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As a green and cost-effective solvent, deep eutectic solvent (DES) shows
promise in biocatalysis. However, enzyme activity in DESs Is often inhibited,

limiting their application. To address this, our project proposed a directed S
evolution strategy called Corner Engineering. Using Bacillus subtilis lipase A ki
(BSLA) as a model, we thoroughly validated the effectiveness of the strategy -
and optimized it.
The variant M137D/N138D displayed an impressive 3.0-fold increase In Enginest
resistance compared to the WT in 95% (v/v) ChCl.ethylene glycol. To confirm Fen slanoe
the versatility and effectiveness of our optimized approach, we conducted
validation experiments on Bacillus subtilis esterase (Bs2Est). In the 75% (v/v)
ChCl:ethylene glycol, the resistance of these variants could reach up to 3.1- ekl
fold, thus affirming the broad applicability of our engineered enzyme strategy. \{eriBﬂf:;agiczn
in Bs2Es

The molecular investigations reveal that increased water molecules at
substrate binding sites are the dominant determinant of elevated resistance,
Indicating a promising avenue for understanding enzyme-DES interactions.

Establishment of the DES high throughput screening system

STDVsystem =
stdev.p (96-well
of Resyr)

Figure 1.

System robustness

. Helix-Turn

37°C 900rpm

Centrifuge

Cultivate BSLA in 96-
well plate

Predict protein
secondary
structure

Helix Sheet

Turn Coil

Others
Helix-Coil

11.1%

Beneficial

Data from BSLA

System robustness

(96well of Reswr)

Select the protein ' -
secondary fa

amino acid as
mutation site

ariants(BSLA)55.5%

E=m ==
CSRITT - i 30% 95% Choli
and rellablllty ana|YSIS. gﬁﬁ,?dhe?l&itamid Tetrabutylphosphonium chlorideo:E;‘:ylene
=1:2 bromide:Ethylene glycol =1:2
A glycol (1:2)
L Determining the concentration of DES that
retains 30-40% residual enzyme activity.
3 < P O.0: 0} e Contrusted 17
: ;‘{% & AN &-“Conlcﬁifie 1 SSM libraries
f .
structure changed 7’0 ,n‘: o Sk e Determined 13
ey o a ~
2 b beneficial
Mutate to polar G A
BLA ©0 i substitutiins
1 Bs2Est
C el ,-“: Select the e Contrusted 21 SSM libraries
Bs?Este < © fi; 28 amino acids at e Screened 1848 clones
’ . . H H
> O *, ' the Coil-Helix % Determlnoc.ad 6 beneficial
- . junction substitutiins

(4 beneficial positions)

Directed evolution of BSLA

Figure 2.

With one more round rescreening, 84,
68, 64 beneficial variants were verified
with improved DESs resistance (R,> Ry
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The transferability of Corner Engineering was confirmed by investigating Bs2Est
a b
Qg‘”@“ & S 4 75%(viv) ChCliethylene glycol To further validate the effectiveness of this directed evolution strategy and improve the efficiency
Ca 56 i 4%@ é 3 J of directed evolution, Bs2Est were examined. The protein secondary structures of Bs2Est were
s 140 ﬁ,;ioz , SB75/H376 ° w I I obtained from EMBI-EBI. Taking various factors into consideration, the adjacent amino acids at
cg%m%;zz, EQQ;,GQ;\S § ] : the Coll-Helix junction were Iidentified as mutation sites (Figure 3a). Bs2Est libraries were
ﬁf e OE&BG'ESBTZ:B Naad g screened in the presence of 75% (v/v) ChCl:ethylene glycol. After the initial screening and the
F143/L_1$44C@ % e 8B 8 B 8 B second round of screening, six beneficial variants were identified, with K205H displaying
% D155/N156" F176/G177 K F QO L . : : : :
Gzcgff” '/ N R R approximately 3.1-fold improved resistance in ChCl.ethylene glycol (Figure3b).
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Figure 4. Figure 5.
DES resistance profiles of the BSLA. Residual activity Characterization of Bs2Est variants in DESs. Residual
of BSLA variants in different concentrations of activity of BSLA variants in different concentrations of
(a) ChCI. ethylene glycol (a) ChCl: acetamide
(b) ChCI. acetamide (b) ChClI: ethylene glycol
(c) TBPB: ethylene glycol. (c) TBPB: ethylene glycol.

Computational analysis revealed the molecular

aged RMSD (A)

dd
22

Internal Hydrogen bond

Time aver:

30% (v/

ChCle th)i gly ol ChCla tmd TBPBe myl

C e
Y161DVS162E/S163E

30% (viv) ChCl:acetamide
4

L‘wj‘ MNW&,JN@ M u‘wil f‘JV\,v

04

3 23 43 63 8'3 1("3 '. 3

30% (viv) TBPB:ethyleneglycol

o — ~N w

}1 u‘“'w L}\ %W‘&\&VWA “Woe

95% (viv) ChClethyleneglycol

w

Yo v.‘v)
3 8.} 1(2'3 f" < ChCl-ethylene glycol

Cbldm de

' | |
- B, -'\"j' A " J 8y A AL A
g,;',’»,,"\ eIV «1",«,:.;,&*'*“*‘- :wv_,AMf:.-md & ‘/‘\’:% !;/vvw\._,m-,_«

3 23 43 63 a3 103 123 143 1

mechanism of iImproved DES resistance of variants

30% (viv)

qu ol ChCI cet md TBPB:ethyleneglycol

Figure 6.
. ~ Overall and local
85% (viv) {000 | 270 | 138 | 2685 | 200 | 510 FU o
hCl:ethylene glycol Bwd
| meT
| [+832
o5
wony (N T ERE structural Change of
ChClacetamide > X 7 L= E E®
| 2828 - .
222
sl e e el B BSLA variants in
BPB:ethyleneglycol . o y [ < =
| 1,
P B - I
O = o o SN
el ¥ & o
& F F &L & .
S
o
o
K
oo 2z 1z | 0S| 13 3T o
@ o
g3
'€8
nCla 000 | 047 01 o | o2 | wos 5 8
; ‘ En 2
% (viv) ano | vy | 1wz e 081 “ED
PB:ethyleneglycol : “
& Q % & Q e
0 ) ) p
e & @ -~ 7
@ O
W

This study, coupling corner engineering with obtained molecular insights, illuminates the enzyme-DES interaction patterns and fosters the rational design of more
DES-resistant and thermostable enzymes. In summary, an effective directed evolution strategy was explored to better tailor the enzyme stability in DESs. By improving
the resistance of enzymes, we can expand the application of enzymes in cataiytic reactions, improve product purity and yield, and increase the flexibility and
efficiency of industrial production. Corner Engineering can likely serve as a blueprint to reengineer other enzymes for efficient catalysis in DESs, thus further

stimulating a broader application of biocatalysis in the emerging biobased economy.



