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When faced with increased osmolarity in the environment,
many bacterial cells accumulate the compatible solute ectoine
and its derivative 5-hydroxyectoine. Both compounds are not
only potent osmostress protectants, but also serve as effective
chemical chaperones stabilizing protein functionality. Ectoines
are energy-rich nitrogen and carbon sources that have an eco-
logical impact that shapes microbial communities. Although
the biochemistry of ectoine and 5-hydroxyectoine biosynthesis
is well understood, our understanding of their catabolism is
only rudimentary. Here, we combined biochemical and struc-
tural approaches to unravel the core of ectoine and 5-hydroxy-
ectoine catabolisms. We show that a conserved enzyme bimod-
ule consisting of the EutD ectoine/5-hydroxyectoine hydrolase
and the EutE deacetylase degrades both ectoines. We deter-
mined the high-resolution crystal structures of both enzymes,
derived from the salt-tolerant bacteria Ruegeria pomeroyi and
Halomonas elongata. These structures, either in their apo-
forms or in forms capturing substrates or intermediates, pro-
vided detailed insights into the catalytic cores of the EutD and
EutE enzymes. The combined biochemical and structural
results indicate that the EutD homodimer opens the pyrimi-
dine ring of ectoine through an unusual covalent intermedi-
ate, N-a-2 acetyl-L-2,4-diaminobutyrate (a-ADABA). We
found that a-ADABA is then deacetylated by the zinc-de-
pendent EutE monomer into diaminobutyric acid (DABA),
which is further catabolized to L-aspartate. We observed that
the EutD-EutE bimodule synthesizes exclusively the a-, but
not the y-isomers of ADABA or hydroxy—-ADABA. Of note,
a-ADABA is known to induce the MocR/GabR-type repressor
EnuR, which controls the expression of many ectoine cata-
bolic genes clusters. We conclude that hydroxy—a-ADABA
might serve a similar function.

Many members of the three domains of life use compatible
solutes as cytoprotectants (1-4). These highly water-soluble or-
ganic compounds are compliant with the physiology of both
prokaryotic and eukaryotic cells and can thus be accumulated
to very high intracellular concentrations. The function-pre-
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serving attributes of compatible solutes for proteins and other
cellular components are reflected in their description as chemi-
cal chaperones (5-7). Microorganisms have widely adopted
these solutes as stress protectants against the detrimental
effects of high environmental osmolarity and salinity (4, 8). The
degree of osmotic stress imposed onto the bacterial cell sensi-
tively determines the size of the cytoplasmic compatible solute
pool. Consequently, high osmolarity instigated water efflux,
drop of vital turgor, and an undue increase in molecular crowd-
ing are counteracted by the accumulation of these organic
osmolytes (9, 10). Microorganisms exploit compatible solutes
not only as osmostress protectants but also in their cellular
defense against extremes in both high and low growth tem-
peratures (11-13), desiccation (14, 15), and oxidative stress
(16). Bacteria and Archaea can synthesize a considerable vari-
ety of compatible solutes (e.g. glycine betaine, L-proline, and
trehalose) (2, 4, 8). Also, they can import many of them via
osmotically regulated transport systems (9, 10). By these
means, severely osmotically stressed cells can accumulate
compatible solutes in concentrations of up to several hundred
millimolars (1).

The tetrahydropyrimidines ectoine (17) and its derivative 5-
hydroxyectoine (18) (Fig. 1A) are prominent members of com-
patible solutes synthesized or imported by microorganisms
(19). Like other compatible solutes, ectoines are preferentially
excluded from the immediate hydration shell of proteins (20), a
property hindering protein aggregation and preserving macro-
molecular functionality (5, 6, 21). These attributes of ectoines,
and their water-binding and anti-inflammatory nature, led to
various commercial applications, in particular in the area of
skin care. Using Halomonas elongata as a cell factory, an indus-
trial scale biotechnological production process for ectoines can
deliver these valuable natural products on the scale of tons
annually (21, 22).

Reflecting the function of ectoines as osmostress protec-
tants, transcription of their biosynthetic genes (ectABC/ectD)
is up-regulated in response to increases in environmental
osmolarity (23). Biosynthesis of ectoines is now a rather well
biochemically and structurally understood process (23-26).
Biosynthesis begins with the central microbial metabolite
L-aspartate-B-semialdehyde, and involves the ectoine biosyn-
thetic enzymes L-2,4-diaminobutyrate transaminase EctB
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Figure 1. Eco-physiology of the ectoines. A, chemical structure of ectoine ((5)-2-methyl-1,4,5,6-tetrahydropyrimidine-4-carboxylic acid) and its derivative 5-
hydroxyectoine ((45,55)-5-hydroxy-2-methyl-1,4,5,6-tetrahydropyrimidine-4-carboxylic acid). The 5-hydroxyl moiety of 5-hydroxyectoine is shown in red. B,
distribution of microorganisms capable of ectoine production and/or degradation among different phyla. G, distribution of organisms capable of ectoine pro-

duction and/or degradation among different habitats.

(EC 2.6.1.76) (27, 28), 1-2,4-diaminobutyrate acetyltransfer-
ase EctA (EC 2.3.1.178) (25), and ectoine synthase EctC (EC
4.2.1.108) (29), with 1-2,4-diaminobutyrate (DABA) and N-
v-acetyl-1-2,4-diaminobutyrate (y-ADABA) as the respective
intermediates (24, 29). In a substantial subgroup of ectoine
producers, ectoine can be further transformed into 5-
hydroxyectoine through a regio- and stereospecific reaction
catalyzed by the ectoine hydroxylase EctD (EC 1.14.11.55)
(30, 31). Like compatible solute production in general (32),
de novo synthesis of ectoine is costly. When the entire bio-
synthetic process is considered, cells growing heterotrophi-
cally in a minimal medium with glucose as the sole carbon
source need to spend ~40 ATP equivalents to produce just a
single ectoine molecule (32).

In addition to their stress-protective and function-preserving
properties, the nitrogen- and carbon-rich ectoine and 5-
hydroxyectoine molecules (Fig. 14) have found uses as
nutrients for microorganisms (33-37). Ectoines are released
into the environment from microbial producer cells through
the transient opening of mechano-sensitive channels upon
sudden osmotic down-shock (38), or simply when cells dis-
integrate. Environmental ectoines can then be re-captured
by members of the microbial community either for re-use as
osmostress protectants or recycled as nutrients (10, 23).
Ectoine catabolism might also be triggered when cells capa-
ble of both ectoine synthesis and consumption are slowly
shifted from high to lower environmental osmolarities (37).

A pioneering proteomics study by Jebbar et al. (35) focusing
on the plant root-associated bacterium Sinorhizobium meliloti
identified a substrate-inducible ABC-type transport system for
the import of ectoines and several enzymes required for their
catabolism. This study promoted the identification of ortholo-
gous genes in other species such as the highly salt-tolerant bac-
terium H. elongata (37) and the marine proteobacterium Rue-
geria pomeroyi (39). Although R. pomeroyi is only an ectoine
consumer (36), H. elongata can both synthesize and degrade
ectoine (37). In contrast to the genes for ectoine/5-hydroxyec-
toine biosynthesis that are mostly contained in an evolutionar-
ily conserved operon structure (23), the operons for the catabo-
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lism of ectoines are more varied, both with respect to gene
order and content (36, 37). However, a common denominator
of the catabolic gene cluster is the presence of a EutD/EutE
(Eut: ectoine utilization) enzyme bi-module, regarded as central
for ectoine utilization as a nutrient.

It is thought that ectoine degradation begins with the opening
of the pyrimidine ring by the ectoine hydrolase EutD (DoeA)
(EC 3.54.44) to form N-acetyl-diaminobutyrate (ADABA),
which is then catabolized by the N-acetly-L-2,4-diaminobutyrate
deacetylase EutE (DoeB) (EC 3.5.1.125) to acetate and diamino-
butyrate (DABA) (36, 37). The Atf aminotransferase and the Ssd
dehydrogenase subsequently transform DABA into L-aspartate
with L-aspartate-B-semialdehyde as the intermediate (36, 37).

An initial in vivo characterization of the H. elongata DoeA
(EutD) protein heterologously produced in Escherichia coli by
Schwibbert et al. (37) suggests that this enzyme can form both
the a- and y-ADABA isomers from imported ectoine. Mutant
studies in H. elongata also revealed that DoeB (EutE) specifi-
cally de-acetylates the a-ADABA isomer, whereas the DoeA
(EutD)-formed y-ADABA molecule was suggested to be re-
cycled into ectoine via the EctC ectoine synthase (37). More-
over, the EutABC enzymes were speculated by Schulz et al. (36)
to initially convert 5-hydroxyectoine into ectoine for further
metabolism by the EutD/EutE bi-module. This proposal was
primarily based on bioinformatics and the observation that a
eutABC deletion mutant of R. pomeroyi was unable to metabo-
lize 5-hydroxyectoine but retained the ability to utilze ectoine
as a nutrient (23, 36).

Overall, most of the steps of the proposed ectoine and 5-
hydroxyectoine degradation routes have not been experimen-
tally challenged to date at any level of detail. Here, we clarify
the catalytic mechanisms underlying the central steps in the ca-
tabolism of ectoine and 5-hydroxyectoine through an in-depth
biochemical and structural analysis of the conserved EutD/
EutE enzyme bi-module. Our study shows that the EutD and
EutE enzymes from R. pomeroyi act in concert. The EutD hy-
drolase opens the pyrimidine ring of ectoine via an unusual
covalent intermediate involving a conserved glutamate to
generate «-ADABA, but not y-ADABA. This is an important
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finding, as a-ADABA, but not y-ADABA, serves as the internal
inducer of the MocR/GabR-type repressor EnuR controlling
the expression of the majority of ectoine/5-hydroxyectoine
catabolic gene clusters (39, 40). Following a-ADABA synthesis
by EutD, the zinc-dependent diaminobutyrate deacetylase EutE
hydrolyzes this intermediate to produce acetate and the L-
aspartate precursor DABA. Contrary to the previous proposal
by Schulz et al. (36), we observed that the EutD protein also
hydrolyzes 5-hydroxyectoine to form hydroxy—a-ADABA, a
finding that requires a rethinking of the overall organization of
the ectoine/5-hydroxyectoine degradation route.

Results

Phylogenomics and ecology of ectoine production and
consumption

To study the phylogenomics of ectoine synthesis and metab-
olism, we analyzed all fully sequenced and annotated bacterial
and archaeal genomes available in the IMG/M database (41).
We used the amino acid sequence of the EctC ectoine synthase
from Paenibacillus lautus (29), and that of the EutD ectoine hy-
drolase from R. pomeroyi (36) as search queries as markers for
ectoine production and consumption, respectively. At the time
of the search (November 2019) 8,850 fully sequenced prokary-
otic genome sequences were represented in the IMG/M data-
base. We found 676 predicted ectoine producers in these data
set (7.5%) (665 originate from Bacteria and 11 from Archaea).
429 Ectoine consumers were found (4.8%); none was a member
of the Archaea (Fig. 1B; Fig. S1). 96 Microbial species possessed
both ectoine synthesis and degradation genes (less than 1%)
(Fig. 1B); with respect to the total number of ectoine producers,
this group of microorganisms rises to 14.2%.

Ectoine producers and consumers are found in most ecologi-
cal niches ranging from freshwater, saltwater, and terrestrial, to
extreme environments. They are also present in host-associ-
ated species including pathogens of animals, humans, and
plants (Fig. 1C). Ectoine producers are found among the a-, 8-,
and +y-proteobacteria, actinobacteria, firmicutes, and some
archaea (overall 12 phyla), whereas ectoine consumers are pri-
marily found among the a-, -, and y-proteobacteria (Fig. 1B).
In particular, both catabolic and anabolic ectoine genes were
present in a restricted group of a- and +y-proteobacteria (Fig.
1B). These are primarily found in members of the Oceanospir-
allales, Vibrionales, and Rhodobacteriales (Fig. S1).

EutD and EutE cooperate to degrade ectoine

The wide distribution of bacteria able to consume ectoine
prompted us to investigate the degradation route in mechanis-
tic detail. We focused on the EutD/EutE enzyme bi-module as
it is considered central for the catabolism of ectoine and 5-
hydroxyectoine (36, 37). To dissect the molecular mechanism
of ectoine degradation, we chose the marine bacterium R.
Pomeroyi (Rp) as our model system, a bacterium that can only
consume ectoine and in which the genetics and physiology of
ectoine/5-hydroxyectoine degradation has already been studied
to some extent (36, 39). Recombinantly produced in E. coli
BL21(DE3), the RpEutD and RpEutE proteins were purified by
a nickel-ion-affinity followed by size exclusion chromatography
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(Fig. S2, A and B). With the purified enzymes in hand, we quali-
tatively analyzed their ability to degrade 1 mm ectoine within 20
min by HPLC. Neither RpEutD nor RpEutE were capable of
degrading ectoine (Fig. 2A). However, when both en-
zymes were present in the assay, substantial ectoine degrada-
tion was observed (Fig. 24). These findings suggest that both
enzymes cooperate for ectoine degradation. Next, we aimed at
a better enzyme-kinetic understanding of the RpEutD/RpEutE
enzyme pair. To this end, we employed a commercially avail-
able kit allowing the online detection of acetate, which together
with DABA is a plausible reaction product of the EutD/EutE-
catalyzed ectoine degradation pathway (Fig. 2B). Only when
EutD and EutE were present together, did efficient acetate pro-
duction occur (Fig. S2C), yielding apparent kj; and Vi, values
of 0.6 mm and 1.2 mmol/min/g, respectively (Fig. 2C). Our data
indicate that the degradation of ectoine requires a complex of
the EutD and EutE enzymes, which we tried to detect by size
exclusion chromatography, isothermal calorimetry, and pull-
down experiments. We were not able to visualize the complex
by these methods arguing for its short-lived nature. Taken to-
gether, EutD and EutE cooperate for efficient ectoine degrada-
tion likely through a transient complex.

Degradation of ectoine proceeds via a-ADABA

EutD catalyzed opening of the ectoine pyrimidine ring
should yield ADABA, which can exist in the constitutional iso-
mers a-ADABA and y-ADABA (Fig. 2B). We prepared both
ADABAs by alkaline hydrolysis of ectoine and subsequent
separation by anion chromatography and then analyzed their
use as substrates in the enzyme assays (Fig. S3). We analyzed
the ability of RpEutE to degrade - and y-ADABA (Fig. 2B).
RpEUtE exclusively degraded a-ADABA with k,; and V. val-
ues of 0.1 mm and 2.2 mmol/min/g, respectively (Fig. 2D).
Thus, ectoine degradation by the R. pomeroyi enzymes exclu-
sively proceeds via a-ADABA, a finding that is consistent with
data obtained for the corresponding H. elongata enzymes (37).
Our kinetic analysis also suggests that the EutD-mediated gen-
eration of a-ADABA is slower than the EutE-catalyzed degra-
dation of a-ADABA, possibly making EutD the rate-limiting
step (Fig. 2, Cand D).

To show that ectoine degradation proceeds via a-ADABA
also in vivo, we produced RpEutD, RpEutE, and both proteins
together in E. coli strain MC4100 grown on minimal medium
supplemented with 1 mm ectoine and 0.3 m NaCl to trigger
ectoine import by the ProP and ProU transporters (42). Con-
sistent with our in vitro analysis, neither a- nor y-ADABA was
detected when only either EutD or EutE was present (Fig. 2E).
Surprisingly, when both enzymes were produced together
exclusively a-ADABA was detected (Fig. 2E) but we could not
find the expected reaction product of the EutD/EutE bi-mod-
ule, DABA, by HPLC analysis. We have no explanation why
a-ADABA is formed when EutD/EutE are co-produced, but
EutE is unable to convert a-ADABA to DABA. It is important
to keep in mind that both proteins are being produced in a
recombinant background that might allow the EutD/EutE-
dependent conversion of ectoine into a-ADABA, but somehow
impairs the conversion of the latter into DABA. It might also be
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Figure 2. Ectoine degradation by EutD and EutE. A, degradation of ectoine by RpEutD (green), RpEutE (red), and both enzymes together (blue), as monitored
by HPLC. B, proposed pathway of ectoine degradation. EutD opens the pyrimidine ring of ectoine to generate ADABA, which can exist in the a- and y-ADABA
isomers. In the next step, EutE deacetylates ADABA into DABA and acetate. C, Michaelis-Menten plot of the enzyme pair RpEutD/EutE degrading ectoine. The
product acetate was quantified via a commercially available absorption-based assay. ky = 0.6 mm; Vi,ax = 1.2 mmol/min/g. D, Michaelis-Menten plot of RpEutE
degrading a-ADABA into DABA and acetate. ky = 0.2 mm; Vo = 2.2 mmol/min/g. E, analysis of a-ADABA and y-ADABA in E. coli cells expressing EutD, EutE,
and both grown on ectoine containing minimal medium with glucose as the sole carbon source. HPLC analysis detects a-ADABA when both enzymes are pres-
ent (blue). ADABA is not detected in cells expressing either RpEutD or RpEUtE (green and red, respectively). The a-ADABA and y-ADABA standards are shown in

black.

that EutE is inhibited by or limited for a yet unknown com-
pound of the E. coli cytoplasm (e.g zinc; see below). Whatever
the precise reason might be, the co-expression of eutD/eutE
allowed us to conclude that (i) the hydrolysis of ectoine by
EutD exclusively proceeds via a-ADABA as the intermediate
and that (ii) both EutD and EutE need to be present to achieve
hydrolysis of ectoine. We note, however, that for the corre-
sponding H. elongata enzymes, somewhat different data were
reported since production of solitary recombinant DoeA
(EutD) protein in E. coli yielded both ADABA isomers. How-
ever, these were produced at very low amounts despite the fact
that 1 mm ectoine was fed to the recombinant cells (37).

EutD lacks the metal-binding site of M24-type
aminopeptidases

Next, we wanted to determine the crystal structure of
RpEutD. Unfortunately, the obtained RpEutD crystals were
only of poor diffraction quality. However, the closely related
EutD (DoeA) protein from H. elongata (He), which shares
62.5% sequence identity with RpEutD, produced well diffract-
ing crystals (Table 1). The structure of the apo-state of HeEutD
was determined to a resolution of 2.15 A by molecular replace-
ment employing the structure of E. coli (Ec) PepP as search
model. EcPepP and HeEutD share 25.6% sequence identity.

The crystal structure of HeEutD shows a highly intertwined
homodimer (Fig. 34). Homodimerization of HeEutD in solu-
tion was supported by multiangle light scattering experiments
(Fig. S2A4). EutD is closely related in structure and amino acid

9090 J Biol. Chem. (2020) 295(27) 9087-9104

sequence to the M24-family of aminopeptidases, which usually
require two metal ions for activity (Fig. S4, A and B). This could
suggest that EutD operates in a metal-dependent manner.
However, closer inspection of the active site architecture
reveals that this cannot be the case. Aminopeptidases, such as
EcPepP, typically coordinate two metal ions (e.g. manganese or
zinc) within their active sites that are critical for catalyzing
cleavage of the peptide bond (reviewed in Ref. 43). In these
zinc-dependent proteases, both metals are coordinated by five
amino acids (i.e. His-354, Asp-271, Asp-260, Glu-406, and Glu-
383 in the case of EcPepP) (Fig. S4C). In EutD, however, the ma-
jority of the amino acids required for the metal ion coordina-
tion are not present, and instead were replaced by amino acids
unfavorable for metal ion coordination (i.e. Pro-266, Tyr-329,
Met-363, and Thr-376) (Fig. S4C). The only exception is Glu-
255 of HeEutD, which is conserved between EutD enzymes and
the M24-type aminopeptidases (Fig. S4C). These findings sug-
gest that EutD operates in a metal-independent manner.

Ectoine ring cleavage proceeds via a covalent
a-ADABA-Glu-255 adduct

To gain further insights into the catalytic mechanism of the
ectoine hydrolase, we determined the structure of HeEutD in
the presence of ectoine at a resolution of 2.25 A (Table 1).
Inspection of one active site (AS I) of the EutD homodimer
revealed electron densities that could be unambiguously attrib-
uted to ectoine (Fig. 44, Fig. S5A). The ectoine is kept in place
by a hydrogen bond between Arg-326 and the carboxyl moiety
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Table 1
Data collection and refinement statistics

Data were collected on ID30A-1 (MASSIF-1, ESRF), ID23-2 (ESRF), and MX14.2 (BESSY).

HeEutD HeEutD ectoine RpEutE RpEutE ADABA HeEutD ADABA
Data collection

Space group C2 P4,2,2 P6322 P2, P4,2,2
Cell dimensions

a, b, c(A) 120.37,123.14, 61.49 158.2,158.2,122.32 99.19, 99.19, 134.62 76.667,145.949,164.116  157.073, 157.073, 124.072

a B,y () 90 97.184 90 90 90 90 9090 120 90 92.30 90 9090 90
Wavelength (A) 0.966 0.873 0.972 0.918 0.9814
Resolution (A)* 43.34-2.15 (2.22-2.15)  43.88-2.25(2.33-2.25)  46.54-1.99 (2.06-1.99)  46.46-2.5 (2.59-2.5) 19.39-2.4 (2.48-2.4)
Rinerge 0.0869 (0.621) 0.1474 (1.243) 0.0626 (4.804) 0.213 (1.27) 0.1901 (1.852)
1ol 8.96 (1.58) 10.69 (1.96) 23.00 (0.60) 5.69 (0.97) 12.0, (1.38)
Completeness (%) 98.26 (96.67) 99.96 (99.97) 99.48 (98.86) 98.59 (99.67) 99.14 (95.57)
Redundancy 3.0 (2.9) 8.9 (9.3) 21.0 (20.2) 3.9 (4.0) 14.6 (14.6)
CC1/2 0.995 (0.659) 0.997 (0.657) 1(0.551) 0.984 (0.421) 0.998 (0.766)

Refinement

Resolution (A) 43.34-2.15 43.88-2.25 42.95-2.00 46.46-2.5 19.39-2.4
No. reflections 47,539 (4,593) 73,757 (7,290) 27,066 (2,612) 122,999 (12,342) 60,636 (5,766)
Ryork/ Revee 0.23/0.26 0.16/0.19 0.24/0.29 0.20/0.26 0.18/0.21
No. atoms 6,432 6,847 2,331 30,865 6,658

Protein 6,158 6,273 2,327 29,396 6,291

Ligand/ion 0 30 0 22 29

Water 274 544 14 1447 338
B-factors 41.42 40.0, 80.66 49.99 52.27

Protein 41.30 39.29 80.76 50.46 52.25

Ligand/ion 0 72.17 0 97.10 63.62

Water 44.10 46.66 64.35 39.67 51.73
Root mean square deviations

Bond lengths (A) 0.005 0.003 0.031 0.003 0.008

Bond angles (%) 0.77 0.60 1.67 0.75 0.94
Ramachandran

Favored (%) 97.66 97.71 98.36 97.92 97.22

Allowed (%) 2.34 2.16 1.32 2.08 2.53

Outliers (%) 0.00 0.13 0.00 0.00 0.25

“Values in parentheses are for highest-resolution shell.

of the ligand (Fig. 3B). Moreover, a water molecule (with a B-
factor of 45) is hydrogen-bonded by His-238 (Figs. 3B and 4A).
Approximately 4 A away from this water, Glu-255, the N5-
nitrogen of the pyrimidine ring of ectoine, and Tyr-52 from the
N-terminal domain of the opposing EutD chain can be found
(Figs. 3B and 4A). Being 4.0 A away from the C4 carbon of
ectoine, this water might be ideally suited to provide the attack-
ing hydroxyl anion for nucleophilic cleavage of the pyrimidine
ring (Fig. 3B). Changing Glu-255 into aspartate, and Tyr-52
and His-238 into alanine residues yielded catalytically inactive
EutD variants in our acetate assay, supporting their catalytic
relevance (Table S1).

In the other active site (AS II) of the EutD homodimer, how-
ever, we did not observe electron densities corresponding to
ectoine. Instead, a tubular density connected to Glu-255 was visi-
ble, which we assigned as a-ADABA with its C4 carbon linked to
the carboxyl moiety of Glu-255 (Figs. 3C and 4B, and Fig. S5B).
Thus, Glu-255 serves as electron donor forming a covalent
adduct with a-ADABA upon opening of the pyrimidine ring
(Fig. 3C). The correct distance of the Glu-255 carboxyl moiety
and the ectoine substrate is essential. A E255D variant is unable
to perform the catalytic reaction as monitored in the in vitro ace-
tate assay, presumably because the side chain of aspartate is one
methylene group shorter than that of glutamate (Table SI).
Thus, the opening of the ectoine ring proceeds via a covalent
a-ADABA-EutD adduct, which relies on Glu-255 (Fig. 3D).

Release of a-ADABA from EutD requires cleavage of its
orthoester-like bond with Glu-255 accompanied with the
abstraction of a proton. Glu-374 and His-361 localize in reason-
able proximity to serve as possible proton-acceptors (Fig. S5E).

SASBMB

The E374D and H361S variants decreased EutD activity to 20
and 5%, respectively (Table S1). Thus, His-361 could be the
proton acceptor allowing a-ADABA release from Glu-255.
However, His-361 might also be part of a proton exchange
chain together with Glu-374. Taken together, we show that
EutD opens the pyrimidine ring of ectoine in a metal-indepen-
dent manner through the a-ADABA intermediate, which is
transiently bound to Glu-255 (Fig. 3D).

EutD allows back-cyclization of a-ADABA into ectoine

Our data suggest that EutD only cleaves the ectoine ring in
an efficient manner when EutE is present. Moreover, our
structural data suggest that the covalently bound a-ADABA
intermediate could be able to cycle back into the ectoine ring
structure. To test whether a back-cyclization would indeed
be possible, we exposed purified RpEutD to mixtures of a-
and y-ADABA and analyzed whether any of the two isomers
would be converted back into ectoine. Our experiments
clearly show that exclusively a-ADABA disappeared and
ectoine was formed from it (Fig. 5, A and B). Thus, we con-
clude that RpEutD is able to perform the backward reaction
from a-ADABA to ectoine.

To consolidate these findings at the structural level, we co-
crystallized HeEutD in the presence of 1 mm a-ADABA to a re-
solution of 2.4 A (Table 1). The crystal structure shows the
HeEutD homodimer. A closer inspection of the two active sites
revealed the a-ADABA product in one and the covalently
bound a-ADABA-Glu-255 intermediate in the other active
site (Figs. 4, Cand D, 5, C and D; Fig. S5, C and D). The carboxyl
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Figure 3. Crystal structure and mechanism of EutD. A, crystal structure of the EutD homodimer with one monomer shown as green cartoon and surface
and the other as black cartoon indicating secondary structure. The localization of both actives sites is depicted. B, coordination of ectoine (surrounded by a dot-
ted outline) and the putative catalytic water in the active site of HeEutD. Ectoine is coordinated by hydrogen bonds to Arg-326. The attacking water is hydro-
gen-bonded by His-238. Glu-255 and Tyr-52 can be observed in proximity. C, HeEutD active site with the a-ADABA intermediate covalently bound to Glu-255
(surrounded by a dotted outline). Further hydrogen bonds by His-238, Tyr-52, and Asp-338 keep the molecule in place. D, catalytic mechanism of ectoine hy-
drolysis by EutD. Ectoine, the catalytic water and Glu-255 are shown in green, red, and blue, respectively.
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E255-ADABA

Figure 4. Unbiased electron densities of EutD ligands. A, unbiased F,p,s — F,c difference electron density of ectoine at 3o~ shown as a green mesh. Bias was
removed by refinement prior to incorporation of the ligand. Applies to all following unbiased densities (PDB ID 6TWK). B, unbiased Fops — Fac difference elec-

tron density of a-ADABA covalently linked to glutamate 255 at 30 shown as a green mesh. The refined 2Fyps —

Fcalc electron density around glutamate 255 is

shown as a blue mesh at 1.5 o (PDB ID 6TWK). C, unbiased Fops — Feaic difference electron density of a-ADABA at 30~ shown as a green mesh (PDB ID 6YQ09). D,
unbiased Fops — Feqc difference electron density of a-ADABA covalently linked to glutamate 255 at 30- shown as a green mesh. The refined 2F s — Feaic €lec-
tron density around glutamate 255 is shown as a blue mesh at 1.5¢ (PDB ID 6YO9).

moiety of the a-ADABA product interacts via hydrogen bonds
with Arg-70 and Tyr-52 from the N terminus of the opposing
monomer (Figs. 5D and 4C). The a-ADABA-Glu-255 interme-
diate in the other active site appears identical to its counterpart
observed in the EutD structure obtained in the presence of 1 mm
ectoine (see above) (Fig. 5C and 4D). Notably, the flexible amine
group of the intermediate now points more toward Arg-326
rather than Asp-338, which could be explained by the flexible na-
ture of the a-ADABA moiety. Taken together, our structural
and biochemical analysis shows that EutD is able to form the
covalent a-ADABA-Glu-255 intermediate also from the o-
ADABA product, and allow the back-cyclization of a-ADABA
into ectoine. Thus, the EutD-mediated cleavage of ectoine is
reversible.

Cooperation between the active sites in the EutD homodimer

Our crystal structure shows a homodimer of EutD in which
the ectoine substrate is present in one and the a-ADABA inter-
mediate is found in the other active site. This indicates that
both active sites, which are ~30 A away from each other (Fig.
3A), are able to cooperate with each other so that one active site
“knows” the catalytic state of the other active site. Closer
inspection of our structure shows that Tyr-52 of one monomer
reaches into the other active site of the other monomer and

SASBMB

vice versa. This tyrosine either locates in close proximity (4 A)
to the putative catalytic water in AS I or the a-ADABA-Glu-
255 intermediate in AS II (Fig. 3). Moreover, it forms a hydro-
gen bond with the carboxyl moiety of the a-ADABA product
(Fig. 5D). Therefore, Tyr-52 is an ideal candidate to sense the
catalytic status of one active site and communicate to the other
or vice versa. Superimposition of ASs I and II further reveals a
significant movement of the loop harboring Tyr-52 when the
reaction proceeds (Fig. 5E). This in turn leads to three major
conformation changes in the N-terminal domain by moving
two helices closer to the C-terminal domain as well as opening
a loop region in the backside of the N-terminal domain (Fig.
5F). These topological changes directly affect the C-terminal
domain, which is harboring the respective other active site,
establishing the before-mentioned communication. It can be
imagined that in this way the catalytic sites communicate with
each other to establish their cooperativity.

To solidify this idea, we also employed the pK, prediction
tool H++ (44) to analyze pK, differences of Glu-255 and
thus its potential protonation state between AS I and AS II
(substrate- versus intermediate-bound site). In the ectoine-
bound AS I, Glu-255 is predicted to be completely deproto-
nated (pK, < 0), allowing the nucleophilic attack required for
ectoine ring cleavage (Fig. 3D). In the intermediate-bound AS
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Figure 5. Reverse reaction and half-site cooperativity of EutD. A, ADABA isomers present in ectoine hydrolysate (black) and upon the addition of
RpEutD (blue). In the absence of RpEutD three distinct peaks for a-ADABA, y-ADABA, and a peak derived from the HEPES buffer were detected in this
order. The size of the a-ADABA peak differing upon addition of RpEutD is marked with an asterisk. B, the remaining ectoine present in the ectoine hy-
drolysate (black) and formed ectoine upon addition of RpEutD (blue). C, HeEutD active site (AS) with the a-ADABA intermediate covalently bound to
Glu-255 (surrounded by a dotted outline), as obtained from co-crystallization with a-ADABA. D, AS of RpEutD containing the product a-ADABA. The mol-
ecule is held in place by hydrogen bonds to Tyr-52, Asp-338, and Arg-326. £, superimposition of AS | and AS Il, revealing distinct movements by His-238
and Tyr-52. In the intermediate bound state, this leads to a significant narrowing of the active site. F, comparison of the N-terminal architecture
between AS | and AS II. Originating from conformational changes of Tyr-52, two helices and a loop region reposition themselves, potentially providing

a topological signal.

II, however, the calculated pK, of Glu-255 in its not
a-ADABA-bound state would be 5.1. This pK,, value would
in principle allow the protonation of the a-ADABA-Glu-255
adduct to enable release of the a-ADABA product. Unfortu-
nately, the prediction of the pK,, value of the a-ADABA-Glu-
255 intermediate with the H++ program is not straightfor-
ward due to its uncommon chemical nature. Thus, further
studies need to address this issue in greater detail. Moreover,
our in silico analysis also suggests that the pK,, differences of
Glu-255 between AS I and AS IT are not caused by a single res-
idue, but seem to be the consequence of an overall narrowing
of AS II compared with AS I. A notable consequence of the
AS II narrowing is that the catalytically relevant histidines
238 and 361 (Table S1) appear in closer proximity to the
a-ADABA-Glu-255 intermediate. Again, since prediction of

9094 J Biol. Chem. (2020) 295(27) 9087-9104

the pK, value of the a-ADABA-GIlu-255 in this context is dif-
ficult, a definite statement cannot be made at this point.
Taken together, our structural analysis suggests that the two
catalytic half-sites of EutD cooperate in a highly synchronous
manner via an intricate network of interactions.

EutE deacetylates a-ADABA in a zinc-dependent manner

To complete the catalytic picture of ectoine degradation,
we grew crystals of RpEutE in the presence of a-ADABA and
determined the structure to a resolution of 2.5 A by molecu-
lar replacement employing the structure of aspartoacylase
(AACQC) from Rhodobacter sphaeroides (PDB ID 3CDX; se-
quence identity 39.2%) (Table 1). RpEutE consists of two
subdomains that appear in an extended crescent-like shape
(Fig. 6A). It shares structural homology to the universally
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Figure 6. EutE deacetylates a-ADABA in a zinc-dependent manner. A, the crystal structure of RpEutE (left) shows that it is structurally related to AACs.
Both structures are shown as cartoon in rainbow colors from their N to C termini. The two subdomains (SD) are indicated as SD | and SD II. B, deacetylation reac-
tions of a-ADABA and N-acetyl-L-aspartate carried out by EutE and AACs, respectively. Note: a-ADABA and N-acetyl-L.-aspartate only differ in their terminal
amine and carboxyl groups, respectively. C, unbiased Fops — Fcac difference electron density of acetate at 3o shown as a green mesh (PDB 6TWM). D, the
2Fops — Fealc after final refinement with acetate is shown as a blue mesh at 1.5 o (PDB 6 TWM). E, unbiased Fyps — Fealc difference electron density of DABA at 3o
shown as a green mesh. 2 Fops — Feaic in the area is shown as a blue mesh at 1.5 o (PDB 6TWM). F, the 2F s — Feaic after final refinement with DABA is shown as a
blue mesh at 1.5 o (PDB 6TWM). G, coordination of the reaction product acetate. H, coordination of DABA in the active site of RpEutE. Both products remain
coordinated to the catalytically active zinc ion, which is itself coordinated by His-58, His-144, and Glu-61./, active site of a human AAC bound to an acetylaspar-
tate mimic, depicting the likely substrate/transition state coordination in AACs (46). J, catalytic mechanism of EutE.

conserved AACs (reviewed in Ref. 45), including the zinc- monomers within their asymmetric unit. Investigation of
binding site formed by His-58, His-144, and Glu-61 at the their active sites revealed unambiguous electron densities
concave side of RpEutE (Fig. 6A4). Alanine substitutions of for three acetate/zinc products (Fig. 6, C and D) and seven
His-58, His-144, and Glu-61 completely inactivated EutE DABA/zinc (Fig. 6, E and F), leaving two proteins within the
proving its metal-dependence (Table S1). The RpEutE crys- asymmetric unit with empty active sites. Although acetate
tals grown in the presence of a-ADABA contained 12 EutE  coordinates with zinc via its carboxyl moiety in a bi-dentate
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manner, DABA coordinates with the metal ion via one of its
carboxyl oxygens in a uni-dentate way (Fig. 6, G and H).

To detail the catalytic mechanism of EutE, we compared our
DABA-product state of EutE with that of the human AAC
bound to the substrate mimetic N-phosphonomethyl-L-aspar-
tate (46) (Fig. 61). AACs convert acetyl-aspartate (A-Asp) into
aspartate and acetate, whereas EutE converts a-ADABA into
DABA and acetate (Fig. 6B). The substrates of EutE and AAC
only differ in their terminal moieties not involved in the deace-
tylation reaction (Fig. 6B). Comparing EutE with AAC identi-
fied Arg-111 of EutE to be involved in coordinating the car-
boxyl group of a-ADABA in an equivalent manner as in the
AACs (Fig. 6, G-I; Table S1). Moreover, our comparison of
EutE and AAC shows that Arg-100 coordinates the transition
state of the EutE-catalyzed a-ADABA cleavage reaction similar
to what has been observed for AACs (Fig. 6, G—I; Table S1).

The substrates of EutE and AAC differ in their terminal
amino and carboxyl moieties, respectively (Fig. 6B). Thus, both
enzymes must also differ to compensate these substrate special-
ties. Indeed, the terminal amine of the DABA product, which is
also present in a-ADABA, hydrogen bonds with Asp-195 (Fig.
6H). An D195R variant is incapable of degrading a-ADABA,
supporting a role of Asp-195 in substrate recognition (Table
S1). Taken together, we show that EutE operates highly remi-
niscent to AACs (Fig. 6/). Substrate binding critically relies on
Arg-111 and Asp-195, both forming hydrogen bonds to the car-
boxyl group and the amine of a-ADABA, respectively (Fig. 6)).
The zinc ion further coordinates the carbonyl-oxygen of the
a-ADABA peptide bond. The deacetylation reaction begins
with water deprotonation promoted by the zinc ion and Glu-
209 (Fig. 6]). The so-formed hydroxyl anion attacks the car-
bonyl-carbon of a-ADABA in a nucleophilic manner leading to
the tetrahedral transition state, whose electron-negative char-
acter is compensated by the guanidinium moiety of Arg-100.
Subsequently, Glu-209 promotes protonation and allows
release of DABA and acetate (Fig. 6).

RpEutD/EutE degrades 5-hydroxyectoine but less efficient
than ectoine

Next, we wondered whether RpEutD/EuwtE would also be
able to degrade 5-hydroxyectoine (Fig. 1A4). As for ectoine (Fig.
2A), degradation of 5-hydroxyectoine was only observed by
HPLC analysis when the RpEutD and RpEutE enzymes were
present together in the in vitro assay (Fig. 7A; Fig. S2D). Using
the acetate assay 5-hydroxectoine degradation by the RpEutD/
EutE bi-module was also detected. However, no Michaelis-
Menten-like behavior for the degradation of 5-hydroxyectoine
could be observed (Fig. 7B). This finding suggests that one or
both enzymes are not ideally suited for the degradation of 5-
hydroxyectoine.

Inspection of the EutD structure suggests the extra hydroxyl
moiety of hydroxyectoine could well be accommodated within
the active site of the enzyme, which was also true for the puta-
tive Glu-255—-bound hydroxy—a-ADABA intermediate (Fig.
S5@G). However, analysis of the EutE structure suggests that
Glu-187 provides steric hindrance for the hydroxyl moiety of
the hydroxy—a-ADABA substrate (Fig. S5). To challenge this

9096 J Biol. Chem. (2020) 295(27) 9087-9104

idea, we prepared both hydroxy—ADABA isomers with purities
>95% by alkaline hydrolysis of 5-hydroxyectoine and subse-
quent separation by anion exchange chromatography (Fig. S3,
lower panel). Although RpEutE was unable to degrade hy-
droxy—y-ADABA, hydroxy—a-ADABA was converted into
acetate albeit with significantly lower reaction velocity and a
drastically increased ky, value (Fig. 7C). To investigate the deg-
radation of 5-hydroxyectoine in vivo, we produced RpEutD,
RpEutE, and RpEutD/EutE in E. coli strain MC4100 grown on
minimal medium supplemented with 1 mm 5-hydroxyectoine
and 0.3 M NaCl (see above). Only when both enzymes were
present was hydroxy—a-ADABA exclusively detected (Fig. 7D).
The identity of this predicted reaction product of the RpEutD
enzyme as hydroxy—a-ADABA was ascertained by NMR spec-
troscopy (Fig. S3). Collectively, we conclude from these in vitro
and in vivo experiments that the EutD/EutE enzyme bi-module
can degrade 5-hydroxyectoine via hydroxy—a-ADABA into ac-
etate and hydroxy—DABA, albeit with lesser efficiency than
ectoine.

As we were able to observe that RpEutD can catalyze the
reverse reaction of ectoine degradation, we set out to test this
for hydroxyectoine as well. To do so, we subjected a mixture of
hydroxy—a- and hydroxy—y-ADABA to RpEutD and moni-
tored via HPLC analysis which of these compounds disap-
peared from the assay solution and if 5-hydroxyectoine would
be formed. In this case, RpEutD used exclusively hydroxy—a-
ADABA as the substrate for the backward reactions and
formed the corresponding hydroxyectoine (Fig. S6).

Discussion
Ecophysiology of ectoine and 5-hydroxyectoine consumption

Like other compatible solutes, osmotically stimulated high-
level production of ectoines requires the expenditure of consid-
erable biosynthetic and energetic resources (32). It is therefore
not surprising that microorganisms have found ways to exploit
compatible solutes in general, and ectoine in particular, as
nutrients, when they are no longer needed as osmostress pro-
tectants (47). A prime example for the utilization of compatible
solutes as nutrients is the algal osmolyte dimethylsulfoniopro-
pionate (DMSP) (48, 49). It is produced on a scale of millions
of tons annually in marine habitats. Released into the water
column, DMSP can be scavenged by microorganisms and
exploited as carbon and sulfur source. Its metabolism drives
the global sulfur cycle and the produced volatile dimethylsul-
fide (DMS) is considered as a contributor to global warming.

Another ecophysiological important process related to com-
patible solutes is the catabolism of the osmostress protectant
choline in the gastrointestinal tracts of humans. This trimethy-
lammonium compound can be catabolized by gut microbiota
under anaerobic conditions to trimethylamine (TMA), a
metabolite that can be further converted to trimethylamine-N-
oxide (TMAO) in the human liver (50). Notably, several human
diseases are associated with gut microbial production of TMA,
and its derived metabolite TMAOQ (50).

Although certainly not as abundant in the biosphere as
DMSP, choline, and glycine betaine (3), free ectoines have been
detected in various ecosytems (23). Even if one considers only
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fully sequenced microbial genomes, ectoine biosynthetic genes
can be found in about 7.5% of all species and strains currently
represented in the IMG/M database. The widespread produc-
tion of ectoine as an osmostress protectant likely provided an
evolutionarily incentive to develop pathways for its catabolism.
This event occurred primarily in the large phylum of the Proteo-
bacteria (Fig. 1B; Fig. S1). Microorganisms populating marine,
terrestrial, and plant-associated ecosystems are dominantly rep-
resented among the ectoine consumers (Fig. 1C). Most of the
ectoine/5-hydroxyectoine using microorganisms can either
exclusively synthesize or catabolize these nitrogen-rich com-
pounds (Fig. 1B) but there is also an interesting group of bacte-
ria that can do both. However, these are limited in number and
their occurrence is restricted to particular subgroups of the a-
and y-Proteobacteria (Fig. 1B, Fig. S1).

The gene clusters for ectoine degradation often vary with
respect to gene order and content (23, 36, 37). However, the vast
majority encode the ectoine hydrolase EutD (EC 3.5.4.44) and
the deacetylase EutE (EC 3.5.1.125) (Fig. S1). Here, we provide a
comprehensive structural and biochemical analysis unraveling
the molecular mechanism of the EutD/EutE enzymes, a bi-mod-
ule positioned at the core of the ectoine/5-hydroxyectoine cata-
bolic pathways, as it is required for opening of the pyrimidine
ring of ectoines for their further degradation (Fig. 7E).

Catalytic mechanism for ectoine degradation

Our structural analysis shows that EutD enzymes share close
structural and sequence conservation to the M24-family amino-
peptidases, which rely on two highly coordinated metal ions for
their activity (43). Despite this high overall structural similarity,
EutD lacks most residues required for metal ion binding except
for Glu-255. Instead, the metal ion site seen in the M24 amino-
peptidase is changed in EutD to create a cavity well-suited to
accommodate ectoine. Our study thus shows how the conserved
enzyme fold of the M24-aminopeptidases was adapted in EutD
to enable a new function in ectoine degradation. Generally
spoken, the M24-aminopeptidase fold seems well-suited as a
template to evolve new function. For instance, the ribosome-
biogenesis factor Ebp1 (also Arx1) represents an ancient M24-
aminopeptidase in which the substrate-binding pocket is main-
tained, but the zinc-ion—binding site was destroyed to evolve a
ribosome-biogenesis factor (51) (Fig. S4C).

Only one of the metal-coordinating residues present in
EcPepP remained preserved in EutDs, which is Glu-255. This
residue plays several central roles in the catalytic reaction exe-
cuted by EutD. Although it is not directly involved in ectoine
binding, Glu-255 contributes to the coordination of a water
molecule, which should be catalytically relevant by providing
the attacking hydroxyl ion required for opening of the ectoine

ring. Moreover, Glu-255 was found to be the “anchor” of the
a-ADABA intermediate, which is covalently attached to this
residue via an orthoester-like bond. Although covalently
bonded reaction intermediates with cysteines or lysines are
rather frequently described (52), this is to our knowledge, the
first covalent intermediate involving a glutamate. Cleavage of
this chemically labile orthoester-like bond requires the pres-
ence of a proton, which is in all likelihood provided by His-361,
eventually being part of a proton exchange chain (Fig. 3D).

Both active sites of EutD homodimer operate in a concerted
manner as clearly evidenced by the simultaneous presence of
ectoine in one active site and the a-ADABA/Glu-255 adduct in
the other. As efficient ectoine degradation only occurs when
EutD and EutE are present, this suggests that EutE supports the
a-ADABA release from EutD through transient interactions.
But how could EutE then discriminate an a-ADABA-loaded
active site of EutD from one that is either empty or has the sub-
strate ectoine bound? Structural comparison of the EutD
monomers harboring either ectoine or a-ADABA revealed a
mobile loop (signal loop) adjacent to the center of the active
sites (Fig. S5F). The position of this loop differs by 2.6 A
depending on whether substrate or intermediate is present.
Therefore, we speculate that the signal loop provides a topolog-
ical signal, guiding EutE to an a-ADABA-loaded AS of EutD.
However, further experiments are required to challenge this
idea.

EutE itself degrades a-ADABA into DABA and acetate. The
enzyme shares high structural and sequence similarity to the
AAC family, which is conserved across all kingdoms of life (45).
Our study shows that EutE operates by a highly similar mecha-
nism as AAC enzymes. Prior to the reaction, the substrate is
coordinated by Arg-111, which is forming a hydrogen bond to
the carboxyl group, as well as by Asp-195, which forms hydro-
gen bonds to the amine of a-ADABA (Fig. 6, G-I). The car-
bonyl-oxygen of the a-ADABA peptide bond coordinates the
zinc ion, which contributes to further substrate binding. The
deacetylation reaction starts with the deprotonation of a water
molecule that is coordinated by the zinc ion and Glu-209. The
newly formed hydroxyl anion performs a nucleophilic attack
on the carbonyl-carbon of the a-ADABA, thereby forming the
negatively charged, tetrahedral transition state, which is stabi-
lized by the positive charge of the guanidinium moiety of the
adjacent Arg-100. Release of the products of the EutE-catalyzed
reaction, DABA and acetate, involves Glu-209, which promotes
protonation of the transition state (Fig. 6/).

Rethinking the degradation scheme of 5-hydroxyectoine

Our study shows that EutD/EutE constitute the enzymatic
core sufficient to degrade both ectoine and 5-hydroxyectoine

Figure 7. Microbial ectoine degradation. A, degradation of 5-hydroxyectoine by RpEutD (green), RpEutE (red), and both enzymes together (blue), as moni-
tored by HPLC. B, the velocity of acetate production as a function of 5-hydroxyectoine concentration was measured by the acetate assay. The enzymes do not
exhibit a Michaelis-Menten-like behavior, suggesting that one or both enzymes are not ideally suited for degradation of 5-hydroxyectoine. C, Michaelis-
Menten plot of RpEutE degrading a-ADABA into DABA and acetate. Estimated kj and V,,,, values are 3 mm and 2 mmol/min/g, respectively. D, analysis of
hydroxy-a-ADABA and hydroxy-y-ADABA in E. coli cells producing EutD, EutE, or both proteins grown on hydroxyectoine containing minimal medium with
glucose as the sole carbon source. HPLC analysis detects hydroxy-a-ADABA when both enzymes are present (blue). No hydroxy—-ADABA is detected in cells
expressing either RpEutD or RpEutE (green and red, respectively). A chemically hydrolyzed hydroxyectoine standard (black) shows three peaks for (i)
hydroxy—y-ADABA, (ii) hydroxy-a-ADABA, and (iii) a mixture of both isomers. E, ectoine degradation (red box) can be thought as opposite of its biosynthesis

pathway (blue box). Both pathways separate at the respective ADABAs isomers.
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(Fig. 7E). Whether further enzymes increase efficiency of 5-
hydroxyectoine degradation remains to be shown (Fig. 7E).
Our study also suggests that a previous proposal by Schulz et al.
(36) in which 5-hydroxyectoine degradation would begin with
the EutABC-mediated removal of its 5-hydroxyl moiety seems
not to be valid (23). This proposal was primarily based on bioin-
formatics and on the observation that deletion of the eutABC
genes abolishes growth of R. pomeroyi on 5-hydroxyectoine,
whereas leaving growth on ectoine unaffected (36). In light of
our data, the EutABC enzymes might contribute to degradation
of 5-hydroxyectoine at the level of hydroxy—a-ADABA (Fig.
7E). Because EutB shares significant homology to the PLP-de-
pendent group of threonine dehydratases, it is plausible that it
removes the hydroxyl moiety of hydroxy—a-ADABA (Fig. 7E).
Subsequently, EutC could reduce the resulting product into
a-ADABA in a NADPH-dependent manner. The so-generated
a-ADABA would then serve as a bona fide substrate of EutE.

Interestingly, a pair of functionally related enzymes operates
in the widely distributed B-hydroxyasparte pathway (53). BhcB,
the B-hydroxyasparte dehydratase, catalyzes a water elimination
of its substrate to form iminosuccinate, an intermediate that is
further reduced in an NADH-dependent reaction by the BhcD
imminosuccinate reductase to produce L-aspartate (53). The
role of EutA remains uncertain in such a scenario, because
closer inspection of many genomes shows that extA only spor-
adically appears in the context of the eutD/eutE gene cluster
(Fig. S1). We cannot exclude that the EutABC enzymes could
play a role in converting hydroxy—a-DABA to DABA for further
catabolism to r-aspartate (Fig. 7E). Hence, future biochemical
and structural studies are clearly required to challenge these
ideas.

Regulation of bacterial ectoine metabolism

Ectoine degradation can be thought as the opposite of the
ectoine biosynthetic route (Fig. 7E). We show that EutD/EutE-
mediated ectoine degradation in R. pomeroyi proceeds via
a-ADABA, but not y-ADABA. This could nicely explain how
producer/degrader cells can prevent futile ectoine production
and consumption. Although the ectoine synthetase EctC pri-
marily relies on y-ADABA as the substrate (29), EutD selec-
tively produces a-ADABA.

The ectoine biosynthetic genes are osmotically induced (19,
23), whereas those for ectoine/5-hydroxyectoine degradation
are substrate inducible when ectoines are added to the growth
medium (35, 36, 39). However, ectoine is not the true inducer;
instead a-ADABA, and to a much lesser extend also the inter-
mediate DABA, serve as internal inducers for the EnuR
repressor (39, 40). This PLP-dependent MocR/GabR-type regu-
lator (54) controls transcription of the ectoine/5-hydroxyec-
toine import and catabolic gene cluster of R. pomeroyi, and
most likely, also in many other bacteria capable to degrade
ectoines (23). Notably, y-ADABA, the substrate of the ectoine
synthase EctC does not serve as inducer for EnuR (39). In this
way, ectoine biosynthesis and degradation are elegantly sepa-
rated through the chemical uniqueness of the y-ADABA and
a-ADABA isomers. Since we found that EutD is able to convert
5-hydroxyectoine into hydroxy—a-ADABA, the possibility is
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raised that this compound also serves as an internal inducer for
EnuR as well.

The genetic regulatory circuits controlling the expression of
the genes for ectoine biosynthesis as an osmostress protectant
and use of ectoine as a nutrient are clearly targeted for the physi-
ological task at hand. However, for those microorganisms that
can both synthesize and degrade ectoine, the situation can
become complex due to intermediates shared in both pathways.
For instance, Schwibbert et al. (37) reported that the EutD
(DoeA) ectoine hydrolase from H. elongata, a microorganism
capable of both ectoine production and catabolism, synthesizes
both a-ADABA and y-ADABA. Although a-ADABA is fun-
neled to EutE (DoeB) for further catabolism, y-ADABA is
thought to serve as an intermediate in a new round of ectoine
production (37). Conditions in natural settings that would
require the simultaneous production and degradation of
ectoine are not immediately obvious to us. Nevertheless, it
should be noted that inactivation of the catabolic genes led to
higher intracellular ectoine titers in the H. elongata industrial
production host (37).

Concluding remarks

Use of compatible solutes as nutrients is an important as-
pect for the functioning of microbial ecosystems (47).
Ectoine and 5-hydroxyectoine are among the most widely
synthesized osmostress protectants in the microbial world.
Severely osmotically stressed microorganisms synthesize
and accumulate ectoines to cellular concentrations as high
as hundreds of micromolar. The recent exiting discovery of
ectoine production and uptake by halophilic protists and
marine microalgae (55—57) raises the possibility for ectoines
to function in microbial interactions with these eukaryotic
cells. Similarly to the catabolism of the compatible solutes
DMSP, choline, and glycine betaine, their environmental
release can shape architecture and composition of microbial
communities (57, 58).

Taken together, our study unravels the structure-based
mechanism of the enzyme core essential for the catabolism of
the stress protectants ectoine and 5-hydroxyectoine. The pre-
sented data clarify the key mechanism for ectoine consump-
tion, an eco-physiologically relevant process preventing micro-
bial ecosystems from losing valuable resources.

Materials and methods
Chemicals

Ectoine was kindly provided by bitop AG (Witten, Germany)
and hydroxyectoine was purchased from Merck (Darmstadt,
Germany). Ampicillin was purchased from Carl Roth GmbH
(Karlsruhe, Germany). The <y-isomer of y-ADABA was pur-
chased from Chem-Impex International Inc. (Wood Dale, IL,
USA). Ectoine and hydroxyectoine were hydrolyzed via alkaline
hydrolysis as described for ectoine (59) and hydroxyectoine
(60). The a-isomer of ADABA was separated from the hydroly-
sis product of ectoine by repeated chromatography on a silica
gel column (Merck Silica Gel 60).
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Database searches for ectoine producing and consuming
microorganisms

For the phylogenomic analysis of ectoine biosynthetic and
catabolic genes, we used the IMG/M database of the Joint Ge-
nome Institute and considered for our analysis only fully
sequenced microbial genomes (41). At the time of the search
(November 2019) 8,850 prokaryotic genomes were available;
8,557 were from members of the Bacteria, and 293 repre-
sented archaeal genomes. We used the amino acid sequence
of the EctC ectoine synthase (29) from the Gram-positive
bacterium Paenibacillus lautus as the search query for
ectoine producers (61). EctC is the signature enzyme for the
ectoine biosynthetic route, but a group of microorganisms
exists that possesses a solitary EctC-type protein whose enzy-
matic function is unclear (23, 62). We therefore considered
only EctC-type proteins as bona fide ectoine synthases when
the inspected genome sequence also possessed genes for the
two other enzymes (EctA—EctB) required for ectoine biosyn-
thesis (23).

To identify ectoine consuming microorganisms, we used the
amino acid sequence of the EutD ectoine hydrolase for the ma-
rine bacterium R. pomeroyi as the search query, as this enzyme
is key for ectoine consumption. As the amino acid sequence of
the EutD protein is related to other types of hydrolases (in par-
ticular to peptidases), we considered only EutD-type proteins
as bona fide ectoine hydrolases when the eutD gene was part of
a gene cluster containing other known ectoine-catabolizing
genes. We then used the resulting 429 EutD-type proteins to
construct a phylogenetic protein tree using software resources
provided by the IMG/M website. Subsequently, the iTOL soft-
ware suit (63) was used to visualize the EutD tree. Onto this
tree, we projected information on the presence of ectoine bio-
synthetic genes in the microorganism under consideration
derived from the above described EctC search. Furthermore,
data on the habitat of ectoine-producing and consuming
microorganisms were collected from information deposited in
the IMG/M database or derived from literature searches. In the
case of ectoine-consuming microorganisms, this information
was incorporated into the iTOL-derived EutD protein tree.
Similarly, information on the taxonomic affiliation of microor-
ganisms was projected onto the tree; this information was
derived from the IMG/M database. Amino acid sequence iden-
tities of EutD-type proteins relative to EutD protein from R.
pomeroyi (used as the original search query) and that of the
EutD (DoeA) protein from H. elongata were calculated using
Clustal O (64). The amino acid sequence identity of ectoine hy-
drolases ranged between 41.88% (for Rhodobacter sphaeroides
ATCC 17025) and 95.95% (for Leisingera sp. NJS204) when the
R. pomeroyi EutD protein was used for the search and ranged
between 39.56% (for Mycobacterium tuberculosis H37Ra) and
97.24% (for Halomonas beimenensis NTU-111) when the H.
elongata EutD protein was used for the search.

Protein production, purification, and characterization

The genes encoding for the HeEutD, RpEutD, and RpEutE
proteins were amplified by PCR and cloned into pET24d
(Novagen) via the Ncol and Xhol restriction sites. All proteins
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contained an N-terminal His, tag. Proteins were produced in E.
coli BL21(DE3) (Novagen). Cells were lysed by a Microfluidizer
(M110-L, Microfluidics). Cell debris after lysis was removed by
high-speed centrifugation. All proteins were purified by nickel-
ion affinity and size exclusion chromatography, as described
previously (65). The SEC buffer consisted of 20 mm HEPES-Na
(pH 7.5), 200 mm NaCl, 20 mm KCl, and 20 mm MgCl,.

For the analytical size exclusion chromatography (SEC) with
multiangle light scattering (SEC-MALS), a sample (100 ul) of
the purified EutD and EutE protein concentrations of 100 um
were injected at 4°C on to a pre-equilibrated S200 300/10 GL
analytical size exclusion column (GE Healthcare, Miinchen,
Germany). The buffer at pH 7.5 contained 20 mm HEPES, 200
mwm NaCl, 20 mm MgCl,, and 20 mm KCl. For the MALS-RI
experiments, a multiangle light scattering and a differential re-
fractive index detector (Postnova Analytics, Landsberg am
Lech, Germany) was attached to the column.

Crystallization and structure determination

Crystallization was performed by the sitting-drop method
at 20 °C in 600-nl drops consisting of equal parts of protein
and precipitation solutions. Protein solutions of 300 um
(HeEutD) and 1 mwm (RpEutE) were prepared in buffer
described for SEC purification. For the crystals containing
substrates, 1 mM (final concentration) ectoine or a-ADABA,
respectively, were added and incubated at room tempera-
ture for 10 min. Crystallization conditions were: HeEutD
with ectoine (0.2 M trisodium citrate, 20% (w/v) PEG 3350);
RpEutE with a-ADABA (0.1 M Bicine (pH 9.0), 20% (v/v)
PEG 6000). Prior to data collection, crystals were flash-fro-
zen in liquid nitrogen using a cryo-solution that consisted of
mother liquor supplemented with 20% (v/v) glycerol. Data
were collected under cryogenic conditions at the European
Synchrotron Radiation Facility (Grenoble, France) beam-
lines ID23-1 (66), ID23-2 and MASSIF-1 (67), and at beam-
line MX14.2 at BESSY II (Berlin, Germany) (68).

Data were processed with XDS and scaled with XSCALE
(69). All structures were determined by molecular replacement
with PHASER (70), manually built in COOT (71), and refined
with PHENIX (72). The search model for the HeEutD-Apo
structure was the E. coli aminopeptidase P (PDB ID 2BWS,
sequence identity is 25.6%). The search model for all other
EutD structures was the HeEutD-Apo structure (this study).

The search model for the RpEutE structure was the aspartoa-
cylase from R. sphaeroides (PDB ID 3CDX, sequence identity is
39.2%). The search model for all other EutE structures was the
RpEutE-Apo structure (this study).

For all ligand-bound structures of HeEutD and RpEutE,
first the protein model was manually built to completeness
and refined without placing waters or any other ligands. After
completion of the protein model, the respective ligand was
placed into the unbiased density (when present) and refined.
In the last step, the water molecules were modeled. Final vali-
dation of the structures was carried out with the validation
server of the PDB (73). Figures were prepared with PyMOL
(RRID:SCR_000305).
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Isolation of pure a-ADABA

A mixture of approximately 25% «a-ADABA and 75%
v-ADABA made from chemically hydrolyzed ectoine was sepa-
rated into the pure ADABA species by preparative anion
exchange chromatography. A Metrohm Carb2 column (250 X
4 mm inner diameter) operated with a 90 mm (NH,),COj; elu-
entadjusted to pH 9.25 at 1 ml/min was used for the separation.
Sample loading was 100 ul of a 50 mm solution of the ADABA
mixture. The obtained separation factor for a-ADABA and
v-ADABA was 1.9 under these preparative conditions. The
fractions of each ADABA species were collected, unified, and
the eluent was removed using a vacuum drying oven at 40°C
overnight. The purity of the resulting a-ADABA sample was
determined to 90% by HPLC.

HPLC-based assay

Ectoine and hydroxyectoine were detected by high pressure
liquid chromatography (HPLC) using the 1260 Infinity system
(Agilent Technologies, Walsbronn, Germany) with a GromSil
Amino-1 PR, 3 um column (125 X 4 mm) (Dr. Maisch GmbH,
Ammerbruch, Germany) and a diode array detecting module
(Agilent Technologies, Walsbronn, Germany) using a wavelength
of 210 nm. The mobile phase consisted of 80% (v/v) acetonitrile
(MeCN, HPLC grade) and 20% (v/v) H,O. The separation was
performed, after injecting 10 ul of the sample, by an isocratic
measurement over 15 min with a flow rate of 1 ml/min at 20 °C.

The ectoine degradation assay for HPLC-based analysis were
performed in 200-ul assays containing 20 mm HEPES-Na (pH
7.5), 200 mm NaCl, 20 mm MgCl,, 20 mm KCl, 1 mm ectoine or
hydroxyectoine, and 40 ug of purified EutD and/or EutE at a
temperature of 30 °C. After 0, 5, 10, 15, and 20 min, a sample of
30 ul was taken and added to 30 ul of MeCN to stop the reac-
tion. Before injecting 10 ul each into the HPLC system, the
samples were centrifuged (13,300 rpm for 10 min at 4°C) to
remove the denatured enzymes.

Acetate assay

For the assays the commercially available kit from Sigma-
Aldrich, named “Acetate Colorimetric Assay Kit” (catalog
number MAKO086) was used and applied according to the
manufacturer’s manual. In short, 1 nmol (final concentration =
10 um) of the respective enzyme were mixed with acetate buffer
from the kit to a total volume of 10 ul in the reaction well of a
flat-bottom 96-well plate. The substrates, a-ADABA and
ectoine, respectively, were prepared in a total of 15 ul of acetate
buffer for final concentrations of 3, 1.8, 1.08, 0.65, 0.38, 0.23,
0.13, and 0.08 mm. The enzyme and substrate mixture of the kit
were mixed accordingly to the instructions and added to the
substrates. This mixture was then transferred to the prepared
enzymes, in turn starting the reaction. The 450 nm absorption
of each well was monitored for 15 min in 11-s intervals.

EutD-mediated synthesis of ectoines in its backward enzyme
reaction

Assays were performed in 200-ul volumes containing 20 mm
HEPES-Na (pH 7.5), 200 mm NaCl, 20 mm MgCl,, 20 mm KCl,
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and either 1 mM hydrolyzate of ectoine or hydroxyectoine. 40
g of purified EutD were added to start the assay, which was
performed at a temperature of 30 °C. After 1 h a sample of 30 ul
was taken and added to 30 ul of MeCN to stop the reaction.
The samples were centrifuged (13,300 rpm for 10 min at 4°C)
to remove the denatured enzymes before assessing the content
of ectoines and ADABA-isomers in the samples, employing the
HPLC-based detection methods described above.

Cultivation of recombinant E. coli strains for the hydrolysis of
ectoine and hydroxyectoine

To determine the hydrolytic activity of EutD, EutE, and
EutD/EutE on ectoine and hydroxyectoine, E. coli strain
MC4100 (74) harboring plasmids pLH48, pLH49, pLH50, or
the empty expression vector pTrc99a were grown in MMA (75)
with 0.5% (w/v) glucose as a carbon source and ampicillin (100
ug ml™") as an antibiotic. Growth took place in 100-ml Erlen-
meyer flasks in a water bath set to 220 rpm at 37 °C. MMA pre-
cultures were used to inoculate MMA supplemented with 0.3 M
NaCl and 1 mm ectoine or hydroxyectoine to an ODsg of 0.1,
and after growth to an ODs;5 of 0.5, 1 mM isopropyl 1-thio-
B-p-galactopyranoside was added to the media to induce
expression. 2-ml probes were sampled by centrifugation (5
min, 13,000 rpm, room temperature) directly before induction,
2 h, and 4 h after induction and the cell pellets and supernatants
were separated and stored at —20 °C until further analysis.

In vivo detection of ectoine and hydroxyectoine degradation

To extract ectoine degradation products from E. coli, 1 ml of
20% (v/v) ethanol was added to the cell pellets and the probes
were rigorously shaken for 1 h and subsequently centrifuged
(30 min, 13,000 rpm, 4 °C). The supernatant was dried at 50 °C
for 20 h. 100 pl of distilled water was added to the samples,
which were then centrifuged for 30 min. 2 ul of the supernatant
was derivatized using 3 ul of 9-fluorenylmethoxy carbonyl
(FMOC) (25 mg/ml in acetonitrile), excessive FMOC was
removed by addition of 6 ul of ADAM (7.6 mg/ml in 50% (w/v)
borate buffer, 0.5 mol liter * (pH 7.7), and 50% (v/v) acetone).
489 ul of distilled water was added to the solution and the sam-
ples were centrifuged (15 min, 13,000 rpm at room tempera-
ture), before they were analyzed by isocratic HPLC. These
measurements were performed with an Agilent 1260 Infinity
LC system (Agilent, Waldbronn, Germany) and a Gemini 5-
um Cg 110- A column (Phenomenex, Torrance, CA, USA).
The flow rate of the system was set to 1 ml min~' and the
Gemini column was operated at 40 °C. The following gradient
of solvent A (80% (w/v) acetate buffer, 50 mmol liter ', pH 4.2,
20% (v/v) acetonitrile, 0.5% (w/v) THF) and solvent B (20% ace-
tate buffer, 50 mmol liter ', pH 4.2, 80% (v/v) acetonitrile) was
applied: 0 min, 0% solvent B; 2 min, 0% solvent B; 8 min, 20%
solvent B; 16 min, 27% solvent B; 18 min, 54% solvent B; 20
min, 100% solvent B; 25 min, 100% solvent B; 26 min, 0% sol-
vent B; 29 min, 0% solvent B. Samples were analyzed with the
OpenLAB software suite (Agilent) and visualized with Graph-
Pad Prism (GraphPad Software, Inc.).
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Data availability

The atomic coordinates have been deposited in the Protein
Data Bank under accession codes 6TW] (Apo-HeEutD), 6TWK
(HeEutD bound to ectoine and a-ADABA-Glu-255), 6YO9
(HeEutD bound to a-ADABA and a-ADABA-Glu-255), 6TWL
(Apo-RpEutE) and 6TWM (product-bound state of RpEutE).
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Supplementary Fig. S1. Phylogenic tree of organisms possessing the
ectoine/hydroxyectoine hydrolase EutD. EutD can be found in a large variety of
microorganisms populating different ecosystems. Almost all microorganisms
containing EutD also posse EutE. The description EctC/EctD represents those
microorganisms capable to synthesize ectoine (EctC) or ectoine and hydroxyectoine
(EctC/EctD). The genes encoding the EutD/EutE bi-module co-occure very frequently,
while the gene encoding the EutA protein occurs more rarely in the analyzed
dataset.
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Supplementary Fig. S2. Purification and initial characterization of RpEutD and
RpEuUtE. Analytical size exclusion chromatography of (A) RpEutD and (B) RpEutE. The
red line displays the molecular weight determined by MALS-RI, averaging to = 90 kDa
for EutD, the expected molecular weight of a dimer and 200 kDa for EutE. (C) Acetate
production was measured 3 min after addition of the depicted concentrations of
ectoine. The RpEutD/RpEutE enzymes are only active when both are present in the
enzyme assays. (D) Acetate production by RpEutD and RpEutE together 10 min after
addition of depicted concentrations of hydroxyectoine.
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Supplementary Fig. S3. NMR analysis of different ADABA isomers. All isomers were
prepared by alkaline hydrolysis of ectoine or hydroxyectoine and were subsequently
purified by anion chromatography (see main text). Upper panel: NMR spectra of a-
and y-ADABA obtained from alkaline hydrolysis of ectoine. Lower panel: NMR
spectra of a- and y-hydroxy-ADABA obtained from alkaline hydrolysis of
hydroxyectoine.
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Supplementary Fig. S4. EutD shares a conserved pita-bread fold with M24-
aminopeptidases. Side-by-side view of the superimposed cartoon representations of
a HeEutD monomer (A; this study) and the E. coli proline peptidase PepP (B, PDB-ID:
2BWS). Proteins are colored in rainbow from their N- to their C-termini. (C) Side-by-
side view on the superimposed active sites of HeEutD (left; this study), E. coli PepP
(left; PDB-ID: 2BWS) and H. sapiens Ebp1 (right; PDB-ID: 2Q8K).
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Supplementary Fig. S5. Substrate coordination in EutD and EutE. (A) The 2Fyps-Fcalc
after final refinement with ectoine is shown as a blue mesh at 1.5 o. (PDB: 6TWK).
(B) The 2Fps-Fcaic after final refinement with the covalently linked a-ADABA in place
is shown as a blue mesh at 1.5 o. (PDB: 6TWK). (C) The 2Fops-Fearc after final
refinement with a-ADABA is shown as a blue mesh at 1.5 o. (PDB:6YQ9). (D) The
2Fops-Fcaic after final refinement with the covalently linked a-ADABA in place is shown
as a blue mesh at 1.5 o. (PDB:6Y09). (E) Close to the covalent bond between a-
ADABA and glutamate 255 two residues, histidine 361 and serine 268, can be
observed. These are presumably involved in the protonation of the orthoester-like
bond during the release of a-ADABA. (F) Comparison of apo and substrate bound
HeEutD revealing a singal loop undergoing conformational changes during the
reaction. (G) Modeling of hydroxyectoine into the active site of EutD reveals no
sterical clashes with any residues, hinting EutD takes ectoine as well as
hydroxyectoine as substrate for the ring opening reaction. (H) Model of hydroxy-a-
ADABA in the active site of RpEutE. The black circle depicts the clash of the hydroxyl
moiety with glutamate 187.
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Supplementary Fig. S6. Recyclization of hydroxy-a-ADABA into 5-hydroxyectoine.
HPLC analysis of derivatized 5-hydroxyectoine hydrolysate (left) without addition of
RpEutD (black) shows four peaks representing (from left to right) hydroxy-y-ADABA
hydroxy-a-ADABA, a mixture of both isomers, and an unspecified component of the
HEPES-buffer. When hydroxyectoine hydrolysate is incubated with RpEutD for 1 h
(red) the disappearance of hydroxy-a-ADABA can be observed. When both samples
are applied to HPLC analysis detecting ectoines (right), the formation of 5-
hydroxyectoine can be observed when the hydrolysate (black) is incubated with
RpEutD for 1 h (red).



Supplementary Table S1. Activity of EutD and EutE variants.

Halomonas elongata Activity km[mM]  Vimax [Mmol/min*g]
EutD+ EutE WT 100% 1.2 1.3
EutE WT 100% 0.1 1.6
EutD E255D + EutE 0% - -
EutD H238A + EutE 5% - -
EutD Y52A + EutE 2% - -
EutD R326D + EutE 0% - -
EutD Y329A + EutE 130% - -
EutD E374D + EutE 20% - -
EutD S268A+ EutE 70% - -
EutD H361S+ EutE 5% - -
Ruegeria pomeroyi Activity  km[MmM]  Viax [mol/min*g]
EutD + EutE WT 100% 0.6 1.2
EutE WT 100% 0.1 2.2
EutE E61A 0% - -
EutE E209A 20% - -
EutE W33A 78% - -
EutE R100A 8% - -
EutE R111D 7% - -

EutE D195R 7%
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