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ABSTRACT The p-lactam ring represents a valuable moiety that can induce covalent binding of an inhibitor to its target. In this study, we

explored di- and tripeptides with p-lactam electrophilic warheads as inhibitors of dengue and West Nile virus NS2B-NS3 protease. Tripep-

tides with a (3S5)-p-lactam moiety displayed highest activity, with IC,, and EC,, values in the lower micromolar range in biochemical and

cellular assays. The activity against dengue protease was in general higher than against West Nile virus protease. The compounds were inac-

tive against the off-targets thrombin and trypsin. LC-MS experiments revealed that tripeptide-p-lactam inhibitors bind to the protease in two

distinct binding modes. Only one binding mode leads to a covalent, but reversible, interaction of the B-lactam ring with the catalytic serine,

followed by release of the inhibitor with opened B-lactam ring. The other binding mode leads to the cleavage of the peptide backbone. This

observation provides the first experimental evidence that benzyloxyphenylglycine in flaviviral protease inhibitors is positioned in the prime

site of the enzyme.

Introduction

Covalent inhibitors have long been stigmatized in drug discovery as
toxic and harmful entities. However, in recent years the interest for
this class of compounds has significantly increased, which has
resulted in several covalent drug candidates and approved covalent
drugs on the market today.' Some of the examples include kinase
inhibitors™ and proteasome inhibitors’ as anti-cancer agents, as
well as drugs against hepatitis C virus, which target the viral
protease.® Acrylamides, a-ketoamides, epoxyketones and boronic
acids are some of the groups that serve as electrophilic warheads
and induce covalent binding between the inhibitor and the target
protein.6

Compounds containing electrophilic warheads have also been
investigated as inhibitors of flaviviral NS2B-NS3 proteases.
Flaviviruses, including dengue (DENV) and West Nile virus
(WNV), represent a serious threat to human health. For DENV
alone there are an estimated 390 million infections per year.” In
addition, predictions suggest that cases of dengue and other
flaviviral related diseases will increase in future.*” NS2B-NS3
protease represents a valuable pharmacological target for the
development of antiflaviviral drugs, as it cleaves flaviviral
polyprotein and therefore, its activity is necessary for viral
replication.” In addition, NS2B-NS3 is a serine protease, which
makes it a favorable target for covalent inhibitors. Until today a
number of peptide-based inhibitors of dengue virus protease have
been developed, some of them containing electrophilic warheads
(Figure 1)." Yin et al. were the first to employ the strategy of
incorporating C-terminal warheads into substrate-mimicking
peptide inhibitors (Figure 1B).”'* In their research, several
electrophiles were evaluated, but the main focus was given to

aldehyde warheads. The incorporation of C-terminal aldehyde
increased the affinity of the peptide inhibitor more than 20 fold,
with a K value reaching 5.8 pM. Interestingly, the boronic acid
analog had an even more profound effect (K, = 43 nM), yet
inhibitors containing this moiety were not investigated in more
detail in this study. Subsequent characterization of peptide-boronic
acids demonstrated that dipeptides containing unnatural basic
amino acids and C-terminal boronic acid moieties (Figure 1B) can
reach low nanomolar IC; values in a biochemical assay and that the
activity highly depends on the presence of this functional group.
However, this type of compounds also showed a pronounced off-
target effect by inhibiting trypsin in the same range or higher than
flaviviral proteases. Additionally, the activity in cell-based viral
replication assay was significantly lower than in the biochemical
assay."*

Herein we report peptide inhibitors of NS2B-NS3 protease bearing
a C-terminal p-lactam moiety. Having in mind the positive impact
of electrophilic warheads on the activity, as well as their obvious
drawbacks, we reasoned that p-lactam is a promising moiety to
induce covalent binding to the NS2B-NS3 protease. With a “soft”
reactivity that can be modulated by changing the character of sub-
stituents, the p-lactam moiety may mitigate liabilities encountered
in the development of antiflaviviral covalent drugs (e.g. low drug-
likeness of the warhead or off-target effects). The p-lactam group as
an electrophilic moiety is, despite importance in antibacterial
agents, surprisingly underexploited in other areas of medicinal
chemistry. To the best of our knowledge, in the last ten years the p-
lactam moiety has been integrated only in the development of N-
acylethanolamine acid amidase (NAAA) inhibitors, an enzyme

which is a potential target for anti-inflammatory drugs.”” '’ Before
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that, only several B-lactam inhibitors of other serine proteases, such
as thrombin and elastase, have been described.'®"’

It is often considered that p-lactam reactivity stems from steric
strain caused by the fused second ring (e.g. penam and cephem
antibiotics) or by strong electron withdrawing substituents at N-1
position (e.g. monobactam antibiotics). However, even in the
absence of these structural properties, f-lactam moieties in NAAA
inhibitors (i.e. N-1 unsubstituted p-lactam) and elastase inhibitors
(ie. B-lactam with N-1 aromatic substituent) still show time-
dependent inhibition that is derived from covalent binding to their
targets.”””' Therefore, we decided to use B-lactams with an aromatic
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substituent at N-1 position, as we expected such B-lactams to have
mild reactivity due to the moderately electron withdrawing N-1
group. We hoped that this type of f-lactams would enable covalent
binding to the target, but at the same time alleviate off-target bind-
ing. B-Lactams were combined with di- and tripeptides that previ-
ously showed affinity for NS2B-NS3 protease, to serve as a recogni-
tion element of the inhibitor. We explored the effect of different
peptides on the activity, as well as the influence of the stereochem-
istry on the B-lactam C-3 stereocenter and electronic effect of N-1
aryl substituent. Together with the evaluation of the activity in
biochemical and cellular assays, the inhibition mechanism of the
most active compounds was investigated.
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Figure 1. Examples of previously developed peptide inhibitors of flaviviral NS2B-NS3 protease. A) Inhibitors containing heterocyclic N-terminal

caps and unnatural amino acids. B) Inhibitors containing C-terminal electrophilic warheads. The details about the compounds can be found further

in the text, as well as in references 11 (in ref. 56), 29 and 23 for compounds in figure A and for compounds in figure B in references 12, 12 and 14. The

references are given in the consecutive order.

Results and discussion
Chemistry

Synthesis of p-lactams (3R)- and (3S)-3a—e. B-Lactams 3a—e
were obtained in a three-step reaction sequence starting from Cbz-
protected serine.'>”> This method enables the preparation of enan-
tiopure (3R)- and (35)-B-lactams using the predetermined chirality
of (S)- or (R)-serine, respectively. It also gives p-lactams with N-1
aryl substituent and a free amino group at the C-3 position, which
facilitates coupling to the peptides (Scheme 1). The first step is the
coupling of an aryl amine to the serine C-terminus, which was
obtained using COMU as a coupling reagent and TMP as a base.
The main step is the cyclization of amides (S)- and (R)-1a—e into
B-lactams (3R)- and (35)-2a—e. The reaction proceeded with the
addition of 1,1’-sulfonyldiimidazole and sodium hydride. 1,1’-
Sulfonyldiimidazole was used to facilitate the ring closure by acti-

vating the hydroxyl group through the formation of imidazole-1-
sulfonate leaving group. B-Lactams (3R)- and (35)-2a—e were
obtained in 34-76% yield. In the last step Cbz-protection was
cleaved using hydrogen and palladium on charcoal, providing the
enantiomerically pure 3-amino-f-lactams (3R)- and (35)-3a—e.

Synthesis of dipeptide-B-lactam inhibitors. N-Benzoyl-capped
dipeptides were obtained by SPPS on CTC resin using the Fmoc-
protocol with COMU and TMP.” The protected dipeptides were
coupled to B-lactams (3R)- and (35)-3a using the mixed-anhydride
method with IBCF and NMM as a base (Scheme 2).** Final inhibi-
tors (3R)- and (35)-4—8 were obtained in low to moderate yields
after lysine/arginine deprotection (Table S1, Supporting infor-
mation). The coupling efficiency depended on the amino acid at P1
position, with lysine showing the highest reactivity while arginine
and norleucine gave significantly lower yields.

Synthesis of tripeptide-B-lactam inhibitors. Initially, we at-
tempted to couple f-lactams 3a—e directly to the Bz-Arg(Pbf)-
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Lys(Boc)-(4-benzyloxy)-D-Phg-OH tripeptide. We tried several
different coupling reagents (ie. COMU, HATU, IBCF), which
were not successful. Therefore, we explored an alternative two-step
coupling route, in which the -lactam is first coupled to Fmoc-(4-
benzyloxy)-D-Phg-OH 9, followed by coupling to Bz-Arg(Pbf)-
Lys(Boc)-OH dipeptide (Scheme 3). This strategy was successful
and afforded the final tripeptide-B-lactam inhibitors in sufficient
quantities. For both coupling steps, COMU and TMP were used
applying a previously described protocol.” (4-Benzyloxy)-D-Phg-
B-lactam derivatives (3R)- and (3S5)-10a—e were obtained in 23~
50% yield after the coupling and Fmoc deprotection steps, whereas
the final (3R)- and (3S5)-11a—e were isolated in 11-57% yield after
two steps. We observed epimerization of the final product at the (4-

Scheme 1. Synthesis of p-lactams (3R)- and (35)-3a—e.

0 R
RS 77y  COMU,TMP
HO oH + [ |
NH DMF 0°C,1h
Cbz NH, rt,3h
Cbz-serine g%’_}:’:

Journal of Medicinal Chemistry

benzyloxy)-D-Phg a-C position. The epimerization is probably the
consequence of the basic work-up after Boc/Pbf deprotection, as it
is known that phenylglycine and its derivatives are susceptible to
racemization, especially under basic conditions.” The ratio of (4-
benzyloxy)-D-Phg epimers was evaluated independently by HPLC
and '"H NMR (Figure S1, Supporting information). The deter-
mined values correlated well between the methods. In most prod-
ucts, the epimerization was between 10% and 20%, except in com-
pounds (3R)-11d and e where the ratio of (R)- and (S)-(4-
benzyloxy)-Phg epimers was ~ 65 : 35 (Table S2, Supporting in-
formation). The epimerization on the p-lactam ring was not ob-
served in any of the products.

H (Risy “CI*H,N (5/3),

Cbz™ Y Hy, PA/C
N R N

&”?kg 1.1m,S0y, 0°C, 1 h

2. NaH, DMF, -20 °C, 1 h o

EtOH, r.t, 1.5h ©)
R R

(3R)-2a-e (3R)-3a-e
(3S)-2a-e (3S)-3a-e

(3R)- and (3S)-1-3a: R = H-
(3R)- and (35)-1-3b, R = 4-CH;-
(3R)- and (35)-1-3c, R = 3-CHj-
(3R)- and (35)-1-3d, R = 4-F-
(3R)- and (35)-1-3e, R = 3-F-

Scheme 2. Synthesis of dipeptide p-lactam inhibitors (3R)- and (35)-4-8.
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(3R)- and (3S)-4: P, = Lys, P, = Arg
(3R)- and (3S)-5: P, = Lys, P, = Lys
(3R)- and (3S)-6: P, = Arg, P, = Lys
(3R)- and (3S)-7: P, = Nle, P, = Lys
(3R)- and (3S)-8, P, = Nle, P, = Arg
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Scheme 3. Synthesis of tripeptide inhibitors 11a—e.
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(3R)- and (3S)-10e, R = 3-F-
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Biology

Activity of peptide-p-lactam inhibitors in biochemical assays.
The activity of dipeptide-B-lactam derivatives (3R)- and (35)-4-8
was initially screened at S0 yM concentration against DENV and
WNV NS2B-NS3 protease. Among the tested sequences, inhibitors
with the amino acid sequence Bz-Arg-Lys showed the highest
activity (Table 1). Compound (3R)-4 with (3R)-p-lactam had 72%
inhibition of DENV protease, with IC,, = 17.7 yM, whereas the
(35)-B-lactam analog showed 57% inhibition (IC,, value not meas-
ured). Both values represent an increase in the inhibition compared
to the previously investigated parent dipeptide without B-lactam
moiety, which gave 41% inhibition at 50 pM concentration and
IC,, = 58.5 uM (IC,, value calculated from K, given in the reference
using Cheng-Prusoff equation, K, = 105 uM).” Replacement of the
P, arginine with lysine in compounds (3R)-5 and (3S)-5 decreased
the activity of both compounds against DENV protease, as well as
of (35)-5 against WNV protease. On the other hand, the same
replacement slightly increased the inhibition of (3R)-S isomer
against WNV protease. The inversion of the peptide sequence Bz-
Arg-Lys-B-lactam to Bz-Lys-Arg-p-lactam, as well as the incorpora-
tion of non-basic norleucine at P, position led to complete loss of
activity in both enzymes. The loss of activity in WNV protease
upon the sequence inversion is in contrast to previous reports
where the preference for P, lysine in WNV protease or arginine in
case of DENV protease was observed.”””

Previously, tremendous improvements in the activity of peptide
NS2B-NS3 protease inhibitors were achieved with the incorpora-
tion of the unnatural amino acids phenylglycine and benzyloxy-
phenylglycine at P, position (Figure 1A).”* For example, tripep-
tide Bz-Arg-Lys-(4-benzyloxy)-D-Phg-NH, (MB-53, cpnd. 27 in

H + ~ N_*
NvCOOH HZN/\”/ \;\N 2.TFA:DCM 1:1
: o
R s

(3R)-and (3S)-11a: R = H-
(3R)- and (3S)-11b, R = 4-CHg-
(3R)- and (3S)-11¢, R = 3-CHj-
(3R)- and (3S)-11d, R = 4-F-
(3R)- and (3S)-11e, R = 3-F-

the reference)™ had IC,; = 0.37 uM against DENV protease, which
is a profound increase relative to dipeptide Bz-Arg-Lys-NH,” with
IC,, = 58.5 uM (see above). In order to investigate if a similar effect
would be achieved in peptide-B-lactam inhibitors, we synthesized
compounds with sequence Bz-Arg-Lys-(4-benzyloxy)-D-Phg-p-
lactam, where B-lactam had either (3R)- or (3S)-configuration
((3R)- and (35)-11a). The incorporation of (4-benzyloxy)-D-Phg
had a different effect on the activity depending on the p-lactam
configuration (Table 2). In the case of Bz-Arg-Lys-(4-benzyloxy)-
D-Phg-(3S5)-B-lactam derivatives, the activity significantly im-
proved, although not reaching the activity of MB-53. Inhibitor
(35)-11a had 96% inhibition at 50 M concentration with ICy, =
2.6 uM, whereas dipeptide without benzyloxyphenylglycine (35)-4
gave 57% inhibition at 50 uM concentration (IC,, value not meas-
ured). On the other hand, the integration of (4-benzyloxy)-D-Phg
in inhibitors containing (3R)-B-lactam had no significant effect, as
tripeptide (3R)-11a and its dipeptide counterpart (3R)-4 had
similar activities (69% and 72% inhibition at 50 M concentration,
respectively).

We further investigated the effect of the B-lactam N-1 substituent
on the inhibition. It can be assumed that the character of an aryl
substituent plays a role in the reactivity of the P-lactam. We
expected that an electron withdrawing substituent would increase
the reactivity of the B-lactam carbonyl group and, consequently,
improve the activity. However, substituents at N-1 had no effect on
the inhibition, as all inhibitors in the (35)-11 series had very similar
IC,, values (1.9-2.8 uM), whereas the (3R)-series showed no
correlation between the substituent nature and the inhibition. The
activity against WNV was generally lower compared to DENV in all
tripeptide-B-lactam inhibitors (Table 2).
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1

2 Table 1. Activity of dipeptides 4-8 in biochemical assays.

3

4 Compound DENV (%) WNV (%) Compound DENV (%) WNV (%)
5 (3R)-4 (35)-4

6 R, 71.6% . H . 81.4%

7 BrATLS TN ICy=17.7 yM 27.8% Br-ArgLys S S7.1% ICy=22.5 yM
3 s e

9 (3R)-S (35)-5

H H
N, 9 9 N : :
Bz-Lys-Lys 39.7% 51.7% Bz-Lys-Lys’ ni. n.i.
11 2 pe
e e

13 (3R)-6 (39)-6

14 H ) ) y . .
15 Bz-Lys-Arg ;N L n.L Bz-Lys-Arg’ \};\N n.i. n.i.
16 ) ¢ 1

17 (3R)-7 (35)7

- i - g . |
19 Bz-Lys-Nlg” ‘0 ;\N n.L 24.4% Bz-Lys-Nlg” TN n.l n.i.
20 0 © 0 @

21 (R)-8 (39)8

22

H H
. . N . .
23 Bz-Arg-Nle” N/’.;\N n.. n.. Bz-Arg-Nle~ \;\N n.i. n.i.
o @ °© ©

DENV: enzyme 100 nM; substrate S0 UM percent values at inhibitor S0 uM; IC,, values determined if inhibition > 70% at S0 uM.
27 WNV: enzyme 150 nM; substrate SO uM; percent values at inhibitor SO uM; IC,, values determined if inhibition > 70% at SO uM.

n.i. = inhibition < 20%

32 Table 2. Activity of tripeptides 11a—e in biochemical assays. N

34 @AQZ\)L%
|

NH;

K
S
[¢]

Compound DENV WNV Compound DENV WNV

39 (3R)-11a (39)-11a
96.0%
0 68.8% 46.9% j:N 60.1%

o @ d @ IC,, =23 uM
42

(3R)-11b (35)-11b

- 73.5% 95.9%
45 S 52.9% N 60.3
ICq =159 uM o D\ ICsy=2.7 uM

CHs CHs

» B
N o
o

49 A 77.7% (39)-11c

. ) 96.5% )
50 n! 1Cy, = 16.4 M 45.1% j:N 46.8%

&N on, ICy, = 2.8 yM

(9}

—_
Q.
o]
Ed

53 (3R)-11d (39)-11d
96.3%
34 T 65.5% 43.4% );N ) 60.9%

o Q ICy,=2.5uM

F

U
[e 39 ]
o,

=
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(3R)-11e
) 80.8%

’ 61.6%
P IC,,=12.4 uM

o )@/F

(35)-11e

96.8%
jj 64.1%
& N/ NF ICy,=1.9uM

DENV: enzyme 100 nM; substrate 50 1M percent values at inhibitor S0 uM; IC,, values determined if inhibition > 70% at S0 uM.

WNV: enzyme 150 nM; substrate SO uM; percent values at inhibitor SO pM.

Off-target effects. The activities of compounds (3R)- and (3S5)-4—
8, as well as (3R)- and (35)-11a—e against thrombin and trypsin as
off-target serine proteases with similar substrate recognition motifs
was evaluated. Tripeptide-B-lactam inhibitors (3R)- and (35)-11a—
e showed high selectivity for flaviviral proteases, with inhibition
against both thrombin and trypsin < 20% at 50 yM inhibitor con-
centration. Similar selectivity was observed in dipeptide derivatives,
with only compounds (3R)-5, (3R)-7 and (35)-8 slightly exceed-
ing 20% inhibition against trypsin (Table S3, Supporting infor-
mation).

Binding mode of tripeptide-B-lactam derivatives. The binding
mode of compound (35)-11a was investigated using a tryptophan
quenching assay.” This assay is based on the intrinsic fluorescence
of tryptophan near the active site of DENV protease. The assay also
includes a competitor molecule (quencher) that binds competitive-
ly to the protease causing a decrease in the fluorescence signal upon
binding. When the inhibitor is added together with the quencher,
the increase in fluorescence (decrease of quenching) compared to
the quencher control indicates competitive binding of the inhibitor.
As a quencher, we used compound MB-211 (Figure SS, Support-
ing information), which was previously characterized as a competi-
tive inhibitor of DENV protease (IC,, = 0.176 uM) and has an
absorption band in the tryptophan emission region.”’ Inhibitor
(35)-11a in concentrations 20 uM and 60 uM was added to the
protease together with the quencher MB-211 (concentration range
0-20 pM). The addition of the inhibitor in both concentrations
caused a decrease in quenching compared to the MB-211 control
(Figure 2). Furthermore, the decrease was concentration depend-
ent. This clearly demonstrates that inhibitor (35)-11a binds com-
petitively to the active site of DENV protease.

-
o

o protease + MB-211 +
_________ i (3S)-11a 20 uM

o
)

protease + MB-211 +
(3S)-11a 60 uM
- protease + MB-211
-e- NATA + MB-211

e
o

o
>

e
N

Relative fluorescence intensity (F/Fy)
(=]
o

0 5 1l0 1'5 20
MB-211 (uM)

Figure 2. Change in DENV protease intrinsic fluorescence by the
addition of MB-211 in combination with (35)-11a 20 uM (green line)
or (35)-11a 60 uM (blue line) in relation to MB-211 control (red
line). The interference by inner filter effect (IFE) was evaluated using
N-acetyltryptophanamide (NATA) instead of DENV protease (dashed
line).

The tryptophan quenching assay was also used to study the reversi-
bility of (35)-11a binding to the protease. The theoretical back-
ground of the experiment lies in the fact that irreversible binding of
the inhibitor, when preincubated with the protease, would prevent
binding of the quencher and consequently, quenching would not
be observed upon the addition of the quencher. Therefore, inhibi-
tor (35)-11a at 60 pM concentration was preincubated with DENV
protease for 16 hours before the addition of quencher MB-211.
The quenching after concurrent addition of (35)-11a and MB-211
served as a control. The preincubation of the protease with (35)-
11a had no effect on quenching, indicating that (35)-11a binds
reversibly to the protease (Figure 3).

e
c
210
Z o protease + MB-211 +
g 0.8 (3S)-11a preincubated
‘2 protease + MB-211 +
§ 0.6 (3S)-11a no preincubation
% 0.4 -# protease + MB-211
(=]
2 0.2 -e- NATA + MB-211
o
2
® 0.0+ T T T 1
E 0 5 10 15 20
MB-211 (uM)

Figure 3. The change in DENV protease intrinsic fluorescence by the
addition of MB-211 after 16 h incubation with (3S)-11a 60 uM (blue
line), MB-211 with (35)-11a 60 uM without preincubation (red line),
MB-211 without (3S)-11a (green line) and MB-211 in combination
with N-acetyltryptophanamide (NATA) instead of DENV protease as
IFE (dashed line).

Reversible binding of (35)-11a was additionally evaluated with the
dilution experiment, in which the target enzyme is preincubated
with an inhibitor at high concentration, after which the inhibitor is
diluted to approximately one half of the IC,, value and the activity
of the enzyme is measured over time.”' Inhibitor (3S)-11a at the
concentration 60 uM (~ 20 x IC,;) was preincubated with the
DENV protease for either 3 or 6 hours, then diluted to 1.7 uM (~
half IC,,) and the activity of the protease was measured for 2 hours
in 30 minute intervals. Four controls were included in the experi-
ment: DMSO control to monitor the full activity of the protease,
high concentration inhibitor control (60 uM) to achieve complete
inhibition of the protease, one half IC,; control (1.7 pM) without
preincubation and one half IC,, control (1.7 uM) with preincuba-
tion (3 h or 6 h) as a reference inhibition of the sample after dilu-
tion. Compound (35)-11a did not show increased inhibition after
dilution in comparison to the one half IC,; controls, therefore
confirming reversible nature of binding (Figure 4). Furthermore,
the inhibition of the diluted sample remained constant throughout
the 2 hour measurement period. Very similar results were obtained
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for both 3 hour and 6 hour preincubation period, which further
indicates that the preincubation of the inhibitor with the protease
does not result in a time-dependent, irreversible inhibition.

A

100-' -# Diluted to 1.7 uM

I - R " -4 Ctrl DMSO
§ -e- Ctrl 1.7 uM no preincubation
5 807 =¥ Ctrl 1.7 uM preincubated
€ 409 -m- Ctrl 60 uM
=

204

i AE
Og--=-=-=-- A=mmmm=- e
0 30 60 90 120
min
100 -= Dilutedto 1.7 uM

N S g m -+ Ctrl DMSO
S 60 -e- Ctrl 1.7 uM no preincubation
3 =¥ Ctrl 1.7 uM preincubated
£ -m- Ctrl 60 uM
X 20

0 s=ss2= b e L
2°J 30 60 90 120
min

Figure 4. Dilution experiment for compound (35)-11a. The sample
diluted from 60 uM to 1.7 uM after preincubation is presented as blue
line, relative to full activity (DMSO) control (grey dashed line), full
inhibition (60 uM) control (black dashed line), one half IC,, (1.7 uM)
without preincubation control (green line) and one half IC,, (1.7 uM)
with preincubation control (cyan line). A) The inhibition after 3 h
preincubation of (35)-11a with DENV protease. B) The inhibition
after 6 h preincubation under the same conditions.

In order to investigate the role of the catalytic serine on the binding
of tripeptide-B-lactam inhibitors, DENV protease with S135A
mutation was expressed. The binding affinity of the inhibitor (35)-
11a towards the S135A mutant was evaluated using tryptophan
quenching assay. First, the effect of the mutation on the binding of
the quencher MB-211 was determined (Figure S6, Supporting
information). MB-211 binds to the catalytic site of the mutant with
reduced affinity in comparison to the active protease. On the other
hand, the binding affinity of (35)-11a towards the mutant protease
was almost completely lost, as the quenching upon the addition of
(35)-11a in the concentrations 20 uM and 60 pM in combination
with MB-211 was minimally changed compared to MB-211 con-
trol (Figure S7, Supporting information).
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Finally, we performed LC-MS experiments in order to identify
potential covalent binding of the inhibitor to the protease. First, we
focused on detecting MS adducts of the inhibitor with DENV
protease. However, after several attempts applying different meth-
ods, we were not able to observe any adduct formation. We then
turned our attention to identifying a change in the inhibitor mass
which would be a consequence of covalent binding. We incubated
compound (3S)-11a for 11 h with either active DENV protease,
inactive S135A mutant or buffer without the protease, and moni-
tored the modification of the inhibitor through time. The change in
the inhibitor mass during incubation revealed a complex inhibition
mechanism. During the course of the experiment, the B-lactam
form of inhibitor was depleted and a mass that corresponds to an
analog with opened -lactam ring 12 (m/z [M - H] = 806.3984)
appeared in the spectrum (Figure S and Figure S8, Supporting
information). However, the main effect was the appearance of
peaks at m/z [M - H]” = 405 and m/z [M - H]™ = 400. These two
masses correspond to Bz-Arg-Lys-OH 13 (m/z [M - H] =
405.2249) and benzyloxyphenylglycine-f-lactam 14 (m/z [M - H]
= 400.1656). The formation of 13 and 14 is a consequence of the
cleavage of the amide bond between lysine and benzyloxyphenyl-
glycine. Both changes are apparent only during incubation with the
active protease (Figure SA and C). This indicates that the inhibitor
(35)-11a can adopt two conformations in the active site, one in
which lysine carbonyl group lies close to the catalytic serine and the
other where p-lactam ring is in close proximity to the serine, ena-
bling the reaction of the corresponding carbonyl group with the
serine. The binding of the inhibitor in two distinct ways might be
possible due to conformational dynamics of the DENV protease.”
In line with that are recent findings that peptide covalent inhibitors
with similar structure to ours adopt two binding modes with signif-
icantly different orientations and interactions upon binding to the
DENV protease.” The scheme of the cleavage of the inhibitor
(35)-11ais presented in Scheme 4.

ACS Paragon Plus Environment



oNOYTULT D WN =

Journal of Medicinal Chemistry

Active protease

Page 8 of 20

3.0x105-
2.5x1054
> 2.0x10% -+ (35)-11a
2 45105 sl
g 15104 - 13
= 1.0x105- - 14
5.0x10%-
04 " T T r T |
o 2 4 6 8 10 12
Time (h)
S135A mutant Buffer
3.0x105- 3.0x105-
25105 T ¥ . 25¢105] % R e
2 2.0x10% - (39)-11a 2 2.0x10%4 -+ (35)-11a
? s - 12 i . - 12
§ 15410 N § 1.5x10%4 . 18
= 1.0x105- - 14 = 1.0x105- = 14
5.0x10°% 5.0x10°-
04 o ————————————
0o 2 4 6 8 10 12 0 2 4 6 8 10 12

@@
dé“”f?(j

(3S)-11a 2

[M - HJ = 788.3879

4.0x104+

3.0x104

2.0x104

Intenslty

1.0x 104

Time (h)

NH

J{( B RGP B
b T ol

H :
0 \H
NH

12 2 13 NH,

[M - H = 806.3984 [M - H] = 405.2249

Compound 12

-o- Active protease
-= S135A mutant
-+ Buffer

0 2 4 6 8 10 12
Time (h)

HZN/\IJN}\NO

[M - H] = 400.1656

Figure S. LC-MS measurements. A) Time-dependent peak intensities of the inhibitor (3S)-11a and its cleavage products 12, 13 and 14 in mass
spectra during incubation with the active DENV NS2B-NS3 protease, inactive S135A mutant and in blank incubation buffer. B) The structures and
m/z[M - H] ratios of compounds (35)-11a, 12, 13 and 14. C) Comparison of time-dependent peak intensity of compound 12 during incubation of
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Scheme 4. Cleavage of (35)-11a observed by LC-MS upon incubation with DENV NS2B-NS3 protease. A) Reaction of the catalytic serine with the
lysine carbonyl group leading to the products 13 and 14. B) Reaction of the catalytic serine with the p-lactam carbonyl group leading to the opening

of the B-lactam ring (12).

The cleavage products 13 and 14 provide experimental evidence
for the binding sites of the lysine and benzyloxyphenylglycine
residues in DENV protease. Since the discovery of phenylglycine
and benzyloxyphenylglycine as highly attractive building blocks of
flaviviral protease inhibitors, there was no experimental evidence of
their position within the inhibitor, while the docking results were
ambiguous.”******* The cleavage products 13 and 14 of the inhibi-
tor (35)-11a indicate that lysine is positioned in the SI site of the
protease, while benzyloxyphenylglycine is placed in the prime
region, occupying the S1” site and possibly extending to the S2’ or
S3’ site. Furthermore, the incubation of the previously described
tripeptide inhibitor MB-53 (Bz-Arg-Lys-(4-benzyloxy)-D-Phg-
NH,)” under identical conditions resulted in similar cleavage
products (ie. Bz-Arg-Lys-OH and (4-benzyloxy)-D-Phg-NH,),
confirming the binding of benzyloxyphenylglycine in the prime
region (Figure S9, Supporting information). The cleavage of
tripeptide MB-53 occurs faster than that of (35)-11a (complete
disappearance of the inhibitor in 7 h for MB-53 vs. 14 h for (35)-
11a; the value for (35)-11a was calculated from Figure SA using
linear regression). The differences in the rate of the inhibitor cleav-
age might be due to the influence of the B-lactam ring on the bind-
ing.

Docking studies. In order to further understand the observed
binding properties and inhibition mechanism of tripeptide-f-
lactam inhibitors, we performed docking studies on the compound
(35)-11a with DENV NS2B-NS3 protease as a target. For the
calculations, we used crystal structure 3U1I of DENV serotype 3.*
This structure was used as the most closely related structure to
DENV serotype 2 protease in the absence of a valid crystal struc-
ture of DENV 2 protease in complex with an inhibitor. Docking
results confirmed that inhibitor (3S)-11a can adopt two distinct
types of conformations in the active site. The first type of confor-

mations enables the interaction of the catalytic serine with the
lysine carbonyl group, which consequently leads to the experimen-
tally observed cleavage products 13 and 14. The second type facili-
tates the interaction with B-lactam carbonyl group of the inhibitor,
leading to the opening of the B-lactam ring and the product 12.
Three conformations of the first type and one conformation of the
second type were found by docking studies.

In the energetically most favorable conformation of the first type,
lysine is positioned in the S1 pocket and is stabilized by H-bond
with Asp129 (Figure 6A and Figure S11A, Supporting infor-
mation). Arginine is placed in the S2 pocket and forms H-bonds
with Asp75 and Asp81 of the NS2B subunit, whereas the N-
terminal benzoyl cap lies in the S3 hydrophobic pocket and its
carbonyl group forms H-bond with Gly153 backbone. Benzyloxy-
phenylglycine is positioned in the prime site of the protease, with
the backbone and a-C phenyl ring occupying S1° pocket and ben-
zyloxy group extending to S2’ position. The B-lactam ring is orient-
ed from the protease towards the solvent. The other two confor-
mations of the first type are described in detail in the Supporting
information (Figures S10 and Figure S11A, Supporting infor-
mation). In all three conformations, compound (3S)-11a is in
appropriate orientation for nucleophilic attack of the catalytic
Ser13$5 on the lysine carbonyl group, which leads to the cleavage of
the inhibitor between lysine and benzyloxyphenylglycine and the
formation of experimentally observed products 13 and 14. The
oxyanion that is formed as a result of the nucleophilic attack is in all
three cases stabilized by Gly133. Furthermore, benzyloxyphenyl-
glycine in each conformation is positioned in the prime site of the
protease, which is in agreement with the experimental results.

In the second binding mode, the P-lactam ring is positioned in
close proximity to the catalytic serine, with the N-1 phenyl group
entering the S1 pocket (Figure 6B). In this conformation, lysine is
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positioned in the S2 pocket, arginine in S3 and the N-terminal
benzoyl cap partially occupies the S4 pocket. Arginine forms H-
bond with the carbonyl oxygen of Gly153, and the benzoyl cap
forms H-bond with the amino group of the same glycine (Figure
S11B, Supporting information). The benzyloxyphenylglycine is

again positioned in the prime site, with the backbone and the a-C
phenyl ring lying in the S1” and the benzyloxy group in the S3’ site.
Oxyanion stabilization by Gly133 upon the nucleophilic attack of
the catalytic serine on the B-lactam carbonyl group can occur in this
case as well.

Figure 6. Results of the docking study of the compound (35)-11a with DENV NS2B-NS3 protease as a target. A) Energetically most favorable
conformation that enables the interaction of the catalytic serine with the lysine carbonyl group. B) Conformation that enables the interaction of the

catalytic serine with the -lactam carbonyl group. The protein surface is colored by amino acid property (hydrophilic - blue; hydrophobic - orange).

The specificity pockets and catalytic triad are indicated.

Inhibition mechanism. In the first step, tripeptide-p-lactam inhibi-
tors bind to the active site of DENV protease in a competitive
manner. The compounds can bind in the active site in two distinct
ways, placing either the lysine or the P-lactam carbonyl group in
close proximity to the catalytic serine. Depending on the relative
distance of each carbonyl group to the serine, a covalent interaction
of one or the other carbonyl group with the serine is possible. In
both cases the formation of a covalent bond proceeds through a
tetrahedral oxyanion intermediate, which is stabilized by Gly133. In
case of the reaction with P-lactam, this step is consistent with p-
lactam inhibition of bacterial D,D-transpeptidases. However, un-
like B-lactam antibiotics, here it is followed by hydrolysis of the
intermediate and release of the compound with opened B-lactam
ring. The hydrolysis obviously proceeds shortly after the binding as
we were not able to capture the inhibitor-enzyme adduct by mass
spectrometry. Rapid hydrolysis of the B-lactam-enzyme ester is
quite unexpected since P-lactam antibiotics are known to form
highly stable ester bonds with D,D-transpeptidases.”” Moreover, B-
lactam inhibitors of NAAA, which are structurally similar to our
compounds, also irreversibly inhibit their target.”® Reversible inhi-
bition of B-lactams has previously been observed for ampicillin and
nitrocefin in L,D-transpeptidase.”’ The instability of the acyl-
enzyme in the former case is explained by secondary modifications
of the inhibitor upon binding to the enzyme. In the latter case it is
speculated that the reversible acylation is due to the very strong
electron withdrawing effect of the side chain which enables the
presence of negatively charged p-lactam nitrogen after ring open-
ing. In case of -lactam elastase inhibitors, it was observed that the
absolute configuration of B-lactam plays a role in the stability of
acyl-enzyme.” However, none of these reasons can fully explain
reversible binding in our case. Unexpected reversible inhibition has
also been reported for diphenyl phosphonate serine protease inhib-

itors.*"*

Antiviral activity in cellular viral replication assays. The antivi-
ral activity of compounds (3S)-11a and (35)-11d was tested in
DENV 2 infected human hepatocarcinoma cells (Huh-7). Both
compounds displayed strong reduction of virus titer with ECj,
values 11.7 yM and 4.1 pM, respectively (Figure $12, Supporting
information). The activity in cells for both compounds was in good
agreement with the inhibition obtained in the biochemical assay
(ICy, = 2.3 uM and 2.5 uM, respectively). Furthermore, both com-
pounds showed no cytotoxicity in the concentration range 0-50
uM in the same cell line. Low cytotoxicity and high antiviral activity
give these compounds a favorable selectivity index (SI).

Conclusions

In this work, we have explored the B-lactam moiety as an electro-
philic warhead in flaviviral NS2B-NS3 protease inhibitors. New
peptide-p-lactam inhibitors exhibited activity against the protease
in both biochemical and cellular assays, with the activity of the
most active inhibitors in the single-digit micromolar range. The
activity of new inhibitors strongly depended on the amino acid
composition, as well as on the configuration of the p-lactam ring.
On the other hand, the nature of the p-lactam N-1 substituent had
no influence on the activity. New inhibitors exhibited low off-target
effects with almost negligible activity against thrombin and trypsin.
Tripeptide-B-lactam inhibitors revealed a complex inhibition
mechanism, which involves binding in the active site of the prote-
ase in two distinct conformations. One of the binding modes in-
cludes a covalent interaction of the P-lactam with the catalytic
serine. The covalent interaction between the serine and the f-
lactam ring is reversible and leads to the release of the inhibitor
with the opened p-lactam ring. The other binding mode, which can
lead to the cleavage of the amide bond between lysine and ben-
zyloxyphenylglycine, enabled us for the first time to experimentally
determine that benzyloxyphenylglycine, an amino acid that consid-
erably contributes to the activity, binds in the prime site of the
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protease. This realization might be very useful in the development
of new inhibitors as it facilitates the exploration of the as-yet under-
exploited prime site of the flaviviral protease for inhibitor discovery.
Namely, the flaviviral protease has high preference for basic amino
acids at P1 and P2 positions and therefore, it is often considered
that basic amino acids are necessary to obtain high affinity of the
inhibitor. However, the preference for basic amino acids at P1 and
P2 positions is shared with other human serine proteases and there-
fore the incorporation of basic amino acids can lead to strong off-
target effects. On the other hand, the prime site sequence prefer-
ence is specific for flaviviral proteases. By exploiting the prime site
of the protease for achieving high affinity instead of the non-prime
site, basic amino acids might be replaced with non-basic amino
acids. This would lead to higher selectivity, as well as an improve-
ment of pharmacokinetic properties. It is encouraging that our new
inhibitors showed high selectivity, which is a frequent shortfall of
electrophilic warheads, as well as strong activity in cells combined
with low cytotoxicity. Further efforts should be made in finding an
optimal position of the B-lactam within the inhibitor to enable
exclusive, and possibly irreversible, binding of the p-lactam carbon-
yl group to the catalytic serine. The B-lactam moiety as an electro-
philic warhead provides a great variation in the choice of substitu-
ents as well as spatial arrangement of the ring, which can be used to
optimize and fine-tune the properties of an inhibitor.

Experimental section

General comments. All chemicals and solvents were purchased
from commercial suppliers and were used without further purifica-
tion. THEF was stored on molecular sieves. All final di- and tripep-
tide-B-lactam derivatives had purity > 95% determined by HPLC.
Flash column chromatography was performed on the Biotage
Isolera One purification system with the silica gel filled commercial
cartridges (mesh 230-400, 60 A). Products were detected by UV
monitoring at 254 and 280 nm. NMR spectra were measured on
Varian NMR instrument at 300 or 500 MHz at room temperature.
CDCl,, DMSO-d; or CD,OD were used as solvents. Chemical
shifts (8) are given in ppm relative to residual nondeuterated sol-
vent peaks as internal standard. HR-ESI mass spectra were ob-
tained on a Bruker microTOF-Q II mass spectrometer. The final
di- and tripeptide-p-lactam derivatives were purified by preparative
HPLC on an AKTA Purifier system (GE Healthcare, Germany)
using a RP-18 pre- and main column (Reprospher 100 C-18-DE,
Dr. Maisch GmbH, Germany, § ym, precolumn 30 x 16 mm, main
column 125 x 16 mm). Method used for the purification was as
follows: eluent A - water (0.1% TFA), eluent B - methanol (0.1%
TFA): 0 - 2.5 min 10% B; 2.6 min - 23.5 min gradient 10% B -100%
B, 23.6 min - 26.0 min 100% B, 26.1 min - 30.0 min 10% B; flow
rate 8 mL/min; X = 214, 254, 280 nm. Purity of final compounds
and the ratio of epimers in tripeptide-B-lactam derivatives were
analyzed on an analytical Jasco HPLC system equipped with
UV/Vis detector with RP-18 column (Reprosil-Pur ODS-3, Dr.
Maisch GmbH, Germany, § pm, 50 x 2 mm). Samples for the
analysis were prepared by adding 2.5 pL of the 10 mM Stock solu-
tion of the compound in DMSO to 100 puL water/acetonitrile 1 : 1
solution. The method for the purity determination was: eluent A -
water (0.1% TFA), eluent B - acetonitrile (0.19% TFA): 0 - 0.2 min
1% B; 0.3 min - 7.0 min gradient 1% B - 100% B, 7.1 min - 8.0 min
100% B, 8.1 min - 9.6 min 1% B; flow rate 1 mL/min; A = 254 nm,
injected volume: 10 yL. For the analysis of the ratio of epimers the
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method was: eluent A - water (0.1% TFA), eluent B - acetonitrile
(0.19% TFA): 0 - 0.2 min 1% B; 0.3 min - 27.0 min gradient 1% B -
100% B, 27.1 min - 28.0 min 100% B, 28.1 min - 30.0 min 1% B;
flow rate 1 mL/min; X = 254 nm, injected volume: 10 pL. Com-
pound 9 was synthesized as previously described.” The biochemi-
cal assays and dilution experiment were measured on a BMG Lab-
tech Fluostar OPTIMA microtiter fluorescence plate reader (BMG
Labtech, Germany). Tryptophan quenching assays were measured
on Tecan Safire Il instrument (Tecan Group Ltd., Switzerland).
Synthesis of dipeptide-g-lactam derivatives. Derivatives (3R)-
and (35)-4—8 were synthesized using the mixed-anhydride meth-
od. The corresponding B-lactam (1.0 equiv) was dissolved in THF
(2 mL) in the reaction flask and NMM (1.1 equiv) was added.
Corresponding protected dipeptide (1.0 equiv.) was dissolved in
THF (2 mL) in a separate flask, NMM (1.1 equiv) was added and
the temperature was decreased to -15 °C. IBCF (1.0 equiv) was
added to the peptide solution and the mixture was stirred for 5
minutes. The peptide solution was added dropwise to the reaction
flask and the reaction proceeded for 30 minutes at -15 °C and
further 16 h at room temperature. The reaction mixture was evapo-
rated to dryness. Boc and Pbf protection groups were cleaved with-
out purification of the obtained product using dichloromethane :
TFA 1 : 1 (total volume 1.5 mL). The reaction proceeded for 2 h at
room temperature, after which the reaction mixture was evaporated
to dryness. The product was purified by preparative HPLC.
Bz-Arg-Lys-(3R)-3-amino-1-phenylazetidin-2-one  ((3R)-4).
Obtained as white powder (13 mg, 62%) from dipeptide Bz-
Arg(Pbf)-Lys(Boc)-OH (28 mg, 37 pmol) and B-lactam (3R)-3a
(7 mg, 37 pmol). 'H NMR (500 MHz, CD,0D) §7.85 (d, ] = 7.2
Hz, 2H), 7.56 (t, ] = 7.4 Hz, 1H), 7.47 (t, ] = 7.6 Hz, 2H), 7.41—
7.36 (m, 4H), 7.15 (t, ] = 7.0 Hz, 1H), 5.06 (dd, ] = 5.6, 2.7 Hz,
1H), 4.57-4.50 (m, 1H), 4.43 (dd, J = 9.0, 5.5 Hz, 1H), 4.03 (t, J =
5.7 Hz, 1H),3.72 (dd, = 5.7, 2.7 Hz, 1H), 325 (t, J= 7.1 Hz, 2H),
2.93 (t, J = 7.5 Hz, 2H), 2.02-1.63 (m, 8H), 1.58-1.46 (m, 2H).
3C NMR (126 MHz, CD,OD) § 174.3, 174.2, 170.6, 166.2, 158.6,
139.4, 135.0, 133.1, 130.3, 129.6, 128.5, 125.6, 117.8, 56.4, 55.1,
542, 47.7, 42.1, 40.5, 32.4, 29.8, 28.0, 26.4, 23.7. HRMS (ESI):
m/z [M + H]" caled for C,;H,,N,O,, 551.3089; found, 551.3072.
Bz-Arg-Lys-(35)-3-amino-1-phenylazetidin-2-one ~ ((3S5)-4).
Obtained as white powder (12 mg, 50%) from dipeptide Bz-
Arg(Pbf)-Lys(Boc)-OH (32 mg, 41 pmol) and B-lactam (3S5)-3a
(8 mg, 41 pmol). 'H NMR (500 MHz, CD,0OD) § 7.88-7.80 (m,
2H), 7.55 (t, ] = 7.4 Hz, 1H), 7.45 (t, [ = 7.7 Hz, 2H), 7.42-7.33
(m, 4H), 7.14 (t, [ = 7.1 Hz, 1H), 5.01 (dd, J = 5.7, 2.7 Hz, 1H),
4.51 (dd, = 8.1, 6.3 Hz, 1H), 4.44 (dd, = 9.0, 5.3 Hz, 1H), 4.02
(t, J= 5.7 Hz, 1H), 3.77 (dd, ] = 5.6, 2.8 Hz, 1H), 323 (t, J= 7.0
Hz, 2H), 2.93 (t, ] = 7.5 Hz, 2H), 1.99-1.84 (m, 3H), 1.82-1.63
(m, SH), 1.57-1.46 (m, 2H). “C NMR (126 MHz, CD,0OD) §
17436, 174.27, 170.6, 1662, 158.6, 139.4, 135.0, 133.1, 130.3,
129.6, 128.5, 125.5, 117.8, 56.5, 55.2, 54.1, 47.4, 42.0, 40.5, 32.3,
29.8, 28.0, 26.4, 23.6. HRMS (ESI): m/z [M + H]" calcd for
C,:H,,N,0,, 551.3089; found, $51.3071.
Bz-Lys-Lys-(3R)-3-amino-1-phenylazetidin-2-one ~ ((3R)-5).
Obtained as white powder (11 mg, 34%) from dipeptide Bz-
Lys(Boc)-Lys(Boc)-OH (38 mg, 65 pmol) and p-lactam (3R)-3a
(13 mg, 65 pmol). '"H NMR (500 MHz, CD,0D) §7.86 (d, J=7.3
Hz, 2H), 7.55 (t, ] = 7.4 Hz, 1H), 7.46 (t, ] = 7.7 Hz, 2H), 7.43—
7.34 (m, 4H), 7.14 (t, = 7.1 Hz, 1H), 5.05 (dd, ] = 5.6, 2.7 Hz,
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1H), 449 (t, J=7.3 Hz, 1H), 4.43 (dd, J = 9.1, 5.3 Hz, 1H), 4.02 (t,
J=5.7 Hz, 1H), 3.72 (dd, [ = 5.7, 2.8 Hz, 1H), 2.97 (t, J = 7.4 Hg,
2H), 2.93 (t, ] = 7.5 Hz, 2H), 2.01-1.64 (m, 8H), 1.61-1.43 (m,
4H). BC NMR (126 MHz, CD,0OD) § 174.44, 174.37, 170.6,
1662, 139.4, 135.0, 133.0, 130.3, 129.6, 128.5, 125.5, 117.8, 56.4,
55.5, 542, 47.6, 40.56, 40.51, 32.4, 32.1, 28.2, 28.0, 23.9, 23.7.
HRMS (ESI): m/z [M + H]" caled for C,H,,N,O,, 523.3027;
found, 523.3037
Bz-Lys-Lys-(35)-3-amino-1-phenylazetidin-2-one ~ ((3S)-5).
Obtained as white powder (13 mg, 40%) from dipeptide Bz-
Lys(Boc)-Lys(Boc)-OH (35 mg, 60 pmol) and B-lactam (3S5)-3a
(12 mg, 60 ymol). 'H NMR (500 MHz, CD,0OD) § 7.91-7.79 (m,
2H), 7.55 (t, ] = 7.4 Hz, 1H), 7.47-7.34 (m, 6H), 7.14 (t, J = 7.1
Hz, 1H), 5.02 (dd, ] = 5.6, 2.7 Hz, 1H), 4.53-4.46 (m, 2H), 4.4
(dd, J = 9.0, 5.3 Hz, 1H), 4.02 (t, J = 5.7 Hz, 1H), 3.78 (dd, J = 5.6,
2.8 Hz, 1H), 2.98-2.90 (m, 4H), 2.00-1.83 (m, 3H), 1.82-1.62
(m, 5H), 1.61-1.43 (m, 4H). “C NMR (126 MHz, CD,0OD) §
174.5, 174.4, 170.6, 166.2, 139.4, 135.0, 133.0, 130.3, 129.6, 128.6,
125.5, 117.8, 56.5, 55.6, 54.1, 47.4, 40.54, 40.50, 32.3, 32.0, 28.2,
28.0, 24.0, 23.6. HRMS (ESI): m/z [M + H]" caled for
C,;H,,N,0,, 523.3027; found, 523.3008.
Bz-Lys-Arg-(3R)-3-amino-1-phenylazetidin-2-one  ((3R)-6).
Obtained as white powder (6 mg, 28%) from dipeptide Bz-
Lys(Boc)-Arg(Pbf)-OH (27 mg, 36 pmol) and B-lactam (3R)-3a
(7 mg, 36 ymol). "H NMR (500 MHz, CD,OD) & 7.88-7.82 (m,
2H), 7.56 (t, ] = 7.4 Hz, 1H), 7.46 (t, [ = 7.7 Hz, 2H), 7.43-7.34
(m, 4H), 7.17-7.13 (m, 1H), 5.05 (dd, ] = 5.6, 2.7 Hz, 1H), 4.53—
4.48 (m, 1H), 4.44 (dd, J = 8.6, 5.4 Hz, 1H), 4.02 (t, [ = 5.7 Hz,
1H),3.72 (dd, J = 5.8, 2.8 Hz, 1H), 3.22 (t, J= 7.1 Hz, 2H), 2.97 (t,
J=7.5Hz,2H),2.01-1.63 (m, 8H), 1.62-1.44 (m, 2H). °C NMR
(126 MHz, CD,OD) § 1744, 174.1, 170.6, 166.1, 158.7, 139.4,
135.1, 133.0, 130.3, 129.6, 128.5, 125.5, 117.8, 56.4, 55.4, 54.1,
47.6,42.0, 40.6, 32.1, 30.2, 28.2, 26.3, 23.9. HRMS (ESI): m/z [M
+H]" caled for C,,H;,N,O,, 551.3089; found, $51.3096.
Bz-Lys-Arg-(35)-3-amino-1-phenylazetidin-2-one ~ ((3S)-6).
Obtained as white powder (3 mg, 15%) from dipeptide Bz-
Lys(Boc)-Arg(Pbf)-OH (27 mg, 35 pmol) and B-lactam (3S5)-3a
(7 mg, 35 pmol). 'H NMR (500 MHz, CD,OD) §7.84 (d, J=7.3
Hz, 2H), 7.55 (t, ] = 7.5 Hz, 1H), 7.44 (t, ] = 7.7 Hz, 3H), 7.42—
7.34 (m, 4H), 5.02 (dd, J = 5.8, 2.8 Hz, 1H), 4.50 (dd, J = 8.3, 6.4
Hz, 1H), 4.45 (dd, ] = 8.3, 5.4 Hz, 1H), 4.03 (t, J = 5.7 Hz, 1H),
3.77 (dd, J = 5.7, 2.8 Hz, 1H), 3.22 (t, J = 7.0 Hz, 2H), 2.95 (t, ] =
7.5 Hz, 2H), 2.00-1.84 (m, 3H), 1.82-1.65 (m, 4H), 1.64-1.45
(m, 3H). "C NMR (126 MHz, CD,0OD) § 174.5, 174.1, 170.6,
166.1, 158.6, 139.4, 135.0, 133.0, 130.3, 129.6, 128.5, 125.5, 117.8,
56.5,55.5, 54.0,47.4, 42.0, 40.6, 32.1, 30.1, 28.2, 26.2, 24.0. HRMS
(ESI): m/z [M + H]" caled for C,,H,(N,O,, 551.3089; found,
551.3104.

Bz-Lys-Nle-(3R)-3-amino-1-phenylazetidin-2-one  ((3R)-7).
Obtained as white powder (4 mg, 12%) from dipeptide Bz-
Lys(Boc)-Nle-OH (31 mg, 66 pmol) and B-lactam (3R)-3a (13
mg, 66 umol). 'H NMR (500 MHz, CD,OD) § 7.89-7.81 (m, 2H),
7.55 (t, J = 7.4 Hz, 1H), 745 (t, ] = 7.7 Hz, 2H), 7.42-7.34 (m,
4H),7.14 (t, J=7.1 Hz, 1H), 5.03 (dd, J = 5.6, 2.7 Hz, 1H), 4.57 (¢,
J=7.2 Hz, 1H), 4.36 (dd, ] = 8.8, 5.6 Hz, 1H), 4.00 (t, J = 5.7 Hz,
1H), 3.69 (dd, J = 5.7, 2.7 Hz, 1H), 2.96 (t, ] = 7.4 Hz, 2H), 2.00—
1.92 (m, 1H), 1.89-1.80 (m, 2H), 1.76-1.68 (m, 3H), 1.57-1.48
(m, 2H), 1.43-1.31 {(m, 4H), 0.91 (t, ] = 7.0 Hz, 3H). *C NMR

(126 MHz, CD,OD) § 174.8, 174.1, 170.4, 166.1, 139.4, 135.1,
133.0, 130.3, 129.6, 128.5, 125.4, 117.8, 56.5, 55.0, 54.8, 47.7, 40.6,
32.7,32.3,29.1,28.2, 23.8, 23.4, 14.2. HRMS (ESI): m/z [M + H]*
caled for C,;H,(N.O,, 508.2918; found, 508.2921.
Bz-Lys-Nle-(3S5)-3-amino-1-phenylazetidin-2-one  ((3S)-7).
Obtained as white powder (4 mg, 12%) from dipeptide Bz-
Lys(Boc)-Nle-OH (27 mg, 58 pmol) and B-lactam (3S5)-3a (11 mg,
58 umol). 'H NMR (500 MHz, CD,OD) § 7.87-7.81 (m, 2H),
7.54 (t, ] = 7.4 Hz, 1H), 7.50-7.34 (m, 6H), 7.14 (m, 1H), 5.06
(dd, J= 5.7,2.8 Hz, 1H), 4.56 (dd, J = 7.9, 6.5 Hz, 1H), 4.36 (dd, J
= 9.0, 5.5 Hz, 1H), 4.03 (t, ] = 5.8 Hz, 1H), 3.75-3.72 (m, 1H),
2.94 (t, J = 7.5 Hz, 2H), 1.99-1.91 (m, 1H), 1.88-1.80 (m, 2H),
1.75-1.66 (m, 3H), 1.57-1.47 (m, 2H), 1.44-1.31 (m, 4H), 0.91
(t, J=7.0 Hz, 3H). C NMR (126 MHz, CD,0D) § 174.8, 174.2,
170.4, 166.0, 139.5, 135.0, 133.0, 130.3, 129.6, 128.5, 125.5, 117.8,
56.4, 55.1, 54.7, 47.5, 40.6, 32.7, 32.3, 29.1, 28.1, 23.8, 23.4, 14.2.
HRMS (ESI): m/z [M + H]" caled for C,iH;;N;O,, 508.2918;
found, 508.2913.
Bz-Arg-Nle-(3R)-3-amino-1-phenylazetidin-2-one  ((3R)-8).
Obtained as white powder (5 mg, 18%) from dipeptide Bz-
Arg(Pbf)-Nle-OH (31 mg, 48 pmol) and B-lactam (3R)-3a (9 mg,
48 ymol). 'H NMR (500 MHz, CD,OD) § 7.85 (d, J = 7.4 Hz,
2H), 7.55 (t, ] = 7.4 Hz, 1H), 7.46 (t, [ = 7.7 Hz, 2H), 7.42-7.30
(m, 4H), 7.14 (t, J = 7.1 Hz, 1H), 5.03 (dd, J = 5.5, 2.6 Hz, 1H),
4.62 (t, J = 7.0 Hz, 1H), 4.36 (dd, J = 8.7, 5.5 Hz, 1H), 4.01 (t, ] =
5.6 Hz, 1H),3.71 (dd, J= 5.7, 2.7 Hz, 1H), 3.24 (t, ] = 6.9 Hz, 2H),
2.01-1.93 (m, 1H), 1.91-1.78 (m, 2H), 1.76-1.64 (m, 3H), 1.45—
1.26 (m, 4H), 0.92 (t, J = 6.8 Hz, 3H). “C NMR (126 MHz,
CD,OD) § 174.8, 173.9, 170.3, 166.1, 158.6, 139.4, 135.0, 133.0,
130.3, 129.6, 128.5, 125.5, 117.8, 6.5, 54.8, 54.6, 47.6, 42.0, 32.7,
30.1,29.1, 262, 23.4, 14.2. HRMS (ESI): m/z [M + H]" caled for
C,;H;;)N,O,, 536.2980; found, 536.2984.
Bz-Arg-Nle-(35)-3-amino-1-phenylazetidin-2-one ~ ((3S)-8).
Obtained as white powder (9 mg, 26%) from dipeptide Bz-
Arg(Pbf)-Nle-OH (38 mg, 59 pmol) and -lactam (3S5)-3a (12 mg,
59 umol). 'H NMR (500 MHz, CD,OD) & 7.88-7.82 (m, 2H),
7.54 (t, ] = 7.4 Hz, 1H), 7.51-7.33 (m, 6H), 7.14 (t, J = 7.1 He,
1H), 5.04 (dd, J = 5.7, 2.8 Hz, 1H), 4.59 (dd, J = 7.7, 6.3 Hz, 1H),
4.36 (dd, = 9.0, 5.4 Hz, 1H), 4.02 (t, ] = 5.7 Hz, 1H), 3.75-3.72
(m, 1H), 321 (t, J = 7.1 Hz, 2H), 2.01-1.92 (m, 1H), 1.90-1.81
(m, 2H), 1.76-1.66 (m, 3H), 1.43-1.29 (m, 4H), 0.92 (t, J=7.1
Hz, 3H). “"C NMR (126 MHz, CD,OD) § 174.8, 174.1, 170.4,
166.1, 158.6, 139.4, 135.0, 133.0, 130.3, 129.6, 128.5, 125.5, 117.8,
6.5, 54.8, 54.7,47.6,42.0, 32.7, 30.0, 29.1, 26.2, 23.4, 14.2. HRMS
(ESI): m/z [M + H]" caled for C,;H,,N.O,, 536.2980; found,
536.2988.

General procedure for the coupling of B-lactams to Fmoc-
protected  4-benzyloxyphenylglycine. ~Fmoc-protected  4-
benzyloxy-D-Phg 9 (1.0 equiv) was dissolved in DMF (2 mL) in
the reaction flask. Corresponding B-lactam (1.0 equiv) was dis-
solved in DMF (2 mL) in a separate flask. TMP (1.1 equiv) was
added to each flask, after which the B-lactam solution was trans-
ferred into the reaction flask. The temperature was decreased to 0
°C and COMU (1.1 equiv) was added. The reaction proceeded at 0
°C for 1 h and additional 3 h at room temperature. Ethyl acetate
(30 mL) was added and the solution was washed with 1 M HCI (2
% 25mL), saturated NaHCO, (2 X 25mL) and saturated NaCl
solution (2 X 25 mL). The organic layer was dried with MgSO, and

ACS Paragon Plus Environment

Page 12 of 20



Page 13 of 20

oNOYTULT D WN =

evaporated to dryness. The crude Fmoc-protected product was
dissolved in a solution of 25% piperidine in DMF (S mL) and the
reaction mixture was stirred at room temperature for 15 min. Ethyl
acetate (30 mL) was added and the resulting solution was washed
with deionized water (2 X 25 mL). The organic phase was dried
with MgSO, and evaporated to dryness. The crude product was
purified by silica gel column chromatography (ethyl ace-
tate/methanol, gradient).
(R)-2-amino-2-(4-(benzyloxy)phenyl)-N-((R)-2-oxo-1-
phenylazetidin-3-yl)acetamide ((3R)-10a). Obtained as yellow
solid (22 mg, 28%) from (3R)-3a (38 mg, 0.19 mmol) and protect-
ed amino acid 9 (92 mg, 0.19 mmol) with addition of COMU
(90mg, 0.21 mmol) and TMP (56 L, 0.42 mmol). 'H NMR
(300 MHz, DMSO-d,) §8.82 (br's, 1H), 7.42-7.30 (m, 11H), 7.10
(br's, 1H), 6.96 (d, J=7.4 Hz, 2H), 5.09 (s, 2H), 5.01 (br s, 1H),
4.35 (s, 1H), 3.92-3.89 (m, 1H), 3.53 (br s, 1H). “C NMR
(75 MHz, DMSO-d,) § 173.7, 164.6, 157.6, 138.1, 137.2, 134.1,
129.2, 128.4, 127.96, 127.77, 127.59, 123.6, 116.1, 114.5, 692,
58.2,54.8,46.2. HRMS (ESI) m/z [M + H]" caled for C,,H,,N,0,,
402.1812; found, 402.1794.
(R)-2-amino-2-(4-(benzyloxy)phenyl)-N-((S)-2-oxo-1-
phenylazetidin-3-yl)acetamide ((35)-10a). Obtained as white
solid (45 mg, 44%) from (35)-3a (50 mg, 0.25 mmol) and protect-
ed amino acid 9 (121 mg, 0.25 mmol) with addition of COMU
(119 mg, 0.28 mmol) and TMP (73 pL, 0.55 mmol). 'H NMR
(300 MHz, DMSO-d,) & 8.80 (br s, 1H), 7.45-7.29 (m, 11H),
7.13-7.06 (m, 1H), 6.96 (d, J= 8.7 Hz, 2H), 5.09 (s, 2H), 4.99 (br
s, 1H), 4.32 (s, 1H), 3.90 (t, J=5.7 Hz, 1H), 3.57 (dd, =57,
2.9 Hz, 1H). *C NMR (75 MHz, DMSO-d,) §173.9, 164.7,157.5,
1382, 1372, 134.6, 129.2, 128.4, 127.91, 127.75, 127.58, 123.57,
116.1, 1144, 69.1, $8.4, 54.8, 46.2. HRMS (ESI) m/z [M + H]'
caled for C,,H,,N,0,, 402.1812; found 402.1823.
(R)-2-amino-2-(4-(benzyloxy)phenyl)-N-((R)-2-oxo-1-(4-
methylphenyl)azetidin-3-yl)acetamide ((3R)-10b). Obtained
as a yellow solid (31 mg, 35%) from (3R)-3b (45 mg, 0.21 mmol)
and protected amino acid 9 (101 mg, 0.21 mmol) with addition of
COMU (100 mg, 0.23 mmol) and TMP (62 yL, 0.46 mmol). 'H
NMR (300 MHz, DMSO-d,) § 8.80 (br s, 1H), 7.45-7.16 (m,
11H), 6.97 (t, J= 8.9 Hz, 2H), 5.09 (s, 2H), 5.00 (br s, 1H), 4.31
(s, 1H), 3.86 (t, ] = 5.6 Hz, 1H), 3.49 (dd, J = 5.6, 2.5 Hz, 1H), 2.26
(s, 3H). ®C NMR (75 MHz, DMSO-d,) & 174.0, 164.3, 157.5,
137.2, 135.8, 134.6, 132.6, 129.5, 128.4, 127.85, 127.75, 127.58,
116.1, 114.4, 69.1, $8.4, 54.8, 46.2, 20.5. HRMS (ESI) m/z [M +
H]" caled for C,H,,N,0,, 416.1969; found, 416.1964.
(R)-2-amino-2-(4-(benzyloxy)phenyl)-N-((§)-2-oxo-1-(4-
methylphenyl)azetidin-3-yl)acetamide ((35)-10b). Obtained
as a yellow solid (38 mg, 39%) from (35)-3b (50 mg, 0.24 mmol)
and protected amino acid 9 (113 mg, 0.24 mmol) with addition of
COMU (111 mg, 0.26 mmol) and TMP (68 pL, 0.52 mmol). ‘H
NMR (300 MHz, DMSO-d,) § 8.80 (br s, 1H), 7.47-7.14 (m,
11H), 6.96 (t, J= 8.4 Hz, 2H), 5.09 (s, 2H), 4.99 (br s, 1H), 4.32
(s, 1H), 3.87 (t, J= 5.6 Hz, 1H), 3.54 (dd, ] = 5.4,2.7 Hz, 1H), 2.27
(s, 3H). °C NMR (75 MHz, DMSO-d,) & 174.0, 164.4, 157.5,
1372, 135.8, 134.7, 132.7, 129.5, 128.4, 127.92, 127.78, 127.60,
116.1, 114.5, 69.2, 58.4, 54.8, 46.2, 20.5. HRMS (ESI) m/z [M +
H]" caled for C,;H,,N,0,, 416.1969; found, 416.195S.
(R)-2-amino-2-(4-(benzyloxy)phenyl)-N-((R)-2-oxo-1-(3-
methylphenyl)azetidin-3-yl)acetamide ((3R)-10c). Obtained
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as an off-white solid (65mg, $50%) from (3R)-3c (67 mg,
0.31 mmol) and protected amino acid 9 (150 mg, 0.31 mmol) with
addition of COMU (147 mg, 0.34mmol) and TMP (90yL,
0.69 mmol). '"H NMR (300 MHz, DMSO-d,) & 8.79 (br s, 1H),
7.45-7.13 (m, 10H), 6.96-6.90 (m, 3H), 5.08 (s, 2H), 4.99 (br s,
1H),4.31 (s, 1H), 3.87 (t, J= 5.6 Hz, 1H), 3.51 (dd, J = 5.1, 2.6 Hz,
1H), 2.29 (s, 3H). *C NMR (75 MHz, DMSO-d,) § 174.0, 164.6,
157.5, 138.6, 138.1, 137.2, 134.6, 129.0, 128.4, 127.86, 127.76,
127.6, 124.3, 116.5, 114.4, 1134, 69.1, 58.4, 54.7, 462, 21.1.
HRMS (ESI) m/z [M + H]" caled for C,;H,N,O,, 416.1969;
found, 416.1968.
(R)-2-amino-2-(4-(benzyloxy)phenyl)-N-((S)-2-oxo-1-(3-
methylphenyl)azetidin-3-yl)acetamide ((35)-10c). Obtained as
an off-white solid (59 mg, 45%) from (35)-3c (67 mg, 0.31 mmol)
and protected amino acid 9 (150 mg, 0.31 mmol) with addition of
COMU (147 mg, 0.34 mmol) and TMP (90 yL, 0.69 mmol). 'H
NMR (300 MHz, DMSO-d,) & 8.79 (br s, 1H), 7.45-7.13 (m,
10H), 6.99-6.90 (m, 3H), 5.09 (s, 2H), 4.97 (br s, 1H), 4.31 (s,
1H), 3.88 (t, ] = 5.6 Hz, 1H), 3.55 (dd, J = 5.0, 2.6 Hz, 1H), 2.29 (s,
3H). "C NMR (75 MHz, DMSO-d,) § 174.0, 164.7, 157.5, 138.6,
1382, 137.2, 134.7, 129.0, 128.4, 127.91, 127.76, 127.6, 124.3,
116.5, 114.4, 113.4, 69.2, 58.4, 54.8, 46.2, 21.1. HRMS (ESI) m/z
[M + H]" caled for C,;H,(N,0,, 416.1969; found, 416.1957.
(R)-2-amino-2-(4-(benzyloxy)phenyl)-N-((R)-2-oxo-1-(4-
fluorophenyl)azetidin-3-yl)acetamide ((3R)-10d). Obtained as
ayellow solid (25 mg, 26%) from (3R)-3d (49 mg, 0.23 mmol) and
protected amino acid 9 (111 mg, 0.23 mmol) with addition of
COMU (109 mg, 0.25 mmol) and TMP (67 yL, 0.51 mmol). 'H
NMR (300 MHz, DMSO-d,) § 8.80 (br s, 1H), 7.47-7.18 (m,
11H), 6.95 (d, J = 8.4 Hz, 2H), 5.09 (5,2 H), 5.01 (br s, 1 H), 4.32
(s, 1H), 3.89 (t, J= 5.5 Hz, 1H), 3.53 (dd, J = 5.9 Hz, 2.6 Hz, 1H).
3C NMR (75 MHz, DMSO-d,) § 174.0, 164.4, 158.1 (d, ] = 237.6
Hz), 157.5, 137.2, 134.7 (d, J = 2.7 Hz), 134.5, 128.4, 127.89,
127.76,127.59,117.8 (d, ] = 7.8 Hz), 115.9 (d, ] = 22.7 Hz), 114.4,
69.1, 58.3, 55.0, 46.4. HRMS (ESI) m/z [M + H]" caled for
C,H,,FN;0,, 420.1718; found, 420.1707.
(R)-2-amino-2-(4-(benzyloxy)phenyl)-N-((S)-2-oxo-1-(4-
fluorophenyl)azetidin-3-yl)acetamide ((35)-10d). Obtained as
ayellow solid (45 mg, 43%) from (35)-3d (53 mg, 0.25 mmol) and
protected amino acid 9 (117 mg, 0.25 mmol) with addition of
COMU (11§ mg, 0.27 mmol) and TMP (72 yL, 0.54 mmol). 'H
NMR (300 MHz, dmso) § 8.80 (br s, 1H), 7.51-7.16 (m, 11H),
6.97 (t, J= 8.0 Hz, 2H), 5.09 (s, 2H), 5.00 (brs, 1H), 4.32 (s, 1H),
3.89 (t, J = 5.6 Hz, 1H), 3.57 (dd, J = 5.3, 2.8 Hz, 1H). °C NMR
(75 MHz, DMSO-d,) § 174.0, 164.5, 158.1 (d, J = 240.5 Hz),
157.5, 137.2, 134.77 (d, ] = 2.3 Hz), 134.66, 128.4, 127.90, 127.76,
127.6, 117.8 (d, J = 7.8 Hz), 115.9 (d, J = 22.8 Hz), 114.4, 69.2,
584, 55.0, 46.4. HRMS (ESI) m/z [M + Na]® caled for
C,,H,,FN,NaO,, 442.1537; found, 442.1530.
(R)-2-amino-2-(4-(benzyloxy)phenyl)-N-((R)-2-oxo-1-(3-
fluorophenyl)azetidin-3-yl)acetamide ((3R)-10e). Obtained as
ayellow solid (14 mg, 23%) from (3R)-3e (32 mg, 0.15 mmol) and
protected amino acid 9 (71mg, 0.15mmol) with addition of
COMU (70 mg, 0.16 mmol) and TMP (42 uL, 0.32 mmol). 'H
NMR (300 MHz, DMSO-d,) & 8.80 (br s, 1H), 7.45-7.27 (m,
8H), 7.19 (t, J = 7.2 Hz, 2H), 6.99-6.92 (m, 3H), 5.09 (s, 2H),
5.01 (brs, 1H), 431 (s, 1H), 3.91 (t, J=5.6 Hz, 1H), 3.56 (dd,
J=5.6, 3.0Hz, 1H). "C NMR (75 MHz, DMSO-d,) & 174.1,
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165.1, 162.4 (d, J=247.6 Hz), 157.5, 139.6 (d, J = 10.8 Hz), 137.2,
134.5, 131.1 (d, J= 9.8 Hz), 1284, 127.89, 127.76, 127.59, 114.4,
112.2 (d, J=2.6 Hz), 110.2 (d, J=21.3 Hz), 103.3 (d, J= 25.8 Hz),
69.2, 58.4, 55.1, 46.6. HRMS (ESI) m/z [M + H] caled for
C,,H,,FN;0,, 420.1718; found, 420.1707.
(R)-2-amino-2-(4-(benzyloxy)phenyl)-N-((S)-2-oxo0-1-(3-
fluorophenyl)azetidin-3-yl)acetamide ((35)-10e). Obtained as
ayellow solid (47 mg, 47%) from (35)-3e (51 mg, 0.24 mmol) and
protected amino acid 9 (113 mg, 0.24 mmol) with addition of
COMU (111 mg, 0.26 mmol) and TMP (68 pL, 0.52 mmol). 'H
NMR (300 MHz, DMSO-d,) § 8.80 (s, 1H), 7.52-7.24 (m, 8H),
7.18 (d, J = 8.5 Hz, 2H), 7.02-6.88 (m, 3H), 5.09 (s, 2H), 5.00 (br
s, 1H), 4.32 (s, 1H), 3.91 (t, J = 5.6 Hz, 1H), 3.59 (dd, J=4.6,
2.7 Hz, 1H). “C NMR (75 MHz, DMSO-d,) § 174.1, 165.1, 162.4
(d, J=245.6 Hz), 157.5, 139.6 (d, J = 10.8 Hz), 137.2, 134.6, 131.1
(d, J=9.6Hz), 128.4, 127.9, 127.75, 127.58, 114.4, 112.2 (d,
J=2.5Hz), 1102 (d, J=21.0Hz), 103.3 (d, J=26.1 Hz), 69.2,
584, 55.1, 46.5. HRMS (ESI) m/z [M + H]" caled for
C,,H,,FN;0,, 420.1718; found, 420.1715.

General procedure for the synthesis of tripeptide Bz-Arg-Lys-
4-Bn-O-Phg-p-lactam  derivatives. Dipeptide Bz-Arg(Pbf)-
Lys(Boc)-OH (1.0 equiv) and corresponding 4-Bn-O-Phg-p-
lactam derivative (1.0 equiv) were dissolved in DMF (2 mL) and
the solution was brought to pH 8 by addition of TMP (2.2 equiv).
Temperature was decreased to 0°C and COMU (1.1 equiv) was
added. The reaction proceeded at 0 °C for 1 h and additional 3 h at
room temperature. Ethyl acetate (30 mL) was added and the solu-
tion was washed with 1 M HC1 (2 X 25 mL), saturated NaHCO, (2
% 25 mL) and saturated NaCl solution (2 X 25 mL). The organic
layer was dried with MgSO, and evaporated to dryness. The crude
protected product was redissolved in a 1:1 mixture of TFA and
dichloromethane (2 mL). The solution was stirred at room tem-
perature for 2h and then brought to pH 12 by addition of 1 M
NaOH. The product was extracted with ethyl acetate (2 x 30 mL).
The combined organic layers were dried with MgSO, and evapo-
rated to dryness. The crude product was purified by preparative
HPLC.
Bz-Arg-Lys-4-Bn-O-Phg-(3R)-3-amino-1-phenylazetidin-2-
one ((3R)-11a). Obtained as a white solid (10 mg, 41%) from
(3R)-10a (12 mg, 30 pmol) and dipeptide Bz-Arg(Pbf)-Lys(Boc)-
OH (23 mg, 30 ymol) with addition of COMU (14 mg, 33 ymol)
and TMP (8.8 uL, 66 ymol). 'H NMR (500 MHz, CD,0D) § 7.84
(d,J=7.2Hz,2H),7.57 (tt, J= 7.4,2.0 Hz, 1H), 7.48 (t, ] = 7.6 Hz,
2H), 7.43-7.42 (m, 2H), 7.38-7.30 (m, 9H), 7.13-7.09 (m, 1H),
7.01 (d, J=8.7Hz, 2H), 5.35 (s, 1H), 5.10 (s, 2H), 5.02 (dd,
J=5.6, 2.7 Hz, 1H), 4.53 (t, J=7.1Hz, 1H), 440 (dd, J=9.1,
5.5 Hz, 1H), 3.99 (t, J= 5.7 Hz, 1H), 3.68 (dd, J = 5.7, 2.8 Hz, 1H),
3.14 (td, J=6.9, 2.8 Hz, 2H), 2.88 (t, J="7.6 Hz, 2H), 1.97-1.89
(m, 1H), 1.86-1.78 (m, 1H), 1.76-1.71 (m, 1H), 1.68-1.62 (m,
4H), 1.52-1.41 (m, 3H). "C NMR (126 MHz, CD,0OD) § 174.5,
173.6, 173.1, 170.4, 166.0, 160.4, 158.5, 139.3, 138.5, 135.0, 133.1,
130.29, 130.26, 130.19, 129.6, 129.5, 129.0, 128.5, 128.5, 125.5,
117.8, 116.4, 71.0, $8.5, 56.7, 54.9, 54.5, 47.6, 42.1, 40.5, 31.8, 30.2,
28.0,26.3,23.7. HRMS (ESI) m/z [M + H]" calcd for C,;H,,N,O
790.4035; found, 790.4025.
Bz-Arg-Lys-4-Bn-O-Phg-(3S5)-3-amino-1-phenylazetidin-2-one
((35)-11a). Obtained as a yellow solid (11 mg, 14%) from (35)-
10a (38 mg, 95 ymol) and dipeptide Bz-Arg(Pbf)-Lys(Boc)-OH

(72 mg, 95 pmol) with addition of COMU (45 mg, 104 umol) and
TMP (13.8 uL, 104 pmol). '"H NMR (500 MHz, CD,0OD) §7.81
(d, J=7.4Hz, 2H), 7.55 (t, J=7.4 Hz, 1H), 7.47-7.41 (m, 4H),
7.38-7.29 (m, 9H), 7.12 (t, J=7.2 Hz, 1H), 7.01 (d, J=8.6 Hz,
2H), 5.38 (s, 1H), 5.10 (s, 2H), 5.01 (dd, J= 5.5, 2.7 Hz, 1H), 4.55
(t, J=7.1Hz, 1H), 440 (dd, J=9.0, 54 Hz, 1H), 3.98 (4,
J=5.6Hz, 1H), 3.72 (dd, J= 5.7, 2.7 Hz, 1H), 3.20 (t, J=7.0 Hz,
2H), 2.88 (t, J=7.5Hz, 2H), 2.00-1.93 (m, 1H), 1.89-1.80 (m,
2H), 1.76-1.58 (m, 5H), 1.53-1.38 (m, 2H). *C NMR (126 MHz,
CDsoD) §174.5,173.5,173.0, 170.4, 165.92, 160.4, 158.6, 139.3,
138.5, 135.0, 133.0, 130.37, 130.29, 130.21, 129.6, 129.5, 128.9,
128.5, 125.5, 117.8, 117.0, 116.4, 71.0, 58.3, 56.6, 54.9, 54.5, 47.5,
42.1,40.5,31.8, 30.2, 28.0, 26.3, 23.7. HRMS (ESI) m/z [M + H]*
caled for C,;H,;,N,0,, 790.4035; found, 790.4018.
Bz-Arg-Lys-4-Bn-O-Phg-(3R)-3-amino-1-(4-methylphenyl)
azetidin-2-one ((3R)-11b). Obtained as a yellow solid (19 mg,
36%) from (3R)-10b (27 mg, 65pmol) and dipeptide Bz-
Arg(Pbf)-Lys(Boc)-OH (49 mg, 65pmol) with addition of
COMU (31 mg, 72 pymol) and TMP (19.0 pL, 143 ymol). 'H NMR
(500 MHz, CD;OD) & 7.84 (d, J=7.2Hz, 2H), 7.57 (tt, J=7.4,
L.1Hz, 1H), 748 (t, J=7.6Hz, 2H), 7.42 (d, J=7.3 Hz, 2H),
7.38-7.29 (m, SH), 7.25 (d, J= 8.4 Hz, 2H), 7.13 (d, J=8.2 Hz,
2H),7.01 (d, J= 8.7 HZ, 2H), 5.34 (s, 1H), 5.10 (s, 2H), 5.02 (dd,
J=5.6, 2.7 Hz, 1H), 4.53 (t, J=7.0Hz, 1H), 439 (dd, J=8.9,
5.7 Hz, 1H), 3.96 (t, = 5.7 Hz, 1H), 3.64 (dd, J = 5.7,2.7 Hz, 1H),
3.13 (td, J=7.1, 5.0 Hz, 2H), 2.88 (t, J= 7.6 Hz, 2H), 2.29 (s, 3H),
1.96-1.89 (m, 1H), 1.85-1.61 (m, 7H), 1.53-1.38 (s, 2H). *C
NMR (126 MHz, CD,0OD) § 174.5, 173.6, 173.1, 170.3, 165.8,
160.4, 158.5, 138.5, 136.9, 135.5, 135.0, 133.1, 130.7, 130.27,
130.19, 129.6, 129.5, 128.9, 128.53, 128.50, 117.7, 116.4, 71.0,
58.5, 56.6, 54.9, 54.5, 47.7, 42.1, 40.5, 31.8, 30.3, 28.0, 26.3, 237,
20.9. HRMS (ESI) m/z [M + H]" caled for C,,H,,N,O,, 804.4192;
found, 804.4197.
Bz-Arg-Lys-4-Bn-O-Phg-(3S)-3-amino-1-(4-methylphenyl)
azetidin-2-one ((3S)-11b). Obtained as a white solid (8 mg,
11%) from (35)-10b (37 mg, 89 umol) and dipeptide Bz-Arg(Pbf)-
Lys(Boc)-OH (68 mg, 89 pmol) with addition of COMU (42 mg,
98 umol) and TMP (25.9 uL, 196 ymol). 'H NMR (500 MHz,
CD,OD) §7.80 (d, ] = 7.4 Hz, 2H), 7.56 (t, ] = 7.4 Hz, 1H),
7.47-7.41 (m, 4H), 7.39-7.24 (m, 7H), 7.15 (d, J = 8.2 Hz, 2H),
7.01 (d, J = 8.7 Hz, 2H), 5.38 (s, 1H), 5.10 (s, 2H), 5.01 (dd, J =
5.5,2.6 Hz, 1H), 4.55 (t, J = 7.1 Hz, 1H), 4.40 (dd, ] = 8.9, 5.5 Hz,
1H), 3.95 (t, J = 5.6 Hz, 1H), 3.70 (dd, ] = 5.6, 2.7 Hz, 1H), 3.20 (t,
J=7.0 Hz, 2H), 2.88 (t, ] = 7.5 Hz, 2H), 2.29 (s, 3H), 2.00-1.91
(m, 1H), 1.90-1.80 (m, 2H), 1.78-1.57 (m, SH), 1.53-1.35 (m,
2H). *C NMR (126 MHz, CD,0OD) § 174.5, 173.5, 173.0, 170.4,
165.7, 160.4, 158.6, 138.5, 136.9, 135.4, 135.0, 133.0, 130.7, 130.4,
1302, 129.6, 129.5, 128.9, 128.51, 128.49, 117.8, 116.4, 71.0, 58.3,
56.6, 54.8, 54.5, 47.5, 42.1, 40.4, 31.8, 302, 28.0, 26.3, 23.7, 21.0.
HRMS (ESI) m/z [M + H]" caled for C,,H,N,0, 804.4192;
found, 804.4172.
Bz-Arg-Lys-4-Bn-O-Phg-(3R)-3-amino-1-(3-methylphenyl)
azetidin-2-one ((3R)-11c). Obtained as a white powder (14 mg,
40%) from (3R)-10c (18 mg, 43 umol) and dipeptide Bz-
Arg(Pbf)-Lys(Boc)-OH (33 mg, 43pmol) with addition of
COMU (20 mg, 47 pmol) and TMP (12.5 L, 95 pmol). ‘H NMR
(500 MHz, CD,OD) §7.85 (d, J = 7.2 Hz, 2H), 7.56 (t, = 7.4 Hz,
1H), 7.48 (t, ] = 7.6 Hz, 2H), 7.44-7.40 (m, 2H), 7.38-7.29 (m,
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SH), 7.23-7.09 (m, 3H), 7.01 (d, J = 8.7 Hz, 2H), 6.94 (d, J = 7.6
Hz, 1H), 5.34 (s, 1H), 5.11 (s, 2H), 5.01 (dd, J = 5.5, 2.6 Hz, 1H),
4.53 (dd, J= 7.3, 6.7 Hz, 1H), 438 (dd, J = 8.9, 5.7 Hz, 1H), 3.97
(t, ] = 5.7 Hz, 1H), 3.66 (dd, ] = 5.7, 2.7 Hz, 1H), 3.17-3.07 (m,
2H), 2.88 (t, J = 7.5 Hz, 2H), 2.29 (s, 3H), 1.96-1.61 (m, 8H),
1.54-1.38 (m, 2H). *C NMR (126 MHz, CD,0OD) § 174.5, 173.6,
173.1, 170.3, 166.0, 160.4, 158.5, 140.5, 139.3, 138.5, 134.9, 133.1,
130.3, 130.17, 130.15, 129.63, 129.53, 128.9, 128.55, 128.50, 126.3,
118.3, 1164, 114.9, 71.0, 58.5, 56.6, 54.9, 54.6, 47.7, 42.0, 40.5,
31.7,30.3,28.0, 26.3, 23.7, 21.5. HRMS (ESI) m/z [M + H]' calcd
for C,,H,N,O,, 804.4192; found, 804.4190.
Bz-Arg-Lys-4-Bn-O-Phg-(35)-3-amino-1-(3-methylphenyl)
azetidin-2-one ((3S)-11c). Obtained as a white powder (14 mg,
30%) from (35)-10c (25 mg, 59 pmol) and dipeptide Bz-Arg(Pbf)-
Lys(Boc)-OH (45 mg, 59 pmol) with addition of COMU (28 mg,
65 pmol) and TMP (17.2 L, 130 ymol). 'H NMR (500 MHz,
CD,OD) § 7.81 (d, J = 7.3 Hz, 2H), 7.56 (t, ] = 7.4 Hz, 1H), 7.47—
7.71 (m, 4H), 7.39-7.29 (m, SH), 7.24-7.21 (m, 2H), 7.17 (d, ] =
8.3 Hz, 1H), 7.02 (d, ] = 8.7 Hz, 2H), 6.97-6.95 (m, 1H), 5.39 (s,
1H), 5.11 (5, 2H), 5.00 (dd, ] = 5.6, 2.7 Hz, 1H), 4.55 (dd, J = 7.4,
6.8 Hz, 1H), 4.41 (dd, J = 9.1, 5.5 Hz, 1H), 3.96 (t, ] = 5.6 Hz, 1H),
3.71 (dd, J = 5.7, 2.8 Hz, 1H), 3.21 (t, J = 7.0 Hz, 2H), 2.88 (t, ] =
7.5 Hz, 2H), 2.32 (s, 3H), 2.01-1.93 (m, 1H), 1.90-1.81 (m, 2H),
1.77-1.61 (m, SH), 1.53-1.39 (m, 2H). *C NMR (126 MHz,
CD,OD) § 174.5, 173.5, 173.0, 170.4, 165.9, 160.4, 158.6, 140.5,
139.3, 138.5, 135.0, 133.0, 130.4, 130.20, 130.16, 129.62, 129.53,
128.9, 128.51, 128.50, 126.3, 118.3, 116.4, 115.0, 71.0, 58.3, 56.5,
54.9,54.5,47.5,42.1,40.5, 31.8, 30.2, 28.0, 26.4, 23.7, 21.5. HRMS
(ESD) m/z [M + H]" caled for C H,N,O, 804.4192; found,
804.4199.
Bz-Arg-Lys-4-Bn-O-Phg-(3R)-3-amino-1-(4-fluorophenyl)
azetidin-2-one ((3R)-11d). Obtained as a white solid (10 mg,
42%) from (3R)-10d (13mg, 31pmol) and dipeptide Bz-
Arg(Pbf)-Lys(Boc)-OH (24 mg, 31pmol) with addition of
COMU (15mg, 34pumol) and TMP (15.8pL, 119 pmol, 3.5
equiv). '"H NMR (500 MHz, CD,0D) Major isomer & 7.86-7.82
(m, 2H), 7.59-7.54 (m, 1H), 7.48 (t, J=7.6 Hz, 2H), 7.44-7.29
(m, 8H), 7.13-7.06 (m, 3H), 7.01 (d, = 8.1 Hz, 2H), 5.35 (s, 1H),
5.10 (s,2H), 5.02 (dd, J = 5.6, 2.7 Hz, 1H), 4.53 (t, J=7.1 Hz, 1H),
440 (dd, J=8.5, 6.0 Hz, 1H), 3.98 (t, J= 5.6 Hz, 1H), 3.67 (dd,
J=5.7, 27Hz, 1H), 3.16 (td, J=7.1, 2.3Hz, 2H), 2.88 (4
J=7.5Hz, 2H), 1.98-1.90 (m, 1H), 1.88-1.78 (m, 2H), 1.76-1.59
(m, 5H), 1.53-1.40 (m, 2H); minor isomer § 7.86-7.82 (m, 2H),
7.59-7.54 (m, 1H), 7.48 (t, J=7.6 Hz, 2H), 7.44-7.29 (m, 8H),
7.13-7.06 (m, 3H), 7.01 (d, J = 8.1 Hz, 2H), 5.14 (s, 2H), 5.04 (m,
1H), 4.95 (s, 1H), 4.53 (t, ] = 7.1 Hz, 1H), 4.40 (dd, ] = 8.5, 6.0 Hz,
1H), 3.98 (t, J = 5.6 Hz, 1H), 3.64-3.62 (m, 1H), 3.16 (td, J=7.1,
2.3 Hz, 2H), 2.88 (t, J=7.5 Hz, 2H), 1.98-1.90 (m, 1H), 1.88—
1.78 (m, 2H), 1.76-1.59 (m, SH), 1.53-1.40 (m, 2H). °C NMR
(126 MHz, CD,0OD) both isomers § 174.5, 173.6, 173.1, 170.4,
169.5, 165.8, 165.3, 161.75, 161.72, 161.56, 160.45, 160.42, 159.8,
158.6, 138.5, 1382, 135.8 (d, J = 2.7 Hz), 135.0, 133.08, 132.97,
131.0, 13026, 130.19, 129.64, 129.60, 129.56, 129.54, 129.03,
128.95, 128.55, 128.53, 128.50, 128.39, 126.1, 119.42 (d, ] = 8.0
Hz), 119.39 (d, J = 8.0 Hz), 116.98 (d, J = 23.1 Hz), 116.95,
116.80 (d, J = 23.1 Hz), 1164, 71.05, 71.01, 58.4, 57.5, 56.89,
56.77, 54.9, 544, 52.6, 47.81, 47.68, 424, 42.1, 40.5, 31.9, 302,
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28.0, 26.3, 23.7. HRMS (ESI) m/z [M + HJ calcd for
CH,FN,0,, 808.3941; found, 808.3937.
Bz-Arg-Lys-4-Bn-O-Phg-(3S5)-3-amino-1-(4-fluorophenyl)
azetidin-2-one ((35)-11d). Obtained as a white solid (15 mg,
57%) from (3S)-10d (14 mg, 34 ymol) and dipeptide Bz-Arg(Pbf)-
Lys(Boc)-OH (26 mg, 34 pmol) with addition of COMU (16 mg,
37 pmol) and TMP (9.9 uL, 75pumol). 'H NMR (500 MHz,
CD,OD) §7.82 (d, J= 7.3 Hz, 2H), 7.56 (t, ] = 7.4 Hz, 1H), 7.50-
7.27 (m, 11H), 7.13-7.05 (m, 2H), 7.01 (d, J = 8.7 Hz, 2H), 5.38
(s, 1H), 5.10 (s, 2H), 5.00 (dd, J = 5.5, 2.7 Hz, 1H), 4.55 (t, ] = 7.0
Hz, 1H), 4.41 (dd, J = 9.0, 5.5 Hz, 1H), 3.96 (t, ] = 5.7 Hz, 1H),
3.71(dd, J = 5.6, 2.7 Hz, 1H), 3.21 (t, J = 7.0 Hz, 2H), 2.88 (t, ] =
7.5 Hz, 2H), 2.01-1.92 (m, 1H), 1.91-1.80 (m, 2H), 1.78-1.56
(m, SH), 1.55-1.36 (m, 2H). "C NMR (126 MHz, CD,0OD) §
174.5, 173.5, 173.0, 170.4, 165.7, 161.7 (d, ] = 243.5 Hz), 160.4,
158.6, 138.5, 135.8 (d, J = 2.4 Hz), 135.03, 133.0, 131.0, 1304,
130.2, 129.61, 129.53, 128.9, 128.51, 128.50, 119.4 (d, J = 8.0 Hz),,
116.9 (d, J = 23.0 Hz), 116.36, 71.00, $8.3, 56.9, 55.0, 54.5, 47.7,
42.1,40.5,31.9, 302, 28.0, 26.4, 23.6. HRMS (ESI) m/z [M + H]*
caled for C,;H, FN,O,, 808.3941; found, 808.3922.
Bz-Arg-Lys-4-Bn-O-Phg-(3R)-3-amino-1-(3-fluorophenyl)
azetidin-2-one ((3R)-1le). Obtained as a white solid (Smg,
22%) from (3R)-10e (13mg, 31pmol) and dipeptide Bz-
Arg(Pbf)-Lys(Boc)-OH (24 mg, 31pmol) with addition of
COMU (1S5 mg, 34 pmol) and TMP (9.0 yL, 68 pmol). 'H NMR
(500 MHz, CD,OD) major isomer § 7.87-7.82 (m, 2H), 7.56 (t, |
= 7.4 Hz, 1H), 7.48 (t, ] = 7.6 Hz, 2H), 7.44-7.41 (m, 2H), 7.39—
728 (m, SH), 7.23-7.19 (m, 1H), 7.15-7.08 (m, 2H), 7.01 (d, J =
8.8 Hz, 2H), 6.89-6.83 (m, 1H), 5.35 (s, 1H), 5.10 (s, 2H), 5.02
(dd, J = 5.7, 3.0, Hz, 1H), 4.53 (t, J= 7.1 Hz, 1H), 4.41 (dd, = 9.2,
5.5 Hz, 1H), 4.00 (t, J = 5.7 Hz, 1H), 3.70 (dd, J = 5.8, 2.9 Hz, 1H),
3.16 (td, J = 7.1, 1.8 Hz, 2H), 2.88 (t, J = 7.6 Hz, 2H), 1.98-1.89
(m, 1H), 1.88-1.79 (m, 2H), 1.77-1.59 (m, SH), 1.56-1.36 (m,
2H). minor isomer § 7.87-7.82 (m, 2H), 7.56 (t, ] = 7.4 Hz, 1H),
748 (t, J = 7.6 Hz, 2H), 7.44-7.41 (m, 2H), 7.39-7.28 (m, SH),
7.23-7.19 (m, 1H), 7.15-7.08 (m, 2H), 7.01 (d, ] = 8.8 Hz, 2H),
6.89-6.83 (m, 1H), 5.14 (s, 2H), 5.04 (dd, ] = 5.8, 2.8 Hz, 1H),
4.96 (s, 1H), 4.53 (t, J= 7.1 Hz, 1H), 4.41 (dd, J = 9.2, 5.5 Hz, 1H),
4.00 (t, J= 5.7 Hz, 1H), 3.66 (dd, J = 5.8, 2.9 Hz, 1H), 3.16 (td, =
7.1, 1.8 Hz, 2H), 2.88 (t, J = 7.6 Hz, 2H), 1.98-1.89 (m, 1H), 1.88—
1.79 (m, 2H), 1.77-1.59 (m, 5SH), 1.56-1.36 (m, 2H). *C NMR
(126 MHz, CD,OD) both isomers § 174.5, 173.6, 173.1, 170.4,
166.3, 165.8, 164.5 (d, = 244.5 Hz), 161.6, 160.4, 158.5, 140.8 (d,
J=11.9 Hz), 138.5, 1382, 135.0, 133.1, 131.99 (d, J=9.3 Hz),
131.95 (d, J=9.6Hz), 131.0, 130.26, 130.15, 129.63, 129.56,
129.54, 129.03, 128.95, 128.56, 128.52, 128.51, 126.0, 117.0, 116.4,
113.34 (d, J=32Hz), 11331 (d, J=3.3Hz), 11197 (d,
J=21.7 Hz), 111.96 (d, J=21.4 Hz), 105.2 (d, J = 26.0 Hz), 71.05,
71.01, 584, 57.5, 56.9, 56.8, 55.0, 54.4, 47.8, 47.7, 42.1, 40.5, 31.9,
302, 28.0, 263, 23.7. HRMS (ESI) m/z [M + HJ" caled for
C.;H, FN,0,, 808.3941; found, 808.3931.
Bz-Arg-Lys-4-Bn-O-Phg-(3S)-3-amino-1-(3-fluorophenyl)
azetidin-2-one ((35)-11e). Obtained as a white solid (11 mg,
35%) from (3S5)-10e (16 mg, 37 pmol) and dipeptide Bz-Arg(Pbf)-
Lys(Boc)-OH (28 mg, 37 pmol) with addition of COMU (17 mg,
41 pmol) and TMP (10.8 yuL, 81 umol). 'H NMR (500 MHz,
CD,0OD) §7.83-7.80 (m, 2H), 7.54 (tt, ] = 7.4, 1.2 Hz, 1H), 7.49—
7.39 (m, 4H), 7.39-7.27 (m, 6H), 7.21 (dt, J = 10.3, 2.2 Hz, 1H),

ACS Paragon Plus Environment



oNOYTULT D WN =

Journal of Medicinal Chemistry

7.14-7.07 (m, 1H), 7.00 (d, J = 8.8 Hz, 2H), 6.85 (td, ] = 8.5, 2.5
Hz, 1H), 5.37 (s, 1H), 5.09 (s, 2H), 4.99 (dd, J = 5.7, 2.9 Hz, 1H),
4.54 (dd, J= 7.6, 6.6 Hz, 1H), 441 (dd, J = 9.1, 5.5 Hz, 1H), 3.97
(t, J = 5.8 Hz, 1H), 3.71 (dd, J = 5.8, 2.9 Hz, 1H), 3.21 (t, J = 7.0
Hz, 2H), 2.87 (t, ] = 7.6 Hz, 2H), 2.00-1.91 (m, 1H), 1.90-1.79
(m, 2H), 1.76-1.56 (m, 5H), 1.53-1.37 (m, 2H). “C NMR (126
MHz, CD,OD) § 174.5, 173.5, 173.0, 170.4, 166.2, 164.5 (d,
J=244.5Hz), 160.4, 158.6, 140.8 (d, J=10.8 Hz), 138.5, 135.0,
133.0, 132.0 (d, J= 9.4 Hz), 130.33, 130.20, 129.61, 129.53, 128.9,
128.51, 128.50, 1164, 113.3 (d, J=2.9 Hz), 112.0 (d, J = 21.6 Hz),
1052 (d, J=25.9 Hz), 71.0, 58.3, 56.9, 55.0, 54.4, 47.7, 42.1, 40.5,
319, 30.1, 28.0, 26.4, 23.6. HRMS (ESI) m/z [M + H]" calcd for
C,H FN,O,, 808.3941; found, 808.3924.

Fluorimetric DENV and WNYV protease assay. The assays were
performed as previously described.” Briefly, the measurements
were performed in black 96 well V-bottom plates (Greiner Bio-
One, Germany) using excitation and emission wavelengths of 320
and 405 nm, respectively. In the initial screening, the inhibitors
were tested in 50 uM final concentration (from 10 mM DMSO
Stock solution). The compounds were preincubated with the
DENYV (final concentration 100 nM) or WNV (final concentration
150 nM) protease in the assay buffer (50 mM Tris-HCl pH 9,
ethylene glycol (10% v/v), and 0.0016% Brij 58) for 15 minutes,
after which the corresponding FRET substrate (final concentration
S0 pM) was added, making a final assay volume 100 pL per well.
The reaction was monitored continuously for 15 minutes and the
enzymatic activity was determined as slope per second (RFU/s).
Percentage inhibition was calculated relative to a control without
inhibitor. IC;, values were determined in compounds that showed
> 70% inhibition at 50 uM concentration. The activity at 7 different
concentrations of an inhibitor was measured using the same proto-
col and IC, value was calculated from the curve obtained with a
nonlinear fit of dose response using equation for [inhibitor] vs.
normalized response with variable slope in GraphPad Prism 6
software (GraphPad Software, Inc., USA). All measurements were
performed in triplicates and the results are expressed as an average
value.

Tryptophan quenching assay. The samples were prepared and
measured in black 96 well V-bottom plates (Greiner Bio-One,
Germany) using 280 nm as an excitation and 340 nm as an emis-
sion wavelength. DENV protease in concentration 200 nM was
used in all measurements and samples were prepared in assay buffer
(50 mM Tris-HCl pH 9, ethylene glycol (10% v/v), and 0.0016%
Brij 58). For the determination of competitive binding, compound
(35)-11a in final concentrations 20 uM and 60 uM was added to
the protease. The addition of the quencher MB-211 in the concen-
tration range 0—20 puM followed immediately. The final volume was
100 pL per well. The fluorescence was measured 5 minutes after the
addition of the quencher. For the evaluation of reversible binding,
inhibitor (35)-11a in concentration 60 pM was preincubated for 16
h with the protease before the addition of the quencher (0-20 uM).
The fluorescence was measured S minutes after the addition of
quencher. As a control, a sample without inhibitor preincubation
was used. The role of the Ser135 was evaluated as described for the
competitive binding, using the S135A mutant protease instead of
the active form. The fluorescence quenching in the active protease
served as a control. The inner filter effect (IFE) was evaluated using
N-acetyltryptophanamide (NATA) in the concentration 1 M

instead of the protease in combination with MB-211 in the concen-
tration range 0 — 20 yM. All measurements were performed in
triplicates and expressed as an average value. The results are pre-
sented as fluorescence intensity relative to the fluorescence without
the addition of the quencher.

Dilution experiment. The fluorimetric assay was performed in
black 96 well V-bottom plates (Greiner Bio-One, Germany) using
excitation and emission wavelengths of 320 and 405 nm, respec-
tively. The inhibitor in high concentration (60 pM, 20 x IC,,) and
low concentration (1.7 uM, 0.5 x IC,) was preincubated with
DENV protease (3 uM) in the assay buffer (50 mM Tris-HCl pH 9,
ethylene glycol (10% v/v), and 0.0016% Brij 58) for 3 h or 6 h. The
control without inhibitor (equal volume of DMSO) was incubated
with the protease accordingly. The preincubated inhibitor and
control solutions were pipetted into a 96 well plate together with
the assay buffer and additional amount of inhibitor to prepare the
final diluted inhibitor solution (1.7 pM) and control solutions: 20 x
IC,, concentration control (60 uM,); 0.5 x IC,, inhibitor controls
(1.7 M) and control without inhibitor. The diluted inhibitor
solution was prepared by mixing the high concentration preincu-
bated solution (3.33 pL) and assay buffer (86.66 uL). The 20 x IC,,
control was prepared by the addition of the same preincubated
solution (3.33 L), assay buffer (38.35 pL) and inhibitor (48.35 pL
from 200 puM solution prepared from the 10 mM Stock solution).
The 0.5 x IC,, control was prepared from low concentration prein-
cubated solution (3.33 uL), assay buffer (38.35 pL) and inhibitor
(48.35 uL from 6.66 M solution prepared from the 10 mM Stock
solution), whereas the control without inhibitor was prepared from
the preincubated DMSO control (3.33 pL) and assay buffer (86.66
pL). Additional 0.5 x IC,, inhibitor control without preincubation
was used in the experiment with 6 h preincubation. This control
was prepared analogously to preincubated 0.5 x IC;, inhibitor
control, but immediately before the measurement. The protease
concentration was 100 nM in each final solution. The enzymatic
reaction was initiated by the addition of the FRET substrate (10
uL, final concentration SO uM) at 0, 30, 60 and 120 minutes after
the end of the preincubation. The reaction was monitored continu-
ously for 15 minutes and the enzymatic activity was determined as
slope per second (RFU/s). Percentage inhibition was calculated
relative to the control without inhibitor. The measurements were
performed in triplicates and the results are expressed as an average
value.

LC-MS measurement. Compounds (3S)-11a and MB-53 in
concentration 100 pM were incubated with either active DENV
protease or inactive S135A mutant protease (final concentration in
both cases 3 uM) or in the assay buffer without the addition of the
protease (S0 mM Tris-HC] pH 9, ethylene glycol (10% v/v), and
0.0016% Brij 58). Each hour in the 11 h period, a volume of 15 L
of incubated solution was subjected to LC-MS analysis. The meas-
urements were performed on an Agilent 1200 series HPLC device
in combination with ESI-MS micrOTOF-QII instrument (Bruker
Daltonik, Germany) using Reprosil-Pur ODS-3, Dr. Maisch
GmbH, Germany, 3 pm, 50x2 mm HPLC column. Used method
was as follows: eluent A - water (0.1% formic acid), eluent B -
acetonitrile (0.1% formic acid): 0 min — 4.0 min gradient 10% B -
95% B, 4.1 min — 8.0 min isocratic 95% B, 8.1 min — 19.0 min iso-
cratic 10% B; flow rate 0.3 mL/min. MS measurements were per-
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formed in negative mode with external mass calibration and Na-
formate as a calibration standard.

Docking studies. Autodock Vina 1.1.2* was used for docking
studies of tripeptide-B-lactam (3S)-11a. 3D structures of the com-
pounds were built using Maestro software. Protein structures were
prepared for docking calculations starting from the crystal structure
of DENV serotype 3 NS2B-NS3 protease in complex with
tetrapeptidyl aldehyde (PDB code: 3ULI). Only protein atoms
were kept for the docking calculations, while water molecules and
other molecules present in the crystal structures were removed.
Docking preparation was performed with Autodock Tools” using
default settings. The grid size was adjusted to the size of the ligand
and the size of the active site (74 A x 78 A x 64 A). The grid spac-
ing was 1.0. The results were analyzed with Autodock Vina and
Maestro. Visualization was performed with UCSF Chimera.*

Cell culture. Huh-7 and Vero E6 cells were maintained in DMEM
supplemented with 100 U/mL penicillin, 100 pg/mL of streptomy-
cin, and 10% heat-inactivated FCS. During infection of Huh-7 cells,
DMEM was supplemented with 10 mM HEPES.

Virus titer reduction assay. Huh-7 cells were seeded into 96-well
plates at a density of 1 x 10* cells per well and incubated overnight.
The next day, cells were infected with DENV serotype 2 for 2 h at
an MOI of 1, before medium change and compound addi-
tion. Infected cells were then incubated for 48 h in the presence of
compound in triplicate wells. In order to determine the ECg, a
range of serial diluted compound concentrations starting at 50 uM
was used. After 48 h incubation, supernatants were harvested and
triplicates pooled. These virus containing supernatants were used
to determine the virus titer (reduction) by plaque assay, as de-
scribed elsewhere.”’

Briefly, VeroEG cells were seeded into 24-well plates at a density of
2.5 x 10° cells/well and the next day infected for 1 h with 10 fold
serial dilutions of virus supernatant ranging from 10" to 10°. After
medium exchange and addition of the plaque medium VeroE6 cells
were incubated for 7 days. Cells were subsequently fixed with for-
maldehyde and plaques visualized by crystal violet stain.

At a suitable dilution, plaques were counted, the virus titer calculat-
ed and plotted against the respective compound concentration.
EC,, values were calculated from the curves obtained with a non-
linear fit of dose response using equation for [inhibitor] vs. normal-
ized response with variable slope in GraphPad Prism 6 software
(GraphPad Software, Inc., USA).

Cytotoxicity. Cell viability in presence of compound dilutions was
determined in parallel to the virus titer reduction assay using
CellTiter-Blue® (Promega) according to the manufacturer’s in-
structions.
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