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ABSTRACT 

Even though enzymes tend to specialize on one reaction during evolution, enzyme promiscuity is an 

abundant phenomenon. The subject of this thesis is the Salmonella enterica N’-[(5’-

phosphosoribosyl)-formimino]-5-aminoimidazole-4 carboxamide-ribonucleotide (ProFAR) isomerase 

(SeHisA), a (βα)8-barrel enzyme from the histidine biosynthesis that catalyzes one reaction on one 

substrate in one organism. In Actinobacteria HisA has evolved to a bifunctional enzyme called 

phosphoribosyl isomerase A (PriA): it is capable of catalyzing the reaction normally done by the N’-

(5’-phosphoribosyl) anthranilate (PRA) isomerase (TrpF) as well. The functional plasticity of PriA is 

possible due to the common reaction mechanism of HisA and TrpF, called Amadori rearrangement. 

The Amadori rearrangement is an acid-base catalyzed isomerization reaction where the aminoaldose 

(ProFAR or PRA) is converted into the corresponding ketose (PRFAR or CdRP). A SeHisA mutant with a 

glutamine to arginine mutation in position 18 (Q18R) shows a detectable TrpF activity, whereas 

another mutant with a duplication of residues from 13 to 15 (dup13-15) loses its HisA activity and 

gains TrpF activity. 

My first aim was to improve the TrpF activity of the Q18R mutant. A G79S mutation was introduced 

inspired by PriA. Proteins were purified and crystallized. In order to gain complex structures with 

either the TrpF reaction product analogue reduced CdRP (rCdRP) or ProFAR, co-crystallization and 

soaking were done. ProFAR is not commercially available and had to be synthetized and purified. In 

vitro TrpF activities of the Q18R and Q18R/G79S mutants were measured. My second aim was to 

compare the Q18R mutant with the dup13-15 mutant, since there is very little structural difference 

between them, but they show high difference in catalytic activity. Mutants, which would bridge the 

functional gap between them, were designed and by using lambda red recombineering were 

introduced into a Salmonella typhimurium genome. In vivo growth rate was measured and relative 

fitness was calculated for each mutant in respect to their HisA and TrpF activity. 

HisA mutants Q18R and Q18R/G79S showed very poor TrpF activity in in vitro assays. No dissociation 

constants could be measured for either of the mutants using microscale thermophoresis, and a very 

low kcat/KM value (~2 s-1M-1) with a high error rate could be determined for Q18R/G79S. Complex 

structures of Q18R and Q18R/G79S mutants with ProFAR were solved at a 2.47 Å and a 1.78 Å, 

respectively, from soaked crystals. No structure with rCdRP was obtained. Growth rate 

measurements in comparison with a strain with wild type HisA and TrpF, gave striking results 

pointing out the important role of the residue in the position 16 when three residues are inserted 

after the arginine in position 18. A leucine in position 16 yielded wild type HisA activity (94%) and 

poor TrpF activity (0-5%), with a valine, no HisA activity (0%) and a moderate TrpF activity (38-46%) 

were found compared to the wild type. These results pointed out how small the barrier between a 

specialist, a promiscuous and a bifunctional enzyme can be. SeHisA, being a specialized enzyme can 

easily be modified in order to gain TrpF function, and as I have showed in the present study, a single 

methyl group (the difference between a leucine and a valine) can turn the activity of an enzyme 

inside out. 
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Abbreviations 

AICAR 5’-phosphoribosyl-4-carboxamide-5-aminoimidazole 

ANT anthranilate 

ATP adenosine-triphosphate 

BME beta-mercaptoethanol 

CdRP 1-(2-carboxy-phenylamino)-1’-deoxyribulose-5’-phosphate 

dup13-15 mutant SeHisA mutant with a duplication of residues 13-15 

EBU Evans Blue Uranine 

HisA ProFAR isomerase 

HisE phosphoribosyl-AMP cyclohydrolase 

HisFH (HisF and HisH) glutamine amidotransferase 

HisG ATP phosphoribosyl transferase 

HisI pyrophosphohydrolase 

IGP imidazole-glycerol-phosphate 

InGP indole-3-glycerol phosphate 

L16V/Q18R/LHQ ins Q18R mutant with a mutation of leucine to valine in position 16 and an insertion of 

amino acids leucine, histidine and glutamine after the arginine in position 18 

L16V/Q18R/LSS ins Q18R mutant with a mutation of leucine to valine in position 16 and an insertion of 

amino acids leucine, serine and serine after the arginine in position 18 

O/N overnight 

PEG polyethylene glycol 

PRA N’-(5’-phosphoribosyl) anthranilate; PRFAR, N’-[(5’-phosphosoribulosyl)-formimino]-5-

aminoimidazole-4 carboxamide-ribonucleotide 

PriA phosphoribosyl isomerase A 

ProFAR N’-[(5’-phosphosoribosyl)-formimino]-5-aminoimidazole-4 carboxamide-ribonucleotide 

PRPP phosphoribosyl pyrophosphate 

PRPPS PRPP synthase 

Q18R/LHQ ins Q18R mutant with an insertion of amino acids leucine, histidine and glutamine after the 

arginine in position 18 

Q18R/LSS ins Q18R mutant with an insertion of amino acids leucine, serine and serine after the 

arginine in position 18 

Q18R mutant SeHisA mutant with a glutamine to arginine mutation at the position of residue 18 

R5P ribose-5-phosphate 

rCdRP reduced CdRP 

rcf relative centrifugal force 

rpm revolutions per minute 

SeHisA Salmonella enterica HisA 

Sty Salmonella typhimurium 

TmHisA Thermotoga maritima HisA 

TrpC InGP synthase 

TrpD anthranilate phosphoribosyltransferase 

TrpF PRA isomerase 

TSB transformation and storage buffer 
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INTRODUCTION 

Promiscuity in enzyme function 
Ancient enzymes, although they only possessed a handful of structures [1] could already catalyze all 

reactions that were essential for life [2, 3]. During evolution these enzymes specialized by means of 

gene duplication, mutations and horizontal gene transfer [4, 5, 6, 7, 8]. Hence, today most enzymes 

are considered being specialists; catalyzing one reaction on one substrate in one organism, although 

there still are generalist proteins with more than one function [9]. Moonlighting proteins are known 

to have at least two activities for millions of years and these distinct functions are most often 

exploited in different environmental conditions (in different cells, locations, oligomerization states, 

etc.) [10]. At the same time, there are proteins with a concealed promiscuous function, which would 

only be utilized in emergency, such as gene loss [11]. In Escherichia coli, for instance, ~37% of the 

enzymes are predicted to catalyze ~65% of the reactions in its metabolism [9] showing the 

abundance of promiscuity in enzymatic function. 

Here, I will present an example pointing out how small the barrier between a specialist and a 

generalist enzyme can be. 

HisA, PriA and TrpF 

HisA structure and evolution 

N’-[(5’-phosphosoribosyl)-formimino]-5-aminoimidazole-4 carboxamide-ribonucleotide (ProFAR) 

isomerase or in short HisA, the main focus of this study, is the product of the hisA gene. In bacterial 

genomes, it is located within the histidine operon neighbored by the hisH and hisF. HisA catalyzes the 

fourth step of the histidine biosynthesis, when ProFAR is turned over to N’-[(5’-phosphosoribulosyl)-

formimino]-5-aminoimidazole-4 carboxamide-ribonucleotide (PRFAR) via an isomerization reaction, 

known as Amadori rearrangement (Figure 1, A). [12] 

HisA is a (βα)8-barrel enzyme [13], also called as TIM-barrel [14]. The TIM-barrel fold is a highly 

abundant structure among proteins and they share several common characteristics. As the name 

(βα)8-barrel implies, the protein has an overall barrel shape that is built up of eight repeats of a β-α 

motif. The β-strands create a β-barrel at the core, whereas the α-helices build up the outer surface of 

the protein. The β-strands are parallel and the active center is located at the C-terminal end of the 

barrel, which is also termed as catalytic face. The catalytic face also contains the βα-loops (loop 1-8), 

which are long and flexible loops, often involved in ligand recruitment, binding and catalysis. On the 

other hand, the short and more rigid αβ-loops at the N-terminus are creating the stability face. 

(Figure 1, B) [14, 15] 

HisA was affected by gene duplication, mutation and horizontal gene transfer throughout its 

evolution. First, HisA and HisF, the enzyme that follows HisA in the histidine biosynthesis and in the 

genome, are believed to originate from the duplication of an ancestral common gene. There is a high 

similarity in sequence and protein structure between the two enzymes [12, 16]. Also, HisA (and HisF) 

has an inner two-fold symmetry (Figure 1, B), which indicates that it arose from a duplication of a 

primordial (βα)4-halfbarrel enzyme [17, 18].  

Secondly, in the taxa of Proteobacteria and Thermotogae, HisA has a minor secondary function; it 



6 
 

shows a detectable N’-(5’-phosphoribosyl) anthranilate (PRA) isomerase (TrpF) activity [11]. In the 

taxon of Actinobacteria, the trpF gene is missing [13] and the selection for promiscuity has resulted 

in the evolution (by incorporating new mutations) of a bifunctional HisA analogue, referred to as PriA 

(phosphoribosyl isomerase A), which substitutes TrpF [19, 20, 21]. 

And finally, PriA was affected by the horizontal gene transfer as well. A whole tryptophan operon was 

transferred into Corynebacterium species, which is a clade within the Actinobateria taxon, and as a 

consequence the HisA reaction specialist subHisA evolved from PriA [6]. 

PriA and TrpF 

Like HisA, TrpF and PriA are also TIM barrel proteins [13], their three dimensional structures are 

known since 1987 [22] and 2008 [23], respectively. TrpF is involved in the tryptophan biosynthesis; it 

converts PRA into 1-(2-carboxy-phenylamino)-1’-deoxyribulose-5’-phosphate (CdRP) via an Amadori 

rearrangement (Figure 2, A) [13, 24]. PriA can bind both ProFAR (HisA substrate) and PRA (TrpF 

substrate) and catalyze the same isomerization reaction [13, 21]. 

Important residues in ligand binding and catalysis 

The very first complex structure for HisA (Salmonella enterica HisA – SeHisA) with its substrate, 

ProFAR was published last year: it clarifies all the important residues involved in the reaction and in 

the ligand binding [25]. Aspartate 7 and 176 were proven to be the catalytic base and catalytic acid, 

respectively. At the same time, arginine 16, histidine 47, aspartate 129, tryptophan 145, threonine 

Figure 1 The HisA reaction and HisA. (A) HisA catalyzes a so-called Amadori rearrangement, where ProFAR is turned over to 
PRFAR via an isomerization reaction. The reaction described in great details in references [13, 25]. Note that PriA is also 
capable to catalyze this reaction [21]. (B) The side view of HisA shows the features of a TIM barrel enzyme. The stability face 
(SF) is colored with red, whereas the catalytic face (CF) is colored with green. On the top view the two-fold inner symmetry 
is marked with the vertical line with the arrows on top and bottom. The loops are colored corresponding to the inner 
symmetry: loop 1 and 5 with orange, 2 and 6 with blue, 3 and 7 with magenta and 4 and 8 with green. The structure was 
solved during this thesis work and will be described in more details later. 



7 
 

171, and serine 202 were found to be important in ligand binding and these residues are involved in 

the hydrogen-bond network surrounding the ProFAR molecule. [25] 

To date, the only complex structure of TrpF with its product analogue, reduced CdRP (rCdRP) was 

deposited to the protein databank in 2002 [24]. Even though TrpF and HisA are both TIM-barrel 

enzymes and share a similar reaction mechanism, they do not share conserved residues, which 

would be important in ligand binding and catalysis [19, 24]. Cysteine 7 plays the role of the catalytic 

base, and aspartate 126 is the catalytic acid [18]. In Thermotoga maritima HisA (TmHisA), which has a 

measurable TrpF activity, aspartate 8 occupies the same position as cysteine 7 in TrpF, and is 

proposed to be the catalytic base in the TrpF reaction [18, 24], whereas aspartate 176 can act as the 

Figure 2 The TrpF reaction, the plasticity of PriA and the ligand interacting arginine in TrpF, TrpC and PriA. (A) TrpF 
catalyzes the isomerization reaction of PRA (which is equivalent to the HisA reaction) turning it over to CdRP via Amadori 
rearrangement [13]. (B) PriA shows a great plasticity that is essential for its dual function. When PriA functions as a TrpF 
(green, pdbID: 2Y85) arginine 143 is coordinated towards the ligand and tryptophan 145 is moved away from the vicinity of 
the reaction centrum [26]. This configuration changes when PriA carries out the HisA function (cyan, pdbID: 2Y88). 
Tryptophan 145 occupies the space near the ligand (as the equivalent Tryptophan in HisA [25]), and the arginine 143 is 
positioned away [26]. (C) Stereo view of the superimposition of rCdRP (TrpF reaction product analogue) within three 
enzymes. In TrpF (green) arginine 36 (pdbID: 1LBM [24]), in PriA (cyan) arginine 143 (pdbID: 2Y85 [26]), and in TrpC 
(magenta) arginine 182 (pdbID: 1LBF [27]) interact with the carboxyphenyl group of rCdRP. 
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catalytic acid [25]. 

In 2011, three PriA structures were published; an apo, a HisA reaction product, PRFAR bound, and a 

TrpF reaction product analogue, rCdRP bound complex structures [26]. It was shown that aspartate 

11 and 175 (equivalent to aspartate 7 and 176 in SeHisA [25]) are the catalytic base and acid in both, 

the HisA and the TrpF reactions, respectively. An interesting arginine-tryptophan switch was also 

described (Figure 2, B). When PriA binds to the HisA reaction product PRFAR, tryptophan 145 is 

positioned towards the ligand. When rCdRP is bound then arginine 143 occupies the same space 

interacting with the ligand. [26] Both residues are conserved in PriAs but the arginine, which is 

essential for the TrpF activity is not present in HisAs [11, 19]. A corresponding arginine can also be 

found in TrpF in position 36 [24] and in indole-3-glycerol phosphate synthase (TrpC) in position 182 

[27], therefore the presence of an arginine that can interact with the carboxyphenyl group of 

PRA/(r)CdRP appears to be crucial in binding and activity. (Figure 2, C) 

A real-time evolution study showed that SeHisA loses its original activity and gains TrpF activity with 

only a duplication of residues 13-15 (dup13-15) [7, 28]. This mutation creates a longer loop 1, that 

clashes with loop 5, therefore keeps away the tryptophan 145 that is essential for binding ProFAR 

[25, 28]. At the same time, this duplication places an arginine in position 18, which is close enough to 

the ligand binding pocket so that it could interact with TrpF substrate PRA/(r)CdRP [7, 28]. 

The important role of arginine in TrpF function of HisA was further supported by in vivo data on a 

HisA Q18R mutant being bifunctional with both TrpF and HisA activity (Erik Lundin and Dan I. 

Andersson, personal communication). During a Project Training in Maria Selmer’s lab (ICM, Uppsala 

University, Sweden) last year, I attempted to crystallize the Q18R mutant in complex with either of 

the ligands (ProFAR or rCdRP), but only apo structures were obtained [29].  

Aims 

Improving the TrpF activity of HisA Q18R mutant 

SeHisA Q18R mutant is a remarkable mutant considering that a simple point mutation is sufficient for 

HisA to gain TrpF activity. Although, preliminary measurements conducted by Erik Lundin showed 

that the TrpF activity for Q18R mutant is poor. 

The first aim of my thesis work was to improve the TrpF activity of Q18R mutant by introducing 

further mutations. Engineering the Q18R mutant was planned by comparing HisA to PriA in ligand 

binding. 

Comparing the TrpF activity of two HisA mutants  

From another aspect, the poor TrpF activity of Q18R mutant is very interesting. As mentioned above, 

HisA dup13-15 mutant only shows TrpF activity (~40 times higher to that of the Q18R mutant) but 

not HisA activity [7, 28]. Both of the mutants have an arginine at position 18. 

My second aim was to compare the Q18R and the dup13-15 HisA mutants, mainly focusing on the 

TrpF activity by designing new mutants that would bridge the gap between them. With the new 

mutants we aimed to explain the contribution of the different residues to the existing difference. 
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MATERIALS AND METHODS 

Site-directed mutagenesis and protein purification 

Salmonella enterica HisA (SeHisA) Q18R mutant, and its enzymatically inactive version (used in co-

crystallization setups with substrate to avoid catalysis) with D7N and D176A additional mutations 

[25] were already available as constructs in the expression vector pEXP5-CT, and were verified with 

sequencing [29]. The site-directed mutagenesis was based on the QuickChange II Site-Directed 

Mutagenesis protocol (Agilent Technologies). HisA mutant Q18R/G79S and its enzymatically inactive 

version (with D7N and D176A mutations) were created by introducing the glycine to serine mutation 

in the Q18R mutant (and in its enzymatically inactive version). Mutagenesis and analytical primers 

were designed using Clone Manager 9 (Scientific & Educational Software) and ordered from Life 

Technologies (Table 1). Mutagenesis PCR was done with PfuUltra DNA polymerase (Agilent 

Technologies) (0.4 µM primers, 0.5 mM dNTP, 10-50 ng DNA template), after which Dpn1 (New 

England Biolabs) digestion was carried out (60 min, 37°C) to eliminate the original (non-mutated) 

plasmid. PCR products were then transformed into XL10-Gold E. coli cells and were allowed to grow 

overnight at 37°C. For the colony PCR (to verify the success of the mutagenesis PCR), colonies were 

picked and placed into LB liquid media with antibiotic (50 µg/ml Ampicillin) for two hours of 

incubation at 37°C. After boiling the cells on 95°C for 10 minutes, sample was used as template for 

the PCR. Analytical and T7 reverse primers were used (0.4 µM) for PCR, amplification was done with 

Taq polymerase (New England Biolabs) (0.5 mM dNTP). PCR products were then run on agarose gel 

(1.5%), corresponding colonies of the positive bands were sent for sequencing (Eurofins Genomics, 

Mix2Seq kit sequencing service) after miniprep (Macherey-Nagel, NucleoSpin Plasmid EasyPure). 

Further C-terminal hexahis-tagged enzymes (PRPPS [phosphoribosyl pyrophosphate synthase], TrpD 

[anthranilate phosphoribosyltransferase], TrpC [indole-3-glycerol phosphate synthase], HisH and HisF 

[glutamine amidotransferase] [30]) were already available in different expression vectors (PRPPS – 

pJEX401 with kamamycin resistance cassette; TrpD, HisH and HisF – pCA24N with chloramphenicol 

resistance cassette; TrpC – pLAB101 with ampicillin resistance cassette). All the proteins were 

expressed in E. coli BL21 (DE3) cells. 10 mL O/N cultures were prepared at 37°C from single colonies 

in LB supplemented by the appropriate antibiotics (50 µg/ml ampicillin – pEXP5-CT and pLAB101; 30 

µg/ml kanamycin – pJEX401; 12.5 µg/ml chloramphenicol – pCA24N). The cultures were then added 

to 1 L LB (with the appropriate antibiotics) and were grown at 37°C until OD600 reached ~0.6. Before 

induction with 0.5 mM IPTG, the cultures were placed to 18°C for 30 min. Induction was done at 18°C 

O/N. Cells were pelleted (15 min, 13000 rcf, Beckman Coulter, Avanti J-26S XP Centrifuge), washed 

(30 mL: 50 mM TRIS-HCl pH 8.0, 300 mM NaCl for HisA [all the mutants], HisF and HisH; 50 mM TRIS-

HCl pH 7.0, 300 mM KCl for PPRPS; 50 mM TRIS-HCl pH 8.0, 300 mM NaCl, 500 µM MgCl2 for TrpF and 

TrpC) and pelleted again (30-50 min, 3500 rcf, Heraeus Multifuge 3 SR Plus Centrifuge). Pellets were 

stored at -20°C until use. 

For protein purification, cells were resuspended in enzyme specific lysis buffers that are equivalent to 

the buffers used for washing but an additional 5 mM beta-mercaptoethanol (BME) was used in each 

case. DNase I (Sigma-Aldrich) and protease inhibitor (Complete Protease Inhibitor, Roche) were 

added to the suspension before lysing the cells with cell disruptor (Constant Cell Disruption Systems, 

Daventry, UK). The cell debris was then pelleted (40 min, 20000 rcf, SS34 rotor, Sorvall RC6 
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Centrifuge), and the supernatant was filtered through a 0.45 µm syringe filter. The filtered sample 

was loaded onto a lysis buffer equilibrated Ni-Sepharose column. The column was incubated under 

slow rotation for 30 min at 4°C and then the column was washed using lysis buffer with 25 mM 

imidazole. The His-tagged proteins were eluted with lysis buffer with 500 mM imidazole. The samples 

were further purified with HiLoad 16/60 Superdex 75 prep grade column (equilibrated with the 

enzyme specific lysis buffers or in case of the different HisA mutants with 50 mM TRIS-HCl pH 8.0, 

300 mM Na2SO4, 5 mM BME). The purified proteins were concentrated to the required concentration 

(25-30 mg/ml for HisA [all the mutants]; 1 mM for PRPPS; 100 µM for TrpC, HisF and HisH; 50 µM for 

TrpD) with Vivaspin concentrator. The protein samples were aliquoted (50-100 µL), flash frozen in 

liquid nitrogen, and were kept at -80°C until use. 

ProFAR synthesis and purification 

ProFAR was synthesized enzymatically in vitro from ribose-5-phosphate and ATP based on the 

protocol from references [31, 32]. Purified PRPPS and HisGIE (ATP phosphoribosyl transferase, 

pyrophosphohydrolase and phosphoribosyl-AMP cyclohydrolase [30]) extract were used (Figure 3, 

blue box). 

E. coli FB1 cells (a histidine operon knock-out strain) containing a pHisGIE-tac plasmid was inoculated 

in 1 L LB (100 µg/mL ampicillin) and was grown at 37°C until OD600 reached 0.6. Protein expression 

was induced with 1 mM IPTG at 26°C O/N. Cells were harvested (15 min, 13000 rcf, Beckman Coulter, 

Avanti J-26S XP Centrifuge), washed (100 mM TRIS-HCl pH 7.5), pelleted again (30-50 min, 4000 rpm, 

Heraeus Multifuge 3 S-R Centrifuge), resuspended (50 mL 100 mM TRIS-HCl pH 7.5), and then 

aliquoted (1 mL/aliquot). The aliquots were pelleted again (16100 rcf, 15 min, Eppendorf Centrifuge 

5415D) and pellets were stored at -80°C until further use. 

One cell pellet was used for one reaction. The sample was thawed and resuspended (50 mM TRIS-HCl 

Table 1 Oligonucleotides used during the thesis project. Underlined codons show the site of 
mutations. Italic sequences show hisA gene homology for Ble-SecB cassette amplification. 
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pH 7.5, 300 mM KCl). For lysis, four cycles of flash freezing in liquid nitrogen and quick thawing at 

37°C was used. 0.5 mg/mL lysozyme and 50 U benzonase nuclease were added and the sample was 

incubated at room temperature for 20 min occasionally flicking the tube. The cell debris was 

removed via centrifugation (16100 rcf, 15 min, Eppendorf Centrifuge 5415D) and the supernatant 

was used for further steps. 

Reaction mixture was then set up based on Table 2. The reaction mixture was incubated at 30°C and 

the progress of the reaction was monitored by absorbance scans (220-340 nm) of a 100 times diluted 

sample in every 5 minutes (Shimadzu UV-1700 PharmaSpec UV-VIS Spectrophotometer). When the 

Figure 3 Enzymatic reactions in histidine and tryptophan synthesis used in this study. The blue box shows the reactions of 
the ProFAR biosynthesis. Ribose-5-phosphate (R5P) is pyrophosphoriated by PRPPS (phosphoribosyl pyrophosphate 
synthase). The result, PRPP (phosphoribosyl pyrophosphate) is then turned over to ProFAR via multiple reactions catalyzed 
by HisG (ATP phosphoribosyl transferase), HisI (pyrophosphohydrolase) and HisE (phosphoribosyl-AMP cyclohydrolase). 
[30] The reaction can be monitored via the decreasing absorbance peak at 260 nm (by the lowering concentration of ATP) 
and the increasing absorbance at 280-310 (by the increasing concentration of ProFAR) (Figure 4, A) [31]. Further steps 
(green box) of the histidine synthesis were used for ProFAR purity calculation after ProFAR synthesis and purification. HisA 
catalyzes the isomerization of ProFAR into PRFAR, which is then hydrolyzed to AlCAR (5’-phosphoribosyl-4-carboxamide-5-
aminoimidazole) and to IGP (imidazole-glycerol-phosphate) by HisFH (glutamine amidotransferase) [30]. The HisA reaction 
had to be coupled to the next reaction, since ProFAR and PRFAR have indistinguishable absorbance peak at 280-300 nm, 
whereas IGP absorbs at 270 nm. So the HisA reaction can be monitored by the dropping absorbance at 300 nm, from which 
the initial ProFAR concentration can be calculated (Figure 4, C). [33] The yellow box shows the reaction used when 
measuring the TrpF activity of HisA. TrpD (anthranilate phosphoribosyltransferase) catalyzes the conversion of PRPP and 
ANT (anthranilate) into PRA. TrpF isomerizes PRA into CdRP, which is then turned over to InGP (indole-3-glycerol 
phosphate) by TrpC (InGP synthase). [30] Since PRA is a labile compound it is needed to be synthetized during the assay. 
The TrpF reaction has to be coupled to the next step of the tryptophan synthesis due to the same absorbance peak of PRA 
and CdRP at 300-320 nm. InGP, on the other hand absorbs at 278 nm. [35] With excess TrpD and TrpC the first and the last 
step can be considered to be instantaneous therefore the reaction velocity will be determined by the TrpF reaction (HisA 
enzyme) [34]. 
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absorbance changes at 260 and between 280-310 nm stopped, the reaction was terminated with  

25 mL ice-cold dH2O and the pH was increased to 8.5 using 1 M NaOH to prevent spontaneous 

hydrolysis of ProFAR. The reaction solution was kept in -20°C until purification. 

Anion exchange purification was done using 50 mL Q FF Sepharose column connected to an ÄKTA 

Purifier machine at 4°C, based on reference [32]. The resin was charged with 200 mL 2M KCl and 

then equilibrated with 60 mM ammonium bicarbonate buffer (buffer A). The sample was filtered 

through a 0.45 µm syringe filter and was loaded onto the column by using a sample pump. Flow rate 

was maximized and changed when needed for 1 mPa pressure limit. The column was washed with 

120 mL of buffer A and ProFAR was eluted with a 1200 mL gradient from 60 mM to 1 M ammonium 

bicarbonate. 2 mL fractions were collected. (Figure 4, B) 

After purification, preliminary HisA activity measurements (for reaction set-up see Table 3) were 

conducted in order to determine whether the collected fractions at both peaks (Figure 4, B) 

contained ProFAR (data not shown). Positive fractions were pooled into ten 50 mL tubes with a 

volume of 15 mL in each, keeping the order of elution. Samples were lyophilized (48 hours, -20°C, 

Bergman & Beving Lab AG, Stockholm), the powders were dissolved in 2-5 mL dH2O and pooled into 

three 50 mL tubes with maximum 10 mL, keeping the order of elution. These three separate fractions 

were kept from here on. Samples were lyophilized (18 hours, -20°C) then stored in 1.5 mL tubes at -

80°C until further use. 

Purity of ProFAR was determined with HisA kinetics assay (Figure 3, green box, and Table 3, HisA) 

based on the procedure described in reference [33]. Since ProFAR and PRFAR have an 

undistinguishable absorbance spectrum peaking between 280 and 300 nm, HisA reaction has to be 

coupled to the HisFH reaction [33], yielding the products IGP (imidazole-glycerol-phosphate) and 

Table 2 Reaction set up for ProFAR synthesis. 
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AlCAR (5’-phosphoribosyl-4-carboxamide-5-aminoimidazole) [30]. IGP absorbs at 270 nm, so that its 

accumulation and the decreasing concentration of ProFAR/PRFAR result in absorption decrease at 

300 nm during the reaction (Figure 4, C) [33]. 

Assuming that the purified ProFAR is 100% pure, a 100 mM solution was prepared and 50 µL was 

added to the reaction mixture (Table 3, HisA). The baseline was determined at 300 nm, after which 

100 nM HisA was added to the reaction solution and the reaction was monitored until no more 

change was measured in the absorbance, giving a second baseline, indicating that all ProFAR was 

used up from the buffer (Figure 4, C). ProFAR purity was calculated by the Lambert-Beer equation:  

ΔAbs

ε
= 𝑐𝑙 

where ΔAbs shows the absorbance difference between the baselines before and after the reaction 

(Figure 4, C), ε is the molar extinction coefficient of ProFAR (5637 M-1cm-1), c is the molar 

concentration of ProFAR and l is the length of the cuvette, in which the light passes through (usually 

1 cm). 

TrpF kinetics assay 

TrpF assay was used in order to quantify the TrpF activity of the HisA mutants. The procedure is 

based on reference [34], and for the reaction see Figure 3, yellow box. PRA being a highly labile 

molecule has to be synthesized during the assay from PRPP and anthranilate. The reaction is 

catalyzed by TrpD. PRA hydrolyzes spontaneously back to anthranilate and to ribose-5-phosphate, so 

that a 5 times excess of PRPP was added to the reaction buffer. Since both PRA and CdRP have an 

Figure 4 ProFAR synthesis, purification and purity. (A) 
Shifts in the absorbance at 260 nm and 280-300 nm can 
be seen during ProFAR synthesis indicated by the red 
arrows. The decreasing absorbance at 260 nm is due to 
the ATP concentration drop during the reaction. The 
absorbance increase at 280-300 nm is the result of 
ProFAR accumulation. (B) During ProFAR ion exchange 
purification, two absorbance peaks were visible at 300-
400 mL and at 450-520 mL. Preliminary measurements 
showed that ProFAR is present only in the first peak (data 
not shown). Legend: blue – absorbance at 280 nm, red – 
absorbance at 260 nm, brown – conductivity, tan – 
Ammonium bicarbonate concentration, green – flow rate. 

Y axis shows only the absorbance units for absorbance at 260 and 280 nm. (C) Absorbance changes at 300 nm during the 
kinetics measurement conducted for ProFAR purity calculation. For the reaction see Figure 3, green box. Initial absorbance 
baseline (HisFH+ProFAR) drops when HisA is added, and purity can be calculated from the absorbance change (see text). 



14 
 

absorption peak around 310 nm the isomerization reaction of TrpF has to be coupled to the next 

step, in which TrpC converts CdRP into InGP (indole-3-glycerol phosphate). InGP absorbs at 278 nm 

and the reaction is measured as an increase in absorbance at 278 nm. [34, 35] The reaction TrpD and 

TrpC enzymes catalyze will be instantaneous, whereas the TrpF reaction will be rate limiting, which 

was supported by control measurements with excess TrpC. 

Before measurement, a dilution series of PRPP and anthranilate was prepared. A stock of 500 mM of 

PRPP (Sigma and Carbosynth) and a 200 mM of anthranilate (Sigma) was prepared. The anthranilate 

was dissolved in 70% ethanol. Considering a 10 times dilution when adding to the reaction solution, 

the following reaction-stock concentrations were prepared: PRPP – 100, 75, 62.5, 50, 37.5, 25 and 10 

mM, anthranilate – 20, 15, 12.5, 10, 7.5, 5 and 2 mM. 

The reaction set up is described in Table 3, TrpF. The slope of the curve at step 5 (TrpD slope) is used 

for correction (see below), after which HisA was added. Due to the InGP accumulation, the 

absorbance would increase. If no saturation is experienced at high substrate concentrations the 

corrected slope of the absorbance increase (reaction rate) would be directly proportional to the 

initial substrate (anthranilate) concentration. In such case kcat/KM value can be estimated from the 

slope of specific activity plotted against the substrate concentration. Specific activity value can be 

defined using the following formula: 

(𝑇𝑟𝑝𝐹 𝑠𝑙𝑜𝑝𝑒 − 𝑇𝑟𝑝𝐷 𝑠𝑙𝑜𝑝𝑒)

𝜀
×

1

[𝐻𝑖𝑠𝐴]
= 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 

Table 3 reaction set up for HisA and TrpF activity assays. 
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where TrpF slope is the slope observed after adding HisA to the reaction, TrpD slope is the slope 

when PRA hydrolysis and synthesis are in equilibrium (which is preferably 0) and should be 

subtracted from the TrpF slope for correction, ε is the molar extinction coefficient of InGP  

(5590 M-1cm-1) and [HisA] is the concentration of HisA (which gives the TrpF activity). 

Initial velocity (V0) for HisA mutant Q18R/G79S was measured in all substrate concentrations with 3, 

4 or 5 technical replicates. V0 for Q18R and wild type HisA were measured only at the highest 

substrate concentration (2 mM) in order to compare it with the Q18R/G79S mutant. For Q18R 4 and 

for wild type HisA 2 technical replicates were used. Data analysis was done using Excel (version 2010, 

Microsoft). 

Microscale thermophoresis 

Thermophoresis was used in order to determine affinity of HisA Q18R and Q18R/G79S mutants 

towards the ligand (rCdRP) in an aqueous solution [36]. For labeling of the enzymes, lysine labeling 

was used (Nano Temper, Monolith NT™ Protein Labeling Kit RED-NHS). In order to avoid the protein 

sticking to the capillary wall, several buffers were screened, out of which the buffer containing 50 

mM TRIS-HCl pH 8.0, 100 mM NaCl, 5 mM BME, 0.05% (v/v) Tween and 0.1% (w/v) PEG 8000 

appeared to be the best. 

HisA mutants Q18R and Q18R/G79S were measured at a concentration of 125 nM. In order to 

determine the ligand (rCdRP) concentration range for the experiment, KD was estimated from KM of 

several different HisA mutants (>2 mM [28]) since KD and KM are correlated to each other, in some 

cases they are equal [37]. A two times dilution series was set up for the ligand solution ranging from 

400 mM to 195 µM. Measurements were conducted in a Monolith NT.Automated instrument. 

Crystallization, data collection and refinement 

For crystallization, sitting drop, vapor diffusion experiments were set up. Three types of screens were 

used from Molecular Dimensions (Structure Screen 1 & 2 HT-96, JCSG-plus MD1-37 and Morpheus 

HT96 MD1-47) either at 20°C or at 8°C. A modified version of Structure Screen well A2 buffer was 

also used for crystallization with only 20% (w/v) of PEG 4000. The stock concentrations of proteins 

were 25-30 mg/mL. For co-crystallization, about 100 mM ligand (ProFAR or rCdRP) was added to the 

proteins before setting up the crystallization drops. Due to light sensitivity, rCdRP co-crystallization 

was done in dark. All crystals were soaked in an about 100 mM ligand containing cryoprotectant 

solution (50 mM Na-HEPES pH 6.8 or 7.5, 150 mM NaCl, 30% [w/v] PEG 4000, 15% [v/v] glycerol) in 

order to prevent ice crystal formation when freezing. The higher pH was used only for ProFAR 

soaking. The soaking lasted from 1 to 5 minutes. 

X-ray diffraction data collection took place at beamline I02 Diamond Light Source, Didcot, UK and at 

beamlines ID23-2 [38] and ID29 ESRF [39], Grenoble, France. Data collections were processed and 

analyzed with XDS.GUI [40, 41], Phaser was used for molecular replacement, Phenix refine was used 

for refinement and Coot was used for editing and building the structure [42, 43]. Q18R and D7N 

Q18R D176A mutant structures solved during my research training [29] were used as search models 

for Phaser molecular replacement. Table 4 contains all information about the structures solved 

during the present study. 

Lambda red recombineering and the DA43796 strain 

Lambda red recombineering has been a widely used method in gene manipulation on bacterial 
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chromosome for almost a decade. Even though the method was published in 2000 [44], the 

background of the process was fully understood in 2010 [45]. Three phage genes (γ, β and exo) are 

required, which products (Gam, Bet, Exo) will carry out the recombination [46]. The oligo used for 

the recombination has two homology parts at both ends and a heterology part in the middle. This 

oligo will bind in a single stranded form to the lagging strand of the target DNA during DNA 

recombination and will be incorporated to the genome. [45] The heterology part of the oligo can 

contain any sequences. 

The plasmid vector pSIM5 contains all the phage genes needed for the recombination. The plasmid is 

not replicated at 37°C, but at 30-32°C. At the same time the red genes are expressed at 42°C, but 

usually the induction does not last so long that the plasmid vectors would disappear from the cells. 

[47] The plasmid vector pSIM5-tet was used throughout the present study, which contains a 

tetracycline resistance cassette. 

DA43796 was the strain that was used for the recombineering. There are three modifications within 

its chromosome. In the tryptophan operon, trpF gene was deleted by FLP recombination. A sequence 

containing two FRT (FLP recognition target) sequences were inserted within the operon, deleting the 

trpF gene using lambda red recombination. The FLP then recognized the FRT sequences and cut the 

intervening DNA segment out, which resulted in an FRT sequence scar instead of the trpF gene 

(trpF::FRTscar). [44] 

The same was done with hisA gene in the histidine operon (hisA::FRTscar). The modifications carried 

out in this study were done on a third part of the chromosome, where the cobA gene was 

interrupted by an insertion containing a chloramphenicol cassette, followed by a Ptac promoter, hisA 

gene and an SYFP2 gene (cobA::[cat-Ptac-hisA-SYFP2]). This hisA gene was used for creating the new 

mutants. The chloramphenicol cassette and the SYFP2 gene, such as the ble and sacB genes from the 

donor strain DA30127 were used as selection markers during the present study. 

Lambda-red recombineering 

The mutants were introduced into the bacterial chromosome by lambda-red recombineering. First, 

the ble-sacB-T0 cassette was amplified from DA30127, which was used for replacing a part of hisA 

from DA43796. Designed oligos were used for replacing the ble-sacB-T0 cassette and for introducing 

the new mutations into hisA. 

Primers and oligos were designed using CLC Main Workbench (CLC bio QIAGEN Company, version 

7.6.4.) and were ordered from Invitrogen (Thermo Fisher Scientific) (see Table 1). For all the strains 

used throughout this study see Appendix, Table 5. Ble-sacB-T0 cassette was amplified from DA30127 

strain using Phusion Flash High-Fidelity PCR Master Mix (Thermo Fisher Scientific) (5 µM primers, 

10% [v/v] DMSO, 1 µL DNA template [from 10 µL liquid culture (OD600≈0.2) boiled on 95°C for 10 

minutes]). Touchdown PCR was used; annealing temperatures were 52°C, 50°C and 48°C during cycle 

1-2, 3-4 and 5-13, respectively, which was followed by 24 cycle where the annealing and the 

polymerization steps were merged at 72°C. Melting happened at 98°C. PCR product was purified 

using QIAquick PCR Purification Kit (QIAGEN), where the elution step was done with dH2O to avoid 

salts for electroporation. 

The lambda-red combination was based on reference [44] and on a protocol worked out by Joakim 

Näsvall (2010, IMBIM, Uppsala University, Sweden) and was edited by Erik Gullberg (2012, Dan I. 

Andersson group, IMBIM, Uppsala University, Sweden). For making electrocompetent cells, recipient 
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strains (DA43796, DA50232, DA50236, DA50240, DA50244, DA50248 and DA50252) were grown O/N 

in a modified LB without NaCl, with 0.2% (w/v) glucose, supplemented with 12.5 µg/mL tetracycline 

at 30°C. 0.5 mL culture was diluted 100 times into modified LB with tetracycline and was grown at 

30°C until OD600 reached 0.3. In order to induce the expression of the lambda red genes, the samples 

were moved to a 42°C shaking water bath for 15 minutes (110 rpm). The cell cultures cooled on ice 

for ten minutes. Cells were pelleted in 50 mL tubes (3500 rcf, 8 min, 4°C, Heraeus Multifuge 3 S-R 

Centrifuge). Supernatant was removed, and then the cells were resuspended in 100 µL ice cold, 

sterile 10% (v/v) glycerol. An additional 15 mL ice cold, sterile 10% glycerol was added and the cells 

were mixed gently by pipetting. Cells were pelleted and washed with glycerol two more times. After 

the last wash and pelleting cycle, cells were resuspended with 300 µL ice cold, sterile 10% glycerol 

and were kept on ice until electroporation or maximum for one week. 

For the electroporation, 40 µL cell culture was mixed with 1-2 µL purified PCR product. After 

electroporation (2.5 kV, 200 Ω, 25 µF, Gene Pulser Xcell™ Electroporation Systems with ShockPod™, 

Bio-Rad) cells were resuspended in 1 mL 42°C SOC medium, transferred into a 10 mL plastic tube and 

incubated at 42°C for 10-15 minutes. Cells were recovered for 3 hours at 30°C before plating them on 

an appropriate selective medium (LA with 25 µg/mL zeocine for DA43796 and LA with 50 µg/mL 

ampicillin for DA50232, DA50236, DA50240, DA50244, DA50248 and DA50252). Positive colonies 

were restreaked onto selective plates and the new colonies (DA50232-DA50255) were sent for 

sequencing (Mix2Seq Kit, Eurofins Genomics). 

P22 transduction  

During the recombineering of the new HisA mutants many background mutations could also happen 

Figure 5 Phage sensitivity test with EBU plates; an example. EBU plates and selective plates are treated parallel to each 
other. In the first step, a line of P22 has to be made in the middle of the EBU plate as the grey line indicates. In the second 
step colonies are picked from the selective plate the transduced cells grew on (see text) and are streaked as the tan lines 
and the arrows indicate. A streak should be done on the selective plate as well. After letting the cells grow O/N at 37°C the 
colonies growing on the EBU plate will show phage sensitivity on their color. (I.) The cells are phage free (light green) but 
phage sensitive, so that they can be infected after crossing the P22 line (dark green), which is the desired combination; it is 
appropriate to continue working with the relevant colonies on the selective plate. (II.) The cells are phage contaminated 
before reaching the P22 line; therefore these cells should be discarded. (III.) The cells are phage resistant; they keep the 
light green color even after the P22 line. It is not possible to do another transduction with these cells (if needed), so these 
cells are also to be discarded. (IV.) This case is basically the same as the (I.) case, although here the P22 phages spread back 
to the beginning of the line, which can happen when the plate is not dry enough, hence the dark green line. On the other 
hand the separate streak shows that originally the cells were phage free, therefore they are useable as well. 
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that we were not aware of but that could have interfered with our measurement. The aim of the P22 

transduction was to place the desired genes into a clean genetic background, which would not 

interfere with our measurement. The used protocol was worked out by Joakim Näsvall (2012, IMBIM, 

Uppsala University, Sweden). 

For the transduction, the donor strains (DA50232, DA50236, DA50240, DA50244, DA50248 and 

DA50252; see Appendix for Table 5) were grown O/N in liquid medium. 200 µL was then mixed with 

1 mL P22 stock (~1x106 pfu/mL in LB) and the mixture was incubated at 37°C for 3-4 hours, until lysis 

occurred. In a 1.5 mL tube surviving cells were terminated by adding 100 µL chloroform and 

vortexing the sample. Cell debris and the chloroform was spin down (16,100 rcf, 1 min, Sorvall™ 

Legend™ Micro 17 Microcentrifuge, Thermo Fisher Scientific) and the supernatant was transferred 

into a new 1.5 mL tube. Another 100 µL chloroform was added, mixed and centrifuged. The lysate 

was kept at 4°C until further use. 

The recipient strain (DA18446) was grown O/N (LB, 37°C). 100 µL of 100 times diluted and non-

diluted lysate was added to 100 µL recipient culture and the mixture was incubated at 37°C for half 

an hour. Colonies were then plated onto LA plates with 12.5 µg/mL chloramphenicol and were 

incubated O/N at 37°C. Grown colonies were then picked for restreak onto selective plates. 

In order to test colonies for phage sensitivity, colonies were restreaked onto EBU (Evans Blue 

Uranine) plates (Figure 5). Each colony was cross-streaked through a P22 line as well as onto a 

selective plate (which was LA with 12.5 µg/mL chloramphenicol). Colonies on EBU plate will be light 

green if they are phage free and dark green if they are phage contaminated. Since these cells might 

be used in another transduction later, it is beneficial to have phage sensitive but phage free cells. 

Colonies fulfilling this criterion (DA50436-DA50441) were picked from the selective plate for further 

steps. In Figure 5 four examples are presented. 

Growth rate measurements 

To determine the relative fitness of the hisA mutants with respect to their HisA and TrpF activity, 

growth rate measurements were used. 

In order to determine which strain would grow in M9 liquid medium supplemented with either 

histidine (for TrpF activity test) or tryptophan (for HisA activity test), colonies (DA50232, DA50236, 

DA50240, DA50244, DA50248 and DA50252) were plated onto M9 minimal medium plates 

supplemented with either histidine or tryptophan (0.1 mM) and were grown at 37°C for 7 days. 

Growth on plate was monitored and after seven days colonies were categorized based on whether 

they grew (positive) or not (negative). 

Based on the positive colonies DA50436-DA50441 strains were selected for growth measurement. 

First, eight independent cultures (biological replicates) of the mutant strains and of the wild-type 

reference strain (DA6192) were grown for 2 days in M9 liquid medium, supplemented with 0.1 mM 

of histidine or tryptophan (37°C). A 1000 times dilution was then used for the growth rate 

measurement (37°C, 64 hours, OD600, BioScreen C, Oy Growth Curves Ab Ltd.) in M9 medium with 

histidine or tryptophan (0.1 mM) supplementation. 300 µL of each diluted samples were added to 

two independent wells in the Honeycomb plate (technical replicates) and OD600 values were 

monitored every 4 minutes. Exponential growth was observed between OD600 of 0.02 and 0.055. 

Relative growth rate was achieved by dividing the average of the 16 replicates (biological and 

technical) of each strain with that of the reference strain (DA6192). The data was processed with 
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Excel (version 2010, Microsoft) and KaleidaGraph (version 4.5.2., Synergy Software). 

Gap repair cloning 

In order to place the constructed hisA mutants onto plasmid DNA, gap repair recombination was 

used. Competent cell preparation was done on colonies DA50232, DA50236, DA50240, DA50244, 

DA50248 and DA50252. 0.5 mL of liquid culture was placed into 20 mL LB (12.5 µg/mL 

chloramphenicol) and was grown until OD600 reached ~1. The cultures were placed on ice for 10 

minutes, and then cells were collected (3500 rcf, 15 min, Heraeus Multifuge 3 SR Plus Centrifuge). 

Cells were resuspended in 2 mL ice cold TSB (transformation and storage buffer) supplemented with 

300 µL ice cold 80 % (v/v) glycerol. The cells were kept on ice until further use, and for a maximum of 

one week. Plasmid, containing the lambda-red genes (pSIM5-tet) was transformed into the colonies 

(42°C, 90 sec). After recovering (in an additional 100 µL of SOC medium, for 1 hour at 30°C), samples 

were plated onto LB plates containing 12.5 µg/mL tetracycline for O/N at 30°C. Positive colonies 

were then prepared for electroporation by following the protocol described under Lambda-red 

recombineering (page 17). 

Plasmid DNA pEXP5-CT-hisA(dup13-15 D10G)::mRFP1-his6 was purified from DA25879 strain 

(Macherey-Nagel, NucleoSpin Plasmid EasyPure). PCR amplification of the plasmid except for the 

mRFP1-his6 gene was done using Phusion Flash High-Fidelity PCR Master Mix (Thermo Fisher 

Scientific) (0.5 µM primers, 1µL purified plasmid DNA). The reverse primer, which binds the first part 

of hisA gene, was designed so that the dup13-15 D10G mutation would not be amplified (Table 1, 

pEXP5-CT_hisA_GRC_R). The PCR product was then digested with NcoI (Fermentas), which cuts the 

circular plasmid DNA at mRFP1-his6 gene avoiding the greater transformation frequency of the 

remaining plasmid template. The product was purified by using QIAquick PCR Purification Kit 

(QIAGEN), and then was used for electroporation. Electroporated cells were plated onto LB plates  

(50 µg/mL ampicillin) and were grown O/N at 37°C. Positive colonies appeared colorless, false 

positive colonies were red due to the presence of the red fluorescence protein. Positive colonies 

were restreaked and plasmid DNA was purified (Macherey-Nagel, NucleoSpin Plasmid EasyPure). 
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RESULTS 

Improving the TrpF activity of HisA Q18R mutant 
The HisA Q18R mutant is very interesting, since only one mutation enables the enzyme to catalyze 

the TrpF reaction as well as the HisA reaction. The secondary TrpF function is very weak, which I 

aimed to improve. 

The serine in position 81 in PriA has a critical role in ProFAR and PRA recognition and binding [23, 48] 

as Figure 6 implies. Hence, it was reasonable to introduce a glycine to serine mutation in the 

corresponding position in order to fulfill my aim. 

TrpF kinetics assay 

A TrpF kinetics assay was conducted in order to determine the Michaelis-Menten parameters of 

Q18R and Q18R/G79S mutants. Highly deviating measurement points were gained for the 

Q18R/G79S mutant, regardless of the number of repeats (n=3, 4 or 5) (Figure 7). Due to the high 

standard deviation in the measurements, it is not possible to say for certain if the data shows a linear 

relationship or if it displays saturation (i.e. if the velocity has reached Vmax). Linear regression was 

used based on previous experience with other mutants from reference [28]. The slope of the linear 

trend line gives us the kcat/KM value (~2 s-1M-1). Q18R and wild type HisA were only measured at the 

highest, 2 mM anthranilate concentration (n=4 and 2, respectively). Interestingly, Q18R/G79S and 

Q18R mutants show an overlapping specific activity at 2 mM anthranilate. The apparent TrpF activity 

of wild type HisA should be regarded as zero, for that the TrpF slope was positively biased by the 

TrpD slope correction. (Figure 7) 

Microscale thermophoresis 

A microscale thermophoresis experiment was done on the Q18R and Q18R/G79S mutants. We were 

interested in the affinity of these mutants towards the TrpF reaction product analogue rCdRP. The 

ligand was used in a wide concentration range (400 mM to 195 µM). The measurement was rather 

inconclusive: the initial fluorescence values varied with higher rCdRP concentrations. On the other 

hand, it seemed as up to 50 mM rCdRP no change in binding can be detected, which indicates a really 

low affinity (data not shown). 

Figure 6 Serine to glycine. Serine 81 in PriA (cyan, pdbID: 2Y85 [26]) is an important residue in substrate binding [23, 48], 
which is a conserved glycine in HisA [19, 23] (green, a structure solved during this thesis work) so that it is a potential 
mutation site for improving the TrpF activity of HisA. 
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Solving the Q18R/G79S structure 

The SeHisA Q18R/G79S mutant and its enzymatically inactive version with additional D7N and D176A 

mutations were expressed and purified from E. coli with a C-terminal histidine tag. Both structures 

were aimed to be complex structures with TrpF product analouge, rCdRP. In case of the 

enzymatically active Q18R, G79S mutant, crystals were obtained in several conditions, out of which 

the highest resolution data (1.48 Å) was collected on a crystal that grew at 20°C, in Structure Screen  

1 & 2 HT-96 well A2 buffer variant with a lower, 20% (w/v) of PEG 4000 (Table 4). The protein 

crystallized in the space group P6(1)22 with only one molecule per asymmetric unit. Two sulphate 

ions bind from the buffer solution to the phosphate binding pockets of the enzyme. Like many apo 

HisA structures, loop 1 is disordered, whereas unlike many apo HisA structures, loop 6 is ordered and 

it occupies a so-called open conformation [25, 28]. (Figure 8, A and Figure 9) 

The HisA D7N/Q18R/G79S/D176A mutant was co-crystallized with rCdRP in the hope of gaining 

ligand bound structure, although no electron density was seen for any of the gained structures. 

ProFAR synthesis, purification 

We aimed to synthetize and purify ProFAR in order to gain complex structures with the Q18R 

mutant. When purifying the reaction solution, we gained two peaks (Figure 4, B), out of which only 

the first contained ProFAR (data not shown). Several fractions were collected from the first peak, but 

during the lyophilization steps fractions were pooled to three separate fractions keeping the order of 

elution. These fractions also showed different ProFAR content measured with HisA activity assay 

(Table 3, HisA): the first fraction had a ProFAR content of about 2.1% (~2.48 mg in total), the second 

of about 0.47% (~1.00 mg) and the last of about 0.15% (~0.14 mg). For co-crystallization and 

cryoprotection the fraction with the highest ProFAR content was used. 
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Figure 7 TrpF kinetics assay data points. Dark blue diamonds show the calculated specific activity values of HisA 
Q18R/G79S mutant at different anthranilate concentrations. Green circle and red triangle show the calculated specific 
activity values for HisA Q18R mutant and wild type, respectively at 2 mM anthranilate concentration. Error bars represent 
the standard deviation values of repeats n=3, 4 or 5 for HisA Q18R/G79S, n=4 for HisA Q18R and n=2 for wild type HisA. The 
slope of the trend line gives the kcat/KM value (1.92 s

-1
M

-1
); although in this case it should be used carefully, due to the high 

standard deviation values. As an interesting result, Q18R mutant shows the same activity in the TrpF reaction to the 
Q18R/G79S mutant. The specific activity value for wild type HisA should not be considered a positive value, but rather zero. 
When calculating specific activity, TrpD slope has to be extracted from the TrpF slope. In one of the measurements both 
slope values were negative, which resulted in a positive value, hence the positive result. 
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 Complex structures with ProFAR 

Unfortunately, no co-crystallization attempt was successful with ProFAR. Therefore apo crystals were 

soaked in ProFAR containing cryoprotective solution in order to obtain a complex structure. For 

D7N/Q18R/G79S/D176A protein, the best resolution structure (1.78 Å) was obtained from a P6(1)22 

space group, diamond shaped crystal that grew at 8°C in JCSG-plus MD1-37 screening well C12 

buffer. The arginine in position 18 is not visible in this structure. (Figure 8, B) 

For the D7N/Q18R/D176A protein, only one complex structure was solved at a relatively low 

resolution (2.47 Å) from a crystal grown in Structure Screen 1 & 2 HT-96 well C4 buffer at 8°C. In this 

structure the arginine is supported by a weak electron density (σ value of the 2Fo-Fc map is 0.6), 

which is still the best density for the residue compared to any other Q18R mutant structures.  

(Figure 8, C) 

Table 4 Summary table of the crystallographic data collection and refinement of the structures solved during the 
present study. 
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Movement of loop 6 

Loop 6 is functionally a very important part of HisA, since the residue acting as catalytic acid in the 

HisA reaction is located here [25]. The alpha carbon of aspartate 176 moves 9.2 Å towards the 

reaction center in order to fulfill its role in the catalysis (Figure 9, A). This movement is also present in 

PriA with the same role, moving the catalytic acid to a close proximity of the substrate for catalysis 

[26]. 

ProFAR binding 

ProFAR binds to both Q18R and Q18R/G79S mutants very much similar to the wild type HisA [25] 

(Figure 10, A-C). The presence of serine in position 79 does not seem to alter the binding 

conformation of the ligand (Figure 10, D). The only difference is at the ribose ring, which opens up 

during the catalysis. The oxygen and the hydroxyl groups of the ribose are creating hydrogen-bonds 

with serine 202 and aspartate/asparagine 7. First, the oxygen interacts with serine 202, but as loop 5 

and 6 close, it will be positioned so that it will no longer interact with either of the residues [25]. Up 

to this closed state the hydroxyl groups of the ribose can interact with both of the residues at the 

opposite sites in an alternating manner, but eventually will accommodate to the ideal position for 

catalysis. (Figure 11) 

Q18R mutation site 

The Q18R mutation site is only visible in the D7N Q18R D176A ProFAR bound HisA structure. As I 

have already mentioned, the loop is barely supported with the electron density map, the arginine is 

only visible at σ=0.6, which is very much below the threshold of acceptable features (Figure 12). The 

mutation site was kept anyway, since it gives a rough idea where and how this residue is positioned 

when the Q18R mutant carries out the HisA reaction. 

Comparing the TrpF activity of two HisA mutants 
Growth rates on medium lacking tryptophan suggested that Q18R mutant has a poor TrpF activity. 

Our measurements showed that the ~2 s-1M-1 kcat/KM value for in vitro TrpF activity is very low 

compared to that of PriA (1.7x105 s-1M-1 [26]) or even to the dup13-15 mutant (75 s-1M-1 [28]). 

For this reason, we decided to investigate the difference between the Q18R mutant and the dup13-

15 mutant. Comparing these mutants we could find differences concentrated only to loop 1. 

Figure 8 Structures solved during the study. (A) Q18R/G79S mutant structure in apo form. Sulphate ions, glycines and 
residues D7, S79 and D176 are shown in stick representation. (B) D7N Q18R/G79S D176A ProFAR bound structure and (C) 
D7N Q18R D176A ProFAR bound structures are in the same representation as well. The glutamine to arginine mutation is 
only visible with goodwill in the latter structure. 
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Figure 10 ProFAR binding. (A) ProFAR in the D7N Q18R/G79S D176A HisA mutant. The ligand is presented with its electron 
density (2Fo-Fc) map at σ=1. (B) ProFAR in the D7N Q18R D176A HisA mutant. The electron density (2Fo-Fc) map is also at 
σ=1. The resolution difference between the two ProFARs is striking. D7N Q18R/G79S D176A ProFAR bound structure (tan) 
was solved at the resolution of 1.78 Å, whereas the D7N Q18R D176A ProFAR bound structure was (green) solved at 2.47 Å. 
(C) The positioning of ProFAR in the ligand binding pocket is very similar to that of the deposited structure of 5AHF (pdbID) 
from reference [25] (orange). (D) Not even the serine at position 79 alters the binding. There is only a 0.4 Å difference from 
the distance of the alpha carbon to the oxygen in the ribose ring. It only seems to be one extra interaction between HisA 
and ProFAR. 

Considering that both mutants have an arginine in position 18, we can conclude that other factors 

might be involved in the TrpF activity than the arginine alone. 

We, my PhD student supervisor Annika Söderholm and I have hypothesized the role of two 

differences, which could contribute to the high deviation in TrpF activity between the HisA mutants. 

First, in the HisA dup13-15 mutant a valine is placed at position 16, whereas in the Q18R mutant it is 

a leucine. The valine, since it is the smaller amino acid, is able to pack more tightly against leucine 54, 

therefore the arginine in position 18 could reach deeper into the ligand binding pocket. [28] (Figure 

Figure 9 Movement of loop 6. (A) Superimposition of Q18R/G79S apo (yellow) and D7N Q18R D176A (green) structures. 
There is a 9.2 Å movement between the open and the closed state, measured between the alpha carbon atoms of the 
catalytic acid residue. The closed state represents a ligand bound state where D7N Q18R D176A (green) mutant binds to 
ProFAR. This closed state is present in all ligand bound structures. (B) Electron density map (2Fo-Fc) around loop 6 in the 
structure Q18R/G79S apo (yellow) at σ=1. The density supports the conformation almost throughout the whole loop. 
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Figure 11 Alternating interactions between the ribose ring and aspartate/asparagine 7 and serine 202 before catalysis. 
(A), and (B) are the complex structures solved during this study (green – D7N Q18R D176A ProFAR; tan – D7N Q18R/G79S 
D176A ProFAR), (C), and (D) are complex structures published in reference [25] (orange – 5AHF; purple – 5A5W). (A), (B), 
and (C) are three ligand bound HisA structures with partially closed form, whereas (D) shows an entirely closed form, which 
was proposed to be the state right before catalysis. When placing the structures next to each other, an accommodating 
motion of the ribose ring can be seen before catalysis would occur. 

13, A) 

Second, in the HisA dup13-15 mutant a histidine and a glutamine with an overall positive charge are 

placed at the tip of loop 1. Since TrpF’s and HisA’s substrates are negatively charged, the positively 

Figure 12 Q18R mutation site. Since we lack a co-crystallized complex structure of Q18R mutant with ProFAR in a space 
group different to P6(1)22, and that loop 1 is highly flexible in the space group of P6(1)22, the mutation site is only visible 
with a very low confidence. The arginine, we are interested in, in position 18 is only visible (2Fo-Fc map) when σ=0.6 (left 
image). When σ=1 (right image), the histidine in position 17 has some support but not the arginine. For orientation, ProFAR 
is visible at the bottom left corners of the images. 
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charged histidine residue with the glutamine might be involved in ligand recruitment and/or higher 

affinity. (Figure 13, B) 

To investigate which of the differences would contribute the most in TrpF activity we have designed 

four mutants that would bridge the gap between the two HisA mutants (Figure 14). All the new 

mutants contained an extra three amino acid insertion after the arginine in position 18. The insertion 

was either an LHQ sequence (as it is in the dup13-15 mutant after the arginine at position 18) or LSS 

(as a control to the positive charge with neutral but water soluble residues). We have also designed 

the L16V mutation for both insertion types, giving four bridging mutants in total. We have created 

the Q18R mutant and the dup13-15 in parallel to the bridging mutants, as well, so that a valid 

comparison can be made. 

Lambda-red recombineering 

During lambda-red recombination a series of selection markers were used, which helped us to verify 

the successfulness of each step. Strains DA50180-DA50183 and DA50236-DA50255 were sequenced 

(for positive results see Appendix for Table 5). For further works we used the following strains: 

DA50232, DA50236, DA50240, DA50244, DA50248 and DA50252. 

Figure 13 Structural support for the theories in the second aim. (A) Positioning of valine 16 and its packing against leucine 
54 (unpublished structural data of a D10G dup13-15 HisA mutant from reference [28]). In the observed loop conformation 
leucine in position 16 would clash with leucine 54 disabling the tight packing of loop 1. (B) Loop 1 is superimposed in a 
dup13-15 HisA mutant (white, unpublished ProFAR bound structure form reference [28]) and in the wild type HisA (purple, 
pdbID: 5A5W from reference [25]). The histidine and the glutamine are positioned at the tip of loop 1 in the dup13-15 
mutant, which is a highly exposed position compared to the position of the equivalent residues in the wild type HisA. 

Figure 14 Sequences for each mutant. Note that in case of the wild type and the Q18R mutant the three dots do not show 
any space, it was used only for representation of alignment. L16V mutation is colored green, insertions are colored orange 
(LHQ) and red (LSS). 
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P22 transduction and growth rate measurement 

We used selective plates to select for chloramphenicol resistance (see above and Appendix for Table 

5) and EBU plates to visualize the phage free, phage sensitive strains (Figure 5). The positive colonies 

(DA50436, DA50437, DA50438, DA50439, DA50440 and DA50441) were used for growth rate 

measurement. 

First, the positive strains were grown on M9 medium plate supplemented with either tryptophan or 

histidine for one week in order to select the conditions, in which the growth rate measurement will 

be conducted. Colonies incapable of growing on plate will not grow in liquid medium either. Based on 

these results we decided not to measure growth rate of the dup13-15 mutant, the L16V/Q18R/LHQ 

ins mutant, the L16V/Q18R/LSS ins mutant and the Q18R/LSS ins mutant for HisA activity. 

The growth rate measurement gave very interesting results (Figure 15). First, the leucine to valine 

mutation at position 16 seems to have a big effect on the TrpF activity of the HisA mutants. 

Regardless of what the insertion is, when the leucine is mutated to valine, the TrpF activity is similar 

(38-46%) to that of the dup13-15 mutant (47%). At the same time, the insertion by itself (without the 

L16V mutation) seems not to be enough for erasing the HisA activity, since the Q18R/LHQ insertion 

mutant shows an almost wild type HisA activity (94%), but does not show any TrpF activity (0%). The 

Q18R mutant shows high standard deviation in the growth rate for HisA activity, which is the result of 

no growth in seven biological repeats out of eight. For any conclusions, the measurement should be 

repeated. 

Figure 15 Results of the growth rate measurement. DA6192 was used as positive control, which is a wild type Salmonella 
typhimurium. Asterisk sign the measurements we did not conduct. We used 8 biological repeats for each measurement, and 
the standard deviation values are represented by the error bars. Interestingly, the leucine to valine mutation at position 16 
has a great effect on the TrpF activity, which results in a TrpF activity similar to that of the dup13-15 mutant. Additionally, 
the insertion alone seems not to have any effect on the TrpF activity, and the Q18R LHQ mutant also shows a HisA activity 
comparable to the wild type. The high standard deviation value of TrpF activity in the case of the Q18R mutant is due to the 
complete absence of growth in case of seven repeats out of eight. More technical repeats should be needed for 
conclusions. 
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Gap repair cloning 

The gap repair recombination was done in order to place all new mutants into pEXP5-CT TOPO vector 

for expression and in vitro analysis. The red fluorescence protein was the selection marker, which 

colored the colonies red. After gap repair cloning, red and colorless colonies appeared on the 

selective plates with a ratio of about 100:1. Colorless colonies from all the strains (DA50232, 

DA50236, DA50240, DA50244, DA50248 and DA50252) were restreaked and plasmid DNA was 

prepared from them. Positive recombinants were not yet verified with sequencing. 
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DISCUSSION 

During evolution, enzymes have the tendency to evolve towards specificity. This is beneficial for 

accommodating a wide variety of substrates such that each and every process can be regulated 

separately. [3] On the other hand, there are plenty of enzymes known with promiscuous function 

[9, 10]. 

HisA, the (βα)8-barrel enzyme from the histidine biosynthesis is a specialist enzyme in Salmonella 

enterica [12, 25]. It converts the aminoaldose ProFAR to its corresponding ketose form, PRFAR via an 

acid-base catalyzed isomerization reaction, called Amadori rearrangement (Figure 1) [13, 24, 25]. 

TrpF, another (βα)8-barrel enzyme from the tryptophan biosynthesis, converts PRA into CdRP with 

the same mechanism (Figure 2) [13, 24]. HisA is able to have the TrpF function as a secondary activity 

in some cases [7, 11, 18, 19], which can be explained by the shared reaction mechanism. HisA could 

compensate the loss of the trpF gene in Actinobacteria and evolved to an effective bifunctional 

enzyme, PriA [19, 20]. An arginine residue was pointed out as the only critical difference between 

PriAs and HisAs [11]. Therefore, even though SeHisA is a specialist, if a residue is mutated to an 

arginine in the close proximity of the catalytic center, so that it can interact with the carboxyphenyl 

group of PRA/CdRP (as it happens in other PRA/CdRP binding enzymes [24, 26, 27]), it might be able 

to catalyze the TrpF reaction as has been demonstrated ( [7, 32] and unpublished data). 

This master degree project is a study of two remarkable HisA mutants, the Q18R and the dup13-15 

mutants. The Q18R mutant is a bifunctional enzyme with a single glutamine to arginine mutation but 

its TrpF activity is very poor. The dup13-15 mutant, on the other hand does not have HisA activity, 

but has a decent TrpF activity. 

My first aim was to improve the TrpF activity of the Q18R mutant. First, I introduced a G79S mutation 

for that the serine is claimed to be very important in PriA (Figure 6, B) [23, 48]. Then, I conducted 

experiments to quantify the binding affinity for the ligand rCdRP and to determine Michaelis-Menten 

enzyme kinetics values for the TrpF reaction. Moreover, I also attempted to gain ligand-bound 

structures with both ProFAR and rCdRP in order to visualize the arginine 18 on loop 1 and to see how 

it is involved in ligand binding. For this purpose, ProFAR was synthesized and purified, since it is not 

available commercially. 

Unfortunately, the microscale thermophoresis experiment was inconclusive since the initial 

fluorescence was instable. Throughout the measurement, high concentration (up to 400 mM) of 

rCdRP was used. The rCdRP powder, even though it was fresh had a yellowish appearance, which 

might be due to the presence of anthranilate from the decomposition of rCdRP. Anthranilate can 

have a yellowish color [49], although no data was found suggesting that it would absorb at the 

wavelength of the measurement (650-670 nm). At very high rCdRP concentrations (>25 mM) a 

fluorescence decrease was detected that was directly proportional to the rCdRP concentration. This 

factor made our results inconclusive for determining the affinity of the HisA mutants towards rCdRP. 

When the in vitro TrpF activity of HisA was measured, data points with high standard deviation values 

were gained. A possible reason is that the measurement was conducted below the sensitivity 

threshold of the assay (or the spectrophotometer) and the high error rate was due to a low signal to 

noise ratio. This could also explain why we did not see any difference between the Q18R and the 

Q18R/G79S mutants, and that we measured a TrpF activity even for the wild type HisA. 
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All these results confirm the poor TrpF activity of the Q18R mutant predicted from the preliminary 

growth rate measurements: the necessity to use very high rCdRP concentrations for the microscale 

thermophoresis, the low kcat/KM value (~2 s-1M-1) in the in vitro kinetics assay and the lack of a 

complex structure with rCdRP. 

ProFAR biosynthesis and purification was successful. I have obtained complex structure with the 

Q18R and the Q18R/G79S mutants. The structures I solved during my Research Training are apo 

structures, crystallized in space group P6(1)22, where loop 1 and loop 6 are very flexible, therefore 

they cannot be observed in the structures, as was found previously [25, 29]. Since the mutation at 

position 18 is located on loop 1, we could never see the orientation or the distance of the residue 

from the active center. When co-crystallizing with the substrate ProFAR, HisA can have different 

space groups, where the loops can be ordered so that a full structure can be gained [25]. The 

complex structures solved during my master thesis are in the space group P6(1)22 as well, and 

unfortunately loop 1 did not stabilize, so that the Q18R mutation site is not or barely visible. In case 

of D7N/Q18R/D176A mutant the arginine residue has a weak electron density; although it was not 

discarded because it is the best structure so far. 

The complex structures with ProFAR also gave an interesting insight into how the ribose ring 

accommodates to the perfect position before catalysis, by alternating its interactions with serine 202 

and aspartate/asparagine 7 (Figure 11). At the same time, the G79S mutation did not alter ProFAR 

binding, since it shifts the nearby ribose by only 0.4 Å measured from the alpha carbon of residue 79 

(Figure 10, D). It rather seems to create one more interaction with ProFAR. 

The second aim of my thesis was to compare the Q18R and the dup13-15 mutants of HisA. We have 

proposed two hypotheses, which could contribute in the high deviations in the HisA and the TrpF 

activities of these mutants. On one hand the valine at position 16 had been shown to pack tightly 

against leucine 54 in the dup13-15 mutant in a TrpF-active conformation [28], whereas a leucine at 

the same position would not enable the same tight binding (Figure 13, A). On the other hand, the 

Figure 16 Movement of the arginine towards the reaction center. There is a 7.3 Å movement between the same arginines 
in position 18 of the dup13-15 mutant, which is very likely the result of the presence of valine instead of leucine in position 
16. In Q18R mutant, the corresponding arginine is probably unable to move this much towards the active center, due to 
clashes between valine 16 and valine 54. Cyan: unpublished structural data of a D10G dup13-15 HisA mutant from 
reference [28]. White: unpublished structural data of a ProFAR bound dup13-15 HisA mutant form reference [28]. Green: 
D7N Q18R D176A ProFAR bound structure from the present study. 
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histidine and glutamine at the tip of loop 1 in the dup13-15 mutant were proposed to contribute in 

PRA recruitment and binding (Figure 13, B). To test the hypothesis, we have successfully designed 

and constructed (using lambda-red recombination and P22 transduction) four mutants that would 

bridge the gap between the Q18R and the dup13-15 mutants. We streaked all the bacteria with 

different mutants on minimal medium complemented by either histidine or tryptophan in order to 

see in which conditions they could grow. Based on the results, we conducted a growth rate 

measuring experiment where the optical density at 600 nm was monitored for the different mutants 

in minimal liquid medium supplemented by either tryptophan or histidine. 

The results were surprising. Apparently, the valine and the leucine in position 16 determine whether 

there is a decent TrpF activity with no HisA activity (as in the dup13-15 mutant) or a wild type HisA 

activity with a poor TrpF activity (as in the Q18R mutant) when there is an extra three amino acid 

insertion in loop 1. As is visible in HisA mutants with a duplication of residues 13-15, there is a 7.3 Å 

movement of the arginine in position 18 towards the active center, the movement of which is 

probably blocked due to clashes between leucine 16 and leucine 54. (Figure 16) 

These results are just preliminary, since there was no time to repeat the measurement, they only 

give an idea about the difference between the Q18R and dup13-15 mutants. In the repeat 

measurement all mutants should be tested, even if they do not show any growth on M9 minimal 

medium plate. Also, an L16V Q18R mutant could give information about the role of the extension in 

the dup13-15 mutant that would complement the present study. An L16V Q18R mutant could also be 

used for improving the TrpF activity of the Q18R mutant. The G79S further mutation might make a 

difference then. 

As the gap repair cloning implies, further analysis of the mutants is aimed to be done in the future. 

Crystal structures should be solved and in vitro kinetics assay be conducted on them. One thing to be 

sure of, is that there still are lots of things to learn about the amazing HisA enzyme. 
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APPENDIX 

  

Table 5 Summary table of the DA strains used and created throughout the present study. Continues on the following 
pages. 
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