
Chapter 4

Truncated Variants of α-IPMS

4.1 Overview

Variants were generated to investigate the independence of the catalytic and regu-

latory domains of α-IPMS.

A truncated variant of NmeIPMS was created that lacks the regulatory domain.

This protein was characterised and compared to a similarly truncated variant of

MtuIPMS, in addition to the full-length NmeIPMS and MtuIPMS enzymes. Com-

plementation studies in leuA knockout cells were performed to establish the activity

of the truncated variants in vivo. Binding of α-KIV was investigated by ITC and the

NMR technique WaterLOGSY. Finally, a crystal structure was solved for truncated

NmeIPMS.

Isolated regulatory domains for NmeIPMS were also generated, in an attempt to

restore regulation to the isolated catalytic domain.
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4.2 Isolated catalytic domains

4.2.1 Background

The leucine binding sites in α-IPMS are located in a distinct regulatory domain, the

removal of which has varying effects in different α-IPMS orthologues. In S. cerevisiae

α-IPMS, deletion of even part of this domain results in inactive enzyme,69 whereas

in A. thaliana α-IPMS removal gives an unregulated enzyme with increased catalytic

activity.67 This truncation in A. thaliana also causes a change in oligomeric state

of one isozyme of the plant, from tetramer to monomer, but not the other, which

remained a dimer.

Two studies have previously investigated isolated catalytic domains of MtuIPMS,

with contrary results. A MtuIPMS variant truncated after residue 425 showed no

activity,54 but an isolate of residues 47–457 by limited proteolysis had residual activ-

ity of 12%. The former enzyme includes all of the catalytic domain and subdomain

I, whereas the latter extends into subdomain II, but lacks the MtuIPMS N-terminal

extension that wraps around the (β/α)8-barrel of the other monomer.52

A construct was made for a truncated variant of NmeIPMS, to investigate the effect

of the regulatory domain on protein structure and activity. Residue Glu365 was

selected for mutation to a stop codon, as sequence alignments and comparison with

the MtuIPMS structure suggested it lay in a flexible loop upstream of the regulatory

domain. The disorder observed for this region of the protein in MtuIPMS crystal

structures suggests that this loop is perhaps structurally unimportant, thus it was

hoped that truncation at this position would minimise disruption to the protein

structure.

The truncation at residue Glu365 resulted in α-IPMS variant E365Term, comprising

the catalytic domain, subdomain I, and two helices of subdomain II. Later homology

modelling showed that the truncation site may lie further upstream than originally

thought, part-way along one of the subdomain II helices (Figure 4.1a). This trun-

cation removes 30% of the residues in the NmeIPMS protein and leaves an isolated

catalytic domain, equivalent to residues 1–463 of MtuIPMS.

The previously studied truncated construct of MtuIPMS was made available by Dr

Nayden Koon at the Maurice Wilkins Centre for Molecular Biodiscovery, along with

the construct of the full-length MtuIPMS enzyme.50,54 The MtuIPMS truncated

variant (LeuA425) ends after residue Val425, and comprises all of the catalytic

domain and subdomain I (Figure 4.1b). This truncation removes 34% of the residues
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in the MtuIPMS enzyme.

(a) NmeIPMS variant E365Term compared to
NmeIPMS homology model

(b) MtuIPMS variant LeuA425 compared to
MtuIPMS structure 1SR9

Figure 4.1: Illustration of isolated α-IPMS catalytic domains (coloured) compared to respect-
ive full-length proteins (white). Coloured region in each structure represents the cloned variant.
Catalytic domain in green, subdomain I in blue, subdomain II in pink and the linker region in
yellow.
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4.2.2 Preparation of isolated catalytic domain variants

Cloning of E365Term

A truncated variant of NmeIPMS was generated by introducing a stop codon, at

Glu365, into the gene encoding the full-length protein. The expressed truncated

protein (E365Term) lacks the C-terminal allosteric regulatory domain of the wild-

type enzyme. The mutated plasmid was transformed into E. coli TOP10 cells,

sequenced, and finally transformed into E. coli BL21(DE3)Star cells as for the wild-

type plasmid.

Preparation of MtuIPMS cell lines

Constructs pProExHTa-LeuA and pProExHTa-LeuA425 (encoding MtuIPMS and

truncated variant LeuA425) were acquired from the Maurice Wilkins Centre for

Molecular Biodiscovery. Due to the presence of rare E. coli codons in the M. tuber-

culosis gene sequence, these constructs were transformed into E. coli Rosetta 2 cells,

which express additional tRNAs for such codons.

Expression and purification

Proteins were expressed and purified as for NmeIPMS. All proteins appeared pure

and of an appropriate size by SDS-PAGE (Figure 4.2).
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Figure 4.2: SDS-PAGE of full-length and truncated α-IPMSs. Molecular marker weights
indicated in kDa.
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4.2.3 Physical characterisation

Presence of secondary structure

CD spectra of the truncated variants were compared to wild-type spectra to assess

protein folding. From this analysis it appears that the truncated variants have

similar folding to their respective wild-type proteins (Figure 4.3).
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Figure 4.3: Circular dichroism spectra of full-length and truncated α-IPMSs

The spectra of the truncated variants show slight increases in the ratios of α-helix

to β-strand compared to the full-length proteins. This ratio rises from 1.09 in Nme-

IPMS to 1.13 in E365Term, and from 3.62 in MtuIPMS to 3.91 in LeuA425. This

is as expected, due to the loss of the β-sheet-rich regulatory domain.
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Molecular mass

Measured molecular masses of the full-length and truncated proteins compared well

with calculated values (Table 4.1).

Calculated Mass (Da) Experimental Mass (Da)

NmeIPMS 56027 56029

E365Term 39931 39930

MtuIPMS 70212 70212

LeuA425 47585 47585

Table 4.1: Calculated and experimental masses of full-length α-IPMSs and truncated variants

Oligomeric structure

Size exclusion chromatography indicated that both E365Term and LeuA425 are

homodimeric, as for wild-type NmeIPMS and MtuIPMS (Figure 4.4 and Table 4.2).

MtuIPMS has already been reported as a dimer in the presence and absence of

leucine both in crystalline form and in solution.46,51
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Figure 4.4: Analytical gel filtration of isolated α-IPMS catalytic domains. Samples run in
50mM TrisHCl buffer (pH 7.5) with 100mM KCl. The calibration curve is shown in black.

Dimerisation is maintained in the truncated variants despite a significant loss of

contact area between the monomers. The full-length NmeIPMS homology model

has a total inter-monomer buried surface area of 5060 Å2, which decreases to 3390 Å2
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if the C-terminal residues 365–517 are removed. This represents a loss of 33% of

the monomer contacts. Similarly, truncation of MtuIPMS results in a decrease in

monomer contacts by 24%, from 7650 Å2 to 5790 Å2. The impact is lessened in

MtuIPMS due to the N-terminal extension to the (β/α)8-barrel, which is absent in

NmeIPMS.

Molecular Weight (kDa)

Monomera Oligomerb Quaternary Structure

NmeIPMS 56 115 dimer

E365Term 40 86 dimer

LeuA425 48 105 dimer

Table 4.2: Oligomeric structure of α-IPMS truncated variants E365Term and LeuA425.
Samples run in 50mM TrisHCl buffer (pH 7.5) with 100mM KCl. aCalculated based on se-
quence; bDetermined from calibration curve.

Thermal stability

Both E365Term and LeuA425 demonstrate similar thermal stabilities to their cor-

responding wild-type proteins, as measured by DSF. E365Term has a denaturation

temperature of 44.5 ± 0.1 ◦C, which is identical to that of NmeIPMS. MtuIPMS has

a denaturation temperature of 42.5 ± 0.2 ◦C, whereas LeuA425 denatures at 40.8

± 0.1 ◦C. The denaturation temperatures of LeuA425 are unaffected by the natural

substrates, leucine, or combinations thereof, while E365Term shows only a modest

increase in stability in the presence of α-KIV (Figure 4.5 and Table 4.3). This is in

contrast to the wild-type enzymes, which show increased stability in the presence of

leucine and α-KIV.

Interestingly, all MtuIPMS and LeuA425 denaturation profiles showed signs of a

second, weak denaturation event at 70–75 ◦C (Figure 4.6). This may indicate a

separate unfolding event for the protein monomer after dissociation of the dimer.

Alternatively, it could be that part of the protein, such as the catalytic (β/α)8-barrel

or subdomain I, is more stable than the rest. This enhanced stability is unaffected

by the presence of biological ligands.
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Figure 4.5: Denaturation temperatures of full-length and truncated α-IPMSs in the presence
and absence of biological substrates (250 �M each) and inhibitor (1mM). All samples in 25mM
BTP buffer (pH 7.0).
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Tm (◦C)

Ligand(s) NmeIPMS E365Term MtuIPMS LeuA425

No ligand 44.5 ± 0.1 44.5 ± 0.1 42.5 ± 0.2 40.8 ± 0.1

α-KIV 51.2 ± 0.4 46.1 ± 0.3 43.3 ± 0.2 40.5 ± 0.6

AcCoA 46 ± 1 44.4 ± 0.1 43.1 ± 0.5 39.8 ± 0.1

Leucine 59 ± 3 44.4 ± 0.1 44.4 ± 0.1 40.5 ± 0.6

Leucine + α-KIV 61.3 ± 0.5 44.4 ± 0.1 44.0 ± 0.1 39.8 ± 0.1

Leucine + AcCoA 62.0 ± 0.9 44.4 ± 0.4 44.4 ± 0.1 40.4 ± 0.5

Table 4.3: Denaturation temperatures of full-length and truncated α-IPMSs. 250 �M of
α-KIV and AcCoA were used, and 1mM L-leucine. All samples in 25mM BTP buffer (pH 7.0).
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Figure 4.6: DSF denaturation curve of MtuIPMS showing second unfolding event at 70–
75 ◦C, where RFU is relative fluorescence units. The negative of the first derivative is shown
in red on the secondary axis.
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4.2.4 Kinetic characterisation

E365Term was unable to catalyse the condensation between AcCoA and α-KIV,

despite all key active-site residues being present in the truncated variant. It was,

however, able to hydrolyse AcCoA independently of the α-keto acid substrate (Table

4.4). The α-IPMS reaction involves addition of the acetyl group to C2 of α-KIV,

which is followed by hydrolysis of the AcCoA thioester.46 This hydrolysis is part of

the normal catalytic cycle, and it appears that the catalytic machinery responsible

for this is able to function, at least partially, irrespective of the presence or absence

of α-KIV.

Hydrolytic activity in E365Term was similar to that observed for full-length pro-

tein. This activity was not affected by L-leucine at concentrations up to 10mM, in

agreement with the lack of inhibition observed for uncoupled AcCoA hydrolysis in

wild-type NmeIPMS.

No activity either with or without α-KIV was observed for LeuA425.

NmeIPMS E365Term MtuIPMS46

normal catalysis

K
app
m (�M) for α-KIV 30 ± 2 12 ± 1

K
app
m (�M) for AcCoA 35 ± 3 136 ± 5

kcat (s−1) 12.8 ± 0.3 3.5 ± 0.1

uncoupled AcCoA hydrolysis

K
app
m (�M) 250 ± 30 150 ± 20 160 ± 30

kcat (s−1) 0.011 ± 0.001 0.010 ± 0.001 0.03 ± 0.002

Table 4.4: Kinetic data for E365Term compared to that of NmeIPMS and MtuIPMS.46 No
activity was found for LeuA425 at enzyme concentrations up to 3 �M.
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4.2.5 Studies in E. coli BW25113 �LeuA::kan

E. coli BW25113 �LeuA::kan cells from the Keio collection90 were used to probe

the in vivo activity of the four full-length and truncated enzymes. These E. coli cells

lack the leuA gene that encodes the native α-IPMS enzyme, and are thus leucine

auxotrophs. Growth of these cells is supported only by the addition of leucine to

the growth medium.

BW25113 �LeuA::kan cells were transformed with plasmids encoding NmeIPMS,

E365Term, MtuIPMS or LeuA425, and grown on M9 minimal medium (Figure 4.7).

Cell lines that grew on this medium indicated that the relevant enzyme was able to

perform adequately as an α-IPMS in place of the native E. coli enzyme.

Both NmeIPMS and MtuIPMS supported growth of the leuA deficient cells on M9

minimal medium in the absence of added leucine, whereas the two truncated en-

zymes, E365Term and LeuA425, did not. These observations are consistent with the

severe attenuation of α-IPMS activity seen in vitro for the truncated variants.
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(a) Positive control (b) Negative control

(c) NmeIPMS (d) E365Term

(e) MtuIPMS (f) LeuA425

Figure 4.7: Complementation of α-IPMS in E. coli BW25113 �LeuA::kan cells. All cells
grown on M9 minimal medium. Controls: �LeuA::kan cells on L-leucine-supplemented and
unsupplemented medium. Other plates: �LeuA::kan cells tranformed with plasmids containing
α-IPMS enzymes as indicated.
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4.2.6 α-KIV binding studies

WaterLOGSY NMR

The nuclear magnetic resonance (NMR) technique water-ligand observed via gradient

spectroscopy (WaterLOGSY) was used as a rapid screening method to examine

whether α-KIV binds to the truncated variants. WaterLOGSY experiments allow

the detection of binding of small molecules to protein targets with dissociation con-

stants in the low micromolar to millimolar range.91 The WaterLOGSY signal is pro-

duced by the selective transfer of bulk water magnetisation to ligand in solution via

the protein-ligand complex. In the resulting spectra, compounds that bind generally

have signals with opposite sign relative to compounds that do not bind.92

WaterLOGSY 1H NMR spectra were collected for α-KIV in the absence and presence

of the wild-type and truncated forms of NmeIPMS and MtuIPMS (Figure 4.8).

Spectra were acquired by Dr Esther Bulloch as detailed in Section 7.9.1. Addition

of both wild-type proteins and truncated variants produced a change in sign of the

α-KIV signals at 1.05 and 2.94 ppm. This indicates that the truncated variants

retain the ability to bind α-KIV in solution. No change in sign was seen for the

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer peaks at 3.2–

2.7 ppm, confirming that the change in signal is specific to the protein ligand.

The enhancement of the α-KIV WaterLOGSY signal is significantly greater in the

presence of either NmeIPMS or E365Term than that seen for MtuIPMS or LeuA425.

This could result from tighter binding of α-KIV to MtuIPMS, which is consistent

with the lower Km of this enzyme, as slow dissociation rates of the protein-ligand

complex may limit the transfer of magnetisation to the bulk ligand during the Wa-

terLOGSY experiment.93
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no enzyme no enzyme 

NmeIPMS 

E365Term 
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* * * * 

Figure 4.8: WaterLOGSY 1H NMR spectra for 2mM α-KIV in the presence and absence
of 25 �M full-length and truncated α-IPMSs. The peaks generated by α-KIV at 1.05 and
2.94 ppm are indicated by asterisks; remaining peaks at 3.2–2.7 ppm are due to HEPES buffer
(10mM, pH 7.5). A change in the sign of the peaks indicates binding to protein. Spectra were
collected by Dr Esther Bulloch at the Maurice Wilkins Centre for Molecular Biodiscovery.
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Isothermal titration calorimetry

ITC was used to quantitatively analyse α-KIV binding in MtuIPMS and LeuA425.

TheM. tuberculosis enzymes were chosen for these experiments as they were determ-

ined to be more stable than the NmeIPMS enzymes under ITC conditions.

These experiments (Figure 4.9) show that α-KIV binding takes place in both wild-

type and truncated proteins, with KD values of 15 ± 3 �M for MtuIPMS and 0.120 ±
0.015 �M for LeuA425. The lower KD for the truncated variant indicates that α-KIV

binds significantly more tightly to the non-catalytically active truncated enzyme

than to the wild-type MtuIPMS, in line with the trends seen in the WaterLOGSY

experiments.

(a) MtuIPMS (b) LeuA425

Figure 4.9: ITC curves for the binding of α-KIV to MtuIPMS and LeuA425
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4.2.7 Crystallisation

A crystal structure (Figure 4.10) was solved for E365Term at 1.95 Å resolution by

molecular replacement using MtuIPMS structure 1SR9,46 which is the full-length

MtuIPMS bound to substrate α-KIV. Full details of data collection and refinement

are provided in Table 4.5.

Figure 4.10: Stereo image of crystal structure of E365Term (PDB code 3RMJ). One monomer
coloured grey, the other coloured by domain (catalytic domain in magenta, subdomain I in
orange). Mn2+ in purple.

The crystal structure of E365Term (PDB code 3RMJ) was found to be a dimer

in the asymmetric unit, with residues 4–296 and 311–324 being modelled for chain

A and 4–297 and 311–324 for chain B; no interpretable electron density could be

found for the remaining residues, which were presumed to be disordered. By analogy

with the full-length MtuIPMS structure, the majority of the missing residues from

E365Term are from subdomain I, which crosses over in the dimer and sits over the

active site of the adjacent monomer.

The E365Term structure aligns with full-length MtuIPMS with a rms difference in

Cα position of 1.78 Å for 447 residues. It shows similar alignment to a structure of

truncated MtuIPMS variant LeuA425 (PDB code 3HPX), with an rms difference in

Cα position of 1.73 Å for 490 residues. This is to be expected as the structures of

wild-type MtuIPMS and LeuA425 are very similar, with an rms difference of 0.26 Å

for 698 residues.

Ligands in crystal structure 3RMJ

E365Term co-crystallised with two Mn2+ ions, two Mg2+ ions and five glycerol

molecules per dimer. Mg2+ and glycerol were present in the crystallisation and
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E365Term

λ = 0.9546 Å

data collection and processing

space group P 21 21 21

unit cell parameters

a (Å) 46.3

b (Å) 103.6

c (Å) 129.9

resolution (Å) 21.8–1.95

total reflections 300624

unique reflections 46485

completenessa (%) 99.9 (100.0)

I/σ(I)a 12.3 (3.0)

Rmerge
a 11.9 (61.2)

refinement

R (%) 15.8

Rfree (%) 19.1

amino acids
307 + 308 res.
4731 atoms

water molecules 332

other 2 Mn2+, 2 Mg2+, 5 glycerol

average B factor (Å) 22.08

protein (Å) 21.49

water (Å) 28.60

other (Å) 39.31

Ramachandran

preferred (%) 97.7

allowed (%) 2.1

outliers (%) 0.2

PDB code 3RMJ

Table 4.5: E365Term data collection and refinement statistics. aFigures in parentheses are
for the outermost shell.
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cryo-protectant solutions, but the Mn2+ ions are likely to have co-purified with the

protein.

An Mn2+ ion is present in each of the E365Term monomer active sites. This divalent

metal ion coordinates with two water molecules and four amino acid side chains:

Asp16, His204, His206 and Asn240. A glycerol molecule is also modelled in each

active site, but does not appear to bind in a fashion similar to either substrate in

the wild-type enzyme.

Figure 4.11: Stereo view of the E365Term active site. Mn2+ is shown in purple, glycerol in
orange.

Three further glycerol molecules are apparent amongst the N-terminal loops of the

dimer (β/α)8 barrels (Figure 4.12). One is hydrogen bonded to Lys96 and Asp136

in each monomer. The other is only present in chain B, and hydrogen bonds with

Gly41, Asp43 and Gly262. Although on the surface of the dimer, these glycerols ap-

pear to make no contact with symmetry-related molecules in the crystal lattice.

Finally, two Mg2+ ions (one per monomer) were found coordinated to a main-chain

carbonyl and four water molecules at a symmetry interface of the dimer (Figure

4.13). In chain A this metal ion is coordinated with Ile278, while in chain B it is

associated with Ala24. These two residues are close in the structure, but the lack

of specificity for this metal binding suggests that it is an artifact of crystallisation

and not a key structural element of the enzyme.
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Figure 4.12: Ligands apparent in the crystal structure of E365Term (PDB code 3RMJ). Each
monomer is shown in a different colour. Mn2+ is shown in purple, Mg2+ in grey and glycerol
in orange.

Figure 4.13: Mg2+ binding in E365Term. Two symmetry-related dimers are shown. One
dimer is coloured green and blue, the other orange and yellow. Mg2+ is shown in grey.
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Instability in subdomain I

The most striking feature of the E365Term structure is that much of subdomain

I — residues 292–326 — is undefined. Residues 297–310 and 325–326 in chain

A and 298–310 and 325–326 in chain B are disordered, with residues 311–324 in

each monomer significantly displaced. This displacement is so great for conserved

residue Tyr313 that its Cα is moved 14.1 Å (chain A) and 14.3 Å (chain B) from the

equivalent Tyr410 position in MtuIPMS. This tyrosine is located in the active site

of MtuIPMS, but sits at the interface of the (β/α)8-barrel monomers in E365Term

(Figure 4.14). Tyr410 is not displaced in crystal structures of truncated variant

LeuA425,54 even though this enzyme has no detectable activity.

Figure 4.14: Displacement of subdomain I in E365Term. E365Term is shown in grey and pink.
Subdomain I of one monomer is shown in orange (E365Term) and transparently overlaid in
green from MtuIPMS. Mn2+ is shown in purple. The active site tyrosine (Tyr313 in E365Term,
Tyr410 in MtuIPMS) is shown in stick representation.

Comparison of the available N. meningitidis and M. tuberculosis α-IPMS structures

reveals some interesting properties of subdomain I. This subdomain has different de-

grees of flexibility in each monomer of the asymmetric MtuIPMS dimer, particularly

evident in residues 391–400. These residues are found at the far end of the subdo-

main I helix that contributes residue His379 to the active site, thus the structure of

this helix is important for proper arrangement of the catalytic site.

The flexibility of residues 391–400 was compared between the two monomers, using

the average B-factors for the respective monomer β-barrels for standardisation. Av-

erage B-factors for residues 391–400 in chain A are 1.8 times greater than the average
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for the chain A β-barrel, whereas in chain B they are 1.6 times greater than in the

chain B β-barrel. Flexibility is enhanced and asymmetry is reduced in unliganded

LeuA425, with average B-factors for this region 2.9 and 2.7 times greater than the

values for the β-barrels in chains A and B respectively. In an α-KIV-bound struc-

ture of LeuA425 (PDB code 3U6W) these residues are partially disordered, while in

E365Term they fall within the large undefined regions of the structure. Therefore it

appears that subdomain I is far more flexible in truncated structures than in those

of full-length α-IPMS, and the regulatory domain acts to stabilise this subdomain

in this enzyme.

Subdomain I is one of the areas identified as having increased exposure to solvent in

the MtuIPMS variant Y410F.49 This variant appears to be constitutively inhibited,

as it has only 10% of the catalytic activity of the wild-type enzyme and this rate is

unaffected by the binding of leucine. Subdomain I of the leucine-bound MtuIPMS

X-ray structure also appears to show increased flexibility when compared with the

unbound structure, although HDX shows no change in exposure to solvent for this

region upon leucine binding.49 It appears that minor changes in dynamic fluctuation

in subdomain I can attenuate catalysis, and could represent the in vivo mechanism

for feedback inhibition. The lack of catalytic activity of the truncated variants may

also be associated with changes in flexibility of this subdomain of the protein. Given

the likelihood that subdomain I provides some key hydrogen bonds to AcCoA, it is

possible that the altered flexibility of this region may significantly disrupt the correct

binding of the substrate. Even so, the observation that E365Term does catalyse the

α-KIV-uncoupled hydrolysis of AcCoA demonstrates that the catalytic machinery

required to bind and hydrolyse the thioester is still functional.α-KIV binding in the active site

The active-site residues of E365Term correspond very closely to those of α-KIV-

bound wild-type MtuIPMS, with one clear difference. In the wild-type enzyme a

Zn2+ ion is coordinated to two oxygens in α-KIV, a water molecule, and the side

chains of three residues: Asp81, His285 and His287 (Figure 4.15a). The coordin-

ated amino-acid side chains are themselves stabilised by hydrogen bonds to Asn321,

Glu309 and Gly320 respectively. The equivalent Mn2+ ion in E365Term is 2.2 Å

further away from the α-KIV binding site of wild-type MtuIPMS, and coordinates

with two water molecules and four amino acid side chains in this protein: Asp16,

His204, His206 and Asn240 (Figure 4.15b).
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(a) MtuIPMS (b) E365Term

(c) LeuA425 (d) α-KIV-bound-LeuA425

(e) Overlay of LeuA425 structures

Figure 4.15: Metal binding in the active sites of MtuIPMS, LeuA425 and E365Term. α-KIV is
shown in yellow, Zn2+ in black, Mn2+ in purple and Ni2+ in green. Metal ions and His297/206
show different arrangements in the presence of α-KIV.
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The movement of the metal ion is not due to the truncation of the enyzme, but rather

the absence of the substrate α-KIV. Crystal structures of liganded and unliganded

LeuA425 show a change in the Ni2+-binding arrangement from three-residue (Asp81,

His285 and His287) to four-residue coordination (Asp81, His285, His287 and Asn321)

when α-KIV is present.54 This change is accompanied by a Ni2+ movement of 1.6 Å

(Figure 4.15c, d and e).

The change in position of the metal ion appears to be associated with a conform-

ational change of an active-site histidine residue.54 His287 forms a hydrogen bond

with the main-chain carbonyl oxygen of Gly320 in both liganded structures (Mtu-

IPMS and LeuA425). In the unliganded LeuA425 structure it is rotated to instead

form a hydrogen bond with Thr254. This rotation is evident in His206 of E365Term,

although it is not enough to form similar hydrogen bonding with Thr173.
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4.2.8 Induced-fit modelling of α-KIV binding

Induced-fit studies were performed to assess how α-KIV might bind to the active

site of E365Term. α-KIV was modelled into the active site of the protein with and

without Mn2+-bound water molecules present. The results indicate that the metal

ion is not in a position to correctly orient α-KIV in this truncated variant. The

substrate was predicted to bind in a variety of positions, with the highest ranked

conformations showing α-KIV as too far away and in an orientation incompatible

with coordination to Mn2+ (Figure 4.16a). None of the modelled structures allowed

for the large, 2 Å movement of the metal ion, and it is possible that the correct

metal placement is required to encourage correct substrate binding.

As a control, α-KIV was modelled into the MtuIPMS structure (Figure 4.16b). The

most highly ranked output structures all showed α-KIV coordinated with Zn2+ in

very similar conformations to the α-KIV-bound crystal structure.
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(a) E365Term

(b) MtuIPMS

Figure 4.16: Induced-fit modelling of α-KIV into E365Term and MtuIPMS crystal structures.
The position of α-KIV crystallised in structure 1SR9 is shown in yellow, and modelled α-KIV
molecules are shown in purple. Mn2+ is shown in purple and Zn2+ in black.
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4.3 Isolated regulatory domains

4.3.1 Background

To attempt to complement the characterisation of the isolated catalytic domain

of NmeIPMS, two isolates of the C-terminal domains of this enzyme were sub-

cloned. The first of these comprises residues 389–517 of NmeIPMS and represents

the isolated regulatory domain (Figure 4.17a), while the second is comprised of

residues 336–517 and represents the regulatory domain and subdomain II (Figure

4.17b).

(a) M389Start (b) R336Start

Figure 4.17: Illustration of isolated α-IPMS regulatory domains (coloured) compared to the
NmeIPMS homology model (white). Coloured region in each structure represents the cloned
variant. Subdomain II in pink and the regulatory domain in purple.
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4.3.2 Preparation of isolated regulatory domain variants

Two constructs of the NmeIPMS regulatory domain were generated by subcloning of

the C-terminus from the plasmid pFH01, encoding full-length wild-type NmeIPMS.

This subcloning started at residue Met389 in one variant (M389Start) and Arg336

in the other (R336Start). The cloned PCR fragments appeared to be the correct

sizes (390 and 549 bases respectively) by agarose gel electrophoresis (Figure 4.18a).

An N-terminal His-tag was appended to these subclones, identical to that of the

full-length NmeIPMS construct. The mutated plasmids were transformed into E.

coli XL1 Blue cells, sequenced, and finally transformed into E. coli BL21(DE3)Star

cells as for the wild-type plasmid.

These variants were expressed and purified as for NmeIPMS, and appeared an ap-

propriate size and purity by SDS-PAGE analysis (Figure 4.18b).
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(a) Agarose gel of PCR products

M389Start 

R336Start 

50 
40 

30 

20 

15 

(b) SDS-PAGE gel of purified
proteins

Figure 4.18: Gels from gene cloning and protein purification of isolated regulatory domains.
Molecular marker weights are indicated in (a) bases or (b) kDa.
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4.3.3 Physical characterisation

Presence of secondary structure

CD spectra of the truncated variants were compared to wild-type spectra to assess

protein folding (Figure 4.19).
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Figure 4.19: Circular dichroism spectra of isolated NmeIPMS regulatory domains, compared
to the spectrum of wild-type NmeIPMS

From this analysis it appears that R336Start is incorrectly folded in solution. Sec-

ondary structure analysis from this CD spectrum estimates the protein has a 0.1

ratio of α-helices to β-strands, which is in contrast to the predominantly α-helical

structure observed in the NmeIPMS homology model for this region. M389Start ap-

pears to be better folded, with a drop in helix:sheet ratio (from 1.09 in wild-type to

0.51) reflecting the increase in β-sheet structure in the regulatory domain compared

to the full-length protein.

Molecular mass

Experimental masses of the isolated regulatory domains by MS compared favourably

with calculated masses (Figure 4.6).

Calculated Mass (Da) Experimental Mass (Da)

M389Start 14016 14015

R336Start 19981 19980

Table 4.6: Calculated and experimental masses of regulatory domains isolated from NmeIPMS
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Oligomeric structure

Size-exclusion chromatography indicates that M389Start and R336Start are both

dimers in solution (Figure 4.20 and Table 4.7). M389Start is also a dimer in the

presence of leucine, however R336Start elutes from the column at a weight closer to

two and a half monomers. In light of the poor folding in this variant it is possible

that its progress through the gel-filtration column is affected by a more extended

protein conformation, perhaps exacerbated by the presence of leucine.
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Figure 4.20: Analytical gel filtration of NmeIPMS, M389Start with and without L-leucine,
and R336Start with and without L-leucine. The calibration curve is shown in black.

Molecular Weight (kDa)

Monomera Oligomerb Quaternary Structure

M389Start 15 31 dimer

M389Start + Leucine 15 33 dimer

R336Start 20 46 dimer

R336Start + Leucine 20 53 dimer/trimer

Table 4.7: Oligomeric structure of regulatory domains isolated from NmeIPMS. aCalculated
based on sequence; bDetermined from calibration curve.
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Thermal stability

Variant M389Start was assessed for thermal stability by DSF in the presence and ab-

sence of 1mM L-leucine. This isolated regulatory domain is slightly more thermally

stable than full-length NmeIPMS and the isolated catalytic domain, with a de-

naturation temperature (Tm) of 47.4 ± 0.1 ◦C. The addition of leucine showed no

significant effect on thermal stability (Tm = 47.6 ± 0.4 ◦C).

4.3.4 Complementation with the isolated catalytic domain

Kinetic assays of the isolated catalytic domain E365Term were carried out in the

presence of M389Start, to see if the regulatory domain may increase E365Term

catalytic activity or confer leucine sensitivity upon this enzyme. Ratios of M389Start

to E365Term from 0.1:1 to 10:1 were used, at incubations of up to 10min, however

no increase in E365Term activity or sensitivity to leucine was detected.
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4.4 Summary of findings

NmeIPMS variants E365Term, M389Start and R336Start were successfully cloned

and expressed. E365Term is a truncated variant, comprised of the N-terminal do-

mains of NmeIPMS, including the catalytic domain, subdomain I and part of sub-

domain II. M389Start and R336Start are isolated C-terminal variants of NmeIPMS,

comprised of either the isolated regulatory domain (M389Start) or the regulatory

domain and subdomain II (R336Start). All proteins appear to be of an appropriate

size, however R336Start did not appear to be folded properly and was not charac-

terised further. E365Term and M389Start are both folded appropriately.

E365Term was characterised and compared to full-length NmeIPMS, along with

previously cloned MtuIPMS and LeuA425, a truncated variant of MtuIPMS similar

to the NmeIPMS truncation. As for the wild-type proteins, both of the truncated

variants are dimers in solution.

Stability was investigated in the full-length enzymes and the N-terminal truncations.

Ligand-induced stability in the presence of α-KIV or leucine is far less evident in

MtuIPMS than NmeIPMS, however some small, consistent increases were observed.

In contrast, E365Term demonstrates only a slight increase in stability in the presence

of α-KIV, and LeuA425 does not demonstrate increased stability in the presence of

either ligand. Neither the wild-type nor truncated enzymes appear to be stabilised

by AcCoA.

Perhaps a little surprisingly, neither of the truncated variants are capable of catalys-

ing the condensation of substrates AcCoA and α-KIV. This is despite all potential

catalytic residues being present in the sequence and the proteins appearing to be fol-

ded when assessed by CD. No activity was detected for LeuA425, while E365Term

is still able to catalyse the α-KIV-independent hydrolysis of AcCoA. This hydro-

lysis has similar reaction kinetics to those observed for AcCoA hydrolysis in the

wild-type protein. Complementation studies in an E. coli leuA knockout strain con-

firm that E365Term and LeuA425 are not able to meet the functional requirements

of α-IPMS in vivo. When α-IPMS deficient cells were transformed with plasmids

encoding full-length and truncated NmeIPMS and MtuIPMS, only the full-length

enzymes allowed cell growth on minimal medium. Despite this lack of condensation

activity, WaterLOGSY experiments indicate that both truncated variants are able

to bind α-KIV; ITC shows that α-KIV binding in LeuA425 is 100-fold stronger than

in MtuIPMS. The uncoupled hydrolysis of AcCoA in E365Term indicates that both

substrates are capable of binding to this variant.
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A crystal structure of E365Term was solved at a resolution of 1.95 Å (PDB code

3RMJ). This structure shows significant disorder and displacement of residues in

subdomain I of the enzyme, in contrast to existing crystal structures of the Mtu-

IPMS truncation LeuA425, for which almost all residues in this region are ordered

and positioned as for wild-type protein. E365Term was crystallised with a Mn2+ ion

in each active site, bound in a similar manner to metal ions observed in MtuIPMS

structures. Substrate α-KIV was modelled into the active site of the E365Term

crystal structure to elucidate the binding observed by WaterLOGSY for this ligand.

The most highly-ranked output structures for the docking of the ligand show α-KIV

bound in a variety of positions, none of which match that seen in ligand-bound

crystal structures of MtuIPMS and LeuA425. Therefore it may be that competent

binding of α-KIV is compromised in E365Term.

The reasons for lack of condensation activity in the truncated α-IPMS variants is

unclear. Both truncated variants appear to have increased flexibility in subdomain I,

which forms part of the AcCoA binding site. There may also be disruption of α-KIV

binding in these variants compared to full-length enzyme, as evidenced in silico by

altered α-KIV docking within the E365Term active site, and in vitro by the greatly

increased binding affinity for α-KIV in LeuA425. One of or both of these effects

on subdomain flexibility and substrate binding could prevent competent catalysis in

the enzymes. It is also possible that catalysis is disrupted by different mechanisms

in each of the variants.

The isolated regulatory domain variant M389Start was studied to complement E365-

Term, attempting to restore activity to the inactive N-terminal variant. Unfortu-

nately attempts at complementation were unsuccessful, and an increase in neither

activity nor leucine-sensitivity was apparent in assays using an E365Term/M389Start

enzyme combination.
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Domain Flexibility in MtuIPMS

5.1 Overview

In this chapter the potential domain flexibility of MtuIPMS is explored. Variants

were designed to determine if the asymmetric conformation observed in the crystal

structure is the conformation the protein adopts in solution. These substitutions

were also intended to probe the effects of potential domain flexibility on catalysis

and feedback regulation of the enzyme.

Two points of contact between the N- and C-terminal domains of MtuIPMS were

investigated. A disulfide bond was engineered between subdomains I and II to

lock the protein in the conformation observed in crystal structures, while a salt

bridge between the (β/α)8-barrel of one monomer and subdomain II of the other

was disrupted by substitution of the residues involved with alanine, arginine or

tryptophan.

These variants were characterised and compared to wild-type MtuIPMS. SAXS data

were analysed to assess the structure of wild-type and variant protein in solution.

These data were compared to data obtained for wild-type in the presence of leu-

cine, and to calculated scattering patterns from MtuIPMS crystal structures and a

theoretical model of a symmetrical MtuIPMS protein.
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5.2 Background

MtuIPMS forms an asymmetric dimer in the crystal structure, but this may not

represent the average conformation adopted by the protein in solution. The potential

movement of the C-terminal domains (subdomain II and the regulatory domain)

relative to the N-terminal domains (subdomain I and the catalytic domain) can be

investigated by probing the interfaces of these two halves of the protein.

The C-terminal domains make two points of contact with the N-terminal domains,

forming an intra-monomeric interface and an inter-monomeric interface (Figure 5.1).

Due to the asymmetry of the crystal structure, the residues involved in the interface

from one monomer are spatially distant in the other (Figure 5.2).

Subdomain I 

Subdomain II 

Figure 5.1: Interfaces between the N-terminal and C-terminal domains of MtuIPMS. One
monomer is shown coloured by domain, the other is shown in white. Domains are coloured
as follows: catalytic domain — green; subdomain I — blue; subdomain II — pink; regulatory
domain — purple. Intra-monomer (A) and inter-monomer (B) interfaces illustrated.
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180° 

(a) Regions involved in the intra-monomeric domain interface

180° 

(b) Regions involved in the inter-monomeric domain interface

Figure 5.2: Asymmetry of residues involved in the N-terminal and C-terminal domain inter-
faces in MtuIPMS. For each interface the protein dimer is shown, with helices involved in one
interface (indicated by black bar) coloured for both monomers.
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5.2.1 The intra-monomeric MtuIPMS domain interface

An intra-monomeric interface forms between subdomains I and II of one monomer

in MtuIPMS (Figure 5.3). The closest point of contact between these subdomains

is between Ala424 in subdomain I and Gln462 in subdomain II, with a Cα distance

of 7.2 Å at this interface. This distance is 29 Å in the other monomer.

Figure 5.3: Intra-monomer interface between N-terminal and C-terminal domains of
MtuIPMS. Distance between Cα atoms of residues Ala424 and Gln462 indicated. Inset: Rel-
ative positions of residues Ala424 and Gln462 in the dimer.

To investigate the importance of domain movement within the dimer, a disulf-

ide bond was engineered at this domain interface by the substitutions A424C and

Q462C. This disulfide bond would prevent any potential movement of subdomain

II relative to subdomain I, locking the protein in the asymmetric conformation ob-

served in crystal structures. Along with the variant containing both these cysteine

substitutions, single-substitution variants were created to assess the importance of

the individual residues Ala424 and Gln462 on enzyme activity.

5.2.2 The inter-monomeric MtuIPMS domain interface

The second interface between the N- and C-terminal domains of MtuIPMS occurs

between the catalytic (β/α)8-barrel of one monomer and subdomain II of the other

(Figure 5.4). This interface includes a salt bridge formed between residues Arg97

110



Domain Flexibility in MtuIPMS

(catalytic domain) and Asp444 (subdomain II) that may act as an anchor for the

C-terminal domains. These residues are 31 Å from each other in the opposite bar-

rel/subdomain pair.

Figure 5.4: Inter-monomer interface between N-terminal and C-terminal domains of
MtuIPMS. Salt bridge between Arg97 and Asp444 illustrated. Inset: Relative positions of
residues Arg97 and Asp444 in the dimer.

In other α-IPMS orthologues, equivalents of Arg97 and Asp444 are found as, or adja-

cent to, long, polar residues with two potential hydrogen-bonding groups (arginine,

glutamine, glutamate or aspartate — see Appendix A). The bacterial α-IPMSs ap-

pear to favour Arg/Asp or Gln/Glu combinations, whereas in A. thaliana both

isozymes have an Asp/Glu pairing. This salt bridge may be a conserved feature of

α-IPMS enzymes.

Variants R97A and D444A were designed to disrupt the salt bridge, possibly making

the protein less likely to adopt the conformation observed in the crystal structure.

Further substitutions D444R and D444Y were created to change the polarity and

steric bulk, respectively, of the aspartate residue, in order to introduce some re-

pulsion into this interface and possibly force a more symmetrical protein conforma-

tion.

These inter-monomer interface variants, along with the intra-monomer interface

variant A424C/Q462C, were assessed for variations from the wild-type protein in

their catalytic activity and solution-phase structures.
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5.3 Preparation of MtuIPMS variants

5.3.1 Cloning

The individual substitutions R97A, D444A, D444R and D444Y, A424C and Q462C

were generated by introducing the appropriate base-pair changes into the plasmid

encoding wild-type MtuIPMS. The resultant plasmids were propagated and purified

from E. coli XL1 Blue cells and sequenced to confirm that they possessed the desired

mutation.

The disulfide variant A424C/Q462C was synthesised by Genscript using the mutated

MtuIPMS gene sequence.

As for wild-type MtuIPMS, these mutated genes contained rare E. coli codons.

Thus, the plasmids containing the mutated MtuIPMS were transformed into E.

coli Rosetta 2 cells (expressing additional rare-codon tRNAs) for protein expres-

sion.

5.3.2 Expression and purification

A424C/Q462C, R97A, D444A, D444R and D444Y proteins were expressed and pur-

ified as for wild-type MtuIPMS. A424C and Q462C were purified by a single IMAC

step, identical to the initial step of wild-type protein purification, for rapid activity

screening. All variants appeared pure and of a comparable size to wild-type protein

by SDS-PAGE.

MtuIPMS 

A424C/Q462C 
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D444A 
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Figure 5.5: SDS-PAGE of MtuIPMS variants. Marker weights indicated in kDa.
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5.4 Physical characterisation

5.4.1 Presence of secondary structure

CD analysis shows that variants A424C/Q462C, R97A and all Asp444 substitu-

tions appear to be correctly folded, as judged by similarity with the wild-type CD

spectrum (Figure 5.6).
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Figure 5.6: Circular dichroism spectra of MtuIPMS variants, compared to spectrum of wild-
type protein

5.4.2 Molecular mass

MS data collected for the MtuIPMS variants compared well with calculated mass

values (Table 5.1).

Calculated Mass (Da) Experimental Mass (Da)

A424C/Q462C 70217 70216

R97A 70127 70126

D444A 70168 70168

D444R 70253 70253

D444Y 70260 70260

Table 5.1: Calculated and experimental masses of MtuIPMS variants
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5.4.3 Determination of disulfide bond formation in

A424C/Q462C

MS was also used to determine the presence of the engineered disulfide bond in vari-

ant A424C/Q462C. The protein was digested by trypsin and the resulting peptides

subjected to tandem MS. This process uses an initial mass analyser to measure the

mass:charge ratios of the peptides, then each peptide is fragmented and a second

mass analyser determines the mass:charge ratios of the fragments.

Automated analysis was used to identify the protein peptides from the MS peaks, but

failed to identify a spectrum corresponding to a disulfide-containing peptide. Two

peptides containing the individual cysteine substitutions, however, were identified

by the automated analysis. These peptides were TYECVIR and RLQIEFSQVICK,

corresponding to residues 421–427 and 452–463 respectively. From this information,

the disulfide-containing peptide was predicted to have the sequence shown in Figure

5.7. The MS peaks from the first mass analyser were manually assessed to identify

a peak that would be suitable for the 2343Da mass of this peptide. Such a peak

was observed at a mass:charge ratio of 586.8, which equates to a mass of 2347Da

with a charge of 4+. The spectrum of this peptide from the second mass analyser

was then investigated to confirm that the desired sequence was present.

       421-TYECVIR-427 
              | 
452-RLQIEFSQVICK-463 
  

Figure 5.7: Theoretical disulfide-containing peptide after trypsin digestion of MtuIPMS vari-
ant A424C/Q462C

There are two main types of ions observed in tandem MS, classified by which end

of the peptide retains the charge after bond cleavage (Figure 5.8).94 If the charge is

retained on the N-terminal peptide, a b-type ion is formed. If it is retained on the

C-terminal peptide, a y-type ion is formed.

H2N C C N C C O+

R1 O

H H H

R2

(a) b-type ion

+H3N C C N C COOH

R2 O

H H H

R1

(b) y-type ion

Figure 5.8: Illustration of b- and y-type ions94 generated during tandem mass spectrometry
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Mass:charge ratios were calculated for b- and y-type ions with charges of 1+ or 2+

that could arise from the disulfide-bonded peptide. Not all calculated ions were

present in the chosen spectrum, but enough ions were identified to confirm that

the spectrum was that of the desired peptide (Table 5.2 and Figure 5.9). Many

of the identified ions in the spectrum matched those observed for the individual,

unlinked peptides, but one series of y2+ ions appeared as calculated for the entire

421-TYECVIR-427 peptide plus the C-terminal end of the 452-RLQIEFSQVICK-

463 peptide. It was concluded that the disulfide bond does exist in the trypsin digest,

and thus the variant protein, although the presence of the two unbonded peptides

suggests that the disulfide does not form in all monomers. This was expected from

the asymmetric nature of the MtuIPMS dimer.

n b b2+ Sequence y y2+ n

1 102 52 T 19

2 265 133 Y 2244 1123 18

3 394 198 E 2081 1041 17

16 1959 980 C-pep2 1952 977 16

17 2058 1030 V 387 194 3

18 2171 1086 I 288 145 2

19 R 175 88 1

(a) Peptide 1 — Residues 421–427

n b b2+ Sequence y y2+ n

1 157 79 R 19

2 270 136 L 2188 1095 18

3 398 200 Q 2075 1038 17

4 511 256 I 1947 974 16

5 640 321 E 1834 918 15

6 787 394 F 1705 853 14

7 875 438 S 1558 779 13

8 1003 502 Q 1471 736 12

9 1102 552 V 1343 672 11

10 1214 608 I 1244 622 10

18 2198 1100 C-pep1 1131 566 9

19 K 147 74 1

(b) Peptide 2 — Residues 452–463

Table 5.2: Possible ions generated in the tandem MS of the A424C/Q462C disulfide-
containing peptide. n is the number of residues in the fragment. Highlighted values are
those identified in the spectrum (Figure 5.9).

115



Chapter 5

!"#$

!%&$ !&'$#""$

#('$

#&"$ #))$*#!$
*)&$ *+%$

*+%$

*+)$

'!!$

'(($

(##$ (%"$(&#$

&*($

&&+$

&)&$

)'*$)&'$

+!)$

!,""*$

"$ '$

!"$

!'$

#"$

#'$

*"$!""$
#""$

*""$
%""$

'""$
(""$

&""$
)""$

+""$
!"""$

-./0.12/3$

4
56$

F
ig
u
re

5
.9
:
T
andem

M
S
p
eaks

for
the

disulfide-containing
p
eptide

from
A
424C

/Q
462C

.
P
eaks

used
in

analysis
(T
able

5.2)
lab

elled
w
ith

m
ass:charge

ratio.
B
lue

p
eaks

identified
from

p
eptide

T
Y
E
C
V
IR
,
green

p
eaks

from
p
eptide

R
L
Q
IE
F
S
Q
V
IC
K
.
R
ed

p
eaks

represent
ions

that
could

only
arise

from
the

disulfide-containing
p
eptide.

116



Domain Flexibility in MtuIPMS

5.4.4 Thermal stability

The thermal stabilities of MtuIPMS variants A424C/Q462C, R97A, D444A, D444R

and D444Y were measured by DSF (Table 5.3). All variants have increased stability

to that of the wild-type enzyme, particularly those variants with a Asp444 substitu-

tion. As for wild-type, a second, minor denaturation event at 70–75 ◦C was evident

in all variants (see Section 4.2.3). Thus the amino acid substitutions have increased

overall enzyme stability with little effect on the second unfolding event.

Tm (◦C)

MtuIPMS 42.5 ± 0.2

A424C/Q462C 43.1 ± 1.2

R97A 45.0 ± 0.5

D444A 46.7 ± 0.6

D444R 45.7 ± 0.1

D444Y 47.9 ± 0.6

Table 5.3: Denaturation temperatures (Tm) of MtuIPMS variants in 25mM BTP buffer
(pH 7.0), compared to that of wild-type protein
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5.5 Kinetic characterisation

5.5.1 Disulfide and cysteine substitutions

Enzymatic activity was found to be severely compromised in variant A424C/Q462C

(Table 5.4). This prompted the cloning and screening of variants with each of the

individual cysteine substitutions. A424C has some activity, but still less than 10%

that observed for the wild-type enzyme. Q462C has similar activity to that of the

doubly-substituted variant. α-KIV is required for activity in all three variants, thus

the residual activity is not merely uncoupled AcCoA hydrolysis. Attempts to reduce

any disulfide bonds via incubation with DTT had no effect on these rates. This is

consistent with the fact that the reduced rate observed in A424C/Q462C is likely

due to the single cysteine substitutions, rather than the formation of a disulfide

bond.

Rate (s−1)

MtuIPMS 3.7 ± 0.1

A424C/Q462C 0.050 ± 0.004

A424C 0.53 ± 0.07

Q462C 0.066 ± 0.006

Table 5.4: Kinetic data for MtuIPMS Ala424 and Gln462 variants. The rate given is the
turnover rate for the variant at 500 �M substrate concentrations, which are saturating for
wild-type protein.

A424C/Q462C was designed to lock the asymmetric protein conformation through

introduction of a disulfide bond, however the attenuation of activity observed in

A424C and Q462C shows that these cysteine substitutions disrupt enzyme activity

independently of disulfide bond formation. It is likely that the altered side chains

in these variants disrupt the intra-monomer interface. The alanine to cysteine sub-

stitution increases the length of the side chain, whereas the glutamine to cysteine

substitution removes a potential hydrogen bond between Gln462 and Asn384 (shown

in Figure 5.3). This loss of a hydrogen bond could act to destabilise the domain

interface and could account for the dramatic loss in activity in this variant.
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5.5.2 Arg97 and Asp444 variants

All substitutions made at the inter-monomeric domain interface gave rise to cata-

lytically active variants, with similar affinity for α-KIV as the wild-type enzyme.

D444A and D444Y demonstrate similar turnover numbers to the wild-type enzyme,

whereas R97A and D444R show slight increases. Compared to the wild-type, R97A

has slightly weaker affinity for AcCoA, whereas in all three of the Asp444 substitu-

tions this affinity is 3- to 5-fold stronger.

Km (�M) kcat/Km (mM−1s−1)

α-KIV AcCoA kcat (s−1) α-KIV AcCoA

MtuIPMS 15 ± 2 140 ± 20 3.7 ± 0.1 250 ± 40 27 ± 6

R97A 8 ± 1 210 ± 20 7.0 ± 0.2 900 ± 100 33 ± 4

D444A 5 ± 1 42 ± 5 3.1 ± 0.1 600 ± 100 70 ± 10

D444R 9 ± 1 27 ± 3 5.7 ± 0.1 630 ± 80 210 ± 30

D444Y 16 ± 1 42 ± 4 3.4 ± 0.1 210 ± 20 80 ± 10

Table 5.5: Kinetic data of MtuIPMS Arg97 and Asp444 variants

The salt-bridge variants all show weaker sensitivity to inhibition by leucine than the

wild-type protein, particularly those with an Asp444 substitution. This weakened

sensitivity was observed for both the initial, burst rate of MtuIPMS inhibition and

the slow-onset, linear rate (Figure 5.10).
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Figure 5.10: Enzyme activity of MtuIPMS, R97A, D444A, D444R and D444Y in the presence
of 1mM L-leucine. Residual activity is calculated as a percentage of full activity (in the absence
of L-leucine) for each variant. Burst rate is the initial rate in the presence of inhibitor and
Linear rate is the rate after slow-onset isomerisation of the Enz·Leu complex.
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Interestingly, the time required to undergo slow-onset inhibition was affected by the

Arg97 and Asp444 substitutions. Slow-onset inhibition is caused by the transition

from an initial Enz·Leu complex to a more tightly bound Enz*·Leu complex. In

MtuIPMS this transition occurs within the first minute of the reaction, but the

Asp444 variants take almost twice as long to reach the linear phase of the reaction

(Figure 5.11). These variants also show a much greater drop in activity from the

Enz·Leu state to the Enz*·Leu state. It has been recently shown that tight inhibitor

binding is mediated by the ordering of a flexible loop in the leucine binding site.44

This implies that the substitution of Asp444 affects the structure of the enzyme

regulatory site, 20–30 Å away.

Comparison of the inhibition burst rates at varying substrate concentrations showed

that the Enz·Leu complex has similar substrate affinity to the free enzyme (Figure

5.12). This relationship is similar in the wild-type and all variant enzymes.
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Figure 5.11: Slow-onset inhibition in MtuIPMS variants in the presence of 1mM L-leucine
and 250 �M of each substrate. Initial rates are scaled to 1 absorbance unit min−1.

The results of substituting residues Arg97 and Asp444 indicate that formation of an

inter-monomeric salt bridge may influence AcCoA affinity, while having little effect

on catalytic rate. The differences in kinetics of each of the alanine substitutions

across this salt bridge suggest that the residues have other, individual contributions

to enzyme function in addition to this bond formation.

The other interactions between domains at this interface (shown previously in Figure

5.4) appear to be mostly hydrophobic in nature. The only polar contacts evident

in the structure, besides the salt bridge, are between the side chain of Arg94 and
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the main chain of Lys434, and the main-chain amino group of Ala93 and the side

chain of Glu474. It is possible that these other interactions help to maintain the

interface in the absence of the salt bridge, however the loss of the Arg97/Asp444

contacts may increase the flexibility of this region. This change may account for the

differences observed in substrate affinity and leucine sensitivity.
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variants. Residual activity is calculated as a percentage of full activity (in the absence of
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5.6 Small angle X-ray scattering

5.6.1 Effects of leucine on structure

SAXS data were collected for MtuIPMS in the presence and absence of leucine.

These data were compared to investigate potential changes in protein solution-phase

structure upon inhibitor binding.

Sample validation

Guinier distributions for MtuIPMS in the presence and absence of leucine indicate

that neither protein is aggregated in the SAXS sample. This is evidenced by the

linear dependence of data points on a Guinier plot (Figure 5.13), and also by the

close agreement of Rg and I(0) parameters calculated from this distribution with

those calculated from the pair-distribution function (Table 5.6).
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Figure 5.13: Guinier distributions of MtuIPMS wild-type SAXS data in the presence and
absence of L-leucine

Structure parameters

The P (r) distributions for MtuIPMS indicate that the leucine-bound sample has

similar Rg and Dmax values to unliganded sample (Figure 5.14 and Table 5.6). In-

terestingly, it was difficult to find an appropriate Dmax to fit the data, suggesting

122



Domain Flexibility in MtuIPMS

that a range of values could fit this parameter. This is likely due to the large flex-

ible loops in the structure, particularly the 38-residue tandem repeat present in the

regulatory domain.
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Figure 5.14: Pair-distribution function of MtuIPMS SAXS data in the presence and absence
of L-leucine. P (r) functions normalised to 1.

The Porod volume estimate calculated from the P (r) distribution is slightly larger

for the leucine-bound sample than for the unbound protein. These volume estimates

can be translated into very approximate molecular masses by a factor of 0.625,88

and such a calculation suggests that MtuIPMS is a dimer in solution in the presence

and absence of leucine. This is in agreement with previous gel filtration experi-

ments.46

MtuIPMS MtuIPMS + Leucine

structural parameters

I(0) (cm−1) 0.207 ± 0.005 0.206 ± 0.005

from Guinier 0.209 ± 0.001 0.211 ± 0.001

Rg (Å) 37.0 ± 0.1 38.1 ± 0.1

from Guinier 37.4 ± 0.2 39.6 ± 0.3

Dmax (Å) 130.5 128.5

Porod volume estimate (Å3) 265000 277000

molecular mass estimate

mass estimate from Porod (Da) 166000 173000

monomer mass from sequence (Da) 70200 70200

likely oligomeric structure dimer dimer

Table 5.6: Comparison of SAXS data for MtuIPMS with and without 1 mM L-leucine. Data
collected at a wavelength of 1.127 Å.
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Comparison to crystal structures

The calculated scattering pattern from crystal structure 1SR9 was fitted to the Mtu-

IPMS SAXS data. As observed for NmeIPMS, the scattering of the dimer was a

better fit than that of either of the constituent monomers (Figure 5.15).

The SAXS data compare reasonably well with the theoretical curve generated for

structure 1SR9. The slight differences between the experimental and theoretical

scattering are likely due, at least in part, to the undefined residues and loops in the

MtuIPMS crystal structure. Data obtained in the presence and absence of leucine

indicate that there is very little structural change upon leucine binding (Figure 5.16),

in agreement with existing crystal structures.

Calculated scattering patterns from crystal structures 3FIG and 1SR9, representing

leucine-bound and unbound MtuIPMS respectively, were fitted to the experimental

data. Structures 1SR9 and 3FIG are nearly identical and compare with an rms

difference in Cα position of 0.23 Å for 965 residues. Three residues are present

in the 3FIG dimer that are undefined in 1SR9, and one residue is present in 1SR9

that is undefined in 3FIG. There are also several more unmodelled side chains in the

unliganded structure than in the liganded, indicative of the increased stability of the

leucine-bound structure. Calculated scattering data from 1SR9 gave the best fit to

the unliganded experimental data, while the scattering pattern from 3FIG gave the

best fit for data obtained in the presence of leucine (Figure 5.16). In either case the

differences in fit between the two structures were small. It appears that MtuIPMS

does not show large changes to average structure in the presence of leucine.

Experimental SAXS data for unligandedMtuIPMS does not quite match the theoret-

ical SAXS scattering pattern between 0.1–0.15 Å−1, however data for leucine-bound

MtuIPMS shows excellent alignment over this range (Figure 5.16). This improved

alignment is evident in calculated scattering fits for both 1SR9 and 3FIG to the

leucine-bound data. The 0.1–0.15 Å−1 range is low resolution, and changes in scat-

tering here could represent slight changes in overall conformation of the protein.

If this is the case, then it appears that both crystal structures better match the

solution-phase state of leucine-bound protein than unliganded protein at this resol-

ution. It is also possible that the substrate α-KIV, present in crystal structure 1SR9

but not in the solution-phase samples, could be the reason for the poor fit in this

region.
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Figure 5.15: Fits of theoretical scattering from MtuIPMS crystal structure 1SR9 to MtuIPMS
SAXS data. Experimental data are shown in blue, with error bars in grey.
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Figure 5.16: SAXS data for MtuIPMS in the presence of 1 mM L-leucine, compared to data
collected in the absence of L-leucine
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5.6.2 Structures of MtuIPMS variants

Solution-phase scattering patterns were collected for variants A424C/Q462C, R97A,

D444A, D444R and D444Y. These data were compared to scattering from wild-type

protein.

Sample validation

As for the wild-type protein, all variants of MtuIPMS showed no sign of aggregation,

as determined by the linear dependence seen in the Guinier plots (Figure 5.18). Close

agreement of Guinier-calculated I(0) and Dmax values with those derived from the

pair-distribution function also confirm that the protein sample is not aggregated

(Table 5.7).

Structure parameters

The P (r) distributions of the variant data are similar to that of the wild-type protein,

with some fluctuation in Rg and Dmax. As for the wild-type data, this latter value

was difficult to confidently fit to the scattering pattern, indicating areas of flexibility

in the protein structure (Figure 5.17).

The Porod volume estimates of the variants, and approximate masses calculated

from these, compare well with the size of the dimer (Table 5.7).
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Comparison to crystal structures

Fitting of the calculated scattering from structure 1SR9 to the variant SAXS data

suggests that all of the variants adopt similar conformations in solution to the crystal

structure (Figure 5.19).

Comparison of the experimental data with that of the wild-type shows that none of

the substitutions have greatly affected the protein structure (Figure 5.20). There is

little evidence for gross domain movement (apparent at resolutions of 0.15–0.4 Å−1)

and it appears that these amino acid substitutions have only very minor effects on

protein structure.
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Figure 5.19: Fits of theoretical scattering from MtuIPMS crystal structure 1SR9 to MtuIPMS
variant SAXS data. Experimental data are shown in red, with error bars in grey. Theoretical
scattering fitted from structure 1SR9 in black. Figure continued over page.
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Figure 5.19: Fits of theoretical scattering from MtuIPMS crystal structure 1SR9 to MtuIPMS
variant SAXS data. Experimental data are shown in green (R97A) or purple (D444A), with
error bars in grey. Theoretical scattering fitted from structure 1SR9 in black. Figure continued
over page.
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Figure 5.19: Fits of theoretical scattering from MtuIPMS crystal structure 1SR9 to MtuIPMS
variant SAXS data. Experimental data are shown in cyan (D444R) or orange (D444Y), with
error bars in grey. Theoretical scattering fitted from structure 1SR9 in black.
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5.6.3 Theoretical domain movement in MtuIPMS

As for NmeIPMS, a simulated model of domain movement was generated, repres-

enting the transition from the asymmetric state of structure 1SR9 to the inverse

structure with inverted monomer conformations. Theoretical SAXS scattering pat-

terns were generated from these structural models (Figure 5.21). As the structure

of MtuIPMS becomes more symmetrical, several small changes are apparent in the

SAXS pattern. Many of these changes are observed at higher resolution and rep-

resent small structural fluctuations, however an obvious difference in curves can be

seen at 0.13 Å−1, representing changes in relative domain position. It appears there

is a correlation between SAXS intensity at 0.13 Å−1 and the overall symmetry of the

dimer.

All SAXS data obtained for unliganded wild-type and variant MtuIPMSs are best

fitted by the theoretical curves generated from the start- and end-point morph struc-

tures. The experimental data show increasingly poor fit, indicated by increasing χ

values, as the symmetry of the structures increases. For the wild-type sample in

the presence of leucine, however, the fits are uniformly poor across all the morphed

structures (χ = 3.4–3.6), so no trend can be determined.

It is important to note that the morphed structures were generated by simple trans-

lation of the regulatory domain from one conformation to another. This hardly

represents a robust simulation of molecular movement, thus it is imprudent to in-

terpret too much from the theoretical SAXS scattering patterns. Be that as it may,

these morph models suggest that the average solution-phase structure of MtuIPMS

is very close to the solved crystal structures. If there is any oscillation to, or through,

a symmetric state, it is not revealed by these data.
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5.7 Summary of findings

Amino acid substitutions were made at the interfaces of the N-terminal domains

(the catalytic domain and subdomain I) with the C-terminal domains (subdomain

II and the regulatory domain) in MtuIPMS. Variant A424C/Q462C was designed

to lock the protein in an asymmetric state by formation of a disulfide bond between

subdomain I and subdomain II in one monomer, whereas variants R97A, D444A,

D444R and D444Y were designed to disrupt a salt bridge that forms between the

catalytic domain of one monomer and subdomain II of the other. All of these variants

were successfully cloned, expressed and purified, and all appear to be properly folded

and of an appropriate size.

The asymmetry observed in the MtuIPMS crystal structures suggests that the

residues Ala424 and Gln462 are 7.2 Å apart in one monomer, but 29 Å apart in

the other. The formation of a disulfide bond between these residues would lock the

protein in an asymmetric conformation. Variant A424C/Q462C was generated to

create such a disulfide bond, and was found to have severely compromised activ-

ity compared to the wild-type protein. Tandem MS shows that a disulfide bond

between these residues is present in some of the enzyme monomers, but this bond

formation is not likely to be the cause of attenuated activity as the protein catalytic

rate is unaffected after treatment with reducing agent. Analysis of further variants

indicates that the individual substitutions A424C and Q462C each reduce catalytic

activity. Variant Q462C has a lower activity of the two, with comparable reaction

rates to variant A424C/Q462C. It appears that this substitution of Gln462 is the

reason for the reduced activity observed in the doubly-substituted variant.

As for Ala424 and Gln462, the salt-bridge-forming residues Arg97 and Asp444 are

close in one monomer, but distant (31 Å apart) in the other. This salt bridge may

thus play a role in the asymmetry of the crystal structure. Substitution of these salt-

bridge residues gave rise to four variants: R97A, D444A, D444R and D444Y. α-KIV

affinity and turnover number are similar in these variants to values for wild-type

protein, whereas AcCoA affinity is decreased slightly in R97A, and increased 3- to

5-fold in the Asp444-substituted variants. All of the salt-bridge variants demonstrate

compromised sensitivity to leucine, and the rate ofMtuIPMS slow-onset inhibition is

decreased in the Asp444 variants. This indicates that substitution of Asp444 affects

the structure of the flexible loop in the distant leucine binding site.

The solution-phase structures of variants A424C/Q462C, R97A, D444A, D444R and

D444Y were found, along with those for wild-type MtuIPMS in the presence and
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absence of leucine. SAXS data for these proteins are all very similar, indicating that

these amino acid substitutions have not affected overall protein conformation. The

presence of leucine does not affect the protein conformation greatly, with only minor

changes apparent between unliganded and liganded MtuIPMS scattering data.

Morphed structural models were generated for MtuIPMS, similar to those for Nme-

IPMS (Section 2.6.4), to model the potential domain movement in the enzyme.

Unlike the models for NmeIPMS, these MtuIPMS models did show a correlation

between protein symmetry and theoretical scattering intensity at low resolution.

No such increase in intensity is apparent in any of the experimental scattering data

for the MtuIPMS variants. This indicates either that all of the variants show similar

asymmetry in solution to the MtuIPMS crystal structure, or that the morph models

do not accurately the reflect the symmetrical protein structure.
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Discussion

6.1 Key findings of this thesis

This research aims to further the understanding of allosteric regulation in general,

and of α-IPMS enzymes in particular. To this end, α-IPMSs from N. meningitidis

and M. tuberculosis were studied under a variety of conditions, and substitutions

were generated to probe feedback inhibition and the importance of the regulatory

domain in enzyme catalysis.

α-IPMS from N. meningitidis was cloned, expressed and found to have similar cata-

lytic and regulatory parameters to previously studied enzymes. Comparison of bio-

physical measurements with crystal structures of MtuIPMS indicate that NmeIPMS

adopts a similar asymmetric dimer conformation to the other bacterial enzyme.

Amino acid substitutions were made in the regulatory domain of NmeIPMS, and

found to reduce enzyme sensitivity to leucine-mediated regulation. These also show

some effect on the distant active site. Pro431 appears particularly important for

enzyme regulation, almost abolishing leucine inhibition when substituted with gly-

cine. This substitution may also have larger effects on the structure and dynamics

of the rest of the enzyme, as demonstrated by a 3-fold decrease in binding affinity

for AcCoA. Substitution of residue Arg336 in subdomain II has even greater effect

on the binding of this substrate, decreasing affinity 20-fold, while having little effect

on allosteric inhibition. The structure and stability of the C-terminal domains of

α-IPMS seem critical for normal AcCoA binding.

The presence of the regulatory domain plays a pivotal role in competent enzyme

function, with truncation of this domain resulting in an inactive variant (in the case
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of MtuIPMS) or one only capable of hydrolysing AcCoA independently of α-KIV (in

NmeIPMS). Crystal structures suggest that this domain is crucial for maintaining

the stability of subdomain I and, by extension, the competent conformation of the

active site.

It is likely that the asymmetric structure observed in the crystal of MtuIPMS is the

same average structure adopted in solution by both MtuIPMS and NmeIPMS. This

confirms that the conformation observed in previous crystal structures is biologically

relevant and not an artifact of crystallisation. The asymmetric nature of Mtu-

IPMS is unchanged by the addition of leucine, but due to the averaging effects of

solution-phase visualisation this information does not rule out an interconversion of

conformational extremes.

Lastly, attempts to disrupt the asymmetry of MtuIPMS show that a salt bridge

between the catalytic domain and subdomain II may be important for leucine-

mediated inhibition and AcCoA binding. It is difficult, however, to separate the

contributions of salt-bridge formation from other structural contributions of the sub-

stituted amino acids; R97A and D444A, representing identical substitutions at either

end of the salt bridge, have significantly different kinetic parameters, indicating that

these residues make unique, important contributions to the enzyme structure bey-

ond salt-bridge formation. Substitution of Asp444 also affects slow-onset inhibition

in MtuIPMS, slowing down the transition from the Enz·Leu complex to the more

tightly-bound Enz*·Leu state. Attempts to engineer a disulfide bond between the

subdomains I and II has shown that intra-monomer domain interface residues are

critical for enzyme activity, with a 50-fold loss of activity observed when a subdo-

main II glutamine is substituted for cysteine.
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6.2 The far-reaching effects of amino acid

substitutions

The structure and dynamics of the regulatory domain are intricately linked with

those of the subdomains and, by extension, the AcCoA binding pocket of the active

site. Thus, substitution of regulatory-site residue Pro431 in NmeIPMS is able to

decrease substrate binding affinity, and substitution of a subdomain II Asp444 in

MtuIPMS affects the binding of leucine in the regulatory site.

Substitution of another subdomain II residue (Arg336), this time in NmeIPMS,

does not affect leucine-mediated inhibition, however it does dramatically decrease

AcCoA binding affinity. This residue is equivalent to Lys434 in MtuIPMS, only ten

residues upstream from the aspartate residue mentioned in the previous paragraph.

The difference in the effects of these substitutions, involving amino acids only ten

residues apart and yet affecting opposite, distant ligand binding sites, could be due

to the likely interactions between Lys434/Arg336 and residues on the C-terminal

loops of the (β/α)8-barrel. Asp444, by contrast, interacts with residues on the outer

α-helices of the barrel. Thus Lys434/Arg336 may be in more direct contact with

the α-IPMS active site. The difference in effect of these substitutions may also be

due to the flexible nature of the structure around the lysine/arginine residue — in

MtuIPMS, Lys434 is directly adjacent to the undefined linker region, and much of

its side chain is undefined in the crystal structure. Asp444 may play a greater role

in stabilisation of subdomain II and, by extension, the regulatory domain.

Previous studies have shown that substitutions in MtuIPMS may have unexpected

effects on distant regions of the protein. Substitution of Tyr410 for phenylalanine,

located in the active site from subdomain I, has been shown to destabilise large

sections of subdomain II,49 despite having little effect on leucine binding in the

regulatory domain.48 Substitution of active-site residue Glu218, meanwhile, affects

leucine binding at the regulatory site, reducing affinity for this ligand 10-fold.48

141



Chapter 6

6.3 The role of asymmetry in α-IPMS

The MtuIPMS dimer has a marked asymmetry, extending to the active sites. This

is noticeable when comparing several crystallised full-length proteins with different

ligands. Structures solved with citrate or bromopyruvate bound show higher occu-

pancy of these ligands at the active site farthest from the regulatory domains.54 This

site can be thought of as the “open” active site, and is featured right and front in

Figure 6.1. The other, “closed” active site either binds no ligand or ligand with lower

occupancy, and shows the divalent metal ion disordered over two possible binding

sites, matching those observed for α-KIV-bound and unbound truncated MtuIPMS.

In the leucine-bound MtuIPMS structure only one metal ion is present in the dimer

active sites, in the “open” site farthest from the regulatory domains.

This difference in active site occupancy could be mediated through the flexibility of

subdomain I, which possesses higher temperature factors in the monomer lacking

the stabilising interactions with subdomain II. This more flexible subdomain sits

over the “open” active site. Thus, it could be that a particular degree of subdomain

I flexibility is required for enhanced ligand and metal recruitment to the active

site.

90° 

“Open” 
active 
site 

“Closed” 
active 
site 

Figure 6.1: Relative orientations of subdomains in MtuIPMS, showing differences in active
sites. Subdomain I is shown in blue and subdomain II in pink.

Several other proteins also demonstrate the active site non-equivalency observed in

α-IPMS. D-Glyceraldehyde-3-phosphate dehydrogenase is a homotetramer with two

pairs of non-equivalent sites in the presence of nicotinamide adenine dinucleotide
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(NAD), however these sites become equivalent in the absence of this cofactor.95 It

is proposed that the asymmetric form is preferred in the presence of NAD. A more

extreme example of non-equivalency is observed for the tyrosyl-tRNA synthetase

from Bacillus stearothermophilus , which is only functional in half of the active sites

available in oligomeric protein, despite crystallising as a symmetrical dimer.95 It is

hypothesised that the dimeric structure is necessary in this enzyme to stabilise the

one active catalytic site.

Similar open and closed active-site conformations have been observed in many

thiamin diphosphate (ThDP)-dependent enzymes.96 These enzymes catalyse two

successive half-reactions, first the binding of one substrate to ThDP, and then the

reaction with the second substrate and release of the product. ThDP-dependent

enzymes are typically dimers or tetramers, with ThDP binding sites located at the

inter-dimer interfaces. It is hypothesised that these enzymes use a “flip-flop” mech-

anism where at any one time each active site is catalysing one of the half-reactions,

while the other site catalyses the other half-reaction. These active sites would then

“flip”, and each site catalyse the other part of the enzyme reaction. Structures for

ThDP-dependent enzymes suggest that the movement involved in this alternating-

sites mechanism is ∼2 Å,97 far less than a potential conversion of conformational

extremes in α-IPMS. Therefore it is perhaps unlikely that α-IPMS functions by such

a mechanism, however it is still possible that changes in symmetry could play a role

in the leucine-mediated regulation of this enzyme.
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6.4 The importance of the α-IPMS regulatory

domain

Small-molecule binding domains are a common method of regulating metabolic en-

zymes. Sometimes these domains can be thought of as accessories to the catalytic

domain, that may be removed with minimal effect on enzyme activity. Such is the

case in α-IPMS from A. thaliana, which is able to function in the absence of the reg-

ulatory domain with a slight increase in kcat/Km compared to the wild-type.67

Other α-IPMSs have not shown this independence of regulation, and truncation

of MtuIPMS and NmeIPMS results in loss of the enzymatic condensation reaction.

Even a deletion of part of the regulatory domain in S. cerevisiae α-IPMS has resulted

in attenuation of enzyme activity.69 Complete loss of activity upon truncation is also

apparent for L. interrogans CMS, the only other known enzyme to share the α-IPMS

regulatory-domain fold.68,98

It is intriguing that bacterial α-IPMSs have such a reliance on the regulatory domain

for proper protein function considering that other, closely-related Claisen-condensing

enzymes are naturally expressed without a domain of this kind. Such is the case

for re-citrate synthase from Clostridium kluyveri , which has a DNA sequence that

is similar enough to α-IPMSs to have been misidentified as one, and yet is an act-

ive enzyme without any similar regulatory domain.99 A lack of accessory domain

is also seen in methylthioalkylmalate synthase (MAM), an enzyme responsible for

side-chain elongation of methionine in A. thaliana glucosinolate biosynthesis. This

enzyme is closely related to A. thaliana α-IPMS, and it is believed that the loss of

the regulatory domain from α-IPMS is one of the steps in MAM evolution.41

Interestingly, the α-IPMS regulatory domain may influence protein quaternary struc-

ture and specificity. One of the two α-IPMS isozymes in A. thaliana forms a tetra-

mer in the presence of the domain, but a monomer in the absence. Addition of the

α-IPMS regulatory domain to MAM changes the quaternary structure from monomer

to predominantly dimer, with some monomer and tetramer present, although this

does not confer sensitivity to leucine upon this enzyme.67
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6.4.1 The ACT domain: another small-molecule binding

domain

An examination of the effects of small-molecule binding domains would not be com-

plete without mentioning the most prolific of these structures. The aspartate kinase-

chorismate mutase-tyrA (ACT) domain, named for the first letters of proteins in

which it was identified,100 is prevalent in the regulation of amino acid biosynthesis,

both in metabolic enzymes and transcription regulators. ACT domains have also

been revealed in the regulation of intracellular nickel levels and in a potential thiam-

ine transporter.101,102

These domains have a characteristic βαββαβ fold, similar to the (βββα)2 fold found

in α-IPMS and CMS, however the arrangement of these domains in the protein

quaternary structure can be quite different. ACT domains usually form oligomers

through either a side-by-side or face-to-face arrangement, in contrast to the α-IPMS

domain which has a head-to-head arrangement in α-IPMS and CMS (Figure 6.2).

The regulatory-domain arrangement in CMS goes on to form a tetramer through

coordination with two Zn2+ ions, although substitution of the metal-coordinating

residues has little effect on protein kinetics and it is likely that the head-to-head

dimer is the functional arrangement.

The presence of ACT domains can have varying effects on protein catalysis. Re-

moval of the ACT domain from E. coli phosphoglycerate dehydrogenase (PGDH)

results in an unregulated enzyme, with similar reaction kinetics and unchanged

quaternary structure to the wild-type protein,105 yet all three isozymes of the E.

coli AHAS catalytic subunit require association of a separate ACT domain subunit

for full catalysis. This association in AHAS can increase activity from 5-fold to

100-fold.106

ACT domains typically bind ligands at the inter-monomer interface. Depending on

the enzyme, these ligands may activate or inhibit by various different mechanisms.

In PGDH binding of serine causes a rotation of a cofactor binding domain relative

to the substrate binding domain,107 while in ATP-PRTase histidine binding causes

the trimeric enzyme to form an inactive hexamer.

A common theme amongst ACT domain-mediated regulation is that binding of small

molecules increases the stability of the enzyme.108 This is also seen in MtuIPMS,

where leucine binding reduces solvent accessibility in many parts of the protein,

including a peptide in the active site. Crystal structures of truncated MtuIPMS

and NmeIPMS also imply that the regulatory domain is needed to maintain the
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(a) Head-to-head association of the regu-
latory domain of α-IPMS (3FIG51 — with
leucine bound)

(b) Zn2+-mediated tetramer of the regulat-
ory domain of CMS (3F6G9 — with isoleu-
cine bound); Zn2+ is shown as grey spheres

(c) Side-by-side arrangement of the PGDH
ACT domain (1PSD103 — with serine
bound)

(d) Face-to-face trimer of ACT domains
in ATP-PRTase (1NH877 — with histidine
bound)

(e) Side-by-side and face-to-face associ-
ation of the tandem ACT domain of AHAS
IlvH (2F1F104)

Figure 6.2: Arrangements of different small-molecule binding domains. Monomers are shown
in different colours; amino acids are shown as orange spheres. PDB IDs indicated.
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stability of subdomain I even in the absence of inhibitor.

It seems clear from these comparisons that different enzymes may have varying

dependency on the presence of an allosteric regulatory domain, from none at all

(E. coli PGDH, A. thaliana α-IPMS) to absolute (E. coli AHAS, M. tuberculosis

α-IPMS), but what appears to be conserved is that allosteric domains, such as the

ACT domain or the α-IPMS regulatory domain, enhance enzyme stability in the

presence of effector molecules. This enhanced stability, whether it involves a broad

conformational shift or merely a change in dynamics, is thus the propulsion for the

population shift of allosteric inhibition.
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6.5 Future directions in α-IPMS research

There are many avenues for future research into the regulation of α-IPMS. Below

are listed a few that would enhance and complement the discoveries described in

this thesis.

The NmeIPMS variant P431G is insensitive to leucine inhibition. The reasons for

this insensitivity could be elucidated by in silico modelling of flexibility in this

variant, which substitutes a conserved leucine-binding-site proline for glycine. The

binding, or lack thereof, of leucine could also be characterised in this enzyme by

WaterLOGSY or ITC.

Other studies have found that truncation of the regulatory domain of A. thaliana

α-IPMS increases catalysis of the MAM substrate 4-methylthio-2-oxobutyrate. It

would be interesting to determine if any other α-keto acids are substrates of the

truncated NmeIPMS and MtuIPMS enzymes, and if the regulatory domain plays a

role in the substrate specificity of these enzymes.

In the absence of any changes to the wild-type protein in the presence of leucine,

as observed by SAXS and crystallography, other methods could be used to reveal

potential structural changes involved in inhibition. Fluorescence resonance energy

transfer (FRET) experiments could be used to assess the distance between domains

of the protein, and how these distances change in the presence of inhibitor. In silico

simulations of molecular dynamics could also be used to identify changes to structure

not seen in the MtuIPMS crystal lattice or the averaged solution-phase data.

It would be informative to determine crystal structures of the MtuIPMS domain-

interface variants A424C/Q462C, R97A, D444A, D444R and D444Y, to better un-

derstand how these substitutions affect substrate affinity and inhibitor binding.

Little difference is apparent between the SAXS data for these enzymes and wild-type

MtuIPMS, so changes must be on a finer scale than is visible by this technique.

Lastly, it would be interesting to transpose the α-IPMS regulatory domain onto CMS.

CMS is very similar to α-IPMS except in its choice of α-keto acid substrate (pyruvate

rather than α-KIV) and inhibitor (isoleucine rather than leucine). Attempts have

already been made to confer leucine-sensitivity upon CMS through modifications

to the inhibitor binding site, however an entire replacement of the CMS regulatory

domain with that of α-IPMS may show that this domain can be treated as a modular

unit under specific circumstances.
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6.6 In conclusion

Although the exact mechanism of allosteric inhibition in α-IPMS remains unclear, it

seem likely that it is mediated through dynamic fluctuations in the two subdomains,

and through subdomain I to the AcCoA binding pocket of the active site. Neither the

catalytic domain nor the regulatory domain can function without the other present,

and the subdomains each possess subtle and intricate relationships with catalysis

and inhibition. It is clear that α-IPMS is in no way a modular protein, and that

each helix, sheet and loop is a cog in a vast and complex molecular machine.
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Materials and Methods

7.1 General methods

7.1.1 Protein structure images

Structural representations of proteins were generated using the PyMOL Molecular

Graphics System, version 1.5 (Schrödinger, LLC).109

7.1.2 Multiple sequence alignments

Multiple sequence alignment was performed using TCoffee.110,111

7.1.3 Water

All buffers and solutions used water treated with a Millipore Milli-Q system prior

to use.

7.1.4 pH determination

pH of solutions was determined with a Denver Instruments UB-10 Ultra-Basic pH

meter, with either a standard or micro-probe. Solutions were made acidic by addi-

tion of HCl, and basic by addition of NaOH.
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7.2 Cloning

7.2.1 Primers

Primers were designed by hand or by PrimerX (www.bioinformatics.org/primerx)

and synthesised by GeneWorks or Invitrogen. Primers were stored at 300 �M in TE

buffer (10mM Tris-HCl, 0.1mM EDTA) or sterilised water.

Forward primers for genomic cloning of NmeIPMS and subcloning of M389Start and

R336Start included the bases CACC at the 5� end. This was included for utilisation

with the TOPOR� Cloning Kit for ligation into vector pET-151.

A full list of primers used can be found in Table 7.1.

7.2.2 PCR equipment

PCR was performed using a Mastercycler ep gradient S (Eppendorf), a Veriti R�

96-well Thermal Cycler (Applied Biosystems) or an iCycler (Bio-Rad).

7.2.3 Genomic cloning of NmeIPMS

The putative leuA gene encoding wild-type α-IPMS was amplified from N. meningi-

tidis MC58 (serogroup B) genomic DNA (ATCC) by PCR using an Expand High

FidelityPlus Kit (Roche). Cycling parameters and components used for the 50 �L

reaction were as per the polymerase manufacturer’s instructions, but with the in-

troduction of a touchdown annealing stage, wherein the annealing temperature of

the PCR cycle started at 70 ◦C and dropped 1 ◦C each cycle for ten cycles. The

annealing temperature for the remaining 26 cycles was 60 ◦C.

Resulting PCR fragments were assessed for appropriate size by agarose gel electro-

phoresis and ligated into vector pET-151 as described in Section 7.2.5.

7.2.4 Isolated regulatory domains of NmeIPMS

The C-terminal residues of NmeIPMS were cloned from the pFH01 plasmid using

iProof
TM

Polymerase (Bio-Rad) and the reverse primer originally used to clone wild-

type NmeIPMS. Forward primers were designed to start at either residue Met389

or Arg336 (Table 7.1).
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A 50 �L PCR reaction solution was used, including forward and reverse primers,

each at a concentration of 0.5 �M, and 12 ng template plasmid. Cycling protocols

used were those recommended by the polymerase manufacturer, with an annealing

temperature of 68 ◦C.

After PCR, template DNA was digested with the restriction enzyme Dpn1 (Strata-

gene) for 5min at 37 ◦C. Resulting PCR fragments were assessed for appropriate size

and purified on a 0.8% (w/v) E-Gel R� CloneWell
TM

Agarose Gel (Invitrogen). These

fragments were ligated into vector pET-151 as described in Section 7.2.5.

7.2.5 Ligation using TOPO R�

After cloning of the wild-type NmeIPMS and isolated NmeIPMS regulatory do-

mains, PCR products were ligated into a pET-151 vector using a TOPOR� Cloning

Kit (Invitrogen). This kit utilises a topoisomerase enzyme to ligate the CACC re-

gion at the 5� end of the PCR fragment into a complementary sequence at the vector

insertion point.

Vector pET-151 contains a T7 promotor system, an ampicillin resistance gene, a

polyhistidine tag for ease of purification and a TEV protease recognition sequence

for tag removal. Ligation was completed following the TOPO R� Cloning Kit instruc-

tions.

7.2.6 Colony PCR of regulatory domains

After transformation of E. coli XL1Blue cells with pM389Start and pR336Start

plasmids, promising candidates for sequencing were identified with colony PCR. This

procedure used the forward DNA sequencing primer for vector pET-151 (see Section

7.2.11) and the reverse subcloning primer to confirm that the subcloned gene had

been inserted into the vector in the correct orientation. This was confirmed by the

amplification of an appropriately sized DNA fragment from the colony PCR.

PCR reactions were set up using Taq DNA Polymerase (Invitrogen) and following

the manufacturer’s instructions for reaction components and cycling parameters.

Template DNA was provided as a toothpick scraping of an E. coli XL1Blue colony

from an agar plate of suitably-transformed cells.
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Enzyme PCR primer 5�–3�

genomic cloning of wild-type enzymes

NmeIPMS For CACCATGACACAGACCAACCGCGTTATC

Rev TCAAATCGTACCGCTGCCCTG

point mutations in NmeIPMS

S429A For CTTCCGCAACCGGTGCCGGCCCCGTG

Rev ACGGGGCCGGCACCGGTTGCGGAAG

P431G For GCAACCGGTTCCGGCGGCGTGGATGCATTTTC

Rev GAAAATCGCATCCACGCCGCCGGAACCGGTTGC

G482P For CGTCAACGGTCAGCCCGCGGATACCGAC

Rev GTCGGTATCCGCGGGCTGACCGTTGACG

T491A For GACGTTTTGGTCGCCGCCGCCAAAGCCTAC

Rev GTAGGCTTTGGCGGCGGCGACCAAAACGTC

R336A For GGGCAAATTGTCCGGCGCCAACGCCTTCAAAACC

Rev GGTTTTGAAGGCGTTGGCGCCGGACAATTTGCCC

E365Term For CATTTGCACGCTTCAAATAACTCGCCGACAAAAAAC

Rev GTTTTTTGTCGGCGAGTTATTTGAAGCGTGCAAATG

isolated regulatory domains of NmeIPMS*

M389Start For CACCATGAATGCCGAGAGCTACAAATTC

R336Start For CACCCGCAACGCCTTCAAAAC

point mutations in MtuIPMS

R97A For GCCATGTTCGACCTGCTGGTCCGG

D444A For GCACACGGCCTTTCCCTGCCG

D444R For CGACACGGCCTTTCCCTGCCG

D444Y For TACCACGGCCTTTCCCTGCCG

R97 and D444 Rev GGTCTTCATGATGTAGGCCACGCC

A424C For GGGCGCACCTACGAGTGCGTGATCCGGGTCAAC

Rev GTTGACCCGGATCACGCACTCGTAGGTGCGCCC

Q462C For TCGAGTTTTCCCAGGTAATCTGCAAGATCGCAGAGGGTACAGC

Rev GCTGTACCCTCTGCGATCTTGCAGATTACCTGGGAAAACTCGA

Table 7.1: Primers used for cloning. Mutated bases are shown in bold. *Clones of NmeIPMS
regulatory domain used the NmeIPMS wild-type reverse primer.
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7.2.7 Site-directed mutagenesis

Mutagenesis of A424C, Q462C and all NmeIPMS variants

Amino acid-substituted NmeIPMS variants S429A, P431G, T491A and R336A, as

well as MtuIPMS variants A424C and Q462C were generated by creating mutations

in either plasmid pFH01 (NmeIPMS) or pProExHTa-LeuA (MtuIPMS). Mutagen-

esis was performed using either a QuikChangeR� XL Mutagenesis Kit (Stratagene)

or a Phusion R� High-Fidelity DNA Polymerase (Finnzymes), using cycling proto-

cols and (typically 50 �L) reaction components recommended by each polymerase

manufacturer.

After PCR, template DNA was digested with the restriction enzyme Dpn1 (Strata-

gene) for 5min at 37 ◦C.

Mutagenesis of R97A, D444A, D444R and D444Y

Mutagenesis of plasmid pProExHTa-LeuA to achieve amino acid substitutions R97A,

D444A, D444R and D444Y was carried out using 5�-phosphorylated plasmids and

Phusion R� High-Fidelity DNA Polymerase (Finnzymes). The forward and reverse

primers were designed to anneal back-to-back, rather than overlapping, allowing for

greater success with multiple-base mismatches.112

Reaction components and cycling parameters followed polymerase manufacturer’s

instructions. PCR amplification with these primers resulted in linear double-stranded

DNA, necessitating additional steps before transformation into E. coli cells. First

the template plasmid was digested with enzyme Dpn1 (Stratagene), and then the lin-

ear DNA fragments were purified using a 0.8% (w/v) E-Gel R� CloneWell
TM

Agarose

Gel (Invitrogen). The linear DNA was re-circularised with T4 ligase overnight at

room temperature before being transformed into E. coli OneShot TOP10 cells.

7.2.8 Agarose gel electrophoresis

Agarose gel electrophoresis was performed using either pre-cast E-Gel R� 1.2% (w/v)

agarose gels (Invitrogen) or self-poured 1% agarose gels.

E-Gel R� agarose gels were used as per manufacturer’s instructions. Samples were

added directly to the gel, without loading dye. Gels were run on and monitored

with an E-Gel R� iBase
TM

Safe Imager
TM

.
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Self-poured gels were made by heating 0.3 g agarose in 30mL tris-acetate-EDTA

(TAE) buffer until dissolved. The solution was cooled to ∼50 ◦C before being sup-

plemented with SYBR Safe R� DNA stain and poured.

For self-poured gels, samples were mixed with a 6× sample loading dye. Electro-

phoresis was performed for 60min at 80V in TAE buffer using a Mini-Sub R� Cell

GT (Bio-Rad).

All gels were viewed and photographed under UV light with a Molecular Imager R�

Gel Doc
TM

XR (Bio-Rad).

TAE buffer: 60mM Tris-HCl, 1mM EDTA, 20mM acetic acid

Sample loading dye (6×): 60mM Tris-HCl, 60mM EDTA, 0.2% (w/v) orange G,

0.05% (w/v) xylene cyanol ff, 60% (v/v) glycerol

7.2.9 Chemical transformation

Transformation was typically performed by thawing 50 �L of chemically competent

cells on ice, then adding 5 �L plasmid (40–80 ng/�L) and incubating (on ice) for

30min. Cells were heat-shocked for 45 s at 42 ◦C and placed on ice again for 2min.

200 �L super optimal broth (SOC) medium was added to the cells, which were incub-

ated for 1 h at 37 ◦C before being spread on LB-agar plates containing appropriate

antibiotics. These plates were incubated at 37 ◦C overnight.

SOC medium: 2% (w/v) tryptone, 0.5% (w/v) yeast extract, 10mM NaCl, 2.5mM

KCl, 10mM MgSO4 and 20mM glucose

Making chemically competent cells

To make chemically competent cells, first a 5mL LB culture was inoculated with the

desired cell line and grown overnight at 37 ◦C with appropriate antibiotics. The next

morning 100mL LB, with antibiotics, was inoculated with 2mL overnight growth

and grown at 37 ◦C until an OD600 of 0.3–0.4 was reached. Culture was then pelleted

in sterile falcon tubes at 4 ◦C, 4000 rpm for 15min. From this point onwards the

cells and plasticware were kept chilled at all times.

After centrifugation the media was poured off and the cells resuspended gently, on

ice, in 50mL freshly made, sterile 0.1M CaCl2. Cells were then incubated for 30min

on ice before being pelleted again (4 ◦C, 4000 rpm, 15min) and resuspended in 5mL
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0.1M CaCl2. Cells were incubated on ice for at least 2 h before being aliquotted and

frozen at -80 ◦C.

7.2.10 Plasmid preparation and purification

When necessary, plasmids were extracted and purified from 5mL overnight culture

(containing appropriate antibiotics) of relevant OneShot TOP10 or XL1Blue cell

lines. Cells were harvested and plasmids extracted using a Roche High Pure Plasmid

Isolation Kit. The extraction and purification procedure was carried out as per kit

instructions.

7.2.11 DNA sequencing

Sequencing was performed by Canterbury Sequencing on an ABI3100 Genetic Ana-

lyzer (Applied Systems Inc.) using a procedure based on Sanger chain-termination

protocol. Typically, double-stranded plasmid samples were prepared as 6 �L aliquots

of 40 ng/�L plasmid per sequencing run. Primers were provided at 3.2 �M. A list of

primers used for sequencing can be found in Table 7.2.

Sequencing primers 5�–3�

sequencing of NmeIPMS wild-type and variants

For TTAATACGACTCACTATAGGG

Rev TAGTTATTGCTCAGCGGTGGCAGC

sequencing of MtuIPMS variants

For AGCGGATAACAATTTCACACA

Rev ATCTGTATCAGGCTGAAAATC

Table 7.2: Primers used for sequencing
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7.3 Cell cultures

7.3.1 Escherichia coli cell lines

Cell lines were used as detailed in Table 7.3. More generally, E. coli XL1Blue or

OneShot TOP10 cell lines were used for plasmid propagation, and E. coli BL21-

(DE3)Star or Rosetta 2 for protein expression.

Plasmid E. coli cell lines

Plasmid Protein

Name Description propagation expression

wild-type enzymes

pFH01 NmeIPMS OneShot TOP10 BL21(DE3)Star

pProExHTa-LeuA MtuIPMS OneShot TOP10 Rosetta 2

NmeIPMS variants

pS429A S429A XL1Blue BL21(DE3)Star

pP431G P431G XL1Blue BL21(DE3)Star

pG482P G482P XL1Blue BL21(DE3)Star

pT491A T491A XL1Blue BL21(DE3)Star

pR336A R336A XL1Blue BL21(DE3)Star

pE365Term E365 truncation XL1Blue BL21(DE3)Star

pM389Start M389Start XL1Blue BL21(DE3)Star

pR336Start R336Start XL1Blue BL21(DE3)Star

MtuIPMS variants

pProExHTa-LeuA425 V425 truncation XL1Blue Rosetta 2

pA424C/Q462C A424C/Q462C OneShot TOP10 Rosetta 2

pR97A R97A OneShot TOP10 Rosetta 2

pD444A D444A OneShot TOP10 Rosetta 2

pD444R D444R OneShot TOP10 Rosetta 2

pD444Y D444Y OneShot TOP10 Rosetta 2

pA424C A424C OneShot TOP10 Rosetta 2

pQ462C Q462C OneShot TOP10 Rosetta 2

Table 7.3: Cell lines used
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7.3.2 Glycerol stocks

All strains of E. coli created during the course of this study were stored at -80◦C as

1.2mL samples containing 17% v/v glycerol. Cell lines were grown overnight before

addition of glycerol and flash-freezing.

7.3.3 Antibiotics

All plasmids used in this study carry resistance to ampicillin. Ampicillin was in-

cluded in all cell cultures of plasmid-containing cell lines, in addition to cell-line

specific antibiotics as follows:

E. coli Rosetta 2 cells were grown in the presence of chloramphenicol;

E. coli BW25113 �LeuA::kan cells were grown in the presence of kanamycin.

Antibiotics were stored at -80 ◦C at 1000× desired final concentration (Table 7.4).

Antibiotic Stock (mg/mL) Final (�g/mL)

Ampicillin 100 100

Chloramphenicol* 25 25

Kanamycin 50 50

Table 7.4: Antibiotics used in cell culture. *Chloramphenicol stock made in 100% ethanol,
ampicillin and kanamycin in water.

7.3.4 LB media

Standard cell cultures were grown in LB media, as described below. All media were

autoclaved before use.

LB-agar was stored at room temperature and melted in a microwave oven before

use. After melting, the solution was allowed to cool to ∼50 ◦C before appropriate

antibiotics were added and the solution poured into round petri dishes.

Liquid LB broth was used for cell culture after addition of appropriate antibiot-

ics.

LB-agar (for plates): 20 g/L Lennox-L broth base, 15 g/L agar
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LB (for liquid cultures): 20 g/L Lennox-L broth base

7.3.5 M9 minimal agar plates

M9 minimal agar was made by mixing sterile solutions of agar, M9 salts (Table 7.5),

MgSO4, CaCl2 and glucose.

1.5 g agar was mixed with 80mL MilliQ and autoclaved. Prior to pouring plates this

gel was melted and allowed to cool to ∼50 ◦C before sterile solutions were added as

described in Table 7.6.

Compound Amount (g)

Na2HPO4 3.4

KH2PO4 1.5

NaCl2 0.25

NH4Cl 0.5

Table 7.5: Recipe for 100mL 5× M9 salts mixture

Compound Stock Amount (mL) Final Concentration

M9 salts (Table 7.5) 5× 20 1×
MgSO4 1M 0.2 2mM

CaCl2 0.1M 0.1 0.1mM

Glucose 20% 2 0.4%

Ampicillin* 100 g/L 0.1 0.1 g/L

Kanamycin* 50 g/L 0.1 0.05 g/L

L-Leucine** 10 g/L 6 0.6 g/L

Table 7.6: Minimal medium recipe. These compounds were added to autoclaved agar solution
(at ∼50 ◦C). M9 salts were autoclaved, all other solutions were filter sterilised. *Antibiotics
were added as appropriate for the resistance of the particular strain. **Leucine was added to
positive control cultures of BW25113 �LeuA::kan.

7.3.6 Protein expression

All α-IPMS enzymes were expressed and purified using similar protocols. Protein

was expressed in batches of typically 1 L in LB medium, inoculated by an overnight
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growth from a scraping of frozen glycerol stock. Larger volumes were grown via

multiple 1 L LB solutions due to the size restrictions of the equipment available.

Sterile LB was fortified with appropriate antibiotics and inoculated with 1/20th the

final culture volume from an overnight growth. The inoculated culture was incubated

at 37 ◦C until reaching an OD600 of 0.4–0.8AU, before being moved to 20 ◦C for

30min and induced with isopropyl β-D-1-thiogalactopyranoside (IPTG). The final

concentration of IPTG used was 0.1mM for MtuIPMS-expressing cells or 0.5mM

for NmeIPMS-expressing cells. Culture was then grown for 20 h at 20 ◦C.

7.3.7 Cell harvesting

Large cell cultures were harvested in 1 L flasks by centrifugation at 14000 g for 30min

at 4 ◦C. Small cultures (<5mL) were harvested in 1.5mL micro-centrifuge tubes at

17000 g for 1min.
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7.4 Purification

7.4.1 Cell lysis

Prior to lysis, harvested cells were resuspended in 10mL Talon equilibration buffer

(see Section 7.4.3) per gram of wet cell paste. Lysis was performed with either

an Omni-Ruptor 4000 Ultrasonic Homogenizer (Omni International) or an M-110P

Microfluidizer R� (Microfluidics).

Sonication was performed on ice, typically for 20min at 40% pulsation and 70%

power. Sample temperature was checked every 5min to prevent over-heating.

The alternative method of cell lysis was to pass the resuspended cells through a

Microfluidizer R� 1–3 times at a pressure of 18,000 psi. The interaction chamber of

the Microfluidizer R� was packed with ice for this procedure.

After lysis, the soluble fraction was separated by centrifugation at 27000 g for 30min.

Chromatography was performed as soon as possible after lysis to reduce the effects of

proteolysis. A Complete
TM

Protease Inhibitor Cocktail Tablet (Roche) was added to

the crude lysate if samples were required to be stored for longer than an hour.

7.4.2 Chromatography equipment

All chromatography was performed on either a Bio-Rad BioLogic DuoFlow or a GE

Healthcare AKTApurifier
TM

10. Buffers and protein samples were passed through a

0.2 �m filter prior to application using a static loop or a 10mL or 50mL Superloop
TM

(GE Healthcare). Protein elution was monitored at 260 nm and 280 nm. Peaks at

these wavelengths were assessed by SDS-PAGE to determine whether they contained

the protein of interest. All chromatography was performed at 4 ◦C.

7.4.3 Immobilised metal affinity chromatography

Purification of all proteins described in this thesis involved two IMAC steps (see

Section 2.3.3 and Figure 2.5). The first of these separated the His-tagged protein

from the soluble E. coli proteins, and the second separated untagged protein from

the tag and TEV protease after cleavage.

IMAC was performed using 5mL Talon R� Superflow Metal Affinity resin packed

in a Tricorn 10/50 column (GE Healthcare). The resin was equilibrated with five
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column volumes of equilibration buffer prior to injection of protein sample. Resin

was washed with ten column volumes of equilibration buffer, before elution of bound

protein with six column volumes of elution buffer. Following elution, the resin was

washed with five column volumes of 2-(N -morpholino)ethanesulfonic acid (MES)

buffer (pH5.5), containing 200 mM NaCl, to remove bound imidazole before being

stored in ethanol.

The protein of interest was collected from either the eluted fraction (for the first

IMAC step) or the washing step (for the second IMAC step) depending on the

presence of the protein His-tag.

Talon equilibration buffer: 50mM potassium phosphate (pH8.0), 300mM KCl,

10mM imidazole

Talon elution buffer: 50mM potassium phosphate (pH8.0), 300mM KCl, 150mM

imidazole

7.4.4 Desalting of protein samples

Standard purification involved two desalting steps. The first removed high imidazole

from the IMAC elution prior to overnight TEV cleavage, and the second removed

DTT and EDTA from the TEV-cleavage solution prior to reapplication onto the

IMAC column.

Desalting was performed using either a 50mL Bio-Scale
TM

Mini Bio-Gel R� P-6 De-

salting Cartridge (Bio-Rad) or a PD-10 Sephadex
TM

G-25 column (GE Healthcare).

The Bio-Scale
TM

column was used on either the DuoFlow or AKTA systems, with a

maximum injection volume of 30mL. The column was equilibrated with two column

volumes of Talon equilibration buffer (see Section 7.4.3), after which protein was

injected. Protein eluted as a single peak between 16–30mL.

The PD-10 column was gravity-fed, with a maximum injection volume of 2.5mL,

requiring protein solution to be concentrated prior to use. This column was equilib-

rated with four column volumes of Talon equilibration buffer before application of

the protein solution. Protein eluted in a single block from 2.5–6mL.

7.4.5 Treatment with TEV protease

To cleave the His-tag from the protein of interest, affinity-purified and desalted

protein was incubated at 4 ◦C overnight with TEV protease. This reaction was
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performed in Talon equilibration buffer (see Section 7.4.3) with the addition of

1mM DTT and 0.5mM EDTA. TEV protease was added to a final concentration
1/10th–1/100th that of the protein of interest. This overnight incubation cleaves the

protein at the recognition sequence ENLYFQ↓G, where ↓ represents the point of

cleavage.

After tag removal, the protein was desalted into Talon equilibration buffer to remove

DTT and EDTA, and subjected to another IMAC step to remove the His-tag itself

and the tagged TEV protease.

Purification of TEV protease

Recombinant TEV protease113 was purified similarly to the initial steps of α-IPMS

purification. E. coli BL21(DE3) cells containing the plasmids pRIL (for rare codon

production) and pRK793 (encoding TEV protease) were grown in LB containing

ampicillin and chloramphenicol. Protein over-expression was induced with 0.5mM

IPTG and the cells grown overnight.

Cells were harvested and lysed as for α-IPMS, using the lysis buffer described below.

Protein was then purified in a single IMAC step on a Bio-Scale
TM

Mini Profinity
TM

IMAC Cartridge (Bio-Rad) or a HisTrap HP column (GE Healthcare). IMAC pro-

cedures were identical to that used for TalonR� resin, except that buffers differed as

described below. Purified TEV protease was buffer exchanged into storage buffer,

concentrated to 1mg/mL and stored in 1mL aliquots.

TEV protease lysis/equilibration buffer: 10% (v/v) glycerol, 50mM potassium

phosphate, pH 8.0, 300mM (Bio-Scale
TM

) or 500mM (HisTrap) KCl, 25mM im-

idazole

TEV protease elution buffer: 10% (v/v) glycerol, 50mM potassium phosphate

(pH8.0), 300mM (Bio-Scale
TM

) or 500mM (HisTrap) KCl, 250mM (Bio-Scale
TM

)

or 500mM (HisTrap) imidazole

TEV protease storage buffer: 10% (v/v) glycerol, 25mM potassium phosphate

(pH8.0), 200mM KCl, 10mM DTT, 2mM EDTA

7.4.6 Size-exclusion chromatography

The final stage of α-IPMS purification was the removal of any remaining contamin-

ants on a Sephacryl R� 200 16/60 column (GE Healthcare). The column was equi-
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librated with one column volume of 50mM BTP buffer (pH7.0) before the protein

sample was injected. Protein was then eluted with another column volume of 50mM

BTP buffer at a flow rate of 1mL/min.

7.4.7 Concentration of protein solutions

Protein samples were concentrated at 4 ◦C using a 10000Da molecular weight cut-

off centrifugal concentrator (GE Healthcare, Sartorius Stedim Biotech or Milli-

pore).

7.4.8 Determination of protein concentration

The concentration of protein solutions was determined by measurement of the ab-

sorption at 280 nm on a Nanodrop ND-1000 spectrophotometer. Protein concentra-

tion was then calculated in milligrams per millilitre using the Beer-Lambert Law

and calculated extinction coefficients (see Section 7.5.1 below).

7.4.9 Buffer exchange

Buffers were exchanged for protein solutions using one of two methods. The first was

successive concentration and dilution with desired buffer in a 10000Da molecular

weight cut-off centrifugal concentrator (GE Healthcare, Sartorius Stedim Biotech or

Millipore). The second method was to elute the protein from a PD-10 Sephadex
TM

G-25 column (GE Healthcare) equilibrated with the desired buffer. Buffer exchange

was typically performed at 4 ◦C.

7.4.10 Protein storage

Purified protein was stored at -80 ◦C in 50–200 �L aliquots at 1–20mg/mL. Ali-

quots were flash-frozen in liquid nitrogen prior to storage and kept on ice once

thawed.
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7.5 Protein characterisation

7.5.1 Protein parameters

Protein parameters were calculated from sequence data by the ProtParam tool on

the ExPASy Proteomics Server.87 All sequences included the additional residues

GIDPFT (for NmeIPMS enzymes) or GA54 (for MtuIPMS enzymes) appended to

the N-terminal by the vector His-tag. Single cysteine MtuIPMS variants A424C and

Q462C were assayed with His-tags still attached, so the sequence of this His-tag was

included in calculations for these proteins.

Enzyme Molecular weight (g/mol) Extinction coefficient (M−1cm−1)

wild-type enzymes

NmeIPMS 56027 24535

MtuIPMS 70212 72560

NmeIPMS variants

S429A 56011 24535

P431G 55987 24535

G482P 56068 24535

T491A 55997 24535

R336A 55942 24535

E365Term 39931 20065

M389Start 14016 4470

R336Start 19981 4470

MtuIPMS variants

LeuA425 47585 54110

A424C/Q462C 70217 72662

R97A 70127 72560

D444A 70168 72560

D444R 70253 72560

D444Y 70260 74050

A424C* 73212 78583

Q462C* 73115 78583

Table 7.7: Theoretical molecular weights and extinction coefficients of proteins used. All
NmeIPMS sequences include additional residues GIDPFT and all MtuIPMS sequences include
additional residues GA. *Data calculated for protein with His-tag attached.
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7.5.2 Polyacrylamide gel electrophoresis

SDS-PAGE was performed using either NuPAGE R� 10% Bis-Tris 1mm × 12-well

pre-cast gels (Invitrogen) or Amersham
TM

ECL
TM

12% 15-well gels (GE Healthcare).

NuPAGE R� gels were run in NuPAGE R� MOPS SDS Running Buffer (Invitrogen)

using a XCell SureLock
TM

Electrophoresis Cell (Invitrogen) at 200V for 50min.

Samples were mixed with NuPAGE R� LDS Sample Buffer (4×) and DTT and boiled

for 5min.

Amersham
TM

ECL
TM

gels were run in 25mM Tris (pH8.3) buffer with 192mM

glycine and 0.1% (w/v) SDS using an ECL
TM

Gel Box at 160V for 60min. Samples

were mixed with a 2× loading dye and boiled for 5min.

10mL Amersham
TM

ECL
TM

loading dye: 125mM Tris-HCl (pH6.8), 4% (w/v) SDS,

20% (v/v) glycerol, 2mg bromophenol blue and 310mg DTT.

In either method, molecular weight standards were separated on the gel along with

protein samples. These markers were either Novex R� Sharp Pre-Stained Protein

Standards (Invitrogen) or SDS-PAGE Molecular Weight Standards, Low Range

(Bio-Rad).

Visualisation

Gels were stained with a solution of 1% Coomassie brilliant blue R-250, 40% meth-

anol and 10% glacial acetic acid and destained with a solution of 40% methanol

and 10% glacial acetic acid. For both staining and destaining, gels were heated in

a microwave oven with the appropriate solution, and placed on a shaker for 10min

or until desired level of stain/destain was reached.

Gels were viewed and photographed with a Molecular Imager Gel Doc XR (Bio-

Rad).

7.5.3 Circular dichroism spectrophotometry

Measurements of CD spectra were performed on a JASCO J-815 Spectropolarimeter.

Wavelength scans were carried out in 10mM potassium phosphate buffer (pH7.0),

scanning wavelengths from 260–190 nm, with 0.5 data pitch, 1 second response,

1mm bandwidth at 20 ◦C. Samples were prepared at a concentration of 0.03mg/mL

in a 3mL, 1 cm pathlength cuvette.
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Wavelength scans of samples containing buffer but not protein were subtracted from

final data sets, and resulting data were smoothed using the Jasco Spectra Manager

software (Version 1.5).

Analysis of circular dichroism data sets was performed with the K2D3 web server.85

7.5.4 Mass spectrometry

Measurement of protein mass was performed on a QSTAR XL Hybrid MS/MS sys-

tem at the University of Auckland Proteomics Facility (for NmeIPMS wild-type and

E365Term) or on a Bruker maXis 3G at the University of Canterbury Chemistry

Department (all other proteins and variants).

Trypsin digest and tandem MS of variant A424C/Q462C was performed by the

University of Auckland Proteomics Facility.

7.5.5 Analytical gel-filtration chromatography

The multimeric states of NmeIPMS, E365Term, M389Start, R336Start and LeuA425

proteins were determined by gel-filtration chromatography using a Superdex R� 200

10/300 GL column (GE Healthcare). Samples (500 �L, 2mg/mL) and standards

(Sigma) were eluted in 50mM TrisHCl (pH7.5) with 100mM KCl. NmeIPMS en-

zyme was also eluted in the presence of 200 �M L-leucine.

7.5.6 Differential scanning fluorimetry

DSF was carried out using a Bio-Rad iCycler iQ5
TM

Multicolour Real-Time PCR

Detection System. 25 �L samples were prepared in a 96-well plate as follows: 20 �L

25mM BTP buffer (pH7.0) including ligands, 1 �L 250x SYPRO Orange dye, 4 �L

protein at 1mg/mL. Ligand concentrations were generally 250 �M for α-KIV and

AcCoA and 1mM for L-leucine except where otherwise specified.

The plate was sealed and subjected to a thermal melt program from 20 to 95 ◦C in

0.2 ◦C increments over 4 h. Each sample was measured in triplicate and compared to

a control containing ligand solution and dye, but no protein. Melting temperatures

were determined, by manual observation, as the temperature of maximum inflection

of the melting curve.
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7.6 Activity assays

7.6.1 Equipment used in kinetic analysis

All kinetic assays were carried out on a Varian Cary 100 UV-visible spectrophoto-

meter, using stoppered quartz cuvettes with a pathlength of 1 cm or 0.2 cm.

Rates of reaction were measured by calculating a least-squares fit of initial rate data

in Cary WinUV Kinetics Application (Version 3, Varian).

7.6.2 4,4�-Dithiodipyridine-coupled assays at 324 nm

Initial velocity data were obtained using DTP to detect the formation of CoA

product at 324 nm and 25 ◦C (ε of 1.98 × 104M−1cm−1). This was based on the

method of de Carvalho et al.45 A typical reaction involved an assay solution con-

taining 250 �M AcCoA, 250 �M α-KIV, 100 �M DTP, 20mM KCl, and 20mMMgCl2

in 1mL of 50mM HEPES buffer (pH7.5), brought to temperature and initiated by

addition of purified enzyme to a concentration of 10 nM.

All kinetic measurements were performed in duplicate and typical error was less

than 10%.

7.6.3 Direct assays at 232 nm

Direct assays were carried out as described above for the DTP-coupled assay, substi-

tuting 50mM BTP for HEPES and omitting DTP. Changing metal concentration

and pH caused significant variation in �AbsAcCoA–�AbsCoA, so every assay solu-

tion was calibrated using known concentrations (of the order of 16 �M) of CoA and

AcCoA.

Both AcCoA and the product CoA absorb at 232 nm, so correction factors were

determined to account for the change in absorbance due to gain of product. To

generate these factors, the change in absorbance per mmol of compound was cal-

culated for AcCoA and CoA (Table 7.8). The correction factors were calculated as

the ratio between the total �AbsAcCoA and the difference between �AbsAcCoA and

�AbsCoA. These raw correction factors were then plotted and a second-degree poly-

nomial trendline fitted to the resulting graph (Figure 7.1). This trendline was used

to determine the final correction factors. All rates found at 232 nm were multiplied
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by the appropriate factor to find the rate of total AcCoA loss, separate from the

rate of CoA gain.

pH �AbsAcCoA/mmol �AbsCoA/mmol Raw factor Final factor

MES

5.5 9.1 ± 0.8 4.5 ± 0.8 2.0 2.0

6.0 8.7 ± 0.6 3.8 ± 0.4 1.8 1.9

6.5 7.8 ± 0.9 3.9 ± 0.6 2.1 1.9

BTP

6.5 8.5 ± 0.8 3.8 ± 0.3 1.8 1.9

7.0 8.6 ± 0.8 4.4 ± 0.7 2.0 1.9

7.5 9 ± 1 4.8 ± 0.5 2.3 2.0

8.0 9.4 ± 0.6 4.8 ± 0.8 2.1 2.1

8.5 9 ± 1 4.3 ± 0.6 2.0 2.3

9.0 9 ± 1 5 ± 1 2.6 2.6

9.5 8.3 ± 0.7 5.5 ± 0.7 3.0 2.9

Table 7.8: Correction factors for assays at 232 nm. Raw factors calculated from the equation
Raw = ∆AbsAcCoA/(∆AbsAcCoA − ∆AbsCoA). Final factors calculated from the equation
Final = 0.11pH2 − 1.37pH + 6.33.

0 

1 

2 

3 

4 

5 6 7 8 9 10 

A
cC

oA
/(A

cC
oA

-C
oA

S
H

) 

pH 

Figure 7.1: Calculation of correction factors for assays at 232 nm. Trendline: y = 0.11x2 −
1.37x+ 6.33; R2 = 0.80.
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7.6.4 Determination of substrate concentration

Concentrations of α-KIV and AcCoA solutions were determined using the DTP-

coupled assay at 324 nm. Limiting amounts of the desired substrate were added to

the assay cuvette while the other substrate was kept at excess concentration. The

observed change in absorbance was measured, in triplicate, as �Absobs. A control

sample lacking substrates was used to measure the change in absorbance upon en-

zyme addition (�Absenz). The corrected, final change in absorbance, calculated as

�Absobs–�Absenz, was converted to the concentration of the limiting substrate by

the Beer-Lambert Law, using the extinction coefficient of the reaction product (ε =

1.98× 104M−1cm−1).

7.6.5 Michaelis-Menten kinetics

Assays to determine apparent Km and kcat values for wild-type and variant enzymes

used the DTP-coupled assay at 324 nm. Assay solutions were used as described in

Section 7.6.2, varying one substrate concentration while holding the other at 250 �M.

Apparent Km values were determined by fitting to the Michaelis-Menten equation

using Grafit.114

Uncoupled hydrolysis assays for NmeIPMS used no α-KIV and an increased wild-

type protein concentration of 3.3 �M. Assays using the truncated variants E365Term

and LeuA425 contained a higher AcCoA concentration of 500 �M and were initiated

with 2.5–3 �M enzyme.

Kinetic data for amino acid substituted variants

Michaelis-Menten kinetics for all of the amino acid substituted variants were assessed

as for wild-type protein, although with higher excess substrate concentrations. Vari-

ants S429A, T491A, R336A, R97A, D444A, D444R and D444Y used concentrations

of 500 �M for each of α-KIV and AcCoA whenever a substrate was required to be

kept at excess, whereas variants P431G and R336A used 500 �M α-KIV and 1mM

AcCoA.

Assays were typically performed in volumes of 1mL in 1 cm pathlength cuvettes,

however the NmeIPMS amino acid substituted variants (S429A, P431G, T491A,

and R336A) were assayed in 400 �L volumes in 0.2 cm pathlength cuvettes due to

the higher AcCoA concentrations used in some assays.
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7.6.6 pH dependency assays

Assays to examine the pH dependence of NmeIPMS activity were carried out using

the direct 232 nm assay, since high pH drastically reduced the rate of reaction of DTP

with free CoA, compromising the coupled-assay. Due to high AcCoA absorbance

at 232 nm, non-saturating (80 �M) concentrations of this substrate were used. All

other components of the reaction mixture were as described in Section 7.6.2, except

for DTP which was omitted for all assays at 232 nm.

7.6.7 Inhibition assays

Ki values for leucine inhibition were determined using the standard DTP-coupled

assay, holding one substrate at a concentration of 250 �M and varying the concen-

tration of the other from 20–200 �M. L-leucine concentrations from 0–200 �M were

used for these assays. Inhibition data were fitted to a mixed inhibition model using

Grafit.114

Inhibition by L-isoleucine, DL-valine or glycine was tested at excess (250 �M) sub-

strate and 1mM inhibitor.

Inhibition of variants

Leucine inhibition of variants S429A, P431G, T491A, R336A, R97A, D444A, D444R

and D444Y was assessed by the standard DTP-coupled assay with the addition

of 1mM L-leucine. These assays were performed at two concentrations for each

substrate as follows:

All NmeIPMS variants (S429A, P431G, T491A and R336A) used either α-KIV con-

centrations of 50 �M or 500 �M. Variants S429A and T491A used AcCoA concentra-

tions of 50 �M or 500 �M, whereas variants P431G and R336A used 100 �M or 1mM

concentrations for this substrate.

All MtuIPMS variants (R97A, D444A, D444R and D444Y) used 10 �M or 500 �M

α-KIV and 50 �M or 500 �M AcCoA.

The invariant substrate was held at excess (the higher of the two concentrations

used for each enzyme) during these assays.
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Time dependency assays

Assays for time dependence of leucine inhibition were measured at 0–500 �M L-leucine

for NmeIPMS assays, or 1mM L-leucine for MtuIPMS and variants R97A, D444A,

D444R and D444Y. These assays were performed at excess substrate (250 �M each

of α-KIV and AcCoA for NmeIPMS, 500 �M each for other enzymes) and monitored,

by the DTP-coupled assay, for up to 10min.

pH dependency assays

pH dependence of L-leucine inhibition in NmeIPMS was measured by the direct assay

at 232 nm. These assays were performed in BTP buffer at pH6.5, 7.5, or 8.5 with

saturating substrates concentrations (250 �M each) and L-leucine concentrations of

0–2mM.

7.6.8 E365Term complementation with M389Start

Assays to attempt to complement E365Term with M389Start were performed us-

ing the standard DTP-coupled assay at 324 nm. 500 �M of each of AcCoA and

α-KIV were used. Reactions were initiated with a mixture of E365term (3 �M) and

M389Start (0.3–30 �M).
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7.7 Small angle X-ray scattering

7.7.1 SAXS data collection

Solution-phase structures of proteins were elucidated by SAXS on the Australian

Synchrotron SAXS/WAXS beamline, with a 120 �m point source, camera length of

1.58m, exposure time of 2.0 s at 25 ◦C. Beam wavelengths were 1.127 Å for wild-type

NmeIPMS and MtuIPMS samples and 1.033 Å for variants A424C/Q462C, R97A,

D444A, D444R and D444Y. All samples were eluted from a size-exclusion column

immediately prior to data collection.

Samples were analysed in 10mM BTP buffer (pH7.0), containing 100mM KCl and

20mM MgCl2. For inhibition assays, NmeIPMS and MtuIPMS were stored in buffer

containing 1mM L-leucine prior to data collection (in addition to buffer components

above). BTP buffer used for the SEC column during data analysis also contained

1mM L-leucine. When storage of NmeIPMS with L-leucine resulted in aggregated

sample, fresh NmeIPMS in BTP buffer lacking the inhibitor was run through a

SEC column equilibrated with L-leucine-containing buffer immediately prior to data

collection.

7.7.2 SAXS data analysis

Primary data reduction was performed with ScatterBrain (www.synchrotron.org.au/

index.php/aussyncbeamlines/saxswaxs/software-saxswaxs). Guinier fits were calcu-

lated by PRIMUS115 and AUTORG,116 and pair-distribution functions were calcu-

lated by GNOM.117 Theoretical scattering plots were generated and fitted to exper-

imental data by CRYSOL.89
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7.8 Experiments with E. coli BW25113

�LeuA::kan cells

E. coli BW11325 �LeuA::kan cells from the Keio collection90 were obtained from Dr

Wayne Patrick at Massey University, Albany. These cells lack the leuA gene, which

encodes α-IPMS, and are leucine auxotrophs. The leuA gene has been replaced by

a gene conferring resistance to the antibiotic kanamycin, and thus these cells can

be grown selectively in the presence of this antibiotic. These cells were used to

determine whether or not truncated α-IPMS enzymes could function to keep cells

viable.

Plates of M9 minimal agar were spread with BW25113 �LeuA::kan cells that had

been transformed with plasmids pFH01, pE365Term, pProExHTa-LeuA or pProEx-

HTa-LeuA425 (encoding NmeIPMS, E365Term, MtuIPMS and LeuA425). After

overnight incubation at 37 ◦C cell growth was assessed to determine whether or not

these plasmids could rescue α-IPMS expression.

Positive and negative controls were performed by incubating BW25113 �LeuA::kan

on M9 minimal agar in the presence and absence of 0.6 g/L L-leucine.
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7.9 Ligand binding assays

7.9.1 WaterLOGSY NMR

WaterLOGSY 1HNMR spectra were acquired by Dr Esther Bulloch (Maurice Wilkins

Centre for Molecular Biodiscovery) on a DRX 400 spectrometer (Bruker) operating

at 400MHz and at 25 ◦C. For wild-type and truncated MtuIPMS, samples consisted

of 2mM α-KIV, 3mM MgCl2+, 3mM KCl, 10% (v/v) D2O and 10mM HEPES at

pH7.5. For wild-type and truncated NmeIPMS, samples consisted of 2mM α-KIV,

3mM MgCl2+, 10% v/v D2O and 10mM HEPES at pH7.5. A WaterLOGSY spec-

trum was first collected on each sample in the absence of enzyme. Enzyme was then

added to a final concentration of 25 �M and a second spectrum was collected. The

WaterLOGSY pulse program followed the published scheme91 without a water flip-

back pulse. An initial water-selective 180◦ Gaussian pulse of 10ms was used and the

nuclear Overhauser effect mixing time was 1 s. During the double spin-echo scheme

used for water suppression the water-selective 180◦ pulses were 2ms. Spectra were

collected with 400 scans. Chemical shifts are relative to external tetramethylsilane

(δ 0 ppm).

7.9.2 Isothermal titration calorimetry

ITC was carried out using a VP-ITC microcalorimeter (MicroCal). Purified pro-

tein samples were buffer-exchanged into 50mM Tris (pH 7.5), 25mM KCl, 12mM

MgCl2. Ligand solutions were prepared by dissolving α-KIV in identical buffer to

that of the protein (i.e., from the same batch). Protein and ligand solutions were

degassed under vacuum for at least 5min before use. 1.46mL of protein was placed

in the calorimeter sample cell, and the calorimeter syringe filled with 250 �L α-KIV.

Protein concentration was 20 �M for MtuIPMS experiments and 85 �M for LeuA425

experiments, with α-KIC concentrations of 350 �M and 100 �M for MtuIPMS and

LeuA425 respectively. 10 �L of ligand solution was injected into the sample cell

every 400 s at 20 ◦C. KA values were found by fitting data to the One Set of Sites

model in Origin 7.0.118
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7.10 Crystallography

7.10.1 Crystallisation

Fresh samples of E365Term were subjected to sitting drop vapour diffusion crystal-

lisation trials by Heather Baker (Maurice Wilkins Centre for Molecular Biodiscov-

ery), using a Cartesian HoneyBee robot.119 A 100 nL volume of protein (7.5mg/ml

in buffer consisting of 50mM BTP, pH7.0) was mixed with 100 nL of each of 480

crystallisation solutions from an in-house screen. Small crystals of E365Term were

observed in multiple conditions of the robotic screen. Large, well-diffracting crystals

were produced in larger sitting drop experiments (1 + 1 �L drops) using a crystallisa-

tion solution containing 0.2M magnesium acetate and 18% methoxypoly(ethylene

glycol) 3350. Crystals were flash frozen in liquid nitrogen after a brief 10–20 s soak

in crystallisation solution supplemented with 15% glycerol.

7.10.2 X-ray data collection and refinement

Diffraction data for E365Term were collected at the Australian Synchrotron beam-

line MX2 using the BlueIce software package.120 Data collection statistics are sum-

marized in Table 4.5.

Diffraction data were processed using XDS121 and were scaled with SCALA.122

The structure was solved by molecular replacement, using BALBES,123 with an

appropriately-truncated version of the MtuIPMS structure (PDB code 1SR9), minus

all ligands, ions and water molecules, taken as search model. All refinement up

to this stage was performed by Heather Baker at the Maurice Wilkins Centre for

Molecular Biodiscovery.

The models were completed with iterative cycles of manual building with Coot124

and refinement with REFMAC.125 The active-site electron density was closely in-

spected and appropriate metal atoms and ligands included in the refinement. Fi-

nally, solvent molecules were added by automatic peak picking from Fo−Fc electron

density maps using Coot. Peaks above 3σ were selected and water molecules were

manually checked in Coot. Refinement statistics are included in Table 4.5. Final

coordinates for E365Term have been deposited into the Protein Data bank under

the PDB code 3RMJ.
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7.11 Molecular modelling

7.11.1 Morph models of protein domain movement

Morph models for potential domain movement in the NmeIPMS homology model

and MtuIPMS crystal structure 1SR9 were generated using the RigiMOL package

in PyMOL.109 First the structure to be modelled was duplicated, and the duplicates

aligned such that the (β/α)8-barrel of chain A in one copy of the structure was

superimposed on the (β/α)8-barrel of chain B in the other, and vice versa. The

alignment was performed with the super command over residues 1–291 in the Nme-

IPMS homology model and residues 1–368 inMtuIPMS structure 1SR9, representing

the respective catalytic domains of each protein. The overlaid duplicate structures

were supplied as the beginning and end-points of the morph model. Morphing was

performed with RigiMOL, using 10 refinement cycles and generating 20 transitional

structures.

7.11.2 Induced-fit docking of α-KIV

α-KIV was built using the Maestro molecule builder included in the Schrödinger Suite

2011.126 This structure was minimised with Macromodel,127 using up to 5000 itera-

tions of the Polak-Ribiere Conjugate Gradient (PRCG) minimisation method, and a

gradient convergence threshold of δ = 0.05 kJ/(molÅ). A conformational search was

then carried out on α-KIV using the MCMM Serial Torsional Sampling method, a

GB/SA water model and the OPLS2005 force field. This search included 3000 steps

and an energy window of 12.0 kJ/mol for collecting suitable conformers. The col-

lection of low-energy conformers generated by this search were used as the starting

point for induced-fit modelling.

The crystal structure used for induced-fit modelling was E365Term, with α-KIV-

bound MtuIPMS (PDB code 1SR9)51 used as a control. Each protein was first

checked for incomplete amino acid side chains, which were built in as necessary.

Chain B and any solvent or ligands not associated with the Chain A active site were

removed from the structure. The remaining residues and ligands had hydrogens

added where suitable, and were then minimised using up to 500 iterations of the

PRCG minimisation method in MacroModel.127 Residues within 5 Å of the proposed

α-KIV binding site were frozen during minimisation. This minimised structure was

used as the receptor for docking.
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Induced-fit modelling of α-KIV into the active site of the receptors was carried out

with the Schrödinger Suite 2011 Induced Fit Docking protocol,128 129 130 using the

OPLS2005 force field and extra precision (XP) mode. This process involves docking

with Glide, refinement with Prime, then further Glide docking. The centre of the

receptor grid was defined as the location of the workspace ligand for MtuIPMS, or

defined as the centroid of residues identified as being within 4 Å of α-KIV in an

overlay of MtuIPMS and E365Term structures. These were residues 15, 16, 75, 99,

101, 141, 169, 171, 173, 204, 206 and 228 in E365Term.

Conformational poses generated by the Induced Fit Docking protocol were ranked

by IFDScore, which is the sum of the GlideScore from the second docking stage and

5% of the energy calculated from Prime refinement. The GlideScore (GScore) is

calculated thus:

GScore = 0.065vdW +0.130Coul+Lipo+Hbond+Metal+BuryP +RotB+Site

Where:

vdW : van der Waals energy

Coul : Coulomb energy

Lipo : Lipophilic term

Hbond : Hydrogen-bonding term

Metal : Metal-binding term

BuryP : Penalty for buried polar groups

RotB : Penalty for freezing rotatable groups

Site : Polar interactions in the active site
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Multiple Sequence Alignment

The following multiple sequence alignment is used throughout this thesis. Domains

and secondary structural elements are indicated, as defined for MtuIPMS structure

1SR9.51,54 Invariant residues are indicated with asterisks.

Points of amino acid substitutions described in this thesis are indicated by arrows.

All amino acids labelled “Nme” were substituted in NmeIPMS and are described in

Chapter 3. All amino acids labelled “Mtu” were substituted in MtuIPMS and are

described in Chapter 5.

Alignment was performed with TCoffee110,111 and formatted with TEXshade.
131

Catalytic Domain

�

M. tuberculosis MTT S E S . . P DA YT E S F G AHT . . I V K P A G P . . . . . . . . . . . 25
N. meningitidis MTQT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
C. glutamicum MP V . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
E. coli MS QQ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
S. typhimurium MS QQ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
S. cerevisiae MVK E S I I A L A E HA A S R A S R V . . . . I P P . . . . . . . . . . . . . 23
N. crassa MPM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
A. thaliana 1 MA S S L L RN PN L Y S S TT I TTT S F L . . P T F S S K P T P I S S S F R 38
A. thaliana 2 ME S S I L K S P N L S S P S F G V P S . . I . . P A L S S S S T S P F S S L H 36
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α0
�o�o�o�o�

M. tuberculosis . . . . . . . . . . . . . . P R V GQP SWNPQR A S SMP VNR Y R P F A E 51
N. meningitidis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
C. glutamicum . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . N R YMP F E V 11
E. coli . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
S. typhimurium . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
S. cerevisiae . . . . . . . . . . . . . . V K L A . . . Y KN . . ML KDP S S KYK P F N . 43
N. crassa . . . . . . . . . . . . . . . . . . . . . . . . . . . L KDP S TKYK P F P . 15
A. thaliana 1 F QP S HHR S I S L R S . QT L R . . . L S C S I . . S D P . . . . S P L P P 68
A. thaliana 2 L R S QNHR T I S L TTA GK F R . . . V S Y S L . . S A S . . . . S P L P P 67

α0 β1 α1�

�o� �o�o�o�o�o�o�o�

M. tuberculosis E V E P I R L . R N R TWPDR V I D . . R A P LWC A VD L RDGNQA L I D 88
N. meningitidis . . . . . . . . . . . . . . . . . . . . . N R V I I F DTT L RDG EQ S P G A 23
C. glutamicum E V E D I S L . P DR TWPDKK I T . . V A PQWC AVD L RDGNQA L I D 48
E. coli . . . . . . . . . . . . . . . . . . . . . . . V I I F DTT L RDG EQA L QA 21
S. typhimurium . . . . . . . . . . . . . . . . . . . . . . . V I I F DTT L RDG EQA L QA 21
S. cerevisiae . . . A P K L . S N R KWPDNR I T . . R A P RWL S TD L RDGNQ S L PD 77
N. crassa . . . P L N L . P DRQWPNKT I V . . K A P RWL ATD L RDGNQ S L VD 49
A. thaliana 1 . H . T P R R P R P E Y I P N R . I S D PNY V R V F DTT L RDG EQ S P G A 105
A. thaliana 2 . H . A P R R . R P NY I P N R . I S D PNY V R I F DTT L RDG EQ S P G A 103

**** *

α1 β2 α2
�o�o�o�o�o�o�o�o�o�o�o�o�o�o�o�o�o�o�o�o� �o�o�o�o�o�o�o�o�o�o�o�o�o�

M. tuberculosis PMS P A RK R RMF D L L V RMGYK E I E V G F P S A S QTD F D F V R E I 128
N. meningitidis AMTK E E K I R V A RQ L E K L G VD I I E A G F A A A S P GD F E A VNA I 63
C. glutamicum PMS P E RK R RMF E L L VQMG F K E I E V G F P S A S QTD F D F V R E I 88
E. coli S L S VK E K L Q I A L A L E RMGVDVME V G F P V S S P GD F E S VQT I 61
S. typhimurium S L S AK E K L Q I A L A L E RMGVDVME V G F P V S S P GD F E S VQT I 61
S. cerevisiae PMS V EQKK E Y F HK L VN I G F K E I E V S F P S A S QTD F D F T R Y A 117
N. crassa PMNGDQKWR Y F QML T E L G YK E I E V S F P S A S QTDYD F T R R L 89
A. thaliana 1 T L T S K E K L D I A RQ L AK L G VD I I E A G F P A A S KDD F E A VKT I 145
A. thaliana 2 T L T S K E K L D I A RQ L AK L G VD I I E A G F P A A S KDD F E A VKT I 143

* * * * * * *↑
Mtu

α2 β3 α3
�o�o�o� �o�o�o�o�o�o�o�o�o�o�o�o�o�o�o�o�

M. tuberculosis I E QG . A I P DDV . . . . . . . . T I QV L TQC R P E L I E R T F QA C S 159
N. meningitidis AKT I T . . . . K S . . . . . . . . T V C S L S R A I E RD I RQA G E A V A 91
C. glutamicum I E K G . M I PDDV . . . . . . . . T I QV L VQA R E H L I R R T F E A C E 119
E. coli A RQVK . . . . N S . . . . . . . . R V C A L A R C V E KD I DV A A E S L K 89
S. typhimurium A R T I K . . . . N S . . . . . . . . R V C A L A R C V E KD I DV A AQA L K 89
S. cerevisiae V E NA . . . P DDV . . . . . . . . S I Q C L VQ S R E H L I K R TV E A L T 146
N. crassa I E T P G A V PDDV . . . . . . . . WL QV L S P C R E D L I R R TVQ S L K 121
A. thaliana 1 A E TV G . . . . NT VD E NG Y V P V I C G L S R CNKKD I E R AWDAVK 181
A. thaliana 2 A E TV G . . . . NT VD E NG Y V P V I C G L S R CNKKD I E T AWE A VK 179

* *
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β4 α4� α4
�o�o�o�o�o�o�o�o�o� �o�o�o�o�o�o�o�o�o�o�o�o�o�o�o�o�o�o�o�o�

M. tuberculosis G A P R A I VH F YN S T S I L QR R V V F R ANR A E VQA I A TDG A RK C 199
N. meningitidis P A P KKR I HT F I A T S P I HME YK L KMKPKQV I E A A VKA VK I A 131
C. glutamicum G AKNV I VH F YN S T S I L QRNV V F RMDKVQVKK L ATDA A E L I 159
E. coli V A E A F R I HT F I A T S PMH I A TK L R S T L D E V I E R A I YMVKR A 129
S. typhimurium V ADA F R I HT F I A T S PMH I A TK L R S T L D E V I E R A V YMVKR A 129
S. cerevisiae G AKKAT I HTY L AT S DMF R E I V F NMS R E E A I S KA V E ATK L V 186
N. crassa G AKKA I I H I Y L A T S E C F R R I V F G F T E D E S V E L A S K C A A L V 161
A. thaliana 1 Y AKR P R I HT F I A T S D I H L E YK L KKTKA E V I E I A R SMV R F A 221
A. thaliana 2 Y AKR P R I HT F I A T S D I H L KYK L KK S K E E V I E I A RNMV R F A 219

* * ** *

α4 β5 α5
�o�o�o�o�o�o�o�o�o�o�o�o� �o�o�o�o�o�o�o�o�o�o�o�o�o�o�o�o�

M. tuberculosis V EQA AK . . . Y P GTQWR F E Y S P E S YTGT E L E Y AKQV CDA V G 236
N. meningitidis R E YT . D . . . . . . . . . DV E F S C E DA L R S E I D F L A E I C G A V I 161
C. glutamicum KT I AQD . . . Y PDTNWRWQY S P E S F T GT E V E Y AK E V VDA V V 196
E. coli RNYT . D . . . . . . . . . DV E F S C E DA G R T P I AD L A R V V E A A I 159
S. typhimurium RNYT . D . . . . . . . . . DV E F S C E DA G R T P VDD L A R V V E A A I 159
S. cerevisiae RK L TKDDP S QQAT RWS Y E F S P E C F S DT P G E F A V E I C E A VK 226
N. crassa K S L TKDDP EMAGT EWA F E F S P E T F S DT S P E F A V R I C E A VK 201
A. thaliana 1 R S L G C E . . . . . . . . . DV E F S P E DA G R S E R E Y L Y E I L G E V I 252
A. thaliana 2 R S L G C E . . . . . . . . . DV E F S P E DA G R S E R E Y L Y E I L G E V I 250

* *

α5 β6 α6
�o�o�o�o� �o�o�o�o�o�o�o�o�o�o�o�o�o�o�o�o�o�o�o�o�

M. tuberculosis E V I A P T P E R P I I F N L P ATV EMTT PNV Y AD S I EWMS RN L AN 276
N. meningitidis E A G A . . . . . . T T I N I P DTV G Y S I P YKT E E F F R E L I A KT PN 195
C. glutamicum E VMDP T P E N PM I I N L P S T V EM I T PNV Y AD S I EWMHRN L NR 236
E. coli NAG A . . . . . . T T I N I P DTV G YTMP F E F A G I I S G L Y E R V PN 193
S. typhimurium NAG A . . . . . . R T I N I P DTV G YTMP F E F A G I I S G L Y E R V PN 193
S. cerevisiae KAWE P T E E N P I I F N L P ATV E V A S PNV Y ADQ I E Y F ATH I T E 266
N. crassa A AWE P TV E N P I I F N L P ATV EMAT PN I Y ADQV E Y F A RN I T E 241
A. thaliana 1 KA G A . . . . . . T T L N I PDTV G I T L P S E F GQ L I TD L KANT P G 286
A. thaliana 2 KA G A . . . . . . T T L N I PDTV G I T L P S E F GQ L I AD I K ANT P G 284

* * ** *

β7 α7 β8
�o�o�o�o�o�o�o�o�o�o�o�o�o�o�o�

M. tuberculosis R E S V I L S L H PHNDR GTA V A A A E L G F A A G ADR I E G C L F GNG 316
N. meningitidis G GKV VWS AHCHND L G L A V AN S L A A L KG G A RQV E C TVNG L G 235
C. glutamicum RD S I I L S L H PHNDR GTG V G A A E L G YMAGADR I E G C L F GNG 276
E. coli I DKA I I S VHTHDD L G L A V GN S L A A VHA G A RQV E G AMNG I G 233
S. typhimurium I DKA I I S VHTHDD L G I A V GN S L A A VHA G A RQV E G AMNG I G 233
S. cerevisiae R E KV C I S TH CHNDR G C G V A AT E L GML A G ADR V E G C L F GNG 306
N. crassa R E KV C I S L H PHNDR G C A V A A A E L AQMAGADR V E G C L F GNG 281
A. thaliana 1 I E NV V I S TH CQND L G L S T ANT L S G AHA G A RQME VT I NG I G 326
A. thaliana 2 I QNV I I S TH CQND L G L S T ANT L S G AH S G A RQV E VT I NG I G 324

* * * * ** * * *
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α8 α9
�o�o�o�o�o�o�o�o�o�o�o�o�o� �o�o�o�o�o�o�o�o�

M. tuberculosis E R TGNV C L VT L G L N L F S R . . . . . . G VDPQ I D F S N I D E I R R 350
N. meningitidis E R A GNA S V E E I VMA L KV RHD . . L F G L E TG I DTTQ I V P S S K 273
C. glutamicum E R TGNV C L VT L A L NML TQ . . . . . . G VDPQ L D F TD I RQ I R S 310
E. coli E R A GNC S L E E V I MA I K V RKD . . I L NVHTA I NHQ E I WR T S Q 271
S. typhimurium E R A GNC A L E E V I MA I K V RKD . . I MNVHTN I NHH E I WR T S Q 271
S. cerevisiae E R TGNVD L VTV AMNMYTQ . . . . . . G V S P N L D F S D L T S V L D 340
N. crassa E R TGNVD L VT L A L N L YTQ . . . . . . G V S P N I D F S D L GKV I K 315
A. thaliana 1 E R A GNA S L E E V VMA I K C R GDHV L G G L F TG I DT RH I VMT S K 366
A. thaliana 2 E R A GNA S L E E V VMA I K C R GDHV L G G L F TG I DT RH I VMT S K 364

** **

Subdomain I

�
α9 β9 α10

�o�o�o�o�o�o�o�o� �o�o�o�o�o�o�o�o�o�o�o�o�o�o�o�o�o�o�o�

M. tuberculosis TV E Y CNQ L P VH E RHP Y G GD L V YTA F S G S HQDA I NKG L DAM 390
N. meningitidis L V S T I T G Y P VQPNKA I V G ANA F S H E S G I HQDG V L KH . . . . 309
C. glutamicum TV E Y CNQ L R V P E RH P Y G GD L V F TA F S G S HQDAVNKG L DAM 350
E. coli L V S Q I C NMP I P ANKA I V G S G A F AH S S G I HQDG V L KN . . . . 307
S. typhimurium TV S Q I C NMP I P ANKA I V G S G A F AH S S G I HQDG V L KN . . . . 307
S. cerevisiae V V E R CNK I P V S QR A P Y G GD L V V C A F S G S HQDA I KKG F N L Q 380
N. crassa TV E E CNK I E VH P R A P Y G G S L V V C A F S G S HQDA I KKG F S L R 355
A. thaliana 1 MV E E YTGMQTQPHKA I V G ANA F AH E S G I HQDGML KH . . . . 402
A. thaliana 2 MV E E YTGMQTQPHKA I V G ANA F AH E S G I HQDGML KH . . . . 400

* * ** *** *

α10
�o�o�o�o�o�o�o�o�o�o�o�o�o�

M. tuberculosis K L DADA . . . . AD . . . C DVDDMLWQV P Y L P I D P RDV G R T . . 421
N. meningitidis . . . . . . . . . . . . . . . . . . . . . . . R E T Y E I MS A E S V GWA . . 324
C. glutamicum A AKVQP G A S S T E V SWEQ L RDT EWE V P Y L P I D P KDV G RD . . 388
E. coli . . . . . . . . . . . . . . . . . . . . . . . R E NY E I MT P E S I G L N . . 322
S. typhimurium . . . . . . . . . . . . . . . . . . . . . . . R E NY E I MT P E S I G L N . . 322
S. cerevisiae NKKR AQ . . . . . . . . . . . . G E TQWR I P Y L P L DP KD I G RD . . 406
N. crassa E K E GK E . . . . . . . . . . . . Y TDYWQV P Y L P L DP KD I G RD . . 381
A. thaliana 1 . . . . . . . . . . . . . . . . . . . . . . . K G T Y E I I C P E E I G L E R S 419
A. thaliana 2 . . . . . . . . . . . . . . . . . . . . . . . K G T Y E I MS P E E I G L E R S 417

* *

Subdomain II

�
β10 α11 α12

�o�o�o�o�o�o�o�o�o�o�o�o�o� �o�o�o�o�o�o�o�o�o�o�o�o�

M. tuberculosis Y E A V I R VN S Q S GKG G V A Y I MKTDHG L . S L . P R R L Q I E F S Q 459
N. meningitidis . TN R L S L GK L S G RNA F KTK L AD . L G I E L E S E E A L NA A F A R 362
C. glutamicum Y E A V I R VN S Q S GKG G V A Y I MKTDHG L . Q I . P R SMQV E F S T 426
E. coli . Q I Q L N L T S R S G R A A VKHRMD E . MG YK E S . E YN L DN L YDA 359
S. typhimurium . Q I Q L N L T S R S G R A A VKHRME E . MG YKDT . DYNMDH L YDA 359
S. cerevisiae Y E A V I R VN S Q S GKG G A AWV I L R S L G L . D L . P RNMQ I E F S S 444
N. crassa YQAV I R VN S Q S GKG GTAW I I QQH L H L . DM . P R G L QV A F S K 419
A. thaliana 1 NDAG I V L GK L S G RHA L KDR L T E . L G YQ L D . D EQ L S T I FWR 457
A. thaliana 2 NDAG I V L GK L S G RHA L KDR L N E . L G Y V L D . DGQ L S N L FWR 455

**↑ ↑ ↑
Mtu Nme Mtu
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Multiple Sequence Alignment

Regulatory domain

�
α12 α13 β11

�o�o�o�o� �o�o�o�o�o�o�o�o�o�o�o�o�o�o�o�o�o�

M. tuberculosis V I QK I A E GTA G E G G E V S P K EMWDA F A E E Y L A P V R P L E R I R 499
N. meningitidis . F K E L ADK . . . K R . E I F D E D L HA L V S D EMG SMNA . . E S YK 395
C. glutamicum V VQNVTDA . . . E G G E VN S KAMWD I F A T E Y L E R TA P V EQ I A 463
E. coli . F L K L ADK . . . K G . QV F DYD L E A L A F I G KQQ E E P . . E H F R 392
S. typhimurium . F L K L ADK . . . K G . QV F DYD L E A L A F I NKQQ E E P . . E H F R 392
S. cerevisiae A VQDHAD S . . . L G R E L K S D E I S K L F K E A YNYND EQYQA I S 481
N. crassa V VQR I AD E . . . K G R E L L P T E I TD L F KKTY Y L E E N . . P R F N 454
A. thaliana 1 . F KT V A EQ . . . KK . R V TDAD I I A L V S D E V F QP E A . . . VWK 489
A. thaliana 2 . F K A V A EQ . . . KK . R V TDAD L I A L V S D E V F QP E A . . . VWK 487

↑
Mtu

β11 β12

M. tuberculosis QHVDAADDDGGT . . . . . . . . . . . . . . . . . T S I T A TV . K I N 521
N. meningitidis F I S QK I S T E . . . . . . . . . . . . . . . T G E E P . R AD I V F . S I K 418
C. glutamicum L R V E NAQT E N E D . . . . . . . . . . . . . . . . . A S I T A E L . I HN 485
E. coli L DY F S VQ S G . . . . . . . . . . . . . . . S ND I A . T A A VK L . . A C 414
S. typhimurium L DY F S VQ S G . . . . . . . . . . . . . . . S S D I A . T A S VK L . . A C 414
S. cerevisiae L VNYNV E K F GT E R . . . . . . . . . . . . . . . . R V F T GQV . K V G 504
N. crassa I VDY S I N PDR S S S P A P P A P GKTQDTKN L G R V F E G V I . S I E 493
A. thaliana 1 L L D I Q I T C G . . . . . . . . . . . . . . . T L G L S . T A TVK L ADAD 513
A. thaliana 2 L L DMQ I T C G . . . . . . . . . . . . . . . T L G L S . T S T VK L AD S D 511

β13 α14 β14
�o�o�o�o�o�o�o�o�o�o�o�o�o�o�o�

M. tuberculosis G V E T E . I S G S GNG P L A A F VHA L ADV . G F DV A V L DY Y E HAM 559
N. meningitidis G E E K R . A S A TG S G P VDA I F KA I E S V AQ S G A A L Q I Y S VNA V 457
C. glutamicum GKDVT . VDG R GNG P L A A Y ANA L E K L . G I DV E I Q E YNQHA R 523
E. coli G E E VKA E A ANGNG P VDA V YQA I N R I T E YNV E L VKY S L T AK 454
S. typhimurium G E E I K A E A ANGNG P VDA I YQA I N R I T G YDV E L VKYD L NAK 454
S. cerevisiae DQ I VD . I E G T GNG P I S S L VDA L S N L L NV R F A V ANYT E H S L 543
N. crassa GH E YN . L R G R GNG P I S S L ANA L K S V . G VD L DVQDYK E HA V 531
A. thaliana 1 GK E HV . A C S I G T G P VD S A YKA VD L I V K E P AT L L E Y SMNAV 552
A. thaliana 2 GK E HV . A C S V GTG P VDA A YKA VD L I V K E P AT L L E Y SMNAV 550

* ** * *↑ ↑
NmeNme

β15

M. tuberculosis S A GDDAQAA A Y V E A S VT I A S P AQP G E A G RH . A S DP VT I A S 598
N. meningitidis TQGT E S QG E T S V R L A R . . . . . . . . . . . . . . . . . . . . . . . . 473
C. glutamicum T S GDDA E A A A Y V L A E . . . . . . . . . . . . . . . . . . . . . . . . . 538
E. coli GHGKDA L GQVD I V ANY . . . . . . . . . . . . . . . . . . . . . . . . 470
S. typhimurium GQGKDA L GQVD I V VNH . . . . . . . . . . . . . . . . . . . . . . . . 470
S. cerevisiae G S G S S TQA A S Y I H L S Y R RN . . . . . . . . . . . . . . . . . . . . . 562
N. crassa G R G RDVKA ATY I E C TA A . . . . . . . . . . . . . . . . . . . . . . . 548
A. thaliana 1 T E G I DA I A TT R V L I R G S . . . . . . . . . . NK Y S S TNA I T G E . 581
A. thaliana 2 T E G I DA I A TT R V L I R GD . . . . . . . . . . NNY S S TNA VTG E . 579

*
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β16 α15
�o�o�o�o�o�o�o�o�o�o�o�o�o�o�o�o�

M. tuberculosis P AQP G E A G RHA S DP VT S KTVWGVG I A P S I T T A S L R A V V S A 638
N. meningitidis . . . . . . . . . . . . . . . G N R V VNGQGADTDV L V ATAKA Y L S A 498
C. glutamicum . . . . . . . . . . . . . . V NG RKVWGVG I A G S I T Y A S L KA VT S A 564
E. coli . . . . . . . . . . . . . . . N G R R F HG V G L ATD I V E S S AKAMVHV 495
S. typhimurium . . . . . . . . . . . . . . . H G R R F HG V G L ATD I V E S S AKAMVHV 495
S. cerevisiae . . . . . . . . . . . . ADN E KA YKWGVGV S E DV GD S S V R A I F A T 590
N. crassa . . . . . . . . . . . . . . GQT E KVWGVG I HADV VQ S S L I A L L S A 574
A. thaliana 1 . . . . . . . . . . . . . . E VQR T F S GTG A GMD I V V S S VKA Y V G A 607
A. thaliana 2 . . . . . . . . . . . . . . S V E R T F S GTG A GMD I V V S S VKA Y V G A 605

* * *↑ ↑
Nme Nme

α15
�o�o�o�o�

M. tuberculosis VNR A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 642
N. meningitidis L S K L E F S A . . . . . . . . . . . . . . . . . . . . . . . A K . . . . . . . 508
C. glutamicum VNR A L DVNH . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 573
E. coli L NN I WR A A E V E K . E L Q . . . . . . . . . . . . . R K AQ . . . . . . . 514
S. typhimurium L NN I WR A A E V E K . E L Q . . . . . . . . . . . . . R K AQ . . . . . . . 514
S. cerevisiae I NN I I H S GDV S I P S L A E V . . . . . . . . . . . . . . . . . . . . . . 608
N. crassa A S N F V G S R V G S P . I I P K P V ADK E V S GDVN L S V PNG ANGK S 613
A. thaliana 1 L NKMMD F K E N S A . . . T . . . . . . . . . . . . . . . K I . . . . . . . 622
A. thaliana 2 L NKML G F K E HT S . T L S . . . . . . . . . . . . . . . K T . . . . . . . 622

M. tuberculosis . . . . . . . . . . A R 644
N. meningitidis . . . P K AQG S GT I 517
C. glutamicum . . . . E A V L A G G V 581
E. coli . . . HN E NNK E TV 523
S. typhimurium . . . NK E NNK E TV 523
S. cerevisiae . E G KNA A A S G S A 619
N. crassa I I QA L E S QAD EM 625
A. thaliana 1 . . . P S QKNR V A A 631
A. thaliana 2 . . . P L E TN E V P A 631
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