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Abstract
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Enzymes are known to be amazingly specific and efficient catalysts. However, many enzymes
also have so-called promiscuous functions, i.e., they are able to catalyze other reactions than
their main one. The promiscuous activities are often low, serendipitous, and under neutral
selection but if conditions arise that make them beneficial, they can play an important role in the
evolution of new enzymes. In this thesis, I present three studies where we have characterized
different enzyme families by structural and biochemical methods. The studies demonstrate the
occurrence of enzyme promiscuity and its potential role in evolution and organismal adaptation.

In the first study, I describe the characterization of wild type and mutant HisA enzymes
from Salmonella enterica. In the first part of this study, we could clarify the mechanistic
cycle of HisA by solving crystal structures that showed different conformations of wild type
HisA in complex with its labile substrate ProFAR (N´-[(5´-phosphoribosyl)formimino]-5-
aminoimidazole-4-carboxamide ribonucleotide). In the second part of this study, structures of
mutant enzymes from a real-time evolution study provided us with an atomic-level description
of how HisA had evolved a new function. The HisA mutants had acquired TrpF activity, either
in addition to (bifunctional generalists) or instead of (TrpF specialists) their HisA activity. In the
second study, I present the crystal structure and demonstrate promiscuous activity of the TrpC
enzyme from Pseudomonas aeruginosa. The activity data demonstrates that the enzyme can turn
over a substrate that lacks a substituent that was previously considered essential for catalysis.
In the third study, I present the structural and functional characterization of SAM (S-Adenosyl
methionine) hydrolases from bacteriophages. These enzymes were discovered because of their
ability to rescue auxotrophic bacteria by inducing expression of a promiscuous bacterial enzyme.
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Introduction 

Enzymes are molecular tools, shaped by evolution to satisfactorily master 
their designated function. The textbook enzyme is highly specific, accurate, 
and efficient. It is often depicted as the final product of billions of years of 
evolution towards perfected function. Evolution, however, is not finite. It is 
an ongoing process of constant genetic drift, restrained by the selective pres-
sure of the environment. A (bacterial) enzyme only needs to be as specific 
and efficient as required to provide enough function to not cause a growth 
defect to the organism in a specific environment. What the selective pressure 
selects for might not always be improved function of a specific activity; it 
might also, for example, be improved stability and functional plasticity. 

Nowadays it is known that many enzymes have promiscuous catalytic ac-
tivities, and that enzyme promiscuity is often a prerequisite in the evolution 
of new functions (Patrick et al., 2007). Rather than being a collection of 
specific machines with assigned functions, the enzyme pool can be viewed 
as a community with collective catalytic potential that can be tweaked ac-
cording to the environmental demands. As Shelley Copley eloquently states, 
“There is a deep reservoir of catalytic potential lurking in the proteome that 
can be drawn upon to meet a new environmental challenge.” (Copley, 2018) 
The great potential of enzyme promiscuity can be exploited in directed evo-
lution studies, where iterative rounds of mutagenesis and selection evolve a 
new function of an enzyme. In the year 2018, Frances Arnold was awarded 
the Nobel Prize in Chemistry for the development of this thriving field. 

The studies presented in this thesis concern different enzymes, but they 
all show examples of how enzyme specificity and promiscuity varies within 
enzyme families and how enzyme promiscuity can support organismal adap-
tation and evolution. My studies also exemplify the degree to which homol-
ogous enzymes (i.e., enzymes evolved from a common ancestor) can vary in 
sequence and function. The degree of conservation between enzyme families 
is influenced by multiple parameters, such as the mutation rate of the organ-
ism (e.g., it is higher in viruses than in bacteria) and the sequence require-
ment for function (e.g., the complexity of the reaction).  

The role of enzyme promiscuity in evolution is exemplified in the study 
in the first chapter, which demonstrates evolution by the innovation–
amplification–divergence model. Here, selection for a promiscuous enzyme 
function leads to an increased number of gene copies that subsequently  
diverge so that different gene copies specialize on different functions. In  
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the third chapter, a different mechanism for amplification of an essential 
promiscuous activity is described. Here, a phage enzyme increases expres-
sion of a promiscuous enzyme of the bacterial host that thereby rescues a 
gene knockout strain.  

In summary, the first chapter of this thesis describes the characterization 
of enzymes obtained from a real-time evolution study. HisA from Salmonel-
la enterica was used as a model system to demonstrate evolution by the in-
novation–amplification–divergence model. As a follow-up to this study, we 
characterized both wild type (Paper I) and mutant (Paper II) HisA enzymes, 
structurally and biochemically. This has allowed us a comprehensive under-
standing of the mechanistic cycle of HisA as well as detailed insights in the 
evolution of a new function. My contributions to this project included pro-
tein expression and purification, structure solving by X-ray crystallography, 
mutagenesis, circular dichroism measurements, analysis of structures togeth-
er with other data and writing of manuscripts. 

In the second chapter, I present the structure and demonstrate––previously 
disclaimed––substrate promiscuity of the TrpC enzyme from Pseudomonas 
aeruginosa. My contributions to this project included protein expression and 
purification, structure solving by X-ray crystallography, mutagenesis, activi-
ty measurements, data analysis and writing of manuscript. 

The third chapter describes the discovery and characterization of a family 
of enzymes from bacteriophages, suggested to function in anti-restriction 
(i.e., protection against the bacterial defense system). In this study, these 
enzymes instead play a role in regulating the transcription of a metabolic 
pathway in bacteria, thereby allowing a promiscuous enzymatic activity to 
be physiologically relevant. This study exemplifies how viruses and viru-
lence factors can support evolution of beneficial functions and it provides a 
fascinating example of how the hidden promiscuous potential in the proteo-
me can be unraveled. My contributions to this project included cloning, mu-
tagenesis, development of functioning expression and purification protocols, 
development of kinetics assay, and crystallization of a mutant enzyme.  

In the first two chapters, the enzymes are named after their gene names 
(i.e., HisA and TrpC) and italicized two-letter abbreviation of the species 
name in front of the enzyme name is used to indicate from which organism 
the enzyme is (i.e., SeHisA for HisA from Salmonella enterica). The third 
chapter is about enzymes originating from unidentified environmental phag-
es with––at the time of their discovery––unknown function. These are 
named after the place from where the phages were isolated (i.e., Svi3-3 was 
isolated from the local duck pond Svandammen). 
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S.enterica HisA substrate recognition and 
evolution of new function 

HisA, or N´-[(5´-phosphoribosyl)formimino]-5-aminoimidazole-4-carboxamide 
ribonucleotide (ProFAR) isomerase is a bacterial enzyme catalyzing the 
fourth reaction in histidine biosynthesis. The reaction, known as Amadori 
rearrangement, constitutes a ring-opening isomerization of an aminoaldose 
substrate into the corresponding ketose (Figure 1). HisA has a (βα)8-barrel 
structure with a striking two-fold symmetry, suggesting that the (βα)8-barrel 
evolved by duplication and fusion of a (βα)4-barrel (Lang et al., 2000). 

A paradigm for the study of enzyme evolution 
Due to its structural and functional similarity to other (βα)8-barrel enzymes, 
HisA has been presented as an example supporting common ancestry of 
(βα)8-barrels (List, Sterner and Wilmanns, 2011). It is homologous to the 
HisF enzyme that catalyzes the subsequent reaction in His biosynthesis, sug-
gesting evolution by duplication––divergence of these two enzymes (Lang et 
al., 2000). HisA has also been demonstrated to—by single point mutation—
acquire the activity of TrpF (or N-(5´-phosphoribosyl) anthranilate isomer-
ase (PRAI)), which was suggested to support common ancestry of these two 
enzymes (Jürgens et al., 2000). TrpF is another (βα)8-barrel enzyme respon-
sible for catalyzing an Amadori rearrangement on a similar substrate in tryp-
tophan biosynthesis  (Figure 1). A bifunctional HisA homolog known as 
PriA (Phosphoribosyl isomerase A) catalyzes both the HisA and TrpF reac-
tions in some actinobacteria (Barona-Gómez and Hodgson, 2003). For these 
reasons, HisA has gained attention in the field of enzyme evolution. 
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Figure 1. Amadori rearrangement reactions catalyzed by HisA, TrpF, and PriA. 
HisA converts ProFAR into N´-[(5´-phosphoribulosyl)formimino]-5-
aminoimidazole-4-carboxamide ribonucleotide (PRFAR). TrpF converts PRA into 
1-(2-carboxy-phenylamino)-1’-deoxyribulose-5’-phosphate (CdRP). PriA catalyzes 
both of these reactions. 

(βα)8-barrel fold 
The (βα)8-barrel (also known as TIM-barrel) is the most common type of 
enzyme fold in the PDB and as many as 10% of all enzymes may share this 
fold. It is a very versatile fold, associated with 16 different sequence families 
out of which 15 are enzymes, representing 5 different enzyme classes. 
(Wierenga, 2001; Sterner and Höcker, 2005) As the name suggests, the 
(βα)8-barrel is constructed of 8 repeating βα-units. The β-strands (referred to 
as β1−β8) are parallel and form a barrel at the center of the structure, which 
is enclosed by the 8 α-helices forming the outer surface of the structure. The 
active site is always located at the C-terminal (catalytic) face of the barrel 
and shaped by the often long and flexible βα-loops (referred to as βα-
loop 1−8). Sometimes, the βα-loops partially contain secondary-structure 
elements. The αβ-loops on the “backside” of the barrel are often short, struc-
tured, and important for stability of the fold (Figure 2). Owing to these struc-
tural features, the (βα)8-barrel has been a popular scaffold in directed evolu-
tion studies where the βα-loops are specifically targeted for mutagene-
sis/sequence randomization (Sterner and Höcker, 2005). 

The question of the common ancestry of (βα)8-barrels (i.e., if they 
evolved by divergent or convergent evolution) is an engaging topic in the 
field. Their versatility in sequence and function are contradicting factors 
whereas the resemblance in structure features and position of the active site 
support common ancestry. (Wierenga 2001) 
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Figure 2. Structural features of a (βα)8-barrel (PDB: 5A5W). A: Side view. B: Top 
view. 

The relationship between HisA, TrpF, PriA 
HisA, TrpF, and PriA are all (βα)8-barrel bacterial enzymes catalyzing 
Amadori rearrangements as part of the histidine (HisA, PriA) and tryptophan 
(TrpF, PriA) biosynthesis pathways (Figure 1). The bifunctional HisA-
homolog PriA is found in some members of the phylum actinobacteria that 
lack the trpF gene. PriA is very similar to HisA. Based on sequence conser-
vation, the HisA family is indistinguishable from the PriA enzymes. In con-
trast, TrpF has a very low (non-significant) sequence similarity to HisA and 
PriA and there is no evident homology between them.  

An Amadori rearrangement is an acid-base catalyzed ring-opening isom-
erization reaction of an aminoaldose into the corresponding ketose. The first 
step in the reaction mechanism is a protonation of the ribose-ring oxygen by 
a general acid. Secondly, the formation of a Schiff-base intermediate allows 
deprotonation of the 2’-carbon by a general base. Finally, the resulting eno-
lamine product spontaneously tautomerizes into the corresponding keto-form 
(Figure 3). 

 
Figure 3. Reaction mechanism for Amadori rearrangement. 
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Structure and mechanism of TrpF 
The catalytic mechanism of TrpF was elucidated on the basis of kinetics data 
and the structure of TrpF from the hyperthermofile Thermotoga maritima in 
complex with the product analogue rCdRP (Henn-Sax et al., 2002). rCdRP 
binds in a bent conformation around the C2’ atom where the phosphate and 
anthranilate group are positioned at almost a 90° angle from each other.  The 
active-site cleft is open and the phosphate group is anchored in the single 
phosphate-binding site between βα-loops 7 and 8 (Figure 4.A) . A conserved 
cysteine (Cys7) on β1 constitutes the general base and a conserved aspartic 
acid (Asp126) at the end of β6 is the general acid. A C7A mutation abolishes 
the activity of the enzyme whereas the D126N mutation causes a  >20,000-
fold reduction in activity (Henn-Sax et al., 2002). The spontaneous tautom-
erization is the rate-limiting step in the reaction, but it occurs outside the 
enzyme (Hommel and Eberhard, 1995). 

 
Figure 4. A: TmTrpF-rCdRP (PDB: 1LBM), catalytic residues in orange. B. 
TmHisA (PDB: IQO2), proposed catalytic residues in cyan. C. MtPriA-PRFAR 
(PDB: 2Y88), catalytic residues in lime green. 

Structure and mechanism of HisA 
An apo structure of HisA from T. maritima was published in 2000 along 
with the structure of its homolog HisF. Both have a two-fold symmetry pat-
tern, visible at both the structure and sequence levels, indicating evolution of 
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the structure by duplication and fusion of a (βα)4-half-barrel. (Lang et al., 
2000) 

The catalytic mechanism of HisA was proposed on the basis of kinetics 
and a comparison to the TrpF-rCdRP structure (Henn-Sax et al., 2002). Con-
served active-site residues in similar structural positions as the catalytic resi-
dues of TrpF were mutated. Asp8 on β1 was proposed to be the general base 
because mutating it to Asn abolished the activity of the enzyme. As general 
acid, the symmetry-related Asp127 on β5 was considered the most likely 
candidate because its mutation to Asn decreased the activity by 4 orders of 
magnitude due to a strong reduction in kcat (Figure 4.B). (Henn-Sax et al., 
2002) Mutation of Asp127 into a small hydrophobic residue has been 
demonstrated to confer TrpF activity to TmHisA. It was therefore suggested 
that the negative charge of Asp127 prevents PRA binding/TrpF activity due 
to electrostatic repulsion. (Jürgens et al., 2000; Leopoldseder et al., 2004). 

 

Structure and mechanism of PriA 
In 2011, the structure and mechanism of the bifunctional PriA enzyme from 
Mycobacterium tuberculosis was published (Due et al., 2011). Structures of 
the enzyme in its apo form, in complex with the TrpF-product analogue 
rCdRP, and a D11N mutant in complex with the HisA product PRFAR (Fig-
ure 4.C) showed that PriA accommodates the different substrates by adopt-
ing two different conformations of the long βα-loop 5. Each conformation 
contributes a residue essential for binding the respective ligand. In PRFAR 
binding, it is a conserved tryptophan (Trp145), forming a stacking interac-
tion with the carboxamide aminoimidazole part of the ligand. In rCdRP 
binding, it is an arginine (Arg143) making an electrostatic interaction with 
the negatively charged anthranilate group (Figure 5). The arginine simulta-
neously shields the negative charge of the conserved Asp on β5 (here 
Asp130) that was suggested to be the catalytic residue for TmHisA. The 
essentiality of Arg143 and Trp145 for the TrpF, respectively HisA, reactions 
was confirmed by activity measurements of Ala-mutants. Interestingly, 
whereas the W145A mutation only disrupts HisA activity, the R143A muta-
tion strongly diminishes both TrpF and HisA activity. The effect on HisA 
activity is explained by the observation that Arg143 in the PriA-PRFAR 
structure makes a salt-bridge interaction with Glu109, stabilizing the knot-
like conformation of loop 5 in this structural state (Figure 5). 

In the apo structure the active site is open/exposed whereas it is closed by 
the βα-loops 1, 5 and 6 in the PriA-PRFAR structure. In the PriA-rCdRP 
structure, βα-loops 5 and 6 adopt closed conformations, whereas βα-loop 1 
is disordered, making the active site half-open.  



 18 

 
Figure 5. Active site of PriA in complex with rCdRP (yellow: conformation with 
TrpF-activity, PDB: 2Y85) and in complex with PRFAR (blue: conformation with 
HisA-activity, PDB: 2Y88 (same structure as in Figure 4.C)). Loop 5 adopts differ-
ent conformations positioning either Arg143 or Trp145 in the active site. 

Both PRFAR and rCdRP bind in extended conformations in the active site of 
PriA and the equivalent 5´-phosphoribulosyl moieties of the ligands super-
pose well with each other. Interestingly, the keto-oxygen of PRFAR is mod-
eled in double conformation. Possibly, the two observed conformations 
could represent the two tautomeric forms of the product; enolamine and keto 
form. Asp11 on β-strand 1 and Asp175 on βα-loop 6 were suggested catalyt-
ic residues (Figure 4.C). Biochemical analysis of Ala-mutants confirmed the 
essentiality of the two Asp residues for both HisA and TrpF activities. (Due 
et al., 2011) 

In the proposed mechanisms for the homologs TmHisA and MtPriA, the 
suggested catalytic bases are structurally equivalent but the catalytic acids 
are not (Table 1). In addition, the analysis of key active-site residues partly 
generated very different conclusions for the two enzymes. For example, the 
D127N mutation caused a very strong reduction in kcat in case of TmHisA, 
leading to the conclusion that this was the general acid. In MtPriA, the same 
residue was suggested to only have a role in substrate binding. Asp175 was 
confirmed to function as general acid in MtPriA, but in TmHisA, the corre-
sponding residue was too far away from the active site to be targeted for 
mutagenesis. Owing to these discrepancies regarding the identity of the cata-
lytic residues, we decided to investigate the mechanism of HisA further. 
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Table 1. Structurally equivalent conserved residues for the three homologs TmHisA, 
MtPriA, and SeHisA. The suggested catalytic residues for the respective protein are 
marked with asterisks. 
 
Enzyme Res 1 Res 2 Res 3 
TmHisA Asp8* Asp127* Asp169 
MtPriA Asp11* Asp130 Asp175* 
SeHisA Asp7 Asp129 Asp176 

Structure and mechanism of wild type Salmonella 
enterica HisA (Paper I) 
We could solve structures of HisA from Salmonella enterica (SeHisA) 
showing the enzyme in three different states. Together with site-directed 
mutagenesis and kinetics, it allowed us a deeper insight into the catalytic 
cycle and evolutionary relationships of HisA with its homologs. 

Three structures of SeHisA 
Crystallization of SeHisA resulted in stable and well-diffracting diamond-
shaped crystals in several conditions at rather low pH (around 5) and with 
either phosphate or sulfate. We first solved a 1.7 Å structure of the wild type 
enzyme with two ionic phosphates bound in the active site (Figure 6.A). We 
refer to this structure as the apo one, even though the active site contains 
these two phosphates. The phosphates originated from the crystallization 
screening condition. The protein structure has a similar two-fold symmetry 
pattern as TmHisA and the phosphate ions reside in the two symmetry-
related sites between βα-loops 3/4 and βα-loops 7/8. In this crystal form, the 
βα-loop 5 is fixed by crystal packing in an open conformation and βα-loops 
1 and 6 are disordered.  

Because we wanted to obtain a structure with the substrate ProFAR, we 
mutated the supposedly catalytic base Asp7 to Asn (Table 1). This D7N 
mutant produced similar crystals to those of the wild type and these were 
used for soaking experiments with ProFAR. Initial attempts to soak in the 
substrate directly in the crystallization drop were unsuccessful. We hypothe-
sized that the low pH and high phosphate or sulfate concentration of the 
buffers prevented binding. Moreover, ProFAR is a labile metabolite and its 
decomposition rate is accelerated at low pH (Davisson et al., 1994). We 
therefore moved the crystal to a new drop with a neutral pH buffer without 
phosphate or sulfate and re-attempted soaking with the substrate. The crys-
tals were stable enough to tolerate this harsh treatment and a 2.2 Å D7N 
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mutant structure with bound ProFAR was obtained. The conformation of the 
protein was very similar to the wild type structure with the βα-loop 5 in an 
open conformation and βα-loops 1 and 6 disordered (Figure 6.B). For this 
reason, I will refer to this as the “open structure” throughout the text.  

However, before making any conclusions about the mechanism, we sus-
pected that a new crystal form would be required to visualize the loops in a 
closed, active conformation. Hence, we decided to co-crystallize (rather than 
soak) the protein and substrate and screen for new conditions. The structure 
of PriA-PRFAR (Due et al., 2011) had been obtained by co-crystallization of 
a D11N mutant with ProFAR, suggesting that mutation of the catalytic base 
is not sufficient to abolish activity over the long time-scale of crystallization. 
For that reason, we constructed a D7N, D176A (see Table 1) double mutant 
to use for co-crystallization with the substrate. A single crystal grown at 8° C
and in a basic crystallization buffer (pH 9) was obtained, yielding a 1.6 Å 
structure in a different space group. In this structure, all βα-loops are or-
dered and adopt closed conformations around ProFAR (Figure 6.C). Hereaf-
ter, I will refer to this as the “closed structure”. 

 
Figure 6. Three structures of SeHisA. The coloring scheme indicate the symmetry-
related βα-loops. The βα-loops are labeled L1-L8. A: Apo structure (PDB: 5AHE). 
B: Open structure with ProFAR (PDB: 5AHF). C: Closed structure with ProFAR 
(PDB: 5A5W). 

Comparison of structures 
SeHisA undergoes substantial structural rearrangements of the active-site 
loops upon substrate binding but the rest of the structure remains similar to 
the apo structure. The RMSD is 1.27 Å over 222 Cα (without loops) between 
the apo and the closed structure. ProFAR binds in an extended conformation 
and is stabilized by extensive interactions with the β-barrel and βα-loop 
residues in the closed structure. In the open structure, ProFAR is less ex-
tended (i.e., has a shorter distance between the terminal phosphate groups) 
and forms fewer interactions with the enzyme. The phosphate groups of 
ProFAR in the closed structure occupy the same positions as the phosphate 
ions in the apo structure, demonstrating that these are the most energetically 
favorable positions (Paper I: Figure 5.D and 5.E). 

A B C

L1L1 L1L2 L2 L2

L3 L3 L3

L4 L4 L4

L5 L5 L5

L6 L6
L6

L7 L7 L7

L8 L8 L8
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Similarity to previous structures 
The Dali server (Holm and Rosenström, 2010) was used to search the PDB 
for the closest structural homologs of SeHisA. The structure most similar to 
SeHisA-ProFAR (closed structure) is that of MtPriA-PRFAR. This is despite 
that SeHisA has a higher sequence identity to HisA from Campylobacter 
jejuni (PDB: 4GJ1, unpublished). This suggests that, for HisA, the confor-
mational state is more relevant for structural similarity than sequence identi-
ty. TmHisA has much lower similarity—both in sequence and structure—
than do MtPriA and CjHisA. T. maritima is more distant to S. enterica than 
M. tuberculosis, which suggests that the phylogenetic relationship rather 
than functional phenotype (i.e. HisA or PriA) determines the degree of con-
servation and structural similarity. 

The active sites of the SeHisA-ProFAR (closed structure) and MtPriA-
PRFAR are highly similar to each other. All βα-loops adopt nearly identical 
conformations (Figure 7) and the ligands ProFAR and PRFAR bind in very 
similar manner in the two proteins. We observe the same knot-like confor-
mation for βα-loop 5 in the SeHisA-ProFAR structure as in the MtPriA-
PRFAR structure, but without the salt bridge that was assumed to be essen-
tial for stabilizing the conformation. There is, however, a different turn in the 
β−hairpin structure around residues 149-150, which in PriA constitutes a 
Gly-Gly motif that may be a requirement for the conformational plasticity of 
PriA.  

 
Figure 7. SeHisA-ProFAR (closed structure) in blue and MtPriA-PRFAR in green. 
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Role of the active-site residues 
With our structures and biochemistry data, we were able to resolve the role 
of the conserved active-site residues (see Table 1). 

Catalytic residues 
Asp7 (mutated to Asn in our structure) on β-strand 1 is in a good position to 
act as catalytic base and abstract a proton from the 2’-carbon. Asp176 
on βα-loop 6 is mutated to Ala in our structure but the residue is well posi-
tioned to act as catalytic acid and protonate the ribose-ring oxygen. Asp129 
on β-strand 5 is too far away (6.8 Å) from the ribose-ring oxygen to carry 
out the protonation. Site-directed mutagenesis and kinetics demonstrated 
Asp7 to be essential for activity since the Asn mutant was inactive. The 
D176N mutant showed a 400-fold reduction in kcat but no effect on KM. The 
D129N mutation led to a 15-fold reduction in kcat but also a 3-fold decrease 
in KM, leading to almost 20% retained catalytic efficiency (kcat/KM). Interest-
ingly, the corresponding mutation in TmHisA has a much more detrimental 
effect on activity. In conclusion, our results demonstrate that Asp7 and 
Asp176 constitute the catalytic base and acid respectively, supporting the 
suggested mechanism from the PriA study. (Paper I: Figure 6 and Table 3)  

H-bond network by Asp129 and Ser202 
In the closed structure, ProFAR binds in an extended conformation similar to 
that of PRFAR in the PriA structure. Both side-chain oxygen atoms of 
Asp129 are involved in forming a tight H-bonding network that coordinates 
ProFAR via its ribose hydroxyl groups (Figure 8.A). In the open structure, 
Asp129 is 4 Å further away from the active site than in the closed structure 
and only contributes to the H-bonding network via a water-mediated interac-
tion with one of its side-chain oxygen atoms (Figure 8.B). Hence, Asp129 is 
not required to bind ProFAR in the open state of the enzyme; accordingly, 
the D129N mutant does not have a negative effect on KM. However, Asp129 
is required for binding the product-like state of ProFAR in the closed struc-
ture, suggesting that this residue has a role in transition-state stabilization 
and thereby the D129N mutation causes a negative effect on kcat. 

Another residue contributing to the H-bonding network is Ser202 (Figures 
8.A and 8.B). Interestingly, according to ConSurf analysis (Berezin et al., 
2004), this residue is 100% conserved, but in TmHisA it is replaced by an 
Ala. The absence of this residue could explain why the D127N mutation led 
to a much stronger reduction in kcat in TmHisA than the D129N mutation in 
SeHisA. Ser202 forms the same H-bonding interactions in the open structure 
as in the closed structure, suggesting a role in both substrate binding and 
stabilization of the product-like state. Accordingly, the S102A mutation led 
to approximately 10-fold reduction in kcat and a 2-fold increase in KM, giving 
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4% retained catalytic efficiency of this mutant compared to wild type (Paper 
I: Table 3).  

 
Figure 8. H-bond network in the closed structure (A) and in the open structure (B). 

Catalytic cycle of SeHisA 
In conclusion, our structures and biochemistry data allow us to propose a 
catalytic cycle for SeHisA. The substrate ProFAR docks into an open con-
formation of the enzyme in which the active site loops are either disordered 
or away from the active site. Substrate binding triggers loop closure, result-
ing in many additional interactions that—probably coupled with catalysis—
stabilize the ligand in an extended, product-like state. Here, electrostatic 
forces in the phosphate binding sites “pull” the terminal phosphate groups 
into an extended state that is further supported by a tight hydrogen-bonding 
network involving Asp129 and Ser202. In the closed state, the active site is 
completely shielded from the solvent. After catalysis, the loops open up to 
release the product. If the product is released as enolamine (and subsequent-
ly tautomerized) or keto form is unknown for HisA but the alternative con-
formations of PRFAR in the PriA structure (Due et al., 2011) might indicate 
that the enzyme accommodates both. 
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Figure 9. Catalytic cycle of HisA. 

Real-time evolution of HisA by innovation–
amplification–divergence model 
One mechanism for evolution of new genes is duplication of a preexisting 
gene followed by mutations (divergence) of the redundant gene copy. This 
leads to functional diversification, referred to as neofunctionalization. A 
problem with the classical model of duplication–divergence is that it does 
not explain the lack of selection for the redundant gene copy before the new, 
selectable function is obtained. A modified version of the model that over-
comes this problem is the IAD (innovation–amplification–divergence) mod-
el. In the IAD model, the parental gene already possesses the “new” function 
as a weak secondary activity and that the evolutionary pressure can select 
for. For a thorough description of the IAD model, see reference 
(Bergthorsson, Andersson and Roth, 2007). 

This IAD model was demonstrated experimentally using a ΔtrpF strain of 
Salmonella enterica as a model organism and a bifunctional variant of the 
hisA gene as a starting point for evolution (Näsvall et al., 2012). Through 
continuous selection for both activities, evolution was followed for 3000 
generations in several lineages. The bifunctional parental HisA (dup13-15, 
D10G) mutant had poor activity for both HisA and TrpF functions, as 
demonstrated by growth assays in the absence of the respective amino acid. 



 25 

After 3000 generations, mutant alleles had evolved that conferred wild type 
growth rate for both activities. In most of the lineages this was achieved by 
two alleles that had diverged and specialized with one function each (i.e., 
one hisA specialist and one trpF specialist gene). However, in one lineage, 
the hisA-specialist gene copy was lost and a bifunctional generalist allele 
conferred a wild-type growth level in the absence of both histidine and tryp-
tophan.  

Evolution of TrpF activity in Salmonella enterica HisA 
(Paper II) 
In a follow-up to the IAD evolution study (Näsvall et al., 2012), we have 
characterized the evolved mutants in order to understand the evolutionary 
routes and the mechanistic basis for neofunctionalisation and bifunctionali-
ty. The evolutionary paths can be divided into three parts: innovation of 
TrpF activity, generation of bifunctionality, and evolution/specialization of 
TrpF activity. I will present the results and conclusions from our study in 
that order.  

Several methods were used to understand the molecular solutions to the 
three aspects of evolution. Kinetic constants for both HisA and TrpF activity 
were determined to see the effects of the mutations and how in vitro-activity 
related to growth data. We used quantitative mass spectrometry to determine 
the relative concentrations of the different mutants during the exponential 
growth phase and to see the influence of the mutations on in vivo-expression. 
Structures of the mutants were determined by X-ray crystallography to un-
derstand/rationalize the effect of the mutations at atomic level. In the one 
case for which the crystal structure was insufficient to understand the effect 
of a mutation, we used NMR to compare the dynamics of two mutants. Fi-
nally, we determined melting temperature by circular dichroism (CD) spec-
troscopy to see the effect of some of the mutations on stability.  

Figure 10 shows the evolutionary trajectory of the mutants from the 
IAD study that will be discussed in this chapter. The mutants are classified 
as: HisA specialists (having only HisA activity), TrpF specialists (having 
only TrpF activity), or generalists (having both activities). Table 2 lists all 
the characterized mutants by number and mutations and summarizes the 
results from their characterization. The numbering system for the HisA 
variants presented in Figure 10 and Table 2 will be used throughout the 
text. Most mutants contain a duplicated Val-Val-Arg sequence of residues 
13-15; these duplicated residues are referred to as Val13:2, Val14:2, and 
Arg15:2 in the text. However, in the PDB files, these residues are named 
V15[a], V15[b], and R15[c]. Apo structures with partially disordered loops 
and ionic phosphates or sulfates in the active site have been solved for all 
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mutants in Table 2. Two mutant structures with ordered loops were obtained 
by crystallization of D7N variants in presence of ProFAR.  

In summary, the enzyme kinetics data (generated by our collaborator Ma-
tilda Newton (University of Otago, New Zealand)) showed that the TrpF 
activity of the mutants was in general very poor compared to the HisA ac-
tivity (Table 2; Paper II: Table 1). The specificity constants (kcat/KM) for 
PRA isomerization is 10-100 times lower than for ProFAR isomerization, 
mainly due to very high KM for PRA. In fact, none of the mutants was satu-
rated by PRA at the highest assay concentration (2 mM). Hence, kcat/KM for 
the TrpF reaction could only be estimated from the liner range of the Mich-
aelis-Menten plot and KM

PRA is expected to be above 2 mM for all the mu-
tants. 

 

 
Figure 10. Evolutionary trajectories for the lineages of the characterized mutants of 
the HisA evolution study (Paper II). 
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Table 2. Characterized enzymes from the IAD evolution study. For complete kinetic 
parameters, see Table 1 in Paper II. The TM-determination by CD is based on 1-4 
measurements of each mutant. No standard deviation is given for those mutants 
where the TM is based on only one measurement. 
 
Enzyme Genotype HisA kcat/KM 

(s-1M-1) 
TrpF kcat/KM 
(s-1M-1) 

TM (°C) 
(CD) 

SeHisA Wild type 4.5*105 ND 51.3±0.5 
HisAmut1 Dup13-15 ND 75±2 52.5±0.5 
HisAmut2 Dup13-15, 

D10G 
2.8*104 51±14 51.0±0 

HisAmut3 Dup13-15, 
D10G, 
G102A 

9.2*103 220±30 54.5±0.5 

HisAmut5 Dup13-15, 
D10G, 
G102A, 
G11D, G44E 

6.7*103 130±20 51 

HisAmut6 Dup13-15, 
D10G, 
G102A, Q24L 

5.1*103 260±30 ND 

HisAmut7 Dup13-15, 
D10G, 
G102A, 
Q24L, V106L 

ND 260±70 55.3±1 

HisAmut8 Dup13-15, 
D10G, 
G102A, 
Q24L, 
V14:2M 

ND (1.8±0.1)*103 53 

HisAmut12 D10G 2.6*105 ND 49 
HisAmut13 D10G, 

G102A 
1.6*105 ND 48.0±0 

EcTrpF Wild type ND 1.1*105 ND 

Innovation of TrpF activity in HisA 
In selection for TrpF activity, two different classes of mutants were isolated. 
A faster growing class of mutants had a duplication of nine nucleotides in 
the ORF, corresponding to amino acid residues Val13-Val14-Arg15 of the 
HisA protein. The other, slower-growing class of mutants had a CUG (Leu) 
to CGG (Arg) mutation of the codon corresponding to amino acid 169. Both 
mutants had lost all HisA activity. (Näsvall et al., 2012) 

Duplication of Val13-Val14-Arg15 converts HisA to a TrpF specialist 
The Dup13-15 mutation is located in the flexible active site βα-loop 1 which 
is disordered in most of the apo structures. However, we have a structure of 
HisAmut2 crystallized in presence of ProFAR in which the active site loops 
are ordered. The mutant structure conformation of the active-site βα-loops 1 
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and 5 (referred to as just loop 1 and loop 5 from now on) are different from 
the ones in the closed structure of wild type HisA (Figure 11). Instead of 
loop 5 positioning Trp145 into the active site for ligand binding, Arg15:2 
occupies that space in the active site. Arg15:2 on loop 1 has the equivalent 
spatial positioning as Arg143 in MtPriA (Figure 5) when loop 5 adopts the 
TrpF-active conformation (Due et al., 2011). This suggests that Arg15:2 in 
the SeHisA mutant has an equivalent role in PRA-substrate binding as 
Arg143 in MtPriA.  

The extension of loop 1 sterically hinders loop 5 from adopting the closed 
conformation observed in the wild type structure. We know from the MtPriA 
study (Due et al., 2011) that Trp145 on loop 5 is essential for HisA activity. 
Moreover, no growth was observed for the W145A version of a generalist 
SeHisA mutant on an M9 plate in the absence of histidine. Hence, the 
Dup13-15 mutant has lost HisA activity because the extended loop 1 blocks 
interaction of Trp145 with ProFAR, as observed in the HisAmut2 structure.  

The extended loop 1-conformation observed for HisAmut2 is also seen in 
two other mutant structures. A complex structure of HisAmut6 with PRFAR 
(PDB: 5AB3) in the active site shows the entire loop. In a structure of 
HisAmut7 crystallized in the presence of rCdRP, part of loop 1 is ordered 
(PDB: 5G4E).  

 

 
Figure 11. Closed structures of HisAmut2 (rainbow, PDB: 5AC7) and wild type HisA 
(gray, PDB: 5A5W) having different loop 1 (blue/gray) and loop 5 (yellow/gray) 
conformations. 

Sequence requirements of Dup13-15 for TrpF functionality 
Our mutant structures showed that TrpF activity in SeHisA was gained by 
the Dup13-15 mutation positioning an active-site arginine spatially equiva-
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lent to Arg143 in MtPriA. Since Arg15:2 would occupy position 18 in the 
protein, one hypothesis was that an 18R point mutation–in absence of the 
duplication–could also confer TrpF activity. In a directed evolution study, 
Lundin et al. (unpublished) did indeed detect measurable growth rate for a 
Q18R point mutation (using a ΔtrpF strain and growing in M9 medium), but 
at a much lower level than the HisAmut1 (dup13-15). To understand the rea-
son for the higher growth rate of the Dup13-15 mutant, a project student 
whom I supervised measured the growth rate of mutants with variations in 
the sequence of residue 16-21 (Erdelyi et al., un-published). The mutants 
were constructed using lambda-red recombineering and their relative growth 
rate compared to wild type Salmonella typhimurium was determined.  

In wild type HisA, the sequence 13-VVRLHQ-18 forms the N-terminal 
side of active-site loop 1. In the Dup13-15 mutant, the VVR insert shifts the 
LHQ sequence towards the tip of the extended loop. We had two hypotheses 
regarding the sequence requirement for improved TrpF function of this 
Dup13-15 mutant. One was that Val13:2—that packs tightly against Leu51 
on loop 2 in the HisAmut2 structure—was required to allow the loop to adopt 
the necessary conformation for stable positioning of Arg15:2 in the active 
site. The other hypothesis was that the positive charge of His17 at the tip of 
the loop would facilitate recruitment of the negatively charged TrpF sub-
strate (Figure 12). 

 
Figure 12. Loop 1 in the HisAmut2 structure. Val13:2 packs tightly against Leu51 and 
His17 is at the tip of loop 1. 

The two hypotheses were tested with the mutants in Table 3. Interestingly, 
the mutant HisA (Q18R/L16V/LSS insert) had the same growth rate in ab-
sence of tryptophan as the Dup13-15 mutant whereas the HisA (Q18R/LHQ 
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insert) had no measurable growth in any of the eight replicas. HisA (Q18R) 
and HisA (Q18R/LSS insert) only had detectable growth in the absence of 
tryptophan in a sub-fraction of the replicas. We therefore conclude that their 
TrpF activity was barely sufficient to sustain any growth. 

Table 3. Relative growth rate of HisA mutants in M9 supplemented with either histi-
dine or tryptophan. For each mutant, the growth rates of eight biological replicates 
were measured. The mutants that lacked all HisA activity (as evaluated by plating 
on M9 and incubating at 37° C for 7 days) were not tested for growth rate in the 
absence of histidine. 
 
Mutant Loop 1 sequence -Trp: relative 

growth rate (%) 
-His :relative 
growth rate (%) 

Wild type strain 13-VVRLHQ-18 100 ± 6 100 ± 5 
Dup 13-15 13-VVRVVRLHQ-21 47 ± 2 ND 
Q18R 13-VVRLHR-18 8 ± 21 99 ± 5 
Q18R, L16V, LSS ins 13-VVRVHRLSS-21 46 ± 2 ND 
Q18R, LHQ ins 13-VVRLHRLHQ-21 0 94 ± 2 
Q18R, L16V, LHQ ins 13-VVRVHRLHQ-21 38 ± 1 ND 
Q18R, LSS ins 13-VVRLHRLSS-21 5 ± 7 ND 

The results strongly support hypothesis 1; a Val at position 16 is required for 
significant TrpF activity. Val16 most likely allows the enzyme to adopt the 
loop 1 conformation that we assume is required for TrpF activity. These 
results show that a single carbon atom (from Val to Leu) can cause steric 
occlusion leading to a functional shift of the enzyme.  

The growth-rate measurements also showed that HisA (Q18R) and, inter-
estingly, HisA (Q18R, LHQ insert) both retained close to 100% relative 
growth rate in the absence of histidine. Other mutants had no detectable 
HisA activity. We know from our HisAmut2 structure (Figure 11) that the 
extended loop 1 and the loop 5 compete for the same active-site space. We 
also know that Trp145 on loop 5 is essential for HisA activity. Moreover, we 
have shown that all active site loops participate in completely enclosing the 
substrate during catalysis for wild type HisA. Hence, the HisA activity in-
ferred from the observed growth rate of the HisA (Q18R, LHQ insert) mu-
tant indicates one of two things. Either the extended loop 1 and loop 5 can 
adopt mutually compatible closed and occluding conformations, or solvent 
occlusion is not critical for catalysis. 

The L169R mutation provides an alternative route to TrpF function 
The alternative path to TrpF activity was through a L169R point mutation 
(Figure 10: HisAmut14). The mutation is at β-strand 6 and our structure shows 
that the arginine side chain is pointing up in the active site. This places the 
positively charged guanidinium group in a similar position as Arg15:2 in the 
HisAmut2 structure and as Arg143 in PriA (Figure 13). The convergent posi-
tioning of active-site arginines in the HisA mutants with TrpF activity and 
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the TrpF-active conformation of PriA strongly suggests this to be the main 
requirement for conferring TrpF activity in a HisA scaffold. 

 
Figure 13. Convergent positioning of active-site arginines in HisA homologs with 
TrpF activity. Arg143 (green) and rCdRP (gray) from the MtPriA-rCdRP structure 
(Due et al., 2011) (PDB: 2Y85). Arg169 (salmon) from the HisAmut14 structure 
(PDB: 5G2H) and Arg15:2 (yellow) from the HisAmut2 structure. 

TrpF activity of the L169R mutant 
HisAmut14 (L169R) had a significantly poorer growth rate than HisAmut1 
(dup13-15) in the absence of tryptophan (Table S4 from (Näsvall et al., 
2012)). However, my preliminary kinetics data indicate that HisAmut14 has a 
relatively similar specificity constant as HisAmut1, but with lower kcat and KM 
(data not shown). HisAmut14 appears to have reached saturation at around 1.5 
mM PRA. In contrast, HisAmut1 and all the other kinetically characterized 
mutants (Table 2) could not be saturated by PRA.  

Generating a bifunctional HisA 
In the initial selection for TrpF activity, both types of mutants (Dup13-15 
and L169R) had lost all HisA activity. By selecting for both HisA and TrpF 
activity starting from the hisA (dup13-15), bifunctional mutants appeared 
that had acquired either a G11D or a D10G mutation. Starting from hisA 
(L169R), some bifunctional mutants appeared that had mutations that made 
the anticodon of a tRNAGln gene complementary to the Arg codon. Conse-
quently, some of the HisA (L169R) enzymes had a L169Q substitution in-
stead of L169R, which seemingly restored the original activity. Since selec-
tion for bi-functionality of the L169R mutant did not provide any additional 
mutations in the gene, this mutation appears to be an evolutionary dead end. 
(Näsvall et al., 2012) The generalist mutant hisA (dup13-15, D10G) (HisAm-

ut2) was further evolved in the IAD study, and our characterization efforts 
focused on this bifunctional variant. 
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Increased dynamics of bifunctional HisAmut2 as shown by NMR 
We concluded that the observed loop conformations in the HisAmut2 structure 
show a TrpF active conformation (Figure 11 and 12). The bifunctionality-
conferring D10G mutation is located in the hinge before loop 1 (Figure 14). 
We hypothesized that this mutation would yield bifunctionality by increasing 
the flexibility of loop 1, thereby allowing more conformational sampling 
between loops 1 and 5. To test this hypothesis, Patrik Lundström (Linköping 
University) performed NMR experiments to monitor dynamics on 15N la-
beled HisAmut1 (dup13-15) and HisAmut2 (dup13-15, D10G). The HisAmut1 
had only three residues showing microsecond to millisecond dynamics 
whereas HisAmut2 had 14. Hence, the D10G mutation does indeed lead to 
increased dynamics. This probably imparts bifunctionality by allowing more 
conformational sampling of loop 1 (essential for TrpF activity) and loop 5 
(essential for HisA activity).        

 
Figure 14. D10G mutation in the hinge region before βα-loop 1 in the HisAmut2 
structure.  

Bifunctional HisAmut5 confers wild type growth rate despite poor 
kinetics 
In the IAD study, a single bifunctional generalist allele—hisA (dup13-15, 
D10G, G102A, G11D, G44E)/HisAmut5—was able to confer wild type 
growth rate in absence of both histidine and tryptophan (Näsvall et al., 
2012). This is similar to what is seen with the priA gene in the actinobacteri-
al phylum. However, on the basis of kinetic parameters, HisAmut5 is far from 
the efficient generalist that PriA is. In ProFAR isomerization (HisA activity), 
the specificity constant of MtPriA is almost twice as high as that of HisAmut5. 

In PRA isomerization, the specificity constant of MtPriA is more than 1000-
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times higher than that of HisAmut5. (Table 2 and (Due et al., 2011)) Notably, 
of all the mutants, HisAmut5 has the highest KM (0.1 mM) for ProFAR (Paper 
II: Table 1), whereas all mutants appear to have a similarly high KM for 
PRA. Possibly, a more equal affinity for the substrates allows flux through 
both pathways, thereby allowing HisAmut5 to be an efficient generalist in 
vivo. 

HisAmut5 contains the two mutations G44E and G11D. These mutations 
are interesting because they appear independently in several lineages and 
they improve the growth rate for both activities (Figure 3 and Table S4 in 
(Näsvall et al., 2012)). However, the mutations have a negative impact on 
the kinetic parameters (Table 2). Both mutations involve replacing a glycine 
with a larger amino acid, which could suggest a stabilizing role. In support 
of this, we have quantitative mass spec data showing that expression of the 
HisAmut5 is ~25% higher than that of HisAmut3 (without G44E and G11D) 
(Paper II: Table 1). However, the CD data indicate that the two mutations 
decrease stability—the TM for HisAmut5 is 4° C lower than for HisAmut3 (Ta-
ble 2). Interestingly, G44E is the only mutation that is not at the catalytic 
face of the enzyme. Instead, it is in the first αβ-loop on the “backside” of the 
enzyme. 

Two routes to improved TrpF function 
In the later evolution of TrpF activity, we observed two general strategies by 
which the enzyme specialized on the new substrate. One was to stabilize 
(and possibly tweak) the loop 1 conformation necessary for TrpF activity. 
The other was to close the part of the active site only required for HisA func-
tion (i.e., ProFAR binding). Several of these mutations were epistatic. Fur-
thermore, some of the mutations towards TrpF specialization did not im-
prove TrpF kinetics but only declined HisA activity, showing that selection 
for neofunctionalisation also selects against original function. 

Stabilization of loop 1 conformation improves TrpF function  
In the structure of HisAmut2, Gln24 flips from its native position (as in the 
wild type structure), inducing a backbone turn that alters the loop-1 confor-
mation (Figure 15.A). This flip positions the Gln24 side chain close to 
Val14:2. In HisAmut6, Gln24 is mutated to leucine, making a hydrophobic 
interaction to the valine (Figure 12.B). Later in evolution, in one of the line-
ages descending from HisAmut6, V14:2 is mutated to methionine (Figure 10: 
HisAmut8). We hypothesized that this mutation would further stabilize or 
tweak the loop 1 conformation in a way that improves TrpF activity.  

Both the Q24L and the V14:2M mutations enhance TrpF activity and de-
crease HisA activity (Table 2) but to very different degrees. The Q24L muta-
tion slightly increases TrpF activity and slightly decreases HisA activity. In 
contrast, the V14:2M mutation gives a major improvement in TrpF activity 
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but abolishes HisA activity. Interestingly, HisAmut8 has by far the highest 
TrpF kcat/KM (1800 s-1M-1) of the mutants, almost seven times higher than the 
second best TrpF specialist. 

 
Figure 15. A: Backbone turn at Q24 in loop 1. Wild type HisA structure in blue and 
HisAmut2 structure in green. B: HisAmut6 (PDB: 5AB3); the Q24L mutation stabilizes 
the loop conformation by a hydrophobic interaction between L24 and V14:2 
(V15[b]). C: HisAmut3 (PDB: 5AC8) in green and HisAmut2 (PDB: 5G1T) in gray. 
The G102A mutation moves the sulfate. D: HisAmut3 (PDB: 5AC8) in gray and 
HisAmut7 (PDB: 5G4E) in yellow. The V106L mutation prevents binding of sulfate. 

Closing of second phosphate-binding site prevents binding of ProFAR 
Two mutations, G102A and V106L, are located around the second phos-
phate-binding site of HisA, a site which is not required for TrpF substrate 
binding. The structure of HisAmut3 (with G102A) shows that the Ala102 side 
chain repositions the ionic sulfate ion by 1.2 Å (Figure 15.C). The structure 
of HisAmut7 (with V106L) shows that the mutation causes βα-loop 4 (the 
location of A102) to move towards the phosphate-binding site, thereby pre-
venting the ionic sulfate from binding in this structure (Figure 15.D). Hence, 
it appears that these mutations favor TrpF activity by closing the phosphate-
binding site that is only required for HisA activity.  

Kinetically, TrpF activity does not improve with the V106L mutation but 
this mutant loses all HisA activity. In contrast, the G102A mutation leads to 
a four-fold increase in TrpF activity and only a minor decrease in HisA ac-
tivity. Apparently, A102 plays a role in turnover of PRA. Interestingly, both 
of these mutations increase the melting temperature by several degrees (as 
determined by CD) and V106L increases the relative expression. The TM of 
HisAmut3 (with the G102A mutation) is 4° C higher than for HisAmut2 (with-
out the G102A mutation). However, the same mutation does not increase TM 
in HisAmut13 (i.e., without Dup13-15). Hence, we observe epistasis between 
the G102A mutation and Dup13-15 on loop 1, despite being at distant sites 
from each other in the protein. 
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Conclusions on evolution by IAD 
After our characterization of the HisA mutants, we could conclude that even 
enzymes with slow kinetics can support unlimited growth of the bacteria. In 
terms of specificity constants, most TrpF specialists were several 100-fold 
poorer than EcTrpF. A kcat/KM of 100-200 s-1M-1 is apparently sufficient to 
confer maximal growth rate (Table 2; and Table S4 in (Näsvall et al., 2012)). 
The evolved HisA specialist (HisAmut13) had an almost three-fold lower 
kcat/KM than the wild type SeHisA.  

We also conclude that evolution selected for improved kcat and not KM. In 
fact, of the descendants form HisAmut1, the starting generalist HisAmut2 was 
the enzyme variant that appeared to have the lowest KM for PRA (2.1 mM) 
(Paper II: Table 1). Moreover, if the preliminary kinetics results for the 
L169R mutant can be confirmed, it also suggests kcat (and not KM) to be the 
more important parameter for conferring faster growth. HisA and TrpF cata-
lyze reactions within feedback-regulated pathways (Umbarger, 1978) for 
which substrate concentrations can be adjusted. Hence, improved kcat (rather 
than KM) might provide a greater selective advantage in these cases.  

The structural basis for evolution of TrpF activity was by altering the 
structure of the active-site βα−loops to allow binding of the new substrate. 
The key to TrpF-activity was to position an active-site arginine for binding 
of the negatively charged anthranilate of PRA. The mutations that further 
improved TrpF activity either stabilized the new loop 1 conformation or 
adopted the active site to the smaller TrpF substrate. Bi-functionality was 
attained by increased dynamics, which presumably allows sampling of dif-
ferent loop conformations as seen for PriA (i.e., active-site metamorphosis). 
Hence, our study provides an example of the mutability and functional ver-
satility of the (βα)8-barrel, and demonstrates the potential of this scaffold in 
directed evolution. 
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Structure and substrate specificity of 
Pseudomonas aeruginosa TrpC (Paper III) 

The TrpC enzyme, or indole-3-glycerol phosphate synthase (IGPS), catalyz-
es the subsequent step to TrpF in tryptophan biosynthesis, forming the pyr-
role of IGP by catalyzing a ring-closure reaction of the substrate CdRP (Fig-
ure 16.A). In many bacteria this enzyme is expressed as a fusion protein with 
TrpF. The indole product has a characteristic absorption spectrum with a 
maximum absorbance at 278 nm that can be used to monitor the reaction 
spectrophotometrically. For this reason, TrpC was used as an auxiliary en-
zyme in the TrpF kinetics assay of our HisA mutants.  

In an experiment aiming to investigate the substrate specificity and mech-
anism for TrpF activity of the HisA mutants, my collaborator Matilda New-
ton (University of Otago, New Zealand) observed activity with aniline, a 
decarboxylated version of the substrate anthranilate (Newton, 2015). TrpC 
from Pseudomonas aeruginosa was used as an auxiliary enzyme in the ex-
periment, hence, the result revealed promiscuous activity of this enzyme as 
well (Figure 16.B).  

The native TrpC reaction (Figure 16.A) involves a decarboxylation step 
of the anthranilate CO2 group to form the indole. Therefore, the reaction with 
decarboxylated substrate results in the same product (IGP) as the native reac-
tion. The requirement of the carboxylate was tested in an early study on tryp-
tophan biosynthesis enzymes from E. coli (Smith and Yanofsky, 1962), but 
there, no activity for the decarboxylated TrpC substrate phenylaminodeoxy-
ribulosephosphate (PAdRP) was observed. Seemingly, there was a differ-
ence in specificity between the P.aeruginosa and E.coli TrpC enzymes. 

In crystallization trials of the HisA mutants, we used the TrpF product an-
alogue rCdRP, but due to the poor affinity we could not, despite extensive 
trials, obtain a structure showing clear density for this ligand. rCdRP is a 
substrate analogue for TrpC, so I instead crystallized PaTrpC in complex 
with the ligand, because I was desperate to see if the ligand was intact. The 
resulting structure suggested a reason for the apparent difference in substrate 
specificity between the E. coli and P. aeruginosa homologs. We therefore 
decided to investigate this further. Thus, this project started as a serendipi-
tous spin-off to the HisA project. 
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Figure 16. A: TrpC reaction. The leaving group carboxylate is encircled. B: Reac-
tion pathway for decarboxylated substrate using coupled assay (note PRPP is also 
present for the TrpD reaction, see Figure 18). The TrpD and TrpF reactions are 
shadowed. (Adapted from Figure 5.6 from (Newton, 2015), reprinted with permis-
sion) 

Introduction on TrpC structure and mechanism 
TrpC has been studied extensively as it is of scientific interest both in the 
drug discovery field and for the chemical industry (Zaccardi, Yezdimer and 
Boehr, 2013). Several structures of the enzyme have been solved and the 
catalytic mechanism of indole synthesis has been studied by a variety of 
biochemical and biophysical methods (See, for example, (Hennig et al., 
2002; Schlee et al., 2013; Zaccardi, Yezdimer and Boehr, 2013)). The TrpC 
structure adopts a (βα)8-barrel fold with an additional N-terminal helix ex-
tension that forms a lid over the active site (Hennig et al., 2002).  

The TrpC reaction is predicted to be catalyzed by general acid-base catal-
ysis and follows a series of condensation, decarboxylation, and dehydration, 
involving the intermediates I1 and I2 (Figure 17). The conserved residues 
Lys63, Lys123, Glu172, and Asn194 (PaTrpC numbering) have been 
demonstrated essential for activity (Eberhard and Kirschner, 1989; Darimont 
et al., 1998) and Lys123 and Glu172 were suggested catalytic residues based 
on ligand complexes of TrpC from Sulfolobus solfataricus (Hennig et al., 
2002). 
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Figure 17. Reaction mechanism for TrpC. The first step is a protonation of the ke-
tone, resulting in a carbocation that is attacked electrophilically by the benzyl ring, 
thereby creating the intermediate I1. Decarboxylation of I1 makes the intermediate 
I2. Dehydration by protonation of the newly formed hydroxyl and deprotonation of 
the 1’ carbon finally forms the indole product.  

Solving the structure of Pseudomonas aeruginosa TrpC 
To determine the structure of TrpC in complex with rCdRP, I set up crystal-
lization screens at 8°C with PaTrpC to which I had added rCdRP as lyophi-
lized powder. Rectangular cuboid-shaped crystals appeared over time in 
different conditions in the PEG/Ion screen from Hampton Research. The 
crystal that was used to solve the structure appeared after several weeks in a 
condition at pH 3.4. Data were collected to 2.1 Å and indexed in space group 
P21212 in a large unit cell (165*151*114 Å). Based on Matthew’s coefficient 
analysis, the estimated number of protein molecules per asymmetric unit was 
9, yielding a solvent content of 50%. The closest homolog to PaTrpC in the 
PDB is the structure from Brucella melitensis (3TSM, unpublished) with a 
sequence identity of 52%. This structure was used as the search model for 
molecular replacement. The BmTrpC structure has a dimer in the asymmetric 
unit formed by the N-terminal helices interacting with the other subunit of 
the dimer. It is unclear whether this structural assembly is biologically sig-
nificant or if it is an artifact from the crystallization. Use of the complete 
structure as search model for Phaser generated poor solutions. Instead, I 
constructed a monomeric poly-ala version with a 40-residue truncation in the 
N-terminus to use as search model. This generated a solution with an LLG of 
3675 and 8 molecules in the asymmetric unit. (McCoy et al., 2007) The 
structure was built using AutoBuild (Terwilliger et al., 2007) and manual 
building in Coot (Emsley et al., 2010) and refined by phenix.refine (Afonine 
et al., 2012) to a final Rwork/ Rfree of 17.5/21.7 %.  
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Kinetics of promiscuous activity 
To measure activity of TrpC using decarboxylated substrate, we employed 
the same coupled assay that was used to determine TrpF kinetics of the HisA 
mutants (Figure 18.A) but with aniline instead of anthranilate as substrate. 
The assay includes the TrpD enzyme (anthranilate phosphoribosyltransfer-
ase) for synthesis of the labile TrpF substrate and the most TrpF-active HisA 
mutant (HisAmut8) for synthesis of the decarboxylated TrpC substrate PAdRP 
(Figure 16.B). Matilda Newton had verified that the EcTrpF enzyme is not 
active on the decarboxylated substrate (Figure 5.9 in (Newton, 2015)).  

The native (anthranilate) and decarboxylated (aniline) substrates have dif-
ferent absorption spectra. Anthranilate has its maximum absorbance above 
300 nm. Aniline has an absorbance maximum at 279 nm, closely overlap-
ping with the measured maximum absorbance (278 nm) of the product IGP.  

 
Figure 18. A: Reaction path for coupled assay with native substrate anthranilate. B: 
The absorbance spectra for the different substrates and products (adapted from Fig-
ure 4.8 from (Newton, 2015), reprinted with permission). Anthranilate, PRA, and 
CdRP have absorbance maxima between 300-340 nm. The product IGP has absorb-
ance maximum at 278 nm (similar as the alternative substrate aniline). PRA and 
CdRP give a slight right-shift in the absorbance peak compared to anthranilate and 
the corresponding aniline-products are expected to do the same. 

The turnover of decarboxylated substrate and formation of IGP is very slow 
and we therefore determined activity by measuring spectra of overnight in-
cubations. It was not possible to simply increase reaction rates by increasing 
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enzyme and substrate concentrations. Because both the proteins and the sub-
strate aniline absorb at the measured wavelength of 278 nm, increased con-
centrations led to too high background absorbance for accurate detection. 

Results and conclusions on substrate specificity of TrpC  
The results of the activity measurements reveal that both PaTrpC and Ec-
TrpC have a weak promiscuous activity to turnover decarboxylated sub-
strate. However, PaTrpC has significantly higher promiscuous activity than 
EcTrpC. Structure comparison of the two homologs allowed us to come up 
with mechanistic hypotheses that could rationalize the difference in activity 
of the enzymes. Based on this analysis, we tested the impact on activity of a 
point mutation in PaTrpC. This verified that the mutated residue contributed, 
at least in part, to the difference in activity (Paper III).  

In conclusion, we demonstrated with this study that the decarboxylation 
of the TrpC catalytic mechanism is not an essential step of the mechanism as 
was previously believed. 
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Characterization of bacteriophage SAM 
hydrolases 

Viruses represent the richest source of biodiversity on earth, much of which 
is not explored (Labrie, Samson and Moineau, 2010; Suttle, 2013). They 
play a major role in genetic exchange and evolution of microorganisms by 
horizontal gene transfer. Bacteriophages, viruses infecting bacteria, are par-
ticularly widespread and diverse. They are the most abundant carriers of 
genetic material in the biosphere (Clokie et al., 2011). In this part of my 
thesis work, I present a new family of bacteriophage enzymes. This project 
was undertaken to explore the largely unknown source of novel genetic ma-
terial that bacteriophages (also called phages for short) represent.  

Screening for new enzymes with a phage-DNA library 
(Paper IV) 
In a study aiming to discover new enzymes, our collaborator Jon Jerlström 
Hultqvist (Uppsala University) used phage–DNA libraries to screen for res-
cue of auxotrophic bacteria (i.e., unable to synthesize an organic compound 
required for growth). The phage DNA was extracted from environmental 
water samples that he collected around Uppsala, e.g., from a local duck 
pond, Svandammen, and from the river Fyrisån. He constructed the libraries 
by cloning phage DNA fragments into a vector with a pLac promoter for 
IPTG inducible expression. He then transformed the libraries into different, 
single-gene knockout E.coli strains that were auxotrophic and plated on M9 
medium under IPTG induction. Any growth of bacteria would indicate res-
cue of the auxotroph by the expressed phage DNA.  

Three different clones that rescued an ΔilvA strain (i.e., an isoleucine aux-
otroph) were picked up from this screen. The ilvA gene encodes the enzyme 
threonine ammonia-lyase that catalyzes the conversion of L-threonine into 
α-ketobutyrate (Figure 19.A). α-ketobutyrate is then further metabolized 
into isoleucine.  

Two of the clones that rescued the ΔilvA strain, named Svi3-3 and Svi3-7 
came from the Svandammen library. The third clone, named Fi5-7, came 
from the Fyrisån library. The phage–DNA insert in the Fi5-7 clone had two 
open reading frames downstream of the promoter. Additional tests revealed 



 42 

that it was expression of the first ORF that rescued the auxotroph. Hence, 
this protein was named ORF1.  

Next, Jon tried to find out the function of the phage proteins from bioin-
formatics. There was no indication of homology to the IlvA protein nor to 
any other protein of known function. However, HHpred analysis could as-
sign all three proteins to PF12098, a gene family of uncharacterized proteins 
of around 150 amino acids found in viruses and bacteria.  

Key information came from transcriptomics and proteomics about the 
mechanistic basis for auxotroph rescue by the phage proteins. The tran-
scriptomics and proteomics showed a strong upregulation in transcription 
and translation of the Met biosynthesis genes. Significantly, one of the en-
zymes of the Met biosynthesis pathway, MetB or cystathionine gamma-
synthase, can hydrolyze one of its substrates, O-succinylhomoserine, into 
succinate and α-ketobutyrate (Figure 19.B) (Holbrook et al., 1990). Further 
tests confirmed that it was the promiscuous activity of MetB that conferred 
the rescue of the ΔilvA strain by supplying α-ketobutyrate for isoleucine 
synthesis. 

Why did the phage proteins induce the met genes? Expression of the met 
regulon is controlled by the transcriptional repressor protein MetJ in com-
plex with its co-repressor S-adenosylmethionine (SAM) (Figure 19.C). 
Therefore, it was hypothesized that the phage proteins affected the SAM 
levels in the cells. A clue came from a previous study in which a SAM hy-
drolase enzyme from the phage T3 had been used for induction of the met 
regulon in E.coli (LaMonte and Hughes, 2006). To test for reduced SAM 
levels in the phage-protein expressing strains, a plasmid restriction digestion 
assay was conducted using methylation sensitive and insensitive enzymes. 
The assay confirmed that when the phage proteins were induced, this im-
paired the SAM-dependent dcm and dam methylation. I also used different 
commercially available kits to directly measure the SAM concentrations of 
cell extracts in presence and absence of the SAM hydrolases. Unfortunately, 
I could not obtain reliable data on the intracellular SAM concentration, 
probably due to the instability of SAM. Furthermore, SAM hydrolase activi-
ty of recombinantly expressed and purified Svi3-3 protein was confirmed in 
vitro using a commercial colorimetric assay for detection of SAM-
methyltransferase and SAM-hydrolase activity. T3 SAM hydrolase could 
also rescue the ΔilvA strain, albeit at a lower induction level than did the 
other SAM hydrolases. On the basis of these data, we concluded that the 
phage DNA inserts Svi3-3, Svi3-7, and ORF1 encoded SAM hydrolase en-
zymes. 
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Figure 19. A: Reaction catalyzed by IlvA. B: Promiscuous activity of the MetB 
enzyme, producing the IlvA product α-ketobutyrate. C: Met/SAM biosynthesis 
pathway. The genes of the met regulon are transcriptionally regulated by the re-
pressor protein MetJ and the co-repressor SAM (figure by Silvia Triguis, printed 
with permission).  

T3 SAM hydrolase – activity and antirestriction 
function 
SAM is a ubiquitous and essential cofactor, serving mainly as a methyl do-
nor for a myriad of methyltranferase-catalyzed reactions. In 1967, Rudolf 
Hausmann discovered T3 SAM hydrolase (T3SH), which is the only previ-
ously described enzyme that can hydrolyze SAM into products methyl-5’-
thioadenosine (MTA) and homoserine (Figure 20). The activity was demon-
strated using radioactively labeled substrate and TLC separation of substrate 
and product (Hausmann, 1967).  

Spoerel and Herrlich could purify T3SH to homogeneity from T3-infected 
E.coli B cells (Spoerel and Herrlich, 1979). They found that the enzyme 
occurs in two forms, A and B, where form A constitutes only the viral pep-
tide of approximately 17 kDa and form B consists of a complex of the viral 
peptide (17 kDa) plus an unknown host factor of 49 kDa. On the basis of the 
estimated molecular mass of the complex (~170 kDa), the assumed composi-
tion of the complex was two host factor proteins and four viral peptides. The 
complex was very stable; it tolerated harsh purification procedures with high 
concentrations of NH4Cl, urea, and detergents such as Triton X-100. Only on 

α
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the SDS-PAGE gel (in presence of 0.1% sodium dodecylsulfate) did the 
complex dissociate. 

 
Figure 20. SAM hydrolase reaction. 

T3 SAM hydrolase is encoded by the early 0.3 gene and it is the first protein 
expressed upon phage infection. T3 SAM hydrolase also provides antire-
striction activity, similarly to the product of the 0.3 gene of the closely relat-
ed phage T7 (Studier and Movva, 1976).  

Type I restriction modification system 
The restriction modification (RM) system is a bacterial defense system 
against invading DNA, such as phage DNA. There are four categories of RM 
system (type I-IV) that differ slightly in their composition and mechanism. 
The restriction enzymes (or restriction endonucleases) are responsible for 
cleaving the foreign, usually un-methylated, DNA. The modification en-
zymes are responsible for modifying, usually methylating, the bacteria’s own 
DNA for protection against the endonucleases. (Wilson and Murray, 1991) 

T3 is an enterobacteria phage belonging to the podoviridae T7-like phage 
genus. The bacterial host, E.coli, has type I restriction-modification systems 
(e.g., EcoKI, EcoBI). Significant for the type I RM system is that it functions 
as a multi-subunit complex in which the same enzyme catalyzes both re-
striction and modification activities. The hetero-oligomeric enzyme complex 
contains the products of the three genes hsdR, hsdS, and hsdM that form the 
subunits responsible for restriction, specificity (target-sequence recognition), 
and methylation, respectively. The hsdS and hsdM genes are transcribed 
from the same promoter and those two subunits are sufficient for methyl 
transferase (modification) activity. For endonuclease activity, the HsdR sub-
unit, transcribed from its own promoter, is also required. As is customary for 
methylation reactions, SAM is a required cofactor for the methyl transferase 
(MTase) activity and it binds to the methylation active site in the HsdM sub-
unit. However, since restriction demands a functional protein complex, SAM 
is also needed as an allosteric cofactor for endonuclease activity. (Murray, 
2000) 
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Antirestriction activity of phages 
The predator–prey relationship of phages and bacteria has led to co-
evolutionary responses of the phages against the defense systems of their 
hosts. Roughly 90% of all sequenced bacteria have a restriction modification 
system to combat invading DNA. In response, phages have evolved a variety 
of strategies to overcome restriction, so-called antirestriction systems. Some 
phages encode their own MTases or stimulate the host MTase to protect their 
DNA. Others protect the restriction sites by masking or incorporating unusu-
al bases. In contrast, the T3 and T7 phages directly target the restriction sys-
tem. The T7 0.3 gene encodes the Ocr (overcoming classical restriction) 
protein that functions as a protein inhibitor of the EcoKI endonuclease. It 
does so by mimicking 24 bp of the bent B-form DNA. (Stern and Sorek, 
2011) 

The suggested mechanism by which T3 SAM hydrolase confers antire-
striction activity is by hydrolyzing the cofactor SAM, required for restriction 
by the Type I RM system (Studier and Movva, 1976). However, the SAM 
hydrolase activity and antirestriction function of several T3sh mutants (with 
unknown genotype) were tested in early studies and one mutant was found 
that abolished SAM hydrolase activity but still conferred antirestriction ac-
tivity (Hausmann, 1967; Studier and Movva, 1976). Moreover, the concen-
tration of T3 SAM hydrolase in infected cells is very high and estimated to 
even exceed the SAM concentration in the cell (Spoerel, Herrlich and 
Bickle, 1979). Therefore, it has been suggested that T3 SAM hydrolase 
might have additional functions and possibly an alternative mechanism to 
confer antirestriction activity (Studier and Movva, 1976; Spoerel, Herrlich 
and Bickle, 1979). 

Homology of SAM hydrolases 
The three new SAM hydrolases (Svi3-3, Svi3-7, and ORF1) of unknown 
origin were found in the search for new enzymes using phage DNA libraries. 
These enzymes share a very low degree of sequence similarity to each other 
and to the SAM hydrolase from phage T3. There are also no BLAST hits of 
homolog proteins for any of the new enzyme sequences. A PSI-blast search 
using the T3 SAM hydrolase sequence reveals a number of homologs in 
closely related phages within the T7-like cluster (Grose and Casjens, 2014). 
With more sensitive search programs, a common family assignment of the 
four SAM hydrolases could be made. Despite exceptionally low degree of 
sequence similarity between the SAM hydrolases, our structure-guided se-
quence alignment supports that they may have a conserved core structure 
(Paper V). With that assumption, we discovered a family of enzymes with an 
exceptional degree of sequence variability, making identification of homolo-
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gous proteins challenging. This would indicate a low selective pressure on 
sequence conservation in evolution and a potentially widespread family of 
enzymes. 

Expression and toxicity of SAM hydrolases 
To be able to study the structure and function of SAM hydrolase enzymes, 
we wanted to express them recombinantly in bacterial cells. Our initial ef-
forts were on the Svi3-3 enzyme. At that time, we still did not know the 
function of the protein. We could clone an N-terminally his-tagged construct 
into an expression vector with a T7 promoter. However, plating of trans-
formed competent BL21(DE3) cells did not yield any colonies. A single 
colony was obtained by transformation into BL21(DE3)-pGro7 cells that 
contained plasmid-encoded chaperone groEL/ES genes. This colony could 
be inoculated in liquid culture and allowed for expression of the protein. The 
resulting protein batch was used to find out the function of the enzyme by 
demonstrating its in vitro SAM hydrolase activity. The function of the pro-
tein explained the toxicity problems we had observed, since SAM is an es-
sential cofactor for the bacteria.  

Later, a robust protocol for expression of protein was developed by using 
BL21-AI cells and growing in glucose-supplemented media. Evidently, a 
more tightly regulated promoter and catabolite repression were required to 
allow cell growth in the presence of the toxic gene. We have later success-
fully used the same protocol for expression of ORF1 enzyme. Hence, both 
Svi3-3 and ORF1 could be expressed and purified in large quantities, allow-
ing for structural, biochemical, and biophysical characterization of these 
enzymes.  

 

Synthesis of T3 SAM hydrolase 
T3 SAM hydrolase turned out more challenging. From the in vivo assay, we 
knew that cells were not viable under IPTG induction of T3sh, but the un-
induced gene conferred ΔilvA rescue, indicating this to be a more active en-
zyme. The level of toxicity of these enzymes should supposedly depend on 
their level of activity. The T3sh gene was obtained by gene synthesis (Invi-
trogen) on the low-copy plasmid pRD2. We made several unsuccessful at-
tempts to clone the gene into the high-copy expression vector pEXP5. Even 
in cloning cells without T7 RNA polymerase, the only positive clones con-
tained frame-shift mutations, strongly demonstrating selection against the 
gene. After several attempts, the gene was successfully cloned into the tight-
ly regulated pBAD vector. However, the cloning cells used for transfor-
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mation of the vector grew very slowly, with colonies appearing only after 
several days. 

Expression and purification trials yielded very little protein and of low 
purity. After several optimization attempts of the purification protocol, the 
protein purity was still less than 5% (as estimated from SDS-PAGE gel). It 
was challenging to achieve separation in the different purification steps, both 
IEC and SEC eluted active enzyme in almost all fractions. Hence, the en-
zyme preparation was active, but because of the lack of purity, it could not 
be used for further characterization. (Spoerel and Herrlich, 1979) purified 
T3SH to homogeneity by affinity-chromatography using the substrate ana-
logue SAH immobilized to the resin. We had intended to attempt this strate-
gy, but we then found another solution to the problem: in vitro production. 

By turning to in vitro transcription and translation, we could obtain an 
improved yield of purified T3SH. We tested this in small scale using a 
commercial kit. The protein was made from linear DNA template obtained 
by PCR amplification of the T3SH gene with primers including the T7 pro-
moter and terminator sequences. The small-scale reaction did not allow for 
any rigorous purification procedure so the only purification was by filtration 
to remove the ribosomes. However, this simple procedure was sufficient to 
obtain partially purified enzyme. The enzyme was quantified on the basis of 
Coomassie-stained SDS-PAGE gel using protein standards of known con-
centrations and subsequently used for activity measurements. 

Structure of Svi3-3 (Paper V) 
My colleagues have determined structures of the Svi3-3 enzyme by X-ray 
crystallography. Co-crystallization of TEV-cleaved, truncated enzyme with 
either SAM or the SAM-analogue SAH yielded crystals diffracting to 1.5 Å. 
The structure could be solved ab initio using Arcimboldo. The structure 
forms a trimer, imposed by the crystallographic symmetry, of ferredoxin-like 
αβ-sandwiches with the active sites at the subunit-interfaces. The structure 
obtained from co-crystallization with SAM contains the product MTA and a 
proline from the cryo-protection buffer in the active site. The structure ob-
tained from co-crystallization with SAH contains only SAH in the active 
site. The structures are almost identical and the corresponding parts of the 
ligands MTA and SAH overlap perfectly. A lower resolution apo structure 
was later solved. It is also highly similar to the complex structures but with 
the main difference being that one active-site loop is disordered 

The structure of Svi3-3 (Paper V: Figure 2) is the first structure of a SAM 
hydrolase enzyme and it is also the only structure of an enzyme catalyzing 
trialkylsulfonium hydrolase activity. Hence, the reaction mechanism of the 
enzyme is not known and this is on-going work. 
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From size-exclusion chromatography and SAXS, we have confirmed that 
also ORF1 forms a trimer of similar shape as Svi3-3, supporting homology 
of the two enzymes. 

Activity measurements of SAM hydrolases 
Reviewers of Paper IV requested kinetics data proving that the Svi3-3 en-
zyme is a bona fide SAM hydrolase. In order to study the kinetics, we need-
ed to construct an assay that allowed for accurate quantification of activity. 
The commercially available assay that we initially used for confirmation of 
in vitro activity was not suitable because several down-stream enzymes lim-
ited the measured reaction rate. We attempted to develop alternative contin-
uous assays in which the SAM hydrolase reaction was coupled to down-
stream enzymatic reactions that were detectable by change in absorbance. 
Unfortunately, none of them allowed for an accurate rate determination.  

Early studies on T3 SAM hydrolase had used a discontinuous assay with 
radioactive labeled SAM and TLC separation (Hausmann, 1967; Hughes, 
Brown and Ferro, 1987). We decided to also use a discontinuous assay but 
with chromatography for separation and detection by absorbance. Due to 
their adenosyl group, both substrate SAM and product MTA absorb at 260 
nm with a molar extinction coefficient of 15400; this allows them to be de-
tected, but not distinguished, spectrophotometrically. Separation could be 
accomplished by ion-exchange chromatography because SAM carries a posi-
tive charge on the sulfur atom (Figure 20). The reaction was carried out at a 
low concentration of the enzyme and fixed temperature in a pH 7 buffer. 
Aliquots were taken at fixed time-points and quenched in ice-cold citrate 
buffer pH 2.9. Each aliquot was then loaded onto a 1-ml HiTrap SP FF col-
umn. SAM and MTA were eluted by a step gradient and quantified by relat-
ing the peak height to a standard curve (Figure 21.A). For initial velocity 
determination, the MTA concentration was plotted against time and V0 is 
calculated from the linear range of the slope (Figure 21.B). 
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Figure 21. SAM hydrolase assay. A: Overlaid chromatograms from a single experi-
ment. MTA peak increases and SAM peak decreases with time. B: [MTA] plotted 
vs. time for different experiments at different substrate concentrations. V0 is calcu-
lated from the linear part of the slope.  

Svi3-3 kinetics 

I have assayed Svi3-3 at varying substrate concentrations and temperatures. 
An enzyme dilution in 40% (v/v) glycerol and stored at -20° C could be used 
for kinetics measurements over several months without losing activity. I 
measured activity of two enzyme batches with slightly different purity lev-
els, as estimated by SDS-PAGE (Figure 22.A and 22.B). However, only a 
limited number of experiments from the first enzyme batch are included in 
the publication (Paper IV) due to limitation of time for the revision of the 
manuscript. 

Most of the measurements were conducted at 25°C and varying substrate 
concentrations. There was a large variation in the determined V0 between 
measurements, which is why I do not present kinetic constants. A disad-
vantage with a discontinuous assay is that it makes appropriate initial rate 
determination difficult. A correctly determined V0 should ideally represent 
the slope of the tangent at t=0, where no reverse reaction or product inhibi-
tion is present. This is rarely the same as the slope of a linear trend line fitted 
to a few data points over a finite period of time. For Svi3-3, we know that 
product inhibition may be an issue because we observed similar binding 
curves for the product MTA as for substrate SAM (Paper V). 

In the published sets of experiments, the V0 estimation at low substrate 
concentrations was likely underestimated due to too few time points in the 
beginning of the experiment, but we could determine the turnover at saturat-
ing conditions. Later, further optimization of the time sampling allowed for a 
more accurate V0 determination also at low substrate concentrations. The 
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Michaelis-Menten plot from the experiments of the first enzyme batch is 
shown in Figure 22.C and the Michaelis-Menten plot from the experiments 
of the second enzyme batch is shown in Figure 22.D. It appears that Svi3-3 
follows Michaelis-Menten kinetics and that saturation is reached at around 
1,300 μM SAM with a maximum turnover of approximately 5 s-1.  

I also conducted experiments at fixed substrate concentration but different 
temperatures. As would be expected for a chemical reaction, the rate in-
creases with temperature and the maximum turnover of 8.7 s-1 was measured 
at 35°C. Measurements at different pH values indicated that the enzyme has 
a broad pH-activity profile. A similar degree of activity is observed at pH 7, 
8, and 9 and the enzyme shows activity even down to pH 4.3. 

   
Figure 22. A-B: SDS-PAGE gels of the first (A) and second (B) batch of purified 
Svi3-3 used for activity determinations (LMW: Low molecular weight marker from 
BioRad). C: Michelis-Menten plot from Svi3-3 kinetics measurements on the first 
enzyme batch. D: Michelis-Menten plot from Svi3-3 kinetics measurements on the 
second enzyme batch. 
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T3 SAM hydrolase kinetics 
The in vitro synthesized T3 SAM hydrolase was used for activity determina-
tions. Unlike the Svi3-3 enzyme, T3SH turned out to be very unstable and 
the enzyme preparation quickly lost activity upon storage or freezing. The 
highest turnover observed was 20 s-1 at 200 μM SAM, which is approximate-
ly 10-fold higher than the turnover for Svi3-3 at the corresponding condi-
tions.  

ORF1 kinetics  
ORF1 was also first produced small-scale by in vitro synthesis and later ex-
pressed and purified from E.coli BL21-AI cells. For the in vitro-synthesized 
enzyme, I measured a turnover of 0.22 s-1 at 1000 μM SAM, which is ap-
proximately 20 times lower than for Svi3-3. The enzyme expressed in E. coli 
had a His6 tag and a cleavage site for TEV. The ORF1 enzyme is very small 
(~10 kDa) so the tag makes up roughly 20% of the whole protein. I meas-
ured turnover of the enzyme both before and after TEV cleavage and the his-
tagged enzyme had only 30% activity compared to the TEV-cleaved ORF1. 
TEV cleavage required a long incubation time (20 h) at 25° C but the en-
zyme still yielded a turnover in good agreement with the in vitro synthesized 
enzyme (0.14 s-1 at 1000 μM SAM), indicating that ORF1 is a stable en-
zyme.  
 

Catalytic mechanism of SAM hydrolases  
The reaction mechanism of SAM hydrolases is not known. The hydrolysis 
reaction would require attack of a water on the gamma carbon at some stage 
in the mechanism. The reaction might be initiated by catalytic base activa-
tion of a water, or by a nucleophilic attack on the gamma carbon by a cata-
lytic residue that forms a covalent intermediate with the substrate. Both of 
these mechanisms would require a catalytic residue (i.e., Lewis base) in 
proximity to the site of hydrolysis.  

Our collaborators, Geir Isaksen and Johan Åqvist (Uppsala University), 
are currently investigating the catalytic mechanism by QM DFT calculations 
on the Svi3-3 structure. In discussion with them, we agreed on two potential 
candidates for catalytic residues––Glu69 and Tyr58–– that are in close dis-
tance to the gamma carbon (Figure 24.A). Since Tyr, which is a poor acid, 
would have to be deprotonated to act as catalytic base or nucleophile, we 
hypothesized that it would require Glu105 for activation (Figure 24.A). To 
test the influence of these residues on activity, we constructed Glu to Gln 
and Tyr to Phe mutants, respectively, and measured the kinetics of these 
(Figure 24.B). 
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Figure 23. A: Potential catalytic residues targeted for mutagenesis in Svi3-3. Gam-
ma carbon in SAH encircled. B: % activity of mutants relative to wild type enzyme.    

The E69Q mutant lost all activity, suggesting that Glu69 constitutes an es-
sential catalytic residue. The Y58F and E105Q mutations also lead to re-
duced reaction rates, but the effect was much less dramatic. The Y58F mu-
tant retains almost 20% activity and the E105Q mutant >30% compared to 
wild type. Interestingly, it was observed during purification that the Y58F 
mutation destabilizes the trimer, but Tyr58 does not appear to participate in 
oligomerization.  

Since Glu69 of Svi3-3 was demonstrated essential for activity. Glu to Gln 
mutations in T3SH and ORF1 were also constructed and tested for their abil-
ity to rescue the ΔilvA strain in vivo. An E50Q mutant in ORF1 and an E68Q 
mutant in T3SH both lost the ability to rescue. We then compared SAM hy-
drolase activity of in vitro synthesized wild type and E68Q T3SH. Surpris-
ingly, the E68Q mutant retained approximately 30% of wild type T3SH ac-
tivity, indicating that this residue does not have the equivalent role of E69Q 
for Svi3-3. 

Ligand binding by thermal shift assay 
A thermal shift assay (TSA) was used to determine the melting temperature 
of Svi3-3 in the presence and absence of ligands. Interestingly, binding of 
the ligand increased the melting temperature dramatically, from ~50° to ~80° 
C; this allowed us to obtain binding curves by measuring TM at varying lig-
and concentrations. For the wild type enzyme, the same degree of stabiliza-
tion is observed for binding of SAM, MTA, and SAH and the binding curves 
are close to identical. Notably, since the enzyme will hydrolyze SAM, the 
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observed effect in the experiment using SAM is probably from binding 
MTA. The second product of the reaction, homoserine, does not affect the 
stability of the enzyme. (Paper V: Figure 4) 

Interestingly, the Svi3-3 E69Q mutant binds SAM equally well as the 
wild type enzyme, further supporting the role of Glu69 in catalysis. Howev-
er, the E69Q mutant displays no binding to SAH. We think this suggests 
differences in binding of SAM and SAH and that the binding conformation 
of SAH observed in the crystal structure might not fully represent how SAM 
binds to the enzyme.  

A thermal shift assay on ORF1 shows that the melting temperature of the 
apo protein is higher compared to Svi3-3 (59.6°C). However, we do not ob-
serve the same extent of stabilization by ligand as for Svi3-3. Even high 
concentrations of SAM only increases the TM by 1° C. 

Crystal structure of Svi3-3 E69Q suggests differences in 
the binding of SAM and SAH 
We have tried extensively to get a substrate-bound structure of Svi3-3 using 
the catalytically inactive E69Q mutant. So far have our attempts been unsuc-
cessful. The wild type enzyme crystallizes readily and reproducibly with 
SAH or MTA. The reason for the inability of the mutant to form crystals 
with SAM be either that the mutation prevents crystallization or that SAM 
prevents crystallization. To test this, I set up crystallization of the E69Q mu-
tant with MTA. This yielded well-diffracting crystals in the same space 
group and crystal form as the wild type enzyme. Hence, the inability of the 
enzyme to form crystals in complex with SAM suggests that substrate bind-
ing leads to conformational changes in the protein that affect crystal packing. 
This further supports the assumption from the TSA analysis that––despite 
differing only by a methyl group––SAM and SAH bind differently to the 
enzyme. The crystal structure of the E69Q mutant in complex with MTA is 
highly similar to the wild type structure, but it does not have proline in the 
active site. Moreover, the backbone α-carbon of Gln69 is shifted by 1.3 Å 
and the side chain adopts a different rotamer than Glu69 in the wild type 
structure (Figure 25.A).  

In the wild type structure with SAH, both side-chain oxygens of Glu69 
form H-bond interactions with the ligand. Superimposition of the E69Q mu-
tant structure with the wild type-SAH structure shows that the Gln69 side 
chain would be at a similar distance to the ligand functional groups if it 
would bind SAH (Figure 25.B). The inability of the E69Q mutant to bind 
SAH––as demonstrated by TSA––suggests that Glu69 needs to function as a 
hydrogen-bond acceptor in both of these interactions and that the amine on 
the Gln69 side chain sterically prevents binding of SAH. 
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Figure 24. A: Wild type (green) and E69Q mutant (orange) Svi3-3 in complex with 
MTA and (for wild type) proline. B: Svi3-3 E69Q–MTA structure in orange and 
wild type Svi3-3–SAH structure in cyan.  

Conclusions and future plans 
The screening for new enzymes uncovered three SAM hydrolases. The en-
zymes share an exceptionally low degree of sequence conservation, but our 
structure-guided sequence alignment supports that they have a conserved 
core structure (Paper V: Figure 5). Interestingly, ORF1 is much smaller than 
the other SAM hydrolases, but our SAXS data confirms that it forms a trimer 
of similar shape as Svi3-3. ORF1 is highly expressible, stable and well be-
having. On the basis of its small size, it can be assumed to only form the 
core structure of the αβ-sandwich fold observed for Svi3-3 and lack the flex-
ible loop and termini regions. This should make it a perfect candidate for 
either crystallization or structure determination by NMR.  

The previously identified SAM hydrolase from phage T3 behaves a bit 
differently in our preliminary characterization. It appears “sticky” and has 
been demonstrated previously to bind to a host protein. Further, it is a multi-
fold more active than the other SAM hydrolases, but it loses activity quickly 
compared to them. Further studies are on-going to find out if these enzymes 
are structurally different and to elucidate their evolutionary relationships. 

To further characterize the T3SH enzyme, we need to develop a function-
ing expression and purification protocol. One possibility is to scale up in 
vitro transcription and translation using a commercial or in-house system. 
Expression of the protein with a tag for secretion or transport to the 
periplasm will also be attempted. The use of denaturing conditions and re-
folding could improve purification. Hopefully, one of these strategies will 
yield protein for functional and structural studies. To elucidate if the enzyme 
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has any additional role in antirestriction, we would like to test interaction of 
the protein with the EcoKI system. 

Glu69 in Svi3-3 was shown to be essential for activity but the E68Q mu-
tant of T3SH, despite losing ability to rescue the ΔilvA strain in vivo, only 
caused a mild reduction in turnover by T3SH. Therefore, we aim to test the 
essentiality of other neighboring glutamates in T3SH. Glu to Gln mutations 
will be constructed and tested, at first stage, by ΔilvA rescue in vivo. 

The enzymes from the screening study have poorer SAM hydrolase activ-
ity than the previously identified T3SH. Since the screening was conducted 
at a high induction level and the T3SH was lethal to the cells at those condi-
tions (but able to rescue ΔilvA without induction), the experimental set-up 
evidently selected for poor SAM hydrolases. Therefore, the screening is now 
being repeated without induction, hopefully allowing discovery of new SAM 
hydrolases with higher activity. 
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Populärvetenskaplig sammanfattning 

Evolutionen beskrivs ofta som utvecklingen av liv från en primitiv encellig 
organism till den enorma mångfald av komplexa organismer som befolkar 
jorden idag. Om man tittar in i en cell så ser man dock att den också är en 
komplext fungerande enhet. Cellen kan liknas vid en molekylär fabrik där 
alla olika interna processer måste fungera för att hålla produktionen igång 
(d.v.s. organismen vid liv). Dessa processer sköts till största del av proteiner. 
Den mångfald av organismer som evolutionen gett upphov till grundar sig i 
en ännu större mångfald av proteiner som styr och reglerar de molekylära 
processer som bygger organismen.  

Evolution på molekylär nivå är ett resultat av slumpvisa mutationer (för-
ändringar i arvsmassan) och det naturliga urvalet, d.v.s. det faktum att vissa 
förändringar leder till en mer reproduktiv organism. Mutationer i arvsmassan 
leder till förändringar i proteinernas struktur. Om förändringen i sin tur leder 
till en förbättrad funktion resulterar det i en ökad chans för organismen att 
överleva och fortplanta sig. 

Enzymer är de proteiner som katalyserar (d.v.s. pådriver) kemiska reakt-
ioner. De ansvarar för väldigt många funktioner i cellen, t.ex. nedbrytning av 
näringsämnen för att tillgodogöra sig energi och syntes av olika molekyler 
som behövs för cellens funktioner. Det finns en enorm variation av enzymer 
som katalyserar olika reaktioner i olika organismer och som, likt organ-
ismerna själva, har utvecklats från mer primitiva, forntida enzymer.  

Enzymer har historiskt sett ansetts vara väldigt specifika för den typ av 
kemisk reaktion som de katalyserar. På senare år har dock kunskapen om 
enzymers förmåga att katalysera andra kemiska reaktioner än den primära 
blivit mycket mer omfattande. Denna förmåga/egenskap kallas enzympro-
miskuitet och anses vara av stor betydelse för evolutionen av nya enzymer. 
Frances Arnold tilldelades nobelpriset i kemi år 2018 för hennes arbete inom 
ett forskningsområde som kallas ”riktad evolution” där man utnyttjar enzy-
mers promiskuitet för att utveckla enzymer med nya egenskaper. Detta er-
bjuder fantastiska möjligheter till att utveckla nya enzymer i människans 
tjänst, t.ex. för miljövänlig bränsleproduktion. 

I den här avhandlingen presenterar jag studier av tre olika enzym-familjer 
som jag tillsammans med kollegor och samarbetspartners har karakteriserat. 
Gemensamt för alla dessa studier är att de visar på förekomsten och betydel-
sen av enzympromiskuitet i evolutionen. 
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Det första kapitlet handlar om bakterie-enzymet HisA som katalyserar en 
reaktion i syntesen av aminosyran histidin. I en evolutionsstudie uppkom 
muterade HisA-enzymer som utvecklat en ny aktivitet, nämligen att kataly-
sera en reaktion i syntesen av en annan aminosyra. Jag har använt mig av en 
metod som kallas röntgenkristallografi för att bestämma enzymernas tredi-
mensionella struktur, s.k. kristallstruktur. Utifrån strukturerna har vi sedan 
kunnat förklara genom vilka mekanismer ett enzym kan utveckla en ny akti-
vitet.  

Det andra kapitlet handlar om ett annat bakterieenzym, TrpC, som kataly-
serar en reaktion i biosyntesen av aminosyran tryptofan. I den här studien 
påvisar vi en promiskuös aktivitet hos enzymet och vederlägger därmed re-
sultatet från en tidigare studie som hävdat att TrpC-enzymet saknar denna 
aktivitet. Med hjälp av enzymets kristallstruktur analyserar vi även orsakerna 
till skillnad i promiskuös aktivitet hos motsvarande enzymer från olika be-
släktade bakterier.  

Det tredje kapitlet behandlar en enzymfamilj från s.k (bakterio)fager 
(d.v.s. virus som infekterar bakterier). Dessa fagenzymer framkallar en pro-
miskuös aktivitet hos ett bakterienzym genom att påverka det regulatoriska 
gennätverket i bakterien. Vi har karakteriserat dessa (tidigare okända) enzy-
mers strukturella, biokemiska och biofysikaliska egenskaper.  
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