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FUNCTIONAL CLASS

Enzyme; ectoine synthase (EctC), EC 4.2.1.108. EctC
belongs to the carbon-oxygen lyases (EC 4.2) and
more specifically to the hydro-lyases (EC 4.2.1), a
group of enzymes that cleaves carbon—oxygen bonds.
The EctC enzyme catalyzes in an Fe?*-dependent
fashion the last step of ectoine [(S)-2-methyl-1,4,5,6-
tetrahydropyrimidine-4-carboxylic acid] synthesis through
cyclocondensation of the EctA-formed substrate N-
y-acetyl-L-2,4-diaminobutyric acid (N-y-ADABA) via a
water-elimination reaction. The reaction product, ectoine,
is a member of the so-called compatible solutes and
serves as a cytoprotectant against osmotic stress and
growth temperature extremes. It also functions as a
chemical chaperone.

The ectoine synthase EctC is a dimeric protein®* and a
member of the cupin superfamily.>® Each of the monomers

harbors a catalytically critical Fe?* ion. The three residues
coordinating this metal protrude into the lumen of the
cupin barrel in which the EctC-promoted enzyme reaction,
a water elimination, is catalyzed, using N-y-ADABA as the
substrate.!

OCCURENCE

EctC is the diagnostic enzyme of the ectoine biosynthetic
route,” 10 a set of three enzymes that produces this effective
microbial stress-protectant and chemical chaperone.!!-13
Biosynthesis of ectoine'# initiates from the central micro-
bial metabolite L-aspartate-p-semialdehyde.>1%15-17 [t is
mediated by the following enzymes: L-2,4-diaminobutyrate
transaminase (EctB; EC 2.6.1.76),'8 L-2,4-diaminobutyrate
acetyltransferase (EctA; EC 2.3.1.178),° and ectoine syn-
thase (EctC; EC 4.2.1.108),! with L-2,4-diaminobutyrate

3D Structure Structure of the dimeric ectoine synthase from Paenibacillus lautus [(Pl)EctD)] (PDB code: Sonn).! One monomer is
represented as cartoon representation, and in the other monomer the surface of the protein is represented. In both monomers, the bound
Fe?* ligand is shown as an orange sphere. The figures were prepared using PYMOL (www.pymol.org).? Adapted from Czech et al.' and

Hanekop et al.3
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and N-y-acetyl-L-2,4-diaminobutyrate as the respective
intermediates.3-19

Ectoine-producing microorganisms are primarily found
in the members of the Bacteria, being mostly repre-
sented in the (a-, p-, y-)-Proteobacteria, Actinobacteria,
and Firmicutes.!! Collectively, ectoine biosynthetic genes
(ectABC) can be found in 10 bacterial phyla. However,
they are only present in a rather restricted number of
Archaea, representing two phyla (representatives are found
in the Furyarchaeota and Thaumarchaeota).!’? Current
evidences suggest that these Archaea have acquired the
ectoine biosynthetic genes via lateral gene-transfer events
from the members of the Bacteria.'1?%21 In many ectoine
producers, the tetrahydropyrimidine ring of the ectoine is
further modified in a regio- and stereoselective reaction
catalyzed by the ectoine hydroxylase (EctD, EC 1.14.11.55)
to form 5-hydroxyectoine [(4S,55)-5-hydroxy-2-methyl-
1,4,5,6-tetrahydropyrimidine-4-carboxylic acid].2227 EctD
is a member of the non-heme-containing iron(Il) and
2-oxoglutarate-dependent dioxygenases® and is thus
strictly oxygen dependent.?327 Ectoine/S-hydroxyectoine-
producing Bacteria and Archaea can be ubiquitously found
in fresh water, marine, terrestrial, and host-associated
ecosystems, and some of them live in habitats with
extremes in salinity, growth temperatures, or pH.!!

In addition to the members of the Bacteria and Ar-
chaea, a selected group of halophilic unicellular ciliates
are also ectoine/S-hydroxyectoine producers.8-3! Like the
ect-containing Archaea, these Eukarya have probably ac-
quired the ectoine/5-hydroxyectoine biosynthetic genes via
lateral gene-transfer events.3%32 This is a rather likely evolu-
tionary scenario because many of the prey bacteria hunted
by these protists in their high-salinity habitats will prob-
ably be ectoine/5-hydroxyectoine producers. The acquired
ect genes were then adjusted by the halophilic ciliates in
their genetic structure (e.g. by introducing introns and
changes in the genetic code) to principles governing the
transcriptional and translational apparatus of the eukary-
otic cell.3%31 Strikingly, ectoine-producing microalgae were
recently found among marine diatoms.3* Because photo-
synthetic unicellular algae are major contributors to marine
primary production by phytoplancton,?? ectoine produc-
tion by eukaryotic cells might be far more widespread than
previously thought.

BIOLOGICAL FUNCTION

The major physiological function of the EctC-formed
ectoine molecule (Figure 1) is to serve as a stress protectant
against the detrimental effects of high osmolarity/salinity
on growth and survival.1-13:3436¢ Ectoine is a promi-
nent member of the compatible solutes;3”3? it is highly
water soluble (up to 7M), and its physicochemical at-
tributes make it fully compliant with the physiology and
biochemistry of the cell.*>*! Consequently, microbial

N (o) Fe(ll) NH
-ooc™ ~NH; -ooc* N CHg
H,O |l|
N-y-acetyl-2,4- Ectoine

diaminobutyrate

Figure 1 Scheme of the EctC-catalyzed cyclocondensation
reaction. The Fe?*-containing ectoine synthase converts the sub-
strate N-y-acetyl-2,4-diaminobutyrate into the stress-protectant
ectoine through a cyclization reaction involving the elimination of
a water molecule.

cells can accumulate ectoine via de novo synthesis to
exceedingly high cellular levels. In this process, the degree
of the imposed osmotic stress determines the intracellular
concentration of ectoines in a finely tuned fashion.4>*
Resulting from the increased ectoine pool, water efflux
induced by high environmental osmolarity is counter-
acted, turgor is maintained in physiologically acceptable
boundaries, an undue increase in molecular crowding is
prevented, and the solvent properties of the cytoplasm are
optimized for biochemical transformations.#%-41:44

The ectoine biosynthetic genes are typically encoded in an
operon (ectABC),”11:12 but other genetic configurations are
also known.**¢ Keeping with the osmostress-protective
function of ectoine, enhanced transcription of these genes
is typically triggered in response to increases in the exter-
nal osmolarity.3%4347 In addition to serving as an effective
microbial osmostress protectant, ectoine also provides cyto-
protection during growth at either low-364248 or high?>4%-
temperature extremes.

Due to the function-preserving attributes of compatible
solutes in general®®2 and ectoine and S-hydroxyectoine
in particular,’3* these types of molecules are frequently
addressed as chemical chaperones.’®*¢ Ectoine can ame-
liorate desiccation stress,>*7 protect the functionality of
proteins against various types of challenges,’3-*8-0 stabilize
macromolecular protein complexes®! and lipid bilayers,%?
protect DNA from damage by ionizing radiation,®® and
provide hydroxyl radical scavenging activity.®* The protec-
tive effects of ectoine for proteins, cell membranes, DNA,
and macromolecular complexes and its anti-inflammatory
characteristics®® attract considerable biotechnological
attention!1-1366-68 and led to the development of an
industrial-scale biotechnological production process deliv-
ering ectoine on the scale of tons per annum. The highly
salt-tolerant bacterium Halomonas elongata is used for
this purpose as a natural and engineered cell factory.1>13-4¢

AMINO ACID SEQUNCE INFORMATION

EctC-type proteins are closely related in their amino acid se-
quence and typically comprise around 130 amino acids.™!!
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Table 1 Kinetic parameters of biochemically studied bacterial and archaeal ectoine
synthases

EctC from Length (AA) MW (kDa) p/ K, (mMectoine) V,, (Umg~') Reference
P. lautus 130 14.7 4.7 7.8 9 1

S. alaskensis 137 15.2 5.2 5 4.6 4

H. elongata 137 15.5 4.9 11 85 8

M. alcaliphilum 134 15.3 5.0 28.7 64 10

N. maritimus 128 14.7 5.7 6.4 12.8 20

Based on a recent comprehensive phylogenomic analysis
of 6688 fully sequenced bacterial and archaeal genome
sequences,!! 437 bona fide EctC-type proteins were re-
trieved via a BLAST search.®® Representative examples are
the EctC proteins from the following Bacteria and Archaea:

o Acidiphilium cryptum JF-5: (Ac)EctC; 132 amino
acids; calculated pI: 6.0; NCBI accession number:
WP_012040479.1

o Alkalilimnicola ebrlichii MLHE-1: (Ae)EctC; 132
amino acids; calculated pl: 5.0; NCBI accession num-
ber: WP_011628934.1

e Halomonas elongata DSM 2581: (He)EctC; 137 amino
acids; calculated pl: 4.9; NCBI accession number:
WP_013332346.1

o Methylomicrobium alcaliphilum 20Z: (Ma)EctC; 134
amino acids; calculated pl: 5.0; NCBI accession num-
ber: CCE24913.1

e Nitrosopumilus maritimus SCM1: (Nm)EctC; 128
amino acids; calculated pl: 5.7; NCBI accession num-
ber: WP_012215727.1

o Paenibacillus lautus Y412MC10: (Pl)EctC; 130 amino
acids; calculated pl: 4.7; NCBI accession number:
WP_009589551.1

o Pseudomonas stutzeri A1501: (Ps)EctC; 133 amino
acids; calculated pI: 5.3; NCBI accession number:
WP_011911425.1

o Sphingopyxis alaskensis RB2256: (Sa)EctC; 137 amino
acids; calculated pI: 5.2; NCBI accession number:
WP_011543220.1

e Streptomyces coelicolor A3(2): (Sc)EctC; 132 amino
acids; calculated pl: 5.4; NCBI accession number:
NP_626133.1

e Vibrio cholerae sv. O1 bv. El Tor N16961: (V¢)EctC;
138 amino acids; calculated pI: 5.5; NCBI accession
number: NP_233209.1

Using the EctC protein from the thermotolerant Gram-
positive bacterium P. lautus as the search query, the
inspected 437 EctC-type proteins possess a degree of
amino acid sequence identity ranging between 90% (for
Paenibacillus glucanolyticus) and 49% (for Streptomyces
glaucescens)."!1 Amino acids involved in binding of the

Fe’* cofactor, the EctA-formed substrate N-y-acetyl-
diaminobutyrate (N-y-ADABA),'® and ectoine are highly
conserved in the extended EctC protein family.»!

PROTEIN PRODUCTION AND
PURIFICATION

EctC proteins from H. elongata (He),%7° A. cryptum
(Ac),”t M. alcaliphilum (Ma),'%'7 S. alaskensis (Sa),* P.
lautus (PI),! and N. matitimus (Nm)*® have been purified
and studied biochemically, at least to some extent (Table 1).
These microorganisms live in rather different ecosystems,
representing high saline (He), acidic (Ac), haloalkaline
(Ma), cold (Sa), and hot (PI) environments. In addition, an
EctC protein from a marine Thaumarchaeon (Np) was also
studied. With the exception of the EctC protein from H.
elongata,® and M. alcaliphilum'” that were purified by clas-
sical biochemical techniques, the other mentioned ectoine
synthases were recombinantly produced in Escherichia coli
and purified via affinity chromatography using either His-
or Strep-tagged constructs. In the following paragraphs, we
describe in more detail the purification of the S. alaskensis
[(Sa)EctC] and P. lautus [(PI)EctC] EctC proteins, as these
were used to obtain high-resolution crystal structures of
the ectoine synthase in its apo, Fe’*-complexed, substrate-
and product-bound forms.*

In order to efficiently overproduce the (Sa)EctC and
(PI)EctC proteins heterologously in E. coli host strains,
both ectC genes were synthesized in codon-optimized
versions; they were cloned into the expression vector
pASG-IBA3 (IBA GmbH, Gottingen, Germany). This vec-
tor harbors the coding sequence for a Strep-tag II affinity
peptide (SA-WSHPQFEK), which was fused in the corre-
sponding recombinant constructs to the 3’-end of the ectC
coding sequence. The recombinant ectC genes were placed
under the transcriptional control of the tet-promoter,
whose activity is controlled by the anhydrotetracycline
(AHT)-inducible TetR repressor. The tefR regulatory gene
is present on the backbone of the pASG-IBA3 expression
plasmid, thereby allowing effective control over the timing
and degree of ectC transcription.’*

The E. coli B strain BL21 harboring an ectC expres-
sion plasmid was cultivated at 37 °C in Minimal Medium

Encyclopedia of Inorganic and Bioinorganic Chemistry, Online © 2011-2020 John Wiley & Sons, Ltd. 3

This article is © 2020 John Wiley & Sons, Ltd.

This article was published in the Encyclopedia of Inorganic and Bioinorganic Chemistry in 2020 by John Wiley & Sons, Ltd.

DOI: 10.1002/9781119951438.eibc2742



Ectoine synthase: an iron-dependent member of the cupin superfamily

A (MMA)7? supplemented with 0.5% glucose, 1mgl"
thiamine, 1 mM MgSO,, and 0.5 % casamino acids. Expres-
sion of an ectC-Strep-tag Il hybrid gene was induced by the
addition of the synthetic TetR inducer AHT (at a final con-
centration of 0.2 mg[~!) when bacterial cultures reached an
ODj;g of 0.7. The cultures were then further incubated for
2 h to allow EctC production before the cells were harvested
by centrifugation. By passing them several times through
a French pressure cell (at 1000 psi), the EctC-Strep-tag II-
producing cells were disrupted, and a cleared cell lysate was
prepared by ultracentrifugation (100000 xg for 45 min)
at 4°C. The EctC-Strep-tag 1l proteins were purified from
the supernatant by affinity chromatography on Strep-Tactin
resin as detailed by Widderich et al.* and Czech et al.!
for the (Sa)EctC and (Pl)EctC proteins, respectively. The
concentration of the EctC proteins in the individual frac-
tions eluted from the purification column was measured
with the Pierce BCA Protein Assay Kit (Thermo Scientific,
Waltham, MA, USA) or using a NanoDrop spectropho-
tometer (Peqlab, Erlangen, Germany). SDS-PAGE (sodium
dodecyl sulfate—polyacrylamide gel electrophoresis; 15%
polyacrylamide) was used to assess the purity of the affinity-
purified EctC proteins. For crystallization trials,”® the EctC
proteins were concentrated to approximately 10 mgml™
using Vivaspin 6 columns with a 10-kDa molecular-weight
cutoff. 1

ACTIVITY ASSAY AND KINETIC
CHARACTERIZATION

The limited availability of the substrate (N-y-ADABA) for
the ectoine synthase complicated full kinetic characteriza-
tion of this enzyme in the past, as N-y-ADABA had to
be generated via alkaline hydrolysis of ectoine,*”* purified
from bacteria carrying an ectC gene disruption mutation,”’
or chemically synthesized.'” However, these constraints
have now been relieved, since highly purified N-y-ADABA
became recently commercially available (Merck, Darm-
stadt, Germany).

Enzyme activities of the purified (Sa)EctC and (Pl)EctC
proteins were determined by HPLC-based (high-
performance liquid chromatography) enzyme assays that
monitor ectoine formation from the substrate N-y-ADABA
with either a UV- or a diode array detector (DAD)-detector
(set to 210nm).3® For the (Sa)EctC protein, the initial
enzyme activity assays were performed in a 30-pl reaction
volume for 20min at 20°C. The used standard buffer
(20 mM Tris [tris(hydroxymethyl)aminomethane], pH 8.0)
contained 150 mM NaCl, 1 mM FeCl,, and 10 mM N-y-
ADABA. To determine optimal enzyme assay conditions
for the (Sa)EctC protein, assay parameters and buffer con-
ditions (e.g. the salt concentrations, temperature, and pH)
were individually changed. The optimized assay buffer for
ectoine synthase activity of the (Sa)EctC protein contained
20mM Tris (pH 8.5), 200mM NaCl, 1 mM FeCl,, and

10mM N-y-ADABA. Activity assays were incubated for
20 min at 15°C. Usually, 10 pg of the purified (Sa)EctC
protein was added to start the enzymatic reaction. To assess
the kinetic parameters of the (Sa)EctC ectoine synthase,
varying concentrations of the substrates were used in the
optimized assay buffer with a constant amount (10 pg) of
the (Sa)EctC protein. The concentration of the substrate
was varied between 0 and 40 mM. Enzyme reactions were
stopped by adding 30pl of acetonitrile (100%) to the
assay solution. The samples were centrifuged (16 060 x g
at room temperature for 5-10 min) to remove denatured
proteins; the supernatant was subsequently analyzed for
the formation of ectoine using HPLC. Usually, 5-10-pl
samples were injected into the HPLC system, and ectoine
was analytically separated on a GROM-SIL Amino-1PR
column (125 x 4 mm with a particle size of 3 pm; purchased
from GROM, Rottenburg-Hailfingen, Germany, or subse-
quently from Dr. Maisch GmbH, Ammerbuch-Entringen,
Germany). Synthesis of ectoine by the purified (Sa)EctC
protein was monitored using an Infinity 1260 DAD (Ag-
ilent, Waldbronn, Germany) integrated into an Agilent
1260 Infinity LC system (Agilent). The ectoine content of
the samples was quantified via the OpenLAB software suite
(Agilent) using commercially available ectoine (bitop AG,
Witten, Germany) for the preparation of quantification
standards.’*

Enzyme activity assays using the (Pl)EctC protein fol-
lowed basically the same protocol, but the assay conditions
were slightly varied: 1pg of purified (P/)EctC protein was
used in a 30-pl reaction volume containing 20 mM HEPES
[4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid], (pH
8.5) 50mM NacCl, 0.1 mM (NH,),Fe(SO,), and 10 mM
N-y-ADABA. The enzyme reaction was run for 2.5 min at
30°Cin a water bath. When (P/)EctC mutants were assayed
for their enzymatic activity, the buffer conditions optimized
for the wild-type enzyme were used as well, but 10 pg of pu-
rified (Pl)EctC protein was employed and the reaction time
was extended to 30 min in order to detect even low enzyme
activities of the (P/)EctC variants.?

In addition to the (Sa)EctC and (PI)EctC enzymes,'* only
a few other ectoine synthases have been analyzed with re-
spect to their kinetic properties. These data are summarized
in Table 1.

X-RAY STRUCTURES
Crystallization of the (Sa)EctC and (Pl)EctC proteins

Ectoine synthase has been crystallized from the cold-
adapted Gram-negative bacterium S. alaskensis [(Sa)EctC]*
and the thermo-tolerant Gram-positive bacterium P. lau-
tus [(Pl)EctC|.! Crystallization trials with (Sa)EctC were
performed using the sitting-drop vapor-diffusion and mi-
crobatch method at 12°C; 0.1 pl homogeneous protein
solution [10-12mgml~! in 20mM Tris (pH 8.0) and
200 mM NaCl] was mixed with 0.1 pl reservoir solution
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and equilibrated against 50-pl reservoir solution. Two
promising conditions were found: the first contained
0.05M calcium acetate, 0.1 M sodium acetate, pH4.5,
and 40% (vv~!) 1,2-propanediol, and the second one 20%
(wv™h) PEG 6000 (polyethylene glycol), 0.9 M lithium
chloride, and 0.1 M citric acid (pH 5.0). Crystals were
optimized by grid screening around the initial condition by
mixing 1pl protein and 1pl reservoir solution and equi-
librated against 300-pl reservoir solution. Large crystals
were obtained with or without tert-butanol, which was
used as an additive. The crystals reached their maximum
size of 50x50x70pm after 3-10 weeks. Additionally,
methylmercury(Il) chloride (final concentration 0.5 mM)
was added to some of the crystals to generate heavy
atom-derivatized crystals.

The first condition resulted in a good diffracting (Sa)EctC
crystal (1.2 A; form A) exhibiting P3,21 symmetry with
a unit cell of a =72.71A, b =72.71A, and ¢ =52.33A
and a =90°, p =90°, and y =120°. Crystals obtained from
the second condition (form B) diffracted to 2.0 A and had
a unit cell of a =97.52A, b =43.96 A, and ¢ =138.54 A
and a =90°,  =101.5°, and y =120° and displayed a C2
symmetry. Attempts to solve the crystal structure by molec-
ular replacement failed, but the mercury-derivatized crys-
tal from the second condition diffracted to 2.8 A and was
used to solve the phases. This initial structure of (Sa)EctC
was then used as a template for the analysis of the native
datasets. One monomer was present in the asymmetric unit
(ASU) of form A (it was referred to as the ‘open’ form of
(Sa)EctC) and four monomers in form B (it was described
as the ‘semiclosed’ form of (Sa)EctC).*

No (Sa)EctC crystals containing either the substrate
N-y-ADABA or the enzyme reaction product ectoine
and/or the catalytically important iron could be obtained.*
Therefore, cocrystallization trials with (P])EctC were con-
ducted in the hope that the ectoine synthase from the
thermotolerant bacterium P. lautus’® would yield crys-
tals suitable for structural analysis containing either the
substrate or the product.! Homogeneous (P/)EctC protein
[8-12mgml~" in 20 mM Tris (pH 7.5) 200 mM NaCl] was
premixed with just Fe(II)Cl, (added to a final concentra-
tion of 4 mM), ectoine (added to a final concentration of
40mM), or N-y-ADABA (added to a final concentration
of 20mM), or a combination of Fe(Il) plus ectoine or
Fe(Il) plus N-y-ADABA was used. The different samples
were incubated on ice for 1h. Crystallization trials were
set up using the sitting-drop vapor-diffusion method by
mixing 0.1pl (P))EctC with 0.1pl reservoir solution and
equilibrated against 50 pl reservoir solution. First crystals
were observed after 12h, and they were subsequently
optimized by grid screens around the initially observed
condition by mixing 1 pl protein and 1 pl reservoir solution
and equilibrated against 300-pl reservoir solution. Best
diffracting crystals appeared in a condition consisting of
0.2M ammonium sulfate, 0.1 M phosphate citrate (pH
4.2), 20% (vv~') PEG 300, and 10% (vv~') glycerol,

and they reached their maximum size of 120 x 45 x 30 pm
(with ectoine) and 250 %45 x 35 pm (with N-y-ADABA).
All crystals were cryoprotected by overlaying the drop with
mineral oil before crystals were harvested and flash-frozen
in liquid nitrogen.

The (Pl)EctC::Fe complex (PDB code: Sonm) diffracted
to a 1.6-A resolution and exhibited a P3,21 symmetry with
a unit cell of 2 =71.13A, b =71.13A, and ¢ =68.66 A
and o =90°, p =90°, and y =120°. The corresponding
dataset was phased using molecular replacement with
the previously solved structure of (Sa)EctC* as a search
model. The iron-substrate complexes (PI/)EctC::Fe::N-
y-ADABA (PDB code: Sonn) diffracted to 2.0 A, while
the (Pl)EctC::Fe::ectoine (PDB code: Sono) complex
diffracted to 2.5 A. These latter complexes crystallized in
P3,21 symmetry and similar unit cells [(P/)EctC::Fe::N-y-
ADABA: a =70.91A, b =70.91 A, and ¢ =68.54 A and
a =90°, B =90° and y =120°; the (P])EctC::Fe::ectoine:
a=7141A, b =71.41A, and ¢ =68.83 A and o =90°,
B =90°, and y =120°]. One monomer was present in the
ASU in all three crystal structures obtained for the (P/)EctC
protein.

Overall structure of ectoine synthase

The overall structure of the (Pl)EctC protein consists
of 11 B-strands (BI-pXI) and 2 a-helices (a-a and o-b)
(Figure 2(a)). The B-strands form two antiparallel B-sheet
regions consisting of BIL, BIIL, X, BV, L, VI, IX, and BXI.
These sets of antiparallel p-sheets are packed against each
other, forming a cup-shaped p-sandwich (Figure 2(a)) with
a topology characteristic for the evolutionarily conserved
cupin-fold of proteins.>”7-80 The amino acid sequences
of the (Sa)EctC* and (P/)EctC' proteins whose crystal
structures were determined possess an amino acid sequence
identity of 43%. An overall structural comparison of the
five determined EctC structures [PDB codes of (Sa)EctC:
5Sbxx and 5by5; PDB codes of (P/)EctC: Sonm, Sono, and
Sonn]"* revealed a high degree of structural similarity with
root-mean-square deviation (r.m.s.d) in the range between
0.6 and 0.58 A over 90 Ca atoms. These data indicate that
the (Sa)EctC and the (Pl)EctC ectoine synthases display
a highly similar three-dimensional structure despite the
fact that these proteins were derived from microorganisms
living in ecophysiologically rather different habitats, the
effluent of a hot spring (P. lautus)'7¢ [for (Pl)EctC)] and
permanently cold ocean waters (S. alaskensis)*8! [for
(Sa)EctC)].

The structure of the psychrophilic (Sa)EctC protein has
been solved in two different conformations, which were
coined the ‘open’ and ‘semiclosed’ states. In the latter state,
only part of the carboxy-terminus of the (Sa)EctC protein is
visible in the electron density map, and it folds into a small
helix (a-b) that closes the active site of the enzyme.* The
formation of the helix a-b induces a reorientation and shift
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Figure 2

Crystal structure of the Fe?*-containing (P/)EctC protein and analysis of its dimer interface. The overall fold of the (P/)EctC

monomer in its iron-bound state (PDB code: S5onm) is shown in (a), and the head-to-tail dimer of the (P/)EctC protein in (b) is presented in
a side view. An orange sphere indicates the position of the iron ion in the (P/)EctC protein. The dimer interface formed by f-strand VI of
one monomer (shown in blue) and the N-terminal region (shown in red) of the other monomer is highlighted. (a, b) The (P/)EctC protein
in a cartoon representation. (c) The structural details of the dimer interface with hydrogen bonds formed between the backbone functional
groups of Met1 to Lys4 (N-terminal segment of monomer II) and those of Met83 to Ala85 (B-strand VI from monomer I). The figures were
prepared using PYMOL (www.pymol.org).? Adapted from Hanekop et al.?

of a long unstructured loop connecting the beta-sheets IV
and BVI of the (Sa)EctC protein, resulting in the formation
of the stable p-strand BV. In contrast to the (Sa)EctC crys-
tal structure, the COOH-terminus of the thermotolerant
P. lautus EctC protein was completely resolved in the elec-
tron density map (Figure 2(a)). The remaining segment of
the previously unresolved part of the carboxy-terminus of
the (Sa)EctC protein flanks the cupin fold of the (Pl)EctC
protein and protrudes out of the main body of the protein
(Figure 2(a)).

A DALI search that identifies and assesses the structurally
closely related proteins to the query crystal structure? was
used to search for (Pl)EctC-related proteins. The 10 top
hits with Z-scores®?%3 ranging between 28.1 and 13.0 are
listed in Table 2. Each of these proteins is a member of
the cupin superfamily,>®777880 and most of them contain
divalent ions. As expected, the crystal structures of the
S. alaskensis and P. lautus ectoine synthases are found
with the highest Z-scores in this dataset. In addition to
the ectoine synthases, three functionally characterized
proteins are represented. These are the KdgF enzyme and
two DddK-type proteins (Table 2). KdgF from Halomonas
sp. is an enzyme forming 2-keto-3-deoxygluconate (Kdg)
catalyzing the degradation of pectin and alginate-derived
4,5-unsaturated monouronates to linear ketonized forms.34
The DddK protein from Pelagibacter ubique®>8® is a
dimethylsulfoniopropionate (DMSP) lyase, an enzyme
involved in the catabolism of this major marine compat-
ible solute$”:88; DMSP can also function as an effective
microbial osmostress protectant.®

Oligomeric state: EctC is a dimeric protein

To determine the oligomeric states of both the (Sa)EctC and
(Pl)EctC proteins, size-exclusion chromatography (SEC)

analysis and high-performance liquid chromatography
coupled to multiangle light-scattering (HPLC-MALS) ex-
periments were conducted. The latter method allows the
calculation of the size of the particle (in this case the EctC
proteins) after running through the sizing column and
yields the absolute molecular mass of the studied protein
independent of the shape and chromatographic behavior of
reference proteins.”® The normalized elution profiles from
the UV, refractive index, and light scattering detectors re-
vealed a homogeneous and monodisperse protein solution
with a molecular mass of 33.0 +2.3 kDa for (Sa)EctC and
32.2+0.2kDa for (Pl)EctC. These values correspond very
well with the theoretically calculated molecular masses
of EctC dimers [molecular mass of the monomer includ-
ing the Strep-tag: 16.3kDa for the (Sa)EctC protein and
15.9kDa for the (Pl)EctC protein]. Hence, both ectoine
synthases described here in greater detail are dimers in
solution.’ Dimer formation of the ectoine synthases
from N. maritimus* and M. alacaliphilum'® has also been
reported, and the corresponding protein from H. elongata
forms in all likelihood also dimers in solution.® Taken
together, these data indicate that dimer formation is a
common characteristic of ectoine synthases.

The crystal structures of the (Sa)EctC and (P/)EctC pro-
teins exhibited a different crystal packing due to different
symmetries of the crystals and therefore a diverse composi-
tion of the ASU. Nevertheless, the inspection of the crystal
packing and analysis of the respective monomer-monomer
interactions revealed the functional dimer within the crys-
tal structure in all solved EctC structures. Two monomers
are arranged in a head-to-tail orientation, which is mainly
stabilized through strong interactions between the N-
terminal B-strand I from monomer A and B-strand pVIII
from monomer B. The interactions between these two
B-strands rely primarily on backbone contacts (Figure 2(b)
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Table 2 Structures of known EctC enzymes and other cupin proteins as deduced from a DALI search
Enzyme Function PDB code Z-score Ligand(s) Metal-binding site Binding geometry
(P)EctC Ectoine synthesis 50nm 28.8 Fe2+ Glu75, Tyr84, and Tetrahedral
His92
(PIECtC Ectoine synthesis 50nn 28.1 Fe?*/ADABA Glu75, Tyr84, and Tetrahedral
His92
(PHEctC Ectoine synthesis 50n0 27.5 Fe?*/ectoine Glu75, Tyr84, and Tetrahedral
His92
(Sa)EctC Ectoine synthesis 5bxx 211 - - -
(Sa)EctC Ectoine synthesis 5by5 18.5 S-1,2-propanediol - -
(Ha)KdgF Uronate metabolism 5fq0 13.4 Ni2*/citrate anion His48, His50, GIn55,  Octahedral
and His89
(Sw)Cupin - 2pfw 13.2 1,2-Ethanediol - -
(Pu)DddK,,,,; DMSP metabolism  6a55 13.2 Mn2*/3-(dimethyl- His56, His58, Glu62,  Octahedral
lambda-sulfanyl) and His96
propanoic acid
(St)He2323 - 4e2g 13.1 Ni2+/acetate His54, His56, GIn60,  Tetrahedral/Octahedral
and His94
(Pu)DddK DMSP metabolism  5tfz 13.0 Ni2+/di(hydroxyl)ether/3-  His56, His58, Glu62,  Trigonal pyramidal
(acryloyloxy) propanoic and His96

acid

and (c)).! Additionally, some weaker hydrophobic interac-
tions between the two monomers are also observed in some
loop regions connecting the p-strands (Figure 2(b)). Since
the (Sa)EctC and (Pl)EctC proteins are both head-to-tail
dimers,’* the interactions between the monomers occur
twice in the dimer assembly (Figure 2(b)). As determined
by PISA (Proteins, Interfaces, Structures, and Assemblies)
analysis,”! the (P/)EctC monomers interact through a
surface area of 1501A2 in their dimer assembly.! The
corresponding value for the (Sa)EctC protein is 1462 A2,
which is roughly 20% of the total accessible surface of one

monomer.4

Metal content and architecture of the iron-binding
site in EctC

Considerations based on bioinformatics of the amino acid
sequences of EctC-type proteins suggested that the ectoine
synthase belongs to the cupin superfamily.>®77-80 Most
of these proteins contain catalytically important transi-
tion state metals such as iron, copper, zinc, manganese,
cobalt, or nickel, thereby allowing them to impose different
types of chemistry onto an evolutionarily conserved pro-
tein fold. Cupins form barrel-like structures in which the
metal-binding site and the catalytically important residues
protrude into the lumen of the barrel.>%77-80 As revealed by
the crystal structures of (Sa)EctC* and (Pl)EctC,! the overall
fold of ectoine synthase closely confers to the characteristic
fold of cupins (Figure 2(a)).

Cupins contain two conserved motifs: G(X)sHXH(X); 4
E(X)G and G(X);PXG(X),H(X);N (the letters in bold rep-
resent those residues that typically coordinate the metal).

Inspection of an alignment of the amino acid sequences
of 437 EctC-type proteins' revealed that the cupin signa-
ture motives are somewhat varied in ectoine synthase in
comparison with the canonical amino acid motif found
in other members of the cupin superfamily. The amino
acid sequences of the two cupin motifs in EctC are as
follows: motif-I is G(X); WY (X),E(X),G, while motif-II is
G(X)¢PG(X),Y(X);G(X);H (letters in bold indicate metal-
binding residues). These variations in the novel cupin motif
of EctC do not affect those residues that coordinate the
catalytically critical metal ion.! The position of the two
cupin motifs within the EctC amino acid chain is shown
in Figure 3(a) for an abbreviated alignment of 10 EctC
proteins.

To investigate the presence and nature of the metal that
might be present in (Sa)EctC, inductively coupled plasma
mass spectrometry (ICP-MS) experiments were performed.
For this analysis, recombinant (Sa)EctC preparations from
three independent protein overproduction and purification
experiments were employed. The ICP-MS analyses yielded
an iron content of 0.66 + 0.06 mol iron per mol of (Sa)EctC
protein with a minor amount of zinc (0.08 mol zinc per mol
of protein). All other assayed metals (copper and nickel)
were only present in trace amounts (0.01 mol metal per
mol of protein). The presence of iron in these (Sa)EctC pro-
tein preparations was further confirmed by a colorimetric
method that is based on an iron-complexing reagent;”? this
procedure yielded an iron content of 0.84 +0.05 mol per
mol of (Sa)EctC protein. Hence, both ICP-MS and the col-
orimetric method clearly established that the recombinantly
produced ectoine synthase from S. alaskensis is an iron-
containing protein.* Surprisingly, no iron ion was found in
the solved (Sa)EctC crystal structures.*
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Figure 3 Abbreviated alignment of EctC-type proteins and structural insights into the iron-binding site. (a) Alignment of the amino
acid sequences of 10 EctC proteins selected from a dataset of 437 bona fide ectoine synthases.">!! In selecting the aligned EctC proteins,
special emphasis was given to those ectoine synthases that have been functionally characterized at least to some extent!*810:17,20,70,71 ¢
are mentioned in the text. Conserved amino acid residues are shaded in yellow; dots shown above the (Pl)EctC protein sequence indicate
residues involved in the binding of the iron ligand (orange), the N-y-ADABA substrate (black), or the enzyme reaction product ectoine
(blue). The positions of cupin motif-I and cupin motif-II within the EctC amino acid sequence are indicated by a black line. The orange
bar highlights the region in the C-terminal segment of EctC that forms a lid over the entry to the cupin barrel. (b, ¢) A structural view
into the Fe?*-binding site. For these figures, the (PI)EctC::Fe crystal structure (PDB code: Sonm) was used (in b) and was overlaid in (c)
with the iron-free apoform of the (Sa)EctC crystal structure (PDB code: Sbxx). A number of secondary structure elements of the (Pl)EctC
protein were removed i silico in order to highlight the architecture of the iron-binding site and the position of the two cupin motifs. The
two cupin motifs are represented in blue (motif-I) and orange (motif-II). The iron ion (represented by an orange sphere) is coordinated
by the side chains of Glu57, Tyr84, and His92 of the (PI)EctC protein. The distance between the iron atom and the side chains of these
three residues are 2.9, 2.8, and 2.9 A, respectively. The iron-binding site in the substrate-free (PI)EctC crystal structure contains a localized
water molecule (blue sphere). (c) Overlay of the iron-binding site in the (P/)EctC (shown in green) and (Sa)EctC (shown in gray). The side
chains of the three residues involved in the binding of the Fe>* ion are depicted as sticks. A water molecule (blue sphere) in the (Sa)EctC
crystal structure occupies the same location as the Fe?* ligand (orange sphere) in the (P/)EctC structure. (d) Single amino acid substitution
of the residues involved in iron binding and enzyme catalysis by the (P/)EctC protein were exchanged to Ala residues. These mutants were
tested for their ectoine synthase enzyme activity. The enzyme activity of the mutant (P/)EctC proteins is represented relative to that of the
wild-type enzyme (set to 100% activity). These data were taken from Czech et al. and replotted.! Crystal structures of ectoine synthases
shown in this figure were prepared using PYMOL (www.pymol.org).? Adapted from Czech et al.! and Hanekop et al.

In contrast to (Sa)EctC, in all three crystal structures
of (PI)EctC, the iron catalyst was clearly visible. Within
the (PI)EctC::Fe crystal structure, the iron atom is tetrahe-
drally coordinated via interactions with the side chains of
Glu57, Tyr84, and His92 (Figure 3(b)). The distance be-
tween these iron-coordinating side chains and the ion are
2.9, 2.8, and 2.9 A, respectively. A water molecule com-
pletes the tetrahedral arrangement of the (P/)EctC iron-
binding site in the substrate-free (P/)EctC::Fe crystal struc-
ture; the water molecule has a distance of 2.9 A to the iron
ion (Figure 3(b)).!

While in the (Sa)EctC crystal structure,* no metal atom
was visible, a water molecule occupied in (Sa)EctC the
same position that was observed for the iron ion in the

(P)EctC::Fe crystal structure (Figure 3(c)). An overlay of
the three iron-coordinating amino acid residues in the
(PN)EctC and (Sa)EctC structures'* revealed that they are
perfectly superimposable (Figure 3(c)). This observation in-
dicates that (i) the iron-binding site in the ectoine synthase is
already preformed in the absence of the catalytically impor-
tant cofactor and that (ii) the binding of the iron atom does
not seem to trigger substantial structural rearrangements in
the overall fold of the EctC protein.

Structure-guided site-directed mutagenesis of both
(Sa)EctC and (Pl)EctC was performed to further probe
the iron content and enzyme activity of these proteins.
Single amino acid substitutions of the iron-coordinating
residues abrogated ectoine synthase enzyme activity either
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entirely or to a large extent.’* This is exemplarily shown
in Figure 3(d) in which the enzyme activity of (P/)EctC
variants carrying Glu57/Ala, Tyr84/Ala, and His92/Ala
single amino acid substitutions of the iron-coordinating
residues was assessed.!

In addition to site-directed mutagenesis experiments
targeting the iron-coordinating residues in (Sa)EctC and
(P)EctC, iron depletion and metal reconstitution experi-
ments were carried out with the (Sa)EctC protein.* Both
types of experiments showed that the ectoine synthase is
critically dependent on the iron cofactor.’* As observed
with other metal-containing cupins,®”77880 the iron ion
can be substituted, at least partially, in the (Sa)EctC protein
by other divalent metals (e.g. Zn?*, Co?*, Ni2*, Cu?*,
and Mn?*) when they are provided at substantial con-
centrations (10 uM protein and 1 mM metal). Relative to
the iron-loaded (Sa)EctC protein, these alternative metals
allowed a recovery of enzyme activity between 10% and
20%.* However, when divalent metals other than Fe?*
were provided at low concentration (10 pM protein and
10 pM metal), recovery of enzyme activity was in essence
negligable.*

Architecture of the N-y-ADABA substrate-binding site

In the (Pl)EctC:Fe::N-y-ADABA crystal structure (PDB
code: Sonn),! the N-y-ADABA substrate for the ectoine
synthase is positioned in close proximity to the catalytically
important iron atom within the cupin barrel (Figure 4(a)).
Furthermore, the iron atom is bound in a fashion similar
to that observed in the (Pl)EctC:Fe complex (Figure 3(b)).
The substrate N-y-ADABA was added in large excess
(40mM) to the crystallization solution of the (Pl)EctC
protein. However, the obtained crystal structure displayed
only a partially bound substrate molecule, with occupancy
of approximately 68%. In the active site of the (Pl)EctC
enzyme, N-y-ADABA is coordinated within through six in-
teractions involving residues Trp21, Arg25, Asn38, Thr40,
Tyr52, and GluS7. Interactions of N-y-ADABA with the
iron ion further stabilize the substrate within the catalytic
core of the ectoine synthase (Figure 4(a)).

Upon closer inspection, one finds that the N-y-ADABA
molecule is coordinated in the active site of (Pl)EctC via two
sets of interactions: (i) direct interactions occurs between
the O atom of the acetyl group of N-y-ADABA (acetamide
oxygen) and the iron cofactor. The NS atom of the substrate
interacts with Glu57 and with Tyr52; its a-NH, moiety in-
teracts with Thr40, and one of the carboxylate O atoms
interacts with Asn38. Both of the latter amino acid residues
are part of B-sheet BIV. The carboxylate oxygens of N-y-
ADABA are also coordinated via interactions with a water
molecule, which in turn is held in place via an interaction
with the side chain of Arg235. (ii) A second set of interac-
tions is observed for the C3 and C4 atoms of N-y-ADABA,
which interact with the side chain of Trp21. Notably, Trp21

adopts a dual conformation in the crystal structure of the
(Pl)EctC::Fe::N-y-ADABA complex, in line with the ob-
served partial occupancy of the crystals with the bound
substrate. Only in one of these two conformations of Trp21
its side chain is oriented toward the N-y-ADABA substrate
(52% occupancy). Comparison of the (Pl)EctC::Fe and the
(Pl)EctC:Fe::N-y-ADABA structures therefore suggests that
the presence of the N-y-ADABA molecule induces a ro-
tamer conformational change of the side chain of Trp21 to
provide additional stabilizing contacts to the N-y-ADABA
molecule. The notion that the side chain of Trp21 is criti-
cally involved in the stable positioning of the substrate in
the active site is supported by data from a site-directed
mutagenesis experiment in which Trp21 of (P/)EctC was
replaced with an Ala residue. This single amino acid substi-
tution yielded a (P/)EctC variant with only 9.7% remaining
enzyme activity (Figure 3(d)).!

Architecture of the ectoine-binding site

In addition to the (P/)EctC::Fe and (PI/)EctC::Fe::N-y-
ADABA crystal structures, a crystal structure was obtained
that contained both the iron ion and ectoine. The ectoine
molecule is coordinated within the active site through five
direct interactions with the following (Pl)EctC residues:
Ser23, Asn38, Tyr52, Glu57, and Phel06 (Figure 4(b)).
Compared with the coordination of the substrate N-
v-ADABA, different interactions and partially different
residues are involved in binding of the reaction product
ectoine. In particular, Tyr52 and Glu57 are no longer
involved in any H-bonding interactions with N1 of ectoine
(derived from the amidic N5 of N-y-ADABA), but now
both residues form H-bonds to N3 of ectoine, which is
derived from the a-amino group of N-y-ADABA. These
new H-bonds toward N3 of ectoine also appear to be
stronger than those formed originally with N-y-ADABA,
as suggested from their shorter distances, and are further
stabilized by an interaction with Phe106 (Figure 4(b)). In
addition, the side chain of Asn38 makes a direct contact
to the carboxylate of ectoine, and this side chain is in turn
held in place through stabilizing interactions with the side
chain of Ser23. Direct interaction between the iron and the
methyl group of the ectoine molecule might also be formed
(Figure 4(b)). Notably, the side chain of Trp21 adopts a
single conformation in the (Pl)EctC::Fe::ectoine structure
and thereby provides additional stabilizing contacts to the
ectoine ligand (Figure 4(b)).

MECHANISTIC ASPECTS

A superimposition of the (P/)EctC::Fe::N-y-ADABA and
(Pl)EctC::Fe::N-y-ectoine crystal structures revealed that
the substrate and the reaction product occupy almost
the same position within the active site of the (Pl)EctC
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Figure 4 Crystallographic views into the catalytic core of the P. lautus ectoine synthase. (a) The iron- and substrate-binding network
within the catalytic core of the (P/)EctC protein. The side chain of Trp21 that adopts two different conformations in the (P/)EctC::Fe::N-
y-ADABA crystal structure (PDB code: Sonn)! is emphasized in pink. The N-y-ADABA molecule is shown as yellow sticks. The iron is
represented as an orange sphere, and a water molecule (blue sphere) mediating indirect contacts between the N-y-ADABA molecule and
the side chain of Arg25 is highlighted. (b) Details of the iron- and ectoine-bound state of the (Pl)EctC catalytic core are shown (PDB code:
Sono).! In this crystal structure, the side chain of Trp21 adopts only a single conformation and provides stabilizing contacts to the ectoine
ligand via cation-z interactions. The ectoine molecule is depicted in yellow sticks. (c¢) Cartoon representation of a structural overlay of the
(Pl)EctC::Fe::N-y-ADABA (gray) and (P/)EctC::Fe::ectoine (blue) crystal structures.! The position of the substrate and reaction product
within the lumen of the cupin barrel is highlighted, and the iron cofactor is shown as an orange sphere. In panels (a)-(c), parts of the
secondary structure elements of the (P/)EctC protein were removed in order to provide an unobstructed view into the catalytic core of
the ectoine synthase. (d) Surface representation of the (P/)EctC::Fe::N-y-ADABA crystal structure! in which the lid region is highlighted
in orange. (e) View into the catalytic core of the (P/)EctC::Fe::N-y-ADABA crystal structure! after the in silico removal of the lid region
(amino acids 103-130). (f) Cross section through the catalytic core of the (Pl)EctC::Fe::N-y-ADABA crystal structure! revealing a plausible
entry tunnel for the N-y-ADABA substrate (shown in yellow sticks) and its spatial position relative to the catalytically critical iron catalyst
(orange sphere) and a water molecule (blue sphere) that interacts with the N-y-ADABA molecule. Crystal structures of ectoine synthases
shown in this figure were prepared using PyMOL (www.pymol.org).? Adapted from Czech et al.' and Hanekop et al.3

enzyme (Figure 4(c)).! This finding indicates that the
ectoine synthase does not undergo substantial structural
rearrangements during enzyme catalysis.

The carboxy-terminal segment of the ectoine synthase
from the psychrophilic bacterium S. alaskensis®' could only
partially be resolved in the (Sa)EctC crystal structure.* In
contrast, it is fully visible in the structure! derived from
the thermotolerant bacterium P. lautus.”® As assessed by

an alignment of 437 EctC-type proteins,! this segment of
EctC contains a particularly high number of strictly con-
served amino acid residues (Figure 3(a)).! When viewed in
the framework of the overall fold of (P/)EctC, the carboxy
terminus of ectoine synthases seems to form a lid cover-
ing the catalytic core of the enzyme (Figure 4(d) and (e)).
This reaction chamber is buried deep inside the (Pl)EctC
protein and becomes visible when one removes in silico
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the lid region from the (P/)EctC::Fe::N-y-ADABA crystal
structure (Figure 4(e)). At the bottom of the enzyme re-
action chamber one finds the N-y-ADABA substrate jux-
taposition to the iron catalyst (Figure 4(f)).! Keeping in
mind that crystal structures only represent a snapshot of a
‘frozen state’ of otherwise dynamic enzymes, we note that
the N-y-ADABA substrate is trapped in the (PI)EctC::Fe::N-
v-ADABA crystal structure in an elongated configuration
instead of a prebent form that would facilitate the EctC-
catalyzed water-elimination reaction (Figure 1). Overall, an
inspection of the (Pl)EctC::Fe, (Pl)EctC::Fe::N-y-ADABA,
and (PI)EctC::Fe::N-y-ectoine crystal structures allowed a
proposal for the enzyme reaction mechanism carried out
by the ectoine synthase.!

As revealed by studies with the ectoine synthase from
H. elongata, the EctC-catalyzed reaction is in essence
irreversible.”® However, the H. elongata EctC enzyme was
able to hydrolyze synthetic ectoine derivatives with either
reduced  [4,5-dihydro-2-methylimidazole-4-carboxylate
(DHMICA)] or expanded (homoectoine) ring sizes.”® Fur-
thermore, the (He)EctC protein can form in a side reaction
the synthetic compatible solute 5-amino-3,4-dihydro-2H-
pyrrole-2-carboxylate (ADPC) by cyclic condensation of
glutamine.”®

CONCLUDING REMARKS

Orphan EctC-type proteins: enzymes in search of a
function?

The genes encoding bona fide ectoine synthases
typically colocalize with other ectoine biosynthetic
genes.” 11713454671 However, during the genome-driven
investigation of compatible solute biosynthesis routes in
the plant pathogen Pseudomonas syringae pv. syringae,
Kurz et al®? identified an orphan ectC gene. Accord-
ingly, his bacterium did not produce ectoine; however,
ectoine production was detected when ‘surface-sterilized’
leaves of its host plant Syringa vulgaris were provided to
cultures of P. syringae pv. syringae. These findings were
interpreted by Kurz et al.®® as the plant providing the
N-y-ADABA substrate for the orphan EctC protein, imply-
ing that P. syringae pv. syringae possesses import systems
for this compound. Indeed, as previously observed for H.
elongata’® and Salmonella enterica serovar typhimurium,
osmotically inducible transport systems for compatible
solutes seem to import N-y-ADABA to provide osmostress
protection.”* However, this could not be demonstrated for
the studied P. syringae pv. syringae bacterium. However,
the heterologous expression of the orphan ectC gene in an
ectC mutant for H. elongata that produces enhanced levels
of N-y-ADABA showed that the orphan EctC-type protein
was at least partially functional.”® Database searches®11:%3
showed that such orphan ectC-type genes are present in a
phylogenetically quite heterogeneous groups of bacteria.
Notably, they are present in microorganisms that harbor

either complete ectoine biosynthetic gene clusters or lack
them.!! The evolutionary history of these EctC-type pro-
teins and their true enzymatic and physiological function(s)
remains to be elucidated. When the orphan EctC-type
proteins are viewed in the context of the amino acid
sequences and structures of bona fide ectoine synthase,
one finds that the iron-coordinating residues present in
(Pl)EctC are strictly conserved (145 EctC-type proteins
were inspected),1! implying that these enzymes are in all
likelihood metal dependent as well.

Ectoine synthase has an ecophysiological
and metabolically important counterpart

In severely stressed microorganisms, compatible solutes
(e.g. ectoine and S5-hydroxyectoine) are accumulated to
exceedingly high intracellular concentrations via de novo
synthesis.3*3%959¢ These organic osmolytes are released
into the environment upon severe osmotic down-shocks via
the transient opening of mechanosensitive channels,”” or
when bacterial cells disintegrate subsequent to attack by
phages or toxins.”® This enables microbial cells to acquire
ectoines and other types of compatible solutes via trans-
port systems.*®*! The released and reacquired compatible
solutes thus provide new opportunities for microbial com-
munities by allowing their use either as osmostress protec-
tants or as nutrients.”® Indeed, different types of ectoine
48,99-103 and a considerable

number of microorganisms can metabolize the nitrogen-

transport Systems are kl’lOWI’l,

rich ectoine molecule for use as sole energy, carbon, or
nitrogen sources.*6-9%-104,105

A key step in the catabolism of ectoine is the enzy-
matic opening of the tetrahydropyrimidine ring. This is
carried out by the ectoine hydrolase EutD/DeoA (EC
3.5.4.44),%104 an enzyme that belongs to the M24 pep-
tidase family. Members of this enzyme family are often
metal dependent,'9%197 but it is unknown if this is true for
the ectoine hydrolase as well. The ectoine synthase (EctC)
and the ectoine hydrolase (EutD/DeoA) not only belong
to different protein superfamilies, but their amino acid
sequences are also not related to each other.!46:104

The enzyme reaction catalyzed by EutD yields primarily
N-a-ADABA (and perhaps also some N-y-ADABA),*
which is then further catabolized in several enzymatic
steps to L-aspartate.*®104 While the transcription of the
ectoine/hydroxyectoine biosynthetic genes is induced in re-
sponse to high environmental osmolarity/salinity,!'-13 that
of the catabolic genes is instead upregulated in response
to the presence of ectoines in the growth medium.*-9%:104
However, ectoines are not the true inducers of enhanced
transcription of the catabolic genes; instead, N-a-ADABA
(but not the major EctC substrate N-y-ADABA) serves as
an internal inducer and acts through its interaction with the
PLP-containing MocR/GabR-type repressor EnuR.108:109
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