Accepted Manuscript =

Urea-containing peptide boronic acids as potent proteasome inhibitors

Li-Qiang Han, Xia Yuan, Xing-Yu Wu, Ri-Dong Li, Bo Xu, Qing Cheng, Zhen-Ming
Liu, Tian-Yan Zhou, Hao-Yun An, Xin Wang, Tie-Ming Cheng, Ze-Mei Ge, Jing-Rong /,
Cui, Run-Tao Li 4

PII: S0223-5234(16)30886-8
DOI: 10.1016/j.ejmech.2016.10.023
Reference: EJMECH 8988

To appearin:  European Journal of Medicinal Chemistry

Received Date: 3 August 2016
Revised Date: 9 October 2016
Accepted Date: 12 October 2016

Please cite this article as: L.-Q. Han, X. Yuan, X.-Y. Wu, R.-D. Li, B. Xu, Q. Cheng, Z.-M. Liu, T.-Y.
Zhou, H.-Y. An, X. Wang, T.-M. Cheng, Z.-M. Ge, J.-R. Cui, R.-T. Li, Urea-containing peptide boronic
acids as potent proteasome inhibitors, European Journal of Medicinal Chemistry (2016), doi: 10.1016/
j-ejmech.2016.10.023.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


http://dx.doi.org/10.1016/j.ejmech.2016.10.023

ACCEPTED MANUSCRIPT

Graphical abstract

N
[N/j\mg\;iNf:OH . N]/ \”/N\)J\ pOH
o) \é OH s © \é OH

CT-L activity: IC5o = 4.0 nM

N\[rN\E)J\N B,OH
O f OH
CT-L activity: IC5o = 0.2 pM

4 Cell lines growth: IC55< 10 nM
Bortezomib 1-14



Urea-containing peptide boronic acids as potenepszme inhibitors

Li-Qiang Han? Xia Yuan? Xing-Yu Wu 4 Ri-Dong Li?% Bo Xu? Qing Chend’,
Zhen-Ming Liu? Tian-Yan Zho?, Hao-Yun An® Xin Wang?® Tie-Ming Chendf,
Ze-Mei Ge®**, Jing-Rong Cuf*, Run-Tao Li®*

®Sate Key Laboratory of Natural and Biomimetic Drugs, School of Pharmaceutical Sciences, Peking University,
Beijing 100191, PR China
bZhengzhou Granlen PharmaTech, Ltd. 1300 East Hanghai Road, Zhengzhou, Henan 450016, PR China

Abstract

A novel class of urea-containing peptide boronids@as proteasome inhibitors was
designed by introducing a urea scaffold to repatcemido bond. Compounds were
synthesized and their antitumor activities were l@atad. After two rounds of
optimizations, the compountd14 was found to be a potent proteasome inhibitor.
Compared with Bortezomib, I-14 showed higher potency against the
chymotrypsin-like activity of human 20S proteasoft®;, < 1 pM), similar potency
against four different cancer cell lines £G 10 nM), and better pharmacokinetic
profile. Furthermore]-14 significantly inhibited tumor growth in Bel7404 mzei
xenograft model. The excellent proteasome inhibitiny 1-14 was rationalized
through docking and molecular dynamics studies.
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1. Introduction

Proteasome is the most abundant and ubiquitousreatizycomplex responsible for
intracellular protein turnover in eukaryotic ce[lH. Its substrates include a large
variety of cell proteins that control apoptosid)-cgcle progression, DNA repair and
many other cellular regulatory mechanisms [2], #metefore it plays an important
role in the regulation of many physiological praes as well as in the development
of a number of major human diseases. The catalyie particle of the 20S
proteasome has become a major target for anticamgkanti-autoimmune drugs [3].
The peptide boronate Bortezomib (Velc8dés the first 20S proteasome inhibitor
entering clinical practice, approved by FDA foratieg multiple myeloma in 2003
and mantle cell lymphoma in 2006 [4]. Since theseses of proteasome inhibitors
have advanced to clinic or clinical trials, inclndipeptide boronic acids
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(Delanzomib, CEP-18770) [5], epoxyketones (Carfitim, approved in July 2012
for treating multiple myeloma) [6B-lactones such as NPI-0052 (Marizomib) [&.
(Fig. 1). Although peptide boronic acids are onetli most important chemical
classes of proteasome inhibitors, most of them Ip@ee pharmacokinetic properties,
which greatly limited their clinical application8][ Even for Bortezomib, after bolus
i.v. administration at 0.8 mg/kg, the mean half-lifiee tmean apparent volume of
distribution (Vd) and the plasma clearance rate)(@é&re only 0.8 + 0.1 h, 2.4 + 0.8
L/kg and 34 = 11 mL/min/kg, respectively [9], amal the initial pharmacokinetic
studies, it was found to be rapidly metabolizedh@ plasma compartment (>90% is
cleared within 15 minutes afv. administration) [10]. These results could be partly
attributed to the instability of the peptide bomashe molecule [11However, to date,
current efforts in improving peptide boronic acidigasome inhibitors mostly focus
on the modifying the amino acid residues and thenN-substituents [12-17], but
rarely changing the amido bonds.

Delanzomib Carfilzomib Marizomib

Fig 1. Structures of Delanzomib, Carfilzomib and Marizbm

Replacing the amido bond in the peptide with theauiramework is a common
strategy known to improve the PK/PD properties eptgle drugs. Besides, the urea
scaffold has been exploited in several other clas$groteasome inhibitors (Fig. 2)
[18-20].
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Fig 2. Reported peptide inhibitors containing the urestfsld.

Inspired by this, we designed and synthesized @Inokass of urea-containing
peptide boronic acids as proteasome inhibitorsciwhiave both the urea scaffold and
peptide boronic acid as warheads. Further optinozaled to the discovery of a
potent proteasome inhibitor-14 with excellentin vitro and in vivo antitumor
activities, low toxicity and good pharmacokinetioperties.

2. Results and discussion



2.1. Design, synthesis and biological activitiesiigt-round compounds

Our initial studies started by examining the infloe of distance between the urea
segment and the boronic acid group. We designedsésies of compounds with urea
segment away from Y and next tol() the boron acid groufFig. 3), in which n =0
represents dipeptides and n = 1 represents trgggptrespectivel\R;, R, andR3 are
chosen from the corresponding groups in known #ffecpeptide boronic acid
proteasome inhibitors.

I
OH

Ry N _OH
TN j)LN B R3\NJKKN NJ\N 5-OH
H Ho H
2 n

I I

Fig 3. Structures of compoundsandl |

The synthetic routes of the two series of compouw@sillustrated in Scheme 1
usingl-1 andll-1 as examples. Because peptide boronic acids areuttiffo purify
anda-amido boronic acid is the most expensive amongqtdimediates, the-amido
boronic acid segment was attached only in thedtegt. The key urea scaffold was
introduced based on literature method with modiitca[21]. For the synthesis tf1,
benzylamine and L-phenylalanine methyl ester hyldmae were reacted with
1,1-carbonyldiimidazole (CDI) to form the urea p&ta in 87% yield.l-1la was
further treated with NaOH and then with HCI to gitve corresponding hydrolyzed
product I-1b. In the presence of dicyclohexylcarbodiimide (DCGnd
N-hydroxybenzotriazole (HOBt);1b was coupled witlx-amino boronic acid pinacol
ester, which was synthesized according to Ellmanedure [22], to provide key
intermediate urea-containing peptide boronic acidagol ester [-1c. The target
compoundl-1 was obtained after the pinacol protecting group-o€ was removed
using a novel method developed by Santos and c@miR3]. For the synthesis of
compound -1, the starting materidl-Boc-L-phenylalanine was first condensed with
4-methoxybenzylamine in the presence of DCC and H@Bgive the protected
intermediatell-1a, which was treated wittHC| to generate the corresponding
deprotected produdt -1b. The cruddI-1b was coupled withu-amino boronic acid
pinacol ester by the same method as described abovel-far to give the
urea-containing peptide boronic acid pinaedter I1-1c. Finally, the pinacolyl
protecting group ofll-1c was removed using the same procedure as used for
obtainingl-1 to provide the free boronic acit-1.

Compoundd -2~1-10 and I 1-2~11-7 were synthesized similarly through the same
procedures. All key intermediates and final produeere characterized B NMR,
%C NMR and MS.
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Scheme 1. Synthesis of target compountd andll-1. Reagents and conditions: (a) CDI, DMF, MeCN, n);i(b
NaOH, 0°C; ii. HCI, 0°C; (c) DCC, HOBt, DIEA, Gi€l,, rt; (d) i. DEA (Diethanolamine), EtOAc, rt; ii. €,
H,0, EtOAc, rt; () 10 M HCl in EtOH, C)El,.

The inhibitory effects of thd-1~1-10 and I1-1~11-7 on the chymotrypsin-like
(ChT-L), caspase-like (C-L), and trypsin-like (T-Lactivities of human 20S
proteasome were measured at (M and 2uM using Bortezomib as the positive
control. The results are summarized in Table & tiear that the seri¢scompounds
(urea moiety away from boron atom) are more patemthibiting ChT-L activity than
the seried| compounds (urea moiety next to boron atom). Thveetopotency of
seriesll compounds can be ascribed to the tautomeric mwesrsion shown in
Scheme 2. Due to the strong electrophilicity of tleeon atom, a five-member ring is
easily formed through a coordination bond and tlome molecule of water is
eliminated [24]. This speculation is supported hg ESI results of the serigé$
compounds, which mainly give the [M-17]peaks (i.e., [MH,O+1], see
Supplementary Material, Figure S1). Comparing tttéviies of compounds$-3 with
[-9, and I1-3 with 11-7 shows that tripeptide analogues are obviouslyebdtian
dipeptide analogues, which is consistent with a@evipus report [14]. Interestingly,
compoundl -5 with the unnatural D-amino acid does not show witstidifference
from the corresponding its L-configuration aminadacompounds analogué-3. In
addition, 1-6 and I-10 have equal potency agairtst-C compared with Bortezomib.
However, they are ineffective or less potent thamé&omib against C-L and T-L,
suggesting that they are effective and selectivetepsome inhibitors. More
interestingly, compounds-(, 1-2, 1-5 andl-6) that have benzyl or substituted benzyl
group asR; exhibited more potent anti-proteasome activityntbhther compounds.
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Table 1
General structures and biological activity of targempounds (% inhibition).
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82.067

91.940

47.308

61.963

49.489

84.643

33.819

-14.170

96.655

96.544

90.946

89.674

90.992

95.724

86.790

10.372

9.814

-23.048

8.577

10.065

-13.661

-21.838

40.869

2.030

68.776

-26.615

62.467

7.173

-20.492

-24.724

87.942

2.190

4.990

35.572

0.355

-3.948

-0.748

-0.926

-6.549

6.916

56.881

83.660

29.284

28.328

47.155

43.457

22.848

4.381
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66.342
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73.204
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-8.060
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2.2. Design, synthesis and biological activities@efond-round compounds

The first round showed that seriescompounds (urea away from boronic acid)
were much more potent than seriegompounds (urea next to boronic acid) and it is
preferable to have a benzyl group at the N-termifi&lus, we next focused our
attention on the optimization of the benzyl grouptl@e N-terminal in series
compounds. A series of new analogues were designddsynthesized through the
same methodology described above, except that camede24 was a side product
[25] obtained during the preparation bfl4. All these second-round compounds
[-11~1-24 were evaluated for their proteasome inhibitory\digtiagainst ChT-L and
their potency against the hepatocellular carcinétepG-2 and human gastric cancer

MGC-803 cell lines. The structures and resultdiated in Table 2.

Table 2.
Structure and biological activity (kgin nM) of second-round compounds.
HO_ _OH
SR
NG
B H
Comp. No. R ChT-L HepG-2 MGC-803
I-1 @N 10+3 87.25+14 18.76 £ 7
Nl
N
I-11 ©/V - 20 +0.6 70.86 £ 9 30.01+6
H
1-12 ©\/N; 10+1 36.99+4 4.084+1
H
1-13 ©\rN£ 200 + 20 1072 +161 198.2+14
I-14 Qi)"; 0.0002 + 0.0001 19.38+3 3.962+1
|
I-15 N?{ 2+0.8 30.49+2 5.203+1
1-16 H 4+2 44.68 +3 6.298 +1
N
_N
1-17 [ | H 50+6 4136 £ 479 738.2+111
SN N



Cl
1-18 /©;/“f 403 70.67 £14 28.87+8
Cl S

1-19 @y“ 0.3+0.07 37.25+1 5873+ 1
Ph S
1-20 &H 20+ 10 45.60 + 2 5.316 42
o) o~
1-21 Hg‘ 12+1 53.08 + 14 7.062+0

F
1-22 @\/H 2409 38.82+1 6.698 %0
F Nt

NO,
1-23 H 3+1 43.81+3 6.317+0
Ng
1-24 @\[/;“; 660 = 70 59.67 £ 4 7.298 + 0
o]
Bortezomib 4+0.3 36.57+3 57820

As shown in Table 2, all tested compounds exhibércellent ChT-L inhibitory
activity (ICso varying from <1 nM to 50 nM) except the benzylietimyl substituted
compoundl-13 and the benzylic oxidized derivatite24. In particular, compound
I-14 reached an 1§ of 0.0002 nM against ChT-L, which is much moregmbtthan
Bortezomib (1Go = 4.0 nM). Extending the benzyl aminiel) to phenylethyl amino
(I-11) did not significantly improve the ChT-L inhibitpractivity. Compoundg-12
(ICs0 = 10 nM) andl-13 (ICso = 200 nM) both introduced a methyl group at the
methylene position in-1 but showed 20 times difference in their activityagst
ChT-L, suggesting that the chiral center can gyeiafluence the activity. However,
we did not further optimize the substituents athylkeine position of compounid1,
since neithet-12 norl-13 was significantly better thanl. The N-methyl substituted
derivative 1-15 (ICsp = 2 nM) and the cyclized 1,2,3,4-tetrahydroisoqliime
derivative |-14 (ICsp = 0.0002 nM)showedvery strong inhibitory activity against
ChT-L proteasome, indicating that replacing therbgén in the amino group with an
alkyl group is favorable, and restricting the canfation of the amine also helps
greatly. The type and position of substituents lan gphenyl ring of the benzylamino
group obviously can affect the activity. For exaepi18 (2,5-dichloro, 1Gy = 40 nM)
showed 15-20 times weaker potency in ChT-L intobitthanl-16 (2,3-dimethyl,
ICs0 = 4 NnM), |-22 (3,4-difluoro, 1Go = 2 nM) andi-23 (3-nitro, I1G, = 3 nM). More
notably, the 3-phenyl analoguel9 showed exceptional ChT-L inhibitory activity
(ICs0 = 0.3 nM), suggesting that the aryl substitueninsre favorable than others.
However, using other aromatic moieties such asthgpfi -21), pyrazinyl (-17) and
furanyl (-20) groups in the place of the phenyl ring of the 2y¢amino group in-1

9



did not improve the resulting compounds' potencynbiibiting ChT-L activity.

In addition, all compounds exceptl3 and|-17 also produced excellent potency
against HepG-2 and MGC-803 cells lines sf& 100 nM), among which four
compounds 1¢12, 1-14, 1-15 and 1-19) had comparable or higher potency than
Bortezomib. The most potent compound was $til4. The diastereoisomeiis12
(HepG-2, 1G = 39.99 nM; MGC-803, 1§ = 14.084 nM) and-13 (HepG-2, 1Go =
1072 nM; MGC-803, Ig = 198.2 nM) again had dramatically different patgn
further illustrating the importance of chirality ¢imat benzylic position. Note thb4
had satisfying potency against both cancer cedslibut fell short to effectively
suppress proteasome ChT-L activity. The rationaleird this phenomenon is under
further investigation due to the novel structuré-af.

Based on the above results, three potential comgso@rb, |1-14 andl-22) were
selected to be tested further against 11 human rtw@lb lines using Bortezomib
(PS-341) as the positive control. The results are sumredriaTable 3.

Table 3.
Biological results of three compounds over 11 hutaamor cell lines (IG, in nM) 2
No. Cell line Source I-6 1-14 1-22 PS-341
1 A549 Lung cancer 1022.61 +265.45  3826.15 + 796.4P317.50 + 15.43  2135.73 + 463.00
2 95D Lung cancer 40.96 £ 0.43 37.11+0.10 58.9%9 38.18 +2.39
3 HCT116 Colon cancer 23.02+0.16 7.32+£0.79 163.05 1.40+0.17
4 HL-60 Leukemia 26.96 +1.85 7.71+£0.01 28.53032. 7.60 £0.53
5 MGC803 Gastric cancer 1752 +2.14 4.98 +0.06 736.0.13 6.54 £0.18
6 BEL7404 Hepatoma 42.23 £1.65 13.75+1.09 47.06/8 25.04 £1.76
7 MKN45 Gastric cancer 20.11+1.40 1552 +2.54 266.25 7.15+0.41
8 SKOV3 Ovarian cancer 46.30 £7.32 25.88 £9.60 16.3.62 1.62 £0.97
9 MDA-MB-231 Breast cancer 25.08 £1.36 17.74 £1.02 28.40+2.49 16.65 £ 0.67
10 HepG2 Hepat?cellular 25.96 +5.52 8.38 £0.78 19.04 £1.90 1.61 +£0.17
carcinoma
11 SW1990 Pan(.:reatlc 80.33+7.92 89.34 +4.51 90.73 +3.03 79.06 +2.32
carcinoma

#1Csowas measured over 6 concentrations based on tkpeeiments.

Table 3 shows that all three compounds stronglybitéd the growth all tested
tumor cell lines (except A549) atdg< 100 nM. In particulai-14 reached 16 < 10

nM in four cell lines, making it comparable to Bembmib. The three candidate
compounds and Bortezomib all showed inadequatenpypt® the A549 cell line than
to the other ten cell lines: their 4¢values were all 10—-2000 times greater for A549
than for others. The bonoric acid is thus a seleanticancer agent.

2.3. Pharmacokinetics study of I-14
Given that the majority of currently available mrasome inhibitors containing
peptide backbones are prone to rapidvivo inactivation [26], we next examined
10



whether the urea scaffold-based proteasome inhilbitbt is metabolically more
stable than those peptide-based drugs. Thus, wezltde pharmacokinetics bfl4 in
three rats. The observed plasma concentration-gnofde after a single.v. dose of 3
mg/kg in male Sprague—Dawley rats is showhiig 4 and the main pharmacokinetic
parameters estimated by WinNolin are summarizetalme 4, in which the half-life
(ty2) of 1-14 is 1.96 £ 0.07 h. In contrast, it was reportedt thtier bolusi.v.
administration of Bortezomib at 0.8 mg/kg, the mdwif-life was 0.8 £ 0.1 f0
which is much shorter than that bfl4. At the same time, the mean volume of
distribution (Vd) of Bortezomib was 2.4 + 0.8 L/kgnd we can infer that the long
elimination phase half-life df-14 is in part due to a larger volume of distributi®fa]

= 9.44 + 1.21 L/kg. These results indicate thd# is more likely to have highen
vivo stability than Bortezomib, as the latter is knotenundergo rapid metabolic
inactivation [11, 27, 28].

10000
1000
100

10

Plasma Concentration (ng/mL)

1+ .
0 2 4 6 8 10
Time (hr)
Fig 4. The plasma concentration-time curvd-df in male SD rats following bolusv. administration at a dose of
3 mg/kg (n=3). Data are mean + SD.

Table 4
Pharmacokinetic parameterslef4 in Rats after a bolusv. dose of 3 mg/kg (n=3)
Animal Rat 1 Rat 2 Rat 3 Mean SD
tye (hr) 1.93 2.04 1.91 1.96 0.07
AUC, ¢ (hr*ng/mL) 958 788 887 878 85
vd (L/kg) 8.45 10.8 9.07 9.44 1.21
CL (mL/min/kg) 50.5 61.2 54.8 55.5 5.4

2.4. In vivo anticancer activity of 1-14

To assess than vivo antitumor efficacy of compountt14, a Bel7404 xenograft
nude mice model was established, with Bortezonis-341) as positive drug.
Compoundi -14 was administered at 1 mg/kg i.v. every two days2# consecutive
days. As shown in Fig. 5A-14 could effectively suppress tumor growth, which is
equivalent to Bortezomib (0.5 mg/kg). Gratifyinglhe average body weight of the

11



mice in thel-14 treatment group did not drop significantly, whesx¢lae group treated
with Bortezomib showed a 10.7% loss of body weiginig even two mice died on
day 20 and 24 respectively. These results revahbid-14 is an efficient anticancer
agent with relatively low toxicity.

;)
+]
+]
)

g 400+ If/i/lé i’-—"égr S “"'_ o g
g M - . o
"3 5 0 15 20 25 0 5 10 15 20 25

Figure 5. 1-14 inhibits tumor growthn vivo at 1 mg/kg. (A) Tumor growth curves in mice reagivthe respective
treatments by tumor volume (Black: control, n =Ggen:1-14 1 mg/kgi.v. god, n = 6; Red: Bortezomib 0.5
mg/kgi.v. god, n = 6). (B) Average body weight of mice (petage of initial) receiving the respective treattsen
surviving on a given day. The results are represkas means + SD and analyzed by two-way ANONA.
non-significant, *** P<0.001.

2.5. Docking and molecular dynamics study of I-14

To understand the binding profile and account far superior bioactivity of-14
than PS-341, we performed a molecular docking study via Gol@arqbridge
Crystallographic Data Centre) and assessed thdtgely Maestro (Schroédinger
LLC.). The gene sequence of the chymotrypsin acsite of the yeast 20S
proteasome is highly homologous to that of the hurB@S proteasome. The best
binding conformation 0PS-341 has a RMSD of 1.0 A with its original crystallized
conformation.

The binding profile ofl-14 in the p5 and 6 subunit inhibitor pocket of the
proteasome is depicted in Fig. 6A,B. From both tBB binding and the
Poisson—Boltzmann electrostatic surface plot, agious that-14 closely resembled
PS-341 with its peptidomimetic chain, making essentiadimgen bonds with the
receptor and fulfilling its promise as a potenttpasome inhibitor on enzymatic,
cellular and animal model aspects. From the ovetadking results]-14, with a
fitness score of 51.03, is better tHa& 341, which scored 46.37. This is mainly due
to 1-14's higher van der Waals interaction scard4: 41.81,PS-341: 36.48) together
with less score penalty from internal torsion egefg3.02 vs. —3.34) and covalent
binding energy£10.90 vs. —11.63). Indeed, the induction of thenaatic ring could
contribute to the binding affinity, as there arerendydrophobic residues located
around the 1,2,3,4-tetrahydroisoquinolin fragméweanwhile, the phenyl group in
[-14 rotated slightly and occupied the S2 subsite béttn that oPS-341 (Fig. 6B).

12



Fig. 6. Docked b|nd|ng proflle of-14 and PS-341 within th@5 andB6 subunit inhibitor pocket of yeast 20S
proteasome. (A) 2D binding plot: Purple arrows anama curves indicate hydrogen bondings and hydrsigho
interactions respectively. (B) Poisson-Boltzmanecgbstatic surface plot: PS-341 in its crystatlizsoactive

conformation is shown in grey sticks, best bindingformation ofl-14 is displayed in green, oxygen atom from

the crystallized water molecule is depicted indet

However, the docking results are not enough tamihate how and why-14
outperformedPS-341 on the enzymatic assay. We thus utilized Desmorabhduct a
30 ns unrestrained molecular dynamics simulatiofinb out. The RMSD plot of the
heavy atoms throughout the simulation is showlig 7A. The trajectory is stable
from 10 ns onward in accordance with the energyngeand the geometry. A
representative conformation (RC) from 10 to 30 nd the last frame (LF) were
obtained as depicted in Fig. 7C. The essentialdgair bonding derived from the
docking conformation was retained throughout tineugtion, although the hydrogen
bonding tended to be more frequent after 10 ns (fBg Supplementary Material, Fig.
S2 B,D,E). Among the most significant increaseslatd-NH15 to K:GLY47 (from
40% in first 10 ns to 98% in 10-30 ns) and K:ALA#9-14-O19 (from 76% to 95%).
Two new pairs of water bridge hydrogen bonding diappen in 37% of the time
during the equilibrium.

The non-bonding fragments of the molecule fits gueket better after 10 ns,
leading to an increase of the binding free energ@utq) of separate partd-igure
7D). During the first 7 ns, we could see that the,3 £tetrahydroisoquinolin
fragment ofl-14 was gradually engulfed by the pocket and then l&ali over the
final stage of the simulation, which is a distinotluced-fit effect that we were
expecting. This phenomenon could help to dimintsh fragment’s solvent exposure
(Figure 6B, 7C), which potentiates its van der Waals interactibgdrophobic
interaction and steric hindrance, and thus conte®to its total Gying.

In conclusion, the peptidomimetic chainlei4 highly mimicked that oPS-341.
The receptor and the 1,2,3,4-tetrahydro-isoquinfiagment ofl-14 underwent a
induced-fit effect at the initial stage of the siation, and whole molecule fit and
interacted with the receptor better as the simutaproceeded. This can help in
explaining the superior activity of-14 on the enzymatic aspect, confirming its
potential as a promising drug candidate.
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Fig. 7. Molecular dynamics profile df14 within thep5 andB6 subunit inhibitor pocket of yeast 20S proteasome.
(A) RMSD of all of the heavy atoms of the complexses time. (B) 2D interaction graph in 10 to 30 ns.
Percentage refers to the frequency of valid comedimg hydrogen bondings throughout the simulat{@).I-14
(green sticks)n the inhibitor pocket. Above: Representative comfation (RC) during 10 to 30 ns. Below: Last
frame (LF) of the simulation. (D) MM-GBSA chart.dgments of-14 (above)are marked in different colors and
letters. Energy contributions (kcal/mol) of the remponding fragment are listed in the chart be®R. Starting

Frame of the simulation. VdW: Van der Waals intémac HI: Hydrophobic Interaction.

3. Conclusion
Known drawbacks of Bortezomib and its analogues wéptide backbone include

their rapid metabolism, tendency to develop rest#aand dose-limiting toxicities.
To overcome these problems, we designed and syrtldes series of urea-containing
peptide boronic acids as potent proteasome inhgittost of the synthesized
compounds exhibited excellent potency in inhibitprgteasome activities and tumor
cell growth. Based on two rounds of investigatiainsee compounds were selected
and their cellular activities were evaluated agaéieven tumor cell lines. They all
enabled inhibition (I < 100 nM) of ten out of eleven tested tumor cieleé$. The
compoundl-14 was also tested for ii® vivo anti-tumor activity with the Bel7404
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xenograft nude mice model. The results showed thrapared with Bortezomib;14
demonstrated similain vivo efficacy and significantly lower toxicity in rats.
Pharmacokinetic profiles suggested that4 is metabolically more stable than
Bortezomib as expected originally. The docking andlecular dynamics studies
revealed the interaction mode betwdel¥ and the 20S proteasome, and the results
may inspire the design of more potent proteasorhiibors. Additional preclinical
profiling studies ol -14 are currently in progress.

4. Experiment
4.1. General information

All commercial reagents were purchased from comrmakesuppliers and used
without further purification. Dry solvents were peged according to standard
procedures. Melting points were taken with an Xfaptus and were uncorrected.
Yields refer to chromatographically pure compounaisless otherwise stated.
'H-NMR spectra were recorded in CR@nd DMSOds at ambient temperature on a
Bruker Avance Ill 400 MHz system*C NMR spectra were recorded in DMSi@at
ambient temperature unless otherwise noted, at MB{z. Silica gel column
chromatography was performed with silica gel 6Gpherical, neutral, 63-220m, or
Merck). MS data were obtained with MDSSCIEX QSTARtems. Compounds are
evaluated for >95% purity using HPLC analysis (raetil/water) using a C18
column.

4.2. General procedures for the synthesis of comg®i+1 and II-1
4.2. 1. (S)-Methyl 2-(3-benzylureido)-3-phenylprapate(l -1a)

To a solution oN,N'-carbonyldiimidazole (CDI, 1.64 g, 10.1 mmol) itMPB (8 mL)
and acetonitrile (40 mL) was added L-phenylalamireghyl ester hydrochloride (2.0 g,
9.3 mmol) in portions. The solution was stirred rabm temperature for 2 h.
Benzylamine (1 g, 9.3 mmol) was then added, folweay the addition of
triethylamine (1.72 mL, 18.6 mmol), and the aggtegasystem began to become
clear. The reaction mixture was stirred at roomperature for 24 h until completion
as monitored by TLC, and then concentrated unafroed pressure. The residue was
dissolved in ethyl acetate (50 mL) and washed witine (50 mLx3), dried over
anhydrous Ng50O, and concentrated in vacuo. The crude material reaystallized
from ethyl acetate to afford the produieta as a white solid (1.22 g, 43% yield); mp:
93-95 °C.'H NMR (400 MHz, CDCJ) & 7.18 (m, 8H), 7.2 (d] = 4 Hz, 2H), 5.78 (m,
2H), 4.64 (ddJ = 14.3, 6.3 Hz, 1H), 4.14 (i1,= 15.2, 7.8 Hz, 2H), 3.52 (s, 3H), 2.88
(ddd, J = 38.2, 13.8, 6.3 Hz, 2H)*C NMR (101 MHz, CDGJ) & 173.54, 157.91,
139.41, 136.49, 129.34, 128.49, 128.41, 127.28,0627126.84, 54.23, 52.05, 44.02,
38.54.

4.2. 2. (S)-2-(3-Benzylureido)-3-phenylpropanoiaat-1b)

[-la (1.22 g, 3.9 mmol) was dissolved in 10 mL of anetoand 2 N NaOH
aqueous solution was added dropwise at 0 °C ub@ 3howed methyl estérla was
saponified completely (approximately 2 h). The teacsolution was acidified to pH
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2 with 3 N HCI. Upon standing, the precipitate wadterfed and washed with water
until pH value reached 6-T-1b (0.9 g, 78%) was obtained and used in next step
without further purification.

4.2.3. (S)-2-(3-Benzylureidd)-((R)-3-methyl-1-(4,4,5,5-tetramethyl-1,3,2-dioxa-
borolan-2-yl)butyl)-3-phenylpropanamidke 1c)

To a stirred suspension bflb (0.9 g, 3.0 mmol) in CkCl, (50 mL) were added
dicyclohexylcarbodiimide (DCC, 0.74 g, 3.6 mmol)dad-hydroxybenzotriazole
monohydrate (HOBt, 0.45 g, 3.3 mmol). Pinacol leacboronate hydrochloridé
(0.75 g, 3.0 mmol, prepared according to the litegd') and DIPEA (0.52 mL, 3.0
mmol) were then added. The mixture was stirredoatr temperature for 24 h and
then filtered to remove the insoluble material. Témvent was removed under
vacuum, and the residue was dissolved in 50 mLttofl @cetate. The organic layer
was successively washed with 10% citric acid, 59%18@; and brine. The organic
phase was dried over anhydrous,8@:. The solvent was evaporated to give product
[-1c as a faint yellow foam (1.23 g, crude with impies) and it was used for next
step without further purification.

4.2.4. ((R)-1-((S)-2-(3-Benzylureido)-3-phenylpropanido)-3-methylbutyl)-bor-
onic acid(l-1)

To the solution ofl-1c obtained above in ethyl acetate (40 mL) was added
diethanolamine (0.2 mL, 1.1 equiv) dropwise, are ridaction mixture was stirred at
room temperature until completion as monitored b TThe resulted precipitate was
filtered, washed with ethyl acetate, and then takenvith a mixture of ethyl acetate
(20 mL) and water (20 mL). To this suspension waded 4N hydrochloric acid under
stirring and it was stirred for an additional 2THe organic layer was separated and
washed with brine (50 mLx3), and dried over anhydrblaSO,. The organic solvent
was removed under reduced pressure to provide proédu(570 mg, 15% in overall)
as a white foam. mp: 133-136 °C. HPLC indicatesigtypof 95.2 area %H NMR
(400 MHz, DMSOgs) 6 7.41-7.14 (m, 9H), 7.17-7.02 (m, 2H), 6.51 (s,,16435 (dd,
J=28.4, 4.6 Hz, 1H), 4.70-4.52 (m, 1H), 4.16 (ddi¢; 20.4, 15.4, 5.8 Hz, 2H), 3.00
(dd,J = 8.9, 4.1 Hz, 1H), 2.91-2.77 (m, 1H), 2.68 (s),1H60 (ddJ = 13.0, 6.6 Hz,
1H), 1.32 (ddd,) = 26.5, 15.3, 6.7 Hz, 2H), 0.84 (@@= 6.2 Hz, 6H).*C NMR (101
MHz, DMSO-) 6 174.88, 157.71, 140.93, 137.53, 129.86, 128.68,5I2 127.29,
126.96, 126.80, 43.25, 38.96, 25.57, 23.48, 233M2, 21.51. HRMS (ESI) calcd
for C3H3:BN3Os: 408.24571 [(M-HO"‘CH{"H) +_|, found 408.24429.

4.2.5. (Syert-Butyl  (1-((4-methoxybenzyl)amino)-1-oxo-3-phenydpan-2-yl)
carbamatel(-1a)

To a solution ofN-Boc-L-phenylalanine (2.65 g, 10.0 mmol) in THF (®L) was
added dicyclohexylcarbodiimide (DCC, 2.47 g, 12.0 mel) and
1-hydroxybenzotriazole monohydrate (HOBt, 1.48 ¢,01mmol). The reaction
mixture was allowed to stirred for 30 min beforanéthoxybenzylamine (1.3 mL,
10.0 mmol) was added, followed by the additionNamethylmorpholine (1.32 mL,
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12.0 mmol). The mixture was stirred for another 24ilkered and the solvent was
removed under vacuum. The residue was dissolvesDimL of ethyl acetate and
washed with 10% citric acid, 5% NaH@@nd brine, then dried over anhydrous
N&SQO,. The crude product was purified by silica gel chatography (ethyl acetate:
petroleum ether = 1:3) to afford the desired produda (2.66 g, 6.9 mmol). mp:
68—71 °C.*H NMR (400 MHz, CDCJ) § 7.33-7.11 (m, 5H), 7.00 (d,= 7.1 Hz, 2H),
6.77 (d,J = 8.5 Hz, 2H), 6.40 (s, 1H), 5.26 @= 6.7 Hz, 1H), 4.40 (d] = 17.7 Hz,
1H), 4.24 (qdJ = 14.4, 5.2 Hz, 2H), 3.75 (s, 3H), 3.04 J&s 6.1 Hz, 2H), 1.36 (s,
9H). *C NMR (101 MHz, CDGJ) & 171.15, 158.93, 155.49, 136.81, 129.90, 129.37,
128.99, 128.60, 126.83, 113.95, 80.06, 55.26, 43837, 33.97, 28.27.

4.2.6. (S)-2-AminadN-(4-methoxybenzyl)-3-phenylpropanamide hydrochlerid
(11-1b)

To a stirring solution ofl-1a (2.66 g, 6.9 mmol) in 10 mL of G&l, was added
dropwise a solution of 10 M HCI in EtOH (2 mL, 2Inmal) at O °C. The reaction
mixture was stirred until the starting material veasnpletely consumed. The formed
precipitate was filtered, washed with @M, and dried in vacuum to givl-1b
without further purification.

4.2.7. (S)N-(4-Methoxybenzyl)-2-(3-((R)-3-methyl-1-(4,4,5,54t@methyl-1,3,2-
dioxaborolan-2-yl)butyl)ureido)-3-phenylpropanamitlie 1c)

To a stirring solution oN,N'-carbonyldiimidazole (CDI, 0.54 g, 3.3 mmol) in MV
(6 mL) and acetonitrile (30 mL) was added the pihateucine boronate
hydrochloridel (0.75 g, 3.0 mmol) by portions. The solution wéisredd at room
temperature for 2 h. Thdm-1b (0.96 g, 3 mmol) was added, followed by the additio
of triethylamine (0.83 mL, 6 mmol). The stirring svaontinued for another 24 h, and
acetonitrile was removed under reduced pressurerdsidues was dissolved in ethyl
acetate (50 mL) and washed with brine (50 mLx3jgdiover NaSO,. The solvent
was evaporated to give a grey foam prodic (1.2 g, crude with impurities) which
was used in next step without further purification.

4.2.8. ((R)-1-(3-((S)-1-((4-Methoxybenzyl)amino)-1-oxoghenylpropan-2-yl)ureido)-3-methyl
butyl)boronic acid I -1)

The previously obtained -1c was dissolved in 40 mL of ethyl acetate and #&iter
the possible insoluble impurities. Diethanolami®e2(mL, 1.1 equiv) was added
dropwise. After a few minutes, a white precipitddemed, and the reaction was
allowed to continue until the starting material veasnpletely consumed as monitored
by TLC. The precipitate was then filtered, washethwethyl acetate, and then taken
into a flask filled with 20 mL ethyl acetate and 20 H,O. To the suspension was
added 4 M HCI (1 mL). After about 2 h as judged TyC, the organic layer was
separated and washed with brine (50 mLx3), driezt dd&SO,. The organic solvent
was removed under reduced pressure to provide rihbtecally pure productl-1
(120 mg, 29% in overall) as a white foam. mp: 125-1C. HPLC indicates a purity
of 95.8 area %'H NMR (400 MHz, DMSOgs) 6 8.36 (s, 1H), 6.82—-7.21 (m, 10H),
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4.34 (s, 1H), 4.17 (dddl = 29.3, 14.6, 5.2 Hz, 2H), 3.71 (s, 3H), 3.07—-2169 2H),
1.67-1.42 (M, 1H), 1.37-1.04 (m, 2H), 0.79)(& 5.6 Hz, 6H)1*C NMR (101 MHz,
DMSO-g) 6 158.65, 137.77, 131.28, 129.79, 128.95, 128.78,582 128.44, 126.79,
114.07, 55.49, 42.04, 41.99, 38.78, 25.78, 23.6022 HRMS (ESI) calcd for
Co4H33BN3O4: 438.25629 [(M-HO"‘CHﬁ'H)j, found 438.25483.

4.2.9. ((R)-1-((S)-2-(3-(4-Methoxybenzyl)ureido)pBenylpropanamido)-3-methyl-
butyl) boronic acidl(2)

Using the same procedure lag, white foam, 31% vyield; mp: 126-128 °C. HPLC
indicates a purity of 98.8 area %1 NMR (400 MHz, DMSOgs) 6 7.31—7.19 (m, 5H),
7.06 (d,J = 8.5 Hz, 2H), 6.83 (d] = 8.6 Hz, 2H), 6.42 (s, 1H), 6.30 (@~ 8.5 Hz,
1H), 4.63 (ddJ = 13.7, 7.9 Hz, 1H), 4.20-3.98 (m, 2H), 3.71 (d4),33.04-2.76 (m,
2H), 2.67 (dJ = 2.7 Hz, 1H), 1.59 (dd} = 13.1, 6.5 Hz, 1H), 1.40-1.20 (m, 2H), 0.84
(d,J = 4.0 Hz, 6H)*C NMR (101 MHz, DMSQys)  174.96, 158.53, 157.65, 137.61,
132.78, 129.86, 128.64, 128.50, 126.80, 114.0465%42.76, 38.97, 25.59, 23.40,
23.27, 21.49. HRMS (ESI) calcd forEl33BN30,4: 438.25629 [(M-HO+CHy+H) 1],
found 438.25508.

4.2.10. ((R)-1-((S)-2-(3-(3-(Benzyloxy)phenyl)ure)d3-phenylpropanamido)-3-
methyl-butyl)boronic acidl ¢3)

Using the same procedure la$, white foam, 26% vyield; mp: 112-115 °C. HPLC
indicates a purity of 97.5 area %1 NMR (400 MHz, DMSOgs) & 8.84 (d,J = 17.7
Hz, 1H), 8.67 (dJ = 9.8 Hz, 1H), 7.52-7.16 (m, 11H), 7.10 (@t 13.7, 6.8 Hz, 1H),
6.86 (d,J = 6.6 Hz, 1H), 6.57 (d) = 8.1 Hz, 1H), 6.45 (dd] = 19.5, 8.9 Hz, 1H),
5.04 (s, 2H), 4.77-4.57 (m, 1H), 3.12-2.87 (m, 2M}2 (s, 1H), 1.59 (df] = 13.1,
9.2 Hz, 1H), 1.45-1.20 (m, 2H), 0.84 @ = 5.4 Hz, 6H)."*C NMR (101 MHz,
DMSO-g) 6 174.37, 159.25, 154.75, 141.85, 137.64, 137.28,982 129.87, 128.84,
128.57, 128.18, 128.00, 126.91, 110.77, 108.01,910469.52, 52.18 (m), 38.97,
33.84, 25.54, 23.60, 22.94, 21.49. HRMS (ESI) cdtwdC,gH3sBN30,: 500.27202
[(M-H ,0+CH,+H) "], found 500.27025.

4.2.11. ((R)-3-Methyl-1-((S)-3-phenyl-2-(3-(pyrazzayl)ureido)propanamido)butyl)
-boronic acid K-4)

Using the same procedure la$, yellow-white foam, 17% yield; mp: 135-138 °C.
HPLC indicates a purity of 97.2 area %l NMR (400 MHz, DMSOg) & 9.54 (s,
1H), 8.86 (dJ = 14.4 Hz, 1H), 8.76 (dl = 6.0 Hz, 1H), 8.17 (dd} = 9.2, 5.6 Hz, 2H),
7.94 (dJ = 6.6 Hz, 1H), 7.22 (df] = 27.6, 4.1 Hz, 5H), 4.82-4.62 (m, 1H), 3.14-2.90
(m, 2H), 2.64 (br, 1H), 1.56 (di,= 13.1, 6.6 Hz, 1H), 1.39-1.12 (m, 2H), 0.78 (@d,
= 6.1, 2.6 Hz, 6H)**C NMR (101 MHz, DMSOg) & 173.89, 154.06, 150.00, 141.47,
137.59, 136.92, 135.47, 130.00, 128.59, 127.07475238.61, 25.48, 23.49, 23.01,
22.93. HRMS (ESI) calcd for gH7BNsOs: 396.22050 [(M-HO+CH,+H) '], found
396.21998.

18



4.2.12. ((R)-1-((S)-2-(3-(2,5-Dimethoxybenzyl)ure)e®phenylpropanamido)-3-
methyl-butyl)boronic acidl ¢5)

Using the same procedure lag, white foam, 28% yield; mp: 156-159 °C. HPLC
indicates a purity of 95.2 area %1 NMR (400 MHz, DMSOg) & 7.23-7.10 (m, 5H),
6.83 (d,J = 8.8 Hz, 1H), 6.76-6.68 (m, 2H), 4.30 (dt: 13.9, 6.2 Hz, OH), 4.08 (d,
= 5.0 Hz, 2H), 3.97 (m, 2H), 3.69 (s, 3H), 3.633H), 3.10-2.83 (m, 2H), 2.81-2.65
(m, 1H), 1.50-1.14 (m, 1H), 0.90-0.58 (dd, 6HC NMR (101 MHz, DMSQOg) 5
171.93, 158.22, 153.46, 151.14, 137.86, 129.56,2129128.53, 126.73, 114.62,
112.29, 111.83, 56.13, 55.73, 38.45, 25.18, 223645, 23.52, 22.26, 22.02. HRMS
(ESI) calcd for GsHzsBN3Os: 468.26687 [(M-HO+CH,+H) *], found 468.26590.

4.2.13. ((R)-1-((S)-2-(3-(2,3-dichlorobenzyl)ure)e®yphenylpropanamido)-3-methyl
-butyl)boronic acid(-6)

Using the same procedure la§, white foam, 32% yield; mp: 119-122 °C. HPLC
indicates a purity of 96.2 area %1 NMR (400 MHz, DMSQgs) 6 7.22 (m, 8H), 7.12
(d,J = 4.3 Hz, 1H), 6.49 (s, 1H), 6.33 (@~ 8.7 Hz, 1H), 4.58 (d] = 5.9 Hz, 1H),
4.12 (dt,J = 15.3, 10.3 Hz, 2H), 2.98 (d,= 12.4 Hz, 1H), 2.90-2.74 (m, 1H), 2.64 (s,
1H), 1.70-1.45 (m, 1H), 1.28 (m, 2H), 0.83Jd 5.5 Hz, 6H)*C NMR (101 MHz,
DMSO-) 6 175.00, 157.69, 140.98, 137.54, 129.89, 129.88,52 128.50, 128.40
(m, 18H), 127.29, 126.95, 126.79, 43.24, 38.995£2523.60, 23.01, 21.50. HRMS
(ESI) calcd for GgH20BCIoN303: 462.25222 [(M-HO+CHy+H) 7], found 462.25277.

4.2.14. (R)-(1-(2-(3-(3-(Benzyloxy)phenyl)ureidogamido)-3-methylbutyl)boronic
acid (-7)

Using the same procedure la§, white foam, 36% yield; mp: 109-113 °C. HPLC
indicates a purity of 95.6 area %51 NMR (400 MHz, DMSOg) & 8.82 (s, 1H), 8.77
(s, 1H), 7.37 (m, 5H), 7.26 (s, 1H), 7.13J& 8.1 Hz, 1H), 6.92 (d] = 7.8 Hz, 1H),
6.64-6.54 (m, 1H), 6.47 (8 = 5.2 Hz, 1H), 5.05 (s, 2H), 3.92 (@= 4.6 Hz, 2H),
2.64 (s, 1H), 1.62 (dt] = 13.2, 6.6 Hz, 1H), 1.44-1.20 (m, 2H), 0.83J¢; 4.9 Hz,
6H). °C NMR (101 MHz, DMSQg) & 173.08, 159.24, 155.44, 142.00, 137.65,
129.87, 128.84, 128.18, 128.00, 110.86, 108.02,91049.51, 43.5 (m), 40.85, 25.62,
23.39, 23.25, 21.49. HRMS (ESI) calcd for 2,sBN3O,: 410.22495
[(M-H,0+CHy+H) "], found 410.22377.

4.2.15. (R)-(1-(2-(3-(2,5-Dichlorophenyl)ureido)éamido)-3-methylbutyl)boronic
acid (-8)

Using the same procedure la$, white foam, 17% vyield; mp: 125-129 °C. HPLC
indicates a purity of 95.2 area 95 NMR (400 MHz, DMSQgg) & 8.79 (s, 1H), 8.47
(d,J =10.7 Hz, 1H), 8.30 (d] = 2.2 Hz, 1H), 7.57 (dd] = 10.3, 5.3 Hz, 1H), 7.41
(dd,J = 8.5, 4.3 Hz, 1H), 7.00 (dd,= 8.5, 2.2 Hz, 1H), 3.95 (d,= 4.8 Hz, 2H), 3.37
(m, 1H), 1.61 (m, 1H), 1.38-1.17 (m, 2H), 0.83 (dd; 13.9, 3.7 Hz, 6H)"*C NMR
(101 MHz, DMSOg) 6 172.63, 168.84, 155.05, 138.26, 132.30, 130.72,412
119.91, 43.04, 25.60, 23.34, 23.17, 22.91. HRMSI)(E&Icd for GsH21BCl2N30s:
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372.10502 [(M-HO+CH+H) '], found 372.10413.

4.2.16. ((R)-1-((S)-2-((S)-2-(3-(3-(Benzyloxy)phéyeido)-3-phenylpropanamido)-
3-phenylpropanamido)-3-methylbutyl)boronic adiebf

Using the same procedure la$, white foam, 18% vyield; mp: 130-133 °C. HPLC
indicates a purity of 96.4 area % NMR (400 MHz, DMSQgs) & 8.72 (d,J = 5.6
Hz, 1H), 8.65 (dJ = 16.6 Hz, 1H), 8.55 (s, 1H), 7.48-7.06 (m, 166187 (d,J = 8.3
Hz, 1H), 6.80 (dJ = 4.0 Hz, 1H), 6.64-6.50 (m, 1H), 6.24 Jd5 5.9 Hz, 1H), 5.04 (s,
2H), 4.68 (ddJ = 14.3, 6.5 Hz, 1H), 4.51 (dd,= 16.6, 6.0 Hz, 1H), 3.00 (dd,=
35.2, 22.1 Hz, 2H), 2.88-2.64 (m, 2H), 1.59 (s,,1H31 (ddJ = 23.7, 18.0 Hz, 2H),
0.79 (dd,J = 21.1, 5.3 Hz, 6H)"C NMR (101 MHz, DMSOg) 5 172.42, 171.75,
159.25, 154.96, 141.92 , 137.64, 129.88, 129.88, 742 128.84, 128.83, 128.51,
128.36, 128.18, 127.99, 126.69, 126.60, 110.69,9207.04.87, 69.54, 54.30, 37.81,
25.51, 23.67, 23.41, 22.98, 22.80, 21.49. HRMS )EKS3lcd for GgH44BNsOs:
647.34057 [(M-HO+CH,+H) "], found 647.33814.

4.2.17. ((R)-3-Methyl-1-((S)-2-(3-((S)-1-0x0-3-phaii-(pyrazin-2-ylamino)propan
-2-yl)ureido)-3-phenylpropanamido)butyl)boronic édi-10)

Using the same procedure lag, white foam, 14% yield; mp: 170-174 °C. HPLC
indicates a purity of 96.5 area % NMR (400 MHz, DMSOgs) & 10.89 (s, 1H),
9.31 (s, 1H), 8.40 (s, 1H), 8.37 (s, 1H), 7.471(3), 7.31-7.09 (m, 10H), 6.54 (@~
7.7 Hz, 1H), 6.40 (dJ = 7.6 Hz, 1H), 4.67 (d] = 4.3 Hz, 1H), 4.29 (d] = 5.5 Hz,
1H), 3.10-2.94 (m, 2H), 2.79 (dddl= 21.0, 13.6, 8.0 Hz, 2H), 1.50 (dbs= 12.7, 6.4
Hz, 1H), 1.41-1.10 (m, 2H), 0.78 (ddl= 27.1, 6.5 Hz, 6H)"*C NMR (101 MHz,
DMSO-gp) 6 172.61, 171.53, 157.53, 149.07, 143.11, 140.28,20/3 137.80, 136.69,
129.80, 129.76, 128.55, 128.37, 126.82, 126.474%%4.67, 38.77, 38.35, 25.18,
23.71, 23.66, 22.46. HRMS (ESI) calcd for ood3sBNgO,: 543.28907
[(M-H,0+CH,+H) "], found 543.28785.

4.2.18. ((R)-1-(3-((S)-1-((3-(Benzyloxy)phenyl)ar)Al-oxo-3-phenylpropan-2-yl)-
ureido)-3-methylbutyl)boronic acidl¢2)

Using the same procedurelasl, white foam, 27% yield; mp: 113-115 °C. HPLC
indicates a purity of 98.2 area % NMR (400 MHz, DMSOg) & 10.12 (s, 1H),
7.58-7.06 (m, 16H), 6.73 (d,= 7.0 Hz, 1H), 5.07 (s, 2H), 4.53 (s, 1H), 3.031(d),
2.90 (s, 1H), 1.64-1.42 (m, 1H), 1.20 (dds 14.5, 8.5 Hz, 2H), 0.85-0.68 (s, 6H).
3¢ NMR (101 MHz, DMSQg) 6 170.72, 159.07, 140.31, 137.47, 130.00, 129.77,
129.55, 128.89, 128.56, 128.28, 128.09, 126.91.421210.07, 106.68, 69.60, 56.19,
41.91, 25.77, 23.67, 23.20, 21.52. HRMS (ESI) cdtrdC,gH3sBN30,: 500.27202
[(M-H,0+CHy+H) 7], found 500.27051.

4.2.19. ((R)-3-Methyl-1-(3-((S)-1-ox0-3-phenyl-1yfazin-2-ylamino)propan-2-yl)-
ureido)butyl)boronic acidl (-3)

Using the same procedure lasl, white foam, 22% yield; mp: 145-148 °C. HPLC
indicates a purity of 97.2 area %4 NMR (400 MHz, DMSQg) & 10.96 (s, 1H),
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9.30 (s, 1H), 8.41 (s, 1H), 8.38 (@= 1.7 Hz, 1H), 7.42-7.17 (m, 5H), 7.17 (b=
6.4 Hz, 1H), 4.65 (s, 1H), 3.14-2.81 (m, 2H), 2A&411H), 1.45 (ddJ = 12.7, 6.3 Hz,
1H), 1.32-1.05 (m, 2H), 0.71 @,= 7.0 Hz, 6H)C NMR (101 MHz, DMSQg) &
161.07, 148.94, 143.12, 140.40, 137.51, 136.63,802928.56, 126.95, 56.03, 41.74,
25.69, 23.56, 23.14, 21.51. HRMS (ESI) calcd fosHz/BNsO3z: 396.22050
[(M-H,0+CH+H) "], found 396.21936.

4.2.20. ((R)-1-(3-((S)-1-((4-Methoxyphenyl)aminop%o-3-phenylpropan-2-yl)urei-
do)-3-methylbutyl)boronic acid (-4)

Using the same procedure lasl, white foam, 25% yield; mp: 146-148 °C. HPLC
indicates a purity of 96.2 area 95 NMR (400 MHz, DMSQgg) & 9.91 (s, 1H), 7.45
(d,J =8.9 Hz, 2H), 7.20 (m, 5H), 7.18 (@~ 6.0 Hz, 1H), 6.88 (d] = 9.0 Hz, 2H),
4.50 (d,J = 5.4 Hz, 1H), 3.71 (s, 3H), 3.13-2.79 (m, 2HR3L(td,J = 12.9, 6.3 Hz,
1H), 1.34-1.09 (m, 2H), 0.91-0.70 @ = 4.0 Hz, 6H).'*C NMR (101 MHz,
DMSO-) 6 172.46, 169.90, 155.90, 137.66, 132.15, 129.78,512 126.86, 121.50,
114.30, 55.61, 41.95, 38.85, 25.78, 23.69, 23.RMB8 (ESI) calcd for gH3:BN304:
424.24062 [(M-HO+CH,+H) ], found 424.23945.

4.2.21. ((R)-3-Methyl-1-(3-((R)-1-ox0-3-phenyl-1yf@azin-2-ylamino)propan-2-yl)
ureido)butyl)boronic acidl (-5)

Using the same procedure lasl, white foam, 24% yield; mp: 138-141 °C. HPLC
indicates a purity of 95.9 area %1 NMR (400 MHz, DMSQgg) & 11.12—-10.93 (m,
1H), 9.45-9.22 (m, 1H), 8.40 (s, 1H), 8.37 (s, 1AR8 (d,J = 18.4 Hz, 5H),
7.21-7.15 (m, 1H), 6.52 (s, 1H), 4.68 (s, 1H), 282, J = 50.3, 43.2 Hz, 2H), 2.44 (s,
1H), 1.45 (ddJ = 12.6, 6.3 Hz, 1H), 1.13 (ddd= 20.3, 12.1, 6.9 Hz, 3H), 0.77-0.61
(dd,J = 6.9, 4.2 Hz, 6H):3C NMR (101 MHz, DMSQy) 5 172.45, 160.69, 148.96,
143.11, 140.39, 137.52, 136.66, 129.83, 128.53,9265.88, 41.92, 25.66, 23.61,
23.57, 23.06, 21.49. HRMS (ESI) calcd for ,0,7BNsOs: 396.22050
[(M-H,0+CHy+H) 7], found 396.21952.

4.2.22. ((R)-3-Methyl-1-(3-((S)-4-methyl-1-(((S)Methyl-1-oxo-1-(pyrazin-2-yl-
amino)pentan-2-yl)amino)-1-oxopentan-2-yl)ureiddyooronic acid [I-6)

Using the same procedurelasl, white foam, 21% yield; mp: 157-162 °C. HPLC
indicates a purity of 95.1 area %4 NMR (400 MHz, DMSOg) & 10.95 (s, 1H),
9.29 (s, 1H), 8.40 (s, 1H), 8.36 = 2.3 Hz, 1H), 8.13 (d] = 7.2 Hz, 1H), 6.67 (s,
1H), 4.63 (s, 1H), 4.20 (dd,= 15.8, 12.3 Hz, 1H), 1.77-1.10 (m, 9H), 0.99-Qm3
18H).C NMR (101 MHz, DMSOg) & 173.57, 172.60, 149.09, 143.10, 140.31,
140.27, 136.80, 52.37, 52.02, 42.10, 41.07, 25328%6, 24.49, 23.71, 23.58, 23.30,
22.36, 21.89, 21.83. HRMS (ESI) calcd for 234 BNegOs: 475.32027
[(M-H,0+CHy+H) "], found 475.31908.

4.2.23. ((R)-3-Methyl-1-(3-((S)-1-(((S)-4-methyldxo-1-(pyrazin-2-ylamino)pentan-
2-yl) amino)-1-oxo-3-phenylpropan-2-yl)ureido)bybdronic acid I -7)
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Using the same procedure lasl, white foam, 38% yield; mp: 154-157 °C. HPLC
indicates a purity of 98.7 area %4 NMR (400 MHz, DMSOgs) 5 10.93 (s, 1H),
9.33 (s, 1H), 8.42 (d1 = 1.4 Hz, 1H), 8.39 (d] = 2.4 Hz, 1H), 8.24 (dd] = 18.5, 7.8
Hz, 1H), 7.31-6.97 (m, 5H), 4.66 (dd,= 13.8, 7.5 Hz, 1H), 4.50-4.26 (m, 1H),
3.14-2.69 (m, 2H), 1.75-1.47 (m, 4H), 1.39-1.11 Z#), 0.89 (dd,) = 11.9, 6.4 Hz,
6H), 0.80 (t,J = 5.6 Hz, 6H)*C NMR (101 MHz, DMSOg) & 172.45, 172.43,
149.08, 143.11, 140.35, 137.68, 136.86, 129.83,512928.34, 126.65, 52.03, 42.04,
41.12, 25.71, 24.66, 23.73, 23.52, 23.24, 22.024R1HRMS (ESI) calcd for
C26H3sBN6Q;,: 509.30467 [(M-HO+CH,+H) '], found 509.30313.

4.2.24. ((R)-3-Methyl-1-((S)-2-(3-phenethylureid®phenylpropanamido)butyl)

boronic acid (-11)

Using the same procedure lag, white foam, 18% vyield; mp: 134-137 °C. HPLC
indicates a purity of 96.6 area %1 NMR (400 MHz, DMSQgs) 6 8.63 (d,J = 17.7
Hz, 1H), 7.33-7.06 (m, 10H), 6.37-6.24 (m, 1H),55(§, 1H), 4.55 (dd]) = 16.1, 8.1
Hz, 1H), 3.26-3.09 (m, 2H), 2.87 (dddl= 21.9, 13.6, 7.1 Hz, 2H), 2.61 (m, 3H),
1.75-1.44 (m, 1H), 1.45-1.13 (m, 2H), 0.82J&; 5.9 Hz, 6H)**C NMR (101 MHz,
DMSO-) 0 174.98, 157.58, 140.06, 137.66, 129.83, 129.08,78? 128.49, 126.79,
126.42, 52.62, 41.39, 38.95, 36.47, 25.53, 23.82& HRMS (ESI) calcd for
C24H33BN303: 422.26137 [(M-HO+CH,+H) ], found 422.26053.

4.2.25. ((R)-3-Methyl-1-((S)-3-phenyl-2-(3-((R)-hnylethyl)ureido)propanamido)-
butyl)boronic acidl(-12)

Using the same procedure la%, white foam, 23% vyield; mp: 151-154 °C. HPLC
indicates a purity of 95.2 area %4 NMR (400 MHz, DMSQg) & 8.61 (s, 1H),
7.38-7.07 (m, 10H), 6.53 (d,= 7.9 Hz, 1H), 6.12 (d] = 8.5 Hz, 1H), 4.69 (p] =
6.8 Hz, 1H), 4.52 (dd] = 14.4, 7.5 Hz, 1H), 2.89 (ddd,= 21.2, 13.6, 6.8 Hz, 2H),
2.63 (s, 1H), 1.53 (dt] = 13.1, 6.5 Hz, 1H), 1.34-1.15 (m, 2H), 1.27J¢; 4.8 Hz,
3H), 0.79 (t,J = 6.2 Hz, 6H)*C NMR (101 MHz, DMSOg) & 174.69, 156.86,
145.73, 137.49, 129.91, 128.60, 128.48, 126.87,782d.26.22, 52.49, 49.07, 39.09,
25.46, 23.74, 23.66, 22.86. HRMS (ESI) calcd fossHgsBN3Os: 422.26137
[(M-H,0+CH,+H) "], found 422.26043.

4.2.26. ((R)-3-Methyl-1-((S)-3-phenyl-2-(3-((S)-hgnylethyl)ureido)propanamido)
butyl)boronic acidl(-13)

Using the same procedure lag, white foam, 32% yield; mp: 164-167 °C. HPLC
indicates a purity of 95.2 area %4 NMR (400 MHz, DMSQg) & 8.58 (s, 1H),
7.31-7.17 (m, 10H), 6.51 (d,= 7.8 Hz, 1H), 6.15 (d] = 8.7 Hz, 1H), 4.72-4.62 (m,
1H), 4.53 (ddJ = 14.3, 8.0 Hz, 1H), 3.01-2.74 (m, 2H), 2.62J¢, 3.4 Hz, 1H), 1.54
(dt,J = 13.2, 6.6 Hz, 1H), 1.30-1.17 (m, 2H), 1.25Jd; 5.3 Hz, 3H), 0.79 (d] =
6.6 Hz, 6H)."*C NMR (101 MHz, DMSOg) & 174.77, 156.92, 145.62, 137.51,
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129.86, 128.64, 128.49, 126.90, 126.82, 126.25,4246.10, 39.07, 25.54, 23.76,
23.37, 23.24. HRMS (ESI) calcd forngElssBNsOs: 422.26137 [(M-HO+CHy+H) ],
found 422.26051.

4.2.27. ((R)-3-Methyl-1-((S)-3-phenyl-2-(1,2,3,4r#hydroisoquinoline-2-carbox-
amido)propanamido)butyl)boronic acid14)

Using the same procedure la%, white foam, 28% vyield; mp: 158-160 °C. HPLC
indicates a purity of 97.0 area %4 NMR (400 MHz, DMSQg) & 8.64 (s, 1H),
7.39-6.93 (m, 9H), 6.76 (d] = 8.2 Hz, 1H), 4.57 (ddJ = 14.2, 8.7 Hz, 1H),
4.52-4.36 (m, 2H), 3.50 (8 = 5.7 Hz, 2H), 3.01 (ddd] = 22.8, 13.4, 7.4 Hz, 2H),
2.66 (d,J = 5.5 Hz, 2H), 1.58 (td] = 13.2, 6.6 Hz, 1H), 1.38-1.16 (m, 2H), 0.81 (dd,
J = 6.5, 2.7 Hz, 6H)**C NMR (101 MHz, DMSQg) & 175.25, 172.44, 157.02,
138.32, 135.20, 134.39, 129.80, 128.90, 128.42,602426.53, 126.38, 53.97, 45.73,
41.50, 37.81, 28.61, 25.58, 23.47, 23.15, 21.50MBRESI) calcd for GH33BN3Os:
434.26139 [(M-HO+CH+H) ], found 434.26060.

4.2.28. ((R)-1-((S)-2-(3-Benzyl-3-methylureido)-Agnylpropanamido)-3-methyl-
butyl)-boronic acid(-15)

Using the same procedure la, white foam, 31% yield; mp: 111-114 °C. HPLC
indicates a purity of 95.3 area %4 NMR (400 MHz, DMSQg) & 8.71 (s, 1H),
7.31-7.18 (m, 8H), 6.99 (d,= 6.9 Hz, 2H), 6.60 (d] = 8.4 Hz, 1H), 4.66 (td] = 9.1,
5.2 Hz, 1H), 4.36 (dd] = 75.5, 15.8 Hz, 2H), 3.04 (ddd= 23.6, 13.6, 7.5 Hz, 2H),
2.70 (s, 3H), 1.65 (td] = 13.3, 6.7 Hz, 1H), 1.46-1.20 (m, 2H), 0.87J¢; 6.5 Hz,
6H). *C NMR (101 MHz, DMSOg) & 175.43, 157.65, 138.85, 138.34, 129.80,
128.73, 128.49, 127.51, 127.17, 126.68, 53.92,3%135.80, 34.13, 25.66, 23.54,
23.29. HRMS (ESI) calcd for gH33BN305: 422.26137 [(M-HO+CHy+H) *], found
422.26058.

4.2.29. ((R)-1-((S)-2-(3-(2,3-Dimethylbenzyl)ure)e®-phenylpropanamido)-3-
methylbutyl)boronic acidl ¢16)

Using the same procedure lag, white foam, 19% yield; mp: 137-139 °C. HPLC
indicates a purity of 98.3 area %4 NMR (400 MHz, DMSQg) & 7.24 (s, 5H),
7.07-6.89 (m, 3H), 6.33 (s, 1H), 6.27 (d= 8.2 Hz, 1H), 4.71-4.52 (m, 1H), 4.13
(ddd,J = 26.3, 18.5, 6.4 Hz, 2H), 3.07-2.77 (m, 2H), 2$§71H), 2.21 (s, 3H), 2.07
(s, 3H), 1.60 (td) = 13.2, 6.6 Hz, 1H), 1.30 (ddd=21.8, 12.4, 6.2 Hz, 2H), 0.84 (d,
J = 5.9 Hz, 6H).13C NMR (101 MHz, DMSQOg) 6 174.86, 157.46, 138.14, 137.51,
136.58, 134.39, 129.89, 129.84, 128.78, 128.49,792825.84, 125.56, 52.64, 42.11,
38.99, 25.57, 23.61, 23.47, 23.01, 20.46, 14.6 MBRESI) calcd for @H3sBN3Os:
436.27704 [(M-HO+CH,+H) '], found 436.27918.

4.2.30. ((R)-3-Methyl-1-((S)-3-phenyl-2-(3-(pyrazZaylmethyl)ureido)propanamido)
butyl)boronic acidl(-17)
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Using the same procedure lag, white foam, 18% yield; mp: 154-157 °C. HPLC
indicates a purity of 97.0 area % NMR (400 MHz, DMSOgs) & 8.53 (d,J = 1.2
Hz, 1H), 8.49 (dJ = 2.5 Hz, 1H), 8.43 (s, 1H), 7.35—-7.08 (m, 5HY,16(d,J = 5.7 Hz,
1H), 6.58 (dd,J = 13.4, 5.1 Hz, 1H), 4.70-4.50 (m, 1H), 4.31 (@& 16.6, 5.7 Hz,
2H), 2.90 (dddJ = 22.2, 13.4, 6.6 Hz, 2H), 2.66 (@~= 2.9 Hz, 1H), 1.57 (dd] =
13.3, 6.6 Hz, 1H), 1.41-1.16 (m, 2H), 0.82Jd 6.4 Hz, 6H)**C NMR (101 MHz,
DMSO-g) 6 172.46, 157.67, 155.48, 144.08, 143.50, 143.34,583 129.81, 128.47,
126.82, 52.74, 43.44, 38.86, 25.58, 23.38, 23.2442 HRMS (ESI) calcd for
C21H20BN5O03: 410.23617 [(M-HO+CHy+H) ], found 410.23521.

4.2.31. ((R)-1-((S)-2-(3-(2,5-Dichlorobenzyl)ure)ed-phenylpropanamido)-3-methy-
Ibutyl)boronic acid K-18)

Using the same procedure k4, white foam, 18% yield; mp: 118-120 °C. HPLC
indicates a purity of 96.2 area %1 NMR (400 MHz, DMSOg) 6 7.41 (m, 1H), 7.23
(m, 7H), 6.65 (dy) = 3.2 Hz, 1H), 6.53 (dd] = 10.2, 5.7 Hz, 1H), 4.59 (dd,= 13.7,
6.7 Hz, 1H), 4.26 (d) = 5.9 Hz, 1H), 4.16 (d] = 15.6 Hz, 3H), 3.01 (dl = 11.9 Hz,
1H), 2.88 (dJ = 9.3 Hz, 1H), 2.69 (s, 1H), 1.59 (dt= 17.1, 6.5 Hz, 1H), 1.40-1.22
(m, 2H), 0.84 (d,) = 6.2 Hz, 6H):*C NMR (101 MHz, DMSQg) & 174.25, 157.85,
140.58, 137.94, 132.34, 131.09, 130.80, 129.69,612828.50, 126.88, 54.41, 41.02,
37.88, 25.56, 23.52, 23.45, 23.10, 23.00. HRMS )ES&lcd for G3zH29BCI;N3Os:
476.16776 [(M-HO+CH,+H) ], found 476.16698.

4.2.32. ((R)-1-((S)-2-(3-([1,1'-Biphenyl]-4-yImethyreido)-3-phenylpropanamido)-
3-methylbutyl)boronic acidl {19)

Using the same procedure lag, white foam, 19% vyield; mp: 164-167 °C. HPLC
indicates a purity of 98.0 area %4 NMR (400 MHz, DMSQgs) & 7.63 (d,J = 8.3
Hz, 2H), 7.56 (dJ = 7.1 Hz, 2H), 7.45 (tJ = 7.5 Hz, 2H), 7.35 (1) = 7.3 Hz, 1H),
7.31-7.19 (m, 7H), 6.59 (s, 1H), 6.48-6.32 (m, 146 (ddJ = 14.4, 7.0 Hz, 1H),
4.23 (dddJ = 20.6, 15.6, 5.8 Hz, 2H), 3.14-2.82 (m, 2H), 273 = 16.0 Hz, 1H),
1.71-1.55 (m, 1H), 1.34 (ddd,= 24.5, 12.7, 6.3 Hz, 2H), 0.86 (@~ 6.0 Hz, 6H).
¥C NMR (101 MHz, DMSQg) & 172.45, 157.72, 140.54, 140.23, 139.01, 137.54,
129.94, 129.89, 129.34, 128.53, 127.94, 127.70,0027126.96, 52.52, 43.04, 39.02,
25.61, 23.62, 23.05, 21.50. HRMS (ESI) calcd fosgHgsBN3Os: 484.27710
[(M-H,0+CH,+H) "], found 484.27583.

4.2.33. ((R)-1-((S)-2-(3-(Furan-2-ylmethyl)ureid®phenylpropanamido)-3-methyl-
butyl) boronic acidl(20)
Using the same procedure k&4, white foam, 30% vyield; mp: 120-124 °C. HPLC
indicates a purity of 97.9 area 95 NMR (400 MHz, DMSQgg) & 8.67 (s, 1H), 7.53
(d, J=0.9 Hz, 1H), 7.32-7.18 (m, 5H), 6.52-6.25 (M), 36110 (d,J = 2.7 Hz, 1H),
4.58 (dd,J = 14.0, 7.9 Hz, 1H), 4.13 (qd,= 15.7, 5.7 Hz, 2H), 3.04-2.75 (m, 2H),
2.64 (d,J = 3.3 Hz, 1H), 1.57 (df] = 13.2, 6.6 Hz, 1H), 1.37-1.28 (m, 1H), 1.26-1.17
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(m, 1H), 0.82 (ddJ = 6.4, 3.2 Hz, 7H)"*C NMR (101 MHz, DMSQu) & 174.82,
157.35, 153.71, 142.28, 137.51, 129.84, 128.50,8P2d10.81, 106.64, 52.64, 38.94,
36.85, 25.56, 23.38, 23.24. HRMS (ESI) calcd fosHzeBN3O4: 398.22494
[(M-H,0+CH,+H) 7], found 398.22437.

4.2.34. ((R)-3-Methyl-1-((S)-2-(3-(naphthalen-1-@thyl)ureido)-3-phenylpropan-
amido)butyl)boronic acidl {21)

Using the same procedure k4, white foam, 32% yield; mp: 171-174 °C. HPLC
indicates a purity of 95.8 area %1 NMR (400 MHz, DMSOgs) 5 8.12—7.98 (m, 1H),
7.93 (ddJ = 6.5, 2.8 Hz, 1H), 7.81 (d,= 8.2 Hz, 1H), 7.63-7.50 (m, 2H), 7.50-7.37
(m, 1H), 7.36-7.28 (m, 1H), 7.29-7.18 (m, 5H), 6(89J = 3.0 Hz, 1H), 6.50-6.30
(m, 1H), 4.70 (ddJ = 15.4, 6.0 Hz, 2H), 4.57 (dd,= 15.1, 5.3 Hz, 1H), 2.93 (ddd,

= 27.6, 13.7, 7.1 Hz, 2H), 2.71 (s, 1H), 1.61 @, 13.3, 6.6 Hz, 1H), 1.50-1.23 (m,
2H), 0.86 (d,J = 6.3 Hz, 6H)*C NMR (101 MHz, DMSQOg) & 174.94, 157.59,
137.63, 136.04, 133.73, 131.26, 129.87, 128.91,5128127.74, 126.81, 126.57,
126.15, 125.87, 125.21, 123.82, 52.70, 41.34, 329%1, 23.49, 23.23. HRMS (ESI)
calcd for G7H33BN30s: 458.26142 [(M-HO+CH,+H) 1], found 458.26050.

4.2.35. ((R)-1-((S)-2-(3-(3,4-Difluorobenzyl)ureido)-3-pimgpropanamido)-3-methylbutyl)
boronic acid (-22)

Using the same procedure lag, white foam, 35% yield; mp: 163-166 °C. HPLC
indicates a purity of 95.4 area %1 NMR (400 MHz, DMSOgg) 5 7.67—7.43 (m, 1H),
7.30-7.17 (m, 6H), 7.13 (ddd,= 6.9, 6.2, 2.5 Hz, 1H), 6.93 (d,= 7.9 Hz, 1H),
6.67—6.56 (M, 1H), 6.50-6.36 (M, 1H), 4.57 (@ld;, 14.0, 8.1 Hz, 1H), 4.23-4.01 (m,
2H), 3.07-2.75 (m, 2H), 2.65 (d,= 6.7 Hz, 1H), 1.67-1.48 (m, 1H), 1.35-1.23 (m,
2H), 0.82 (d,J = 5.9 Hz, 6H)*C NMR (101 MHz, DMSQy) & 174.84, 157.61,
150.30 (dd,J = 12.7 Hz, 107.18 Hz), 147.93 (@,= 12.7 Hz, 105.52 Hz), 139.08,
137.55, 129.85, 128.47, 126.80, 123.73, 117.43 &16.9 Hz), 116.07 (d] = 17.0
Hz), 52.53, 42.24, 38.84, 32.76, 25.53, 23.57, 2322.96. HRMS (ESI) calcd for
CaaH20BF2N30s: 444.22549 [(M-HO+CH,+H) ], found 444.22596.

4.2.36. ((R)-3-Methyl-1-((S)-2-(3-(3-nitrobenzylrido)-3-phenylpropanamido)butyl)
boronic acid (-23)

Using the same procedure la$, white foam, 28% vyield; mp: 146-149 °C. HPLC
indicates a purity of 97.8 area %1 NMR (400 MHz, DMSQgg) 6 8.12-7.96 (m, 2H),
7.55 (dt,J = 5.2, 2.8 Hz, 2H), 7.36-7.10 (m, 5H), 6.72 (s),16447 (ddJ = 16.3, 8.6
Hz, 1H), 4.60 (ddJ = 14.2, 7.9 Hz, 1H), 4.43-4.11 (m, 2H), 3.14-2/M9 2H), 2.67
(d,J = 6.3 Hz, 1H), 1.58 (dd] = 13.6, 6.8 Hz, 1H), 1.43-1.21 (m, 2H), 0.83Jd;
4.8 Hz, 6H).**C NMR (101 MHz, DMSQg) & 174.77, 157.66, 148.20, 143.77,
137.49, 134.01, 130.04, 129.87, 128.46, 126.76,9121121.82, 52.55, 42.65, 38.86,
25.55, 2355, 2297. HRMS (ESI) calcd for »3d30BNsOs: 453.23078
[(M-H,0+CHy+H) 7], found 453.22971.
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4.2.37. (S)-Methyl-2-(1-0x0-1,2,3,4-tetrahydroisogpline-2-carboxamido)-3-
phenylpropanoatd {24a)

Obtained by the oxidation df-14a unexpectedly in the air, yield > 99%; mp:
144-147 °C*H NMR (400 MHz, CDCY) § 9.98 (d,J = 7.0 Hz, 1H), 8.11 (d] = 7.8
Hz, 1H), 7.51 (tdJ = 7.5, 1.3 Hz, 1H), 7.32 (m, 7H), 4.83 (U= 7.4, 5.7 Hz, 1H),
4.22-4.07 (m, 2H), 3.75 (s, 3H), 3.19 (ddds 21.5, 13.8, 6.6 Hz, 2H), 2.98 &=
6.4 Hz, 2H).2*C NMR (101 MHz, CDGJ) § 172.00, 167.31, 154.65, 139.84, 136.28,
133.28, 129.32, 129.25, 129.05, 128.59, 127.32,00/271.27.06, 55.37, 52.28, 41.70,
38.22, 27.87.

4.2.38. ((R)-3-Methyl-1-((S)-2-(1-ox0-1,2,3,4-tdty@roisoquinoline-2-carboxamido)
-3-phenylpropanamido)butyl)boronic acid34)

Using the same procedure la$, white foam, 21% vyield; mp: 182-184 °C. HPLC
indicates a purity of 96.8 area 95 NMR (400 MHz, DMSOg) & 8.95 (s, 1H), 8.04
(s, 1H), 7.46 (dJ) = 7.5 Hz, 1H), 7.39-7.09 (m, 7H), 6.83Jt 6.5 Hz, 1H), 4.21 (d,
J = 5.5 Hz, 1H), 3.52-3.38 (m, 2H), 2.95-2.72 (m,)4H77 (ddJ = 12.9, 6.8 Hz,
1H), 1.47 (ddd, = 20.9, 13.0, 6.3 Hz, 2H), 0.89 &= 5.7 Hz, 6H)*C NMR (101
MHz, DMSO-s) 6 173.57, 171.24, 156.69, 138.09, 136.00, 132.04,1P3 130.96,
130.11, 128.55, 127.13, 126.79, 57.41, 50.95, 38835, 25.84, 23.56, 23.24, 21.58.
HRMS (ESI) calcd for @HziBN3O,: 448.24065 [(M-HO+CHy+H) *], found
448.23982.

4.3. Preliminary biological assay

The enzymatic activities of the proteasome wereayess using The
Proteasome-Glo™ Cell-Based Assays kit (Promega, )USAe Proteasome-Glo™
Cell-Based Reagents each contain a specific lunsimicgproteasome substrate in a
buffer optimized for cell permeabilization, protea®e activity and luciferase activity.

These peptide substrates are Suc-LLVYaminoluciferin
(Succinyl-leucine-leucine-valine-tyrosine-aminofecin), Z-LRRaminoluciferin
(Z-leucine-arginine-arginine-aminoluciferin) and nZPnLDaminoluciferin

(Z-norleucine-proline-norleucine-aspartate-aminib&rm) for the chymotrypsin-like,
trypsin-like and caspase-like activities, respedyiv The trypsin-like assay also
contains two inhibitors to reduce nonspecific pasee activities. Briefly, acute human
myeloid leukemic cell line (HL60, 5000 cells/welyere plated 2QuL/well in a
384-well plate. Cells were then equilibrated at°® and 5% C@ for 2 h. Serial
dilutions of compounds were prepared in culture iomagd and 5uL of each dilution
was added to wells. The cells were incubated vighdrug at 37 °C and 5% Gr 2

h before 25uL/well of each Proteasome-Glo™ Cell-Based Reageag added. The
relative luminescence units (RLU) were measuredgushe Multimode Microplate
Reader Varioskan Flash (Thermo Scientific, USAg@ft5 min and compared with
the RLU of solvent control, and an inhibition ratas calculated.

4.3.1. Biological test of second-round compounds
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For the enzymatic activities of the proteasome,sén@e method was used as in the
preliminary biological assays, except thatsdGvas calculated from the curves
generated by plotting the percentage of the solvemitrol versus the test
concentration on a logarithmic scale using the &iglot 10.0 software. For the cell
growth inhibitory tests, MGC-803, HepG-2 and a dt&d MTT assay was used to
measure cell growth. In brief, a suspension of 3685 in 150uL of medium was
added to each well of 96-well plate and allowedrmw. After 24 h, drugs prepared in
medium at 10 different concentrations were addethéocorresponding plate at a
volume of 50uL per well, and the plate was incubated for 72 thwirugs. Then to
each well was added a 20 solution of 5 mg/mL MTT and incubation was cornku
for another 4 h at 37 °C. Plate was then centrifuatel 000 rpm at 4 °C for 5 min, and
the medium was carefully discarded. The formazgstals were dissolved in 1QQ
of DMSO and the absorbance was read using an tafiMi200 (Tecan, Austria)
microplate reader at 540 nm.

4.3.2. Anti-tumor spectrum test

We selected three promising compounts,(1-14 and [-22) to investigate their
inhibitory capacity against 11 human tumor celenThe biological assays used the
same procedures as mentioned above, and all regrésbased on three experiments.

4.3.3. In vivo anticancer activity of |-14

Six-week-old male BALB/c athymic nude mice with lyodeight of 18-20 g
(purchased from Shanghai Silaike Animal Co.) wesedu Bel7404 tumor blocks
were cut into uniform size pieces (about 2 mm) undtrile conditions and
subcutaneously implanted into each animal. Afterxbnograft tumors had grown to
a size 0f~100 mnd (12 days later), mice (n = 6 per group) were gikdd (1 mg/kg),
Bortezomib (0.5 mg/kg) and control saline (25 ml/kgery other day for 24 days by
intravenous administration via the lateral tailnveTumor volumes (calculated using
the following formula, (widtH) x length/2) and body weights were measured 2-3
times a week during the experiment. At the endhefaxperiment (at day 25), all mice
were sacrificed and tumors were isolated and weighe

4.3.4. Phar macokinetics study of 1-14

A clear agueous solution of 3 mg/mi14 in 5% DMA + 25% PEG400 + 70% (2%
citric acid + 10% HPBCD) was prepared. Three aduwdle Sprague—Dawley rats
(Beijing Vital River Laboratory Animal TechnologyoCG Ltd.) were used in each
treatment group. The solution bfl4 was administered intravenously at 1 mL/kg via
the lateral tail vein as mentioned before. For 8loollection, each rat was placed in a
clear Plexiglas restraining tube, and blood samplese drawn from the lateral tail
vein into heparinized collection tubes at predeteeth sampling times (2 min, 5 min,
15 min, 30 min, 1 h, 2 h, 4 h, 8 h, 24 h post do&¢24 h post dose, the rats were
sacrificed by decapitation and trunk blood was ioleidh The blood samples were
temporarily put on ice until centrifuged to separsite plasma, which were then
stored at-20°C for the initial 24 h and at —80 °C afterwarddl experiments and
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handling of the compound and samples were carri¢dioder protection from light.
LC/MS/MS analysis of-14 was performed under optimized conditions to obthe
best sensitivity and selectivity of the analytesiglected reaction monitoring mode
(SRM). Selected product ions bfl4 were monitored for quantification usingl4
(50 ng/mL) in 1:1 v/iv methanol/acetonitrile as amternal standard. Plasma
concentration—time data were analyzed by a non-eommental approach using the
software WinNonlin Enterprise ver. 4.1 (Pharsigbt,@/ountain View, CA).

4.4. Molecular docking

Protein Preparation: Protein structure was dowrddgdbm the RCSB Protein Data
Bank (PDB ID: 2F16). All hetero atoms, hydrogennaso alternative conformers of
residues and the crystal cell were removed. Ligameparation: the 3D coordinates of
[-14 andPS-341 were prepared using Maestro 9.4. Then the intbardinates were
further optimized via the LigPrep module with OPR805 forcefield applied to give
the energy-minimized conformation. The boron—oxygend length was modified to
1.350 A to stay in accordance with the crystallibémhctive conformation dPS-341.
Covalent Docking: The covalent docking was perfainae Gold 5.2.2. The center of
the cavity was set on protein atom No. 6. With ativa site radius of 10.0 A, the
default genetic algorithm (GA) setting was appliedully explore the conformational
space. GA Calculations were performed for 200 tim@sldScore was chosen to
assess the binding affinity. The best binding confitions were used for further
analysis. In post-docking analysis, 2D and surfaloés were prepared by Maestro
9.4.

4.5. Molecular dynamicsand MM-GBSA

System building: The docked conformation of th&4-proteasome complex was
used in the molecular dynamics study. The comples solved in TIP3P water model
with a concentration of NaCl of 0.15 mol/L. The bsixe calculation method was set
to buffer with a distance parameter of 10x10x10TAe solutes were reoriented to
minimize the box size. Six Nawvere added automatically to obtain an electrically
neutral system. OPLS 2005 forcefield was used il lihe system. Minimization:
The model system is minimized by using a hybridhodtof the steepest decent and
the limited-memory Broyden-Fletcher-Goldfrab-Shanfh@FGS) algorithms with
maximum iterations at 2000 and convergence threishioll.0 kcal/mol/A. Molecular
Dynamics: The total simulation time was set to 3@0with a trajectory interval of
4.8 ps. The default NPT ensemble relaxation prdtecas performed before the
simulation. The final unrestrained simulation wasried out at a constant pressure
(1.01325 bar) and temperature (300.0 K). Post-msing: The representative
conformation for 10-30 ns was analyzed and acquimedn interval of 10 steps.
MM-GBSA: I-14 and the receptor was splited and saved into difiiefiles before the
calculation to cater to the needs of the MM-GBSAduie in Prime (Schrodinger
LLC.). Thus the total binding free energ&Gping) Of the molecule with the covalent
binding energy can't be given. For different franfiesn the simulation, we used the
VSGB solvation model with OPLS_2005 forcefield amthimized polar hydrogens
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only to calculate the non-bonding fragmem&yng.
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Highlights

» Two series of novel urea-containing peptide baromcids were designed and
synthesized as proteasome inhibitors.

* The structure-activity relationship was investeghand one of the two series showed
impressive anti-proteasome and anti-tumor actwitie

e More human tumor cell lines were tested and campgd-14 was selected to
evaluate its anticancer activity in vivo.

» Compoundl-14 showed obvious in vivo anticancer activity with chulower
toxicity comparing to Bortezomib.



