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The crystallographic structure of thermoNicotianamine synthase with a

synthetic reaction intermediate highlights the sequential processing

mechanismw
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We determined the three-dimensional structure of a complex

between an archaeal nicotianamine synthase homologue and

a chemically synthesised reaction intermediate. This structure

suggests that the enzymes cavity allows both an ordered sub-

strate binding and provides energetic coupling of the reaction

intermediate formation and translocation.

Nicotianamine (NA; 1) is a ubiquitous plant metal chelator

involved in metal homeostasis.1 It can bind different metals

in vitro2 thereby contributing to their distribution in the

various organs of the plant. In addition, NA is the first

intermediate in the biosynthesis of phytosiderophores and

thus participates in iron acquisition by plants.3 A decrease in

the NA level causes various disorders in metal transport,

which lead to defects in plant development and reproduction.4

Conversely, an increase of the NA level in rice enhances the

plant tolerance to iron and zinc deficiency but also renders it

more sensitive to zinc, copper and nickel toxicity.5 Recently, it

was shown that NA enhances iron bioavailability to humans.6

NA is enzymatically synthesized by Nicotianamine synthase

(NAS). This enzyme condenses three aminopropyl moieties of

S-adenosylmethionine (SAM) and the autocyclization of

one moiety leads to the formation of an azetidine ring. The

precise catalytic mechanism of NA synthesis is still unknown

but its main lines may be inferred from previous work on an

archaeal homologue (MtNAS from Methanothermobacter

thermautotrophicus). The X-ray structure of this enzyme was

resolved as a complex with its product, which was identified as

an analogue of NA and called thermoNicotianamine (tNA; 2;

Fig. 1).7,8 The only difference between NA and tNA is the

carboxy azetidine moiety of NA that is replaced by a glutamate

moiety in tNA. Therefore, in addition to SAM, glutamate is

a substrate for the archaeal homologue of NAS. The design

and subsequent structure determination of a mutant (MtNAS-

E81Q) resulted in an inactive apo-enzyme. The analysis of the

three dimensional structures of this mutant complexed with

both substrates (SAM and/or glutamate) suggested that the

polymerization mechanism occurs at a single active site with

stepwise translocation of the reaction intermediate (Fig. 1).

The internal cavity of the enzyme is indeed composed of three

subsites called S1, S2 and S3 with only the S1 subsite exposed

to the solvent through a small inlet. According to the different

X-ray structures, glutamate binds first in S1 but is translocated

to S2 upon binding of SAM to the S1 site. After a first

nucleophilic attack, a reaction intermediate (one aminopropyl

moiety fused to glutamate; AP2–Glu1; 3) is formed at the

Fig. 1 Proposed reaction mechanism catalysed by MtNAS and the

chemical structure of NA (1), tNA (2) and the reaction intermediate 3.

The cavity at the heart of the enzyme is depicted in grey.
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S1–S2 subsites. Once synthesised, translocation of AP2–Glu1
to the S2–S3 subsites is required for the binding of a second

molecule of SAM at the S1 subsite allowing a second nucleo-

philic attack that ultimately leads to the final tNA product. It

is not clear whether this second translocation step occurred

spontaneously or required the arrival of the novel SAM

molecule, as is the case for glutamate.

In this communication, we report the synthesis of the reaction

intermediate AP2–Glu1 (3) in three steps (Scheme 1), starting

from commercially available tert-butyl glutamate. We then

describe the three-dimensional structure of the complex with

the MtNAS-E81Q mutant solved by the co-crystallization and

molecular replacement method (Table S1, ESIw). This structure
sheds new light on the exquisite mechanism of enzymatic

synthesis of tNA.

The synthetic approach was based on the assembly of two

building blocks by N-alkylation:9 an activated amine derived

from glutamic acid in one part and an iodine synthon, a mimic

of the aminopropyl moiety of SAM, on the other part.

tert-Butyl ester and Z protection were chosen for the iodine-

containing compound benzyl 2-(S)-(tert-butoxycarbonylamino)-

4-iodobutanoate (6). This key precursor for this strategy was

prepared in three steps using L-tert-butyl aspartate (4) as a

starting material (Scheme 1), like in a previously reported

synthesis of azetidine.10

Compound 4 was treated with benzyl chloroformate under

usual conditions (NaHCO3, H2O/dioxane) to afford the Z

derivative, which was readily reduced using the McGeary

conditions11 (preactivation of the acid with BOP then reduction

with NaBH4) to afford the desired alcohol 5 in 93% yield.

Then, the alcohol 5 was converted into the iodide 6 using

iodine, triphenylphosphine and imidazole.12

Direct alkylation of the glutamic acid derivative 7 with

compound 6 did not yield the desired product but only the

starting material, proving the poor reactivity of the amine in

this reaction and the necessity of a specific activation, which

was achieved with a sulfonamide temporary protection.

Introduction of the 2,2,5,7,8-pentamethylchroman-6-sulfonyl

(Pmc)13 protecting group on 7 led to the sulfonamide 8 with

90% yield (Scheme 1). This activation has been already used in

the synthesis of reduced peptide bonds by the Mitsunobu

reaction.14 Sulfonamide 8 was then engaged in a reaction of

N-alkylation with the compound 6 using caesium carbonate to

give the protected precursor 9 with 80% yield. Removal of the

Pmc, Z and tert-butyl protecting groups proceeded in a single

step by treatment with 45%HBr in glacial acetic acid to afford

quantitatively the reaction intermediate 3.

Co-crystallization of the MtNAS-E81Q mutant with either

compound 3 in the presence of SAM or with both substrates

(SAM and glutamate) led to a ternary complex with bound

products (E81Q-MtNAS–tNA–MTA; data not shown). This

result demonstrates that the E81Q mutant is not entirely

inactive, and also that the synthesised reaction intermediate

is competent for the production of tNA. Compound 3 was

then co-crystallized with the MtNAS-E81Q mutant and the

three-dimensional structure of the complex was solved by

molecular replacement. Inspection of the electron density in

the cavity at the interface between the two domains of the

protein clearly indicated the presence of 3 (Fig. 2). A total of

ten hydrogen bonds contribute to its binding at the back of the

cavity, in a conformation that is similar to what was found in

the enzyme–product complex. Thus, interestingly, the reaction

intermediate is not localized in S1–S2 subsites, the position

where it is formed after the first nucleophilic attack, but at

a translocated ‘‘final’’ position (S2–S3). In such a position, a

second molecule of SAM can bind to the free S1 subsite for a

second catalytic reaction to assemble the final product.

This study clearly confirms the proposed reaction mechanism,

but also opens interesting questions related to the driving force

controlling the translocation process. Indeed, in the structure

of the MtNAS-E81Q–glutamate complex, the glutamate is

stabilized in the S1 subsite and we showed that it is translocated

deeper into the cavity (in S2 subsite) only upon SAM binding.7

However, the present study shows that 3 is not located in the

S1–S2 subsites but deeper at the back of the cavity, even in the

absence of SAM. What is the rationale for the different

behavior of the glutamate moiety and intermediate 3? Part

of the answer is that a larger number of hydrogen bonds

stabilize the reaction intermediate in its final position,

Scheme 1 Synthesis of 6 and 3.

Fig. 2 Electron density omit map (Fo–Fc contoured at 2s) of the

reaction intermediate co-crystallized with MtNAS. Residues from

subsites S1, S2 and S3 are depicted in green, blue and magenta,

respectively. The reaction intermediate 3 is found in the S2 and S3

subsites.
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compared with the bonds involved in stabilizing the glutamate

in its initial position. However, this does not really explain

why glutamate does not bind straightaway in S3. We believe

that the reason could be the very different affinities of the S3

subsite for secondary and primary amines. Indeed, details

of the interaction between the protein and the reaction

intermediate show that the nitrogen atom of Glu1 is involved

in two hydrogen bonds (one with Oe1 of Asn256 and one

intramolecular; Fig. 3). If one glutamate molecule were free to

translocate to subsite S3, the position of the third hydrogen of

its amine group would point toward the strictly conserved Leu

110. Because the side chain of this residue cannot engage any

hydrogen-bond, primary amines are clearly destabilized at this

position. Therefore, Leu110 plays a key role in the catalysis:

by rejecting primary amines from the bottom of the cavity and

admitting the secondary amine formed after the first catalytic

step, it ensures an ordered substrate binding and controls the

translocation process.

We now have snapshots of almost all the steps that lead

to the formation of tNA by MtNAS. A realistic molecular

movie can be generated that is based on experimental three-

dimensional structures (ESIw, Movie 1). Although not comparable

to much more complex enzymes such as the ribosome15 or

the non-ribosomal-peptide-synthase,16 the case of MtNAS is

interesting with regard to its processivity. Indeed, processive

enzymes are defined as proteins that remain attached to their

substrate and perform multiple catalytic cycles before disso-

ciating.17 In terms of the three-dimensional structure, processive

enzymes display either grooves at their surface or symmetrical

toroids that allow partial or complete substrate enclosure.18

MtNAS is original as it uses a rigid frame harboring an

internal asymmetrical cavity that precisely controls substrate

and reaction intermediate processing and translocation.
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Fig. 3 Position of L110 and the secondary amine filter. Hydrogen

bonds between the reaction intermediate (AP2–Glu1) and the residues

in the cavity of MtNAS are depicted as dashed lines. Secondary

amines are selected at the position of Glu1 because primary amines

would have a hydrogen atom pointing toward L110 that could not be

stabilized.
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