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1 Synthesis of amino acid hydroxamates

1.1 General procedure

All reagents, amino acid methyl esters and solvents were obtained from commercial suppliers and used
without further purification. Amino acid hydroxaates (XaaHA) were synthesized by treating
corresponding amino acid methyl esters with hydroxylamine atiogr to previously published
protocolss’ Amino acid methyl ester hydrochloride (0.25g)was dissolved in 145 mL MeOHand
neutralized by carefuliropwise addition of one equivalent of 0.6 M KOH in methanlenstirring on
ice. The slution was filtered througha teflon 0.24 um filter (Labsolutg to remove the precipitated KCI.
A olution of hydroxylamine (1 M, 200 mlyas prepared freshly by mixj 140 mL of 1.43 M
hydroxylamine hydrochloride solution in methamnwith 60 mL of 33 M KOHsolution in methanol with
vigorous stirring on ice. After 3Qin, solution was filtered to remove precipitated KCI. Calculated volume
of neutralized hydroxylamineolution wa added to the neutralized amino acid ester solutignto a
final molar ratio ofester and hydroxylaminef 1:6. Reactions were stored at@without stirring to
facilitate crystallization. The formation of hydroxatas wasdetected byformation of a colored Fé'
complex with 3% Fegh 0.1 M pechloric acid in dtanol In general, lgdroxamates of nonpolar amino
acids crystallized spontaneoydtom the reaction mixturafter 1-7 days while polar ones required the
addition of organic solventdrecipitatewas filtered, washed with dry methanol, dried under vacuum
and stored at-20°C Yidds of hydroxamates were typitha low €20 % due to the crystallization
conditions which were not optimized.

Identity of hydroxamatesvas confirmed by highesolution mass spectrometry (HRMS; Take 3) and
NMR (Sectiodl).

Hydroxamate Synthdic procedure NMRshifts ofimpurities

Methyl esterwasfound to be prone to hydrolysi| 1 44.02, s fresumablyalpha
to free acid in alkaline hydroxylan@nsolution.| proton of Gglycyl
Therefore, an incompletely  neutralizg hydroxylamine 20%)
GlyHA* hydroxylamine slution was used, which wa
prepared by mixing 1.9 g of hydroxylaming
hydrochloride with 8.9 g KOH in 200 mL

methand.
Reaction mixture concentrated to half th|143.29, s (methanol)
AlaHA volume to facilitag crystallization Crystallized

after 2 days of storage at 4°C

Reaction evaporaed to dryness, dissolved i
methanol and filtered to remove ®

Diethylether OET was added with stirring unti
SerHA the solution turned cloudy. After 30 minutes

stirring, the solution clared leaving resin on th
flask wall. Resin &s washed with DET, dd and
stored at 4°C.

Reactionevaporated to drynessind redissolved 14 3.32,s (methanol)
in asmall amount of methanol. Mthyl tert-butyl | 14 1.19, s; 3.20, s (MTBE)
ether (TBME) was added while stirring until t| 1 c27.4; 50.4 (MTBE)
solution turned cloudy. After 15 min of stirring

ThrHA
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ThrHA preipitated as a white, ygroscopic solig
which was carefully filtered, washed with NIB
and dried.

CysHA

Cys methylester was found to be unstable
alkaline reaction conditions. Thefore, cystine
methyl eser was employed for the synthesis
the hydroxamate. Cysth methyl ester
dihydrochloride was neutralized with
equivalents of KOH and treated with
equivalents of hydroxylamine. After two day
reaction was concentrated to Halvolume and
left to precipitate at 4°C overnightCysteine
hydroxamate is prepared ybreducing cydine
hydroxamate with 3 equivalents fo tris(2-
carboxyethyl)phosphinehydrochloride in water
at 60°C for 10 min.

14 3.89, s (amino acid methyl
ester)

ValHA

Precipitated from thereaction mixture after3
days of storage at 4:C

LeuHA

Precipitated from the reactio mixture after7
days of sbrage at 4°C

11 4.01, dd(alpha proton of free
amino acid, 10%)

lleHA®

Precipitated fom the reaction mixture after7
days of storage at 4:C

114 3.98, d (alpha proton of free
amino acid, 20%)

1¢172.9 (alpha carbon of free
amino acid)

MetHA®

Precipitated from the reaction mixture afte
days of storage at 4:C

14 4.20, dd (alpha proton of free
amino acid, 6%)

1¢173.0 (alpha carbon of free
amino acid)

ProHAHCI

Reaction evaporated to dryness antkdissolved
in a small emount of methanol while heating t(
60°C. Solution acidified withconcentrated HC
under vigaous stirring. DETwas added to the
solution until it turned cloudy. After 30 min ¢
stirring at room temperaturethe hydroxamate
precipitated adranslucent resiron the flask wall,
Solvent was decanted, resin washed with D
dissolved in methanol, fitred to remove KCI an
dried.

14 1.13, d (isopropanol)
14 1.89, s (ethyl acetate)
14 3.32, s (methanol)

1y 4.42, dd (alpha proton of freg
amino acid, 12%)

PheHA?267

Precipitated from the reaction mixture afte2
days of storge at 4C

11250, s (DMSO)
1:39.5 (DMSO)

TyrHA"

Methyl ester was provided as a free base, so
KOH neutralization spe was omitted and the
ester dissolved directly in hydroxylamin
solution. Precipitated from the reaction mixturg
after 2 days of storage at 4°C

14 3.30, s (methanol)
1¢50.3 (methanol)

TrpHA

Reaction evaporated to drynesstedissolvel in

isopropanol and heated to 60°C until a reshite

141.10, d; 3.96sep
(isopropanal)
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precipitate formed which was filtered, washg
with isopropanol and dried.

14 4.35, dd (alpha proton of free
aminoacid, 9%)

1¢173.2 (alpha carbon of free
amino acid)

AspHA

Methyl esterprovided as a free base, so the K(
neutralization step was omitted. Ester w
dissolved directly in methwlic hydroxylarme
solution. Asp methyl estawasfound to be prone
to hydrdysis to free acid in alkalin
hydroxylamine solution. Therefore, 3
incompletely neutralized hydroxylamine solutig
was used, which was prepared by mixing 13.
of hydroxylaminéhydrochloride vith 8.9 g KOH i
200 mL of methanol.

14 3.85, s (amino acid ethyl
ester)

14 4.40, dd (alpha proton of free
amino acid, 8%)

1y 4.47,dd (alpha proton of
amino acid methyl ester, 3%)

GIluHA

Methyl ester was provided as a free base, so
KOHneutralization step was omitted.sker was
dissolvel directly in methanolichydroxylamine
solution. Water added dropwise until complety
dissoluton and the reaction mixturestored at
4°C.

14 3.34, s (methanol)
14 4.40, dd (alpha proton of free
amino acid, 6%)

HisHA

Reactionevaporatedto dryness and redissolve
in a small amouhof methanol. Isopropanol wa
added to the solution until avhite, extremely
hygroscopic precipitate formed which wg
filtered, washed with isopropanol ardtied.

1y41.17, d; 4.02, sept
(isopropanoal)

14 3.35, s (methanol)

1y 4.40, dd (alpa proton of free
amino acid, 7%)

1¢25.1; 65.6 (isopropanol)

LysHA

Precipitated from the reaction mixture after2
days of storage at 4:C

14 4.04, dd (alpha proton of O
lysylhydroxylamine 5%)

1y 4.48, dd(alpha proton of free
amino acid, 7%)

ArgHA2HCI

Reactionevaporated to dryness and redissolve
in a small amont of metharol. Solution acidified
with concentrated HCI with vigorous stirrm
Isopropanol was added to ¢hsolufon until a
white, extremely hygroscopic precipitate formg
which was filtered, washed witlsopropanol and
dried.

141.13, d; 3.98, sept
(isopropanol)
114 3.32, s (methanol)

PipHA

Reaction evaporated to dryness, dissolved
methanol and filtered @ remowe KCl| DET wag
added with stirring until the solution turneg
cloudy. After 30 minutes of stirring, the solutiq
cleared leaving resin on th#ask wall.Resin was
washed with DET, dried and stored at 4°C.

114 3.33, s (methanol)

Phenylglycine
HA

Precipitated from the reaction mixture after2
days of storage at°C

145.02, dd (alpha proton of O

phenyiglycylhydroxylamine 3%)
145.42, dd (alpha proton of free
amino acid, 11%)




Reaction evaporated to dryness antedissolved| 14 3.19, s (methanol)
in a small amount of methanathile heating to
60°C. Solution acidified wh concentraed HC
under vigorous stirring. Diethylether (DET) W
added to the solution until it turned cloudy. Aftg
30 min of stirring at room temperature, th
hydroxamate pregiitated astranslucent resin o
the flask wall. Solvent was decanted, e
washed withDET dissolved in methanol, filtere(
to remove KCI and dd.

I -PheHA

1.2 Preparation and storage of standard solutions

Individual hydroxamates are stored as 10 mM solutions in 20 mM HE04C. Very hygroscopic
compounds (ArgHA, HisHA, ProHA, SerHA, ThrHA A EBheHR) are stored as 50 mM solutians
water at -20°C.The qiantitation standard of amino acid hydroxamates is stored as asiligtion in
water: 0.3 mM hydroxamates, 10 mivis-(2-carboxyethyl) phosphine hydrochlorid€GEPat -20°C On
the day of theanalysisthe standard solution isitlited to 100 uM final concentration in 50 mM TRIS (pH
7.5), 150 mM hydroxylamine (pH 78%, 5 mM ATPThis solutionis diluted with the buffer containing
assay components (50 mM TR 7.3, 150 mM hydroxiamine [pH 7.5-8], 5 mM ATP) to obtain
standardsolutions (0.032.00 uM) mimicking the assay conditions. All standards are further diluted 10
fold in 95% acetonitrile + 0.1% formic adfore UPLEMS/MS analysis (0.0030 pM). Diluted
hydroxamate standats are frehly prepared and used in the coursEone day.

1.3 UPLGESHHRMS analysis of amino acid hydroxamates

Exact masses of the synthetic hydroxamates were confirmed by high resolution mass specti@hetry
Table3) on aDionexUltimate3000 system combéd with a QExactive Plus mass spectrometerdiirho
Scientific) with a heated electrospragn source (HESIAII masses were detected by ESI as Magducts

in positive modeThe measurement was carried out withimessrange of m/z 5@; 400.



2 Enzymatic product formation under competition is governed by
the specificity constantkcay Kw

The relative product formation rates for two substrates can be derived under steady state conditions in
analogy to the MichaeliMenten equation® The product is formedrém the corresponding Michaelis
complexes in an irreveiisle, monomolecular reactiorEQ.1.1 and 1.2 Under the assumption that the
concentrations of both Michaelis complexes remain constant, their éatnation can be expressed as a
function of the Miclaelis constantge.g.Ku: = [k1 + ko]/ k1) and the substate concentrations (Eq. 2.1 and
2.2). InsertingEy. (2) into Eqg. (1) results in Eg. (3) which describes the ratio of product formation rates
which are proportional to the corresponding specificitynstantskaz/ Ky and ka/ Kuz multiplied with the
respectivesubstrate concentrations

ky ka2
E+A=EA -E+P
k_y
kq ky
E+A; 2 EA, —E+P,
k_3
dg:ﬂ _ kz[EAI] =, (11)
. 5:] A — v, (1.2)
B Kz [Elpld4]
[EA]-] o Ko A ] +Enq [Ao] K Ko (21)
_ K1 [Elol42]
[EAZ] o Ko A ] +Enq [Ao] K Ko (22)
k
vy _ T L] )
Vg 21 2]
KMz



3 Cloning

3.1 General cloning

General cloning was carried out h colistrain NEB &lpha New England BiolahsProtein expression
was carried out irE. colistrains NEB BL21 or HMOQY®Preparation of plasmid DNA, gel purifica of
DNA fragments, rad purification of PCR products were performed using NucleoSpsmilaand Gel and
PCR cleanp kis (Macherey NagelPurification of the genomic DN#as performed according to a
published protocal® PCRs were carried out with Q5 polymerase (New England BidMalksachusetis
or Phusion HigtFidelity DNAPolymerase (New England Biolabs) I OO2 NRAyYy 3 (2 GKS
PCR figments carrying vectoispecific overhangs were clonedtanvectors linearized by restriction
digestions using thénFusion cloing kit (Takar&io Europg. Oligonucleotideprimers(Section3.3) were
made by custom synthesénd sequene confirmation of PCR amplified insevias performedusing the
Mix2Seq servictor Sanger sequencingrofins Genomigs

3.2 Plasmids

pSU18and pTrc99a vectotsvere Inearized with Ncol red BamHI while pOPINEvas linearized with
Ncol and Pmel restriction enzymepSW8-TycA, BU18sdVGsA? pMG211Sfp? and pTrc99a
GrsB_Mtol plasmids were kindlymvided by Pré Donald Hilver{ETH #rich). The gene encding the
A-T didomainof the JesA1 module was aplified from Pseudomonas aerugino§s51027 genoin DNA®
and cloned into pTrc99&ees encoding th&rfAC, SrfAAL and SrfAB2 modules were amplified as C
A-T constructs (SIfAC as @\-T-Te) by PCR frorBecillus sitilis 3610 genomic DNA and cloned into
pTrc99a.The genes encoding all fo@rsB modules were amplified asAd constructs (GrsB4 asAcT-
Te) from pTrc99&rsB MtoL. grsB1was subcloned into pTrc® while grsB2 grsB3and grsB4were
subclonedinto pSUB. AminoacytRNA synthetasgenes(hisS leu§ metG were amplified fromE coli
NEB &alphagenomic DNA and cloned intiee pOPINE vector.

Togenerate mutants of sdVGrsA ftire directed evolutionexperiment,two fragmentsof sadVgsAwere
amplifiedfrom pSU18&dVGrsAisingmutagenic primerand cloned into pSU18&dVGrsAineariz2d with
Aflll and SdcThe first fragment was amplified with preansdXGrsA_f and a suitable revepsaner. The
second fagment was amjfied with a mutagenic forwargrimer, e.g.D306S_f, and sdXGrsA r.

3.3 dJdligonucleotides used as primers
Overhangdor InFusion cloningre underlined

SrfA - Al_f CAA TTT CAC ACA GGAAAC AGA CCATGT TAA CGGATG CAC AAA AAC GA

SrfA - Al r TGG TGA TGG TGA TGA GAT CTG GAT CCT TCC TCT GCA AGA GCCGTA ATC

SrfA -B2_f CAA TTT CAC ACA GGAAAC AGA CCA TGA AGGAGGAGCAGACGT TTG AA

SrfA -B2_r TGG TGA TGG TGA TGA GAT CTG GAT CCA GCA GAC GCCTCC ATA TAA GC
JesAl_f CAA TTT CAC ACA GGAAAC AGA CCATGC TCA ATG CCA GCGAAA CCGCG
JesAl_r GGT GAT GGT GAT GAGATC TGG ATC CAA TCT CGCCGCCCT TGC CAC

GrsB1_f ATT TCA CAC AGGAAA CAG ACC ATG AGT ACA TTT AAA AAA GAA CAT GTT CAGG
GrsBl1_r TGG TGA TGA GAT CTG GAT CQC CCGTTT ATA TAA TTA GAGATT TCC TGA ATG G
HisS_f AGG AGA TAT ACC ATG GCA AAA AAC ATT CAA GCCA

HisS_r GTG ATG GTG ATG TTT ACC CAG TAA CGT GCGCA

Met G_f AGGAGA TAT ACC ATG ACT CAA GTC GCGAAG AAA ATT C

8

a dzLJLJ



MetG_r GTGATG GTGATG TTT TTT CAC CTG ATG ACC CGGT

Leus_f AGGAGA TAT ACC ATG CAA GAGCAA TAC CGCC

LeuS_r GTGATG GTGATG TTT GCCAAC GAC CAGATT GAGG

GrsB2_f CAA TTA AGGAGG CAG CAG ATG ATT CAG CCT GTA CCA GAA CAA

GrsB2_r GTG ATG GTG ATG AGA TCT GGA TCC ATC AGC AAT GTA TTG AGC TAA TG
SrfA - C_f ATT TCA CAC AGG AAA CTC GAGATG AGT CAATTT AGC AAG GAT CAG G
SrfA -C_r TGG TGA TGA GAT CTG GAT CCT GAAACC GTT ACG GTT TGT GTATTAAG
GrsB3_f CAA TTA AGG AGG CAG CAG ATG ATT CAA CCT GTT ACC CCG

GrsB3_r GTG ATG GTG ATG AGA TCT GGATCC CTC CTC TAT ATA TTT AGC CAG TCC
GrsB4_f CAA TTA AGGAGG CAG CAG ATG GCT ATT CAGCGG GT

GrsB4_r CTT AGT GAT GGT GAT GGT GA

Primersfor mutagenesis o$dvGrsA:

sdXgrsA_f GAG CAT AAA GGAATA AGT AAT CTT AAG G

D306S_f CTT CGCTCC CTA ATT GTA GGT GG\ AGC GCCTTG TCT CCGAAA CAC ATC

G243 M f CGT ATA ATA CAG ACC GGAGQ\ ATT GGATTC GAT GCACTG ACATTT GAAGTT TTT ATG TCA
TTG CTG CAT GGAGCT GAATTG

N334 T_f GAA CGGTTA CGGCCC AAC AGA AAC CACCACTTT TTC TAC ATG CTT TCT TAT TGA TAA AG

N334T_S338A f GAACGGTTA CGGCCCAAC ACA AAC CAC CACTTT TGC GACATG CTT TCT TAT TGA TAA AGA
ATA TGA TGA CAA TAT TC

S338A f GAA CGGTTA CGGCCCAAC AGA AAA CACCACTTT TGC GACATG CTT TCT TAT TGA TAA AGA
ATA TGA TGA CAA TAT TC

A356 P_f CTT TCT TAT TGA TAA AGA ATA TGA TGA CAA TAT TCC GAT AGG GAA GCC GAT TCA AAA TAC
ACA AAT TTA TAT TGT CGATGA TGA AAA TCT TC

D306_r CCA CCT ACA ATT AGG GAG CGAAGG C

@43 _r GCT CCG GTC TGT ATT ATACGATCG

N334_r CTGTTG GG CGT AACCGTTCC

A356_r GTC ATC ATATTC TTT ATC AAT AAG AAA  GCATGT AG

sdXgrsA_r GCT AAC CCT TCT CCA CCA ATA CAG




4 Protein overexpressian and purification

4.1 Purification protocol

Forthe overexpression of-@rminally Hig-taggedholo-NRP $roteins eac overexpression plasmidas
transformed intoE. coliHM0079 with 3 Sy 2 YA Ol f f &-phdsghdparihhikiny Sransfarage Sip.
Overexpressn of apeTycA Sfp and aminoacyl tRNA synthgeswas done irE. coliBL21 strain.A 2L
flask with500 mL of2xYTmedium supplemented with antibiotis was inoculatedwith 0.5 mL ofan
overnight culture andincubatedat 37°C in a rotary shaker at 200 rprtWhen the ODyoo reached 1,
cultures wereinduced with 0.25 mM isoprogyD-thiogalactoside(IPTG)and grown for anothe 16-20
hours at 20°C Cells were harvested by deifugation and the supernatant was discarded. After
resuspending the cell pellet in 30L lysis buffer (50 mM TREH 7.4, 500 mM NCI, 20 mM imidazole,
2 mM TCEP)100 pL proteasenhibitor mix (SigmaP849) were added and cells werysed by sonicabin
while cooling on iceThe lysate was cleared by centrifugation at0® g for 30 mirat 4°C and the
supernatant was loaded ¢m a column packed witt2 mL d Ni-IDAsuspension(Rotigarose, Rothyand
equiibrated with lysis bufferAfter washing thecolumn twice with 20 mL of the lysis buffer, the target
protein was eluted with 4 x 0.75 mlution buffer (50 mM TRIfH 7.4, 500 mM N&I, 300 mM
imidazole, 2 iVl TCEP). After pooling therotein-containing factions they werebuffer exchangeavith
2-fold concentratal adenylationassay buffe(100 mM TRI$pH 7.4, 10 mM MgG) on 6 mLVivaspin
(Sartorius)filters with 10 KDa cut-off for proteins arger than 30 kDa and 30 kDa enff for proteins
larger than90 kDa.Qycerolwas added to10%and protein concentratioradjusted to 50 uMSamples
were flash frozen in liquid nitrogerand stored at-20°C For detailed kinetic argsis, TycA protein
sampeswere further purified byanion exchange chromatography aan NGC Chromatography system
(BioRadLaboratorie$ usinga MonoQ 5/50 GL column (GE Healthcaaall eluting witha 20600 niv
NaClin 20 mM TRIS (pH 8)adient.Purifiedprotein was washed andrepared for storage as described
above. Protein concentrationsvere determined from the absorbance at 280 nm measured akeB
plates on an Epoch2 microplate reader (Bioteklsing calclated extinction coefficients
(www.benchling.com

4.2 SDSPAGE obverexpressed proteins

Purity of proteins was monitored by SEPA\GE(SI Fig. 6)using Bot 4-12% Bislris Plus Gels
(ThermoFisher Scientijiavith MESDS running buffer (NovéxSample load was G(B6 g of protein
per lane in Bolt LDSample buffer and Bolteducing agent. Tripledr Protein Standard Ill (Serva) was
run alongside the prain samplesas a size standardrhe gels were run at 200 V 22 minutes and
stained wth Quick Coomssie shin (Serva).
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5 MesG/hydroxylamine spectrophotometric assay

5.1 MichaelisMenten kinetics of TycA

MichaelisMenten parameters ofthe adenylation reactin catalyzed by Tycivere determined from
kinetic data recordedvith the MesG/hydroxylanme assaywhich wasperformed as described pregusly
with minor modifications® Reactions contained 50 mM TRIS (pH 7%)nM MgGi, 100 uM 7
methylthioguanosine (MesG), 150 mM hydroxylamieljgsted topH 7.58 with NaOH, 5 mM ATP
(A2383 Sigma 1mM TCEP, 0.4 U/mL inorganic @yhosphatase 11643, Sigma),1 U/mL of purine
nucleoside phosphorylasedm microorganismsN8264, Sigma and varying amourst of TycA (0.02§ 1
mM) and substrates.In flatbottom 384-well plates {81620, Brangd 100 pL eactions were started by
addition of substrate and thabsorbance was followed at 83%1m ona Synergy H1 (BioTek)icroplate
reada at 30°C Background activityvas recorded in wells containing buffer without subsé&rand the
obtained slopes were subsequently subtractBdch substrate concentration was meeed in duplicate.
Initial vebcities were divided bythe slope of a pyrophcsphate calration curve to obtain the
pyrophosphaterelease rate.Initial velocitiesvo/[Ey] were fit to the MichaeligMenten equation by
nonlinear regression usirigversion 3.4 (Sl Fig. 2

5.2 Competitive inhibition of TycA with PheHA

For characterizing anpetitive inhibition of TycAby PheHA,complete EPhe kinetic profiles were
measured at viying PheHAconcentrations (0.74 to 540 uM; Fig. 288) described for simple Michali
Menten kinetics (Sectiob.1). Initial velocitesv obtained for all combinatios of substrate and inhibitor
concentrations ([S] and [I]) were fit globally to a compeditinhibition model in R using nonlinear
regressim and plotted using ggplot2’

dat< - re ad.table(" data .csv", sep=";', header=T) #data input with headers S, I, v

start< - list (kcat=30, Ki=20, Km=0.02 ) #starting v alues (Ki / uM Km/mM)
f< - v~kcat*S/((1 + 1/Ki)*Km + S) #kinetic model

m <- nlis(f,da t,start=start) #nonlinear regress ion
summary(m) #output of fit parameters

5.3 TycA stability in 150 mM hydroxylamine

To test the stability of TycA ithe presence 6150 mM hydroxylaminea 10 uM enzymesolution
containing 50 mM TRIS (pH 7.6), 5 nMMC}t and 150 mM hydroxylamine wascubated at room
temperaturefor up to one hour After the indicated time, initiahdenyation velocities were measured
with the preinabated enzyme and three differentRhe concentrations using the MESG/hydroxylamine
assay(Sl Fig. 1)
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6 Multiplexed hydroxamate assay (HAMA)

6.1 Reaction conditions

The tydroxamate formation asgawas condated at room temperaturein 100 pLvolume containing
50mM TRIS (pH 7.6), 5SNinMgC}, 150 nM hydroxylamine gH 7.58, adjusted withNaOH)5 mM ATP
(A2383 Sigmg 1 mM TCEP rad varying concentrations of enzyme. Reactiorese started by adding
mix of 5mM proteinogenic amino acilin 100 mM TRIS (pH &) afinal concentrationof 1 mMor only
buffer as a controlFor TycA and sdVGrsA assayRhé, EVal and tLeu were @tinguisted from DPhe,
D-Val and L:lle, respectively ¥ using enantiopure,deuterium labelled standards.Reaction tnes and
temperatures were optimized for each proteiReactbns were quenched at different time points by
diluting them10-fold with 95% aetonitrile in water containiig 0.1 %formic acidand submitted to UPL-C
MS analysisTime pointto was obtained by quaching the enzymeontainingmaster mixbefore adding
amino acid substrates.To guarantee initial velocity conditions, reactions were qtrerd befoe 10%
(100 uM) of tle most peferred substratewas consumed We observeda strong impact ofsample
compositon on HILIC separation of hydroxamat€kerefore,care hal to be taken that all samplesere
processed irexactlythe same mannewithout further dilutions forinstance Ty assays were done in a
biologicd (different enzyme batches) anddinical (separate assay reactions) triplica@ther protdns
were assagd from a gle proteinbatch in technical triplicates.

6.2 UPLGMS/MSconditions

Chromatography was perfmed on aWaters ACQUITY-¢iass UPLC system (Wajewath an injection
volume of 3 uL. Water with 0.1 % formic acid (A) and acetonitiitle 0.1 % fomic acid B) were useds
strong and weak eluent, respectively. Amiacid hydroxamates were separated the ACQUITY UPLC
BEH Amide column (1.7 um, 2.1&fm) wth a linear gradienbf 10-50% A over 5 min (flow rate 0.4
mL/min) followed by 4 mn reequilibration. Water containing 0.1% formic acid was used as a nieed
wash between the samples. Data acqtien and quantitation weredone usingthe MassLynx agh
TargelLynx software (version 4.1).

MS/MS analyses were performed on XeveS @ico (Wakrs) tardem quadruple instrumen with ESI
ionisation source in positive ianode. Nitrogenwas used as a desd@ition gas and argon as collision gas.
The following surce @mrameters were used: capillary voltage 1.5 kV, cone voltage 65 V, desolvation
temperature 50°C desohation gas flaw 1000 L/h.Compounds weredetected via spefic mass
transitions recorded in nmitiple reaction monitoring (MRM) mode (S| Table 2).

Standad calibration solutions of hydroxamates were prepared ranging from 0.003@ dvL In geneal,
detection is very sasitive, limits being in the low nanomolar mge. However, at such low
concentratons, large loss of the linearity of the responseswhserved. Therefore, here we are defining
limits of quantitation (LOQ) as the losteconcentratios of hydrommate standards at which the signal
response wast#l linear (R > 0.95, deviation < 20%lhe upper limit of quantification (10 uM) is given by
the requirement not to exceed 10% substrate conversion at 1 mM substrate condentiaatd 106fold
dilution beforeinjection.

6.3 Assay validation with TycA
In orde to extend the dynamic range of the agssuch that the best six substrates of TycA could be
measuredacross ca. five orders of magnitude in actiyijg. 2A S| Tabld), reactons were perfemed
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with and without L-Phe.The PheHAnd TrpHAconcentratiors were determined first by incubation df
KM enzymewith completel mM substrate mixL-Phed5, DPhe, Hlle, LLeud7, -Vald8, DVal, -Met,
L-Tyr, LTip) for 3 min. In the second m@&ction, 1 UM enzyme was incubateslith the samesubstrate mix
lacking EPhed5 and BPhefor 30 min to allow the accumulation of corresponding hydroxamates aip t
measurable levelslog(XaaHA][TrpHA) ratios were calculated to allow comgrison between both
reactions

6.4 Progress cuve of PheHA formation with TycA

A hydroxamate asmy reactionwith 200 nM TycA in the presence of 1 mM proteinogamano acid mix
was dlowed to run for up to 20 mimtes. Reactions were quenched atventime points and the
concentration of PheHA measad (S| Fig5).

6.5 Time course of hydroxamate ratios

After a prolonged reaction time,oenpetitive product inhibition will decreastihe rate of hydroxamate
accumulatior? but shouldnot change the ratio oproducts. Therefore, specificity prdés shouldremain
unaffected.We tested this hypthesis by monitang hydroxamate ratios over timén the reaction ofl
UM TycA with 1 mM substrat€SIFig.4).
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7 DKP formation assay

7.1 Reacton conditions

The dketopiperazne (DKP formation assay was performed in 150uL volume with 53nM ATP, InM
TCEP5uM Gr8B1 and either 5uM sdVGrsAor a mutant thereofin peptide formation assay buffer
(40mM HEPES, 18M MgC4, 75mM NeCl, pH3.0). The reation was started by additioof L-Valand L-
Pro (1mM each. The resultingsolution was incubated at 3°C and quenchedfter 3h by heat
denaturation at 95°C for 3min. Deratured proteins were precipitated by centrifugation and the
supernatant analysetty UPL@AS/MS.

7.2 UPLGMS/MS condtions

Chromatography was perforaa on a Wates ACQUITY-tlass UPLC system (Waters) with an injecti
volume of2 pL.Methanol (A) andwater with 0.1 % formic aci(B) were used as strong and weak eluent,
respectively Diketopiperazneswere separated othe ACQUITY UPLC BEHScolumn (.7 um, 2.1x 50
mm) with a linear gradient oR0-60% A overl.5 min (flow rate ® mL/min) followed by 1 min
reequilibration. Acetonitrile was used as a needle wash betwetre samples. Datacquisition and
guantitation were done using the Masshy and TegetLynx sfiware (version 4.1).

MS/MS analyses were performed @anXevo TGS micro (Wadrs) tandem quadrupolénstrument with
ESI ionisation source in positive ion modérdden was used adesolvation gas and argon asellision
gas. The folloimg soure parametes were used: capillary voltagke5 kV,cone voltaged V, desolvation
temperaure 600°G desolvatio gas flow 1000 L/WalPro-DKPand wasdetected viathe 19709>69.95
transition, recorded in multiple reactio monitoring (MRM) modeStandard chbration solutions ofVal-
Pro-DKPwere prepared ranging fror@.0006 to 10 pM.
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8 Supplementary Tables

Sl Tablel. Comparison of kinetic data.

L-Phe 9900+ 300 1600+ 85 96+ 12 NA

D-Phe 4700400 2400+120 116+15 NA

L-Tyr 122+14 1.7+0.3 0.029+0.0@ 127+13
L-Trp 54+05 3.5+03 0.13+0.01 43.0+3.0
L-Met 2.1+0.2 3.6+0.8 0.13+0.M9 49.0+4.3
L-Leu 1.26+0.1 1.6+0.1 ND 109+ 08
L-val 0.13 £ 0.008 0.12+0.01 ND 0.045+ 0.0

*NA:Not applicable ND: Not detetable
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Sl Table2. Acquisition parameters for hydroxamatgiartification and limits of gantification (LOQps

Compound  Parent(m/z) Cone Daughter(m/z) Collision LOQ(UM)
Voltage(V) Energy(V)

AlaHA 104.90 18 43.90 8 0.08
ArgHA 190.02 14 69.94 16 0.016
AspHA 148.95 32 87.92 10 0.08
CysHA 136.87 28 75.87 12 0.0082
GluHA 163.03 24 83.95 18 0.016
GlyHA 90.82 34 29.94 8 0.4
HisHA 171.05 22 109.92 10 0.016
lleHA 147.01 28 85.97 8 0.0032
LysHA 162.02 20 83.94 18 0.08
MetHA 165.03 26 103.88 8 0.0032
D-PheHA 180.99 30 119.94 10 0.0032
ProHA 130.97 24 69.96 12 0.4
ThrHA 134.91 26 73.97 8 0.0032
TrpHA 219.94 30 167.00 16 0.0032
TyrHA 196.98 30 135.95 12 0.0032
D-ValHA 132.87 22 7191 10 0.016
L-Vakd8-HA 14092 22 79.96 10 0.016
L-Phed5-HA 186.03 30 124.97 10 0.0032
L-Leud7-HA 154.05 30 93.01 10 0.0032
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Sl Table8. HRMS omino acid hydroxamates.

Molecular formula Expected (m/z)
AlaHA C3HOND2+ 105.0659 105.0660 1.0
ArgHA C6H16N502+ 190.1299 190.1296 1.6
AspHA C4HIN204+ 149.0557 149.0555 13
CysHA C3HIN202S+ 137.8879 137.0378 0.7
GIluHA C5H1IN204+ 163.0713 163.0711 1.2
GlyHA C2H7N202+ 91.0502 91.0505 3.3
HisHA G6H11N402+ 171.0877 171.08% 1.8
lleHA C6H15N202+ 147.1128 147.1126 1.4
LeuHA C6H15N202+ 147.1128 147.1126 14
LysHA C6H16N302+ 162.1237 162.1235 1.2
MetHA C5H13N202S+ 165.0692 165.0690 1.2
PheHA C9H13N202+ 181.0972 181.0970 11
i -PheHA C9H13N202+ 1810972 181.0968 2.2
Phenyglycine HA C8H11N202+ 1670815 167.0813 1.2
Pipecolic acid HA C6H13N202+ 145.0972 145.0969 21
ProHA C5H11N202+ 131.0815 131.0814 0.8
SerHA C3HIN203+ 121.3608 121.0608 0.0
ThrHA C4H1N203+ 135.0764 135.0%63 0.7
TrpHA C11H14N®2+ 220.1081 220.1079 0.9
TyrHA CI9H13N203+ 197.0921 197.0919 1.0
ValHA C5H13N202+ 133.0972 133.0971 0.8
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9 Supplementary Figures

Sl Figl.

— — —
—a— @ L-Phe(mM)

. < o —0—0.025

i —a—-0.050

i —4—0.100

0 10 20 30 40 50 60

incubation time (min)
Stability of TycA in hydroxylamine mmed with the MESG/hydroxgmine assay.
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S| Fig5. Progress cwe of PheHA fonation catalysed by TycA linear fitindicates akons Of 14.2+ 0.5

min. The 3fold lower turnover rate compared to thie..: determined for pure tPhe (43 mirt; SIFig. 2)
might be expainedby competition with akernative substratesAccording to theparameters determined
for competitiveinhibition (Fig. 2B), the apparent deviatitmom linearity is not caused by PheHA.

TycA SrfAA1SrfAB2 SrfAC JesAl GrsB GrsBl GrsB2 MetRS LeuRS GrsB3 GrsB4 mVGrsA HisRS

Sl Fig6. SDPAGE of purifiegroteins. Expected moletar weght of proteins (kDa)TycA(123.6)
SrfAA1(117.1) SrfABZ117.0) SrfAC (145.1), JesAl (67@j)sB (510.0), GrsB1 (122.3), GrsB2 (117.9),
MetRS (77.2), LeuRS (98.2), GrsB3 (119.3), GrsB4 ($82®)A (128.5), HisRB(@). Where
ambiguous, tle protein of interest is labled with a red rectanig.
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10 Sequence®f proteins used in this study

TycA
MVANQANLIDNKRELEQHALVPYAQGKSIHQLFEEQAEAFPDANEAIRRLSYQELNRKANQLARALLEKGVQTDSIVGVMMEKS
IENVIAILAVLKAGGAYVPIDIEYPRDRIQYILQDSQTKIVLTQKSVSQLVHDVGYSGEVVEHDLDARETANLHQPSKPTDLAY
VIYTSGTTGKPKGTMLEHKGIANLQSENSFGVTEQDRIGLIBMSFDASVWEMFMALLSGASLYILSKQTIHDFAARESENE
LTHTLPPTYLTHLTPERITSLRIMITAGSASSAPLVNKWIOKLRYINAYGPTETSICATIWEAPSNQLSVQSVPIGKPIQNTHIYI
VNEDLQLLPTGSEGELCIGGVGLARGYWNRPDLTWEKPFVPGEKMYRTGDLARWG TIEFLGRIDHQVKIRGHRIELGEIE
SVLLAHEHITEAVVIAREDQHAGYLCAYYISQQEATRALRDYAAQKLPAYMLPSYFVKLDKMPLTPNDKIDRHERDLTANQS
QAAYHPPRTETESILVSIWQNVLGIEKIGIRDNFY.S&GDSIQAIQVVARLHSYQLKLETKDLLNYPTIEQVALFVKSTTRKSDQGI
IAGNVPLTPIQKWFFGKNFTNTGHWNQSS\REG-DPKVIQSVMDKIIEHHBLRMVQHENGNVVQHNRGLGGQLYDYRRT
AQPDVQQAIEAETQRLISSINLQEGPLVKVALAQHGDHLFLAIHHLVVDGISWRILFEDLATGYAQAL@S SLPEKTDSFQSW
SQWLQEYANEADLLSEIPYWESLESQAKNKDYEVTDCKQKSVRNMRIRLHPEETEQLLKHANQAYQTEINDLLLAALGLAFAE
WSKLAQIVIHLEGHGREDIIEQANVARTGWFTSQYPVLLDLKQTAFRBIKLT KENMRKIPRKGIGYDILKHVTLENRGSLSFR
VQPEVTFNYLGQ@ADMRTELFTRSPY&BITLGADGKNNLSPESEVYTALNITGLIEGGELVLWMSSEQYREESIQQLSQSYQK
HLLAIIAHCTEKKEVERTPSDFSVK&MEEMDDIFELLANTLRGSRSHHHHHH

SrfAAl
MLTDAQKRIWYTEKFYPHTSISNLAGIGKLVSADAIDYVLVEQARRRNDAMRLRLRLDENGEQVYISEYRPVDIKHTDTTED
PNAIEFISQWSREETKKPLPLYDCDLFRFSOIRKENEVWFYANVHHSDGISMNILGNAIMHIYLELASGSETKEGISHSFIDN
LSEQEYAQSKRFEKDKAFWNKQFESVPELVSLKRNASAGEFHRBHEVPEALHQQILSFCEANKVSVLSVFQSLLAAYLYRVSG
QNDVVTGTFMGNRTNAKEKQMLGMFVSTVPLRTNIDGERAERMKDLMKTLRHQKYRYINDLRETKSSLTKLFTVSLEY
QVMQUQKEEDLAFLTEPIFSGSGLNBHVKDRWDTGKLTIEDYRTDLFSREEINMICERMITMLENALTHPEHTIDHELSDA
EKEKLLARAGGKSVSYRKDMTIPELFQEKAELLSDHRDRTLSYRTLHEQSARIANVLKQKGVGPDSPVAVLIERSERMITAI
MGILKAGGAYVPIDPGFPAERIQYILEDCGADFILBKVAAPEADAELIDLDQAIEEGAEESINADVNARNLAYIIYTSGTTGRPK
GVMIEHRQVHHLVESLQQTI8GSQTLRMALLAPFHRSVKQIFASLLLGQTLYIVPKKTVTNGAALTAYYRBIEATDGTPAH
LOMLAAAGDFEGLKLKHMLIGGEGLSSVVADKIRKEAGTAPRLTNVYGPTETCVDASVHPVIPENAVQSAYVPIGKALGNNRLY
ILDQKGRLQPEGVAGELYIAGDGVGRGYLHLFEEKFLQDPFVPGDRMYEDVVRWPDGTIEYLGREDDQVKVRGYRIGEI
EAVIQQAPDVAKAVVIRPDEQGNLEVCAYVKBGSEFAPAGLREHAARQLPDYMVPAYFTEVTEIRGRVDRRKLFALEVKA
VSGTAYTAPRNETEKAIAAIWQDVLNVEKADNFFETGGHSLKAMTLLTKIHKETGIEIPLQFLFEHPTITALAEEGSRSHHHHH
H

SrfAB2
MKEEQTFEPIRQASY®RPVSPAQRRMYILNQLGORYNVRAVLLLEGEVDKDRLENAIQQLIRHEILRTSFDMIDGEVVQTV
HKNISFQLEAAKGREEDREIIKAFVQPFELNRAPLVRSKLVQLEEKRHLLLIDMHTDGSSTGILIGDLAKIYQGADLELPQIH
YKDYAVWHKEQTNNYQEEYWLDVFKGELPILDLPADFERPAERSFAGERVMFGLDKQITAQIKSLMAETDTTMYMRULABF
KYASQDDIVGPTAGRTHPDLQGVPGMFVRIRTARPAGDKTFAQFLEEVKTASLQAFQBYPLEELIEKLPLTRDTSRSEFS
VMFNMQNMEIPRLGDLKISSYSMLHHVAKFDLSLEAVEREEDIGLSAHIPALFKDETIRRWSRHFVNIIKAAAANPNVRLSDVD
LLSSAETAAILEERHMTQITEATFAALFEKQAQQTPDHSAVKAGGNLLTYRELDEQANQLAHHLRAQGAGKNEDRSHNEVMV
SILGVMKAGAAFLPIDPDTPEERIRYSEDSGAKAVVNERNMTAIGQYEGIIVSLDGKWRNESKERPSSISGSRNMAYTSGT
TGKPKGVIEHRNLTNYVSWFSEEAGLTENDKTVLLSSYAFDLEMFPVLLGGGELHIVQKETYTAPDEIAHYIKEHGITYIKLT
PSLFHTIVNTASFAKDANFESLRLIVLGGEKIIPTDVIAFRKMYGHTEFINHYGPTEATIGAIAGRVDLYEFAKRPTIGRPIAN
AGALVLNEALKLVPPGASGQLYGQGLRGYLNRPQLTAERFVENPYSRGYKTGDVVRRLSDGTLAFIBRDQVKIRGYRIE
PKHETVMLSLSGIQEAVVLAVSEGGLQELCAYYTSDQRRAELRYQLSLTLPSHMIPAFFVQVDAIPLTANGKTDRNALPKPNAA
QSGGKALAAPETALEESLCRIWQKTLGIEAIGIDDNFFDLGGHSLKGMMLIANIQAELEKSVIFEQRTVRQLAAYMEAGAR
SHHHHHH

SrfAC
MSESKDQWYDMYYLSPMQEGMLFHAILNRBEYLEQITMKVKGSLNIKCLESEMNVIMDRYDVFRTUWEKVKRPVQVVLKKRQ
FHIEEIDLTHLTGSEQTAKINEYKEQDKIRGFDLTRDIPMRAAIFKKAEESFEWVWSY HHIILDBWWYQDLFKVYNALREQKP
YSLPPVKPYKDYIKWLEKQDKQASLRYWREYLEGFEGQTTFAGRBEXEPKELLFSLSENKAFTELAKSQHTTLSTAL&Y
WSVISRYQQSGDLAFGTVVSGRPAGEVEHMVGLFINVVPRRVKLSHFNGLLKRLOEQSQSEPHQYVPLYDIQSQADQPKL
IDHIIVFENYPLQDAKNEESSENGFDMVDVHVFEKSNYDLNLMASPGDEMLIKLAYNEAMERLKSQLLTAIQQLIQNPDQP
VSTINLVDDREREFLLTGLNPPAQAHETKPLTYWFKEARDMPALTYSGQTLSYRDEEANRIARRLOKHGAGK®BBALY K
RSLELVIGILGVLKAGAAYLPYPKLPEDRISYMLADSAAACTHQEMKEQAAELPYTBLFIDDQTRFEEQASDPATAIDPNDP
AYIMYTSGTT&PKGNITTHANIQGLVKHVDYMAFSDQDTFLSVSNYAFDAFTABMYNAARLIIADEHTLLDTERLTDLILQE
NVNVMFATTALFNLLTDAGEDWMKGLRCILFGGERASRKALRIMGPGKINCYGPTEGTVFATAHVVHMBSSLPIGKPI
SNASVYILNEQSQLQRFAVGELCISGMGVSKGYVNRAREKFIENPFKPGELYRTGDLARWLPDGTIEYAGRIDDQVKIRGHR
IELEEI EKQLQEYPGVKDAVVVADRHESGDASINAYLVNRTQLSAEDKKAHPAYMVPQTFTFLDELPLTTNGKVNKRLLPKP
DQDQLAEEWIGPRNEMEETIAQIWSEVLGRK{DDFFALGGHSLKMTAASRIKKELGIDLPVKLLEAPTIAGISAYLKNGGS
DGLQDVTIMNQREQIIFAFPPVLGYGLMYQNISRLPSYKLCAFDFIEEDRLDRYADLIQKLQPEGPLTLFGYSAGCSLAFEAAK
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KLEEQGRIVQRIIMVDSYKKQGVSDLDGRTVESDVEALMNVNRBISEAVKHGLKQKTHAFYSYYVNLISTGQVKADIDLLTSG
ADFDMPEWLASWEEATTGVYRVKREBREMLQGETLDRNAHLEFLNTQTVTVSGSRSHHHH

JesAl
MLNASETAQLQAWNAEFRHDRTIHQQFEARAAERPEAMWYQGESLSYGELNMRANQVAHRLLALGVRPDDRVAICVERGPAM
IIGLLGIL KSGAGYVPLDPAYPRERLAYTLGDSAPVALLSQHSVQEALPAMNMMPDADLRDESVRNPQVAVSATHLAYVIYTS
GSTGVPKGVMVEHCNVARLFSATDAWFGFNEXIIRHSFAFDFSVWEGRLLHGGRLLIVPQLVSRSRECYELICSAGVTVLN
QTPSAFRQLIAAQESGQPHSLRQVIFGGEALDTIAMWPWYARDLNAATONVYGITETTVHVTYYPLQAEDAQRVGVSPIGRGIP
DLRLYLLDGYGQPLPPGVVGELYVGGAGVARGYLNREELNASRALBSTHREARMYRSGDLGRWLADGSLEYLGRNDEQVKIRGF
RIELGEIEAQLAACEGVRDAVVLVREDGBKRLVAYVIGKAGVIRIAAQLRDQLRLALAEYMLPSASLESFPLTANGKLDRKAL
PVPAADAYRREYEAPEGPAETTLAGLWARVEQVGRHDQFFEGESLLAVKLIERMRQVGLSADVRVLFGQPTLAALABIAS
GGEIGSRSHHHHHH

GrsB1
MSTFKKEHVQDMYRLSPMQEGMLLDKDKNAHLVQMSIAIEGIVDVELLSESLNILIDRYDVFRTTFLHEKIKQPLQVVLKERP
VQ QFKDISSLDEEKREQEQYKYQDGETVFDLTRDPRVMAIFQTGKVNYQMIWSFHHILMDGWIFANDLFNIYLSLKEKKP
LQOLEAVQPYKQFIKWLEK@GEALRYWKEHLMNYDQSVTLPKKKAAINNTTYERRAFDKVLTQQLLRIANQSQVTLNIVFQT
IWGIVLQKYNSTNDVMSSVVSGRPSEISGIEKMVGLFINTLPLRIQTQKDQSFIELVKTVHQNVLFSQQHEYFPLYEIQNHY E
NLIDHIMVIENYPLVEELQKNSIMQKVGFTVRDMREPTNDMTVMVLPRDEISVRLDYNAAMDFIKKIEGHMKEVALCVAN
PHVLVQDVPLLTKQEHLLVELHDSITEYPDKTIHQLFTEQVEKTPEHVABDEKVTYRELHERSNQLARFLREKGVKKESIIG
IMMERSVEMIVG.GILKAGGAFVPIDPEYPKERIGYMLDSVRLVLTQRHLKDKFAFTKETIVIEDPSISHELTEEINESEDLF
YIIYTSGTT GKPKGVMLEHKNIVNLLHFER TNINFSDKVLQYTTCSFDVCYQEIFSISGGQLYLIRKETQRDVEQDEVKRE
NIEVLSFPVAFLKFIFNEREFINRFPTCVKHIITAGEQLVVNNEFKRHEHNVHLHNHYGPSETHVVTTYTINPEAEIPELPPIGK
PISNTWIYILDQEQQLQPQGIVGELYISGANVGRGYLNNQELTAEKFFADPFRPNERMYRTGDLARWEPGRADEHQVKIRG
HRIELGEIEAQLLNCKGVKEAVVIRADDKGKYLCAYVVMEVEVNDSELRBHALPDYMIPSFFVPLDQLPIPNGKIDRKSLP
NLEGIVNTNAKYVVPTNELEEKLAKIWEEVLGISQIGIQDNFEGGHSLKAITLISRMNKECNVDIPLRLLFEAPTIQEISNYING
GRSHHHHHH

GrsB2

MIQPVPEQEYYPVSSVQKRMFILNEFDRSGTAYNLPGVMFLDGKLNAYRKIE VERHEALRTSFSINGEPVQRVHQNVELQI
AYSESTEMVERIAEFMQPFALEVAPLLRELVKLEAERHLFIMDMHHIISBVSMQIMIQEIADLYEKELPTLGIQYKDFTVWH
NRLLQSDVIEKQEAYWLNXEEIPVLNLPTDYPRPTIQSFDGKRFTFSTGKQLMDDLYKVATHLEMVLLAAYNVFLSKYSGQ
DDIVVGTPIAGRSHADVENMLGMFVNTLAIRSRLNNEDTFKDVKEN ALHAYENPDYPRFDVEKLGIQRDLSRNPLFDTRWL
ONDRKSFEVEQITITPYVPNSRHSKOLTLEVSEEQNEILLCLEYCRLFTDKTVERMAGHREULHAIVGNPTIISEIEILSEE
EKQHILFEFNDTKTYPHMQTIQGLFEEQVEKTPDHVAVGWKDQTLTYRELNERAN@ROKEN QPDNIVGLLVERSPEMLVGI
MGILKAGGAYLPLDPEYPADRISYMIQDCGVRIMLTQ@HMHDEFDCVILDEDSYKGDSSNLAPVNQAGDLAWIBGSTGK
PKGVMVEHRNVIRLVKNTN@VREDDRIIQTGAIGFDALTFEFGSLLHGAELYPVTBVLLDAEKLHKFLQANQITIMWLTSPLF
NQLSQGTEHMGLRSLIVGGDALSPKHINNVKRKCPNLTMWNGYGPTENTHESIKEYDDNIPIGKAISNSTVYIMDRYGQL
QPVGVPGELCVGGDGVARGYMNQPALTEEKFXPSPRMYRTGDLARVIIGTIEYLGRIDQQVKIRGYREPGEIETLLVKHK
KVKESVIMVVEDNNG®@LCAYYVPEEEVTVSELREXKELPVYMVPAYFVEQMPLTONGKVNRSALPKPDGEFGTATEYVAPS
SDIEMKLAEIWHNVLGVNKIGVLDNFFELGGHSLRAMTMISQVHKEFPMEVLFETPTISALAQYIADGSRSHHHHHH

GrsB3
MIQPVTPQDYYPVSSAQKRMYILYEFEBRYNVPNVMFIEGKLPQRFEYAIKSLVNRHEALRFY SLNEPVQRVHQNVELQI
AYSEAKEDEQIVESFVQPFDLEIAPLLRVGLVKLASDRYLFLMDA#HIISDGVSMQIITKEIADLYKGKELAELHIQYKDFAWQ
NEWFQSDALEKQKTYWLNTFAEDIPVLNLSTDYPRPTIQSREGSAGKQLAEELKRLAAETGTTLYMLLLAAYNVLLHKYSGQ
EEIVVGTPIAGRSHADVENIVGMINTLALKNTPIAVRTFHEFLLEVKQNALEAFENQDYPRLIEKLQVRRDLSRNPLFDTMFSL
SNIDEQVEIGIEGLNFSPYEMQYWKA&DISFDILEKQDDIQFYFNYCTNLFKKETIERLATHFMHILQEIVINPEIKLEINMLSE
EEQQRVLYDFNGTDATYATNKIFHELFEEQVEKTPDHDEREKLSYQELNAKANQLARVLRQKGVQPNSMVGIMVDRSLDMIVG
MLGVLKAGGAYVPIDIDYRERISYMMEDSGAALIQQKLTQQIAFSGDILYLDQENVLHEESNLEPIARPQDIAYIIYTSGTTG
KPKGVMIEHQSYVNVAMAWKBLDTFPVRLLOQMARFDVSAGDFARALLTGGQLIVCPNEVKMDPASL XY DITIFEATP
ALVIPLMEYIYEQKLDISQLQILIVGSDSCSMEBKTLVSRFGSTIRIVNSYGVTEACIDSSYYEQPLSSLHVTGTVPIGKPYANMK
MYIMNQYLQIQPVBGELCIGGAGVARGWRPDLTAEKFVPNPFVPGEXRTGDIARWMPDGNVEFLGRNDHQVKRRELG
EIEAQLRKHDSIKEAVIAREDHMKEKYLCAYVTEGEVNVAELRAYLANDLPAAMIPSYFVSLEAMINGKIDKRSLPEPDGSI
SIGTEYVAPRTMLEGKLEEIWKDVLGLRHDDFFTIGGHSLKAMAVISQVHKECQTEVPLRVLFETPTIQGLAKYIEEGSRSHH
HHHH

GrB4
MAIQPVSGQDYYBSAQKRMFIVNQFDGVGISKMPSIMUEGKLERTRLESAFKRLIERHEBRTSFEIINGKPVQKIHEEVDN
MSYQVASNEQVEKNEFIQPFDLSVAPLLRVELLKLEEDRHVLIFDMHHIIBGISSNILMKELGELYQGNALPELRIQYKDFAVW
QNEWFQSEAFKEEYWVNVFADERPILDIPTDYPRPMQQSFDGAQLTFGTGKQLMDGLYRVATETGTTLY MYLLAWIG
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QEDIIVGTPIVGRSHTDLENIVGMFVNTIMRNKPEEKTFKAFVSEIKQNALAAFENIY PFEELIEKLEIQRDLSRNPEDTLFS
LONIGEESFEAELTCKPFDLVSKLEHAKFDLSLVAVEKEEEIAFGLQTKLYKEKTVEQLAQHFIQIVKAIVENPDVKLSDIDML
SEEEKKQ.LEFNDTKIQYPQNQTIQELFEEQVKKTPEHIAIVWEGQALTYHELNIKANQLARVLREKGVHAPAINMTERSLEMI
VGIFSILKAGGAYVPIDPAYPQERDYLLECSGATLLLTQSHVLNKLPVDIEVILTDEQNYVEDGTNLPFMN@QEAYIIYTSGT
TGKPIGVMIEHQSIINCLQWRKEEYEFGPGDTALQVFSFARDGLFAPILAGATSVLPKEEEAKDPVALKKLIASEEITHYYGV
PSLFSAILDVSSSKDLQNLRCVTLGGEKLPAQIVKKIKEKNKEIEVNNEYGPTENSVVTTIMRDIGVEGRPLSNVDVYIVNC
NHQLQPVGVVGELCIGGQRGYLMPELTADKFVVNPFVPGERMYBOLAKWRSDGMIEYVGRVDEQRGYRIELGEIESAI
LEYEKIKEAVVMVSEHTASEQMLCAYIVGEEDVLTRBYLAKLLPSYMIPNYFIQLDSIPLTPNGKVDRKALPEPQTIGLREY
VAPRNEIEAQLVLIWQEVLGIELIGITDNFFELGGHSLKATLLVAKIYEYMQIEMPLNVVFRIEKIAEYI THQESENN/HQPIL
VNVEADREALSLNGE)RKNELPILLNEETDRNVFCFAPIGAQVFYKKLAEQIPTASLYGFDHEDDDRIQQYIESMIQDSDGQ
YVLIGYSSGGNLAFEVAKEMERQGYSVSDIDNVFWKGKVFEQTKEEEEENIKIIMEELRENPGMFNMTREDFENEFRAKQSF
TRKMRKYMSFYTQLVNYGEVEATIHLIQAEFEEEKIDENEKADEEEKTYLEEKWNEKAMRFVKYNGYGANELGGDGLERN
SSILKQILQGTFVVKGRSHHHHHH

GrsB

MSTFKIEEHVQDMYRLSPMQEGMLFHRKDKNAHLVQMSIAIEIVDVELLSESLNILIDRYDVFRTTFLHEKIKQPLQWKERP
VQLQFKDISSLDEEKREQAIEQYKYQDGETVFDLTRDRIAMRTGKVNY QMIWSFHHILMDGWCFNIIFNDLFNIYLSLKEKKP
LOLEAVQPYKQFIKWLEKQREALRYWKEHLMNYDGEPKKKAAINNTTYEPAQARFDKM. TQQLLRIANQSQVTLNIVFQT

| WGIVLQKYNSTNDVVYGSV\ESEISGIEKMVGLFNTLPLRIQTQKDQSFIELVKTVHONVLFSQQHEYFELYNHTELKQ
NLIDHIMVIENYPLVEELQKNSIMQKVGFTVRDVREPTNYDMTVMVLPRDEISVRLDYNAAVYDIDFIKKIEGHMKEVALCVANN
PHVLVQDVPLLTKQEMHLLVELHDSITEYPDRIHQLFTEQVEK TPEHVAV\EDEKVTRELHERSNQLARFLREKGVKHE
IMMERSVEMIVGILGILKAGGAFVPIDPEYPKHRBYMLDSVRLVLTQRHLKDKFAFTKETIVIEDPSISHEEEIDYINESEDLF
YIIYTSGTTGKPKGVMLEHKNIVNLLHFTRETNINFSDKVLQYTTCSFDVCYQEIFSTLLSGGQLYLIRKETQRDVEQLFDLVKRE
NIEVLSFPVARKFIFNEREFINRFPTQ/KHIITAGEQLVVNNEFKRYHEHNVHHNHYGPSETHVVTTYTINPEMPELPPIGK
PISNTWIYILDQEQQLQPQGIVGELYISENVGRGYLNNQELTAEKFFADPFRPNERMYRTGDLARWLPDGNIEFLGRADHQVKIRG
HRIELGEIEAQLLNCKGVKEAVVIDKDDKGGKYLCAYVVMEVEVNDSELREYLGKALPDYMIPSFFVPLDQLPLTPNGKIDRKSLP
NLEGIVNTNAKYVVPTNELEEKKIWEEVLGISQIGIQDNFFEGGHSKAITLISRMNKECNVDIPLRLLEEAPTIQEISNYING
AKKESYVAQPVPEQEYYPVSSWRMFILNEFDRSGTAYNLPGVMFLDGKLNYRQLEAAVKKLVERHEALRTSFHSINGEPVQRVH
ONVELQIAYSESTEDQVERAEFMQPFALEVAPLLRVGLVKLEAERHLFIMDMHHIISDGVSMQIMIQEIADLYKEKELPTLGIQY
KDFTVWHNRLLQSDVIEXEAYWLNVFAEEIPVLNLPMPRPTIQSFDGKRFTFSTGKQLMDDLYARETGTTLYMVLLAAYNVF
LSKYSGQDDIVVGTPIAGEBHADVENMLGMFVNTLAIRSRLNNEDTFKDFLANVKQTALHAYENPDYPFDTLVEKLGIQRDLSRNPL
FDTMFVLONTDRKSKEQITITPYVPNSRHSKFDLTLEVSEEQNEILLCLEYCTKLFTDKTVERMAGHFLQILHAIVGNBE
IEILSEEEKQHIL FEFNDTKTTYPHMQTIQGLEBVEKPDHVAVGWKDQTLTYRELNERXRRVLRQKGVQPDNIVGLLRE
PEMLVGIMGILKAGAYLPLDPEYPADRISYMIQDCGVRIMLTQQHLLSLVHDEFDCVILDEDSLYKGDSSNLAPVNQAGDLAYIMY
TSGSTGKPKGWEHRNVIRLVKNTNYVQVREDDRIIQTGAIGFDALTFEVFGSLLHGAELYPVTKDVLLDAEKQBWKBITIM
WLTSPLFIQLSQGTEEMFAGLRSLIVGGLSPKHNNVKRKCPNLTMWNGYGPTERSTCFLIDKEYDDNIPIGKAISNSTVY!
MDRYGQLMEVPGELCVGGDGVARGYMNQPALTEEKFVPNPFAPGERMYRTGDLARWLPDGTIEYLGRIDQQVKIRGYRIEPGEIE
TLLVKHKKVKESVIMVVEDNNGQKALCAYYVPEEEVTVSELREYIAKELPVYMVPAYFVQIEQMPLTERGKRHPDGEFGTA
TEYWAPSSDIEMKLAEIWHNVL®KIGVLDNFFELGGHSLRAMTMISQVHKEELPLKVLFETPTISALAQYADGEKGMYLAI
QPVTIPQDYYPVSSAQKRMYILYEFEGAGITYNVPNVMFIEGKLDYQRFEYAIKSLVNRHEALRTSFYSLNGEPVQRVHQNVELQIAY
SEAKEDEIEQIVESFVQPFDLEIAPLLRVGLVKLASDRYLFLMDMHHISDGVSMQIITKEIADLKEGAELHIQYKDFAVWIE
WFQSDALEKQKTYWLNHEPVLNLSTDYPRPTIQSFEGDIVTFSBKQLAEELKRLAAETGTTLYMLAAYNVLLHKYSGQE
IVVGTPIAGRSHADVENIVGMFVNTLALKNTPIAVRTFHEFLLEVKQNALEAFENQDYPFENLIEKLQVRRDLSRNPBEBRMF
IDEQVEIGIEGLNFSPYEMQYWIAKFDISFDILEKQDDIQFYFNYCTNLFKKETIERLATHIMDEIVINPEIKLCEI NMLSEEE
QOQRVLYDFNGTDAXATNKIFHELFEEQVEKTPDHIAVIDERE.SYQELNAKANQLARVLRQKEPNSMVGIMVDRSMIVGML
GVLKAGGAYVPIDIDYPQERISYMMEDSGAALLLTQQKLTQQIAFSGDILYLDQEEWLHEEASNLEPIARPQDISATTGKP
KGVMIEHQSYVNVAMAWKDAYRLDTFPVRLLOMASFAFDVSAGDFARALLTGBIEMKKIDPASLYAIIKKDITIFEATPAL
VIPLMEYIY EQKLDISQLQILIVGSDSCSMEDFKTLVFGSTIRIVNSYGVTEACIDSSYEQPLSSLHVTGTVBKPYANMKMY
IMNQYLQIQPVGVIGELCIGGAGVARGYLNRPDLTAEKFVPNPFVPGEKLYRTGDLARWMPDGNVENKGRSIMELGEI
EAQLRKHDSIKEATVIAREDHMKEKYLCAYMVTEGEVNVAELRAYLANBILPEYFVSLEAMPLTARKIDKRSLPEPDGSISI
GTEWAPRTMEGKLEEIWKDVLGLQRVGIHBBTIGGHSLKAMAVISQVHKEITEVPLRVLFETPTIGLAKYIEETDTEQYMA
IQPVSGQDYYPVSSAQKRMFIVNQFDGVGISYNMPSIMLIEGKLERTRLESAFKRLIERHESLRNSRPVQKIHEEVDFNMS
YQVASNEQVEKMIDEFIQPFDLSVAPLLRVELLKLEEDRHVLIFDNSDGISSNILMKELGE LYQGNALPELRIQYKDFAVINQ
EWFQBAFKKQEEYWVNVFADERPILBTDYPRPMQQSFDGAQLTFGTGKQLMDGLYRVATETBVYLLAAYNVLLSKYSGQE
DIIVGTPIVGRSHTDLENIVGMFVNTLAMRNKPEGEKTFKAFVSEIKQNALAAFENQDYHAEIQRDLSRNPLFDTLFSLQ
NIGEESFELAELTCKPFDLVSKLEHAKFDLSLVAVEKEEEREQYCTKLYKEKTVEQIQHFIQIVKAIVENPDVKLSDIDMLSE
EEKKQILLEFNDTKIQYPQNQTDELFEEQVKKTPEHIAIVWEGQALTYHELNIKANQMAREKGVTPNHPVAIMTERSLEMIVG
IFSILKAGGAYVPIDPAYPQERIQYLLEDSGATLLLTQSHVLNKLPVDIEWLDLTREQEDGTNLPFMNQSTDLAYIIYTSGTTG
KPKGVMIEHQSIINCLQWRKEEYEFGPGDTALQVFEFR3FVASLFAPILAGABVLPKEEEAKDPVALKKLIASEEITHYYGVPS
LFSAILDVSSSKDLONLRVTLGGEKLPAQIVKKIKEKNKEIEVNNEYGPTENSWNMRDIQVEQEITIGRPLSNVDVYIVNCNH
QLQPVGVVGELCIGGQGLARGYLNKPELTADKFVVNPFVPGERMYKTGDLAKWRSDGMIEYVGRVDEQVKVRGYRIELGEIESAILE
YEKIKEAVVMVSEHTASEQMLCAYIVGEEDWDIRSYLAKLLPSYMINYFIQLDSIPLTPNGKVDRKALPEPQTIGLMAREYVA
PRNEIEAQLVLIWQEVLGIELIGITDNFFELGGHSLKATLLVAKIYEYM@MPLNVVFKHSTIMKIAEYITHQESENNVHQPILVN
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VEADREALSLNGEKQRKNIELPILLNEETDRNVFCFAPIGAQGVFYKKLAEQIPTASLYGFDFIEDDDRIQQYIESMIQTQSDGQYV
LIGYSSGGNLAFEVAKEMERQGYSVSDEDVYWKGKVFEQTEEEENIKIIMEELRENPGMFNMTREDFELYFANEFVKQSFTR
KMRKYMSFTQLVNYGEVEATIHLIQAEFEEEKIDENEKADEEEKIEEKWNEKAWNKAAKRFVKYNGYGAHSNMLGGDGLERNSS
ILKQILQGTFVVKGSRSHHHHHH

MetRS

MTQVAKKILVTCALPYANGSIHLGHMLEHIQADVWVRYQRMRGHEVNFICADDAHGTPIMLKAQQLGITPE (BHGQENAT
FNISYDNYHSTHSEENRQLSELIYSRLKENGFIKNRTISQLYDPEKGMFLPDRFVIREDESPDQYGDNCEVCGATYSPTELIEP
KSVVSGATPMRDSEHFFFDLPSFSEMLQAWTRSGALQEQVANKMQEWFESGLQQWDISRDAPYFGFEIPNAPGKYFYVWLDAPIGY
MGSFKNLCDKRGDSVSFDEYWKKDSTAELYHFIGKDIVYFHSLFWPAMLEGSNFRKPSNLFVHGYVKSNGARMBSTWL
NHFOADSLRYYYTAKLSSRIDDIDLNLEDFVQRVNADIVNKVVNLASRNAGRRDGVLASELADPQLYKTFTDAAEVIGEAWES
REFGKVREIMALADLANRYVDEQAPWVVAKQEGRDADLQAICSMGINLFRVLMTYLKPVLPKLTERAEAFLNTELTWDGIQQPLLG
HKVNPFKALYNRIDMRQVEALVEASKEEVKAAAAPVTGPLADDPIQETITFDDFAKVDLRVALIENGEDKLLRLTLDLGGE
RNVFSGIRSAYPDPQALIGRHTIMVANLAPRKMRFGISEGMVMAABPRESPDAGAKPGHQVKKHHHHHH

LeuRS
MQEQRPEEIESKVQLHWDEKRTFEVTEDESKEKYYCLSMLPYPSGRLHMGHVRNYTIGDVIARYQRMLGKNVLQPIGWDAFGLPAE
GAAVKNNTAPAPWTYDNIAYMKNQLKMLGFGYDWSRELATCTPEYYRWEQKFFTELYKKGLVYKKTSAVNWCPNIG VLANEQVI
CCWRCDTKVERKEIPQWFIKITAYADELLNDLDKLDHWPDTVKTWIGRSEGVEITFNVNDYDNTLTVYTTRPDTFMEGY
AAGHPLAQKAAENNPELAAFIDECRNTKVAEAEMATMEKKGVDTGFKAVHPLTGEEIPVWAANFVLMEYGTGAVMAVPGHDQRDYEF
ASKYGLNIKPVILAADGSEPDLSQQALTEKGVLFNSGEFNGLDHEAAFNAIADKLTAMGVGERKVNYRLRDWGHSRDRY W
TLEDGTVMPTPDDQLPVILPEDVVMDGITSPIKADPEWAKIGMPALRETDTFDTFMESSWY YARY TCPQYHSBYANYWL
PVDIYIGGIEHAIMHLLYFRFFHKLMRDAGMVNSDEPAKQLLCQGMVLADAFYYVGENGERNWYVYSPVDAIVERDEKGRIVKAKDAAG
HELVYTGMSKMSKSKNNGIDPQVMVERYGADTVRLFMMFASPADMTLEWQESGVEGANRFLKRVWRYKENVBKGTE
NQKALRRDVHKTIAKVTDDIGRRQTFNTAIAAIMELKIMKAPTDGEQDRALMQEALLAVVRMLNPFURHLWQELKGEGDID
NAPWPVADEKAMVEDSTLVVVQVNGKVRAKITVPVDATEEQVRERAGQEHLVAKYLDGVTVRKVIYVPGKLLNLVVGKHHHHHH

HisRS

MAKNIQAIRGMNDYLPGETAIWQRIEGTLKNVLGSYGYSEIRLPIVEQTPLFKRAIGEVTIEMERFEDRNGDSLTLRPEGTAG
CVRAGIEHGLLYNQEQRLWYIGPMFRAKGRYRQFHQLGCEVFGLQGPDIDAELINWYAMLGISEHVTLELNSIGSLEAR
ANYRDALVAFLEQHKEKLDEDCKRRMYTNPLRVLDSKNPEVQALLNDAPALGDYLDEESREHFAGLCKLLESAGIAYTVNQRLVRGL
DYYNRTVFEWVTNSLGSQGTVCAGGRYDGLVEQLGGRATPAVGFAMGLERLVBEKABRPNNWDIYLVASGADTQSAAMALA
ERLRDELPGVKLMTNHGGGNBKKRADKWGARVAVVLGESEVANGTAVVKEHESFBAQDSVAAHLRTLLGKHHHHHH

saV-GrsA
MLNSSKSILIHAQNKNGTHEEEQYLFAVNNTKAEYPRDKTIHQLFEEQVSKRPNNVAIVCENEQLTYHELNVKANQLARIFIEKGIG
KDTLVGIMMEKSIDLFIGILAVLKAGGAYVPIDIEYPKERIQYILDDOARMLLTQKHLVHLIHNIQFNGQVEIFEEDTIKIREGTN
LHVPSKSTDLAVIYTSGTTGNPKGTMIHKGISNLKVFFENSLNVRERIIQTGAIGFDALTFEVFGSLLHGAELYPVTKDVLLD
AEKLHKFLQANQITIMWLTSPLFNQLSQGTEEMFAGLRSLIVGGDALSPKHINNVKRKCPNLTMWNGYGPTENTTFSTCFLIDKEYD
DNIPIGKAIQNTQIYIVDENLQLKSVGEAGELCIGGEGLARBKRPELTSQKFVDNPFVPGEKLYKTGDQARWLSDGNIEYLGRID
NQVKIRGHRVELEEVESILLKHMSETAVSVHKDHQEQPYLERVSEKHIPLEQLRQFSSEELPTYMIPSYFIQLDKMPLTSNGK
IDRKQLPEPDLTFGMRVDYEAPRNEIEETLVTIWQDVLGIEKIGIKDNFYALGGDSIKAIQVAARLHSYQLKLETKDLLKYPTIDQL
VHYIKDSKRRSEQGIVEGEIGLTPIQHWFFEQQFTNMMIQSYMLYRPNGFDKEILLRVENKIVEHHDALRMIYKHHNGKIVQINR
GLEGTLFDFYTFDLTANBEQQVICEESARLONSINLESPLVKIALFHTQNGDHLFMAIHHLVVDGISWRILFEDLATAYEQAMHQ
QTIALPEKTDSFKDWSIELEKYANSELFLEEAEYWHHLNYYTENVQIKKDYVTMNNKQKNIRYVGMELTIEETEKLLKNVNKAYRTE
INDILLTALGFALKEWADIDKIVINLEGHGREBE. EQMNIARTVGWFTSQYPVVLDMQKSDDLSYQIKLMKENLRRIPNKBFG
KYLTTEYLRPVLETLKPEINFNYLGQFDTDVKALFTRSPYSMGNSLGPDGKNNLSPEGESYFVLNINGFIEEGKLHITFSYNEQQ
YKEDTIQQLSRSYKQHLLAIEHCVQKEDTELTPSDFSFKELELEEMDDIFDLLADSLTGSRSHHHHHH
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11 NMR analysisand spectra

NMR measurements werperformed on a Bruker AVANCE Il 300 MHz, BAYANCE 1l 500 Midnd a
Bruker AVANCE 600 MHz spectrometer, equipped with a Bruker Cryoplatform. The chemical shifts are
reported in parts per million (ppm) relative to the solvent residual peak.6f (H: 4.79 ppm, singlet) for

!H and trifluoroacetiacid {3C: 164.2 ppm, quartet) fdfCspectra For NMR analysis, hydroxamatasd
corresponding amino acidsere dissolved in 1.8% trifluoroacetic aqi@iFA)in DO and recorded NMR
spectra were compad. The conversion to hydroxamic acid is deternaifyy 0.2 ppm shift of® *Hand

5 ppmshift of ¥ with respect to the corresponding proton and carbon shifts of free amino acid. The
LIJdzZNRA G& 2F KeRNREFYIFGSa 61 a R SH® iNevhydoSamatedté theéd 2 Y LI NRA Y
proton of correspndingfree amino acid, which was a majonpurity. Atoms are labeled according to

the atom namesremoteness codeand order indicatorgor amino acid residues of Protein Data Bank
(PDB) nomenclature.
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9 Table4. NMR data.

Compound Position 4y, mult. Jin H3/nH lc
C 165.7
GlyHA G 3.70,5/1H 39.7
C 169.1
AlaHA J 3.94, q (7.1)/1H 485
/] 1.46, d (7.1)/3H 177
C 1663
SerHA / 4.05, dd (5.9, 4.7)/1H 54.0
o 3.96, dd (12.3, 4.7)/1H o1a
3.90,dd (12.3, 5.9)/1H
C 166.2
ThrHA G 3.68 d (72)/1H 585
/] 4.12C 4.05, m/1H 676
i 1.26, d (6.4)/3H 20.2
C 166.1
CystineHA [ h 4.23, dd (6.8)/1H 51.4
_ 3.31, dd (14.8, 6.5)/1H

I 3.23, dd (14.8. 7.2)/1H 38.5
C 167.4
Valia I 353, d (7.1)/1H 58.1
/] 2.16¢ 2.02, m/1H 31.2
/1w 098, d (6.8)/3H 188
/1 n 0.93, d 6.8)/3H 188
C 168.4
/ 3.80, dd (7.4)/1H 51.2
LeuHA ; 'J 1.75¢ 1.50, m/3H 32:2
im 0.88, d (2.7)/3H 227
I Ln 0.86, d (2.6)/3H 226
C 1675
G 3.61, d (6.8)/1H 57.0
/] 1.93¢ 1.80, m/1H 375

lleHA 1.52¢ 1.39, m/1H
I 1.26¢ 1.09, m/1H 25.9
; 1 L 0.96¢ 0.81, m/6H ﬁ:
C 1675
ethiA /7 3.97, dd (7.1)/1H 51.6
/] 2.63¢ 2.50, m/2H 31.0
7 2.17¢ 2.10, m/2H 296
o] 2.08, s/3H 153
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Sl Tablet. NMR data (continud).

Campound Position 4y, mult. Jin HY/nH lc
C 168.2
i 4.25, dd (7.6)/1H 59.3
ProHA /] 2.43¢ 2.34, m/1H 310
| 1 2.10¢ 2.01, m/3H 25.3
/1 3.46¢ 3.35, m/2H 48.0
C 164.2
J 3.86¢ 3.67, m/1H 51.8
/] 3.03¢ 2.96, m/2H 371
I 135.0
PheHA —
(DMSGdg) i 128.7
/% 7.397.16, m/5H 1205
/| 8 H
Iy 127.3
C 167.2
J 3.9, dd (6.8, 8.3)/1H 54.1
/] 3.11¢ 3.00, m/2H 373
i 126.9
TyrHA ; 1 L" 7.13¢ 7.08, m/2H 1322
[ & m
6.87¢ 6.82, m/2H 117.2
/| ¥ H
v 156.5
C 167.8
J 4.07, dd (7.3/1H 53.2
_ 3.33, d (3.0)/1H
I 3.31. d (2.2)/1H 28.3
I 107.8
I im 7.26, S/1H 1268
TrPHA 7 1 H 127.9
/% n 137.7
/%o 7.61¢ 7.57, m/1H 119.6
7V n 7.5¢ 7.46, M 1H 1135
7o 7.24¢ 7.21, m/1H 121.0
T n 7.17¢ 7.11, m/1H 1236
C 166.9
/ h 426, dd (6.5)/1H 49.0
AspHA /] 3.08¢ 2.96, m/2H 36.0
I 173.7
C 167.4
/ h 3.98, dd(7.0)/1H 51.9
GIUHA /] 2.16, m/2H 27.1
I 253, dd (12.3, 7.2)/2H 304
a 177.3

28




Sl Tablet. NMR data (continued).

Compound Position 4y, mult. gin Hz)/nH lc
[ 166.1
/ h 4.15, dd (7.3)/1H 51.7
_ o 3.44¢ 3.35, m/2H 27.2
HisHA C 1271
a2 7.44, s/1H 119.8
Gl 8.72, s/1H 135.8
C 167.8
a 3.79, dd (7.3/2H 52.4
/i 1.89¢ 1.79, m/2H 315
LysHA I 1.43¢ 1.33, mi2H 227
/1 1.70¢ 1.58, m/2H 276
/¢ 2.98¢ 2.89, m/2H 40.4
C 167.7
| h 3.86, dd(7.0)/1H 52.4
/i 1.93¢ 1.86, m/2H 29.3
ArgHA 7 1.67¢ 1.58, m/2H 252
/1 3.24¢ 3.18, m/2H 41.8
Iy 65.8
C 168.1
[ h 3.84, dd (12.0, 3.4)/1H 57.0
[ 2.13¢ 2.03, m/1H 28.1
PipHA /1 : e 22.3
T 1.97¢ 1.47, mi5H 51
3.54¢ 3.39, m/1H
o 3.12¢ 2.98, m/1H 453
C 167.1
/ h 4.97, s/1H 55.8
/i 132.8
. /'™
PhenylglycineHA T h 1317
Y 7.44¢ 7.34, m/5H 130.9
/ 1 H
[ 129.1
C 169.0
[ 2.82, dd (14.9, 6.7)/1H 378
2.68, dd (14.9, 8.0)/1H
/i 4.65¢ 4.53, dd (7.3)/1H 53.6
_ /1 136.0
i -PheHA
[ i m
130.8
/ L H
/5 m 7.38¢ 7.24, m/5H 1311
/ ¥ H
[} 128.3
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'H NMR spectrum 6fFhrHA(D,O + 1.8% TFA, 500 MHz).

13C NMR spectrum afhrHA(D:O + 1.8% TFA, 126 MHz).
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