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Establishment and evaluation of various in vitro screening systems for peptide inhibitors
targeting SAE1 and SAE2 interaction

HU Chenyang, LU Shaoyong, YANG Xiuyan
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200025, China

[Abstract] Objective:To establish various in vitro screening systems for the discovery of peptide inhibitors targeting the
interaction between small ubiquitin-like modifier (SUMO)-activating enzyme subunit 1 (SAE1) and subunit 2 (SAE2), as well as to
evaluate their advantages, disadvantages, and applicability to this research. Methods:The DNA fragments encoding human SAEI
and SAE2 were cloned into vector pET-28a, respectively, to generate protein SAEl and SAE2. Purified proteins were used to
establish screening assays, including isothermal calorimetry (ITC), fluorescence polarization (FP), surface plasmon resonance (SPR)
and a fluorescence assay based on the SAE enzyme activity. The inhibitory activity of peptide candidates in different screening
systems was examined, and their performance in terms of sensitivity, robustness, throughput and cost was evaluated. Results-The
dissociation constant (K,) of in vitro SAE1 and SAE2 interaction was determined to be 0.96 umol/L by ITC, and PEPT7 was
identified as the most potent peptide. However, the tracer of FP, which was derived from PEPT7, was not up to snuff due to its low
affinity with SAE2. In the SPR assay, the K value (=1.13 pmol/L) of SAE1 and SAE2 interaction was in line with the results from
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ITC. The SAE enzyme activity-based screening assay revealed that HP1B, the most effective peptide, inhibited SAE with an half-
maximal inhibitory concentration (IC,;) of 15.72 umol/L. The affinity of HP1B for SAE1 was determined to be 34.4 umol/L by
SPR. Conclusion-Several common screening systems for protein-protein interation (PPI) inhibitors are established and compared.
Among them, ITC does not allow for high-throughput screening and it is difficult to accurately evaluate the low-affinity
polypeptides with insignificant binding heat. The feasibility of FP relies heavily on the strong affinity between a tracer peptide and
the protein target, making it unsuitable for the screening and optimization of low-affinity peptides. SPR is highly sensitive but the
cost is high. The SAE enzyme activity-based assay stands out because it is a combination of high sensitivity, robustness, throughput
and acceptable cost.

[Key words] SUMO-activating enzyme subunit 1 (SAE1); SUMO-activating enzyme subunit 2 (SAE2); peptide inhibitor; drug
screening; isothermal calorimetry (ITC); fluorescence polarization (FP); surface plasmon resonance (SPR); enzyme activity-based

fluorescence assay
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JAE BT | SR R S S RERE 1 A R R v R A
BEMEH . 5% EJE A SUMO T K -9 48 A b g8 %
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SUMO itk (SUMO activation enzyme, SAE)
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i 2~ SAED Il SAE2 4 1.; SAEI/SAE2 & &1k
E 138 3 4 #E ATP 1) 2 257K i 52 N 0% SUMO & [ 1) C
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Mg, A 88% M B AR R FM

BEXT 1T SAE 41 i ) 47 7 1 [] B Bl W5 AE 1 42 4
DS, I e —Fhad o HE ) 410 ] SAE1 5 SAE2 #H B4
JHE W IR SAE WY IEH DU RE , #F M il SUMO fk i %
Y IR RR 2 T AT B SR . AR TS N, IR
1) 30 [v) 8, 10 RS A 2 TR LA B ) AR AR S P L RO
Iy ARG AER N R R S W L A,
1 T SAE1 5 SAE2 (A EAF I Bt i AHAL T SAE 197%
PEOL S BAT AR PR SFE X — S i i 2 ik
I FIAE R —Fh SAE fyAE RS HIR], 5E 5 SC Mk
BEVEAIE, DT R AR RSO AR 25 P A e A
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1.1 Al g Fi i

K W # % i DH5a. BL21 (DE3) #il Rosetta
(DE3) EZZs4nM (mExEY), hE), AR
hTERT-HPNE 4fi i th A< S 460 25 {R- A7 .

1.2 LA S LAY

QuickCut R | £ N U) #§ (Takara, HA), 2x
Phanta Max Master Mix h )
ClonExpress® II One Step 5k #] & (Vazyme, H
=), DNA#FRUES: (DNA Ladder; Vazyme, T ),

(Vazyme,
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DNA 4lifbif & (TIANGEN, Hf[E), e ok
M & (TIANGEN, lE), RIE%R (Sigma,
FE), FNE-B-D-wACEFMEH  (isopropyl B-D-
thiogalactopyranoside, IPTG; Sigma, £[H),
JBEEE  (dithiothreitol, DTT; Sigma, £HE), =&
OO & B B % (trihydroxymethyl aminomethane,
Tris; ik, HE), PKME (Sigma, FEHE), BN/
[ iy
PAGE) PRl #a8 & CHERg, hE), One-step-
blue % L= 15 YW (Biotium, 3EME), = (afWidetsE
Hbricy CHERG, TE), ZHIEEM (dimethyl
sulfoxide, DMSO; Sigma, [H), Kinase-Glo i 7]
& (Promega, FE[E), MiR-20 (Tween-20; Sigma,
%[), COHO000 (MCE, E), £k (KEED).

C1000 Touch PCR ¥ (Bio-Rad, €[ ), AH-
MINT 1 & 40 i #E X (ATS, H[E), AKTA pure
HE 14461 (GE Healthcare, £[#), Synergy Neo fif
FRi% (BioTek, €[ ), NanoDrop 2000 436 1T
(Thermo Fisher Scientific, 3%[F ), 88880020 f# fL #k
# % 1% (Thermo Fisher Scientific, 2£ [E ), H
MicroCal ThermoVac %5 it . %¢ (GE Healthcare Life

(polyacrylamide gel electrophoyresis,

%1 PCR3|¥FF
Tab 1 Primer sequences for PCR

Primer Forward sequence (5'—3")

SAE1 5 SAE2 8 FUMLIL AR FIR I SRR SM e R ot 5ivtn | 569

Science, E[E ), Microcal ITC200 &5 ik 7§ & & H L
(GE Healthcare Life Science, 3£[E ), SPR Biacore 8K
MHBEE CMS sl (Cytiva, £ ).

1.3 Jiik

1.3.1 BT # . A A JE B hTERT-HPNE 48 Jif2
cDNA H1 38 & PCR ARG 1 2K SUET (5% )7
FI NM 005500.3) . 4= K S4E2 (& % J¥ 5] NM
005499.2) 1 SUMOI 3L F Bt (55 1~97 fi 24 &
fR), @519 Fs L& 1. 2K pET-28a 7 5l £8Pt
PR A 2 UIE BamH T A1 Not 1 (FH FH4 % SAEL
FikFkL) . BamH [ fiNhe [ (F TH % SAE2 %
KFORL) . Xho I MINhe I (JFH# SUMOI1 ik
JokL) HEAT U Y] . Y] RN AE 37 °CoK i b iEAT
30 min, JITA5 4 4 2 Bt R R OE R HL K S 56 B0 IE
Fai 2 Y el i . i Vazyme 2 #] %) ClonExpress®
Il One Step Cloning Kit 5 H i) i Bt f 4t fb 3 (& &
4., HHEY AL E DHSo B2 M, 4% )
Je Bk AL A A T 1 A WL, 4 R T R R
W, 5 E] N % A His b1 25 A9 SAEL, SAE2 K&
SUMOL1 25 [ 3Rk BTk

Reverse sequence (5'—3")

SAE1 GCAAATGGGTCGCGGATCCGAATTCATGGTGGAGAAGGAGGAG GTGGTGCTCGAGTGCGGCCGCATCACTTGGGGCCAAGG

SAE2 GCAAATGGGTCGCGGATCCGAATTCATGGCACTGTCGCG
SUMOI GCGCGGCAGCCATATGGCTAGCATGTCTGACCAGGAGGC

1.83.2 HEHREH4iL 1 SAEL K SAE2 R iA i
#if% Ak % Rosetta (DE3) J&AZ 41+, SUMOL1 )
FIRF kAL = BL21 (DE3) B2 8400t . Bls,
BT PR s A 50 mL & R EE £ 19 LB WA
R e . LL37 °C, 220 r/min THEE FRG 5%
12~16 h, #EH, HHERYWHEAILE RIEERD
LB AR R R b 9%, LA37°C. 220 r/min THEK
W32 & D (600 nm) 0.6~0.8 B il A IPTG #4755,
ANFE A BE S AL 2, 7 S45 0 B0 IO
A, Il AR 2R il OB (1 alifbad FR i K
M4 R 0P AT W46 3) HERTR IR, 2 R e ik
PR A B FS SO T IS VR, SE e B SR R AT 4l
1t (SAE1, SAE2, SUMOI1) I Facfektatifh (X
SAE2) JFfaElaifkE . 4 SDS-PAGE §iiF & (4l
FE R GFA LR WFRURAE, AR A4S % 5 mg/mL D)
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GTGGTGCTCGAGTGCGGCCGCATCAATCTAATGCTATGAC
GGTGGTGGTGGTGGTGCTCGAGTTAACCCCCCGTTTGTTCC

LR, RN 30% Hil, WA EE G RGTE
—-80 °CUKAE -
*2 AEABAMBESFIEEHY

Tab 2 Conditions for protein expression

IPTG concentration/

Protein (mmol- L’]) Temperature/°C Time/h
SAEl 0.3 10 36
SAE2 0.3 10 36
SUMOL1 1.0 16 24

1.3.3 S5 JhLI4 A2 G PRI SIS A A5 IR A ARG
il (isothermal titration calorimetry, ITC) 3E 55,
S 118 T 50 mmol/L Tris-HCl (pH 8.0) . 300 mmol/L
NaCl #1 1 mmol/L DTT 41 i i J i 28 whil f, 7E 4 °C
BT . RIS, WRARER A S EIRIE, IR AR
2% WPRCKE 100 22 JURRE ot A T 2 0 UM . DR T A
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Component

Buffer Tris-HCI (pH 8.0)/(mmol-L™") NaCl/(mmol-L™") Imidazole/(mmol-L™")  DTT/(mmol-L™")
SAEL1 lysis buffer 50 300 10 1
SAE1 Ni-NTA equilibration/wash buffer 50 50 20 1
SAEI Ni-NTA elution buffer 50 50 40 1
SAE2 lysis buffer 50 300 / 1
SAE2 Ni-NTA equilibration/wash buffer 50 50 / 1
SAE2 Ni-NTA elution buffer 50 50 25 1
SAE2 anion exchange buffer A 50 50 / 1
SAE2 anion exchange buffer B 50 1 / 1
SUMOIL lysis buffer 50 500 20 /
SUMOI Ni-NTA equilibration/wash buffer 50 500 20 /
SUMOI Ni-NTA elution buffer 50 50 400 /

BT T A . AT A AR, TR L
D52 S BT R it . S TGS A S8 22 e
VEAE IS, K 200 WL 35 AR A TR S AR
s PR 10 E BT oI gR 22 IR i 40 pL, TE
AR AR R . FE AR YRR T R E A TR
(25°C) . PERVREE . TEM (2 pLAf, F£20%) .
FAERIRE (120s) . Z2H Y% (5.0 peal/s) F2H5
Je B BRI o NS AR W U B SR, T
Hie £ Origin F1 1 kA T4 43 A A 24

1.34 WML E X LMIR (fluorescence
polarization, FP) 345, & A 50 mmol/L Tris-
HCl (pH 8.0). 300 mmol/L NaCl f1 1 mmol/L DTT £H
JC A S5 7 Gz e R T, i) i s A ] e B 1 2R 1 RS B 7
(tracer) ZJKFEAN, BALARF R 100 pL, HASE544
W3NG, FEERT, K250 /min % F 1 he 1
J&i {8 ] Synergy Neo B brACkz FP A, Kl AH OGS4
KB 528 nm . &L 485 nm, FIEH TG E
N1.75,

1.3.5 R E FIHPREE i Biacore 8K AL #%
PEAT £ 4 B T 33 (surface plasmon resonance,
SPR) 4%, #RAEREPE{CEE AR MERERY . O
PMEIBE . 5 0.05% iER-20 AU PBS (££0.22 wmol/L
DR UEIF S ) VR G2, Ik SAE1 HE H
FE b A H pH 5.0 19 NaAc 2% 1 B 28 20~50 pg/mL,
A . FCAR T AR E S [ E T CMS I b
Q@ HH-Z I EAERE A ORI, B
WM & H 5%DMSO F1 0.05% i i -20 ) PBS (£
0.22 wmol/L I8 ik 1 I 78 70 e 0D, 43l e ) &5 A1

e
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4%, 4.67%. 5%. 5.33%. 6%DMSO 1) 2% nh i FAE
VRV IE s ARAESCIO T BB E AR, OB A
BRI 22 KRR 0T 7 96 LAk TR & 1 B AE, FEIF81T
SERE A TR 3B L g g .

1.3.6 ET SAEWHE PG TE  7EAE W] H {7384
LA P HEAT, A O I EAART R 20 who W 2% i
W4T A 2 50 mmol/L Tris-HC1 (pH 8.0) . 50 mmol/L
NaCl, 5 mmol/L MgCl, 1 0.01% it i -20. J 1 41 43
£ 4% : 125 pmol/L SAEl., 125 pmol/L SAE2,
200 pmol/L SUMO1 #1200 pmol/L ATP., 4 £ iK%
fit T DMSO (B 5%) . B 56 SAEL, SAE2 filZ
JKIRA G T4 °CHIRMWE2h, BEf5, A ATP 1
SUMO1 &1, F37°C. #£JK 500 r/min JZ Jif 45 min,
S EEN, 5, A Kinase-Glo 277 &5 77 A R
RF TR . FEIK 200 t/min 520 10 min, {8 FHEFR Y
RS EAE, AU B S R S S

2 R

2.1 HEARE 5L

Srlaife T K SAEL A . &K SAE2 &
F B R SUMOL 25 (R FREE T 28 SUMO H¢ 5+
P IR BT )G 288 C oW H &R L E R, B
1~97 (i &R ), T 5 2 i e IR R I ST

2.2 ITCSE%
A F B B A B 11 5 2 IR SAEL 1

SAE2 £ 535 75 1 SAEL | [R] SAE2 45 & i # 5 A Bt
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YR, %
OO 26 LA BAE S5 A B sk i R A X3, R kit

ITC kil 2 k7] SAE2 85 H Z Ml (9 AH AR . 1 56k
W7 SAEL 5 SAE2 Z [a) (4 AH H.AE FH LA ik 46 b 25 1
B SIMIEPE K2 0k B AT S o AR SO ()R o Vi JE
A5, T 300 wmol/L SAEL ¥ %€ 100 wmol/L SAE2
FSEEG TR ARAS TRCHARR “S” Al hd (K 1A),
45 R SR WY BN R RN, A i SRR (K)o

SAE1 5 SAE2 8 P IR FIIR A SRR S (R R ot v | 571

0.96 wmol/L. Ffif5, “hik— 54l £ ik 5 SAE2 4 H
MLs A ), ameEwREAAIIL, B2 300 wmol/L
Z k. 30 wmol/L SAE2 & I ATITC ik, SR, H
TiX—#ZIRA SRR IR, 1TC Joik A bR i 1%
FE MG TEEARMMIE, Kk, AR R T
FH W 0 2%, B2 3R IR R Y 2 %% £ Ik b PEPT7
(1B) MPEPT2 (F1C).

. A . B . C
t/min t/min t/min
0 10 20 30 40 50 60 0 10 20 30 40 50
T T T T T T T T T T T T T
005 0,05 ~
i 0 : E
2 2 2
2 -0.05F 3 -0.05 3
5 S 5
2 010k '8 ~0.10 S
- g 015 g
T 015+ = Y T
-0.20
— or — = - —
- - [} -
~ .3 —2.00f ~ .3 =3
z2E 25200 = . 2w >0 32 2,001
293 23 ] L] 2%
Eo —4oor Loy 400 N=(0.110=0.569) sit
= = = =(0. . sites
&‘3’ g N=(0.198+0.004) sites_ 5:‘3 g am 1\-/:(3.140i2.4280) sites o &‘3 2 K=(1.07%10°1.98%10%) (mol L)
= ool 34 s my) = 2 OOt 1= 2 ool [ b0 10
é " AS=73(.41 ca]-mol"). "C(?i;mo é -3.001 AS=13.1 c.al-mol"-"C" é ASTTT0 calmol
— 1 1 1 — 1 1 1 1 1 = _8.00 i | 1 1 1 1
0 0.25 0.50 0 0.5 1.0 1.5 2.0 0 0.5 1.0 1.5 2.0

Molar ratio

Molar ratio

Molar ratio

Note: A. ITC experiments for the binding of SAE1 to SAE2. B. ITC experiments for the binding of PEPT7 to SAE2. C. ITC experiments for the binding of
PEPT2 to SAE2. 1 cal=4.184 J. N—the number of sites per SAE2; K—the binding constant; AH—heat change; AS—entropy change.

1 ITC gk REIEL
Fig1 Establishment of ITC screening system

2.3 FPLH

i3 ITC # % T £ JIk PEPT7 5 SAE2 3% 1 ) %
58, fE PEPT7 19 N 3t Fll C Uit 43 34 B98O 3 5 7R
fi§ (fluorescein isothiocyanate, FITC) &M, 75 %
ARERFTL AN T2, R 7 88 & FR s BR R B, A
100 nmol/L H-iy, X/nEfAiEAT T 245 M0 FERG RS, Bl
J 5 FPAE . ARFERM AR (K 2A), T1 AR
A T2 9558, PR % 50 nmol/L (%) T1 ] F 5 &
[iiprigs

hy 5 B S B A SAE2 B M, A o i
W JE2h 50 nmol/L, 5 H 5 A [F] ¥k &2 SAE2 7 A= (1)
FP{H. 4K, MISHKMLER (K 2B), Blfii SAE2
W IAF] 200 pmol/L, FPEAIARIL V-G (R
5 SAE2 H 1 100% 457 ) o L, Joik A Y ai £t
221 5 % ) il 2R R B SAE2 B S L E (il
HOR R RS 4SS G R GR 80% I X N Y 2
WeRE) .
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2.4 SPRELH;

T e SAE2 B MR pHAA (BI3A). R4
— MR, fE5RBE KPR AL (resonance unit,
RU; il 2 CH TR RIAT) R4 T BE 28 i A pH
. DI E$E pH 5.0 AY 10 mmol/L NaAc iAW 7 ¢
SAE2 F Tk,

P45, at SPR KGN SAE1 5 SAE2 & H Z [0] ()
FEAD, SR IWE 3B, 8 S b o K N
1.13 pmol/L, 5 ITC 45 45 ) SAE1 5 SAE2 #H
HAEH P K, {H0.96 wmol/L #531, A SPR G J7 %
(AT SEPE

X PEPT7 AT AR B i, 93] T — b
() YP3 24 £ Bk . 7E SPR 5256 w6 ] 5 41t 22 JiK [A]
SAE2 I Z MWy £ F1 7y, 25 WK 3C, Hr,
YP3D s AT RE, FaSriras R mos, HaEm
J1 (K,) 5169 pmol/L (&3D), % PEPT7 ¥ K, fH
2.04 mmol/L4&TF T 10 4% £ .
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A
280
o —e— Tracer T1
£ —=— Tracer T2
=
2 260
8
= 1
g L 13l ==
g 1.¢°%* il
st 1]
2
g 220 -
=
[
-2 -1 0 1 2 3

lg[Tracer(nmol-L )]

2024, 44(5)

B
100
a —e— Tracer T1
£
I
b
.y
k= 60
Q
a
o
§ }_}_Bé—_
8
_g 20
59}
-2 -1 0 1 2 3

1g[SAE2(umol-L™)]

Note: A. FP curve of tracer T1 and T2 at different concentrations. B. FP curve of tracer T1 binding with SAE2 at different concentrations. lg [Tracer (nmol-L™")]

means the logarithm of the concentration of Tracer, where the unit of concentration of Tracer is nmol-L™". The concentration of T1 is 50 nmol/L.

2 FPREERINERL
Fig 2 Establishment of FP screening system

20 000 ~——10 mmol-L™ acetate pH 4.0
_— — 10 mmol- L acetate pH 4.5
15000 | 10 mmol-L™ acetate pH 5.0
) ——10 mmol-L™" acetate pH5.5
& 10000 |
(9]
2
2 5000 f
3
~
ok
-5 000 L -

1 1 1 1 1 )
=50 0 50 100 150 200 250 300 350
t/s

2.5%107
2.0x10° T
1.5%107

1.0x107 +

Ko/(mol-L™)

5.0x107 | I
o] N
o &

"'> "3 "'> "'J
gz”’ L @“’ L &

B
—5 nmol-L” 1*160nm01L —5120 nmol-L™
10 nmol-L_, 320 nmol-L_;  ——10 240 nmol- L
——20 nmol-L_; — 640 nmol- L' , —20 480 nmol- L'
1200 - ——40 nmol-L_; —1 280 nmol- L
——80 nmol-L™ —2 560 nmol-L '
1000 I
800
2 600 |-
[}
4 400
5]
2 200
O
~ 0+
=200 +
_400 1 1 1 1 1 1 1 1 )
-100 0 100 200 300 400 500 600 700 800
t/s
D
25
20
=
50 —6.17 umol-L™
g 18.52 pmol- L'
& 10 ——55.55 umol-L”"
[~ ——166.67 umol- L
50 ——500.00 pmol-L”'

0 0.000 1 0.0002 0.0003 0.0004 0.0005 0.0006
Concentration/(mol-L™")

Note: A. SPR pH scouting results for SAE2 immobilization. B. SPR sensorgrams of SAE1 binding to immobilized SAE2. C. Affinities of YP3 peptides for
SAE2 determined by SPR. D. Affinity of YP3D for SAE2 determined by SPR equilibrium analysis.

3 SPRFEEIRRAIET
Fig3 Establishment of SPR screening system

2.5 JLF SAEGIE 5695

A SAE ffEALE 3, $UTF & —Fiid ik ATP (147
FERIGIN 52 Y SAE 1 I SAE2 & A Wiy IR AL Ak
P, M falE S SAEL 5 SAE2 A EA/E R AYSRE . 32
gorh, TERGIE RV AR R H i A SAEL Fil SAE2 HLA 2R
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