?$;GM;<EF&2'&21#&PF8;

DaRD<:?D]YT*b:Yc*I!D]NT:]D*EMfNfg9fYc:NY<:RcNTRcIYDhfQN!:RSfWdeN<DTBDf
:]fYc:NDTYD<

>#&7.#%&N�?$;<EF&2'&"5=#.2"6-2#&31#21#,&`)a))9))&0'+)#2#&(',&/"5%"56&2'&21#&"50'+"56&
570$#'2"%#&/"5%"56&."2#;&&R5&-&0'52,'$&#A)#,"+#52@&3#&('75%&21-2&21#&EcDnaG RPD associ‐
-2#%&3"21&N�?$;<EF&3"21&',&3"21'72&S62+ 3"21&-&V%:-))&'(&NTT&pS@&-$21'761&21#&7.#&'(&S52+ 
,#.7$2.&"5&-)),'A"+-2#$*&N:('$%&2"612#,&/"5%"56&`Fig. AII.1ea;&>#&5#A2&-..-*#%&(',&21#&-/"$"2*&
of (p)ppGpp and GDP to displace the labeled nucleotide in the presence of Mn2+.  As can be 
seen in Fig. AII.1f, all three inhibitors displace the nucleotide from the RPD in a concentra‐
2"'5&%#)#5%#52&+-55#,@&3"21&9NF&/#"56&21#&+'.2@&-5%&98F&21#&$#-.2&)'2#52@&-&,#.7$2&0'5.".‐
2#52&3"21&%'.#:,#.)'5.#&%-2-&'/2-"5#%&"5&de novo primer .*521#.".&#A)#,"+#52.;&&D'&-%%"‐
2"'5-$&#A)#,"+#52.&3#,#&0'5%702#%&7."56&N�?$;<EF;
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Detailed protocols for nucleotide binding experiments

MATERIALS

E1#&E. coli 85-9&PF8&-5%&+72-52.&21#,#'(&3#,#&0$'5#%@&#A),#..#%@&-5%&)7,"!"#%&-.&%#‐
scribed in Chapter 2, Methods@&-5%&.2',#%&-2&�M&+S;

?$7',#.0#"5:GM:<EF&3-.&)7,01-.#%&(,'+&F#,4"5U$+#,&-.&-&G&+S&.'$72"'5&"5&EU;&&E1#&)7,‐
01-.#%&.2'04&3-.&-$"K7'2#%&-5%&.2',#%&-2&:MT&wO;&&R5%"="%7-$&-$"K7'2.&3#,#&21-3#%@&-5%&
%"$72#%&2'&GT&pS@&,#-$"K7"2#%@&!$-.1&(,'W#5@&-5%&.2',#%&-2&:_T&wO&752"$&]7.2&),"',&2'&7.#;

<%#5'."5#&N�:C:`I:21"'2,")1'.)1-2#a:XC8RFd:!$7',#.0#"5:21"'#.2#,&3-.&)7,01-.#%&(,'+&
R5="2,'6#5&-.&-&G&+S&.2'04&.'$72"'5&"5&EU;&E1#&)7,01-.#%&.2'04&3-.&-$"K7'2#%&-5%&.2',#%&-2&
:MT&wO;&&R5%"="%7-$&-$"K7'2.&3#,#&21-3#%@&-5%&%"$72#%&2'&GT&pS@&,#-$"K7"2#%@&!$-.1&(,'W#5@&-5%&
.2',#%&-2&:_T&wO&752"$&]7.2&),"',&2'&7.#;

R51"/"2',&.'$72"'5&"5&EU&-2&-&0'50#52,-2"'5&o&MT&('$%&-/'=#&21#&#A)#02#%&RO50.

NA&P#-02"'5&X7((#,H
NTT&+S&)'2-.."7+&6$72-+-2#&`.2'04&.1'7$%&/#&�&)^&L;Na
GTT&+S&^UFUB&)^&L;N
�NT&+S&S6C<02
N&+S&8EE
G&+6m+Q&XB<

E. coli DnaG RPD sizing buffer:
GTT&+S&)'2-.."7+&6$72-+-2#@&)^&L;N
MT&+S&^UFUB@&)^&L;N
10% glycerol

<&bZ:3#$$@&MTT&pQm3#$$&FOP&)$-2#&`),#)&)$-2#a

A BioRad HSP‐3866 plate (reaction plate)

METHODS

FPCECOCQ&?CP&<&BE<D8<P8&FPCEURD&EREP<ERCD
1. 3#&:,#&(]%).'",."(')4$"7).^(67;J(C=7%=(C744(%).",7.(,44(%).'",."(%)6:).&."'J(")",4(B)4$6&(7'(
PQS(de:

:O'+/"5#&"5&21#&('$$'3"56&',%#,H
&&J;M&pQ&$-/#$#%&570$#'2"%#

& bZ&pQ&NA&/7((#,&`!"5-$&0'50#52,-2"'5&3"$$&/#&T;NA@&3"21&21#&#A0#)2"'5&'(&)'2-.."7+&
glutamate)

& >-2#,&2'&JMT&pQ&`IMT&pQa
:S"A&21','761$*@&/72&6#52$*&/*&.$'3&)")#22"56;&
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:8".2,"/72#&IN&pQ&"52'&#-01&3#$$&'(&-&,'3&'(&21#&),#)&)$-2#;
2. Prepare protein dilutions (For a 2 mM – 62.5 nM 1:1 titration): 

:R5&-&."56$#&,'3&'(&21#&),#)&)$-2#@&.#,"-$&%"$72#&IN&pQ&'(&0'50#52,-2#%&),'2#"5&.'$7‐
2"'5&`3"$%&2*)#&3-.&.2',#%&-2&J&+Sa&"52'&IN&pQ&'(&."W"56&/7((#,&GT&2"+#.;&&?",.2&3#$$&".&
75%"$72#%@&$-.2&3#$$&1-.&5'&),'2#"5;

3. 2''&6@4&(#&,%"7).':  
:i."56&-&GM:01-55#$&GT&',&MT&pQ&)")#22',@&%".2,"/72#&GT&pQ&'(&0'5.2-52&.'$72"'5&"52'&
#-01&3#$$&'(&I&,'3.&'(&-&,#-02"'5&)$-2#@&21#,#&".&5'&5##%&2'&.3"201&2").&75$#..&.#=#,#&
bubbles are introduced.
:B3"201&2").;&8".2,"/72#&GT&pQ&'(&),'2#"5&%"$72"'5&"52'&#-01&'(&21#.#&3#$$.@&+"A&/*&
)")#22"56&I&2"+#.;&E1#,#&".&5'&5##%&2'&.3"201&2").&/#23##5&,'3.;

4. Seal and Spin plate:
:B#-$&)$-2#&3"21&-&2,-5.)-,#52@&),#..7,#&.#5."2"=#&)$-2#&.#-$@&%'&5'2&7.#&-$7+"57+&',&
sticky seals, and do not thermoseal.
:B)"5&)$-2#&-2&INTT&PFS&"5&B',=-$$&E-/$#&E')&0#52,"(76#&(',&-2&$#-.2&G&+"5;

5. E.%$@,"&(,"(#))6("&6:&#,"$#&(*)#(RS(67..
9. F&,'$#&(K4$)#&'%&.%&(:)4,#7G,"7).:

:i.#%&-&F#,4"5U$+#,&l"02',&Il&+7$2"$-/#$&)$-2#&,#-%#,&-5%&21#&('$$'3"56&),'2'0'$H
[&UA0"2-2"'5&!"$2#,H&J_N&5+&}&GJ&5+

& & [&U+".."'5&!"$2#,H&NIN&5+&}&MN&5+
& & [&Q-+)&.#2&2'&+-A"+7+&.2-/$#&#5#,6*&$#=#$
& & [&O'752"56&2"+#&'(&T;G&.
& & [&J&++&+#-.7,#+#52&1#"612
10. -,",(:#)%&''7.A
& :UA)',2&%-2-&2'&-5&UA0#$&!"$#;
& :C)#5&"2&7)&"5&SB&UA0#$@&-5%&6'&2'&f)$-2#g&2-/;
  ‐Remove unused columns.
  ‐Convert all data points from FP to FA using Eqn. AII.1.
    W<$,"7).(2EE+X FA =  
  ‐Average the FA three reactions for each concentration.

:O'5=#,2&2'&y?<&/*&.7/2,-02"56&21#&5'&),'2#"5&0'52,'$&(,'+&#-01&0'50#52,-2"'5&)'"52H
[U52#,&21#&('$$'3"56&(',+7$-&(',&#-01&0'50#52,-2"'5&`P&.2-5%.&(',&P#)$"0-2#@&
S for Sample, and B for Background, so SR1 corresponds to replicate 1 of a 
.-+)$#&,#-02"'5@&31#,#-.&XPI&0',,#.)'5%.&,#)$"0-2#&I&'(&-&/-046,'75%&,#-0‐
tion): 
= AVERAGE(SR1:SR3) – AVERAGE($BR$1:$BR$3)

‐Calculate the standard deviation for each concentration.
& [U52#,&21#&('$$'3"56&(',+7$-&(',&#-01&0'50#52,-2"'5

z&BvPE`BE8Ul`BPGHBPIa�M&s&BE8Ul`�XP�GH�XP�Ia�Ma
:O')*&y?<&=-$7#.@&#,,',.@&-5%&),'2#"5&0'50#52,-2"'5.&"52'&V-$#"%-6,-)1;

& :F$'2&-.&x:d&.0-22#,@&-5%&!"2&2'&UK5;&M;M;
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FPCECOCQ&?CP&<&OCSFUERERCD&UxFUPRSUDE
1. 3#&:,#&(]%).'",."(')4$"7).^(67;J(C=7%=(C744(%).",7.(,44(%).'",."(%)6:).&."'J(")",4(B)4$6&(7'(
PQS(de:

:O'+/"5#&"5&21#&('$$'3"56&',%#,H
& NM;N&pQ&85-9&�&J&+S

&J;M&pQ&$-/#$#%&570$#'2"%#
& GZ_&pQ&NA&/7((#,&`!"5-$&0'50#52,-2"'5&3"$$&/#&T;NA@&3"21&21#&#A0#)2"'5&'(&)'2-.."7+&

glutamate)
& G&S&S6C<0&+7.2&/#&-%%#%&2'&MA&21#&+-A"+7+&"51"/"2',&0'50#52,-2"'5
& >-2#,&2'&JMT&pQ&`IMT&pQa

:S"A&21','761$*@&/72&6#52$*&/*&.$'3&)")#22"56;&
:8".2,"/72#&IN&pQ&"52'&#$#=#5.&3#$$.&'(&-&,'3&'(&21#&),#)&)$-2#;

2. Prepare competitor dilutions: 
:R5&-&."56$#&,'3&'(&21#&),#)&)$-2#@&.#,"-$&%"$72#&IN&pQ&'(&0'50#52,-2#%&"51"/"2',&.'$7‐
2"'5&`<EF&3-.&7.#%&-2&GTT&+S&(',&#A-+)$#a&"52'&IN&pQ&'(&EU&b&2"+#.;&&?",.2&3#$$&".&
75%"$72#%@&$-.2&23'&3#$$.&1-=#&5'&"51"/"2',;

3. 2''&6@4&(#&,%"7).':  
:i."56&-&GM:01-55#$&GT&',&MT&pQ&)")#22',@&%".2,"/72#&GT&pQ&'(&0'5.2-52&.'$72"'5&"52'&
#$#=#5&3#$$.&'(&I&,'3.&'(&-&,#-02"'5&)$-2#@&21#,#&".&5'&5##%&2'&.3"201&2").&75$#..&.#‐
vere bubbles are introduced.
:F,#)-,#&-&0'52,'$&,#-02"'5&3"21&5'&),'2#"5H&G&pQ&$-/#$#%&570$#'2"%#@&JT&pQ&NA&/7((#,@&
3-2#,&2'&GTT&pQ&`Nb&pQa;&&8".2,"/72"'5&GT&pQ&"52'&21#&$-.2&I&3#$$.;
:B3"201&2").;&8".2,"/72#&GT&pQ&'(&"51"/"2',&%"$72"'5&"52'&#-01&3#$$@&+"A&/*&)")#22"56&I&
2"+#.;&E1#,#&".&5'&5##%&2'&.3"201&2").&/#23##5&,'3.;

4. Seal and Spin plate:
:B#-$&)$-2#&3"21&-&2,-5.)-,#52@&),#..7,#&.#5."2"=#&)$-2#&.#-$@&%'&5'2&7.#&-$7+"57+&',&
sticky seals, and do not thermoseal.
:B)"5&)$-2#&-2&INTT&PFS&"5&B',=-$$&E-/$#&E')&0#52,"(76#&(',&-2&$#-.2&G&+"5;

5. E.%$@,"&(,"(#))6("&6:&#,"$#&(*)#(RS(67..
9. F&,'$#&(K4$)#&'%&.%&(:)4,#7G,"7).:

:i.#%&-&F#,4"5U$+#,&l"02',&Il&+7$2"$-/#$&)$-2#&,#-%#,&-5%&21#&('$$'3"56&),'2'0'$H
[&UA0"2-2"'5&!"$2#,H&J_N&5+&}&GJ&5+

& & [&U+".."'5&!"$2#,H&NIN&5+&}&MN&5+
& & [&Q-+)&.#2&2'&+-A"+7+&.2-/$#&#5#,6*&$#=#$
& & [&O'752"56&2"+#&'(&T;G&.
& & [&J&++&+#-.7,#+#52&1#"612
10. -,",(:#)%&''7.A:
& :UA)',2&%-2-&2'&-5&UA0#$&!"$#;
& :C)#5&"2&7)&"5&SB&UA0#$@&-5%&6'&2'&f)$-2#g&2-/;
  ‐Remove unused columns.
  ‐Convert all data points from FP to FA using Eqn. AII.1.
    W<$,"7).(2EE+X FA =  
  ‐Average the FA three reactions for each concentration.

:O'5=#,2&2'&y?<&/*&.7/2,-02"56&21#&5'&),'2#"5&0'52,'$&(,'+&#-01&0'50#52,-2"'5&)'"52H
[U52#,&21#&('$$'3"56&(',+7$-&(',&#-01&0'50#52,-2"'5&`P&.2-5%.&(',&P#)$"0-2#@&
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S for Sample, and B for Background, so SR1 corresponds to replicate 1 of a 
.-+)$#&,#-02"'5@&31#,#-.&XPI&0',,#.)'5%.&,#)$"0-2#&I&'(&-&/-046,'75%&,#-0‐
tion): 
= AVERAGE(SR1:SR3) – AVERAGE($BR$1:$BR$3)

‐Calculate the standard deviation for each concentration.
& [U52#,&21#&('$$'3"56&(',+7$-&(',&#-01&0'50#52,-2"'5

z&BvPE`BE8Ul`BPGHBPIa�M&s&BE8Ul`�XP�GH�XP�Ia�Ma
:O')*&y?<&=-$7#.@&#,,',.@&-5%&"51"/"2',&0'50#52,-2"'5.&"52'&V-$#"%-6,-)1;

& :F$'2&-.&x:d&.0-22#,@&-5%&!"2&2'&UK5;&J;G;

FINAL REMARKS

A method for directly studying the binding of DnaG to its substrates is required to fully 
75%#,.2-5%&1'3&85-9&.*521#."W#.&-&),"+#,;&&E1#&#A)#,"+#52.&),#.#52#%&1#,#&,#),.#52&-&
!",.2&.2#)&2'3-,%&%#=#$')"56&-5&-..-*&(',&+#-.7,"56&570$#'2"%#&/"5%"56&2'&85-9;&<$21'761&
many caveats accompany the results of the nucleotide binding methods employed in the 
#A)#,"+#52.&%#.0,"/#%&-/'=#@&21#&(-02&21-2&-&0,*.2-$&.2,7027,#&3-.&0-)27,#%&'(&21#&85-9&
RPD bound to an individual nucleotide suggests that the principle of the approach is sound.  
R5&21#&(727,#@&"52,"5."0-$$*&!$7',#.0#52&570$#'2"%#&-5-$'67#.&.1'7$%&/#&#+)$'*#%&#A0$7."=#$*@&
and initial binding screens should be conducted in the presence of Mn2+ or 100 mM or 
greater Mg2+.
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Figure AII.1: Fluorescently labeled nucleotide binding by the EcDnaG RPD.

-a&B2,7027,#&'(&/-.#:0'5]76-2#%&!$7',#.0#52$*&$-/#$#%&<EF&-5-$'67#@&?$;GM;<EF;&/a&O1-56#&"5&
Fluorescence Anisotropy (+?<a&'(&?$;GM;<EF&"5&21#&),#.#50#&'(&"50,#-."56&0'50#52,-2"'5.&'(&
3"$%:2*)#&-5%&+72-52&EcDnaG PF8.&2'&?$;GM;<EF;&O7,=#.&3#,#&!"2&2'&21#&#A)$"0"2&.'$72"'5&2'&
single‐site binding (Methds). Error bars represent ±SD c) +?<&'(&?$;GM;<EF&"5&21#&),#.#50#&
'(&MNT&pS&3"$%:2*)#&EcDnaG PF8&-5%&"50,#-."56&0'#52,-2"'5.&'(&0'$%&`75$-/$#%a&<EF&3"21&
`/$-04&0",0$#.a@&',&3"21'72&`6,-*&0",0$#.a&'(&S62+;&O7,=#.&3#,#&!"2&2'&-&.2-5%-,%&RO50 model 
(Methods). Error bars represent ±SD d) Structure of the /:)1'.)1-2#:0'5]76-2#%&!$7',#.‐
0#52$*&$-/#$#%&<EF&-5-$'67#@&Nt?$;<EF;&#a&S#2-$&%#)#5%#50#&'(&21#&/"5%"56&'(&21#&EcDnaG 
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PF8&2'&Nt?$;<EF;&Ec85-9&PF8&3-.&2"2,-2#%&"52'&,#-02"'5.&0'52-"5"56&21#&$-/#$#%&570$#'2"%#@&
and 20 mM Mg2+&`/$-04.&0",0$#.a@&MT&+S&U8E<&`',-56#&%"-+'5%.a@&',&MT&+S&S5O$2 (blue 
.K7-,#.a@&-5%&/"5%"56&3-.&%#2#,+"5#%&/*&+#-.7,"56&21#&+?<&'(&Nt?$;<EF;&O7,=#.&3#,#&!"2&2'&
21#&#A)$"0"2&.'$72"'5&2'&."56$#:."2#&/"5%"56&`Methodsa@&-5%&3#,#&-..7+#%&2'&,#-01&21#&.-+#&
)$-2#-7&=-$7#@&31"01&3-.&2-4#5&(,'+&21#&S52+&07,=#&!"2;&U,,',&/-,.&,#),#.#52&}B8;&&(a&O'+‐
petition for binding of the Ec85-9&PF8&2'&Nt?$;<EF&/*&9NF&`%-,4:6,-*&0",0$#.a@&9JF&`/$-04&
.K7-,#.a@&-5%&98F&`$"612:6,-*&%"-+'5%.a;&R51"/"2',.&3#,#&2"2,-2#%&"52'&,#-02"'5.&0'52-"5"56&
21#&!$7',#.0#52$*&$-/#$#%&<EF@&-5%&MNT&pS&PF8;&X"5%"56&#A2#52&3-.&%#2#,+"5#%&/*&+#-.7,‐
ing the +?<&'(&21#&$-/#$#%&<EF;&O7,=#.&3#,#&!"2&2'&-&.2-5%-,%&RO50 model (Methods). Error 
bars represent ±SD.
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I//"';"J*:::*C*T2'#@")&)*(';*/-$&1&0(#&+'*+,*0(#(=2#&0(==2*
competent hairpin­crosslinked DnaG RPD complexes

E1#&+'.2&"++#%"-2#&5##%&"5&21#&.27%*&'(&85-9&#5W*+'$'6*&".&21#&0,*.2-$&.2,7027,#&'(&-&
85-9:2*)#&),"+-.#&.2-$$#%&"5&-&2,7#&2#,5-,*&0'+)$#A;&<&$"5#&'(&,#.#-,01&3#&%'&5'2&%".07..&
1#,#@&/72&31"01&3#&.)#52&-&6,#-2&%#-$&'(&2"+#&'5@&"5='$=#%&-5&-22#+)2&2'&0-)27,#&-5&PF8&
2#,5-,*&0'+)$#A&7."56&-5&#56"5##,#%&%".7$!"%#&0,'..$"54"56&."2#&.2,-2#6*;&E1#&0,'..$"54"56&
."2#&7.#%&"5&21".&#((',2&3-.&"%#52"!"#%&/*&B1#$$"#&>#".!"#$%&-5%&\-0'5&O',5&"5&MTTZ&/*&.0,##5‐
"56&0,'..$"54"56&+72-52.&(',&21#",&-/"$"2*&2'&#A2#5%&-&),#(',+#%@&0,'..$"54-/$#&1-",)"5;&E1#&
most capable of these sites, corresponding to position 166 in E. coli 85-9@&3-.&$'0-2#%&'5&
21#&#A2,#+#&#%6#&'(&21#&2#+)$-2#:2,-04"56&6,''=#&`Fig. AIII.1aa;&>#&-22#+)2#%&2'&0-)27,#&
-&0,*.2-$&.2,7027,#&'(&21#&2#,5-,*&0'+)$#A&7."56&-&.#,"#.&'(&1-",)"5&.7/.2,-2#.&#A#+)$"!"#%&
/*&21#&1-",)"5&.1'35&"5&Fig. AIII.1b;&>#&3#,#&-/$#&2'&.700#..(7$$*&(',+&-5%&)7,"(*&`Fig. 
AIII.1c/da&21#.#&0'+)$#A#.@&31"$#&-2&21#&.-+#&2"+#&),#.#,="56&21#",&0-2-$*2"0&-/"$"2"#.&`Fig. 
AIII.1ea;&^'3#=#,@&5'&%"((,-02"56&0,*.2-$.@&-5%&'5$*&-&(#3&"5"2"-$&0,*.2-$&1"2.&3#,#&'/2-"5#%;&

After discovery of the incoming nucleotide‐binding site (Chapter 2a@&3#&,#%#."65#%&21#&
substrate hairpins to be much shorter (Fig. AIII.1fa;&R&3-.&-6-"5&-/$#&2'&(',+&-5%&)7,"(*&
21#.#&5#3&0'+)$#A#.&`Fig. AIII.1g/ha@&-5%&3#&%#+'5.2,-2#%&21-2&21#*&-,#&-$.'&0-2-$*2"0-$$*&
competent (Fig. AIII.1ia;&<6-"5@&5'&%"((,-02"56&0,*.2-$.&3#,#&'/2-"5#%@&-5%&=#,*&(#3&1"2.;&E1#&
5#3&0'+)$#A#.&3#,#&-$.'&0'5."%#,-/$*&+',#&%"(!"07$2&2'&)7,"(*@&-5%&3#,#&$#..&.2-/$#;&

E3'&(-02',.&$"4#$*&1-+)#,#%&21#&),'6,#..&'(&21".&),']#02;&&?",.2@&21#&#A2,#+#&.'$=#52&#A)'‐
.7,#&'(&21#&)'."2"'5:GZZ&0,'..$"54"56&."2#&+-%#&"2&#A0#.."=#$*&.7.0#)2"/$#&2'&,#%702"'5@&$#-%‐
"56&%"..'0"-2"'5&'(&21#&0'+)$#A@&-5%&.#=#,#$*&"52#,(#,"56&3"21&21#&)7,"2*&'(&21#&0,'..$"54#%&
0'+)$#A#.;&B#0'5%@&+',#&,#0#52&+'%#$"56&.766#.2.&21-2&21".&0,'..$"54"56&)'."2"'5&)7$$.&
21#&.7/.2,-2#&"52'&-5&75(-=',-/$#&0'5(',+-2"'5@&$#-%"56&2'@&3#&21"54@&0'5.2-52&75%'04"56&
'(&21#&.7/.2,-2#&(,'+&21#&#5W*+#;&R5&.7))',2&'(&21".&.#0'5%&0$-"+@&3#&('75%&21-2&21#&)'."‐
tion corresponding to Asp166 in S. aureus DnaG (His166), does not crosslink to any of the 
0,'..$"54-/$#&1-",)"5.&7.#%&.700#..(7$$*&3"21&E. coli.  Notably, Sa85-9&$-04.&E,)GZN@&31"01&
may be required to position the 5Y:#5%&'(&21#&1-",)"5&5#-,&21#&)'."2"'5:GZZ&crosslinking 
."2#;&X-.#%&'5&21".&-5-$*.".@&3#&),')'.#&-&+'%"!"#%&.2,-2#6*&(',&'/2-"5"56&-&2#,5-,*&0'+)$#A&
3"21&21#&85-9&PF8;&&?",.2@&S. aureus DnaG should be used instead of E. coli, due to the fact 
that crystallization of the Sa85-9&PF8&0-5&/#&%,"=#5&/*&/#5W-+"%"5#;&<$.'@&5#3&0,'..$"54‐
"56&)'."2"'5.&-,#&5##%#%;&E'&21".&#5%@&0,'..$"54"56&."2#&+'%#$#%&2'&-&+',#&0#52,-$&$'0-2"'5&
on the RPD (Fig. AIII.1ja;&E1#.#&)'."2"'5.&3"$$&0'5.".2#52$*&/#&-0,'..&(,'+&21#&"50'+"56&
570$#'2"%#&/"5%"56&."2#@&-5%&21#,#(',#&-,#&$#..&$"4#$*&2'&%".2',2&.7/.2,-2#&/"5%"56;&&^'3#=#,@&
21#*&5#0#.."2-2#&7."56&,#%#."65#%&.7/.2,-2#.&3"21&"52#,5-$&0,'..$"54"56&."2#.@&"5&31"01&21#&
convertible base is placed in the template strand 1 nucleotide 5Y&2'&21#&2#+)$-2#&/-.#&21-2&
)-",.&3"21&21#&"50'+"56&570$#'2"%#.  
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T#(';($;*/$+#+0+=*,+$*#@"*/$+;-0#&+'*(';*/-$&1&0(#&+'*+,*
DnaG RPD hairpin­crosslinked complexes

MATERIALS

O'5=#,2"/$#&'$"6'570$#'2"%#.&3#,#&)7,01-.#%&(,'+&21#&S"%$-5%&P#-6#52&O'+)-5*@&-5%&),#‐
)-,#%&-00',%"56&2'&21#&),'2'0'$.&%#.0,"/#%&"5&\-0'/&U;&O',5t.&%'02',-$&21#.".&`MTTLa;

E. coli&85-9&PF8&8GZZO&3-.&6#5#,-2#%&/*&."2#&%",#02#%&+72-6#5#.".@&#A),#..#%@&-5%&)7,"‐
!"#%&-.&%#.0,"/#%&"5 Chapter 2.

Crosslinking Buffer:
  50 mM potassium glutamate pH 8.5
  20 mM HEPES pH 8.5
  10% Glycerol

G&S&O*.2-+"5#@&),#)-,#%&-00',%"56&2'&21#&),'2'0'$&%#.0,"/#%&"5&\-0'/&U;&O',5t.&%'02',-$&
21#.".&`MTTLa;

F7,"!"0-2"'5&X7((#,.H
  Q'3&B-$2&X7((#,
  50 mM sodium chloride
& MT&+S&^UFUB&)^&L;N
& N&+S&'A"%"W#%&6$72-21"'5#
  10% glycerol
 
  High Salt Buffer
  1 M sodium chloride
& MT&+S&^UFUB&)^&L;N
& N&+S&'A"%"W#%&6$72-21"'5#
  10% glycerol

  B"W#&UA$07."'5&X7((#, 
& GTT&+S&)'2-.."7+&6$72-+-2#&)^&L;N
& MT&+S&^UFUB&)^&L;N
  5 mM ozidized glutathione
  10% glycerol

12 mL Uno Q column (Bio‐Rad)

9U&^"F,#)&GZmZT&B#)1-0,*$&B:MTT&0'$7+5
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METHODS

G;&S"A&G&p+'$&'(&U085-9&PF8&8GZZO&3"21&NTT&5+'$&'(&0'5=#,2#%&'$"6'570$#'2"%#;&&8"$72#&|&
GTA&"5&0,'..$"54"56&/7((#,;&&R507/-2#&'5&"0#&(',&G:M&%-*.;&&

M;&?'$$'3&,#-02"'5&),'6,#..&/*&,#+'="56&b&pQ&-$"K7'2.&-5%&K7#501"56&3"21&G&pQ&'(&SSEB;&
Dilute samples into non‐reducing SDS loading buffer, and analyze by SDS PAGE (12% gels 
3',4&3#$$a;

I;&>1#5&0,'..$"54"56&1-.&,#-01#%&0'+)$#2"'5&`0',,#.)'5%"56&2'&-&GHG&,-2"'&'(&0,'..$"54#%&
),'2#"5&2'&750,'..$"54#%&),'2#"5a@&0'50#52,-2#&,#-02"'5&2'&G&+Q@&-5%&-%]7.2&)^&2'&L;N;

J;&Q'-%&.-+)$#&'52'&i5'&v&0'$7+5&#K7"$"/,-2#%&"5&Q'3&B-$2&/7((#,;&&

N;&>-.1&3"21&G&Ol&'(&Q'3&B-$2&/7((#,@&',&752"$&(,##&),'2#"5&1-.&!"5".1#%&#$72"56;&&?,##&),'2#"5&
is easily distinguished by high A230, and an A260:A280 ratio of ~0.5.

Z;&U$72#&0'+)$#A@&%"+#,@&-5%&(,##&8D<&3"21&-&6,-%"#52&(,'+&Q'3&B-$2&/7((#,&2'&^"61&B-$2&/7(‐
fer over 10 CVs.  Collect fractions throughout.

L;&O'+)$#A&0-5&/#&%".2"567".1#%&(,'+&(,##&8D<&-.&-&)#-4&3"21&1"61&<MIT@&-5%&-5&
A260:A280 ratio of 1.5 or higher.

8. Combine all non‐DNA fractions, and concentrate to 1 mL.

9. Rerun Uno Q column.

GT;&O'+/"5#&(,-02"'5.&0'52-"5"56&0'+)$#A@&-5%&0'50#52,-2#&2'&G&+Q;

GG;&Q'-%&'52'&BMTT&#K7"$"/,-2#%&GA&3"21&3-2#,@&-5%&MA&3"21&B"W#&UA0$7."'5&/7((#,;&E1".&0'$‐
7+5&"%#-$$*&".&5#=#,&7.#%&3"21&,#%70"56&/7((#,.;

GM;&P75&0'$7+5;&R%#52"(*&(,-02"'5.&0'52-"5"56&0'+)$#A@&-5%&5'&%"+#,&/*&5'5:,#%70"56&B8B:
F<9U;&O'+/"5#@&-5%&0'50#52,-2#&2'&MT&+6m+Q&',&1"61#,;&d"#$%.&-,#&5',+-$$*&"5&21#&N:GTr&
of input DNA range.

GI;&O'+)$#A#.&0-5&/#&.2',#%&"5&B"W#&UA0$7."'5&/7((#,&-2&:_T&wO;
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a Asp166Cys

Modeled Disulfide

67*!+*.,+-3'8
#7*946::"
;7*900:5"%<5$46::"
=7*9>.?5"%<@5$46::"
A7*9%=B$46::"

B &!C
-,32-3@

*9D*****9"

D166CxT4L and D166C are well resolved on an S200
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Figure AIII.1 Legend
a) Schematic of the modeling leading to selection of Asp166 as a possible crosslinking 
."2#;&&E1#&E. coli&85-9&PF8&..8D<&/'75%&.2,7027,#&`F8X&0'%#H&IXIba&".&.1'35&-.&-&0-,2''5&
,#),#.#52-2"'5&"5&.-$+'5@&-5%&-&.7,(-0#&,#),#.#52-2"'5&"5&31"2#;&&E1#&/'75%&8D<&".&.1'35&
-.&.2"04.&3"21&0-,/'5&0'$',#%&+-6#52-;&<&+'%#$#%&%7)$#A&".&.1'35&-.&-&0-,2''5&,#),#‐
.#52-2"'5;&R5.#2&)-5#$H&UA)-5%#%&="#3&'(&21#&0,'..$"54"56&."2#;&E1#&#56"5##,#%&0*.2#"5#&".&
.1'35&"5&"2.&(,##&(',+&-.&-&.2"04&,#),#.#52-2"'5&3"21&0-,/'5&0'$',#%&27,K7'".#;&<&+'%#$&'(&
21#&%".7$!"%#&21-2&(',+.&".&.1'35@&3"21&.7$(7,&0'$',#%&/$7#@&-5%&21#&0,'..$"54-/$#&,#."%7#.&
`8D<&-5%&),'2#"5a&.1'35&3"21&0-,/'5&0'$',#%&6,-*;&U$#+#52.&'(&21#&..8D<&-,#&5'2&"5='$=#%&
"5&0,'..$"54"56&-,#&.1'35&3"21&0-,/'5&0'$',#%&+-6#52-;&/a&B01#+-2"0&'(&21#&$'56&1-",)"5&
8D<.&7.#%&"5"2"-$$*;&0a&O1,'+-2'6,-+.&'(&6#$&!"2,-2"'5&,75.&3"21&21#&"5%"0-2#%&),'2#"5.;&%a&
B8B:F<9U&6#$&"+-6#&.1'3"56&),'2#"5&/#(',#&-5%&-(2#,&0,'..$"54"56&-5%&)7,"!"0-2"'5;&#a&9#$&
"+-6#&.1'3"56&"50',)',-2"'5&'(&-&,-%"'$-/#$#%&570$#'2"%#&"52'&21#&0,'..$"54#%&1-",)"5;&(a&
B01#+-2"0&'(&21#&.1',2&1-",)"5&8D<.&7.#%&-(2#,&.'$72"'5&'(&21#&DEF&/'75%&.2,7027,#.&'(&21#&
Sa85-9&PF8;&6a&P#),#.#52-2"=#&01,'+-2'6,-+&'(&21#&6#$&!"$2,-2"'5&)7,"!"0-2"'5&.2#)&3"21&
21#&.1',2&1-",)"5&0'+)$#A#.;&1a&9#$&"+-6#&.1'3"56&,#.7$2.&'(&0,'..$"54"56&-5%&)7,"!"0-2"'5&
.2#).;&Q-5#.H&Ga&/#(',#&0,'..$"54"56@&Ma&<(2#,&J_&1&"507/-2"'5&3"21&1-",)"5@&Ia&F''$#%&+-‐
2#,"-$&(,'+&.#0'5%&v:0'$7+5@&Ja&F''$#%&+-2#,"-$&(,'+&6#$&!"$2,-2"'5;&"a&9#$&"+-6#&.1'3"56&
"50',)',-2"'5&'(&-&!$7',#.0#52$*&$-/#$#%&570$#'2"%#&`?$;GM;<EF@&.##&Appendix II) into the 
0'+)$#A#.&3"21&21#&.1',2#,&1-",)"5.;&]a&B01#+-2"0&'(&21#&+'%#$"56&(',&5#3&0,'..$"54"56&."2#.&
of the SaDnaG RPD.  A model of the S. aureus&85-9&PF8&/'75%&2'&-&1#+"%7)$#A&),'%702&".&
.1'35&-.&-&0-,2''5&,#),#.#52-2"'5&"5&.$-2#@&-5%&-&.7,(-0#&,#),#.#52-2"'5&"5&31"2#;&+'%‐
#$#%&%7)$#A&".&.1'35&-.&-&0-,2''5&,#),#.#52-2"'5;&R5.#2&)-5#$H&UA)-5%#%&="#3&'(&-&)'.."/$#&
crosslinking site near the incoming nucleotide binding site. Possible locations for placement 
'(&#56"5##,#%&0*.2#"5#.&-,#&.1'35&-.&.2"04&,#),#.#52-2"'5.&3"21&0-,/'5&0'$',#%&6,##5@&
and are labeled according to Sa85-9;&<&+'%#$&'(&21#&0,'..$"54-/$#&8D<&".&.1'35&-.&-&.2"04&
,#),#.#52-2"'5&3"21&0-,/'5&0'$',#%&*#$$'3@&-5%&0,'..$"54"56&+'"#2*&.1'35&3"21&0-,/'5&
0'$',#%&6,##5;&B7$(7,&".&0'$',#%&*#$$'3&21,'761'72&21#&)-5#$;




