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A flow chart describing the steps involved in this thesis is provided in Figure 1 below.  
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Bacterial strains.  E. coli strains used in this study are listed in Table 1. Most strains contain a knockout in a folate pathway enzyme, resulting in some type of folate end product auxotrophy.  In this study, the effect of increasing osmolality on the function of the enzyme was evaluated by the ability of the clone to rescue the host cell to prototrophy. Most of the Keio knockout (Baba, Ara et al. 2006) strains were purchased from the Coli Genetic Stock Center (CGSC, see http://cgsc.biology.yale.edu/).  Other strains were requested from the lab that constructed the specific gene knockout.  

[bookmark: _Toc400804711]Table 1 List of E. coli auxotrophic strains, their genotypes, and sources
	Strain
	Genotype
	Source

	DH5α
	F - Φ80lacZΔM15(lacZYA-argF) U169 recA1 endA1 hsdR17 (rK–, mK+) phoA supE44 λ–thi-1 gyrA96 relA1

	Invitrogen

	LH18
	Δlac-pro supE hsdRS F' lac(l-ZΔM15)+ pro'
folA::kan
	Howell (Howell, Foster et al. 1988)

	W1485
	F - - rph-1 (also known as MG1655)
	CGSC (Bennett, Langan et al. 2006)

	SF2
	W1485/I-21 (F- folC strA)
	Bognar (Ferone, Singer et al. 1983; Bognar, Osborne et al. 1985)

	SF4
	F- - rph-1 folC strA recA TN10:srlC
	

	BW25113
	F - Δ(araD-araB)567 ΔlacZ4787(::rrnB-3) λ- rph-1 Δ(rhaD-rhaB)568 hsdR514
	CGSC (Bennett, Langan et al. 2006)

	JW2535-1
	BW25113 ΔglyA725::kan
	CGSC (Bennett, Langan et al. 2006)

	JW3913-1
	BW25113 ΔmetF728::kan
	CGSC (Bennett, Langan et al. 2006)

	C600 
	C600 folK::tet
(thi-1 thr-1 leuB6 lacY1 tonA21 supE44)
	Swedberg (Fermer and Swedberg 1997)

	C600
	C600 ΔfolP::kan
(thi-1 thr-1 leuB6 lacY1 tonA21 supE44)
	Swedberg (Fermer and Swedberg 1997)
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Plasmids.  Clones of the folate pathway enzymes were obtained from various research labs.  The source of these clones and some information concerning the clones is given in Table 2 below.  The pKTS plasmid was obtained from Donald Hilvert (ETH Zurich) (Neuenschwander, Butz et al. 2007). This plasmid enables gene expression control via the Ptet promoter and the SsrA protease degradation tag helps decrease the gene product concentration in vivo.

The clones were confirmed via sequencing. Briefly, ~ 40 ng of DNA for each clone was transformed into E. coli DH5a (Invitrogen) using the heat shock method.  Immediately after the heat shock, 950 µL of S.O.C (2 % tryptone, 0.5 % yeast extract, 10 mM NaCl, 2.5 mM KCl, 10 mM MgCl2, 10 mM MgSO4, and 20 mM glucose) media was added and the samples were placed on a shaker (~200 rpm) at 37 oC for about one hour.  Next 50 µL and 100 µL cells were plated on YT agar media with the appropriate antibiotic added.  After overnight growth, three to five colonies were picked and grown in YT broth with 200 µg ampicillin/ml at 37 oC. Finally, the plasmid DNA was extracted with Wizard Miniprep DNA purification system and the quality of the genes was confirmed were confirmed via DNA sequencing at the Molecular Biology Resource facility (University of Tennessee, Knoxville). 
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	Gene
	Enzyme (Abbreviation)
	Plasmid Name
	Source of cloned gene?

	FolA
	Dihydrofolate reductase (DHFR)
	pAG101 (EcDHFR)
pUC57
	Howell; (Howell, Villafranca et al. 1986; Reece, Nichols et al. 1991; Feng, Grubbs et al. 2010)

	
	R67 DHFR (Type II)
	
	

	
	Quad4 (Type II)
Trimethoprim resistance 
(Amyes and Smith 1976)

	
	

	FolC
	Folylpolyglutamate synthase (FPGS)
	pAC5a, pAC3b and pPM103c

	Bognar (Keshavjee, Pyne et al. 1991) (Pyne and Bognar 1992)  


	
	
	
	

	FolP
	Dihydropteroate synthase (DHPS)
Sulfonamide resistance
(Buwembo, Aery et al. 2013)
	pUC19
	Swedberg (E. coli) Lee (Fermer and Swedberg 1997) (Yan and Ji 2011; Zhao, Hammoudeh et al. 2011; Zhao, Hammoudeh et al. 2012) (Staphylococcus aureus)


	folk 
	6-Hydroxymethyl-7,8-dihydropterin pyrophosphokinase 
	pTT5
	Yan (Talarico, Ray et al. 1992) (Blaszczyk, Shi et al. 2000) (Xiao, Shi et al. 2001)

	GlyA
	Serine hydroxymethyl transferase (SHMT)
	pSGlyA (pBR322), (Bluescript KS) 
	Contestabile (Iurescia, Condo et al. 1996; Florio, Chiaraluce et al. 2009; Florio, di Salvo et al. 2011)

	MetF
	Methylene-tetrahydrofolate reductase (MTHFR)

	pCAS30
	Trimmer/Matthews (Sheppard, Trimmer et al. 1999)

	ThyA
	Thymidylate synthase
	In Bluescript KS+
	Kohen (Hong, Maley et al. 2007) /Maley (Changchien, Garibian et al. 2000) 



a: pUC9 with folC gene downstream of lac promoter; Amp resistance
b: pUC8 with 3.5-kb fragment containing usg, folC, and dedD genes; Amp resistance
c: pSC101 temperature sensitive for replication; segregates above 30°C; Tet resistance







The DNA sequences of the above genes were obtained from http://www.genome.jp/kegg-bin/show_organism?org=eco.  Table 3 below gives the gene sequences and the translated protein sequences.
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	Gene (Abbreviation)
	
DNA and protein sequence

	FolA EcDHFR 
(type I DHFR)
	atgatcagtctgattgcggcgttagcggtagatcgcgttatcggcatggaaaacgccatg
 M  I  S  L  I  A  A  L  A  V  D  R  V  I  G  M  E  N  A  M 
ccgtggaacctgcctgccgatctcgcctggtttaaacgcaacaccttaaataaacccgtg
 P  W  N  L  P  A  D  L  A  W  F  K  R  N  T  L  N  K  P  V 
attatgggccgccatacctgggaatcaatcggtcgtccgttgccaggacgcaaaaatatt
 I  M  G  R  H  T  W  E  S  I  G  R  P  L  P  G  R  K  N  I 
atcctcagcagtcaaccgggtacggacgatcgcgtaacgtgggtgaagtcggtggatgaa
 I  L  S  S  Q  P  G  T  D  D  R  V  T  W  V  K  S  V  D  E 
gccatcgcggcgtgtggtgacgtaccagaaatcatggtgattggcggcggtcgcgtttat
 A  I  A  A  C  G  D  V  P  E  I  M  V  I  G  G  G  R  V  Y 
gaacagttcttgccaaaagcgcaaaaactgtatctgacgcatatcgacgcagaagtggaa
 E  Q  F  L  P  K  A  Q  K  L  Y  L  T  H  I  D  A  E  V  E 
ggcgacacccatttcccggattacgagccggatgactgggaatcggtattcagcgaattc
 G  D  T  H  F  P  D  Y  E  P  D  D  W  E  S  V  F  S  E  F 
cacgatgctgatgcgcagaactctcacagctattgctttgagattctggagcggcggtaa
 H  D  A  D  A  Q  N  S  H  S  Y  C  F  E  I  L  E  R  R  -


	R67 DHFR
(type II DHFR)
	atgatcaggagctctaatgaagtttcgaatccagttgccggcaattttgtattcccttcg
 M  I  R  S  S  N  E  V  S  N  P  V  A  G  N  F  V  F  P  S 
aacgccacgtttggtatgggtgaccgcgtacgtaagaaatccggcgccgcctggcaaggt
 N  A  T  F  G  M  G  D  R  V  R  K  K  S  G  A  A  W  Q  G 
cagattgtcgggtggtactgcacaaatttgacccctgagggctacgccgtcgagtctgag
 Q  I  V  G  W  Y  C  T  N  L  T  P  E  G  Y  A  V  E  S  E 
gctcacccgggctcagtacagatctatcctgttgcggcgcttgaacgcatcaactaa
 A  H  P  G  S  V  Q  I  Y  P  V  A  A  L  E  R  I  N  -   


	FolC 
(FPGS)
	atgattatcaaacgcactcctcaagccgcgtcgcctctggcttcgtggctttcttatctg
 M  I  I  K  R  T  P  Q  A  A  S  P  L  A  S  W  L  S  Y  L 
gaaaacctgcacagtaaaactatcgatctcggccttgagcgcgtgagcctggtcgcggcg
 E  N  L  H  S  K  T  I  D  L  G  L  E  R  V  S  L  V  A  A 
cgtcttggcgtcctgaaaccagcgccatttgtgtttaccgttgcgggtacgaatggcaaa
 R  L  G  V  L  K  P  A  P  F  V  F  T  V  A  G  T  N  G  K 
ggcaccacctgccgtacgctggagtcgattctgatggcggcagggtacaaagtgggcgtc
 G  T  T  C  R  T  L  E  S  I  L  M  A  A  G  Y  K  V  G  V 
tacagttcgcctcatctggtgcgttataccgagcgcgtacgtgtgcagggccaggaattg
 Y  S  S  P  H  L  V  R  Y  T  E  R  V  R  V  Q  G  Q  E  L 
ccggaatcggcccacaccgcctcttttgcggagattgaatcggcacgcggtgatatttcc
 P  E  S  A  H  T  A  S  F  A  E  I  E  S  A  R  G  D  I  S 
ctgacctatttcgagtacggtacgctgtcggcgttgtggctgttcaagcaggcacaactt
 L  T  Y  F  E  Y  G  T  L  S  A  L  W  L  F  K  Q  A  Q  L 
gacgtggtgattctggaagtagggctgggcggtcgtctggacgcaaccaatattgtcgac
 D  V  V  I  L  E  V  G  L  G  G  R  L  D  A  T  N  I  V  D 
gccgatgtcgcggtagtaaccagtattgcgctggatcataccgactggctgggtccagat
 A  D  V  A  V  V  T  S  I  A  L  D  H  T  D  W  L  G  P  D 
cgcgaaagtattggtcgcgagaaagcaggcatcttccgcagcgaaaaaccggcaattgtc
 R  E  S  I  G  R  E  K  A  G  I  F  R  S  E  K  P  A  I  V 
ggtgagccggaaatgccttctaccattgctgatgtggcgcaggaaaaaggtgcactgtta
 G  E  P  E  M  P  S  T  I  A  D  V  A  Q  E  K  G  A  L  L 
caacgtcggggcgttgagtggaactattccgtcaccgatcatgactgggcgtttagcgat
 Q  R  R  G  V  E  W  N  Y  S  V  T  D  H  D  W  A  F  S  D 
gctcacggcacgctggaaaatctgccgttgccgcttgtcccgcaaccgaatgccgcaaca
 A  H  G  T  L  E  N  L  P  L  P  L  V  P  Q  P  N  A  A  T 
gcgctggcggcactgcgtgccagcgggctggaagtcagtgaaaatgccattcgcgacggg
 A  L  A  A  L  R  A  S  G  L  E  V  S  E  N  A  I  R  D  G 
attgccagcgcaattttgccgggacgtttccagattgtgagcgagtcgccacgcgttatt
 I  A  S  A  I  L  P  G  R  F  Q  I  V  S  E  S  P  R  V  I 
tttgatgtcgcgcataatccacatgcggcggaatatctcaccgggcgtatgaaagcgcta
 F  D  V  A  H  N  P  H  A  A  E  Y  L  T  G  R  M  K  A  L 
ccgaaaaacgggcgcgtgctggcggttatcggtatgctacatgataaagatattgccgga
 P  K  N  G  R  V  L  A  V  I  G  M  L  H  D  K  D  I  A  G 
actctggcctggttgaaaagcgtggttgatgactggtattgtgcgccactggaagggccg
 T  L  A  W  L  K  S  V  V  D  D  W  Y  C  A  P  L  E  G  P 
cgcggtgccacggcagaacaactgcttgagcatttgggtaacggcaaatcatttgatagc
 R  G  A  T  A  E  Q  L  L  E  H  L  G  N  G  K  S  F  D  S 
gttgcgcaggcatgggatgccgcaatggcggacgctaaagcggaagacaccgtgctggtg
 V  A  Q  A  W  D  A  A  M  A  D  A  K  A  E  D  T  V  L  V 
tgtggttctttccacacggtcgcacatgtcatggaagtgattgacgcgaggagaagcggt
 C  G  S  F  H  T  V  A  H  V  M  E  V  I  D  A  R  R  S  G 
ggcaagtaa
 G  K  - 


	FolK
(HPPK)
	atgacagtggcgtatattgccataggcagcaatctggcctctccgctggagcaggtcaat
 M  T  V  A  Y  I  A  I  G  S  N  L  A  S  P  L  E  Q  V  N 
gctgccctgaaagcattaggcgatatccctgaaagccacattcttaccgtttcttcgttt
 A  A  L  K  A  L  G  D  I  P  E  S  H  I  L  T  V  S  S  F 
taccgcaccccaccgctggggccgcaagatcaacccgattacttaaacgcagccgtggcg
 Y  R  T  P  P  L  G  P  Q  D  Q  P  D  Y  L  N  A  A  V  A 
ctggaaacctctcttgcacctgaagagctactcaatcacacacagcgtattgaattgcag
 L  E  T  S  L  A  P  E  E  L  L  N  H  T  Q  R  I  E  L  Q 
caaggtcgcgtccgcaaagctgaacgctggggaccacgcacgctggatctcgacatcatg
 Q  G  R  V  R  K  A  E  R  W  G  P  R  T  L  D  L  D  I  M 
ctgtttggtaatgaagtgataaatactgaacgcctgaccgttccgcactacgatatgaag
 L  F  G  N  E  V  I  N  T  E  R  L  T  V  P  H  Y  D  M  K 
aatcgtggatttatgctgtggccgctgtttgaaatcgcgccggagttggtgtttcctgat
 N  R  G  F  M  L  W  P  L  F  E  I  A  P  E  L  V  F  P  D 
ggggagatgttgcgtcaaatcttacatacaagagcatttgacaaattaaacaaatggtaa
 G  E  M  L  R  Q  I  L  H  T  R  A  F  D  K  L  N  K  W  - 


	FolP 
(DHPS)
	atgaaactctttgcccagggtacttcactggaccttagccatcctcacgtaatggggatc
 M  K  L  F  A  Q  G  T  S  L  D  L  S  H  P  H  V  M  G  I 
ctcaacgtcacgcctgattccttttcggatggtggcacgcataactcgctgatagatgcg
 L  N  V  T  P  D  S  F  S  D  G  G  T  H  N  S  L  I  D  A 
gtgaaacatgcgaatctgatgatcaacgctggcgcgacgatcattgacgttggtggcgag
 V  K  H  A  N  L  M  I  N  A  G  A  T  I  I  D  V  G  G  E 
tccacgcgcccaggggcggcggaagttagcgttgaagaagagttgcaacgtgttattcct
 S  T  R  P  G  A  A  E  V  S  V  E  E  E  L  Q  R  V  I  P 
gtggttgaggcaattgctcaacgcttcgaagtctggatctcagtcgatacatccaaacca
 V  V  E  A  I  A  Q  R  F  E  V  W  I  S  V  D  T  S  K  P 
gaagtcatccgtgagtcagcgaaagttggcgctcacattattaatgatatccgctccctt
 E  V  I  R  E  S  A  K  V  G  A  H  I  I  N  D  I  R  S  L 
tccgaacctggcgctctggaggcggctgcagaaaccggtttaccggtttgtctgatgcat
 S  E  P  G  A  L  E  A  A  A  E  T  G  L  P  V  C  L  M  H 
atgcagggaaatccaaaaaccatgcaggaagctccgaagtatgacgatgtctttgcagaa
 M  Q  G  N  P  K  T  M  Q  E  A  P  K  Y  D  D  V  F  A  E 
gtgaatcgctactttattgagcaaatagcacgttgcgagcaggcgggtatcgcaaaagag
 V  N  R  Y  F  I  E  Q  I  A  R  C  E  Q  A  G  I  A  K  E 
aaattgttgctcgaccccggattcggtttcggtaaaaatctctcccataactattcatta
 K  L  L  L  D  P  G  F  G  F  G  K  N  L  S  H  N  Y  S  L 
ctggcgcgcctggctgaatttcaccatttcaacctgccgctgttggtgggtatgtcacga
 L  A  R  L  A  E  F  H  H  F  N  L  P  L  L  V  G  M  S  R 
aaatcgatgattgggcagctgctgaacgtggggccgtccgagcgcctgagcggtagtctg
 K  S  M  I  G  Q  L  L  N  V  G  P  S  E  R  L  S  G  S  L 
gcctgtgcggtcattgccgcaatgcaaggcgcgcacatcattcgtgttcatgacgtcaaa
 A  C  A  V  I  A  A  M  Q  G  A  H  I  I  R  V  H  D  V  K 
gaaaccgtagaagcgatgcgggtggtggaagccactctgtctgcaaaggaaaacaaacgc
 E  T  V  E  A  M  R  V  V  E  A  T  L  S  A  K  E  N  K  R 
tatgagtaa
 Y  E  -  


	GlyA 
(SHMT)
	atgttaaagcgtgaaatgaacattgccgattatgatgccgaactgtggcaggctatggag
 M  L  K  R  E  M  N  I  A  D  Y  D  A  E  L  W  Q  A  M  E 
caggaaaaagtacgtcaggaagagcacatcgaactgatcgcctccgaaaactacaccagc
 Q  E  K  V  R  Q  E  E  H  I  E  L  I  A  S  E  N  Y  T  S 
ccgcgcgtaatgcaggcgcagggttctcagctgaccaacaaatatgctgaaggttatccg
 P  R  V  M  Q  A  Q  G  S  Q  L  T  N  K  Y  A  E  G  Y  P 
ggcaaacgctactacggcggttgcgagtatgttgatatcgttgaacaactggcgatcgat
 G  K  R  Y  Y  G  G  C  E  Y  V  D  I  V  E  Q  L  A  I  D 
cgtgcgaaagaactgttcggcgctgactacgctaacgtccagccgcactccggctcccag
 R  A  K  E  L  F  G  A  D  Y  A  N  V  Q  P  H  S  G  S  Q 
gctaactttgcggtctacaccgcgctgctggaaccaggtgataccgttctgggtatgaac
 A  N  F  A  V  Y  T  A  L  L  E  P  G  D  T  V  L  G  M  N 
ctggcgcatggcggtcacctgactcacggttctccggttaacttctccggtaaactgtac
 L  A  H  G  G  H  L  T  H  G  S  P  V  N  F  S  G  K  L  Y 
aacatcgttccttacggtatcgatgctaccggtcatatcgactacgccgatctggaaaaa
 N  I  V  P  Y  G  I  D  A  T  G  H  I  D  Y  A  D  L  E  K 
caagccaaagaacacaagccgaaaatgattatcggtggtttctctgcatattccggcgtg
 Q  A  K  E  H  K  P  K  M  I  I  G  G  F  S  A  Y  S  G  V 
gtggactgggcgaaaatgcgtgaaatcgctgacagcatcggtgcttacctgttcgttgat
 V  D  W  A  K  M  R  E  I  A  D  S  I  G  A  Y  L  F  V  D 
atggcgcacgttgcgggcctggttgctgctggcgtctacccgaacccggttcctcatgct
 M  A  H  V  A  G  L  V  A  A  G  V  Y  P  N  P  V  P  H  A 
cacgttgttactaccaccactcacaaaaccctggcgggtccgcgcggcggcctgatcctg
 H  V  V  T  T  T  T  H  K  T  L  A  G  P  R  G  G  L  I  L 
gcgaaaggtggtagcgaagagctgtacaaaaaactgaactctgccgttttccctggtggt
 A  K  G  G  S  E  E  L  Y  K  K  L  N  S  A  V  F  P  G  G 
cagggcggtccgttgatgcacgtaatcgccggtaaagcggttgctctgaaagaagcgatg
 Q  G  G  P  L  M  H  V  I  A  G  K  A  V  A  L  K  E  A  M 
gagcctgagttcaaaacttaccagcagcaggtcgctaaaaacgctaaagcgatggtagaa
 E  P  E  F  K  T  Y  Q  Q  Q  V  A  K  N  A  K  A  M  V  E 
gtgttcctcgagcgcggctacaaagtggtttccggcggcactgataaccacctgttcctg
 V  F  L  E  R  G  Y  K  V  V  S  G  G  T  D  N  H  L  F  L 
gttgatctggttgataaaaacctgaccggtaaagaagcagacgccgctctgggccgtgct
 V  D  L  V  D  K  N  L  T  G  K  E  A  D  A  A  L  G  R  A 
aacatcaccgtcaacaaaaacagcgtaccgaacgatccgaagagcccgtttgtgacctcc
 N  I  T  V  N  K  N  S  V  P  N  D  P  K  S  P  F  V  T  S 
ggtattcgtgtaggtactccggcgattacccgtcgcggctttaaagaagccgaagcgaaa
 G  I  R  V  G  T  P  A  I  T  R  R  G  F  K  E  A  E  A  K 
gaactggctggctggatgtgtgacgtgctggacagcatcaatgatgaagccgttatcgag
 E  L  A  G  W  M  C  D  V  L  D  S  I  N  D  E  A  V  I  E 
cgcatcaaaggtaaagttctcgacatctgcgcacgttacccggtttacgcataa
 R  I  K  G  K  V  L  D  I  C  A  R  Y  P  V  Y  A  -  


	MetF 
(MTHFR)
	atgagcttttttcacgccagccagcgggatgccctgaatcagagcctggcagaagtccag
 M  S  F  F  H  A  S  Q  R  D  A  L  N  Q  S  L  A  E  V  Q 
gggcagattaacgtttcgttcgagtttttcccgccgcgtaccagtgaaatggagcagacc
 G  Q  I  N  V  S  F  E  F  F  P  P  R  T  S  E  M  E  Q  T 
ctgtggaactccatcgatcgccttagcagcctgaaaccgaagtttgtatcggtgacctat
 L  W  N  S  I  D  R  L  S  S  L  K  P  K  F  V  S  V  T  Y 
ggcgcgaactccggcgagcgcgaccgtacgcacagcattattaaaggcattaaagatcgc
 G  A  N  S  G  E  R  D  R  T  H  S  I  I  K  G  I  K  D  R 
actggtctggaagcggcaccgcatcttacttgcattgatgcgacgcccgacgagctgcgc
 T  G  L  E  A  A  P  H  L  T  C  I  D  A  T  P  D  E  L  R 
accattgcacgcgactactggaataacggtattcgtcatatcgtggcgctgcgtggcgat
 T  I  A  R  D  Y  W  N  N  G  I  R  H  I  V  A  L  R  G  D 
ctgccgccgggaagtggtaagccagaaatgtatgcttctgacctggtgacgctgttaaaa
 L  P  P  G  S  G  K  P  E  M  Y  A  S  D  L  V  T  L  L  K 
gaagtggcagatttcgatatctccgtggcggcgtatccggaagttcacccggaagcaaaa
 E  V  A  D  F  D  I  S  V  A  A  Y  P  E  V  H  P  E  A  K 
agcgctcaggcggatttgcttaatctgaaacgcaaagtggatgccggagccaaccgcgcg
 S  A  Q  A  D  L  L  N  L  K  R  K  V  D  A  G  A  N  R  A 
attactcagttcttcttcgatgtcgaaagctacctgcgttttcgtgaccgctgtgtatcg
 I  T  Q  F  F  F  D  V  E  S  Y  L  R  F  R  D  R  C  V  S 
gcgggcattgatgtggaaattattccgggaattttgccggtatctaactttaaacaggcg
 A  G  I  D  V  E  I  I  P  G  I  L  P  V  S  N  F  K  Q  A 
aagaaatttgccgatatgaccaacgtgcgtattccggcgtggatggcgcaaatgttcgac
 K  K  F  A  D  M  T  N  V  R  I  P  A  W  M  A  Q  M  F  D 
ggtctggatgatgatgccgaaacccgcaaactggttggcgcgaatattgccatggatatg
 G  L  D  D  D  A  E  T  R  K  L  V  G  A  N  I  A  M  D  M 
gtgaagattttaagccgtgaaggagtgaaagatttccacttctatacgcttaaccgtgct
 V  K  I  L  S  R  E  G  V  K  D  F  H  F  Y  T  L  N  R  A 
gaaatgagttacgcgatttgccatacgctgggggttcgacctggtttataa
 E  M  S  Y  A  I  C  H  T  L  G  V  R  P  G  L  -  


	ThyA
(TS)
	atgaaacagtatttagaactgatgcaaaaagtgctcgacgaaggcacacagaaaaacgac
 M  K  Q  Y  L  E  L  M  Q  K  V  L  D  E  G  T  Q  K  N  D 
cgtaccggaaccggaacgctttccatttttggtcatcagatgcgttttaacctgcaagat
 R  T  G  T  G  T  L  S  I  F  G  H  Q  M  R  F  N  L  Q  D 
ggattcccgctggtgacaactaaacgttgccacctgcgttccatcatccatgaactgctg
 G  F  P  L  V  T  T  K  R  C  H  L  R  S  I  I  H  E  L  L 
tggtttctgcagggcgacactaacattgcttatctacacgaaaacaatgtcaccatctgg
 W  F  L  Q  G  D  T  N  I  A  Y  L  H  E  N  N  V  T  I  W 
gacgaatgggccgatgaaaacggcgacctcgggccagtgtatggtaaacagtggcgcgcc
 D  E  W  A  D  E  N  G  D  L  G  P  V  Y  G  K  Q  W  R  A 
tggccaacgccagatggtcgtcatattgaccagatcactacggtactgaaccagctgaaa
 W  P  T  P  D  G  R  H  I  D  Q  I  T  T  V  L  N  Q  L  K 
aacgacccggattcgcgccgcattattgtttcagcgtggaacgtaggcgaactggataaa
 N  D  P  D  S  R  R  I  I  V  S  A  W  N  V  G  E  L  D  K 
atggcgctggcaccgtgccatgcattcttccagttctatgtggcagacggcaaactctct
 M  A  L  A  P  C  H  A  F  F  Q  F  Y  V  A  D  G  K  L  S 
tgccagctttatcagcgctcctgtgacgtcttcctcggcctgccgttcaacattgccagc
 C  Q  L  Y  Q  R  S  C  D  V  F  L  G  L  P  F  N  I  A  S 
tacgcgttattggtgcatatgatggcgcagcagtgcgatctggaagtgggtgattttgtc
 Y  A  L  L  V  H  M  M  A  Q  Q  C  D  L  E  V  G  D  F  V 
tggaccggtggcgacacgcatctgtacagcaaccatatggatcaaactcatctgcaatta
 W  T  G  G  D  T  H  L  Y  S  N  H  M  D  Q  T  H  L  Q  L 
agccgcgaaccgcgtccgctgccgaagttgattatcaaacgtaaacccgaatccatcttc
 S  R  E  P  R  P  L  P  K  L  I  I  K  R  K  P  E  S  I  F 
gactaccgtttcgaagactttgagattgaaggctacgatccgcatccgggcattaaagcg
 D  Y  R  F  E  D  F  E  I  E  G  Y  D  P  H  P  G  I  K  A 
ccggtggctatctaa
 P  V  A  I  - 
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Chemically competent cell preparation.  

Chemically competent cells for each E. coli strain of interest, in particularr the knockout strains listed in Table 1, were made following general molecular biology techniques. Briefly a starter culture of the E. coli knockout strain was grown in 10 mL YT broth with selective antibiotic and required folate end product(s) (The list of required folate end products for each enzyme is given in Table 6).  Next, 1% of starter culture was transferred into 50 mL fresh YT broth with antibiotic. After the cells reached an OD600 of ~0.4-0.6, the cell suspension was spun down in a Sorvall RC-6 Plus centrifuge using a SS-34 rotor at 6100 rpm for 5 minutes.  The pellet was washed twice with wash buffer (5 mM Tris-HCl pH 7.6, 10 mM MgCl2 and 50 mM NaCl) and re-suspended twice.  Then, the cell pellet was re-suspended in a CaCl2 buffer (10 mM Tris-HCL pH 7.6, 10 mM MgCl2, and 10 mM CaCl2) and incubated for 30 min on ice. Next, the cells were spun down and CaCl2 buffer was removed.  The pellet was re-suspended with ice cold storage buffer (CaCl2 buffer with 15% glycerol) and 100 μL cell suspension was aliquoted into sterile 1.5 mL microfuge tubes. These samples were snap frozen with dry ice and stored at -80°C (cite).  
Electrocompetent cell preparation 
Electrocompetent cells of each E. coli knockout strain of interest were made following the protocol in the MicropulserTM electroporation apparatus operation manual (cat 165-2100).  Briefly, a 10 ml  starter culture of a knockout strain was grow in of 50 mL SOB-Mg- (without Magnesium) 0.5 % tryptone, 0.5  % yeast extract, 10 mM NaCl, 1.34 mM KCl) broth with selective antibiotic and required folate end product(s).  Next, 1% of starter culture was transferred into 50 mL fresh YT broth with antibiotic and required folate end product(s). After the cells reached an OD600 of   ~0.5-0.7, they were centrifuged in a Sorvall centrifuge using a SS-34 rotor at 6,100 rpm.  The pellet was washed twice with ice-cold 10 % glucose solution.  Then, the cells were re-suspended in a final volume of 1-2 mL with ice-cold 10 % glucose solution and 100 μL cells were aliquoted into sterile 1.5 mL microfuge tubes. These samples were snap frozen with dry ice and stored in the -80°C freezer. 

[bookmark: _Toc400904798][bookmark: _Toc400909728][bookmark: _Toc401144390]Introduction of NdeI and/or XhoI recognition sequences
The pKTS plasmid has NdeI and XhoI cloning sites between the Ptet promoter and the SsrA degradation tag. These two restriction enzyme sites were introduced at the 5’ and 3’ ends of the gene, respectively.  Two methods were used to introduce the sequences, as described below. 

Chemical Synthesis 
Chemical Synthesis: For R67 DHFR and Quad4 genes, NdeI and XhoI recognition sites were added to the 5’ and 3’ ends of these genes by chemical synthesis by Genscript (USA, Inc.). The genes were supplied as clones in pUC57. 
To decrease the activity of DHPS, a ‘pessimal’ DNA sequence was designed in collaboration with Mike Gilchrist (EEB department).  The ‘pessimal’ sequence with 
NdeI and XhoI recognition sites was chemically synthesized and supplied as a clone in the pET 3a vector by Genscript (USA, Inc).  
atgaagctatttgcccaaggaacatcactagatctaagtcatccccatgtcatgggaata
 M  K  L  F  A  Q  G  T  S  L  D  L  S  H  P  H  V  M  G  I 
ctaaatgtcacacccgattcattttcagatggaggaacacataattcactaatagatgcc
 L  N  V  T  P  D  S  F  S  D  G  G  T  H  N  S  L  I  D  A 
gtcaagcatgccaatctaatgataaatgccggagccacaataatagatgtcggaggagag
 V  K  H  A  N  L  M  I  N  A  G  A  T  I  I  D  V  G  G  E 
tcaacaagacccggagccgccgaggtcagtgtcgaggaggagctacaaagagtcataccc
 S  T  R  P  G  A  A  E  V  S  V  E  E  E  L  Q  R  V  I  P 
gtcgtcgaggccatagcccaaagatttgaggtctggatatcagtcgatacatcaaagccc
 V  V  E  A  I  A  Q  R  F  E  V  W  I  S  V  D  T  S  K  P 
gaggtcataagagagtcagccaaggtcggagcccatataataaatgatataagatcacta
 E  V  I  R  E  S  A  K  V  G  A  H  I  I  N  D  I  R  S  L 
tcagagcccggagccctagaggccgccgccgagacaggactacccgtctgtctaatgcat
 S  E  P  G  A  L  E  A  A  A  E  T  G  L  P  V  C  L  M  H 
atgcaaggaaatcccaagacaatgcaagaggcccccaagtatgatgatgtctttgccgag
 M  Q  G  N  P  K  T  M  Q  E  A  P  K  Y  D  D  V  F  A  E 
gtcaatagatattttatagagcaaatagccagatgtgagcaagccggaatagccaaggag
 V  N  R  Y  F  I  E  Q  I  A  R  C  E  Q  A  G  I  A  K  E 
aagctactactagatcccggatttggatttggaaagaatctatcacataattattcacta
 K  L  L  L  D  P  G  F  G  F  G  K  N  L  S  H  N  Y  S  L 
ctagccagactagccgagtttcatcattttaatctacccctactagtcggaatgtcaaga
 L  A  R  L  A  E  F  H  H  F  N  L  P  L  L  V  G  M  S  R 
aagtcaatgataggacaactactaaatgtcggaccctcagagagactaagtggaagtcta
 K  S  M  I  G  Q  L  L  N  V  G  P  S  E  R  L  S  G  S  L 
gcctgtgccgtcatagccgccatgcaaggagcccatataataagagtccatgatgtcaag
 A  C  A  V  I  A  A  M  Q  G  A  H  I  I  R  V  H  D  V  K 
gagacagtcgaggccatgagagtcgtcgaggccacactatcagccaaggagaataagaga
 E  T  V  E  A  M  R  V  V  E  A  T  L  S  A  K  E  N  K  R 
tatgagtaa
 Y  E  - 

PCR Method
PCR method: For the other two folate enzymes, metF and glyA, NdeI and/or XhoI  restriction sites were introduced with polymerase chain reaction (PCR).  For metF, the forward and reverse primers were designed following the protocol described on the Oxford Genetics website (Cawood) ; briefly, upstream from the start codon of metF, the  NdeI recognition sequence  ‘CAT’ and six non-complementary TA sequences were added. Then 21 complementary sequences of metF were included.  The TM of the primer was estimated using the New England BioLabs (NEB) TM calculator.  In the metF clone, a XhoI restriction site was already present at the end of the gene. Therefore, the reverse primer was designed using 25 complementary sequences that were upstream of the XhoI site. The annealing temperature was calculated by subtracting 5 0 C from the lowest TM estimated of forward and/or reverse primer TM.  The sequence of the primers is listed in Table 5.

The PCR primers for the glyA gene were designed by a similar approach.  The forward primer possessed 39 complementary bases open reading frame sequences of and non-complementary GC extended sequences.  Similarly, the reverse primer was designed with 20 complementary sequences of upstream the stop codon, and then XhoI recognition sequence and extended ‘GC’ sequence was added. The TM values for the primers were estimated using the New England BioLabs (NEB) TM calculator (NEB). The sequences of the primers are listed in Table 5.

The PCR amplification reaction was carried out in 50 l reaction volumes using 0.50 μM forward and reverse primers, 200 mM dNTPs (Fisher), 1.5 mM MgCl2 and 1X PCR buffer (100 mM Tris-HCl, pH 9.0; 500 mM KCl; 15 mM MgCl2) (Fisher) and 1 Unit Taq DNA polymerase (Fisher) and 5 to 100 ng DNA template. The reaction was carried out in a 0.2 l PCR tube in a DNA thermal cycler (Bio-Rad) The reaction conditions were 95 oC for 5 minutes, with 35 cycles of (95 oC for 30 seconds, annealing temperature (~the lowest of the TM – 5 0 C) as listed in table 5) for 45 seconds, 72 oC for 1-2 minute), and a final extension of 72 oC for 15 minutes. 

 

[bookmark: _Toc400804715]Table 6 List of PCR primer sequences used to introduce Nde1 and/or Xho1 restriction enzyme sites with their calculated TM values.  
	Enzyme name 
	Primer sequences with the introduced restriction enzyme sequence underlined 
	Annealing
Temperature
( 0 C)

	MTHFR
(pCAS30) (Sheppard, Trimmer et al. 1999)

	5’TATTTACATATGAGCTTTTTTCACGCCAGC 3’ (NdeI)
Tm= 56oC, 30 mer with 22 complementary sequence (forward primer)

	51 oC


	
	5’AAGGGGTTATGCTAGTTATTGCTCA 3’
Tm= 56oC, 25 bp complementary sequence(reverse primer)

	

	SHMT
(pBSGlyA) (Iurescia, Condo et al. 1996; Florio, Chiaraluce et al. 2009; Florio, di Salvo et al. 2011)

	5’GGGAGGAGGCATATGTTAAAGCGTGAAATGAACATTGCCGATTATGATGCC 3’ (NdeI)
Tm= 64 oC, 51 mer with 39 complementary sequence (forward primer)

	[bookmark: _GoBack]50 oC

	
	5’GAGAGAGAGCTCGAGTGCGTAAACCGGGTAACGTGC 3’ (XhoI) 
Tm= 56oC, 36 mer with 20 complementary sequence (reverse primer)
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Cloning the PCR product into the TOPO TA vector pCR®2.1
Following PCR amplification, the PCR products of metF and glyA were cleaned with the GeneJET PCR Purification Kit (Thermo Scientific) following the manufacturers protocol. The resulting PCR products were cloned into the pCR 2.1 vector using the Taq DNA polymerase reaction.  This polymerase provides A-overhangs on the PCR fragment which allows ready ligation with the TOPO TA kit (Invitrogen).  The resulting ligation mixture was transformed into Top10 One Shot chemically competent E. coli 10 F’cells F'[lacIq Tn10(tetR)] mcrA Δ(mrr-hsdRMS-mcrBC) φ80lacZΔM15 ΔlacX74 deoR nupG recA1 araD139 Δ(ara-leu)7697 galU galK rpsL(StrR) endA1 λ-  (Invitrogen) using a standard heat shock method and 20 µL and 50 µL aliquots were plated on YT agar media with 50 µg /ml kanamycin to select for cells carrying the TOPO vector.  40 µg/mI 5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside (X-gal) was added to select for colonies carrying the vector with the insert using a white/blue colony selection. The plates were incubated overnight at 37°C.  After overnight cell growth, ten white colonies were selected and grown in YT broth with 200 µg/mL ampicillin.  The plasmid DNA was extracted using the Wizard Miniprep DNA purification system and the identity of the insert was confirmed by DNA sequencing. 



[bookmark: _Toc400904800][bookmark: _Toc400909730][bookmark: _Toc401144392]Sample cleaning processes
Preparing the insert and vector DNA fragments for cloning
The plasmid DNA for each clone and the pKTS vector were linearized with NdeI and XhoI following the manufacturer’s protocol with minor modifications. Briefly, the restriction enzyme digest was performed in a 20 µL volume containing 1-2 µg of DNA, 1X Cutsmart™ buffer (50 mM potassium acetate, 20 mM Tris-acetate, 10 mM magnesium acetate, and 100 µg/mL BSA pH 7.9 g) or 5 to 10 units of NdeI (NEB) and XhoI (NEB). Then the samples were incubated at 37 o C from 3 hours to overnight.  The digested DNA samples were electrophoresed on a 1% SeaKem® LE agarose (Rockland, ME) gel using modified Tris-acetate EDTA (TAE) buffer (1 mM NaEDTA,40 mM Tris acetate, pH 8).  The DNA fragments were visualized by staining the gel with 0.5 µg ethidium bromide/ ml (Sigma). The correct sized DNA fragments were determined under a long wave UV light using a 1 kb plus DNA ladder as a standard. Then, the correct DNA fragment, based on the fragment size, was excised and purified with the Ultrafree®-DA and Wizard clean up systems (Millipore) according to the manufacturer’s protocol. The desired DNA fragments were precipitated with 7.5 M ammonium acetate plus ethanol and suspended with filtered (0. 22 µm syringe filter, Millipore) and autoclaved Milli-Q Water.  The DNA concentration was estimated with the NanoDrop 1000 Spectrophotometer (Thermo Scientific). The insert:vector ratio was calculated using Equation 1. 

	




[bookmark: _Toc400804639]Equation 1


[bookmark: _Toc400904801][bookmark: _Toc400909731][bookmark: _Toc401144393]Ligation and transformation 
Linearized and cleaned DNA fragments were cloned using the DNA Ligation System Ver.2.1 kit (Takara Bio Inc.) following the manufacturer’s instructions.  Briefly, the insert and vector DNA molecules were mixed in a 1:1, 1:3, and 1:5 ratio and equal volumes of Solution 1 (Takara Bio Inc.) were added.  The samples were incubated over night at 16 0C.  Next, the ligation mixture was divided into two parts.  The first half of the DNA mixture was directly transformed into chemically competent cells of the appropriate knockout strains.  The other half of the ligated DNA was precipitated with 7.5 M ammonium acetate plus ethanol and resuspended with 10 µL filtered (0. 22 µm syringes filter, Millipore) and autoclaved Milli-Q Water for electroporation.  
Chemically competent cells of knockout E. coli strains were made and the ligation mixture was transformed as described above.  Electroporation was performed on electrocompetent cells following the manufacturers protocol (Bio Rad). Briefly, 1- 4 µL of ligated and precipitated DNA mixture was mixed with 40 µL electrocompetent cells and gently mixed. The cell suspension was transferred into an electroporation cuvette of 1 mm inter-electrode gap (BTX Technologies Inc. Hawthorne, NY) . Electroporation was performed by a single pulse at the setting 1 E.C that corresponds to 1.8 kV. The sample preparation and set-up of cuvettes, plasmid DNA and electrocompetent cells were kept on ice.  Immediately after electroporation, 1 ml of S.O.C. media was added to the electroporation cuvette and the cells were transferred into a sterile 1.5 mL Eppendorf tube.  The mixture was shaken at ~200 rpm at 37 oC for about one to three hours. ~ 50 µL and 100 µL cells were plated as described below. 
To identify the correct clones, the selection used the ability of the clone to rescue the knockout host strain to prototrophy.  The plates were Bonner-Vogel (BV) minimal media containing  1xBV salt: 0.00038 M MgSO4.7H2O, 0.0094 M citric acid•H2O, 0.0574 M K2HPO4, 0.0167 M NH4NaHPO4•4H2O), 0.2% glucose/mL, 50.0 μg histidine/mL, 40.0 μg guanine/mL, 50.0 μg tyrosine/mL 50.0 μg tryptophan/mL, and 1.0 µM thiamine.  An alternate selection used YT agar media with selective antibiotic. The former selection is based on the ability of the clones to rescue the host to prototrophy and the latter selection allows for the antibiotic resistance selection associated with the pKTS vector.  The E. coli LH18 strain carrying the DHFR clone was selected on BV minimal media consisting of BV minimal media plus 50.0 μg thymidine/mL.  The correct clones were further verified by DNA sequencing. 




[bookmark: _Toc400804716]Table 7 The folate end products added as supplements to BV minimal media
	Gene 
	Folate end product supplement

	folA 
	30.3 μg adenine /mL, 50.0 μg glycine /mL, 50.0 μg methionine/mL and 10.0 μg pantothenate/mL

	glyA
	50.0 μg glycine /mL and 50.0 μg serine /mL

	metF
	50.0 μg methionine/mL

	folP
	50.0 μg thymidine/mL

	folC
	50.0 μg glycine /mL and 50.0 methionine μg /mL,
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[bookmark: _Toc401144394]Tetracycline titration  
[bookmark: _Toc400904345][bookmark: _Toc400904803]To assess the ability of the folate pathway gene carried in pKTS to rescue the appropriate knockout strain from auxotrophy, the optimal tetracycline concentration that supports a minimal but confluent cell growth was determined by streaking an overnight cell culture on plates containing increasing concentrations of tetracycline. The concentration range used was 0 ( no tetracycline, control), 0.4 ng tetracycline/ml, 1.0 ng tetracycline/ml, 2.0 tetracycline/ml, 4.0 ng tetracycline/ml, 8.0 ng  tetracycline/ml, 12.0 ng tetracycline/ml and 20.0 ng tetracycline/ml ng tetracycline/ml in either M9 minimal media or Bonner-Vogel (BV) minimal media. The tetracycline concentration that supports confluent cell growth was determined.  


[bookmark: _Toc400904804][bookmark: _Toc400909733][bookmark: _Toc401144395]Sorbitol titration 
Effects of osmotic stress on the in vivo activities of folate pathway enzymes.  
E.coli knockout strains carrying the appropriate folate enzyme cloned in pKTS were plated on BV agar media with the optimal tetracycline concentration that supported confluent bacterial growth. Then, a sorbitol titration (0 to 1.50 M) was performed to determine if increasing osmolality in vivo can interfere with the ability of the enzyme to rescue the host cell to prototrophy.
A positive control involved plating the cells on BV supplemented media.  This allows discrimination between the lack of cell growth due to loss of free water in the cell from the effect of osmolytes on enzyme activity.  Folate end product(s) supplements for each enzyme are listed in Table 7.
[bookmark: _Toc400904805][bookmark: _Toc400909734][bookmark: _Toc401144396]Quantifying osmolality of a media 
Water activity measurements:  The water activity of BV agar with 0, 0.25, 0.50, 0.75, 1.00, 1.25 and 1.05 M of sorbitol were measured at room temperature using an AquaLab dew point water activity meter 4TE (Decagon Devices, Inc., Pullman, WA). Then, the osmolality (Osm) was calculated using Equation 2 

	Osmolality (Osm) =  


[bookmark: _Toc400804640]Equation 2
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The effects of osmotic stress on the ability of R67 DHFR or Quad4 to rescue E. coli from TMP pressure
The activity of EcDHFR is inhibited by trimethoprim (TMP) (Ki = 20 pM) (Amyes and Smith 1976) (Stone and Morrison 1986) but R67 DHFR provides resistance to this drug (Ki = 0.15 mM). Thus, the activity of R67 DHFR and Quad4 in the presence of increasing osmolality was assessed by the ability of the clones to rescue DH5α from TMP resistance on M9 media with 200 µg ampicillin/mL, 20 µg TMP/mL, 100 ng tetracycline, and various concentration of sorbitol (0 to 1.50 M). The plates were incubated at 37 0C and the cell growth was observed 2 to 5 days.  
As a control to evaluate the optimal external osmotic pressure that blocked DH5α growth, cells were grown on M9 media titrated with sorbitol, but without antibiotics. 

[bookmark: _Toc400904807][bookmark: _Toc400909736][bookmark: _Toc401144398]Effects of osmolality on the activity of folylpolyglutamate synthase (FPGS)
	The effect of osmolality on the function of FPGS was assayed in the E. coli SF2 strain (F- folC strA).  The FolC chromosomal lesion carries a G925A mutation corresponding to an A309T mutation in FPGS (Ferone, Singer et al. 1983) (Keshavjee, Pyne et al. 1991). This strain is auxotrophic for methionine and its growth is stimulated by glycine (Ferone, Singer et al. 1983). Thus, the activity of FPGS in the presence of increasing osmolality was assessed by the ability of the pAC3, pAC5 and pPM103-FolC plasmids (Table 2) to rescue E. coli SF2 (F- folC strA) from methionine and/or glycine auxotrophy on BV minimal media lacking these components.  Cell growth was compared to that of the E. coli SF2 parent strain E. coli MG1665.  
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