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M®BW 0NRRdAzOa 2y (2 LIK2aLK2Yyl (1Sa
t K2aLK2WE(I &R v 2 LK 2 & LIKR atiizElentcthon IQ2 pimsphdrus B) bond (Fig.
1). This direct € bonds possessed by phosphonates have higfiadnility to enzymatic degradation,
high temperatures, and harsh pH conditioesmpared to more usualG-P bond§3,4]®
R, O
N
1 \

R, OH

Phosphonic acid

CAIdENBWEMINS &3Sy lGla2y 2F Fd3ISYSNRO LIK2aALIK2yAO | OAR
Phosphonatescanoften mimic intermediates and primary metabolitesincethe phosphonyl groujs
chemically similar to phosphate and catplate groups thus acting as anthetabolite¢3¢5]. This
chemical characteristic makpbhosphonatesattractivecompoundswidely utilized in medical treatment
or agriculturd5]. For example, Fosfomycin is naturally synthesized by streptomyaedeis used aan
antibiotic since it inhibits MurA, the enzyme involved in the first step for peptidoglycan syféhesis
while Pantaphos synthesized byantoea ananatipossesses herbicide effed?]. The usefulnessof
these compoundsn numerous fieldgpromoted the synthesis of nenatural phosphonatessuch as
glyphosate(N-phosphonomethyl glycing}he most usedion-selectiveherbicide in agriculturewith the
ability to inhibit the plant enoylpyruvylshikim8ephosphate syntase8]. Owing totheir recalcitrarce

to degradation and their increasing usemanmade phosphonates have been causing pollution
problems in bothterrestrial and marine environments due to their accumulation

On the other hand, natural phosphonaté<g. 2arefound in soils butmostlyin marineandfreshwater
habitat§9¢11]. They areproduced bya variety ofmicroorganism belonging to Bacteria antirchaea
and by some lower invertebratEs?¢16]. For examplein some80% of67 sampledsites from the

g 2 NI R Q surfa2e(h® mafine microbial population possesses genes for Pn biosyntheggesting
that these compounds are synthesized in the ocean and may have important biologidab}dies
marine invertebrates and the cyanobacteriumfiricodesmium erythreymalmost 50% and 10%
respectively of the totality of P in the ciglin the form ophosphonates, suggesting the abilifythese
organismgo produce phosphonatg¢s6]. Out of about 1400 microbial genomes present in the GenBank
database, 48%mainly belonging t®oteobacteria contain genes for Pn metabolism asgecifically,
about 10% othem containknowngenes for Pn biosynthefi§]. Nonetheless, little is known abotlte

role of phosphonatesnside the cellsMost Pncompounds are found conjugated with membrane lipids

(phosphonalipids)or as Pn esters in phosphonoglycatiganks to the activity of cytidylyl transferases

M n



which activate the @ bond tolink the Pn compounds tocarbohydrates or lipid$7,18] Hencethey

may induce changes in membrane rigidity permeability and resistance to the action of
phosphatasd$,16,191b

Among biogenic phosphonates;athinoethylphosphonate (ABER, Fig. 3 wasthe first Pn compound
discoveredin nature; it was foundn ciliates, hence it is also called ciliaf2®. Further studies led to

the discovery of other natural phosphonates such ahosphonoalanine (PnAla)
andphosphonopyruvate (PnPyr)from which almost all known natural phosphonates are
produced3,4,14] and AEPn derivativesyhichare the mone(Mi-), di(My-), and tri(Ms-) methylated
AEPnN, as well dshydroxyAEPNHAEPR Fig. 2|3¢5,21]
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" R-HAEPn

e o
- OH

\P/
L
OH PnAla
HOOC o
M,-AEPn o, (\ o’
o N D// SoH HEPn
\\ /OH 2 HO o
SN
AEPn k ‘\— P=0
. PnPyr |
HoN 0 . OH
| 2 FL . HOOC’ 0
fr— /
M-AEPn p
bi N 5 & & ~on MEP"
/Nx“ O OH
P—OH \P/
b PrAc N
(0] P
__OH
M;-AEPn OA\/P\\
i 0 ©
‘ P OH
N |
™ [e]

CAJeNB KSYAOIFf adGNHzOGdzNBa 2F a32YS 2Pt yKEAYZXE I0dNdzyi R ILY
20aSNWSR AY Yyl ddz2NB yR fa2 GKS Y2ad lodzy/RFyGed LG Aa
KERNBER YSiKetlGSR RSNAJDI a@Sad

M®BHKS YAONROAIT RSANIRIa2y 2F 0A23Sy
Ly 2fA3204NRPLIKAO IINBFa FyR LISNA2RAOFHff& 2y GKS @
LK2ALKFGS o6tA0 O2yOSyiNleoz2ya IQAPYARNDepidt A4SASIH G
G NOSR O2yRAa2yas YAMONEANHENDBIEIYAY Kit JENBY2E OS5 &Ny |
d0dzReé Ay GKS 2t A320NRPLKAO Db2NIK tFOAUO &dz i N LA OF
NBLINBaSyGa Foz2dzi ym: 2F GKS {2dH0 & a2 dz0lf (5542 JHMSRI
LIK2aLK2yFiSa NBLNBaAaSyl bowesA wpOk dbmldEa2ifmddt O Ak MR
Ad O2yil AySR SBLXAGHIASGRNBEIGHROENEADONE 2 NANF dz4 §d& T2 NJ /

Q)¢

M M



RSINI RIAY2SR OF @S taviHy> DX o JIH Nl gSNI 2F FFOGZ &aiddzRAS:
3Sy2YSa NBASYHEAROIKIG2E AaY |NBE Y2NB FodzyRIFyd 0O2)
OA2a8BuEENE2PENEaASa 2FSyeROGNBRDAMKSIBRI G Syl éevysSa T2
OF (il 62 fIAfaaRINIBNER al2&%E GHSNAF & (0 NISAS/IR 2 or Efy 2LRERGY A 2 HilRf &
FY2y3 KStNRiIS2 58 DA @GRS dzFa2sW2 i IS 2 1 [ yNRidzdz (i #ha b ®hiys Bl

0KS 20 KSNItRISHIRR YRy WBSEINI RIF e @3S LI Kgl &a | IONBR K2 NB
I Oay 2 YRHOSBBMBY 3IASYSNIIT oK 3 Ot yIRIA EKNRDHOHBRNSt & NBf | (
ol OGSNAIf FiNNKRBEIPSHINISE 2BIFJYWRANER o6& | &8t SO0 B¢
I Olj dzA NB  y dzii N&A Sy (i &b+l WARRIIISKNGSLY i A0 LIaRMIbEWES ND2 G K G &
YIRS 2y RIGlFIolaSa 2F &4SljdSyOSR 3Sy2vYS$Sa FNB RA&aG2)
2F YSRAOIE YR QoREABRINAYR 2 NNLBAS | YO $ $AILNBIOAY 054 & A
Sy @A NB WS BIREHE NI ¢l 2025/ KBS ISBYOE2ESAlI ISy2YAr0 &R G+ as
2PSND2YS HHASHI & &KSMEBSBW NAEdzRA S& 6SNB 02y RdzOGSR 2y
SO2aexA (iG2ralL) NBR ii2 agrxBypeaun@eayRyyOS 2F 3ASySa Ay
Ol CRftRAT2YLDHFASRIZRASE 2y ydzZiNASyd fS@Sta G2 2
GKFEGOXNRBt HKS BEH RIS OBMEHT Z0oMB

Ly o0FOGSNRIE 3ASy2YSat aXBR {RRINI RS yal 28yY SIANSF 2 NOP dzLJIS R
02 NBI yorHTaSSFR 2yt (OKSSAINGLF AS  YSOKE yXaY3d | YR A6BOK YOA G
Ol o2t xaeyRe di JHEKSA FEoNEIOR HE&X &R 4 Bloy R (1 KS maaBooAioNT G S
LI ( Ketk 618/ f 2 ¥SE BSI5f AXA RAOFHt YEOKBH I axydamISNE GS LI (Kg !l
O2YLINBKSYR Syl eVvVSmRERRN €8 RREEANIK A 0sd2yyR y2 TLII KB D dA | N.
LIK2aLK2yFidlFasSa tKy- |yR tKy! FFTNB Ay@2t OSR! Ay GKS
LI Kol eaT KXY24 NFRANDBEHISOSEARY 0 S RSIAINI RIoa2y 2F |
LK 2 & LIK@nd IS awB 0S RAGSNBYyOSa Ay (KSYSRIIHESYy@xhOS (
4aSjdSyPhyaaSa 2y YINAYSBKISD24B80 98y SHBBFOLRRY I (K
Ke RNEHNBRA ABKS Y2ad | odzyyRity = & Hih BRaSiBodes AfmE /0 KS
Fodzy R yOS 2F (KS ®RSNISRRA Yy GBS EEA DR B0 NA Sa | ONP 3
f | &SINEdr Som8

MO &S NI RAOIFtY S @K IAYSA & Y

It t&FaSSEGSyaArgdSo® OREME OXi BARAYBRS oFIS Ny 8 &ZES o6 C
SELINB&aaAzy milINDSHR dERRORMoSRY A (1 KS | ARyl §NBDBBIP HrA i ¢ R
G2 RS3INIRS | HARS NI yIaSt 237 vy BIK i 0@ BEIMIBSHSY A OK dray R
FYGKNRLRISYAO ty O2AWLINokEAEyN 559 CtD | & NEANTEEBYEIR Y | B S



3SySa SyO2RS ./ UNIYaLRNISNA ¢KAOK | KB ANB LINGS &
LINB & SyWBRS REXKY DI LIMBW[Sa& Sy O02RS iitK O S ORRERE® 26N /

Escherichia coli ATCC 8739

> ——+ e ' e e
phnC phnD phnE phnF  phnG  phnH phni phnt phnkK phnt phnM phnN  phnO phnP
Haloquadratum walsbi DSM 16790
g ~ — > v N v —3 Ny N
phnE phnC phnD phnG  phnH phn! phnJ phnkK phnl phnM
Stutzerimonas stutzeri WM88
3 > Y ) ) )
7 L Vv § " ! < i v b P v
phnC phnD phnE phnF phnG  phnH phnl phnl phnkK phnl phnM phnN phnP
Trichodesmium erythraeum IM5101
, : . D) - P P — —
phnD phnC phnE phnE phnG  phnH phni phnJ phnk phnL phnM

An A

C A I d§NBNXxCGPG dZNBE 2T (5EPYISSKEFES (| RISISBRP Y HYy Sa Sy O2RAy 3 (KS &S«
O2YLX SE N8 02t 2NBR AINBSyd ¢KS 3ISySa T2NIty GNFyaLRN
O2f 2NBR AY NBR YR GKS 3ISySa T2NJ I 0O0Saa2NE LINRGSAYa

¢ KSt /ft el aSyarILY ISENINASE KFE 86 KAOK St A YA VLINBSRdzOAR/SY A
5TNA oniaNA LIK 2 & LIKCIKISS t ¢gweatdidd G NI §S A& o2dzyR G2 GKS w¢
0KS (NXLK?Z2aLK2 NESWHAER GBRPRIEABLIK | § SCAGMVKyW SGSyidz f
OFGlteinmSaoli&KISHHIS MBRAOKE IVBORYBA{ERSREEE Y RIS K2 ¢y
@ASt REyHoR I8 Of A O ThiKRALIKK 11 ES NI IwWSHtaUSy RR Sie 066 KA OF
RAGBSILISYRAY3I 2y 4 €BSddy/ & \yatdzo BININRur@GIH&EE LKA20521 K8 KRS Ko w o t
Ad WKSFHLIKR NB® Il yIINE R3zOBI Ay 0 A 2 28R @enie X YK & d Kl XSS
60t wgCtA By b

Phnl Pla A
70 o- 0 -
AP E PhnGHL  © by P PhnM o~ _ o 4o
* o =< o Qo0 _ 0 go. = Py~
o Adenine F o H,0 pPp, O -
Ho oM HO o on
TPRPn PRPn
| Phn
cH, | "
(8] _
) -0 o o- i
N i ‘O— ™ - —
. -0 PN Qo0 0 4'0.  PhP b O 0
o ,‘-...._,O_\ _(j\o_ s ’h‘{-/ \ — ..'P".:.O
o Po™ ADP ATP © p— HO o 0
o on HO  OH -
PRPP RbP PRcP

Figure 4Reaction mechanisms of thé>Qyase catalytic coréhe mechanism requires Adrfllproduceshe main
biologicalmetabolite, PRPPfrom the Pn substrat83] The @ bond cleavage occurs via a radical mechanism
catalyzed by Phnlaken byruffolo et a[4].

lY2ASY2YRAABFOUSINEDASKS 2 mSNBY aTs2 NI K/2Agya ORAYIERNB Yo 29z
adza3Sasy3a GKIFIG AlG Kra 0SSy Agyveeed MISROSINE Yidk SaLE S| fF
FT2N¥a 2F 3ISyS Of dzald SNE YI & LIOAIOR dRA RINIBdyod Shail A y2 i

MO



LINEGARAY3A RGIFY(GF3Sa Ay (GKS Sy@AiANRyURm&KISD ORE RGO
LIKY/ 59 CDI LAPSIYNBYWE ARG Ea T2 NRHENRIBaAMIE /f 8 48 ICONDAGE
SEFYLX ST tKyh A& daASR (2 StAYAYyLIGS GKS NBIOsz2y L
LIK2AaLK2y 1S KAOKat LRAACHSZNEOA RbdpI8AINRIIBNKRYSER Ay C)
{GdzdT SNRA Y RRISH §FRdaikiSRMRSTSE WWYIOHYAFOATNR 6 A Yy It AY ! at !
42 dbdRS 2GKSNJ 6F OG SNALBYICY FRb HSYIKEB ¢ | @aidgFid Y2y a8KS
2 LIS NP y ¢60dgSh Fid2  oli0K SAayS (oK NA 2 lINEEWK §OZ2fYa &3 s @QlyE 6S 02y a
FILYAOR22Ft ¥dNBESYIBRS (& wEtd MESEa Gl yOSs OF vy BIYNRE Ay
KS LINBaASyOS 2764 d06%ake NEINRWERRNO2 Y AxOFTBMEES ( KS

MOK &S AddlASOEU0S KERNRf&2aO LI GKgl &a

. S & NiFKSHPH IRS OANIGRMIOY £ SYSIOKKFRMET 6 0 O YE ARG IYNUIERA yHE L
O2YLR dnyREG KR @K/ 02y R Add bAKIJYSAROF f Y2 A Sto SHEB Hidkgr @A (AreyarO
LJ Nb Odzt 1ONE f SRS LEK2 &aLK2y | il Saz yor y2 KeRNEX BX S8 &S0 O
ITOF ND 2 yJé O MBS f LIBKASY (A & (KKESY OF 2 19K 2aR.KA K PIFa | VR
tylsgk2atS da2yR Aad UNBG | Ooc JI2BNR daE o6& dedKa a3 dady\@ 2 & §
't NBF Re t yODSNEByRrysRNUZIF YR ¢ K¥$ Ol KNB I dLIWDILIK2 Yy F G 8Sa&
61 y2 KE RNRBEf @00 LI (LBKsR2RLEK 2 i BB O HigkiEK RBMB RISASEN Ot Ky - =
KERNRf I 4ST tKRYRNRfH EESTs Et8 Nje ¥ SHBA NBISBKY R 1&KSIN2y I
RAGSHNBWIHZGH a2t A S&a2 SOSYy (K2dAK (K3 BKAV&IEKTL t aR g
YSSRERME LISOA UOIKSE @ iFeXK YK 2 OAR RSKIf 23Sy a8AOK! 5
Oz2yidGlAya | OFriGltead !'aLI Ay (GKS | Os @IIMaSALISS, REK MGG
YIYyHOMIKWMEY &G SVBYO SN 2F GKS | |LB2farsySS a0/Za Likd 20 | Yassi |
Ay GKS 1 0ea@S &AGS 6AGK loopeghENBER bENEBYERY S 2
LIK2aLK2Sy2f LRNUzOF GS 6t 9t 0 LIK2aLK2YdzilaSkAaz2OAdNF
gAGRt LIK23aLK2YdzZitaD 2 RODEWEBRaAY /

MOPHPHDOM C¢KS tHKWVUKGlI¥FR FENEI ! 9ty RSINI RI a2
4 RAAOdZA &SHT KLKNEPNRURA S O LI (Kol e HARSEVINBRROBYHAKS
oF OWSNIKIA & i EHzZAIBAGY Aa G(KS Y2&0G FodzyRFEY G Iyalt G dzNT £ |
6FyR |f &2 dBIDSBBR 61 KS K& RNEf & yrOS 251 (iH-Gak ByR(THFSRONS 1 FO t

Ad AyAol DEe aHOHKBAARERYzI 6AGK | OlHKNBXE&T NBENDay |
OLiGlrte SRyaBiKet LIK2ALK2Y (1St KYRY 210 NLIY BN BNE RS 10K K&
¢CRSLISYRSyil SYNaVSKEN GlE2w SAy o2t gS&a (KS ISYySNlIoezy 27
GKI$ 2F 19t yss AdiiA GaKdzaSiINR GRS 28 NA R2 & h M DOyC8&E ® 2 90 Ida 2ty



aS02yR tKy2 &dzoadN}iSz LRBNH©OFGSE o6AyRa G2 GKS |
LB NA RZEIorRNVEBK SOSYIK& INB&E S §f $ NR & R/ER2 R FriStl [aySade®r S

t Ky2 NBIFOo2yW ! EININBdzZNBE Syia GKS 02YY2y AYGOGSNYSRAL
9IRS IANI Rl a2y OKFN}Y OGSNRT SR o6& (KS .0ix@K LIKSALKE y LI
pSNB2dzy R (2 0S5 LI NbOdzZ I NI @ I odazRkl YkKS & XXgH Q &y 815 Ga.
fA1Ste RJIBISNE ITOKSGIOY &Gt Ky 2 -  R2OOWARNBENS |j dz6 v £ &

tNER G S 2 6ZhLd (N NFGkly - NI Y 6 5 Nd NAZRL HIISNR Y 2 RiyRS Ay 2 hIAINS | f | ¢
2 KSNBI BIKYAS KSR DEY X ¥ dizgNR K 2 {yRR2NUSIZ2 GAILGBIOS\NFa = 6 Sft2y 3Ay 3
tNR (G S 2 cam&BS NA |

Lyi KSKy2 - LIGKEB! @ LINERdz0 e A AXYRRf 81 SRIRERISYIRSYi(a It
KeERNRfFaS tKy- (2 LINRPRIOS REKS RS y o ¢/ARBISNIKEGEIAK | tirSy -
YSOKIyNBYOGENES OF GIf BB OA WBHIARIDBE | f 2aAyCGKMNBaARC

ol && NY IgahAyK 100 D 2 y eafdzoBTYNEI KB 2 | Qe SIoR Y §KSa LI NI GS 1
F2N¥a |y S&aGSN) 02yR sAMIKTGKS KRIERRWKISH § O3l du9a 2 F
Ke RNRhRT §2 ¢ R o3I KNEHKISSH Zn o 6

Ly {AKWENKAYSOAMR2 YSS (GKS KKy, 6+a F2dzyR +Fa +y |
OFGlo2tAT S 19ty IyR YFE1S GKS &0 Ndnumy&KSyHE® R KNBSt 125FS Mze
t KYKIZR BEBSP2OSNBR | 02 delid rhdz2NSERES yENBTL A SXRAAYYAONE 2 |
G2 3INRPANBESHKRS 02F & G KS &2ainPH®hxBK Rt Ky !a 23008y Sa |
RSLISYRSy(3{ db dxiDAAKI DS 2 FOFRINF &R &K Sa YONB &Gt &G NHzOG «
FNREY bdz2MNBEOERKSE I O0a@S aAldS LINBaSyda (GKS GKNB2yAy
F2N¥IFo2y GAGK K SBIAMEESINENGGIHS tFYNRO® 2 i KSNJ YSYOSNE 2
FrYAf@Y GKS fSI@Ay3a INRdAAI Ay t KYRIYyEFE (X8 @do@8igR A
¢ KS 2LISNRyd KIORyABHYSY AR2Zdzy R Ay ol Ol SNAWK Y23 FZAY Si&kK S d:
FYAY20GNF yaFSNILESYIIWS? 5 Sy YRRRBIAIS ViRBSHH DK BSRNR ISY | &4 S
ddaA3Saoey3d GKIG tKy! Aa Yzaldfeowmw& Syl BBz By A3/(023 D!
OKBEARIF 82y BPENRRAZOSR y ol NNAYSRK S dRSREBRNFISYICAFH { t &2
/It 62yR Aad KeRMRX{eRASHR d&OStiypdnhg§R t A O0CAID po

5SALIAGS GKSANI O2yaradSyild! NEBOMBNEY OGEY I KIS2 O&ya - 2 ¥ iy
ty! 0 Ay (GKS 2yS KBt SEEZT! A0y Hnum | g K205t3IBWI & aliS:
NBOdINNByi(te F2dzyR Ay o852 A WT 3/NIVK SFONRIf ElatA&da SGE daa i |
NBOSFt SR GKFG GKA& AVES gt StYIB YIRS WEKDKEE (ORI t 8FBE Iy

NEI Oa2ywi2ly9 tiykkS @A St RAY 3 t Y IOMBHKESRNEIFEWRBE YA i KECAINS 4 R

M p



00Saa2Ne SyieSEliHDRE SSRBDb@PSiée 27 KSasS LI Kol
2 A A 2 d

Ll2aasSaary3 0 dzoaf AT S 2G0KSNJ ty O2YLRdz/ R
AEPr_r Pyruvate L-Ala " e
H,N (‘3
P=0@ PhnW PhnX Phosphate
by , s o o
N
\\P HO/P\
N\
HO/f 7 0
R-HAEPn
PhnA
PbfA Acetate
p,,,OH
HZN [
o
OH

Yo an

CAIdNDBKEWS 2F GKS KeRNERf &oOayl! G KNGS LINS aT2yNT a! 9itkyS ROSI/N
ééNj\ﬁAygéﬁlewyuaﬁy 0 KNRdAK RSIISIYRSFNG Syd B YBES !t Ky o [y
GKSy KeéRNRfe&l SR (2 LINPRdzZOS tA GKNRdzZAK GKS t Ky - 2Nt

MOPHPHDPH ¢KS tyl!fl RSINIRIaz2Y

LYAIdZNBE ¢ (GKS KeRNRfeéasaO LI (KgNR NR2INMBEayR@NaSRG F\als t
Ot!bdl & UNBRG RENIOKR DB KNIEY I GSLIYIAINR Y YSyY Gt fGeKFKia2 ¢t |
Oy dzot Al SSltyyR ftl calRHdMOB AN d RS yit ydZ YR /A& VUKSE | O 0
FYAY20UNIyaFSNIrasS tlf.> O2y@SNby3 tylftl Ayd2 tyteéN
thf! gl a &dzoaSljdSyifeée F2dzyRlMNK 2KDE NG KERESH KO8 QR y ¥ S
LINRGSAY 61 & LANATIXKS [LINR LR BISRI OUSEONGTySIRY 2F NBI Os 2
Ydzi ba$®ny 8

O] 0
° OH & o0
P/\ PalB P PalA + POl
<0 30 7—) 4
PnAla PnPyr Pyr

Figure 6Hydrolytic pathway for PnAla catabolisthe GP bonds activatedia a transamination reaction by PalB,
which convert®nAla into PnPyiThe latter is hydrolyzed by the hydrolase Radfding pyruvate and Pi.



MOHAKS & ddINS®r TS 2EARIFa @S LI (Kol &3

Ly HmRvE REJ @Es & F2NJ | 9LINA OF Kdlzgol@ t Mya YI 6& GNBSyAy3 27
f A0NFWNRS&GEE S| dzSy Gt e F2¥yRR yAS YA QoNep: DWERES/ NSy Y& YSa N
Ay@2t SR AYVYyRKAMNEGESHR KIpGNRIKY | ¥IRC MOKPLK yS ¥ O2 RS&E | y2y
KSYS8it SGi23f deii SRS LISY RSy (i RoAt2fB®, 3 Sy 1aiS  OF Gt el Sa

&0 SNB2aLISOAUD2IKE Raud Gl Aoy2d/ Y2t SOdzA F NJ 2E&83Sy (2 ¥
OCAGMpESE 2NAIAAYIE y2YSyOflddNBE 2F (KS 3SyS FyR LJ
FRRSR fFGSN) 2 RA&ay3IdA&K (KAA SyievysS wmmMepophRS
LKWESEYS SyO2mRSAISYRBYLGNIESBHE{ R BINR (I SAKYS okSif spaydiomyyE i & 2
6150 ohEP@AtRE G(KS Syl erS2 iy BRSNS RS\WeyNBi S S/t dxOA RE G S
'Yt A1S 6KKOKF Ad KAIKE & aLISOAUO Tl INGgyyOmSA @ ENBy (a
4dzo & oNMESa Uy RAYCIMonTKYK $Li4 AR KigkS g1 & F2NJ GKS RAAO
GSNEAZ2Yya 2F RKESNBWiKadD agUBESUALBOATOAKESAOYLY kK¢Y
T 2 dzy[RS MayA y 3 Shijpde 8OIRIS Y RIf 2 34 42 Fa LOSKOA LFA t /2 NJY(RES aak YA |
t Ky, FZ Al FTRR&a &aiSNB2aLISOAUNPRUD WHH S G ST NB drlI N 2 :
0KS &dzoad BFd OBp2NIF € Y LE 28vIRNGRKE | & BREES\eRN#>0Gt S| g 23S & A S
At e OBYISAWRBPWAKS t Ky, F | YR t KyBi KRaRHE 2MERIFRIIHRS AQT
DYt Ky, F I YR NBYt KN yATOKRS 22yt a2NMW 26y LI GKgle& |
YSGKef LK2aLKR20yIA SRS a0y RSSRE (KS DYt Ky lfyR&dzo &GN
OFdGltfel Sa AaiRS HRBWR S SINYSBKEDRy lidedt f f & 2EARAT SR (2
08 DYt KyhpdadAyd OERIAME St 8 S | ¥az @i NI NEyS YAONR2NAL Y
RSINIRIFIeaz2y tSIFRa (2 (GKS LINPRgOEX®W KADSE JaNEH D IIXF @y (
0KS ty ORyLRKE RBI KSKNS KOIYWERK Y T %2 gl (afSd lye dlzb t & BHABD$ | §
AAPSY (KS LINE Bog@ Oy SRR TT ZNINMINIBYD paB2aey i KSEA &

LY HnHH F LKeft23SySoa0 aidzRe T& &R /Of 25 ik EKSR LB OR BIANE
C2y & SYdztSd Y 2 NIWK 2 5PR R K20/ & (0 NI o y It YAIKISI BLENIBASSRYY O 42F A Yy
ol OUSNADPdp BAF OXIFRDBDENYVRY¥IEAY CHRERSWSY RSy G OFLidGlfeal
O2NNBaLRYyRAYy3I [0yp2R wIEINGA Fgdza t E¥ (| AN LIOF RRF HIOAY2Z t Ky
{LISOA UGS &SRB AY 61 & aKz2gy | YRt Wby DIUINRARIK 2 0 6

6!t BY St RAVI/RI NIttyf vy ORBARSOE KYtEZ R2YIAYy ©F $2FRARAI
2T 020K AYUSNXYSRAIKDI FKSGS UYRAYEILIRBR&EYS iNX 6§ SR (K.
LI GKgle F2NJ 'ttty FYR HPBBSNI 2yS F2NIJ 1 9ty dzef Al |«



a
) AEPN R-HAEPNn glycine
PhnY* HO PhnZ
HO (o] .
N\
. \p¢ (Fe") H.N' 7 (Fe'IFe") HsN'YO N
HNT N / v /\‘/ o 0, + PO,
o aKG succinate HO (o]
0, co,
b)
M,-AEPnN R-M3-HAEPnN glycine betaine
3 TmpA TmpB
HO 1l HO o .
HaC\ . \pfo (Fe ) H3C\ . \pf FaFe") HSC\N+ o .
N /\/ \ /N N\ Tb /r + PO,
HsC™ | o aKG succinate  HaC r (o] 2 H3CH ) o
HaC 0, co, HC HO 3
c)
MePn GmPhnY* HMPn GmPhnZ formate
2- I HO (T -
H3C—PO;, (Fe ) 2 (Fe /Fe ) H 0 PO 2-
N > - 4
\\_p03 T" \"r +
aKG succinate Q
0, co,
d)
APPn B-alanine
HO\ 40
+ PhoF + - 2.
H;NWP\O_ __her HSN\AH/D PO,
o]

Figure 70xidative pathways catalyzed by homologs of PhnY* and PhnZ with different sispstcifteityln ()

is represented the ABRpecific oxidative pathway: AR first transformed by PhnY* inteHAEPnwhich is
finally oxidizedo glycine and Pin (b)the TmpA/TmpB pathway led to the production of glycine betaine and Pi
from the trimethylated derivative of AERT(c) the homologs GmPhnY* and GmPhnZ, found in Gimesia maris, are
involved in the oxidation of MePn into formate anddjrepresents a novel oxidative pathway characterized by
the multidomain protein Phokhichallowsthe utilization of both AEPn and APPn byHtimorphos#55].
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tested in this study
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PbfB V.vulnificus 31.20% 28.60% 25.70% 23.10% 24.70% 22.40% 22.80%

PbfCA. lipoferum 25.80% 30.20% 27.60% 24.50% 26.50% 22.20% 27.70%
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PbfD1A. baumannii 23.40% 2450% 25.20% 23.90% 20.60% 22.90% 25%
PbfD2M. fucicola 25.70% 23.10% 24.90% 27.20% 24.90% 23.80% 22.50%
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FigurelO. Representatiobf thetwo techniques (DCRHMS and kD, detection assaysleft) used for thenitial
PbfC, PbfD1, and PbfB@bstratescreening (righfy5].

In agreement with our hypothesis, all three enzymes shosteuhg reactivity towards MAEPRH and no
reactivity towards any nephosphonate compoundgFig.10). PbfC showed reactivity alsawards N-
ethyFAEPn(whichis not anatural phosphonate Still, no reaction was detectable with other screened
compounds (Fig. 10). Moreover, PbfC gaswong signal with MAEPN only when using the DCPWS
assay. In contrast, only veryweaksignal was observed when the assay faDHletection was used.
Thesedata suggest that PbfC may not wsficiently O, asthe electron acceptor, thubehaving aa
probable dehydrogenaser-or PbfD1 and PbfD&rong signals were detected with MEPnand AEPN.
Signals from botlthe DCPIFPMS and $D, detection assays were intense, suggesting that PbfD1 and
PbfD2 mayunction asoxidasesFinally,PbfD1 but not PbfD2ouldreact with MAEPN(the reaction was
particularly visible in th@eroxidasebased assayyvhile both PbfD enzymes, as well as PbfBpwed
reactivity towardsN-ethyFAEPnwhich however is a compound never isolated in na{ltig. 9).This
preliminary screening, validated the hypothesis @AEPNn as the substrate for the three enzymes and
suggested differentolerance for the aminophosphonate compounds that barprocessedby the three

enzymes

2.2.4 PbfC, PbfD1, and PbfD2 produce PnAA

Theoxidative deamination reactioon Mi(AEPncan involve either thé GN bond orthe bond between
the N and the methyl grougdn the first case, thg@roducts of the reaction of PbfC and PbfD enzywids
be PnAA and methylamine, in the second case the reaction producte wiPn and formaldehyd&ig.
11). In either case the phosphonate produced is easily channeled into the PhnWX or A& palitiay.

op



To assess which are thetualproducts of the reactiortwo different spectrophotometric coupled assays

were performed:

- the alcohol dehydrogenas@DHjbases assaywasused to assess the production of AEPn or PnAA

- the glutamatedehydrogenase(GDH)based assawasused to assess the possible production of
ammonia when the enzymes react with AEPn (and not withEn in which the reaction product
would bemethylanine which is not a GDH substrate

The two enzymatic assays are shown in FiglteTa test if thereactions of PbfC and PbfD enzymes

produce AEPn and formaldehyde, each enzyme was incubated wAtERv for 30 minutes. Afterward,

the reaction mixture was supplemented with NADH and ;ARNADH oxidationwas expected if

formaldehyde was produceddn the other hand, if PnAA (and methylamine) is produced, @ddig

ADH would not give any NADH oxidation. In this case, Whaold be necessario hydrolyze PnAA,

yieldingacetaldehyde (and phosphateyhich would be eventuallyreduced by ADHwhile NADH would

be oxidized (Fig.1). When only ADH was added to the reactions containingB® and the enzymes, no

NADHoxidation was detected. Instead, when PhmXs finally added, a quick NADH oxidation occurred

(Fig. 2a). This data is in agreement with the hypothesis that all three oxidoreductases produce PnAA

from M;AER (andhence, presumably, alssEPndeamination

AEPn M,AEPn AEPn
HO HO
~ HO ADH
:@\/\P;O HaC L :E%\Pfo% \P50+ O=CH, —————> HC—OH
‘HSN ‘ b' NH \O FADH, FAD +H3N/\// \O- NADH NAD"
FAD
PbfBIC/D
FADH, PnAA
PnAA HO 0 le}
NH + HN— + v O phnx AN ADH HaC
. 4 HO 2 P~ ——> o—r—0o « CHy 7 3 > \
H0 \P;o Methylamine Of\\/ \ - H | NADH  NAD® OH
O 0 o
O///\/ \ .
NADH o)
a-KG
GDH

L-Glu
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The GDFKtoupled assay was also performed wRbhfC, PbfD1, and Pbflig8 assesshe ammonia
production from their reactions with AERRig. 1). After the enzymes were incubated with AEPnN, the

reaction mixtures were supplemented with NADBDHE | yKB, the GDH substratémmonia

ocC



production was confirmed by the decrease in the absorbance at 34@ tiva presence of NADH aod

h-KG This decrease resall from NADH oxidation, which occurs in the &@tdlyzed reactiondriven
by the presence of ammonigig. 2b).
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Figure 2. PbfC, PbfD1, and PbfD2 produce PnAA frghiEMh and AEPN oxidatiapADHbased coupled assay

used to assess the formation of PnAA from all threeFFBDJISY RSy (i Syl @ YSAERNEME | OG A 2y
enzymg1.9 >M for PbfC, and 0.48M for PbfD1 and PbfD@)as firstincubatedfor 30 minutewithH Y a

ad 9ty R H YakK & IMBI Oo 2 yi B EUIAGNBY Y BHSR A GK YHEIPSHE b! &
2F 1 5F DS MNIRI 6 2 dzii Y D t SYENDyScz{BSME GbHbased coupled assay performed for each
enzymg1.9>M for PbfC, and 0.48Vi for PbfD1 and PbfDRjitiallyincubatedor 30 minuteswith 2 mMAEPN

andm Yhay @ { dzo & @lppazpy Xfaeb! 51 |y R wm ®r1dBothkdlpled Bssdys wer€é NB | R
performed in 50 mM TEAC] pH 8 and NADH oxidation was detected throtlgdhdecrease in absorbarmeer
time at 340 nm.

TheNMR experiments showed unequivocally the production of PnAA and methylamine in the case of
M1AEPN deamination catalyzed by the three enzymes @&g,. dnd PnAA and dimethylamine in the case

of the deamination of WMAEPNn catalyzed by Pbfl§Eig. Bb). After one hour of incubation of the
substrates with the enzymes, the reactions were supplemented wiD, B eliminate water
interference,and i NA YS G K&t aAf &f, useN&SAN & ENIDI {F OORS VA PRIV PAKA D
LILIYThe'H-NMR spectra were collectddr the solutions of the substrates (MEPn and MAEPN) and
methylamine and dimethylamine (Fig8) and compared to the NMR spectra of the reactions with the

three oxidoreductasedn the presence of PbfC and PbfD enzymiesspectra of the three reactions with

M1AEPN revealed a peak centered at 2.61 ppm corresponding to that wfetihglamine(Fig. Ba). The

two doublets are centered at 2.90 and 2.9¢eferred in figure 12a as peak &orresponding to the
LINEG2ya 2F GKS h/ 27F t vy lthe aldehygidioupiaiidthe (FR)E34 ¢ péakid. pdc N
The peaks attributed to PnAA were compared to those obtained by the spe®taWfreaction with

oT



AEPN (data not shown) or by the reaction of PbfA RMHAEPL,2], both yieldingPnAA as depicted in
Figure 5.The deamination of BAEPNn by PbfD1 led to the formation difmethylamine (Fig. Bb). Its
correspondingpeakis centered at2.7 ppm in the NMR spectrufirig. Bb). In all the reactions of the
enzymes with NAEPn or MAEPNn the NMR spectra of the reactions also exhibited the peaks related to
the substrates (Fig.3L This is because the availability@f which is the final electron acceptor of the
reaction, limited thefinal extent of the oxidationsln fact the solubility of oxygen in water is modest
(around 0.25 mM at room temperaturedpin the NMR samples,@vascompletely consumed before

the entire substratéhad been converted.
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Figure B.*H NMR spectra of tieARdependenbxidativereactiorswith their substrate$75]¢ KS NB I Ol A2y aQ
GSNBE O2ff SOGSR FUSNI M K2dzNJ 2F A MEPUAE) or A AMMAERNR), amd dp > a
after adding 10% {® and 1 mMTSPa) The MAEPn andnethylamine spectra (bottoend top, black lines,
respectively) were compared to those of the reactinnise presence of the enzyni@bfD1, blue line; PbfRfteen

ling; PbfC, red linethe peaks corresponding to Prépdeared at 2.92.94 ppm and 9.6 ppm. Theak related to
methylamine also appeared at 2.61 pfiyiThe MAEPN and dimethylamine spectra (bottom and top, black lines,
respectively) were compared to that of the reaction. In the presence of PbfD1 (green line), the peaks corresponding

to PnAA appeared at 2.2094 ppm and 9.6 ppm. Thegk related to dimethylamine also appeared at 2.7 ppm
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PbiC from Azospiriium lipsferum PO from Acinetobacter baumanii PbfD2 from Mariniblastus fucicola
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2.2.7 PbfBcontaining cell extractsaveM AEProxidation activity

After expressingnd obtaining a slightly solubRbfB, we failed to purify the protein throughetal ion

affinity chromatography. Therefore, only partial analyses were made to assess whether PbfB could also
react with MAEPN, as previously hypothesiz8ace in this experiment we used a cell extract containing
PbfB and not the purified protein, we avoided the peroxidassed assay, which would give unreliable

results as other enzymes in the cell extracts (such as catalases) could interfereOuabddmulation.

no



Instead we performedan assay for phosphate detection based on the BIOMOL® Gregariridiple
shown inFigure 20a) in parallel to the DCRIPMS assay
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Figure20. a) Rationale for singthe BIOMOL@reenassakit to test the PbfB activityf PbfB (present in the cell
extracts) is able to oxidize;,MEPN to PnAA, the presence of PliaXd lead to the cleavage of PnAA to yield
phosphate. In the presence of phosphate, the BIOMOL® green reagent changes color from transpareh) to green.
Microtiter assay resulthat gave evidence of PbfB reacting withAEBPnSpecifically, thérst row of wells shows

the BOMOLGreen®ased assay, while the second row shows the BRIPSPassayrhnX was used only for the
BIOMOLGreen® assay, while was not used in the BR¥®8PassayThe complete reactions where the RbfB
containing extract is incubated with MLAEPN (and PhnX in@vMR Green® assa@nd thus we expected to have
signal,are highlighted with the red rectangle.

The hypothesis was thain thepresence of MAEPnNnthe reaction product for PbfB should be Prithé
substrate for Phn)X asobservedfor PbfC, PbfD1, and PbiDtherefore, if the cell extracts contain this
activity, when the reaction isupplementedwith PhnX, this wouldesult in the release gfhosphate
which is detected by the assdlig. 20a). As shown in FigurgOb, a strong signal ophosphate
accumulationrwas detected when the Pbibntaining cell extract was incubated withABPn. hstead,
almost no phosphate was released with ABPere was ngphosphate detectionin the absence of PhnX
and when an empty pET2®ntaining cell extract was usetihese datavere in agreemenwith the
hypothesis that PbfB can processA#R as PbfC and PbfSignalsof MiMAEPN processing by PbfB were
also present in the DCPHMS assaffFig.20b), however no conclusions could be maddout whether

PbfB is an oxidase or a dehydrogenase.

2.3 Conclusions
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