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Table S1 Strains used and constructed in this study.

Strain* Genotype Reference or source

BL21 E. coliB, F ompT gal dcm lon hsdSg(rs mg~) A(DE3 [lac/ (Studier et al., 1990)
lacUV5-T7p07 ind1 sam7 nin5]) [malBc.12(\°)

FRAG1 E. coliK-12, F rha thi gal lacZ (Epstein and Kim, 1971)

MJF641 FRAG1 mscS kefA::kan ybdG::apr ybiO yjeP ynal (Edwards et al., 2012)
yciM::Tn10 mscL::cml

MG1655 E. coliK-12, F" N ilvG rfb-50 rph-1 (Blattner et al., 1997)

LC11 MG1655 (AproU::spc)608 [proP'] This study

LC12 MG1655 (AproP::kan)737 [proU’] This study

LC14 MG1655 (AproU::spc)608 (AproP::kan)737 This study

LC15 MG1655 otsA1::Tn10 This study

*Strains LC11, LC12, and LC15 were constructed by transducing the E. coli strain MG1655 with a P1vir

lysates prepared either on strain MKH17 (AproU::spc)608 (Haardt et al., 1995), on strain JW4072-1

(AproP737::kan) (Baba et al., 2006), or on strain FF4169 (otsA1::Tn10) (Strom and Kaasen, 1993),

respectively. Strain LC14 was constructed by transducing strain LC11 with the P1 lysate from strain

JW4072-1 (AproP737::kan). Transductants were selected on LB agar plates containing the

appropriate antibiotic.



Table S2 Plasmids used in this study.

Plasmid Description Reference

pASK-1BA3 Expression plasmid, C-terminal Strep-tag, tet,, Amp®  IBA GmbH, Gottingen

pMP40 pASK-IBA3 derivative with ectD from S. alaskensis, (wWidderich et al., 2014)
AmpR

pMP41 pASG-IBA3 derivative with ectD from P. stutzeri, (widderich et al., 2014)

R

Amp
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Supplementary Figure 1. Instability of 5-hydroxyhomoectoine standard solutions. Dilutions of
purified 5-hydroxyhomoectoine were measured via HPLC to allow the determination of 5-
hydroxyhomoectoine concentrations in the supernatants of E. coli cell factory expressing the
Pseudomonas stutzeri ectD gene. The freshly prepared standard dilutions of 5-hydroxyhomoectoine
were immediately stored at -20°C. tyindicated the fresh standard solution, while t;, t,, t3, t; show the
standard curves of 5-hydroxyhomoectoine after 2, 12, 13 and 15, weeks of storage at this

temperature, respectively.
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Supplementary Figure 2. Modeling and docking of different substrates into the crystal structure of
the ectoine hydroxylase EctD from S. alaskensis (PDB: 4Q50). (A) Zoom into the active site of one
(Sa)EctD monomer with an overlay of different substrates. The natural reaction product of the
ectoine hydroxylase, 5-hydroxyectoine, is shown in green, the modeled synthetic substrate
homoectoine in blue, and the modeled reaction product of the EctD-catalyzed hydroxylation of
homoectoine, 5-hydroxyhomoectoine, in pink. The co-substrate of the EctD enzyme, 2-oxoglutarate,
is shown in light blue, and the catalytically important iron atom is depicted as an orange ball. (B)
Zoom into the active site of one (Sa)EctD monomer bound to 3-hydroxyproline (grey). This non-
natural substrate of the ectoine hydroxylase was modeled into the active side of the EctD enzyme.
Amino acids involved in substrate binding are shown as yellow sticks and possible interactions are

indicated by black dotted lines.
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Supplementary Figure 3. HPLC chromatograms of (A) the homoectoine standard (blue), (B) a
(Ps)EctD-catalyzed enzyme reaction with a mixture of the substrate homoectoine (blue) and the
reaction product 5-hydroxyhomoectoine (red), and (C) the 5-hydroxyhomoectoine standard. Ectoines

were detected at a wavelength of 210 nm (Kuhlmann and Bremer, 2002).
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Supplementary Figure 4. Mass spectra of (A) homoectoine and (B) 5-hydroxyhomoectoine detected
in the supernatant of an E. coli LC15 (otsA::Tn10) cell factory harboring either the empty vector (A)
pASK-IBA3 or (B) expressing the (Ps)EctD enzyme from the plasmid pMP41 (ectD gene from P.
stutzeri A1501). The calculated theoretical molecular mass of homoectoine is 157.0972 g/mol and

173.0921 g/mol for 5-hydroxyhomoectoine.



Supplemental information — NMR data

(S)-2-methyl-4,5,6,7-tetrahydro-1H-1,3-diazepine-4-carboxylic acid (homoectoine)
'H-NMR (D,0, 500.13 MHz) d = 1.98-2.03 (2H, m, 6-H), 2.21 (1H, ddd, J=6.02, 6.21, 8.85 Hz, 5-H,), 2.25
(3H, s, 8-H), 2.27 (1H, ddd, J=3.39, 7.53, 14.68 Hz, 5-H,), 3.43 (1H, ddd, J=5.37, 5.18, 14.81 Hz, 7-H,), 3.63
(1H, ddd, J=6.37, 7.56, 14.09 Hz, 7-H,,), 4.39 (1H, dd, J=3.90, 8.76 Hz, 4-H).

B3 (75.49 MHz) d = 20.6 (C8), 24.5 (C6), 29.7 (C5), 43.4 (C7), 58.8 (C4), 164.9 (C2), 176.8 (COO).
(45,5S)-5-hydroxy-2-methyl-4,5,6,7-tetrahydro-1H-1,3-diazepine-4-carboxylic acid (5-hydroxy-homoectoine)

'"H-NMR (H,0, 600.23 MHz) d = 2.08 (1H, dddd, J=2.85, 4.61, 8.24, 15.80 Hz, 6-H,), 2.29 (3H, s, 8-H), 2.32

(1H, dddd, J=2.78, 5.83, 9.75, 15.73 Hz, 6-H,), 3.46 (1H, ddd, J=2.70, 8.46, 15.19 Hz, 7-H,), 3.59 (1H, ddd,

J=2.60, 9.77, 14.99 Hz, 7-Hy), 4.26 (1H, d, J=5.46 Hz, 4-H), 4.51 (1H, dt, J=5.46, 8.24 Hz, 5-H).

3¢ (75.49 MHz) d =174.4 (COO), 166.0 (C2), 68.7 (C5), 64.1 (C4), 39.0 (C7), 31.9 (C6), 20.3 (C8).



1H, 500 MHz; Standard homoectoine
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Supplementary Figure 5. 'H NMR spectrum of homoectoine.
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Supplementary Figure 6. BCNMR spectrum of homoectoine.
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Supplementary Figure 7. COSY spectrum of homoectoine.
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HSQC; homoectoine
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Supplementary Figure 8. HSQC spectrum of homoectoine.
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HMBC, homoectoine

Supplementary Figure 9. HMBC spectrum of homoectoine.
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2d-NOESY, 1s mixing time; homoectoine

ppm

&

ik
o @
(=3

1

05

r2.0

25

3.0

35

4.0

r4.5

5.0

55

6.0 55 5.0 45 4.0 35 3.0 25

Supplementary Figure 10. NOESY spectrum of homoectoine.
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13C, 75.49 MHz, D20; 5-hydroxy-homoectoine
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Supplementary Figure 12. *C NMR spectrum of 5-hydroxyhomoectoine.



2D-DQF-COSY, 600 MHz, H20, with water suppression using excitation sculpting with gradients; 5-hxdfoxy-homoectoine
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Supplementary Figure 13. COSY spectrum of 5-hydroxyhomoectoine.



HSQC with adiabatic pulses on 2 - channel, H20; 5-hxdroxy-homoectoine
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HMBC, H20; 5-hxdroxy-homoectoine
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Supplementary Figure 15. HMBC spectrum of 5-hydroxyhomoectoine.



2D-NOESY, 600 MHz, H20, with water suppression using excitation sculpting with gradients; 5-hydroxy-homoectoine
mixing time: 1's
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Supplementary Figure 16. NOESY spectrum of 5-hydroxyhomoectoine.
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Supplementary Figure 17. Influence of mechanosensitive channels on the release of 5-
hydroxyectoine and 5-hydroxyhomoectoine. The E. coli strains FRAG1 (wild-type), MJF641 (FRAG1
mscL mscK mscS mscM) and LC15 (otsA1::Tn10), that contained either the empty vector pASK-IBA3
(control), or the ectD-expression plasmid pMP41 (ectD gene from P. stutzeri A1501), were grown in
the presence of (A) 5 mM homoectoine or (B) 5 mM ectoine. The cultures were grown in baffled
flasks containing 10 ml of MMA with 0.4 M NaCl. They were incubated for 24 hours after induction of
enhanced ectD transcription from the TetR-controlled tet promoter with the synthetic inducer AHT.
Ectoines were quantified in the supernatants using HPCL analysis. The shown data represent the

means and standard deviations of at least four independently grown cultures.
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Consensus

S. alaskensis RB2256

A cryptum JF-5.
Paenibacillus sp. Y412MC10

DLYPSR S R DPVV --XPLSXXQ FER GFL E F DEV ELXXL. I
--=-MQDLYPSRQRADAE - -MRPRLDPVVHSEWTND - ~APISARQAAAFDRDGYIVLEDIFSADEVAFLQKAAGNLLADPAALDADTIV 81
---MDDLYPSRREPTPS--LLPRHDPVVHGRWAPG- -APLSDEQTRFYDTNGYLVLENVFDPAEIALLQSGSMDLLANPAGLDRETII
-MSKNHASALQEKEMDVYPSRVHAEPR - - ILKRQDPVVHSEWTPD- -APLTQEQSDFYERNGYLFLEGFFDREELSRYQEEARRLQITARESEKDEVI 93

]

H. elongata DSM 2581 MSVQTSSNRPLPQANLHIATETPEADSRIRSAPRPGQDPYPTRLSEPLDLPWLNRREPVVKGEEAD - - - GPLSAAQL DTFERQGFIFEPDF LKGEEL EALRHELNALLARDDFRGRDFAT 117

S. coelicolor A3(2) MATPRQDPVVWGSPDAP - -GPVSAGDLQALDRDGFLAIDQLITPDEVGEYQRELERLTTDPAIRADERSI 68

P. stutzeri A1501 MQADLYPSRQEDQPS - -WQERLDPVVYRSDLEN - -APTAAELVERFERDGYLVIPNLFSADEVALFRAELERMRQDPAVAGSGKTI &2

H. halophilus DSM 2266 - - -MEDLYPSRYSSEPE - - IVKRKDPVIHADRSKDHESPLSTEQLDFYEQNGFLQIENFFSEQEVSEMQKAIFELQNSNQDSESDMII &3

N. maritimus SCM1 -MYQNNTEMDFYPTRMNSESK- - IIPRTDPVVYPSSL - - - -TSLTRKQEDFFEKNGYLVFENLFSIDEVTALLDELKALSKDDSKKELPQFI 65

C. salexigens DSM 3043 MAVFVGADLSDYVFSGIGGNTVPSRLMEEFAMKETQDLFPTRLERKLG - -MFERIDPVVHSEGDQRK - GPLSEAELDEFDRKGFLSFEGF FDEDEMEAFLQELRDYESDEDLKLSEGTT 116

C. salexigens DSM 3043_2 -MSVQSAFRHEDVTFGNAFDAYPTRLSDATGSLWQDRKDAVVKGRAED - - - GPLSRDQLARFERDEFLFEPHFLADDEVGELRRELAALLERDDFRGRDFSI o8

A. ehriichel MLHE-1 MLMPNDLYPSRQGRAEA- - IGERQDPVVFGNASARSEYSLSEDQVRSYEQNGFIALPGLMK-DVVEPMLEEVRRLGRE - -MGHRKEVV 63
[ J

Consensus EP S EIRSIFA H SE F RLA'D RL ' ARQLLG VYVHQSRINYKPGF GKEFYWHSDFETWH EDGMPRMRA S SI LTDN ' NGPLM PGSH 'FV C GETPEDHYK

S. alaskensis RB2256 TEPQSNEIRSIFEIHAQSPVMARLAADARLADVARFLLGDEVY IHQSRLNYKPGFKGREFYWHSDFETWHVEDGHPRMRALSMSVLLAENTPHNGPLMVIPGSHRTYLTCVGETPDDHYL 201

A. cryptum JF-5 TERGSDEVRSIFAIHAQNELLGRLAADSRIAGVARFLLDDDVYIHQSRLNYKPGFDGKEFYWHSDFETWHVEDGMPRMRALSMSILLAENTANNGPLMVIPGSHRKYLTCVGETPENHYR 201

Paenibacillus sp. Y412MC10 REPGGDEVRSVFAVHESHEVFKQLSQHPRLLAIMEYLLGSETYIHQSRINYKPGF TEKEFYWHSDFETWHVEDGMPRMRALSCSIALEDNYPYNGPLMVVPGSHKEFVACIGQTPEDHFK 213

H. elongata DSM 2581 TEPQGNEIRSLFAVHYLSRVFSRLANDERLMGRARQILGGEPYVHQSRINYKPGFEGKGENWHSDFETWHAEDGMPAMHAVSASIVLTDNHTENGPLMLVPGSHRVFVPCLGETPEDHHR 237

S. coelicolor A3(2) VEPQSKEIRSVFEVHKISEVFAKLVRDERVVGRARQILGSDVYVHQSRINVKPGFGASGFYWHSDFETWHAEDGLPNMRTISVSIALTENYDTNGGLMIMPGSHKTFLGCAGATPKDNYK 188

P. stutzeri A1501 KEPDSGAIRSVFAIHKDNELFARVAADERTAGIARFILGGDLYVHQSRMNFKPGF TGKEFYWHSDFETWHIEDGMPRMRCLSCSILLTDNEPHNGPLMLMPESHKHYVRCVBATPENHYE 202

H. halophilus DSM 2266 REPEGNEIRSIFKVHDSDEYFKKVANDQRILDIVNHLLGSEVYIHQSRINYKPGF TGKEFDWHSDFETWHVEDGMPRMRAVSLSIALSDNYTFNGPLMLVPGSQNYYVKCVGETPEDNYK 203

N. maritimus SCM1 LEETKKDVRSIFEIHKLSEIFSRLCKDSRLVDVAQQLLGSKVYVHQSRVNLKPGFDEKEFYWHSDFETWHSEDGMPNMRAVSCSVSLTKNYEFNGPLMVIPGSHKEFVSCSGTTPDKHYK 205

C. salexigens DSM 3043 LEPGKQEIRSIFGIHEVSERFSRLTRDPRLLAMVQQILGGDAY IHQSRINYKPGFKEKGFDWHSDFETWHSEDGMPRMRSVSCSIILTENGEFNGPLMLVPESHHYFVPCVGRTPEDNYK 236

C. salexigens DSM 3043_2 TEPDSQEIRSLFAVHFLSERFRRLAEDPRLTGRARQIVGGDVYVHQSRINYKPGFHGKGENWHSDFETWHAEDGHPEMHAVSASIVLTDNHHYNGPLMLIPGSHKVFVHCLGETPEDHHK 218

A. ehrlichel MLHE-1 TEPDSDEVRSIFAAQNFSPMVDRISRDRRLLDVARQLLDSEVYVHQSRVNVKPPIKGKSFQWHSDFETWHVEDGMPRCRVLTGWVMLTDNTPYNGPLFVIPGSHRWYVAVAGETPENNYE 203

[ J

Consensus SLK QE GVPD ESL L G-I PTG AG FDCNTMHGSN NITP PRSY F VYNSV N PF P FXAXRY = ==X X PLI K mmmmmmmm m

S. alaskensis RB2256 SSLKKQEYGVPDEESLAELAHRHG-IVAPTGKPGTVILFDCNLMHGSNGNITPFPRANAFLVYNAVSNRLEKPFGVEKPREWFLARRGE - - PAALRVERGPLVETVPA- 306

A. cryptum JF-5 SSLKKQEYGVPDREMLTALASDHG - IVAPTGKAGTVVLFDCNTMHESNGNITPFPRYNAFFVFNAKANSLVEPFGPKSRRRDFIADRA FTTVDIVKGPLVRRERAA 306

Paenibacillus sp. Y412MC10 DSLRKQEYGVPDHDSLTRMVKEGG - IDTPVGKAGSIVIFDCNIMHGSNSNITPMPRENIEMVHNSVENKVKQPYSGQKPRPYIATRD - - - - - 302

H. elongata DSM 2581 QSLKTQEFGVPSRQALRELIDRHG-IEAPTGAAGGLLLFDCNTLHESNANMSPDPHSNAFFVYNRRDNRCVEPYAASKRRP LAREPDEAWSPDG- 332

S. coelicolor A3(2) KSLQMQDAGTPSDEGLTKMASEYG-IKLFTGKAGSATWFDCNCMHGSGDNITPFPRSNVEIVFNSVENTAVEPFAAPTRRPEAIGARD - - - FTPVK - 280

P. stutzeri A1501 KSLRKQEIGIPDQNSLSELASRFG-1DCATGPAGSYVFEDCNTHHGSNGNITPSARSNLEYVYNHYDNAVQAPFCEQKPRPAFYAEREN - - FKPLDIRPQQYL - 302

H. halophilus DSM 2266 ESLKRQKLBVPDQESMRWLADQGE - ISVPTGKAGAITLFESNTMHGSNGNITPYJRNNMEMVYNSVENQLVEPFSGNQARPDF IAERN - - - - -PKLKVNK - 207

N. maritimus SCM1 QSLKRQEIGTPDKKILEDMVEKGG-IVSAKGDAGSAIFFDCNIMHGSNGNISPYPRSNAFIVFNSIHNKLITPFCGLEPRPNYIQSRE - - -FSVLDPIENFLN- 304

C. salexigens DSM 3043 ESLKSQDIGVPDDASLRDLMLKGD - IEAPKGPVGSLVMFECNTLHGSNINMSCYPRSNLFFVYNSVENTLHDPYCGNRPRPEFLANRKD - -WRPLTPAE - 332

C. salexigens DSM 3043_2 QSLKSQEFGVPSHEALRRLIGANG-IEAPTGAAGGLLLFDCNTLHGSNANMSPPPRSNAFFVYNRRDNACHAPYGAKRPRPSFLARPDEVWTPDTH - - - 314

A. ehriichel MLHE-1 QSLKKQVAGVPSLESIEWLTKRCGEIQGVYGEPGTVVFHEGNIMHASPONISBINPRTNLMFVYNSVENTPHRPFSGQEPRPAHLANAD - - -FTPLAPVDPPR- 302
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Supplementary Figure 18. Protein sequence alignment of the EctD proteins from Sphingopyxis
alaskensis (WP_011543221.1), Acidiphilum cryptum (WP_012040480.1), Paenibacillus lautus
(WP_015737572.1), Halomonas elongata (WP_013333764.1), Streptomyces  coelicolor
(NP_626134.1), Pseudomonas stutzeri (WP_011911424.1), Halobacillus halophilus
(WP_014643639.1), Nitrosopumilus maritimus (WP_012215726.1), Chromohalobacter salexigens
(WP_011505850.1; WP_011508293.1), Alkalilimicola ehrlichii (WP_011628142.1), Streptomyces
chrysomallus (WP_030590139.1) and Virgibacillus salexigens (AAY29689.1) was performed with
SnapGene® software (GSL Biotech; snapgene.com). The EctD signature sequence and residues
involved in the binding of the reaction product (5-hydroxyectoine) (green), the co-factor 2-

oxoglutarate (red) or the iron atom (blue) are highlighted (Reuter et al., 2010; Hoppner et al., 2014).
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