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Abstract: Natural products from the human microbiota may medhost health and
disease. However, discovery of the biosyntheticegausters that generate these
metabolites has far outpaced identification ofrti@ecules themselves. Here, we used an
isolation-independent approach to access the plelpabducts of a nonribosomal
peptide synthetase-encoding gene cluster fRuminococcus bromian abundant gut
commensal bacterium. By combining bioinformaticgwim vitro biochemical
characterization of biosynthetic enzymes, we ptedithat this pathway likely generates
anN-acylated dipeptide aldehyde (ruminopeptin). Wenthged chemical synthesis to
access putative ruminopeptin scaffolds. Severtiege compounds inhibited
Staphylococcus aurewndoproteinase GIuC (SspA/V8 protease). Homolbgsi®
protease are found in gut commensals and oppoatitupethogens as well as human gut

metagenomes. Overall, this work reveals the utilftisolation-independent approaches



for rapidly accessing bioactive compounds and lnghld a potential role for gut

microbial natural products in targeting gut micedlproteases.

Keywords: gut microbiota; natural product biosynthesis; nitmosomal peptide

synthetase; peptide aldehyde; protease inhibitotppse

1. Introduction

Small molecules produced by the human gut micralaoé potential mediators of this
microbial community’s effects on host health ansedisé.However, the major
inhabitants of the gut have not been extensivatgstigated as natural product
producers. Though genome and metagenome sequeacitigues to reveal that human
gut microbes have a rich biosynthetic potentiadcdvering natural products from these
organisms has proven challenging, in part becawsg/mannot be cultivated in the
laboratory Moreover, investigations to date have found thatgicrobial natural
products are often difficult or impossible to idelar are not produced under standard
laboratory condition$ Though there are limited examples of isolatinglsmalecules
produced by gut microbes in pure culture (e.g.,inmeoccin A)? alternative strategies
such as functional metagenomiesid expression of biosynthetic gene clusters in
heterologous hosthiave also revealed gut microbial natural prod(fit. 1A). Overall,
there is clearly a continued need for new apprcatteg will provide more rapid access

to products of gut microbial gene clusters.
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Fig. 1: Isolation-independent approaches may acceleratgifitation of bioactive natural

products from the human gut microbiota. (A) Seldcatatural products from human gut bacteria,
including the proposed structure of the lanthiorgoataining bacteriocin (lantibiotic)
ruminococcin A, PZN10, and the antibiotic humimydiB) Our isolation-independent workflow
for characterizing small molecules produced by irtgrd gut commensals involves first selecting
nonribosomal peptide synthetase (NRPS)-encodirgybtbetic gene clusters of interest based on
abundance in metagenomic sequencing data and ri@ceadlogy. Bioinformatic predictions

and in vitro biochemical assays then provide stmattinformation that informs the chemical
synthesis of candidate natural product structireese focused small molecule libraries can then

be evaluated for bioactivity.

We envisioned a strategy for accessing gut mictaeieondary metabolites that would
combine in vitro characterization of biosynthetizgmes with chemical synthesis (Fig.
1B). By mining human gut metagenomic sequence dagasould identify small
nonribosomal peptide synthetase (NRPS) biosyntigetie clusters of interest based on

metagenomic sequencing data and microbial ecolbggse enzymes share a conserved



chemical logic and would therefore be amenabladmformatic analyses and prediction
of their natural product structures. We could thest our predictions and identify key
biosynthetic building blocks using in vitro biochigad assays with purified biosynthetic
enzymes. Finally, we would access the candidatgagtroduct structures using
chemical synthesis and evaluate these focused am#dtule libraries for bioactivity. A
key advantage of this approach is that it could/ioiea more rapid way to access
bioactive small molecules compared to traditiosalation- or heterologous expression-
based natural product discovery. Indeed, Bradycamebrkers recently demonstrated the
utility of a related strategy (the “synthetic-bifdrnmatic natural products”, or syn-BNPs,
approach) in their discovery of humimycin A (Figh)1’ By mining sequenced genomes
from the human microbiota for NRPS gene clustemslipting the structures of the likely
gene cluster products using bioinformatics, andisgizing the predicted nonribosomal
peptides, they accessed a new antibiotic thattigeaggainst methicillin-resistant

Staphylococcus aureuwdinical isolates.

Here, we have used our isolation-independent apprmaaccess the putative products of
an NRPS gene cluster froRuminococcus bromione of the most abundant commensal
microbes in the human gut. We first employed biminfatic analyses to predict the
product of this conserved and widely distributedegeluster (theup gene cluster) as a
reactive N-acylated dipeptide aldehyde (ruminopeptin). Weathged in vitro

biochemical characterization of the NRPS asseniidydnzymes to identify the building
blocks of ruminopeptin. Using a short, solution gdaynthesis, we accessed a library of

ruminopeptin analogues and evaluated their biodietsv We found these molecules



inhibit S. aureugndoproteinase GluC (SspA/V8 protease), which keas lmplicated in
virulence in a mouse abscess mddehe human gut microbe and opportunistic pathogen
Enterococcus faecal@so produces a virulence-related glutamyl endogegt? and

further bioinformatics analyses revealed additidr@hologs of this enzyme in gut
microbial genomes and metagenomes. We hypothésirerotease inhibitors of this

family may be important for mediating microbe-migedinteractions in the human gut.

2. Results and discussion

2.1 The prominent human gut microbeRuminococcus bromii possesses an abundant

and conserved biosynthetic gene cluster

With the goal of discovering bioactive secondaryahelites from the human gut
microbiota, we initially focused on the prominent gommensaR. bromii.This

organism is one of the most abundant microbesdrtiman gut across a diversity of
environments and diet® *3and it has an important ecological role in theonas a
keystone species in the degradation of resistarttst***>R. bromiiis a member of
Clostridium cluster 1V, which is significantly lesdundant in patients with inflammatory
bowel disease (IBD) as compared with healthy suf8dhis phylogenetic group of
Clostridia contains organisms that are generalhsimtered to be beneficial in the gut
environment and includdsaecalibacterium prausnitziivhich has a well-studied anti-

inflammatory role’” Though to our knowledg®. bromiihas not yet been reported to



produce natural products, we hypothesized thatctiitd be a mechanism by which this

organism exerts its beneficial effects or maintaisiecological niche in the human gut.
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Fig. 2: A biosynthetic gene cluster from the abundant gmtrmensaRuminococcus bromii
encodes a putative peptide aldehyde natural prod@gtTherup gene cluster frorR. bromii
The gene cluster encodes a single multi-modular 3{RRransporter, two regulatory elements,
and two hypothetical proteins. (B) The RupA NRPS8tams a condensation-starter (C-starter)

domain and a terminal reductase (R) domain (A sngdéon domain, T = thiolation domain).

(C) Biosynthetic hypothesis for the production wiinopeptin by theup gene cluster.

R. bromiiencodes a 10.9 kb biosynthetic gene cluster ti@ides a single di-modular
NRPS, an efflux pump (ABC transporter), two regotgtelements, and two hypothetical
proteins (Fig. 2A, Table S1). Thep gene cluster (also known as bgc45) has been
identified previously by Fischbach and co-workerailarge survey of biosynthetic gene

clusters from the human microbiome and is partlafger family of NRPS gene clusters



found in gut microbial genomes and metagenoti@his study also revealed thep

gene cluster to be one of the most abundant geiseect found in human microbiome
project (HMP) stool metagenomes. Moreover, a lyigithilar gene cluster (bgc71,
97.2% nucleotide sequence identity) from a closelgted, unisolateBuminococcus
species was identified in several RNAseq datasets §tool samples of healthy subjects,
indicating that this biosynthetic pathway is likelypressed under physiological
conditions® Overall, these findings suggest the product oftipegene cluster is likely
produced under physiological conditions. Couplethwhe established importanceRf
bromii, this may indicate a particularly important robe this metabolite in the human

gut microbiota.

Based on gene content and NRPS biosynthetic lagi@redicted that theup gene

cluster would produce a peptide aldehyde natuadymt. The NRPS (RupA) features a
condensation-starter (C-starter) domain, indicativag the N-terminus of the product
non-ribosomal peptide is likely-acylated:? one complete NRPS module, and a terminal
reductase (R) domain (Fig. 2B). This final domdnwd catalyze release of a nascent
thioester intermediate from the NRPS enzyme, géingraither an aldehyde or a primary
alcohol-containing produéf. A peptide aldehyde product would likely able to @ an
inhibitor of serine, cysteine, or threonine proe=aas has been demonstrated for NRPS-
derived peptide aldehydes produced by soil micr¢ees fellutamide B and the
flavopepting?). Notably,Ruminococceaare negatively correlated with protease activity
in the color? and production of small molecule protease inhisitny these organisms is

a potential mechanism by which this associatioriccatise.



If the product of theup gene cluster does play a crucial rol&inbromiis ecology and
evolutionary history, we might expect it to be Higbonserved in this species. To assess
the presence of this gene cluster acRslsromiistrains, we used PCR with specific
primers to amplify a fragment of the first NRPS myglation domain (RupA) in three
available human-deriveld. bromiiisolates R. bromiiL2-63,R. bromiiATCC 27255,
andR. bromii22-5-S 6 FAA NB)"*?*We observed amplification in each strain (Fig..S1)
We then subsequently PCR-amplified and sequeneefiithgene clusters to reveal
greater than 96% identity on the nucleotide leVable S2). Conservation of this
biosynthetic gene cluster across all known humarvel@R. bromiiisolates provides

evidence that this pathway may be important forafganism’s native biological role.

2.2 Bioinformatic analysis of therup gene cluster predicts production of anN-

acylated dipeptide aldehyde

In order to gain information about the productlediiup gene cluster, we first used
bioinformatic analyses to predict the activitiesl @abstrate specificities of each of the
domains in this two-module NRPS assembly line. Rigwks an adenylation-thiolation
(A-T) didomain loading module and instead conta@nsedicted C-starter domain. C-
starter domains cataly2¢acylation of an initially loaded, assembly-lin¢ghtered amino
acid with a fatty acyl-CoA. Multiple sequence aligents with biochemically and
genetically characterized C-starter domains (Cl&hA, and GIbF) revealed the RupA

C-starter domain contains key conserved residuBedtive ofN-acylation activity (Fig.



S2)?>?"We then used the Maryland PKS/NRPS séhterpredict the substrate
specificities of the two A domains of RupA. We falithat the first NRPS module likely
preferred.-leucine and the second NRPS module likely usétbritaspartate or-
glutamate (Fig. S3). Finally, we generated a stmeebased multiple sequence alignment
of the final RupA domain with other characterized NRPS terminal Ri@os using
PROMALS3d? From this alignment, we could identify all of tkey conserved active
site residues involved in NAD(P)H binding as wadlthe Thr/Tyr/Lys catalytic triad

required for thioester reduction (Fig. S4).

Together, these analyses allowed us to proposesarithetic hypothesis for thap
pathway and predict the structure of the final pEpaldehyde product(s), which we
named ruminopeptin (Fig. 2C). After post-translatibmodification of the RupA T
domains by a phosphopantetheine (ppant) transfarasation of biosynthesis occurs
with the activation of-leucine by the A domain of the first NRPS modutd éoading
onto the ppant arm of the first T domain. The Gtetadomain of the first module then
acylates the amino group of the tetherdducine with a fatty acyl CoA. The resultihy
acylated aminoacyl thioester intermediate is tHengated by amide bond formation
with the amino acid loaded by the second NRPS negaiithen -aspartate oi-
glutamate, to generate a nasderacylated dipeptide thioester intermediate. Finally
reductive offloading of this intermediate by thel&nain will give a peptide aldehyde

product that we have named ruminopeptin.



2.2 The product(s) of therup gene cluster are not readily isolated fronRR. bromii

cultures

Having proposed a candidate structure forrthegene cluster product(s), we wondered
if it would be possible to isolate these secondaeyabolites fronR. bromii We began

by identifying culture conditions in which tmep pathway was expressed. We cultivated
two strains oR. bromiiusing a variety of nutrient sources and severatual culture
additives (rumen fluid, chopped meat broth). Weasted RNA from saturated cultures
and assessed gene cluster expression using speaifiers with single-step RT-PCR. We
observed that including fructose as a carbohydmaitece in growth media was necessary
for rup gene cluster expression and that inclusion ofta@di had no effect (Fig. S5).
However, in numerous attempts using cultures gromger conditions where thap

genes were expressed (5 mL to 1 L scales) we cmilatlentify candidate masses
corresponding to any predicted ruminopeptin pepidehyde product by LC-MS. We
also attempted comparative metabolite profilingqigskCMS3° but this analysis did not

reveal any candidate masses of interest.

2.3 In vitro biochemistry reveals the building blo&s of therup gene cluster product

ruminopeptin
Since we could not readily isolate the predictespct(s) of theup gene cluster, we

sought to reconstitute this pathway in vitro tofawm our biosynthetic hypothesis and

identify the preferred amino acid and acyl-CoA dung blocks used by the NRPS

10



assembly line. The individual modules of the RupRP6 were expressed and purified in
Escherichia colias C-Hig-tagged constructs (Rupfai-t1 and RupA;.a2-m2-r (Fig. S6).
We then used a set of standard biochemical assaxsity the activities of the two

NRPS modules and determine the substrate spaeiict their A domains. The ATP-
[**P]PR exchange ass#ywas used to assess amino acid activation by eaividual
module of RupA. These experiments revealed thalARup; .1 preferentially activates-
leucine but can also accapvaline, while RupA;-az-12-r preferentially activates-
glutamate over-aspartate (Figs. 3A, S7 and S8). We then usegrtmaiscuous
phosphopantetheinyl transferase Sfp to load BODIR®Y:-onto the T domain of each
module, verifying that this enzyme can posttraistetly modify the RupA NRP8

(Fig. S9). Finally, T domain loading ass&ywith **C-labeled amino acids confirmed that
bothL-leucine and -valine were tethered onto RupAa1-11 and that both-glutamate

andL-aspartate could be loaded onto RypAy-12-r (Figs. S10 and S11).

11
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Fig. 3 RupA preferentially uses hexanoyl-CaAleucine, and -glutamate to produce a T-
domain tetheredll-acylated dipeptide thioester intermediate. (APATP]PR exchange assay

for individual RupA modules. (B) LC-MS assay fors@rter domain specificity. Mass
abundances (extracted ion chromatogram intensdies3hown for hydrolyzed products obtained
from the reaction of RupA.a1.11, L-leucine, and equimolar amounts of-C, 4 fatty acyl-CoA
substrates. The mass abundands-bexanoylt-leucine is highlighted in blue. Representative
results are shown from at least two independentrxgnts. (C, D) LC-MS assay for tetheidd
acylated dipeptide synthesis by RupA. Mass aburetafextracted ion chromatogram intensities)
are shown foN-acylated dipeptide products. The mass abundandehekanoylt-leucyl-
glutamic acid in each experiment is highlightedad. Representative results are shown from at
least two independent experiments. (C) The assatyrai contained RUpA.a1-11, RUPAcop212.R
ATP, hexanoyl-CoA, and equimolar amounts efaline,L-leucine,L-aspartate, and-glutamate

(amino acid competition format). (D) The assay mmigtcontained RUpA a1t RUPAc2-a2T2-R
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ATP, L-leucine,L-glutamate, and equimolar amounts gfC,4 fatty acyl-CoA substrates (acyl-

CoA competition format).

With the amino acid building blocks established,ne&t set about identifying the
specific acyl-CoA(s) that would be recognized ammbrporated on thE-terminus of
ruminopeptin. Though fatty acids can be incorpatatéo nascent polyketides and non-
ribosomal peptides by several mechani$hid?* we predicted that the C-starter domain
of the RupA NRPS wouldtl-acylateL-leucine using a freely diffusible fatty acyl-CoA
co-substrate. In order to determine the preferatty ficyl-CoAs, we reconstituted the
activity of RupAci-a1-11. We incubated RupA-a1-t1 with L-leucine, ATP, and a set of
short, medium and long even-chain acyl-CoAst(C,4) in a competition assay format.
We then hydrolyzed the resultifNgacylated aminoacyl thioester intermediates froen th
NRPS for detection using LC-MS (Figs. 3B and S1&hl& S3F>?’ Using this assay we
identified N-hexanoylt -leucine as the most abundant product, indicatiag hexanoyl-
CoA and other medium-chain acyl-CoA’s are likelgferred substrates of the RugA

starter domain.

We subsequently modified this assay to probe theityoof both NRPS modules. As we
were unable to successfully express full-lengthRwpe instead included the
individually expressed and purified NRPS modulespgR-1-a1.t1 and RupAz.a2-12-8 in
the reaction mixture along with amino acids, acglAGubstrates, and ATP. As the
NAD(P)H cofactor required for the reductase donveas not provided in these initial
attempts, we predicted this assay should generdtaiain-tetheretl-acylated dipeptide

thioesters which could be hydrolyzed from the eneyand detected by LC-MS. We first

13



performed a competition experiment to identify pineferred amino acid building blocks,
including in the reaction mixture multiple amindagg(L-valine,L-leucine,L-aspartate,
andL-glutamate) along with a single fatty acyl-CoA duéite (hexanoyl-CoA) (Figs. 3C
and S13, Table S4). The preferred product genenatinils experiment incorporated
leucine and.-glutamate. To verify the identity of the prefermatyl-CoA substrate, we
next performed this assay using the preferred amdnbsubstrates {leucine and -
glutamate) and a mixture of even-chain acyl-Co/ig (3D, Table S5). In this
experimentN-hexanoylt -leucylL-glutamic acid was the most abundant product. From
these results, we concluded that RupA can produaage of nascent T-domain tethered
N-acylated dipeptide thioester intermediates, ang pnaferentially use hexanoyl-CoA,

L-leucine, and -glutamate building blocks.

Finally, we sought to completely reconstitute thggR NRPS in vitro to access putative
peptide aldehyde products. To accomplish this,ngkided NAD(P)H, the cofactor
required for R domain activity, in reaction mixtsra@ong with ATP and the preferred
substrates hexanoyl-CoAsleucine, and -glutamate. We analyzed the supernatants of
reaction mixtures by LC-MS and attempted to deteetexpected masses of peptide
aldehydes, primary alcohols, truncated productsyaecules that could arise from
degradation of the predicted structuréBwever, after extensive optimization we were
unable to detect any putative final products is #iperiment. We were also unable to
identify final products in the presence of any ott@mbinations of building blocks that
we had previously examined. We did observe formatiothe hydrolysis products of

tethered\-acylated dipeptide thioester intermediates, indigathat the NRPS modules

14



were functional (data not shown). We also confirrtred synthetic standards of the
predicted peptide aldehyde products (see sectibfoRsynthesis) could be detected

under these assay conditions (data not shown).

Suspecting that our RupAaz-2-r CONstruct may have purified with an inactive R
domain, we individually expressed and purified @dualitional constructs (Ruggsingle
domain and Rupf.rdi-domain) and evaluated their reactivity towarslatheticN-
acetylcysteamine substré&iehat mimics the preferred RupAtethered intermediate
(Fig. 4A). Monitoring consumption of NAD(P)H by tlebange in absorbance at 340 nm
(Azs0), we could detect activity of neither RupARupAr,.rnor the full module Rupé.-
a2-t2-rtoward the synthetic substrate, suggesting thdtave not successfully purified an

active form of RupA (Fig. 4B).
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absorbance at 340 nm, no consumption of NAD(P)Hateerved when reactirigwith purified

RUpAg, RUPAy2R, OF RUPAS.A2-T2-R

Though we were unable to reconstitute the actoitthe RupA R domain in vitro,
bioinformatic analyses suggest this domain shoalddtive in vivo. Though RupA
shows only low amino acid sequence identity to obiechemically characterized R
domains (e.g., 23.5% with Aug&® 18.7% with MxcG,*® and 24.6% with the R domain
from bgc35, which was previously reconstituted iino?), we were able to identify the
conserved catalytic triad and NAD(P)H binding m®{iFig. S4). Among the diverse
superfamily of short-chain dehydrogenases/redustagach includes NRPS terminal R
domains, proteins with sequences identities asal®w5-30% are reported to share
similar three dimensional foldé.We generated a homology model of Rupwith the
known two-electron reducing terminal R domain frAosA, using HHPred and
MODELLER. This model suggests that the RupAotif for NAD(P)H binding and
catalytic triad for reduction chemistry are propestiented (Fig. S14). Therefore, we
propose that this R domain is likely active in viuad involved in producing the final

product of theup gene cluster.

In summary, our efforts to reconstitute the acyiwt theR. bromiiNRPS RupA strongly
suggest that the peptide aldehytaexanoylt-Leu-L-Glu-H is a likely product of this
enzymatic assembly line. This work does not ruletibe possibility that RupA may

produce additional metabolites in vivo. We obserseche promiscuity in the-acylation

16



activity of the C-starter domain and A domain sfeities of RupA. However, this type
of promiscuity is often observed for NRPS enzynse®nstituted in vitro, and the
preferred products observed in this format typycatirrespond to the most abundant
natural analogues, even in cases where multipléuate can also be isolated from
cultures®=8|t is also possible that there are unusual bidstit substrates available to
R. bromii particularly acyl-CoA’s with unusual acyl-chairodifications, which we did
not provide in our in vitro reconstitution experimg Though RupA may produce
additional molecules with different scaffolds,dtreasonable to propose thahexanoyl-

L-Leu-L-Glu-H could be one major biosynthetic product.

Additionally, as we have never directly observetivity of the RupA R domain, we
could not determine if this assembly line produaesldehyde or an alcohol. In previous
biosynthetic reconstitutions of NRPS terminal radse domains, the aldehyde
intermediate has not been detected in significaahtties when the final expected
product is the peptide alcohBl** Though the activity of aldehyde-producing NRPS
terminal reductase domains has been reconstitnteelvieral cases;*! the natural
products generated by these pathways are cycliesror pyrazinones, so only trace
amounts of free aldehyde intermediates were detécthese experiments. Given the
difficulties encountered in resolving this biosyetils step, we decided to move forward

to examine the biological activity of the putatjveptide aldehydes we predict could be

produced by RupA.

2.4 Synthesis and biological activity evaluation auminopeptin analogues

17



We next used the information that we obtained foambioinformatic and biochemical
analyses of theup biosynthetic pathway to inform the chemical systh®f a focused
library of predicted ruminopeptin structures. Wsigaed 12 analogues of the predicted
N-acyl dipeptide aldehyde scaffold that varied ieahacyl substituent and amino acid
components. We then accessed these compoundsausahgtion-phase synthetic route
adapted from previous syntheses of aspartyl artdmlyl peptide aldehyddé** Peptide
synthesis has previously been used as a tool &sac@tural product peptide aldehydes
when isolation efforts yielded insufficient quar@s of pure material for activity
screenind? In our case, we envisioned that accessing a simaty could not only

provide compounds for assays but also enable ateseictivity relationship studies.

FromN-Cbz- andO-tBu-protected.-glutamate and-aspartate precursors, we accessed
key intermediates containing an aldehyde maskedsasnicarbazone functional group
using the previously reported reaction sequerga® (Fig. 5)*** The resulting
semicarbazone-protected intermediates were thguextoN-acylated._-leucine and -
valine derivativesia-i, Fig. 5)using the peptide coupling reagétATU to yield 7al
(Table 1). From these coupling products, deprateadf theO-tBu ester proceeded with
20% trifluoroacetic acid in dichloromethane. Figatkansfer of the semicarbazide
functional group to formaldehyde under acidic ctinds and corresponding regeneration
of the aldehyde provided the desired peptide aldelpyoductsgal) (Table 2). Using

this route, we accessed a small library of rumiptipeanalogues on a multi-milligram

scale (6-42% overall yield, 7-36 mg obtained).
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Fig. 5: Synthetic precursors used in this study.

1a-i 0O R,

H H
HATU, DIPEA )J\ /'\n/N ~ _N. _NH
6ab —m——> ~ N 2
DMF, rt RN N
O R; o
7a-1
Entry Product R R Rs %Yield
7a Me Leu Asp O-Bu) 31%
2 7b Me Leu Glu (O-1Bu) 28%
3 7c CaHs Leu Glu (O-1Bu) 65%
4 7d GCsH7 Leu Glu (O-1Bu) 63%
5 7e Bu Leu Glu (O-1Bu) 48%

6 7f /Y * Leu Glu(©-Bu) 62%
,?21‘ 'O,
7 79 m/ Leu Glu(©-Bu) 87%

8 7h GCsHn Leu Glu (O-1Bu) 88%
9 7i CsH11 Val Glu (O-1Bu) 67%
10 7j GCsH1y Leu Asp O-1Bu) 39%
1 7k GCsHi Val Asp O-1Bu)  88%
12 71 CHis Leu Glu (O-Bu) 43%

Table 1: Coupling reaction betwedd-tBu-protected semicarbazorgesb andN-acyl amino

acidsla-i to give semicarbazone intermediafed.
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1) TFA, CH,Cl,
74 @ ———— > Fh)LN/'ﬁ]/N\.AO
2) CH,0, AcOH H :

MeOH, rt O R
8a-|
Entry Product R, R, Rs %Yield
1 8a Me Leu Asp 66%
2 8b Me Leu Glu 60%
3 8c CoHs Leu Glu 64%
4 8d CsH7 Leu Glu 28%
5 8e iBu Leu Glu 55%

o

8f /ﬁ/‘% Leu Glu 48%
7 8g (\(wz‘ Leu Glu 16%

8 8h CsH11 Leu Glu 34%
9 8i CsH11 Val Gilu 23%
10 8j CsH11 Leu Asp 24%
11 8k CsH11 Val Asp 17%
12 8l CHis Leu Glu 15%

Table 2 Removal ofO-tBu protecting groups froma-l and exchange of semicarbazones with

formaldehyde to afford the desired ruminopeptin@mnaes8al.

With access to sufficient quantities of peptidesigles8a-1, we could begin to identify
potential target(s) of these molecules. Our bidsstit reconstitution experiments
strongly suggest that ruminopeptin contains a ghate residue in its P1 position. We
thus gained insights into potential targets by carnmg the predicted structures of the
ruminopeptins to the known substrate specificitiesecreted microbial serine and
cysteine proteases, as well as host proteasegqeksis post-glutamyl hydrolyzing
activity is rare among microbial proteases and omkmamong human proteases, this
analysis revealed only one promising candidategtheamyl endopeptidases. Glutamyl
endopeptidases are a class of secreted serinapestéound in several bacterial species,
including the human pathogeBsfaecali§* (SprE) ands. aureu® (endoproteinase

GluC/SspA/V8 protease). These proteases are régtdand in quorum-sensing
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regulated operons alongside additional proteasesg@tamyl endopeptidases appear to
regulate the action of these enzymes (a metallegsetirE. faecalisand a cysteine
protease irg. aureus SspA and SprE are thought to play roles in bioformation in
these pathogens, though the precise details ofith&lvement vary substantially among
different strains and assay systeth¥. Additionally, results from several animal models
implicate SspA and SprE in virulen&&>°

We screened our library of ruminopeptin analogded) for their ability to inhibit the
activity of SspA in vitro. In this assay, proteagas pre-incubated with the peptide
aldehyde for 10 min. Protease activity was themtfiad by measuring the increase in
fluorescence corresponding to the release of th€AlMorophore from the fluorogenic
peptide substrate Z-Leu-Leu-Glu-AMC. We found tbexeral of the synthetic
compounds inhibit SspA, with approximately 50% bition observed for the most
potent compounds, medium-chain acyl analo@leand8l, at 10 uM (Figs. 6A and
S15). Intriguingly, in vitro reconstitution experemts suggested these compounds are
also among the mostly likely products generatethbyup gene cluster. We observed
reduced inhibition with the short-chain acyl analegBb-d and insignificant inhibitory

activity with the branched acyl chain analog8eg or aspartyl analogués, 8j and8k.
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Fig. 6: Ruminopeptin-like compounds inhibit SspA fr@naureusA) Inhibition profile of
predicted ruminopeptins against SspA. The assays emnducted by pre-incubating 1 ng/pL
SspA with inhibitor for 10 min at room temperat@odowed by addition of fluorogenic peptide
substrate Z-Leu-Leu-Glu-AMC to a final concentratiaf 75 pM. Fluorescence (367 nm
excitation/460 nm emission) was then monitored2fdmin at 30 °C and inhibitor efficiency
calculated by comparing the slope of the lineatiporof the curve with the negative control (no
inhibitor). Reactions were performed in duplicatel énhibitor efficiency is reported as a mean of
both trials. B) Potential interaction between pagtaldehyd@h (grey)and SspA (blue). The
structure was docked into the crystal structur8gA (PDB: 1qy6) using the induced fit docking

algorithm in Glide.

To better understand the interaction betw@leand SspA, we performed a docking
experiment using Glid& Substrate recognition by SspA is reported to relao

electrostatic interaction between the negativebrgbd glutamate side chain in position
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P1 of the peptide substrate and the positivelygg@iX-terminal amine of SspA We
observed a similar interaction between tiikerminal amine and the glutamyl side chain
of 8h whenwe docked this inhibitor into the crystal structofeSspA (PDB: 1qy6). The
electrophilic aldehyde warhead &t was also located within reasonable proximity (4.6
A) to the nucleophilic Ser residue (Fig. 6B), susjgey that this inhibitor binds the
protease similarly to a model protein substrateandrientation that would facilitate

formation of a reversible, covalent hemiacetal digé.

Though synthetic inhibitors of SspA have previous#en reportedt>*this work

provides the first indication of endogenous inhdritof glutamyl endopeptidases by
microbial natural products and is also the firgptont of peptide aldehyde inhibitors of this
enzyme class. By surveying the structure-actiatgtionships (SAR) in the synthetic
library of closely related family members, we rdedahat the presence of batheucine

andL-glutamate are important for SspA inhibition.

2.51dentification of glutamyl endopeptidase homologsn the human gut microbiota

The observation that putative peptide aldehydelsei@from a gut commensal could
inhibit a bacterial glutamyl endopeptidase madew®us about the relevance of these
proteases within the human gut. Tho®haureuss more commonly associated with the
nasal microbiota and can be detected from nasdiswaiapproximately 40% of healthy
individuals, studies have consistently detectesl baicterium in the stool microbiomes of

approximately 20% of healthy individualsindeed, intestinal carriage 8f aureuss
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hypothesized to contribute to bacterial dissemamaii the environment. In

comparison, the opportunistic pathoderfaecaliscan be detected in 47% of fecal
samples from healthy individuai®and its glutamyl endopeptidase SprE resembles SspA
(49% amino acid similarity and 27% identi{f)Therefore, the homologots faecalis
glutamyl endopeptidase represents an additionaglipestarget that may be more

relevant within the habitat &2. bromii

It is also possible that peptide aldehydes prodibge®. bromiiinteract with related
proteases found in other gut commensal microbesuf&nowledge, the presence and
roles of glutamyl endopeptidases in the human dataiiota has not yet been
investigated. Glutamyl endopeptidases have beeowksed inStaphylococcyBacillus
andStreptomycespecies, and many have been biochemically charzstieincluding
SspA, SprE, glutamyl peptidase BL (frdacillus licheniformi}>® glutamyl peptidase
BS (fromBacillus subtili,*® glutamyl peptidase Bffrom Bacillus intermedius®® and
glutamyl endopeptidase Il (froBtreptomyces griseu$ These enzymes all belong to
the structural chymotrypsin famif{,and though they exhibit some differences in kineti
parameters and specificity, they all share a peefaz for cleavage after glutamyl
residues and would therefore likely be inhibitedabglutamyl aldehyde. The diversity of
these biochemically characterized examples of giyt@&ndopeptidases provided a broad
starting point for identifying additional potentiargets of ruminopeptin in the human

gut.
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1 ?O 1 I95 2] 3
1qy6 (Staphylococcus aureus) DL SHTIEENSESP VIIGIEEWGG
Q47809 (Enterococcus faecalis) D | DIITIECQHESP VNMGVIESNG
P80057 (Bacillus licheniformis) AVDEIY[E€QEESP SMAMETNG
P39790 (Bacillus subtilis) TTDIHYECQHESP ANAIETN-
1p3C (Bacillus intermedius) T | DIIF SENEIESA | NGVMIENAG
Q07006 (Streptomyces griseus) TACHAMEDHEGA -MGIEESGS
BAC24763.1 (Staphylococcus epidermidis) DL SHIVIdENSESP VIIGINEY GG
1agj (Staphylococcus aureus) YGFIIVPENSESG LNGINES SK
WP_014601768.1 (Listeria monocytogenes) S | DIITIEIEQESP -NIGNMETLG
EEV49703.1 (Enterococcus faecium) T | DIITIEEQNESP ANMAIRTHG
C1488119__gene 101470 NTDHAEECHEGP ANGIEETRG
CUO15772.1 (Faecalibacterium prausnitzi) DWDL T[d€FEHEGP ANGIEEKDG
Ga0051080_10145955 DWDL TIl€ FHEGP ANIGINEKDG

* * *

Fig. 7. Glutamyl endopeptidase homologs are found imgjatobial genomes and human gut
metagenomes. ClustalW2 alignment of biochemicdibracterized glutamyl endopeptidases
(black), homologs from sequenced organisms (bar&),homologs from human gut microbes
and gut metagenomes (red). Included are the segsi@ficharacterized glutamyl endopeptidases
from S. aureus(1qy6)>* E. faecalis (Q47809).’ B. licheniformis (P80057)° B. subtilis
(P39790)*B. intermediug1p3c)®* S. griseus(Q07006)* Staphylococcus epidermidis
(BAC24763.1)* and epidermolytic toxin A fror. aureuglagj)® with additional predicted
glutamyl endopeptidases from monocytogene@VP_014601768.1F. faecium (EEV49703.1),
andF. prausnitzii (CUO15772.1). Metagenomic sequences were rettigging the BLAST tool
at JGI Integrated Microbial Genomes & Microbiomerfpées®’ Catalytic Ser195 is indicated
with a black asterisk. Positions 190 and 213, winigly be involved in conferring substrate

specificity, are indicated with red asterisks.

To explore whether additional glutamyl endopeptedaare present in the human gut
microbiota, we used BLAST searches to locate mesnbiethis family in sequenced gut
microbial genomes. Queries of the non-redundantpfmtein database of NCBI with six
representative glutamyl endopeptidase sequencesfidé putative hits in other
prominent residents of the human gut (e-value é@ef*?). Conserved residues Thr190
(or Ser190) and His213 (chymotrypsin numberinghis S1 binding pocket of

crystallized glutamyl endopeptidases have beertiftehas important for binding
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glutamate-containing substrates (Thr164 and Hisa®bpA)°* We were able to identify
these residues in the BLAST hits franterococcus faeciuif24.5% ID to SprEand the
pathogeriisteria monocytogend25.5% ID to glutamyl endopeptidase BL) (Fig. 7).
Additionally, we identified a sequence frdmprausnitziithat is annotated as a glutamyl
endopeptidase precursor. This sequence maintag#lBli but not Thr190, in the S1 site.
It remains to be determined if these putative ghyteendopeptidases from prominent gut
commensals and human pathogens actually exhibitghasmmyl hydrolyzing activity.
Overall, these proteins may not only representaggodlly relevant targets of the
ruminopeptins but also provide a promising starpomt for investigating the biological

roles of microbial proteases in the human gut.

In order to assess the presence of these protieasesian subjects and determine the
distribution of glutamyl endopeptidases among uneaged members of the gut
microbiota, we also performed a BLAST search ofespntative glutamyl endopeptidase
sequences against assembled stool metagenomesbéergirough the JGI (268
metagenomes). After limiting the results basedme-aalue cutoff (2e-10), length (188-
400 residues to account for the diversity amongatdtarized members of this protease
family), and the presence of a candidate histidasédue in the S1 binding pocket, we
identified 52 glutamyl endopeptidase homologs irdBferent samples. 47 of these
sequences haw®©9% amino acid sequence ID to the putative glutanglopeptidase
from F. prausnitzii The remaining sequences do not map to sequerceahees. This
analysis suggests that these putative targetseaithinopeptins may be present in the

human gut.
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2.6 Potential implications of gut microbial peptide alcehyde production

A multitude of human and microbial proteases aes@nt in the human gut environment.
While host-derived digestive proteases are notjameantributor to protease activity in
the colon, other human proteases are involved ilguier maintenance and facilitating
migration of immune cells within the mucosal la§&Host proteases are also involved in
regulating the immune system, and during inflamamatiuman immune cells secrete
proteases which are responsible for degrading eettedar tissue$? Gut protease

activity is upregulated in ulcerative colffis*and Crohn’s diseagéand is also involved

in the pathogenesis of colorectal canGdfost derived proteases are therefore potential
therapeutic targets, with the protease inhibiton@stat mesilate previously explored as a

treatment for Crohn’s disea&e.

Though much work has focused on the activity of Anrmproteases in gastrointestinal
(Gl) disease, microbial proteases are also aativkis environment. Bacterial proteases
in the healthy gut are involved in metabolism anttient acquisitior">but they may
also disrupt mucosal barrief&interact with protease-activated receptdrs; modulate
the host immune respon&&These enzymes are also hypothesized to haveinoles
biofilm formation and modification of the microbiat intestinal surfac& Additionally,
several microbial secreted proteases are implicgeadrulence factors in the gut

t°

context.” Therefore, inhibition of microbial proteases hesently attracted interest as a

therapeutic strategy for Gl disease.
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Our work has uncovered the first evidence thatgjatobial natural products may be
capable of modulating microbial protease actiwiie hypothesize that the peptide
aldehyde(s) produced by thep gene cluster likely target a microbial proteasenfibin
this environment. Aside from the restriction oftglinyl endopeptidase activity to
bacteria, the biogeography Rf bromiiin the human gut and the potential instability of
the ruminopeptins also suggest these natural ptedikely have a microbial target. In a
study of gut microbes associated with insolubleligested polysaccharide particles in
fecal samplesR. bromiiwas one of the three most enriched species irptiase as
opposed to the soluble phd&& his observation may indicate tHat bromiiis located
distantly from host cells in comparison to othet gpecies. Moreover, a potential
explanation for our inability to identify putativap gene cluster products R. bromii
cultures could the instability of these peptidestigtles. Indeed, incubation of peptide
aldehydeBh in anR. bromiicultureresulted inalmost complete degradation in just 15
min when incubated at 37 °C (data not shown). Qlygigen their instability and the
localization ofR. bromii we hypothesize that peptide aldehydes producediby

organism have evolved to target other microbiatgseliving in close proximity.

As highlighted earlier, theup gene cluster is part of a larger family of NRPS
biosynthetic gene clusters found in human gut bedtgenomes and metagenomes. In
recent work, Fischbach and coworkers accessedutiatiye products of several of these
gene NRPS gene clusters using a distinct workfl&elying principally on heterologous

expression of these gene clustergircoliandB. subtilis they were able to identify
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primarily cyclic pyrazinones and dihydropyrazinamempounds, along with ori¢-

acylated peptide aldehydd-pctanoyiMet-Phe-H,a product of bgc33 frorGlostridium

sp. CAG:567). This result indicates that the R dosiaf these NRPS assembly lines can
produce aldehyde products. Interestingly, theietwddgous expression strategy was not
universally effective, as products could be ideadiffor only 7 of the 14 gene clusters
investigated. As evidence that these products were not simpifaets of heterologous
expression, they also isolated one cyclic compdtomrd its native producing organism

and reconstituted of the biosynthesis of a cygfi@pinonen vitro.

Fischbach and coworkers hypothesized that theagolinpounds observed in their study
were derived from linear dipeptide aldehyde preatgrsind that these dipeptide
aldehydes may be the relevant, bioactive metalsalitivo. Therefore, they synthesized
several dipeptide aldehydes and evaluated thebitohy activity against human
proteasesThey found that free-amino dipeptide aldehydesgwdnt activity against
cysteine protease cathepsins (cathepsins B, LAGanwhich are found in the host
lysosome, as well as calpain. Using chemoproteotoioseasure the global interactions
of a representative dipeptide aldehydd>het-Phe-H) with the human proteome, they
concluded that the cathepsins are likely principedets of this compound. They suggest
that inhibition of these lysosomal proteases mayught immune recognition of members
of the commensal microbiota, as lysosomal cathepsia involved in antigen processing

and presentation.
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Though this exciting study illustrates the potdmfagut microbial natural products to
interact with host targets, some prominent questremain. It is currently unknown
whether the peptide aldehydes investigated by Bedhand co-workers have alternative
targets in the gut microbiota, as their interactiaith microbial proteases were not
explored. The predominant cyclic dihydropyrazinoaed pyrazinones products isolated
from heterologous expression and vitro reconstituéxperiments were not screened for
biological activity, so the potential roles of teasolecules are unclear. Finally, the
metabolites observed in this work were not comptetensistent with the biosynthetic
machinery present in the corresponding gene chusiée cyclic dihydropyrazinones and
pyrazinones observed in this study should be deriram dipeptide aldehyde precursors.
However, in most cases, bioinformatic analysishefNlRPS gene clusters reveals
assembly lines containing either C-starter domaumsch should producH-acylated
dipeptide aldehydes, or additional upstream loadioegules, which should synthesize
tripeptide aldehydes. Given that we have obsermeactve C-starter domain in RupA,
this discrepancy suggests that the identities@htlktabolites generated by the gut

organisms harboring these gene clusters may setilinclear.

It is also important to note that Fischbach andvookers attempted to heterologously
express theup gene cluster (bgc45) B. subtilisbut did not observe any product
formation. Moreover, heterologous expression was ahsuccessful for the two other
NRPS gene clusters most closely related taoupgathway (bgc4l and bgc43). This

finding illustrates the continued challenges assed with identifying gut microbial
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natural products and highlights how isolation-inelegent strategies can provide

information about natural products that are retr@ot to other characterization methods.

3. Conclusion

In summary, we have used bioinformatics, in vittmchemistry, and chemical synthesis
to access the putative products of e gene cluster. We demonstrated that the
ruminopeptins inhibit a bacterial protease impkchin virulence in several human
pathogens and that homologs of this enzyme arepa¢sent in commensal gut
organisms. The ecological details of the ruminojpegiutamyl endopeptidase interaction
remain to be determined, as do the broader rolgsitahicrobial protease inhibitors and
gut microbial proteases. Our studies of how rumemim-like protease inhibitors affect

the human gut microbiota are currently underway.

4. Experimental

4.1. General materials and methods

Oligonucleotide primers were synthesized by IntegtdNA Technologies (Coralville,
IA) and Sigma Aldrich (Billerica, MA). Recombinaptasmid DNA was purified with
the Qiaprep Kit from Qiagen (Germantown, MD) and EhZ.N.A. Plasmid Mini Kit
from OMEGA kit from Omega Bio-Tek (Norcross, GA)elGExtraction of DNA
fragments and restriction endonuclease clean up performed using an lllustra GFX
PCR DNA and Gel Band Purification Kit from GE Héealare. DNA sequencing was
performed by Beckman Coulter Genomics (Danvers, Ng&newiz (Cambridge, MA),

and Eton Bioscience (Boston, MA). Restriction enggnwvere purchased from New
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England BioLabs (Ipswich, MA). Nickel-nitrilotriatie acid-agarose (Ni-NTA) resin was
purchased from Qiagen. SDS-PAGE gels were purchasedBioRad. Protein
concentrations were determined by quantifying pno#é280 using a NanoDrop 2000
UV-Vis Spectrophotometer (Thermo Scientific) orthg Bradford assay. Optical
densities oE. coli cultures were determined with a DU 730 Life ScesntdV/Vis

spectrophotometer (Beckman Coulter) by measurisgréance at 600 nm.

All chemicals were obtained from Sigma-Aldrich eptehere noted. Protected amino
acids were obtained from Chem-Impex (Dale, IL) &ndanced ChemTech (Louisville,
KY). HATU was purchased from Oakwood Chemical (ESSC). All NMR solvents

were purchased from Cambridge Isotope Laborat@Ardover, MA). NMR spectra

were visualized using iINMR version 5.5.7. Chemslafts are reported in parts per
million downfield from tetramethylsilane using teelvent resonance as internal standard
for *H (CDCl = 7.26 ppm, DMSQis = 2.50 ppm, BO = 4.79 ppm) an&’C (CDC} =

77.25 ppm, DMSQ¥ = 39.52 ppm). Data are reported as follows: chahshift,

integration multiplicity (s = singlet, br s = broathglet, d = doublet, t = triplet, m =

multiplet, g = quartet, gt = quintet), coupling stent, and integration.

High-resolution mass spectral data was obtaingdarSmall Molecule Mass
Spectrometry Facility, FAS Division of Science. me assays were analyzed on a
Bruker Impact 1l gTOF mass spectrometer in negatwemode coupled to an Agilent
1290 uHPLC. Each LC-MS run was internally calibdatsing sodium formate

introduced at the end of the run. For liquid chraygeaphy, 5 puL of sample was injected
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onto a Phenomenex Kinetex C18 column (100A pors, 480 mm x 2.1 mm, 2.6 pym
particle size). Mobile phase A was 0.1% formic gei) in water, and mobile phase B
was 0.1% formic acid (v/v) in acetonitrile. The nilelphase composition started at 1%
B, which was maintained for 2 min. Samples wera th&jected to a linear gradient over
8 min to 100% B. Flow of 100% B was maintained4anin, and the column was then
re-equilibrated to 1% B over 1.9 min. High-resaatimass spectral (HRMS) data for the
synthetic compounds was obtained on an Agilent 822B. The capillary voltage was
set to 4.5 kV and the end plate offset&00 V, the dying gas temperature was
maintained at 190 °C, with a flow rate of 8 I/mimdaa nebulizer pressure of 21.8 p.s.i.
The liquid chromatography (LC) was performed usangAgilent Technologies 1100

series LC with 50% kD and 50% acetonitrile as solvent.

4.2. Cultivation of bacterial strains

R. bromiistrains were cultivated using several differelmwgh media: M2GSC (which is
supplemented with 30% rumen fluid)and RUM medi&® which were prepared as
previously described with the following modificat&x supplementary heat-sensitive
vitamins were prepared as a 1000x aqueous stoclegexor D-pantetheine, which was
prepared as a 100x aqueous stock) and separdtehgdi and sparged with nitrogen to
render anaerobic. Carbohydrates were also pread@0x aqueous stocks and treated
with the same procedure. The media itself was dp#parged with nitrogen, dispensed
in Hungate tubes under anaerobic conditions, armgh tAutoclaved. Supplementary
vitamins and carbohydrates were then added toiohaiV aliquots of the growth media at

the time of inoculation.
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A lyophilized stock ofR. bromiiATCC 27255 was purchased from the American Type
Culture Collection, Manassas, VR. bromiiL2-63 was provided as a glycerol stock by
Harry Flint and coworkers (University of AberdeeR). bromii22-5-S 6 FAA NB was
provided as a glycerol stock by Emma Allen-Vercoal aoworkers (University of

Guelph).

R. bromii L2-63, R. bromii ATCC 27255, andR. bromii 22-5-S 6 FAA NB were
inoculated from frozen glycerol stocks as 5 mL uds in RUM media with fructosend
allowed to grow in a 10% hydrogen/10% carbon die#dl. nitrogen atmosphere for
approximately 24 h until they reached saturatiomese cultures were then passaged as
1:100 dilutions and allowed to reach saturationrabafore extraction of genomic DNA.
Genomic DNA was extracted using the standard pobtot the UltraClean Microbial
DNA Isolation Kit form MO BIO (Carlsbad, CA). To ofirm strain identities, primers

fD1 and rP3! were used to amplify and sequence 16S rRNA se@senc

4.3. Detection of therup gene cluster by PCR.
PCR reactions for amplification of tmep gene cluster from each of tRe bromiistrains
were accomplished using Phusion PCR mix (Therm@fjsiReactions were performed
according to the manufacturer’s instructions anctaioed 0.1 pL template DNA, 10 uM
each of forward and reverse primers, half finalwmoé of the 2x master mix, and water to

total 25 pL. The reaction mixtures were anneale@baftC. Initially, the gene cluster was
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detected by using primers repDetectl and rupDetéet@igned to amplify the RupA;A
domain from strain L2-63 (Table S6). Subsequerttig, remainder of the gene cluster
was sequenced by PCR-amplifying overlapping regiohshe cluster, using primers
designed for strain L2-63, and then assemblingékalting reads using the Geneious 9

assembler. The primers used for sequencing areatadi in Table S6.

4.4.RT-PCR for detection ofrup gene cluster expression.
For detection ofup gene cluster expressionk bromiistrains, the organism was grown
as described above and subjected to various cudturditions (Fig. S5). Two mL of each
culture was then mixed with an equal amount of drgedt RNAProtect solution (Qiagen)
and processed according to the manufacturer’s uictstns. Protected cell pellets
prepared in this way were stored at —80 °C forou#& h before downstream processing.
Total RNA was obtained with the TRIzol reagent gsipreviously published
procedure§? After extraction, RNA was air dried overnight atiten digested with
RNAse-free DNAse (Invitrogen) according to the nfacturer's procedure. RT-PCR
was conducted using the SuperScript Il one-stepPRR system with Platinuriaq
DNA polymerase (ThermoFisher) according to the nfacturer’s instructions. Reaction
mixtures contained 0.3 puL template RNA, 10 uM eatforward and reverse primers,
half final volume of the 2x master mix, 1 puL of ®ufcript Il RT/PlatinuniTagenzyme
mix, and water to total 25 pL. The reactions wareealed at 63 °C. Cluster expression
was detected using primers rupDetect-1 and rupB&t€€ig. S5). Bands were identified

by imaging on a Gel Doc™ EZ Gel Documentation SystBioRad).
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4.5.Cloning, overexpression and purification of RupAsi-ai-t1, RUPAc2-a2-T2-R,
RupAT1, RUpAg, and RupAr,.r

Protein expression constructs were PCR amplifiechfR. bromiiL2-63 genomic DNA
using the primers shown in Table S6. PCR amplificaivas performed using Phusion
PCR mix (ThermoFisher). Reactions were performesating to the manufacturer’s
instructions and contained 0.1 puL template DNAuM each of forward and reverse
primers, half final volume of the 2x master mixdamater to total 25 pL or 50 pL.
Reaction mixtures were divided in 12.5 pL portiansl annealed along a gradient from
50 °C to 70 °C, with all reaction mixtures showagand by diagnostic PCR pooled and

purified.

Restriction digests were conducted according tartheufacturer’s instructions, with the
enzymes indicated in Table S6, and were purifiedodly using agarose gel
electrophoresis. Gel fragments were further puitising the lllustra GFX PCR DNA
and Gel Band Purification Kit. The digests weralay into linearized expression vectors
using T4 DNA ligase (New England Biolabs). RugAi-t1, RUPAc2-a2-T2-r @nd Ruphe.-

r Were ligated into the pET-29b vector to encodetar@inal Hig-tagged construct.
RupAr; and RupA were ligated into the pET29a vector to encodetariNinal Hig-
tagged construct. Ligations were incubated at reemperature for 3 h and contained 3
pL of water, 1 uL of T4 Ligase Buffer (10x), 1 pf.daigested vector, 3 uL of digested
insert DNA, and 2 pL of T4 DNA Ligase (400 U/ up pL of each ligation was used to

transform a single tube of chemically competentoli TOP10 cells (Invitrogen). The

36



identities of the resulting constructs were conéichby sequencing of purified plasmid

DNA.

For protein expression, the vectors containing RigpAr2-r RUPAr, RUpAgr, RUPAm.R
were transformed into chemically competEntcoli BL21 (DE3) cells. The vector
containing RupA;.a1-11 was co-transformed inté. coliBL21 GOLD (Agilent
Technologies) with the addition of chaperone plasp@Gro7 (Takara Bio USA,

Mountain View, CA). Cell stocks were stored at <80in LB/glycerol.

General procedure for protein large scale overesgowa and purification: A 50 mL
starter culture of BL21 or BL21+pGrd. coliwas inoculated from a single colony and
grown overnight at 37 °C in LB medium supplement#ti 50 pg/ml kanamycin (and 20
png/mL chloramphenicol for BL21 + pGro7). Overniglitures were diluted 1:100 into 2
L of LB medium containing 50 pg/mL kanamycin (ar@2y/mL chloramphenicol for
BL21+pGro7). Cultures were incubated at 37 °C sithking at 175 rpm, moved to 15
°C at OD600 = 0.2-0.3, induced with 500 uM IPT®&600 = 0.5-0.6, and incubated at
15 °C for 19 h. Cells from 2 L of culture were hested by centrifugation (4,000 rpm x
10 min) and resuspended in 35 mL of lysis buffé &V Tris-HCI, 500 mM NacCl, 10
mM MgCl,, pH 7.5, supplemented with 1 mM DTT for purificatiof RupAsz-a2-12-R)-

The cells were lysed by passage through a celliplisr (Avestin EmulsiFlex-C3) twice
at 10,000 psi, and the lysate was clarified byrdegation (10,800 rpm x 30 min). The
supernatant was supplemented with 1 M imidazol&fiinal concentration of 5 mM

imidazole, treated with 20 uL DNAse |, and passeet d mL of Ni-NTA resin (pre-
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washed with 3 x 10 mL lysis buffer). The resin-bdymmotein was washed with 25 mL of
25 mM imidazole elution buffer. Protein was elufeain the column using a stepwise
imidazole gradient in elution buffer (50 mM, 75 ml0 mM, 125 mM, 150 mM, 200
mM), collecting 2 mL fractions. SDS-PAGE analy<is15% Tris- HCI gel) was used to
determine which fractions contained the desiredgmmoFractions were combined and
dialyzed twice against 2 L of storage buffer (20 mNs-HCI, 50 mM NaCl, 10 mM
MgCl,, 10% (v/v) glycerol, pH 7.5, supplemented with MMDTT for purification of
RupAcar2gr). Solutions containing protein were frozen in ldjnitrogen and stored at —80
°C. This procedure afforded yields of 8.6 mg/LRupAci-a1-11, 1.7 mg/L for RupAz-az-
T2-R 3.5 M@/L for RupAg, 2.4 mg/L RupA, and 7.5 mg/L Rupf-r. The purified

proteins are visualized on an SDS-PAGE gel in §&).

4.6.Biochemical characterization of RupA
4.6.1. ATP-[**P]PP, exchange assay

The reaction mixture (100 pL) contained 75 mM THiG} pH 8.5, 10 mM MgCJ, 5 mM
DTT, 5 mM ATP, 1 mM amino acid substrate, and 4 tiBPR/[**P]PR (stock 1:1500
dilution prepared from Phosporous-32 radionuclRerkinElmer, ~6 mCi/mL, in 40 mM
Na,PR). Reaction mixtures were initiated by the addittdrRupAci-a1-11 Or RUPAc2-a2-
12-r (1 M) and incubated at room temperature for 30 IRemctions were quenched by
the addition of 200 pL of charcoal suspension (16agtivated charcoal, 100 mM
Na,PR, 3.5 % (v/v) HCIQ). The samples were centrifuged (13,000 rpm x 3naind the
supernatant was removed. The charcoal pellet wakedatwo times with 200 pL of

wash buffer (100 mM Na4RR.5 % (v/v) HCIQ). The pellet was resuspended in 200
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pL of wash buffer and added to 10 mL of scintibatifluid (Ultima Gold, Perkin Elmer).
Radioactivity was measured on a Beckman LS 650Qikation counter. Full data with

negative controls is presented in Figs. S7 and S8.

4.6.2. BODIPY-CoA fluorescent phosphopantetheinylation assy
BODIPY-CoA* and Sff§* were prepared using previously reported procedies
reaction mixture (50 puL) contained 5 uM of eithermpR-a1-11 Or Rug2-a2-t2-r 1.0 UM
Sfp, 5 uM BODIPY-CoA, 10 mM MgGJ 25 mM Tris pH 8.5, and 50 mM NaCl.
Reaction mixtures were incubated for 1 h in th&k@aroom temperature and then
diluted 1:1 in 2x Laemmli sample buffer (Bio-Ralpiled for 10 min, and separated by
SDS-PAGE (4-15% Tris-HCI gel). The gel was firseiged ai=365 nm, then stained

with Bio-Safe Coomassie Stain (BioRad) and imaggira

4.6.3. T-domain loading assays with“C-labeled amino acids
Reaction mixtures (50 pL) contained 25 mM Tris pBH, %0 mM NaCl, 10 mM MgG]
250 uM CoA tri-lithium salt, 500 uM DTT, 30 uM die indicated amino acid, 3 uM of
either Rupi.a1-11 O RUR2-a2-T2.r FOr the assay with Rypai-1, the reaction mixture
was supplemented with 30 uM RupAo amplify signal. Amino acids used weéfe-L-
Leu (0.1 mCi/mL, 328 mCi/mmol}‘C- L-Val (0.1 mCi/mL, 246 mCi/mmol)}'C- L-Glu
(0.1 mCi/mL, 260 mCi/mmol), anfC- L-Asp (0.1 mCi/mL, 201 mCi/mmol). Loading of
the phosphopantetheinyl arm onto the T domainsupiAg;-a1-11 (and RupA;) or
RupAc2-a2-t2-rWas initiated by the addition of Sfp (1 M) to tleaction mixture,

followed by incubation at room temperature for 1. dading of the T domain with amino
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acid was then initiated by the addition of ATP (BljnAfter incubation at room
temperature for 1 h, the reaction was quenchetiéwpddition of 100 pL of bovine
serum albumin (1 mg/mL) followed by 500 uL of tlicioacetic acid (TCA) (10% (w/v)
agueous solution). The protein was pelleted byrifagation (10,000 rpm x 8 min). After
removal of the supernatant, the protein pellet washed two times with 250 pL of TCA
(10% w/v aqueous solution). The pellet was resudgein 200 pL of formic acid and
added to 10 mL of scintillation fluid (Ultima Gol&erkin EImer). Radioactivity was

measured on a Beckman LS 6500 scintillation counter

4.6.4. LC-MS assays for C domain substrate specificity andll-acyl dipeptide
production

For the assay with the first module RupA;-t1(Fig. 3B), the reaction mixture (50 puL)
contained 25 mM Tris buffer pH 8.5, 50 mM NaCl,rh MgCl,, 400 uM DTT, 4 mM
L-Leu, 250 uM CoA-tri-lithium salt, 6.6 % (v/v) DMS@nd RupAi-a1-11(10 uM).
Loading of the phosphopantetheinyl arm onto themain of RupAi-a1-tawas initiated
by the addition of Sfp (3 uM) to the reaction mieufollowed by incubation at room
temperature for 1 h. ATP (5 mM) was then addedhéoréaction mixture, and the C
domain loading reaction was initiated by the additf the fatty acyl-CoA substrate (1
mM). For the fatty acyl-CoA competition experimeatstock solution containing all the
fatty acyl-CoA substrates was added, each to &dmacentration of 142 uM. This
mixture was incubated at room temperature for Bchguenched by the addition of
methanol (125 pL). After incubation on ice for 1ihpthe samples were centrifuged

(13,000 rpm x 10 min). The protein pellets were lveaktwo times with 125 pL of
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methanol and dried under a stream of nitrogenRaslucts bound to the T domain were
hydrolyzed by the addition of 0.1 M KOH (5 uL) foled by heating at 74 °C for 10

min. The samples were cooled on ice, and 0.1 M@EuL) was added to the solutions.
Finally, methanol (60 pL) was added to the sampidsch were then incubated at —80

°C for at least 2 h to precipitate protein. The gke® were centrifuged (13,000 rpm x 15
min) and the supernatant was analyzed by LC-MS sk&w/ere not observed in reactions
without ATP, without enzyme, or reactions contagnboiled enzyme. Full data is

presented in Table S3.

For assays including both modules RydpA-11 andRUpAc2-a2-12-r (Figs. 3Cand3D),

the reaction mixture (50 puL) contained 25 mM Tusfer pH 8.5, 50 mM NaCl, 10 mM
MgCl,, 400 uM DTT, 250 uM CoA-tri-lithium salt, 6.6 %/(§ DMSO, RupAsi1-a1-11(10
UM), and RupAz-a2-12-r (10 uM). The amino acid competition experimenttaored 4
mM each of_-valine,L-leucine,L-aspartate, and-glutamate, and the fatty acyl-CoA
competition experiment contained 4 mM each-téucine and -glutamate. Loading of
the phosphopantetheinyl arm onto the T domainsupiAzi-a1-r1and RupAsz-az2-t2-rWas
initiated by the addition of Sfp (3 M) to the réan mixture, followed by incubation at
room temperature for 1 h. ATP (5 mM) was then addetie reaction mixture, and the C
domain loading reaction was initiated by the additf the fatty acyl-CoA substrate (1
mM). For the fatty acyl-CoA competition experimeatstock solution containing all the
fatty acyl-CoA substrates was added, each to &dmacentration of 142 uM. This
mixture was incubated at room temperature for 1&nd,an identical workup procedure

was followed. Product masses were not observeghictions without ATP, without
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enzyme, or reactions containing boiled enzyme. ¢rath is presented in Tables S4 and

S5.

4.7.SspA inhibition assays
For SspA inhibition assays, the reaction mixtul@ (&) contained 50 mM Tris-HCI pH
8, 1 ng/pL endoproteinase GIuC (Worthington BiocloaiCorporation, Lakewood, NJ),
and 75 uM Z-LLE-AMC (Ubiquitin-Proteasome Biotechwogies, Aurora, CO). The
assays were conducted in half-area white micropl@azo Life Sciences). To set up the
reaction mixtures, assay buffer was added to eath fellowed by inhibitor compounds
and then SspA. The protease was incubated witbitohicompounds at room
temperature for 10 min in order to allow for prateénhibitor interaction. Substrate was
then added and the reaction mixtures were monitfmrefiuorescence (367 nm
excitation/460 nm emission, PMT medium, plate reaidht 0.81 mm) in a Spectramax
i3 Plate Reader once per minute for 20 min at 30 #ackons were performed in
duplicate and inhibitor efficiency is calculatedaasiean of both trials. The positive
control inhibitor Ac-GIF(OPh) was used to validate the assaiumerical data is

presented in Fig. S15.

4.8.Chemical synthesis procedures and characterizatiodata
4.8.1. Synthesis ofN-acyl amino acids
N-acetyl+-Leucine (b) was purchased from Chem-Impex. OtNeacyl amino acids
were synthesized using the Schotten-Bauman reaatiaayl chlorides with amino acids

in aqueous base. The amino acid (1.0 equiv) wasldisd in 15% aqueous NaOH (0.5
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M) and cooled to 0 °C. The acid chloride was adttegwise and the reaction mixture
stirred overnight, allowing to warm to room temgara. 20% aqueous HCI was added to
pH = 2 and the resulting solution was extractedhdithloromethane (three portions of
3x reaction volume). The combined organic layersaweashed with saturated aqueous
sodium chloride (one portion of 1x reaction volumE)e solution was then dried over
NaSO;, filtered, and concentrated in vacuo. The chareaetion data for compounds
1b-1eand1g matched previously reported resiitg°

4.8.1.1. Octanoylt-leucine (f):

Colorless solid (701 mg, 54.5%) (m.p. 121-123 ®B)NMR (500 MHz; CDC}):
§10.63 (br s, 1H), 6.12 (d,= 8.1 Hz, 1H), 4.62 (m, 1H), 2.24 {= 7.6 Hz, 2H), 1.71
(m, 2H), 1.63 (m, 2H), 1.60 (m, 1H), 1.28 (m, 8B)94 (m 6H), 0.87 (tJ = 7.0 Hz, 3H).
13C NMR (126 MHz; CDGJ): 5 176.8, 174.4, 51.1, 41.5, 36.7, 31.9, 29.4, 22629,
25.1, 23.1, 22.8, 21.1, 14.3. HRMS (ESI): Calc’dfrmula G4H26NO3™ [M—H]~
256.1918, found 256.1927.

48.1.2. (2-Methylpentanoyl)--leucine (Lh):

Colorless oil (710 mg, 62%JH NMR (500 MHz; CDC}): 5 10.69 (br s, 1H), 6.10 (§,=
9.1 Hz, 1H), 4.63 (m, 1H), 2.27 (@= 7.0 Hz, 1H), 1.70 (m, 2H), 1.61 (m, 2H), 1.36—
1.29 (m, 4H), 1.16 (m, 1H), 1.13 (m, 3H), 0.94)(t 8.2 Hz, 6H), 0.89 (m, 3H}’C
NMR (126 MHz; CDC}): 6 177.6, 177.3, 50.9, 41.4, 36.5, 35.9, 25.2, 2201, 20.7,
17.9, 14.2. HRMS (ESI): Calc’d for formula £i,,NO;~ [M—H]™ 228.1605, found
228.1614.

4.8.1.3. Hexanoylt-valine (i)
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Colorless solid (2.0 g, 93%) (m.p. 121-123 S&)NMR (500 MHz; CDCY): & 11.37 (s,

1H), 6.31 (d,J = 8.7 Hz, 1H), 4.59 (ddl = 8.7, 4.7 Hz, 1H), 2.26 (§,= 7.6 Hz, 2H),

2.22 (m, 1H), 1.63 (qt] = 7.4 Hz, 2H), 1.30 (m, 4H), 0.95 (m, 6H), 0.87J(t 6.87,

3H). 3C NMR (126 MHz; CDCYJ): § 175.5, 174.6, 57.2, 36.8, 31.5, 25.7, 22.5, 10729

14.1. HRMS (ESI): Calc’d for formula;@H,oNO3 [M—H]™ 214.1499, found 214.1453.
4.8.2. Synthesis of enzymatic assay standards

48.2.1. (9-5-(tert-Butoxy)-2-((S-2-hexanamido-4-methylpentanamido)-5-

oxopentanoic acid?y:

To an oven-dried flask containimgthexanoylt-Leucine (200 mg, 0.872 mmol, 1.00
equiv), was added DCC (1.01 equiv), NHS (1.01 eqanhydrous potassium carbonate
(1.00 equiv) and anhydrous THF (5 mL). The reactioxture was stirred at room
temperature for 3 h. The mixture was filtered tlgloglass wool into a suspension.ef
Glu(O-tBu)-OH (177 mg, 0.872 mmol, 1.00 equiv) in 10% amsesodium bicarbonate
(20 mL). The glass wool was washed with THF (3ml5. The reaction mixture was
stirred for an additional 2 h. The mixture was nalited with 5% aqueous citric acid to
pH = 7 and extracted with ethyl acetate (3 x 25.mlhe combined organic layers were
washed with water (25 mL) and brine (25 mL), droaer NaSQ,, filtered, and
concentrated in vacuo. The crude product was pdrifly flash chromatography on silica
gel using CHGY/MeOH/AcOH (93:5:2) to yiel® (362 mg, 96%) as a colorless Ol
NMR (500 MHz; CDC}): 5 7.34 (d,J = 5.9 Hz, 1H), 6.63 (m, 1H), 4.60 = 6.7 Hz,

1H), 4.50 (gJ = 6.2 Hz, 1H), 2.33 (m, 2H), 2.21 (m, 4H), 2.00 @H), 1.61 (m, 3H),

1.43 (s, 9H), 1.29 (m, 4H), 0.89 (m, 9H)C NMR (126 MHz; CDGJ): 5 175.9, 174.5,
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173.4,172.4,129.2,125.4,81.1, 52.0, 41.4, 384, 25.5, 24.8, 22.9, 22.3, 21.0, 14.1.
HRMS (ESI): Calc’d for formula gH3/N.Os [M—H]™ 413.2657, found 413.2674.

4.8.2.2. N-Hexanoylt-leucyl-L-glutamic acid 8):

A solution of2 in 20% trifluoroacetic acid in dichloromethane2@mL) with 5 pL HO
was stirred for 1 h at room temperature. The readatixture was concentrated in vacuo,
and residual TFA was removed by forming the azeetmith anhydrous toluene. The
resulting crude product was purified by flash chatmgraphy on silica gel using
CHCl/MeOH/AcOH (88:10:2) to affor@ (28 mg, 83%) as a colorless d#H NMR (500
MHz; 10% CROD in CDCE, referenced to CDg): 6 7.56 (d,J = 7.9 Hz, 1H), 6.87 (d]

= 8.7 Hz, 1H), 4.54 (m, 2H), 2.39 (m, 2H), 2.20 @hl), 1.59 (m, 4H), 1.51 (m, 1H),
1.24 (m, 6H), 0.88 (m, 9H}3C NMR (126 MHz; 10% CBOD in CDCE, referenced to
CDCl3): 6 176.1,174.5,173.0, 129.2, 128.4, 41.4, 36.%,30.2, 27.0, 25.5, 24.9, 23.0,
22.5,22.2,20.8, 14.1. HRMS (ESI): Calc’d for fartan G ;H29N,Os [M—H] ™ 357.2031,
found 357.2053.

4.8.2.3. tert-Butyl (§-5-((2-acetamidoethyl)thio)-44R)-2-hexanamido-4-

methylpentanamido)-5-oxopentanoat (

To a solution o (362 mg, 0.873 mmol) in dry dichloromethane (87 nvere added
HATU (1.5 equiv), DIPEA (3.0 equiv), ad-(2-mercaptoethyl)acetamide (1.2 equiv)
under argon. The reaction mixture was stirred ®hkt room temperature and then
guenched with 10 mL saturated aqueous NaklG®e aqueous layer was extracted with
dichloromethane (3 x 10 mL). The combined orgaayets were washed with 10 mL
brine, dried over MgSg) filtered, and concentrated in vacuo. The crudelpct was

purified by flash chromatography on silica gel gs®@H,Cl,/MeOH (9:1) to yield4 (466
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mg, quant.) as a colorless diH NMR (500 MHz; CDCJ): & 4.50 (m, 1H) 3.71 (m, 2H),
3.45 (m, 1H), 3.17 (m, 2H), 3.17 (m, 1H), 3.02 @Hl), 2.90 (br s, 3H), 2.33 (m, 2H),
2.12 (m, 2H), 1.64 (m, 2H), 1.49 (m, 6H), 1.4498), 1.31 (m, 2H), 0.92 (m, 3H*C
NMR (126 MHz; CDC}): 6 196.7, 173.2, 172.6, 161.9, 81.3, 55.5, 45.1,,48022, 39.0,
36.5, 31.6, 30.9, 29.3, 28.3, 26.8, 25.6, 25.2,222.6, 18.8, 17.3, 14.1, 12.0. HRMS
(ESI): Calc’d for formula @H44N30sS [M—H]™ 514.2956, found 514.2974.

4.8.2.4. N-hexanoylt-Leu1-Glu-SNAc 6):

A solution of4 in 20% trifluoroacetic acid in dichloromethane {@Q) with 5 uL HO

was stirred for 30 min at 0 °C. The reaction migtwas concentrated in vacuo, and
residual TFA was removed by forming the azeotrofik anhydrous toluene. The crude
material was purified using a 15.5 g RediSep RfdG&18Aq column on a Combiflash Rf
Teledyne ISCO Purification System (mobile phas®A% TFA in water, mobile phase
B:0.1% TFA in acetonitrile) to yiel8 (31 mg, 30%) as a colorless oil.

H NMR (500 MHz; DMSO#g): & 8.53 (s, 1H), 8.03 (m, 1H), 7.93 (m, 1H), 4.36 (m,
2H), 3.11 (m, 2H), 2.85 (m, 2H), 2.27 (m, 2H), 2(b®, 2H), 1.78 (s, 3H), 1.48 (M, 4H),
1.24 (m, 3H), 0.86 (m, 9H):*C NMR (126 MHz; DMSOs): § 200.7, 173.7, 172.9,
172.2, 58.3, 50.8, 39.5, 38.1, 35.1, 30.8, 29.66,276.3, 26.2, 25.0, 24.2, 23.1, 22.9,
22.5,21.9, 21.5, 13.9. HRMS (ESI): Calc’d for fada G1H3sN30sS [M—H]™ 459.2403,

found 459.2414.

4.8.3. Coupling of N-acyl amino acids to semicarbazone-protected

aldehydes:
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To a solution of semicarbazone-protected internte@a@or 6b (1.0 equiv) and acyl-
leucinela—i(1.0 equiv) in DMF (0.6 M) was added HATU (1.1 aquand DIPEA (5.1
equiv) with stirring, under argon. After 3 h, treaction mixture was diluted with ethyl
acetate (to 10 x initial volume) and quenched kgitazh of 1M aqueous NaOH (10 x
initial volume). The organic layer was collectedidhe aqueous layer extracted with
three portions of ethyl acetate (each 10 x inrgaiction volume). The combined organic
layers were washed with water and brine (each 2@ti&l reaction volume), dried over
NaSOy filtered, and concentrated in vacuo using a Gen&Za Elite centrifugal
evaporator. Products were purified by flash chragetphy on silica gel using

CH,Cl,/MeOH (9:1).

4.8.3.1. tert-Butyl (SE)-3-((S-2-acetamido-4-methylpentanamido)-4-(2-

carbamoylhydrazineylidene)butanoaf@)(

The product (68 mg, 31%) was isolated as a co®deid (m.p. 160-162 °C).

H NMR (500 MHz; DMSO#€): § 10.00 (s, 1H), 8.18 (d,= 8.2 Hz, 1H), 7.99 (d] =

8.2 Hz, 1H), 7.08 (d] = 3.2 Hz, 1H), 6.25 (br s, 2H), 4.69 (m, 1H), 4@7J = 7.7 Hz,

1H), 2.65 (m, 1H), 2.49 (m, 1H), 1.82 (s, 3H), 1(§6 2H), 1.40 (m, 2H), 1.37 (m, 9H),
0.86 (m, 6H)*C NMR (126 MHz, DMSQdg): 8 171.9, 169.6, 169.1, 156.6, 140.3, 80.1,
51.0,47.1, 41.1, 38.0, 27.6, 24.2, 22.9, 22.5/{.2ARMS (ESI): Calc’'d for formula
C17H31NsOsNa' [M+Na]™ 408.2217, found 408.2226.

4.8.3.2. tert-Butyl (SE)-4-((§-2-acetamido-4-methylpentanamido)-5-(2-

carbamoylhydrazineylidene)pentanoatb)(
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The product (132 mg, 28%) was isolated as a calsselid (m.p. 159—162 °CH NMR
(500 MHz; DMSO#g): 5 9.90 (s, 1H), 8.04 (dl = 8.3 Hz, 1H), 7.96 (d] = 8.1 Hz, 1H),
7.04 (d,J = 4.0 Hz, 1H), 6.25 (br s, 2H), 4.36 (m, 1H), 4(&Y, 1H), 3.30 (s, 3H), 2.48
(m, 2H), 2.17 (m, 2H), 1.82 (s, 3H), 1.66 (m, 2HKES5 (M, 2H), 1.39 (m, 1H), 1.37 (s,
9H), 0.84 (m, 6H)*°C NMR (126 MHz, DMSOde): § 171.9, 171.8, 169.1, 156.7, 141.3,
79.6,51.1, 48.9, 41.0, 30.8, 27.7, 27.4, 24.9,222.5, 21.7. HRMS (ESI): Calc’d for
formula GgH33NsOsNa'™ [M+Na]* 422.2374, found 422.2383.

4.8.3.3. tert-Butyl (SE)-5-(2-carbamoylhydrazineylidene)-45j{4-methvyl-

2-propionamidopentanamido)pentanoate:(

The product (131 mg, 65%) was isolated as a casielid (m.p. 124-126 °CH NMR
(500 MHz; CDC}): § 9.69 (m, 1H), 7.78 (m, 1H), 6.57 (m, 1H), 5.45¢beH), 4.55 (m,
1H), 4.50 (m, 1H), 2.25 (m, 4H), 2.04 (m, 1H), 1(85 1H), 1.64 (m, 2H), 1.53 (M, 1H),
1.41 (m, 9H), 1.12 (m, 3H), 0.90 (m, 6K5C NMR (126 MHz; CDCJ): § 175.0, 172.7,
158.3, 80.9, 52.3, 50.2, 40.9, 31.3, 29.6, 28.3(,255.1, 23.1, 22.9, 22.2, 10.0. HRMS
(ESI): Calc’d for formula @H3sNsOs [M—H]™ 412.2565, found 412.2588.

4.8.3.4. tert-Butyl (SE)-4-((§-2-butyramido-4-methylpentanamido)-5-(2-

carbamoylhydrazineylidene)pentanoaid)(

The product (160 mg, 63%) was isolated as a casselid (m.p. 122—124 °CH NMR
(500 MHz; CDC}): § 9.68 (s, 1H), 7.78 (dl = 7.0 Hz, 1H), 6.57 (br s, 1H), 4.54 (m,
1H), 4.50 (tJ = 7.0 Hz, 1H), 2.24 (m, 4H), 2.04 (m, 2H), 1.84 @Hl), 1.64 (m, 2H),
1.54 (m, 1H), 1.41 (m, 9H), 0.95 (m, 6H), 0.87 @H). °C NMR (126 MHz; CDCJ): &

174.3,172.7, 170.6, 158.3, 80.9, 52.2, 50.2, 4888, 31.3, 28.3, 27.8, 25.0, 23.1, 22.2,
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19.3, 13.9. HRMS (ESI): Calc'd for formula¢Elz7NsOsNa” [M+Na]* 450.2687, found
450.2675.

4.8.3.5. tert-Butyl (SE)-5-(2-carbamoylhydrazineylidene)-45{2-

isobutyramido-4-methylpentanamido)pentano@a: (

The product (124 mg, 48%) was isolated as a calsé.'H NMR (500 MHz; CDCY):
§9.71 (m, 1H), 7.81 (m, 1H), 7.21 (s, 2H), 6.47 (), 4.56 (M, 1H), 4.51 (m, 1H),
2.43 (m, 1H), 2.21 (m, 2H), 2.06 (m, 2H), 1.84 @hl), 1.48 (m, 1H), 1.43 (m, 4H), 1.40
(s, 9H), 1.13 (m, 6H), 0.92 (d,= 6.4 Hz, 3H), 0.88 (d] = 6.3 Hz, 3H)°C NMR (126
MHz; CDCk): 6 178.2, 172.65, 158.3, 80.8, 54.7, 53.7, 51.9,,500, 40.6, 35.5, 31.1,
28.3, 25.1, 23.1, 22.2, 19.9, 19.6, 18.8, 17.6. RESI): Calc’d for formula
CooH37/NsOsNa" [M+Na]" 450.2687, found 450.2712.

4.8.3.6. tert-Butyl (4S,E)-5-(2-carbamoylhydrazineylidene)-4-824-

methyl-2-(2-methylbutanamido)pentanamido)pentantéle

The product (155 mg, 62%) was isolated as a calsselid (m.p. 125-126 °CH NMR
(500 MHz; CDC4): § 9.76 (s, 1H), 7.90 (m, 1H), 7.2 (m, 1H), 6.60 (tH), 4.56 (m,

2H), 2.32 (m, 1H), 2.20 (m, 2H), 2.03 (m, 2H), 1(82 2H), 1.62 (m, 2H), 1.42 (m, 1H),
1.39 (m, 9H), 1.10 (m, 3H), 0.91 (m, 3H), 0.87 @Hl). *C NMR (126 MHz; CDCJ): &
177.6, 172.6, 158.3, 142.2, 128.7, 80.8, 55.0,3159.89, 42.9, 40.5, 31.2, 28.4, 27.5,
25.1,23.1,22.1,18.8,17.81, 17.66, 12.1. HRMSI\ECalc'd for formula
Co1H3oNsOsNa' [M+Na]* 464.2843, found 464.2845.

4.8.3.7. tert-Butyl (4S.E)-5-(2-carbamoylhydrazineylidene)-4-RR4-

methyl-2-(2-methylpentanamido)pentanamido)pentan@aj):
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The product (217 mg, 87%) was isolated as a calsselid (m.p. 124—-126 °CH NMR
(500 MHz; CDC}): § 9.76 (s, 1H), 7.84 (1= 7.9 Hz, 1H), 7.21 (s, 1H), 6.51 (br s, 1H),
4.55 (m, 2H), 2.28 (m, 1H) 2.22 (m, 2H), 2.05 () 21.83 (m, 2H), 1.47 (m, 1H), 1.40
(m, 9H), 1.28 (m, 4H), 1.09 (m, 3H), 0.93 (m, 3B)88 (M, 6H)°C NMR (126 MHz;
CDCly): 6 177.9,172.6, 158.3, 80.8, 77.5, 77.2, 77.0, 3819, 41.2, 40.4, 36.6, 31.19,
31.07, 25.0, 23.1, 22.16, 22.07, 20.8, 18.8, 1818101, 17.5, 14.2. HRMS (ESI): Calc'd
for formula G2H41NsOsNa'" [M+Na]* 478.3000, found 478.3016.

4.8.3.8. tert-Butyl (SE)-5-(2-carbamoylhydrazineylidene)-45¢2-

hexanamido-4-methylpentanamido)pentanoake: (

The product (189 mg, 88%) was isolated as a calsid.'H NMR (399 MHz; CDC)):
§9.94 (s, 1H), 7.94 (d = 6.8 Hz, 1H), 7.23 (s, 1H), 6.84 @@= 8.1 Hz, 1H), 4.54 (br s,
2H), 2.23-2.14 (m, 4H), 2.00 (m, 2H), 1.80 (m, 258 (m, 5H), 1.39 (s, 9H), 1.27 (m,
4H), 0.89 (m, 3H), 0.85 (s, 6HYC NMR (100 MHz; CDCJ): 5 174.2, 172.78, 172.58,
158.4, 142.2, 80.7, 52.0, 50.1, 46.5, 41.0, 36153,38.3, 28.0, 25.56, 25.50, 25.0, 23.1,
22.5,22.2,14.1, 8.9. HRMS (ESI): Calc’d for fora@,oH4oNsOs™ [M+H] " 456.318,
found 456.3197.

4.8.3.9. tert-Butyl (SE)-5-(2-carbamoylhydrazineylidene)-45{2-

hexanamido-3-methylbutanamido)pentanodtg (

The product (204 mg, 67%) was isolated as a yefjlass."H NMR (500 MHz; CDC}):
§9.76 (m, 1H), 7.73 (m, 1H), 7.33 (s, 1H), 7.18 @H), 6.23 (d,) = 6.3 Hz, 2H), 4.54

(m, 1H), 3.69 (M, 1H), 3.20-3.13 (M, 1H), 2.23 @H), 2.06 (M, 2H), 1.86 (m, 2H), 1.63
(m, 4H), 1.41 (m, 9H), 1.30 (m, 4H), 0.94 (m, 6B)87 (M, 3H)*C NMR (126 MHz;

CDCly): 6 175.2,174.0, 128.8, 57.35, 57.33, 55.2, 43.38,38L.59, 31.54, 28.2, 25.66,
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25.62, 22.57, 22.53, 19.3, 18.8, 18.0, 17.4, 1¥216. HRMS (ESI): Calc'd for formula
CotHaNsOs' [M+H]* 442.3024, found 442.3041.

4.8.3.10. tert-Butyl (SE)-4-(2-carbamoylhydrazineylidene)-35{2-

hexanamido-4-methylpentanamido)butanodj (

The product (104 mg, 39%) was isolated as a calsselid (m.p. 106—108 °CH NMR
(500 MHz; CDC4): § 9.66 (s, 1H), 7.76 (d = 7.6 Hz, 1H), 6.58 (d] = 8.1 Hz, 1H),

4.85 (m,J = 2.8 Hz, 1H), 4.49 (m, 1H), 2.70 (m, 1H), 2.58 (thi), 2.20 (m, 3H), 1.60

(m, 2H), 1.40 (m, 9H), 1.28 (m, 4H), 0.88 (m, 9HC NMR (125 MHz, CDGJ): &
174.2,172.6, 170.3, 158.1, 141.6, 81.6, 55.2,,5%/(8, 43.2, 41.0, 38.1, 36.6, 31.6, 28.2,
25.5,25.1, 23.2, 22.6, 22.1, 18.8, 17.5, 14.%5.12RMS (ESI): Calc’d for formula
C21H3gNsOsNa' [M+Na]™ 464.2843, found 464.2845.

4.8.3.11. tert-Butyl (S E)-4-(2-carbamoylhydrazineylidene)-35{2-

hexanamido-3-methylbutanamido)butanoate:(

The product (183 mg, 88%) was isolated as a palewsolid (m.p. 105-107 °C§H

NMR (500 MHz; CDC4): § 9.72 (s, 1H), 7.77 (d = 7.7 Hz, 1H), 7.28 (s, 1H), 6.76 (m,
1H), 4.86 (m, 1H), 4.30 (m, 1H), 2.70 (m, 1H), 2(6@ 1H), 2.22 (m, 2H), 2.04 (m, 1H),
1.61 (m, 2H), 1.41 (m, 9H), 1.29 (m, 4H), 0.91 @Hl). *C NMR (125 MHz, CDGJ): 5
174.1,171.8,170.4, 158.1, 141.6, 81.7, 58.9,,56.(8, 36.7, 31.6, 31.0, 28.3, 25.6, 22.6,
19.6, 18.7, 17.5, 14.2, 12.5. HRMS (ESI): Calc'dffrmula GoHs7NsOsNa'" [M+Na]"
450.2687, found 450.2679.

4.8.3.12. tert-Butyl (SE)-5-(2-carbamoylhydrazineylidene)-45f{4-methyl-

2-octanamidopentanamido)pentanodté (
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The product (59 mg, 43%) was isolated as a colwdetid (102.5-104 °CiH NMR

(500 MHz, CDC}) 5 9.74 (s, 1H), 7.78 (d} = 7.5 Hz, 1H), 7.19 (m, 1H), 6.55 (@l= 8.2
Hz, 1H), 4.53 (m, 2H), 2.21 (m, 4H), 2.03 (m, 1#)84 (m, 1H), 1.58 (m, 6H), 1.40 (s,
9H), 1.26 (m, 8H), 0.86 (m, 9HYC NMR (125 MHz, CDCJ): & 174.4, 172.7, 158.1,
80.9,77.5,77.2,77.0,54.9, 52.2, 50.3, 43.07,486.7, 31.9, 31.3, 29.39, 29.19, 28.3,
27.7,25.9, 25.1, 23.2, 22.8, 22.1, 18.9, 17.63,12.5. HRMS (ESI): Calc’d for formula

CosH44Ns505~ [M—H]_ 482.3348, found 482.3367.

4.8.4. Removal of tert-butyl protecting groups and regeneration of
aldehydes:
The coupling product (1.0 equiv) was stirred in 20fuoroacetic acid in
dichloromethane (0.02 M) under argon, with immezleddition of water (3.0 equiv).
The reaction mixtures were stirred for 1 h and eoti@ated in vacuo using a Genevac
EZ-2 Elite centrifugal evaporator, and residual TWas removed by forming the

azeotrope with anhydrous toluene.

The deprotected semicarbazone intermediate (1.0)egas dissolved in MeOH/37%
formaldehyde/acetic acid (5:1:1, 16 mM) and stifi@d30 min at room temperature.
Water was added to the reaction mixture (to 2 tahieaction volume), and the reaction
mixture was concentrated in vacuo to remove methdihe reaction mixture was then
diluted with water (1 x initial reaction volume)@extracted with three portions of ethyl

acetate (each 1 x initial reaction volume). The bm@ad organic layers were washed with
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two portions of water and one portion of brine {ea initial reaction volume). The
combined organic layers were dried over3ia,, filtered, and concentrated in vacuo
using a Genevac EZ-2 Elite centrifugal evaporakbe resulting products were further

purified by trituration with two 2 mL volumes ofethyl ether.

For several of the more hydrophilic compourgiz—€), the final reaction step diverged
from the aboverocedure. The deprotected semicarbazone intertegdi® equiv) was
dissolved in MeOH/37% formaldehyde/acetic acid :(5:16 mM) and stirred for 30 min
at room temperature. Water was added to the reactigture (to 2 x initial reaction
volume), the reaction mixture was concentratedaicL to remove methanol, and water
was then removed by lyophilization. The resultiodswas redissolved in water (1 x
initial reaction volume) and filtered to removeohsble particulates. The solution was
lyophilized again and the resulting products furtherified by trituration with two 2 mL

volumes of diethyl ether.

484.1. (9-3-((9-2-Acetamido-4-methylpentanamido)-4-oxobutanoi@ ac

(8a):
The product (24 mg, 66%) was isolated as a colwgetd (m.p 130-132 °C)H NMR

(500 MHz, 1:1 CROD/D,0, referenced to {D): 6 4.92 (m, 1H), 4.59 (m, 2H), 4.24 (m,
1H), 3.39 (s, 1H), 3.31 (s, 1H), 2.60 (m, 1H), 2(60 1H), 2.00 (s, 3H), 1.60 (m, 2H),
1.37 (m, 1H), 0.92 (m, 6H}’C NMR (126 MHz; DMSOdg): & 174.9, 172.6, 169.1,
102.5, 87.6, 85.3, 81.9, 50.8, 40.9, 24.24, 2227, 22.5, 21.6. HRMS (ESI): Calc'd

for CioH19N2O5™ [M—H]_ 271.1299, found 271.1298.
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48.4.2. (9-4-((9-2-Acetamido-4-methylpentanamido)-5-oxopentanoic

acid 8b):
The product (23 mg, 60%) was isolated as a cowdetd (m.p. 99-101 °C}H NMR

(500 MHz; DMSO#): § 9.33 (s, 1H), 8.06 (m, 1H), 7.36 (m, 1H), 4.32 (), 3.97 (m,
1H), 2.09 (m, 2H), 1.69 (m, 2H), 1.59 (M, 1H), 1(#6 2H), 1.23 (m, 3H), 0.84 (m, 6H).
%C NMR (126 MHz; DMSOdg): & 200.7, 178.8, 173.9, 57.4, 50.8, 45.8, 29.6, 222,
22.5,21.6, 12.1, 8.6. HRMS (ESI): Calc'd for foraisHosN,05~ [M—H] ™ 285.1456,
found 285.1454.

4.8.4.3. (9-4-((9-4-Methyl-2-propionamidopentanamido)-5-oxopentanoi

acid @q):
The product (36 mg, 64%) was isolated as an oraalig (m.p. 138-141 °CjH NMR
(500 MHz; DMSO€): 6 9.56 (s, 1H), 9.36 (s, 1H), 8.38 (W= 7.1 Hz), 7.92 (m, 1H),
4.33 (m, 1H), 4.03 (m, 1H), 2.12 (m, 2H), 1.58 @), 1.44 (m, 2H), 1.26 (m, 2H), 0.98
(m, 3H), 0.86 (M, 6H)**C NMR (126 MHz; DMSOds): 5 200.7, 173.9, 173.1, 125.5,
57.4,50.7, 39.5, 29.5, 28.3, 24.3, 23.06, 22.9%,218.1, 16.7, 9.9. HRMS (ESI): Calc'd
for formula G4H23N20s [M—H]™ 299.1612, found 299.1611.

4.8.4.4. (9-4-((9-2-Butyramido-4-methylpentanamido)-5-oxopentanoic
acid 8d):

The product (12 mg, 28%) was isolated as an oraalig (m.p. 124—126 °CjH NMR

(500 MHz; DMSO#l): 5 9.56 (s, 1H), 9.35 (s, 1H), 8.18 (m, 1H), 7.95 i), 4.59 (m,
1H), 4.33 (m, 1H), 4.03 (m, 1H), 2.48 (m, 2H), 2(@7, 2H), 1.49 (m, 3H), 1.27 (M, 1H),

0.84 (m, 9H)**C NMR (126 MHz; DMSOdg): § 200.7, 173.9, 173.1, 172.1, 57.4, 53.5,
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50.7, 37.1, 29.5, 24.3, 23.1, 21.6, 18.7, 18.17,183.5. HRMS (ESI): Calc’d for formula
Ci15H25N205™ [M—H]~ 313.1769, found 313.1775.
4845. (9-4-((9-2-Isobutyramido-4-methylpentanamido)-5-oxopeniano

acid 8e):

The product (7 mg, 55%) was isolated as a lighivbreolid (m.p. 117-119 °C)H NMR

(600 MHz; CDC}): § 9.54 (s, 1H), 7.48 (s, 1H), 7.35 (s, 1H), 6.49)(d,8.1 Hz, 1H),
4.60 (d,J = 6.1 Hz, 1H), 4.49 (m, 1H), 2.42 (m, 2H), 1.90 (H), 1.65 (m, 2H), 1.57

(m, 1H), 1.25 (m, 2H), 1.14 (m, 6H), 0.92 (m, 6L} NMR (126 MHz; CDGJ): 198.7,
178.3,176.2, 173.5, 110.2, 77.2, 58.2, 56.1, L5, 51.0, 41.2, 35.7, 29.9, 25.1, 23.0,
22.4,19.81, 19.76, 19.4. HRMS (ESI): Calc’d fomfinila GsHpsNoOs [M—H]~

313.1769, found 313.1768.

4.8.4.6. (49-4-((29-4-Methyl-2-(2-methylbutanamido)pentanamido)-5-

oxopentanoic acidsf):

The product (9 mg, 48%) was isolated as a yellold $m.p. 140-142 °CYH NMR

(500 MHz; CDC}):  9.55 (s, 1H), 6.39 (m, 1H), 4.60 (m, 1H), 4.50 (iH), 2.41 (m,
2H), 2.17 (m, 2H), 1.63 (m, 3H), 1.43 (m, 1H), 1(8% 2H), 1.12 (m, 3H), 0.92 (m, 9H).
13C NMR (126 MHz; CDGJ): § 177.8, 173.5, 125.7, 53.7, 51.7, 30.6, 29.9, 27551,
23.0, 22.4, 22.3, 17.4, 12.0. HRMS (ESI): Calc'dffrmula GeHo7N2Os [M—H]~
327.1925, found 327.1924.

4.8.4.7. (49-4-((29-4-Methyl-2-(2-methylpentanamido)pentanamido)-5-

oxopentanoic aciddg):

The product (7 mg, 16%) was isolated as a lighivbreolid (m.p. 127-129 °CH NMR

(500 MHz; CDC}): § 9.54 (s, 1H), 7.57 (m, 1H), 6.81 (m, 1H), 4.63 (H), 4.47 (m,
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1H), 2.40 (m, 2H), 2.26 (m, 2H), 1.89 (m, 1H), 1(&Y, 3H), 1.25 (m, 4H), 1.08 (m, 3H),
0.89 (m, 9H)*C NMR (126 MHz; CDCJ): 6 198.6, 178.2, 176.4, 175.8, 128.8, 110.2,
60.7, 58.2, 56.1, 51.7, 41.0, 36.5, 25.0, 22.3,220.7, 17.91, 17.72, 14.2. HRMS (ESI):
Calc’d for formula G/H29N-Os [M—H]™ 341.2082, found 341.2082.

4.8.4.8. (9-4-((9-2-Hexanamido-4-methylpentanamido)-5-oxopentanoic

acid 8h):
The product (11 mg, 34%) was isolated as a colwdetd (m.p. 127-129 °C)H NMR

(500 MHz; CDC4): § 9.53 (s, 1H), 7.67 (d = 7.0 Hz, 1H), 6.74 (d] = 8.2 Hz, 1H),
4.68 (br s, 1H), 4.44 (br s, 1H), 2.39 (br s, 2420 (m, 4H), 1.90 (m, 1H), 1.59 (m, 2H),
1.28 (m, 4H), 0.91 (m, 9H}’C NMR (126 MHz; CDGJ): 6 198.5, 176.0, 174.9, 171.5,
60.7, 58.3, 51.8, 41.2, 36.5, 31.5, 29.8, 25.9),222.5, 21.0, 14.4, 14.1. HRMS (ESI):
Calc’d for formula G/H29N,Os™ [M—H] ™, 327.1925; Found, 327.1924 .
4.8.4.9. (9-4-((S-2-Hexanamido-3-methylbutanamido)-5-oxopentanoic
acid @i):

The product (8 mg, 23%) was isolated as an oraolig: (n.p. 111-114 °CYH NMR

(500 MHz; CDC}): § 9.55 (s, 1H), 6.60 (m, 1H), 6.11 (m, 1H), 4.35 {H), 4.13 (m,
1H), 2.42 (m, 2H), 2.24 (m, 4H), 1.61 (m, 3H), 1(88 4H), 0.89 (m, 9H):*C NMR
(126 MHz; CDC}): 6 176.6, 175.2, 77.2, 56.1, 36.5, 31.5, 25.6, 2219), 19.3, 18.7,
14.1. HRMS (ESI): Calc’d for formula;gH,7N20Os™ [M—H]~ 327.1925, found 327.1924.
4.8.4.10. (9-3-((9-2-Hexanamido-4-methylpentanamido)-4-oxobutanoic
acid @j):
The product (10 mg, 24%) was isolated as a col®désssH NMR (500 MHz; CDCY):

§7.34 (M, 1H), 6.21 (m, 1H), 4.59 (m, 2H), 2.26 @H), 1.63 (M, 4H), 1.30 (m, 4H),
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0.96 (m, 2H), 0.88 (m, 9H}*C NMR (126 MHz; CDCJ): § 176.8, 176.1, 174.3, 57.2,
36.8, 31.56, 31.51, 31.2, 25.6, 22.56, 22.51, 20@, 17.9, 14.1. HRMS (ESI): Calc’'d
for formula GgH27/N2Os [M—H]™ 327.1925, found 327.1926.

4.8.4.11. (9-3-((9-2-Hexanamido-3-methylbutanamido)-4-oxobutanoic

acid 8k):

The product (7 mg, 17%) was isolated as a colodekd (m.p. 126-128 °C}H NMR

(500 MHz; CDC}): § 9.72 (s, 1H), 8.70 (br s, 1H), 8.18 (m, 1H), 7(t 1H), 4.59 (m,
1H), 4.50 (m, 1H), 2.20 (m, 2H), 1.57 (m, 5H), 1(86 6H), 0.88 (m, 9H)*C NMR
(151 MHz; CDC}): § 176.2, 175.1, 174.0, 77.2, 56.0, 53.6, 51.9, B36M4, 31.5, 25.5,
25.0, 22.9, 22.5, 22.0, 21.0, 14.1. HRMS (ESI):c@alor formula GsHasN;0s™ [M—H]~
313.1769, found 313.1769.

4.8.4.12. (9-4-((9-4-Methyl-2-octanamidopentanamido)-5-oxopentanoic

acid 8I):
The product (7 mg, 15%) was isolated as a colodeld (m.p. 106—107 °CJH NMR
(500 MHz; CDC4): § 9.54 (s, 1H), 7.45 (s, 1H), 6.29 (br s, 1H), 617 1H), 4.49 (m,
1H), 4.35 (m, 1H), 2.42 (m, 2H), 2.23 (m, 4H), 1(8% 1H), 1.62 (m, 4H), 1.28 (m, 8H),
0.92 (m, 9H)*C NMR (126 MHz; CDCJ): 6 175.0, 174.6, 170.5, 128.7, 125.7, 66.0,
56.0, 53.6, 31.9, 29.32, 29.15, 25.9, 25.0, 232%8,215.4, 14.2. HRMS (ESI): Calc’'d for

formula GgoH33N20Os [M—H]™ 369.2395, found 369.2395.
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Table1:

1a-i O Ry
HATU, DIPEA P A\
6a-b R N/'\n/ YTONTY
DMF, rt H :
O Rj o
7a-1
Entry Product R; R Rs %Yield
1 7a Me Leu Asp(O-tBu) 31%
2 7b Me Leu Glu(O-tBu) 28%
3 7c CoHs Leu Glu(O-tBu) 65%
4 7d CsH; Leu Glu(O-tBu) 63%
5 7e iBu Leu Glu(O-tBu) 48%
6 7* /\r Leu Glu(O-tBu) 62%
%
7 79 ’/Y Leu  Glu(O-tBu) 87%
8 7h CsHu Leu Glu(OtBU)  88%
9 7i CsHys val  Glu(OtBu)  67%
10 7i CsHu Leu A (OtBU)  39%
1 7k CsHn va Asp(O-tBu)  88%
12 7l CiHis Leu Glu(O-tBu) 43%
Table 2:
O Ry
1) TFA, CH,Cl, )J\ N
72l ——————> p, N/'\n/ ~"X0
2) CH,0, AcOH H H
MeOH, rt O R
8a-l
Entry Product R; R, Rs %Yield
1 8a Me Leu Asp 66%
2 8b Me Leu Glu 60%
3 8c CoHs Leu Glu 64%
4 8d CsHy Leu Glu 28%
5 8e iBu Leu Glu 55%
6 8f /Y Leu Glu 48%
7 8g Leu Glu 16%
8 8h CsHiy Leu Glu 34%
9 8i CsHu1 val Glu 23%
10 8 CsHn Lleu Asp  24%
11 8k CsHiy va A 17%
12 8l C7His Leu Glu 15%

NHa2



