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Abstract As components of the glucosinolate-myrosi-

nase system, specifier proteins contribute to the diversity of

chemical defenses that have evolved in plants of the

Brassicales order as a protection against herbivores and

pathogens. Glucosinolates are thioglucosides that are

stored separately from their hydrolytic enzymes, myrosi-

nases, in plant tissue. Upon tissue disruption, glucosino-

lates are hydrolyzed by myrosinases yielding instable

aglucones that rearrange to form defensive isothiocyanates.

In the presence of specifier proteins, other products,

namely simple nitriles, epithionitriles and organic thiocy-

anates, can be formed instead of isothiocyanates depending

on the glucosinolate side chain structure and the type of

specifier protein. The biochemical role of specifier proteins

is largely unresolved. We have used two thiocyanate-

forming proteins and one epithiospecifier protein with

different substrate/product specificities to develop molec-

ular models that, in conjunction with mutational analyses,

allow us to propose an active site and docking arrange-

ments with glucosinolate aglucones that may explain some

of the differences in specifier protein specificities. Fur-

thermore, quantum-mechanical calculations support a

reaction mechanism for benzylthiocyanate formation

including a catalytic role of the TFP involved. These

results may serve as a basis for further theoretical and

experimental investigations of the mechanisms of

glucosinolate breakdown that will also help to better

understand the evolution of specifier proteins from ances-

tral proteins with functions outside glucosinolate

metabolism.

Keywords Specifier protein � Glucosinolate �
Myrosinase � Molecular model � Mutagenesis

Introduction

Plant specialized metabolism has evolved as a rich source

of defensive chemicals of enormous structural diversity

exhibiting a broad range of biological activities (Hartmann

2007; Kroymann 2011). Specifier proteins are parts of a

chemical defense employed by plants of the crucifer family

(Brassicaceae) and all other members of the order Brassi-

cales. This chemical defense known as the glucosinolate-

myrosinase system [or ‘‘mustard oil bomb’’ (Matile 1980);

Fig. 1] is composed of preformed thioglucosides (the

glucosinolates), their hydrolytic enzymes (myrosinases,

thioglucoside-glucohydrolase, EC 3.2.1.147) that are stored

separately in the plant tissue, and specifier proteins as

additional components in many glucosinolate-containing

species (Agerbirk and Olsen 2012; Halkier and Gershenzon

2006). Tissue disruption, e.g. by herbivory, allows the

water-soluble glucosinolates to be rapidly hydrolyzed by

myrosinases resulting in the formation of a variety of rather

lipophilic and volatile breakdown products (Hopkins et al.

2009; Rask et al. 2000; Wittstock and Burow 2010). The

most frequently encountered type of breakdown products

are the isothiocyanates (mustard oils) that are also known
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to humans as the hot and lachrymogenic ingredients of

mustard and horseradish. They are formed upon a Lossen-

like rearrangement of the aglucone (Fig. 1). Glucosinolate-

derived isothiocyanates are toxic to a wide range of

organisms including bacteria, fungi, nematodes and insects

and therefore act as defensive chemicals protecting the

plant (Wittstock et al. 2003). Consumed through Brassi-

caceae vegetables, they have been shown to have health

promoting properties in humans (Traka and Mithen 2009).

The term specifier protein refers to the ability of this group

of proteins to impact the outcome of glucosinolate breakdown

without having hydrolytic activity on glucosinolates them-

selves (Tookey 1973; Wittstock and Burow 2007). In the

presence of specifier proteins, glucosinolate breakdown is

redirected from isothiocyanate production to the formation of

non-isothiocyanate products such as simple nitriles, epithio-

nitriles and organic thiocyanates. Although the biological

roles of specifier proteins and their products are not well

understood to date, experimental data indicate that they may

have a function in balancing plant defense against generalist

versus specialist herbivores by direct versus indirect means

(Wittstock and Burow 2010). It has been hypothesized that

specifier proteins are enzymes that accept the glucosinolate

aglucones as substrates (Burow et al. 2006; Foo et al. 2000).

However, experimental evidence for this is lacking as the

aglucones are short-lived intermediates that cannot be isolated

to be used in biochemical studies including crystallization.

Specifier proteins are grouped according to their product

spectrum (Wittstock and Burow 2007). Thiocyanate-

forming proteins (TFPs) are able to promote the formation

of organic thiocyanates upon myrosinase-catalyzed

glucosinolate hydrolysis. This activity occurs only rarely in

plants and has so far only been described for allyl-,

4-methylthiobutyl- and benzylglucosinolate (Wittstock and

Burow 2007). The TFPs identified to date differ in their

substrate/product specificities (Fig. 1). TFP from Lepidium

sativum (LsTFP) supports benzylthiocyanate, but not

allylthiocyanate formation upon myrosinase-catalyzed

hydrolysis of benzyl- and allylglucosinolate, respectively

(Burow et al. 2007). Upon allylglucosinolate hydrolysis, its

presence leads to epithionitrile formation (Burow et al.

2007). TFP from Thlaspi arvense (TaTFP) and the recently

identified TFP from Alliaria petiolata lack the ability to

promote benzylthiocyanate formation, but support allyl-

thiocyanate formation upon allylglucosinolate hydrolysis

(Kuchernig et al. 2011, 2012). When used with allyl-

glucosinolate and myrosinase, these TFPs also generate the

corresponding epithionitrile (3,4-epithiobutanenitrile).

Both LsTFP and TaTFP have been shown to produce

simple nitriles from other glucosinolate classes (Burow

et al. 2007; Kuchernig et al. 2011, 2012). Specifier proteins

that promote epithionitrile formation but are unable to

support organic thiocyanate formation are referred to as

epithiospecifier proteins (ESPs) (Tookey 1973). A struc-

tural prerequisite for epithionitrile formation is the pre-

sence of a terminal double bond in the glucosinolate side

chain to which the sulfur atom of the thioglucosidic bond is

added upon formation of the thiirane ring (Brocker and
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Fig. 1 Schematic view of benzyl- and allylglucosinolate breakdown

by myrosinases and specifier proteins. Benzylglucosinolate (1) and

allylglucosinolate (6) are hydrolyzed by myrosinases to unstable

aglucones (2 and 7) that spontaneously rearrange to benzylisothio-

cyanate (3) and allylisothiocyanate (8), respectively. In the presence

of specifier proteins, alternative breakdown products (the organic

thiocyanates 4 and 9, the simple nitrile 5 and the epithionitrile 10) can

be formed depending on the structure of the aglucone side chain and

the substrate/product specificity of the specifier protein. Specifier

proteins used in this study are the thiocyanate-forming protein (TFP)

from L. sativum (LsTFP), the epithiospecifier protein (ESP) from

A. thaliana (AtESP), and the TFP from T. arvense (TaTFP). These

proteins promote the formation of different breakdown products as

indicated at the arrows
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Benn 1983). Two ESPs that have been characterized in

more detail as recombinant proteins (ESPs from Arabi-

dopsis thaliana Landsberg erecta (AtESP) and Brassica

oleracea ssp. italica) also promote the formation of simple

nitriles upon hydrolysis of glucosinolates lacking a termi-

nal double bond (Burow et al. 2006; Matusheski et al.

2006). Another group of specifier proteins, the nitrile-

specifier proteins (NSPs), only promote simple nitrile for-

mation (Burow et al. 2009; Kissen and Bones 2009; Kong

et al. 2012; Kuchernig et al. 2012).

According to InterProScan, all specifier proteins iden-

tified to date possess three to five repeats of the kelch motif

(http://www.ebi.ac.uk/Tools/pfa/iprscan/; Burow et al.

2009; Kissen and Bones 2009; Kuchernig et al. 2012;

Matusheski et al. 2006; Wittstock and Burow 2007). This is

indicative of the presence of so-called kelch domains

known to form b-propeller tertiary structures, however,

none of the specifier proteins has been crystalized. Proteins

with kelch domains have frequently been shown to be

involved in protein–protein interactions (Adams et al.

2000; Prag and Adams 2003). For specifier proteins, evi-

dence for their interaction with other proteins, e.g. myro-

sinase, is scarce, and a stable interaction with myrosinase

could not be demonstrated so far (Burow et al. 2006; Foo

et al. 2000). Moreover, the biochemical roles of specifier

proteins in the different reactions leading to epithionitriles,

organic thiocyanates and simple nitriles are unknown, and

the reactions themselves are not well understood (reviewed

by Wittstock and Burow (2007)). The formation of allyl-

thiocyanate upon allylglucosinolate hydrolysis has been

shown by labeling experiments to proceed through direct

bond formation between the core structure sulfur atom and

the terminal carbon atom of the allyl side chain (Rossiter

et al. 2007). In contrast, formation of benzylthiocyanate

upon benzylglucosinolate hydrolysis requires an activation

of the C1–C2 single bond of the benzyl side chain by de-

protonation (Lüthy and Benn 1977). For epithionitrile

production, a radical mechanism involving the Fe2?

cofactor has been suggested, but could not be proven

experimentally (Burow et al. 2006; Foo et al. 2000). In no

case have the mechanisms been studied using quantum

mechanical calculations to determine reaction energies or

essential intermediates.

With the availability of cDNA sequences of specifier

proteins, molecular modeling can be applied to get an

insight into specifier protein structure and function. How-

ever, as a specific challenge, no experimentally determined

structure of a protein with significant amino acid sequence

identity with specifier proteins is available. Based on a

careful analysis of the kelch motif repeats, we identified

kelch domain proteins which are structurally similar to the

specifier proteins based on the kelch motifs and whose

crystal structures are available at the protein data bank

(PDB). We used these structures to establish molecular

models of LsTFP, AtESP, and TaTFP and identified a

putative active site. Docking of glucosinolate aglucones as

putative substrates suggests first explanations for the dif-

ferent substrate/product specificities of the proteins. The

specifier protein models are well supported by mutational

analyses. In combination with quantum-mechanical calcu-

lations, the model of LsTFP allowed us to explain the

involvement of active site residues of LsTFP in benzyl-

thiocyanate formation.

Results

Establishment of molecular models of specifier proteins

In order to being able to identify suitable modeling tem-

plates at the PDB, we subjected the kelch motifs of LsTFP

to a detailed analysis as they can be assumed to determine

the overall protein structure. Kelch motifs are composed of

several conserved amino acids that are mainly found as

single residues at a typical position (Adams et al. 2000).

For example, a Trp has been found to be conserved in the

b4 strand of each kelch motif (Adams et al. 2000). Due to

this pattern of distribution, the amino acids forming the

kelch motif can be difficult to identify. Sequence analysis

by the software tool REP predicted four kelch motifs for

LsTFP that corresponded largely to those predicted by

InterProScan. In addition, we applied the secondary

structure prediction tool PSIPRED (Buchan et al. 2010;

Jones 1999) which predicted several b strands and allowed

the manual identification of amino acids known to be

important for kelch motifs in these strands. The results

suggested that LsTFP contains six kelch motifs, including

the four kelch motifs predicted by REP (Fig. 2). Based on

this, LsTFP appears to adopt a six-bladed b-propeller fold.

Amino acid sequence analysis of LsTFP indicated a closing

of the b-propeller ring structure with the N-terminal b64

and the C-terminal b61 to b63 strands as described in

(Adams et al. 2000). Due to a high level of predicted

secondary structure similarity to LsTFP throughout the b1

to b5 blades (despite of only 36 % amino acid sequence

similarity), the PDB crystal structure 2FLU of Keap1 (Lo

et al. 2006) was selected by YASARA (Krieger et al. 2009)

and used as template for molecular modeling of LsTFP

although it is closed through the N-terminal b62 to b64 and

C-terminal b61 strands. PROSA II analysis (Sippl 1990)

indicated the resulting model to represent a native fold with

the exception of the closing blade. A search for another

X-ray structure of a kelch repeat protein with six blades

and with an N-terminal b64 and C-terminal b61 to b63

strand-closing mechanism as predicted for LsTFP identi-

fied the b-propeller domain of a bacterial sialidase with

Plant Mol Biol
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29 % amino acid sequence similarity to LsTFP (PDB

structure 1EUR, Gaskell et al. 1995) to meet this require-

ment. Thus 1EUR was used for further modeling of LsTFP

using YASARA based on an alignment of 1EUR and

LsTFP that was generated manually by comparing the

secondary structure elements of 1EUR with those predicted

for LsTFP. The closing blade of the resulting model met all

criteria for a native fold applied by PROSA II. Thus, we

merged all regions of the 2FLU-based LsTFP model except

the b6 domain with the b6 domain correctly modeled based

on the template 1EUR.

Since the activities of all specifier proteins under

investigation are known to depend on Fe2?, we searched

for possible Fe2? binding sites using the modeling tool

‘‘site finder’’ of MOE. The most promising site was com-

posed of D263, E259, and H267. After inclusion of Fe2? at

this site and final molecular dynamics refinement with

YASARA, the model was evaluated for correct folding and

stereochemical quality using PROSA II and PROCHECK

(Laskowski et al. 1993), respectively. Graphical analysis

with PROSA II showed all residues to be in negative

energy range with a combined energy z-score of –7.37

which clearly indicates a native-like folded structure. In

PROCHECK analysis, a variety of scores determined for

the model of interest are compared to ideal values.

Roughly, a model is considered to be of good quality by

PROCHECK if deviations from the ideal score are within a

certain range for at least 90 % of the residues. The model

Fig. 2 Amino acid sequence comparison of the specifier proteins

investigated and the predicted secondary structure of LsTFP. The

following sequences were used to generate a multiple sequence

alignment by MultAlin version 5.4.1 (Corpet 1988): TaTFP (Genbank

accession number JN244735), AtESP (At1g54040, AAL14622), and

LsTFP (ABD73013). The secondary structure (SS) prediction of

LsTFP was performed with PSIPRED v3.0 (Buchan et al. 2010; Jones

1999), and is shown in the first line of the alignment with the b blades

(blue letters) annotated according to (Adams et al. 2000) above the

alignment. Amino acid residues identical in all three sequences are

shown in black and marked by an asterisk below the alignment, amino

acid residues variable in the three proteins are shown in red. Amino

acid residues that were subjected to mutagenesis studies are printed in

bold and highlighted in gray. Kelch domains predicted by InterPro-

Scan (http://www.ebi.ac.uk/Tools/pfa/iprscan/) corresponded to the

b1–b5 sheets
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passed all analyses supplied by PROCHECK with scores

indicative of good stereochemical quality. For example, the

Ramachandran plot showed only one outlayer. Thus, we

considered the model to be sufficient for further analyses

and docking studies.

Based on the LsTFP model, models of AtESP and TaTFP

were generated and refined with YASARA. For AtESP, a

PROSA II plot almost identical to that of LsTFP confirmed

the satisfying quality of this model. In the case of TaTFP, the

PROSA II plot indicated some imperfectly modeled regions,

but the model seemed to be sufficient for docking studies

with the putative substrates and for a comparison of the

active site with those of the two other proteins. Docking of

the putative substrates was accomplished using the aglu-

cones of allyl- and benzylglucosinolate. Thirty docking

poses for each ligand and enzyme were inspected with

respect to Goldscore, distance between the Fe2? cofactor and

the S- of the ligand (assuming a role of Fe2? in the catalytic

mechanism) as well as presence of proton-donating residues

in vicinity to the sulfate group of the ligand. Among the ten

poses with highest Goldscore, there was at least one pose

with an Fe2?–S- distance of B2.8 Å for each ligand-enzyme

combination (Online Resource 1: Tables S1-S3). For the

aglucone of benzylglucosinolate docked with LsTFP, the

shortest Fe2?–S- distance (1.8 Å) was found for a pose

which did not allow proton transfer to the sulfate (sulfate

recognition by Q323). We therefore considered another pose

with similar Goldscore, 1.9 Å Fe2?–S- distance and R94 for

sulfate recognition as the most favored one (Online Resource

1: Tab. S1). For the allylglucosinolate aglucone, the pose

with shortest Fe2?–S- distance (1.9 Å) enabled interactions

with R94 as proton donor and was therefore regarded as the

most favored one (Online Resource 1: Tab. S1). In case of

AtESP and both aglucones, the favored poses had the

shortest Fe2?–S- distance (2.8 and 2.5 Å) and allowed

interaction of the sulfate group with R94 and K211 (Online

Resource 1: Tab. S2). For both aglucones docked with

TaTFP, the ten poses with highest Goldscores were almost

identical, and the poses with shortest Fe2?–S- distance (2.0

and 2.1 Å) and high Goldscore were chosen for further

studies (Online Resource 1: Tab. S3). The structures docked

with the benzylglucosinolate aglucone have been deposited

at the protein model database [PMDB; http://mi.caspur.it/

PMDB/main.php; Castrignano et al. (2006)] with the fol-

lowing identifiers: PM0078750 (AtESP), PM0078751

(LsTFP; Fig. 3), and PM0078752 (TaTFP).

Comparison of the proposed active sites of LsTFP,

TaTFP and AtESP

Common to all considered specifier proteins is the pre-

dicted complexation of a Fe2? by the side chains of an Asp,

a Glu and a His (LsTFP: D263, E259, H267; TaTFP: D270,

E266, H274; AtESP: D264, E260, H268; Fig. 4; Table 1).

Further, the sulfate group of the aglucone is recognized by

the side chain of R94 in the proposed active sites of LsTFP,

TaTFP and AtESP (Fig. 4; Table 1). In addition to R94,

modeling results suggest a fixation of the sulfate group by

another basic residue in TaTFP (R269) and AtESP (K46 or

K211). Besides these common structural elements and

similarities, docking studies with the aglucones of allyl-

and benzylglucosinolate and the models of all three pro-

teins revealed large differences in the substrate arrange-

ments in the active sites that depend on the aglucone side

chain structure and the specific composition of the active

site (Fig. 4; Table 1).

LsTFP promotes organic thiocyanate formation upon

hydrolysis of benzyl- but not allylglucosinolate although

allylglucosinolate breakdown can principally result in

organic thiocyanate formation (promoted by e.g. TaTFP). In

order to explain this specificity, we compared the most

favored docking arrangement of the benzylglucosinolate

aglucone with that of the allylglucosinolate aglucone and

found it to be strikingly different (Fig. 4a, b). While the

benzyl moiety of the benzylglucosinolate aglucone exhibits

Fig. 3 Tertiary structure model of LsTFP with the aglucone of

benzylglucosinolate docked. The full-length amino acid sequence of

LsTFP was used for molecular modeling as specified in the text.

LsTFP adopts a six-blade b-propeller ring structure closed through the

N-terminal b62 to b64 (red) and C-terminal b61 (blue) strands. The

blades are labelled b1–b6. The localization of the active site is

indicated by the orange sphere representing the Fe2? cofactor and by

the docked benzylglucosinolate aglucone in the center of the figure.

The model is available at PMDB (http://mi.caspur.it/PMDB/main.

php) with the identifier PM0078751
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hydrophobic interactions with F130, F202 and, to a lower

degree, with V151, the allyl moiety of the allylglucosinolate

aglucone is oriented in the opposite direction, i.e. it interacts

hydrophobically with V243 and weakly with F46. Most

importantly, the hydrogen atom of the C2 of the benzyl-

glucosinolate aglucone (but not the allylglucosinolate

aglucone) is in very close proximity to one oxygen atom of

the side chain of E259 (distance 2.8 Å). This interesting

observation led us to suggest a hypothetical mechanism for

the formation of benzylthiocyanate by LsTFP (Fig. 5). To

validate this mechanism, ab initio [DFT b3lyp (lacvp**)]

calculations were performed to check the thermodynamics

of the suggested reactions. As shown in Fig. 5 and Table 2,

all steps of the formation of the thiocyanate are thermody-

namically favored. The conversion starts with the synchro-

nous cleavage of the sulfate group (by protonation from

R94) and the C–S bond (by binding to the Fe2? and proton

abstraction from C2 by E259) resulting in the formation of an

Fig. 4 Active site residues of

LsTFP, AtESP and TaTFP as

suggested by molecular

modeling. Molecular models of

LsTFP (a, b), AtESP (c, d) and

TaTFP (e, f) were established

using the modeling program

YASARA as described in the

results section. Shown are

amino acid residues of the

active sites that are proposed to

be important for recognition of

the substrates, activity, and

specificity. The figures show the

most favored docking

arrangements of the aglucones

of benzyl- (left a, c, e) and

allylglucosinolate (right b, d,

f) resulting from GOLD

docking highlighted with green

carbon skeletons
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intermediate nitrile cation with a total reaction energy of

-83 kJ/mol (reaction a in Fig. 5). The nitrile cation is highly

reactive and therefore accepts the sulfur atom with an energy

gain of -21 kJ/mol (reaction b in Fig. 5). The final bond

rearrangement that yields benzylthiocyanate has a very high

reaction energy of -599 kJ/mol (reaction c in Fig. 5).

In order to explain the distinct ability of AtESP to

promote epithionitrile (but not thiocyanate) formation upon

allylglucosinolate hydrolysis and simple nitrile (but not

thiocyanate) formation upon benzylglucosinolate hydroly-

sis, we analyzed the docking arrangements of the respec-

tive algucones in the active site of AtESP. As described

above, E260, D264, H268 are involved in fixation of the

Fe2? cofactor while R94, K46 and K211 are involved in

binding of the sulfate moiety (Table 1; Fig. 4c, d). In

AtESP, the allyl- and benzylglucosinolate aglucone side

chains are directed towards a hydrophobic pocked formed

by G186, V244, P300, and W303 (Fig. 4c, d). The aglu-

cone of benzylglucosinolate is positioned in a way that

excludes any close interaction of its C2 carbon atom with a

hydrogen atom of the side chain of either D264 or E260

(distance [4 Å, Fig. 4c). Based on the hypothesis on

thiocyanate formation described above, this explains why

thiocyanate formation upon benzylglucosinolate hydrolysis

has never been observed for AtESP. As mentioned above, a

different mechanism is proposed for allylthiocyanate for-

mation. During allylthiocyanate formation, the S- directly

forms a new bond with the C3 carbon atom of the side

chain followed by bond rearrangements (Rossiter et al.

2007). This, however, requires a rather short distance

between these two atoms supported by enzyme and dock-

ing conformation. Based on the allylglucosinolate aglucone

conformation in AtESP, bond formation between the S-

and the C3 carbon atom seems to be difficult explaining the

lack of thiocyanate forming activity of AtESP upon allyl-

glucosinolate hydrolysis.

As described above, TaTFP possesses the conserved

Fe2? binding motif composed of D270, E266, and H274

and recognizes the sulfate group of both substrates through

R94 and R269 (Table 1; Fig. 4e, f). The mechanism of

allylthiocyanate formation upon allylglucosinolate hydro-

lysis (Rossiter et al. 2007) requires only an appropriate

conformation of the allyl group with the terminal carbon

atom in close proximity to the S-. Such a conformation of

the allylglucosinolate aglucone is favored in the active site

of TaTFP as shown in Fig. 4f. The docking arrangement is

supported by hydrophobic interactions of the allyl side

chain with F130 and V310.

Analysis of LsTFP, AtESP and TaTFP mutants

A number of mutants was generated by site-directed

mutagenesis of the corresponding cDNAs and heterologous

expression in order to test the validity of the models. Due

to the fact that the putative substrates of specifier proteins,

the glucosinolate aglucones, cannot be used directly in

enzyme assays, kinetic parameteres cannot be determined

experimentally. We therefore used a comparison of speci-

fier protein activity as determined in assay mixtures com-

posed of a glucosinolate, the specifier protein and

myrosinase in appropriate buffer for evaluation of mutant

activities as compared to wildtype proteins. As a measure

of specifier protein activity, we used the percentage of each

specific breakdown product in relation to the total amount

of breakdown products formed from the glucosinolate used

as substrate for myrosinase (Burow et al. 2006; Kong et al.

Table 1 Amino acid residues in the active centers of LsTFP, AtESP, and TaTFP as predicted from molecular models

Function LsTFP AtESP TaTFP

Allyl- Benzyl- Allyl-/benzyl- Allyl-/benzyl-

Fe2? fixation E259 E259 E260 E266

D263 D263 D264 D270

H267 H267 H268 H274

Proton donor to SO4
2- R94 R94 R94 R94

K46 R269

K211

Interaction with aglucone side chain F46 F130 G186 F130

V243 V151 V244 V310

P299 F202 P300

W303

Catalysis (proton abstraction) E259

Molecular models were established using the modeling tool YASARA as described in the results section. For each of the three proteins, the

amino acids that are most important for binding and conversion of the aglucones of allylglucosinolate (allyl-) and benzylglucosinolate (benzyl-)

are given
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2012; Kuchernig et al. 2011). In order to ensure ‘‘substrate

saturation’’ for the specifier protein (i.e. presence of suffi-

cient aglucone), assays with the wildtype proteins were

used to determine the amount of specifier protein needed to

markedly reduce, but not abolish isothiocyanate formation.

As LsTFP loses its activity upon purification from E. coli

Fig. 5 The suggested catalytic

mechanism for

benzylthiocyanate formation by

LsTFP. The states of the

reaction (a–d) are shown for the

aglucone of benzylglucosinolate

(green) with the most important

moieties of active site residues

of LsTFP included.

a Synchronous cleavage of the

sulfate group (by protonation

from R94) and the C–S bond

(by binding to the Fe2? and

proton abstraction from C2 by

E259). b Reaction of the

resulting reactive nitrile cation

with the negatively charged

sulfur. c Final bond

rearrangement. Numbers at the

arrows are reaction energies in

kJ/mol calculated with DFT-

B3LYP using the lacvp** basis

set

Plant Mol Biol

123



extracts (Burow et al. 2007) and purified AtESP is stable

only for 12 h (Burow et al. 2006), we performed all

experiments with freshly prepared E. coli extracts and

assessed the expression level of target proteins by Western

blot analysis. In order to address potential pitfalls associ-

ated with the use of E. coli extracts, expression, extraction,

and assay conditions had been optimized to enable repro-

ducible activity measurements in independent expression

experiments for wildtype proteins (Online Resource 1:

Fig. S1) and most mutant proteins (see below).

In case of mutants with amino acid substitutions at the

proposed Fe2? binding site, we obtained sufficient

expression levels for three of four TaTFP mutants and three

of four AtESP mutants (Fig. 6, Online Resource 1: Tab.

S4). The mutant proteins with sufficient expression levels

were inactive under the conditions used (TaTFP E266Q,

D270A, D270N; AtESP E260Q, D264N) or had strongly

reduced activities (AtESP D264A) as compared to wildtype

when allylglucosinolate (Fig. 6a, b) or benzylglucosinolate

(Fig. 6c, d) were used as substrates for myrosinase. For

TaTFP E266Q, D270A, and D270N, we confirmed this

using purified mutant and wildtype proteins (10–50 lg per

assay with or without added Fe2? (0.01–0.1 mM) as

described by Kuchernig et al. (2011); data not shown). As

the exchange of Asp and Glu residues for the corre-

sponding amides Asn and Gln is not expected to cause

major changes of the backbone structure, the observed

effects of the mutations on TaTFP and AtESP are in

agreement with a role of these acidic residues for specifier

protein activity. For LsTFP mutants, expression levels were

very low. LsTFP D263A, with an expression level com-

parable to wildtype, possessed only a minor activity during

allylglucosinolate hydrolysis as compared to the wildtype

(Online Resource 1: Tab. S4) further supporting a critical

role of the conserved Asp. For the other four LsTFP

mutants, which had no detectable specifier protein activity

in our assays with crude E. coli extracts, we were not able

to discriminate between effects of low expression levels

and effects of the mutations (Online Resource 1: Tab. S4).

Taken together, the results are in agreement with a critical

role of the amino acid residues proposed to be involved in

Fe2? binding for specifier protein activity.

To test the importance of amino acid residues proposed

to interact with the aglucone sulfate group, we generated

corresponding single, double, and triple mutants (Fig. 7,

Online Resource 1: Tab. S4). The exchange of R94 for an

Ala in LsTFP led to a mutant with an insufficient expres-

sion level and almost no measureable specifier protein

activity in assays with allyl- or benzylglucosinolate and

myrosinase (Online Resource 1: Tab. S4) so that the effect

of the mutation could not be assessed. In TaTFP, exchange

of R94 for an Ala resulted in increased epithionitrile-

forming activity, but a lower thiocyanate-forming activity

upon allylglucosinolate hydrolysis (Fig. 7a) and a moder-

ate reduction of simple nitrile-forming activity upon

benzylglucosinolate hydrolysis (Fig. 7c, e). Thus, although

compromised in some of its activities, TaTFP R94A

remained active and was even more active than the wild-

type with respect to epithionitrile formation likely due to

the sufficient recognition of the sulfate group by R269. To

investigate this further, we introduced the mutation R269A

to TaTFP R94A and wildtype TaTFP. In support of a

critical role of R269, both the double and the single mutant

had strongly reduced activities upon allyl- and benzyl-

glucosinolate hydrolysis as compared to wildtype (Fig. 7a,

c, e). However, an effect of R269A on the backbone

structure cannot be excluded. In a similar way, K46 or

K211 appear to be sufficient for binding of the sulfate

residue in the active site of AtESP since AtESP R94A was

fully active with respect to epithionitrile formation

(Fig. 7b, d, f). Interestingly, this mutant had a strongly

increased simple nitrile-forming activity upon benzyl-

glucosinolate hydrolysis (Fig. 7b, d, f). This can be

explained by the smaller size of the Ala residue that leaves

more space for the benzylglucosinolate aglucone than the

Arg residue, and a sufficient binding by K46/K211. When

R94 of AtESP was replaced by a Lys residue, epithionitrile

and phenylacetonitrile-forming activity was reduced

(Fig. 7b, d, f). The shorter side chain of Lys as compared to

Table 2 Energy of the proposed reaction steps calculated with DFT-

B3LYP (lacvp**)

State Species Energy (kJ/mol)

A Fe2? CH3COO- CH3COO- -1,523,927.7

Positively charged arginine side chain -643,474.8

Benzyl aglucone -3,835,829.1

Total -6,003,231.6

B [S Fe2?] CH3COO- CH3COO- -2,571,171.6

Uncharged arginine side chain -642,404.1

HOSO3
- -1,837,020.0

Benzyl aglucone intermediate I -952,718.9

Total -6,003,314.6

C Fe2? CH3COOH CH3COO- -1,524,781.3

Uncharged arginine side chain -642,404.1

HOSO3
- -1,837,020.0

Benzyl aglucone intermediate II -1,999,130.2

Total -6,003,335.6

D Fe2? CH3COO- CH3COO- -1,523,927.7

Uncharged arginine side chain -642,404.1

HOSO3
- -1,837,020.0

Benzylthiocyanate -2,000,582.7

Total -6,003,934.5

The single species or complexes were optimized and summed up for

each state. States and species are as displayed in Fig. 5

Plant Mol Biol

123



Arg likely changes the docking arrangement so that an

interaction of the S- anion with the Fe2? is no longer

favored. However, TaTFP retained its epithionitrile and

phenylacetonitrile-forming activity when R94 was replaced

by Lys (Fig. 7a, c, e) probably because R269 keeps the

docking arrangement almost unchanged. Introduction of

the mutations K46A and/or K211A to AtESP R94A or

wildtype AtESP indicated that K46 might be the most

critical of the three amino acids (K46, R94, and K211)

considered to interact with the aglucone sulfate residue in

AtESP (Fig. 7b, d, f). While R94A and K211A do not seem

to affect the backbone structure as these mutations do not

inactivate AtESP, this cannot be excluded for K46A. Taken

together, the results of this analysis can, at least in part, be

explained based on the molecular models described above

and suggest that the amino acid residues considered as

sulfate binding residues are located at or close to the active

site.

We also analyzed a number of additional mutants that

had been generated in the course of our molecular

modeling study or based on amino acid sequence align-

ments, but were not derived from the models presented

here. Several of the mutations introduced to TaTFP, AtESP

and/or LsTFP had no or only minor effects, some affected

specifier protein activity positively or negatively, and some

seemed to have differential effects on the breakdown of

allyl- versus benzylglucosinolate (Fig. 8, Online Resource

1: Tab. S4). To start with the latter, AtESP V244C had a

strongly reduced activity (-83 %) upon breakdown of

benzylglucosinolate, but its activity upon allylglucosinolate

breakdown was only weakly decreased (-23 %) as com-

pared to wildtype (Fig. 8b, e). Based on our model of

AtESP, V244 stabilizes especially the interaction with the

benzyl moiety of the benzylglucosinolate aglucone. This

explains why the mutant was impaired mainly in its activity

upon benzylglucosinolate hydrolysis with little effect on

epithionitrile-forming activity. The corresponding substi-

tution introduced to LsTFP (LsTFP V243C) did not influ-

ence LsTFP activity upon allylglucosinolate breakdown

and caused only a minor reduction (-27 and -34 %) in the

activity upon benzylglucosinolate breakdown (Fig. 8c, f).

According to the model of LsTFP, V243 has no direct

interaction with the ligand but contributes to a hydrophobic

potential within the binding pocket that would also be

generated by a Cys residue. As there is enough space in the

pocket, a Cys residue in position 243 would not affect the

docking arrangement. A differential effect upon allyl-

versus benzylglucosinolate was also found for the mutant
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Fig. 6 Mutations of proposed Fe2?-binding residues in the predicted

active sites of TaTFP and AtESP lead to loss of specifier protein

activity. cDNAs were subjected to site-directed mutagenesis and

expressed in E. coli (TaTFP: a, c, e; AtESP: b, d, f). The influence of

E. coli extracts on the profile of breakdown products of allyl-

glucosinolate and benzylglucosinolate was analyzed by specifier

protein assays. Depicted is the formation of the major breakdown

products of allylglucosinolate [a–b epithionitrile (3,4-epithiobutane-

nitrile) and allylthiocyanate (for TaTFP)] and benzylglucosinolate

(c–d phenylacetonitrile) by the mutants as compared to the wildtype

proteins (WT). V, negative control (vector without insert).

Mean ± SD of three independent expression experiments. e–f Expres-

sion level of Strep-tagged proteins in E. coli extracts as monitored by

Western blot analysis [typical results representing one out of three

independent expression experiments (e 50 lg, f 75 lg total protein

loaded); lanes with mutants not relevant for this figure have been

removed from the image, for full images see Online Resource 1

(Fig. S2)]
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LsTFP F46 K for which we found, on average, a twofold

increase in epithionitrile-forming activity while the activity

upon benzylglucosinolate hydrolysis was not affected

(Fig. 8c, f). The model of AtESP shows, in fact, that F46

does not directly interact with the substrates. However,

when replaced by a Lys, an interaction with the sulfate

group of the allylglucosinolate aglucone is possible which

explains the increase in epithionitrile formation. Accord-

ingly, replacement of F46 with an Ala or a Glu residue did

not have major effects (Fig. 8c, f).

For several mutants (TaTFP Y45N, F130A, N306P;

AtESP G186M; LsTFP L300R), no or only little activity

upon either allyl- or benzylglucosinolate hydrolysis was

detectable in our assays despite expression levels in E. coli

comparable to those of the wildtype proteins (Fig. 8,

Online Resource 1: Tab. S4). In no case can we exclude an

effect of the mutations on the backbone structure of the

proteins. As an alternative explanation for the effect seen

with TaTFP F130A, the hydrophobic interaction with the

aglucone side chain might be impaired. In TaTFP N306P,

stabilization of the correct conformation of the Fe2?-

binding E266 by N306 might be disturbed. In our AtESP

model, G186 together with V244, P300, and W303 forms a

hydrophobic pocket accommodating the aglucone side

chain (Fig. 4c, d). Occupation of the active site by a bulky

Met residue in AtESP G186M may prevent binding of the

substrate explaining the loss of specifier protein activity

(Fig. 8b, e). In case of TaTFP C250V, AtESP N45Y,

AtESP F130A, AtESP P300N, AtESP R301L, LsTFP

G186M, LsTFP P299N, and LsTFP G308D, we were not

able to discriminate between effects on the activity and low

expression levels (Fig. 8, Online Resource 1: Tab. S4).

Among the mutations with no or only little effects on

specifier protein activity, K148A did not change the

activity of either of the three proteins under investigation

(Fig. 8, Online Resource 1: Tab. S4). This is likely due to

the fact that K148 is positioned at the protein surface

outside the active site based on our models of the three

proteins. The unchanged activities of TaTFP E46F and

TaTFP E46K may be explained by the fact that E46 is not

directly involved in substrate binding. Although in the

active site, the mutation M186G did not have a major effect

on TaTFP activity. As a possible explanation, M186 is

located in the region of the active site to which the sulfate
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Fig. 7 Mutations of the conserved R94 and other proton-donating

residues in the predicted active sites of TaTFP and AtESP affect

specifier protein activity. cDNAs were subjected to site-directed

mutagenesis and expressed in E. coli (TaTFP: a, c, e; AtESP: b, d, f).
The influence of E. coli extracts on the profile of breakdown products

of allylglucosinolate and benzylglucosinolate was analyzed by

specifier protein assays. Depicted is the formation of the major

breakdown products of allylglucosinolate [a, b epithionitrile (3,4-

epithiobutanenitrile) and allylthiocyanate (for TaTFP)] and benzyl-

glucosinolate [c, d simple nitrile (phenylacetonitrile)] by the mutants

as compared to the wildtype proteins (WT). V, negative control

(vector without insert). Mean ± SD of three independent expression

experiments. e–f Expression level of Strep-tagged proteins in E. coli

extracts as monitored by Western blot analysis [typical results

representing one out of three independent expression experiments

(e 50 lg, f 75 lg total protein loaded)]
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group of both aglucones is directed with the sulfate fixed

by basic residues (Fig. 4e, f). As a Gly residue is less bulky

than a Met residue, the mutation M186G does not interfere

with substrate binding. AtESP L274M had almost

unchanged activity as compared to the wildtype. L274 is

located in the second sphere of the Fe2? binding site and

does not form any interactions with the iron or the aglu-

cone. This may explain the lack of major effects. The

corresponding mutation introduced to LsTFP (LsTFP

M273L) did also not cause major effects (Fig. 8c, f). This

is in agreement with the location of M273 outside the

active site of LsTFP in our models. Taken together, the

influence of diverse mutations on the activity of TaTFP,

AtESP, and LsTFP are largely in agreement with the

expectations one may have based on the models of these

proteins described here.

Discussion

Although specifier proteins and their involvement in

glucosinolate breakdown have been discovered about

40 years ago and several specifier proteins have been

identified at the molecular level in the past decade, their

biochemical roles have remained obscure and experimental

structure elucidation has not been accomplished. This is

likely due to the difficulty of obtaining sufficient amounts

of active specifier proteins as well as their proposed short-

lived substrates in purified form. Furthermore, plant spec-

ifier proteins known to date do not possess any significant

amino acid sequence identity with any functionally char-

acterized protein and it is unclear from which pathway or

function they were recruited for glucosinolate metabolism

during evolution (Kuchernig et al. 2012). Although gen-

erally accepted, the assignment of an enzymatic function to

specifier proteins is still hypothetical and is hard to be

proven biochemically. Here, we have addressed the struc-

tural bases of plant specifier proteins by a molecular

modeling approach. Supported by the analysis of mutant

proteins, the molecular models suggested certain conserved

and/or variable amino acid residues to be involved in Fe2?

cofactor and aglucone binding. Namely, conserved Glu,

Asp, and His residues separated by three less conserved

residues coordinate the Fe2? cofactor in the active sites of

LsTFP, AtESP and TaTFP. A conserved Arg as well as

additional amino acid residues in AtESP and TaTFP bind

the aglucone sulfate group, and certain variable amino

acids support different conformations of the aglucone side

chains in the active sites which may account for the dif-

ferent specificities of the three proteins. To complement

these analyses, we provide quantum-mechanical support

for the hypothetical mechanism of benzylthiocyanate
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Fig. 8 Mutations of variable amino acid residues of TaTFP, AtESP

and LsTFP affect specifier protein activity. cDNAs were subjected to

site-directed mutagenesis and expressed in E. coli (TaTFP: a, d, g;

AtESP: b, e, h; LsTFP: c, f, i). a–f The influence of E. coli extracts on

the profile of breakdown products of allylglucosinolate and benzyl-

glucosinolate was analyzed by specifier protein assays. Depicted is

the formation of the major breakdown products of allylglucosinolate

[a–c epithionitrile (3,4-epithiobutanenitrile) and allylthiocyanate (for

TaTFP)] and benzylglucosinolate [d–f benzylthiocyanate (for LsTFP)

and/or the corresponding simple nitrile (phenylacetonitrile)] by the

mutants as compared to the wildtype proteins (WT). V, negative

control (vector without insert). Mean ± SD of three independent

expression experiments. g–i Expression level of Strep-tagged proteins

in E. coli extracts as monitored by Western blot analysis [typical

results representing one out of three independent expression exper-

iments (g 50 lg, h 75 lg, i 100 lg total protein loaded); for full

images of left/right side of i see Online Resource 1 (Fig. S2)]
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formation (Lüthy and Benn 1977) and propose a role of

LsTFP active site residues in this reaction.

Due to the very low amino acid sequence identity

between specifier proteins and all kelch proteins with

known X-ray structure, the establishment of molecular

models was challenging. The most critical step in modeling

of LsTFP was the manual identification of amino acid

residues that constitute the kelch motif after application of

a secondary structure prediction tool and correct modeling

of the closing blade. The difficulty of identifying kelch

motifs within a given amino acid sequence (Adams et al.

2000) might be the reason why protein signature search

tools such as InterProScan predict only three to five of the

six kelch domains proposed in our study. The prediction of

a six blade propeller fold led, for the first time, to a model

that includes the full-length protein sequence with a native

fold according to PROSA II analysis. Additional support

comes from the analysis of mutant proteins. The influence

of a variety of mutations on specifier protein activity and

specificity, including differential effects on AtESP, LsTFP

and TaTFP, could be explained based on the models pre-

sented. In general, specifier protein activity or specificity

was mostly affected by mutations of amino acid residues

predicted to be part of the proposed active site or close to it

while mutations of other residues usually did not have a

strong influence on specifier protein activity or specificity.

The identification of a putative Fe2?-binding triade

EXXXDXXXH in the proposed active sites of LsTFP,

AtESP, and TaTFP is interesting from a biochemical as

well as an evolutionary point of view. All specifier proteins

that have been studied with respect to their Fe2? depen-

dency so far had an increased activity (i.e. higher ratio of

non-isothiocyanate:isothiocyanate product formation) in

assays with addition of Fe2? than in assays without added

Fe2? (Burow et al. 2009; Kong et al. 2012; Kuchernig et al.

2011; Wittstock and Burow 2007) and in case of purified

recombinant AtESP, a strict dependency on Fe2? has been

demonstrated (Burow et al. 2006). Moreover, simple nitrile

formation upon glucosinolate hydrolysis can also be caused

by Fe2? (usually [0.01 mM) in the absence of specifier

proteins (Burow et al. 2009; Kong et al. 2012; Wittstock

and Burow 2007). In case of purified recombinant AtESP,

it has been possible to completely block specifier protein

activity by addition of EDTA (2 mM) while AtNSP1

(At3g16400) retained some of its activity in the presence of

10 mM EDTA (Burow et al. 2006, 2009). This may indi-

cate varying Fe2? affinities of different specifier proteins.

The EXXXDXXXH triade is conserved in all of the 19

specifier proteins identified so far with only one exception

[AtNSP5: EXXXHXXXH; Kuchernig et al. (2012)]. An

uncharacterized homolog of AtNSP1-AtNSP5 with

unknown function is encoded by At3g07720 in A. thaliana

and has been proposed to be the ancestor of the specifier

protein family involved in glucosinolate breakdown in A.

thaliana (Burow et al. 2009; Kuchernig et al. 2012). The

putative Fe2? binding triade is partially conserved also in

At3g07720 (EXXXSXXXH). Interestingly, transcription of

At3g07720 is strongly induced upon Fe2? deficiency in A.

thaliana (Buckhout et al. 2009; Stein and Waters 2012).

Experimental structure elucidation of a specifier protein to

prove Fe2? binding in the active site and a more detailed

functional analysis of At3g07720 will have to show if Fe2?

binding capacity of specifier proteins involved in glucosi-

nolate hydrolysis is derived from an ancestral function in

Fe2? uptake, transport or storage as one may hypothesize

based on the present knowledge.

A role of R94 in binding of the aglucone through proton

donation to the sulfate group is proposed based on the

molecular models of LsTFP, AtESP and TaTFP. Additional

amino acid residues act as proton donors to the sulfate

residue in AtESP and TaTFP, but not LsTFP (Table 1).

R94 is strictly conserved among all known specifier pro-

teins while the additional proton donating residues in

AtESP and TaTFP are not conserved across different

specifier protein types and not fully conserved within

specifier proteins of the same type (Kuchernig et al. 2012).

This may indicate a general function of R94 in the recog-

nition of the aglucone sulfate by specifier proteins sup-

ported by additional active site residues in some specifier

proteins.

Only in LsTFP, the C2 of the benzylglucosinolate aglu-

cone side chain is positioned in close proximity to a proton

acceptor (E259). Proton abstraction by E259 may initiate

benzylthiocyanate formation through the reaction sequence

shown in Fig. 5. The formation of a carbocation interme-

diate has been suggested previously (Lüthy and Benn 1977).

However, this is the first time that the mechanism of

benzylthiocyanate formation and corresponding intermedi-

ates are supported by quantum-mechanical calculations

including the involvement of a specifier protein. As all

reaction steps are thermodynamically favored and LsTFP is

involved in the reaction but leaves the reaction unmodified,

the proposed mechanism implies a catalytic function of

LsTFP in benzylthiocyanate formation. Future studies will

have to explore the enzymatic function in more detail and

expand these studies to the mechanisms of epithionitrile

formation from the aglucone of allylglucosinolate by

LsTFP, AtESP and TaTFP. It will be especially challenging

to answer the question of how TaTFP is able to promote both

epithionitrile and thiocyanate formation upon allyl-

glucosinolate hydrolysis. The models presented here can

serve as a basis for further refinements and more detailed

mechanistic studies and, thus, pave the way for further

theoretical and experimental investigations into the ‘black

box’ of structural diversification during glucosinolate

breakdown. A better understanding of possible catalytic
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roles of specifier proteins will also allow more detailed

studies on their evolution and may help to explain their

recruitment from ancestral proteins with functions outside

glucosinolate metabolism.

Experimental procedures

Molecular modeling

Templates for protein homology modeling were identified

automatically by YASARA Version 11.4.18 (www.yasara.

org; Krieger et al. 2009) based on a search in PDB (Berman

et al. 2000). LsTFP sequence analysis was done with REP

(http://www.embl.de/*andrade/papers/rep/search.html) and

PSIPRED v3.0 (Buchan et al. 2010; Jones 1999) for secondary

structure prediction. Refined molecular models were built

using the ‘MD-refinement’ option of YASARA. ‘MD-

refinement’ performs simulated annealing optimizations

which use the YASARA2 force field with focus on quality

improvement of tertiary structure predictions of proteins

(Krieger et al. 2009). A hybrid model of LsTFP was manually

generated with MOE (Molecular Operating Environment,

Chemical Computing Group Inc., 2011). Putative active sites

predicted with the ‘‘site finder’’ module of MOE were

inspected manually for possible Fe2? binding sites. An Fe2?

was manually placed in the site defined by D263, E259, and

H267. The model was finally refined with YASARA in a

periodic boundary water box. Based on this model of LsTFP,

models of AtESP and TaTFP were generated and also refined

with YASARA. Stereochemical quality of all models was

examined by PROCHECK (Laskowski et al. 1993) and native

folding by PROSA II (Sippl 1990). Docking of the aglucones

of benzyl- and allylglucosinolate was performed with GOLD

(Hartshorn et al. 2007; Verdonk et al. 2003) using standard

settings for all parameters with Goldscore fitness function and

a docking radius of 12 Å from the Fe2?. Some side chains

were set flexible during the docking procedure applying the

rotamer library of GOLD. These were the side chains of F46,

R94, and F130 in case of LsTFP, K46, R94 and F130 in case of

AtESP, and K96, M186, R269 and R307 in case of TaTFP. For

each ligand and enzyme 30 different docking poses were

produced and manually analyzed using MOE (Online

Resource 1: Tables S1-S3). Ab initio quantum mechanical

calculations for preliminary thermodynamic considerations

were done with JAGUAR (Version 7.9, Schrödinger, LLC,

New York, NY, 2012), a module of Maestro (Schrodinger L.

Maestro. [9.2]. 2011) with DFT-B3LYP and the lacvp** basis

set. All species shown in Table 2 were energy-minimized

followed by calculation of the resulting reaction energies for

each step. All calculations were performed with spin multi-

plicity of one for Fe2?. More advanced calculations including

consideration of other spin states and determination of tran-

sition states will be subject of future work.

Chemicals, reagents and general procedures

Glucosinolates, hydrolysis product standards and myrosi-

nase were as described in (Kuchernig et al. 2011). The

myrosinase purification procedure was adopted from

(Burow et al. 2006). PCRs were incubated on a Biometra

T-Professional Basic thermocycler. DNA sequencing was

done at GATC-Biotech (Konstanz, Germany) or Eurofins

MWG Operon (Ebersberg, Germany).

Site-directed mutagenesis

Complete ORFs of wildtype proteins in pET

52(b) ? (Novagen) USER-modified (Nour-Eldin et al.

2006) as described by Kuchernig et al. (2011) were used as

template. Mutations were introduced by amplification of

plasmids using the primers listed in Online Resource 1

(Tab. S5). Reactions were set up in a total volume of 25 ll

Pfu buffer containing 10 pmol of each primer, 0.3 mM

dNTPs, 1.25 U pfu polymerase (Fermentas), and

80–100 ng template. The temperature program was as

follows: 95 �C for 3 min, followed by one cycle of 95 �C

for 45 s, 65 �C for 1 min, and 72 �C for 13 min, twelve

additional cycles of this type in which the annealing tem-

perature was reduced by 0.7 grd per cycle, ten cycles of

95 �C for 45 s, 56 �C for 1 min, and 72 �C for 13 min, and

a final incubation at 72 �C for 10 min. Of the PCR reac-

tion, 20 ll were digested with 10 U DpnI (Fermentas) at

37 �C for 1 h. An aliquot of the reaction was used to

transform E. coli XL1Blue MRF’ (Stratagene), plasmids

were isolated and sequenced. To obtain the expression

constructs, the USER cassette was excised from the plas-

mids by digestion with XbaI and EcoRI and transfered to

XbaI/EcoRI digested pET 52(b) ? (Novagen) USER -

modified (Nour-Eldin et al. 2006) according to Kuchernig

et al. (2011). Wildtype and mutant constructs were con-

firmed by sequencing.

Heterologous expression

The expression constructs enabled the production of

recombinant proteins with an N-terminal Strep-Tag II fol-

lowed by an HRV 3C cleavage site. For each expression

experiment, E. coli strain BL21(DE3) pLysS (Invitrogen,

Germany) was freshly transformed with the expression

constructs. Precultures and expression cultures were grown

and expression cultures induced as described by Kuchernig

et al. (2011). Cells were pelleted, and the pellet was
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resuspended in 1.5 ml 50 mM MES buffer per gram pellet

(pH 6.0 for AtESP, TaTFP, corresponding mutants and

cells harbouring vector without cDNA insert; pH 6.5 for

LsTFP, corresponding mutants and cells harbouring vector

without cDNA insert). Cells were extracted by sonification

using a Sonifier W-250 (Branson). After centrifugation, the

supernatant was used as crude extract. TaTFP and corre-

sponding mutants were purified by affinity chromatography

as described (Kuchernig et al. 2011). Protein content was

determined with the BCA protein Assay Kit (Thermo

Scientific) according to the manufacturer’s instructions

using bovine serum albumin (BSA) as a standard.

Western blot

Expression levels of proteins with Strep-Tag II were moni-

tored in crude E. coli extracts by Western blot analysis

conducted with 100 lg (LsTFP and corresponding mutants),

75 lg (AtESP and corresponding mutants), or 50 lg (TaTFP

and corresponding mutants) of total protein. Samples were

separated on SDS-polyacrylamide gels (9 %) and transfered

to nitrocellulose membranes (Protran BA 85, Whatman)

using a Trans-Blot SD system (Biorad, Germany) according

to the manufacturer’s instructions with an anode buffer

composed of 60 mM Tris, 40 mM CAPS, and 15 % (v/v)

methanol and a cathode buffer composed of 60 mM Tris,

40 mM CAPS, and 1 % (w/v) SDS. Complete transfer was

ensured by inspection of the gels after transfer and Coo-

massie staining. Membranes were blocked with 3 % (w/v)

biotin-free BSA (Roth, Germany) in TTBS (20 mM Tris-

HCl pH 7.5, 150 mM NaCl, 0.1 % Tween 20) for 60 min

and incubated with alkaline phosphatase-conjugated Strep-

Tag II antibody (IBA, Germany) in a dilution of 1:4000 in

blocking solution for 30 min at room temperature and over

night at 4 �C. After several washing steps in TTBS and TBS

(20 mM Tris-HCl pH 7.5, 150 mM NaCl), and equilibration

in detection buffer (100 mM Tris-HCl pH 9.5, 100 mM

NaCl, 5 mM MgCl2), membranes were incubated in detec-

tion buffer supplemented with 33 mg/100 ml nitrobluetet-

razolium (Applichem) and 16.5 mg/100 ml 5-bromo-4-

chloroindol-3-ylphosphate (Applichem) for up to 30 min

and afterwards washed several times with water.

Specifier protein assay

Assays of AtESP, TaTFP and the corresponding mutants

were carried out in a total volume of 500 ll 50 mM MES

buffer, pH 6.0, containing 2 mM allylglucosinolate or

1 mM benzylglucosinolate, and recombinant AtESP or

TaTFP (crude bacterial extract corresponding to 750 lg

total protein or purified protein as indicated) and were

started by addition of 0.005 units of myrosinase. Assays of

LsTFP and the corresponding mutants were conducted as

described above, but MES buffer was used at pH 6.5 and

crude bacterial extract was used in an amount that corre-

sponded to 5 mg total protein for assays with allyl-

glucosinolate and to 2 mg total protein for assays with

benzylglucosinolate. The amount of total protein per assay

was set to the amounts given above as these amounts

generated intermediate proportions of the specific products

as well as some isothiocyanate when wildtype proteins

were used (Online Resource 1: Fig. S1). After 40 min

incubation at 22 �C, 50 ll of phenylcyanide (100 ng ll-1

in MeOH) were added as internal standard and glucosi-

nolate breakdown products were identified and quantified

in dichloromethane extracts of the assay mixtures by GC-

MS and GC-FID as described previously (Kuchernig et al.

2011). Based on the amount in nmol, the relative amount of

each product was calculated as percentage of the total

amount of glucosinolate hydrolysis products detected and

used as a measure for specifier protein activity with respect

to a particular product. For comparisons of specifier protein

activities of wildtype and mutant proteins, the activity

(with respect to a particular product) of the mutant proteins

was expressed as percentage of the activity of the corre-

sponding wildtype protein expressed in the same experi-

ment. Product formation by the wildtype proteins is shown

in Online Resource 1 (Fig. S1).
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