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Abstract:

Screening is the bottleneck of directed evolution. In order to address this problem, a series of novel semi-rational

designed strategies have been developed based on combinatorial active-site saturation test and iterative saturation mutagenesis,
including single code saturation mutagenesis, double code saturation mutagenesis and triple code saturation mutagenesis. By
creation of “small and smart” high qualified mutant libraries and combinatorial mutagenesis of specific sites, these new
strategies have been successfully applied in multiparameter optimization, e.g. stereo/regioselectivity and activity. This review
summarized recent advances in directed evolution and its applications in biocatalysis field.
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DNA 4] (DNA shuffling).
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Table 1 Strategies of semi-rational design

Strategies Requirements Applications Reference

SCOPE Exon shuffling Enhancing rat DNA polymerase beta (Pol B) and African [34]
swine fever virus DNA polymerase X

FRESCO Structural model and MD simulations Improving the thermostability of a limonene epoxide [35]
hydrolase

REAP Phylogenetic analysis Engineering polymerases to accept dANTP-ONH, [36]

3DM Multiple sequence alignments Increasing the enantioselectivity and activity of an esterase [37]

ProSAR Sequence-activity data set Improving the productivity of a halohydrin dehalogenase [38]

MORPHING Structural model Increasing the stability of a versatile peroxidase [39]

Know\olution Structural model Reducing oxygen dependency and increasing specific [10, 40]
activity of a glucose oxidase

SCHEMA Structural model Recombination of B-lactamases TEM-1 and PSE-4 [41]

B-FIT X-ray data Increasing the thermostability of a lipase [42]

CAST Structural model Expanding the substrate acceptance of a lipase [43]

PSR, S5 A AR HE B PE ST B BRI, SRR 24 DNEIERIR L O —41 . X
1, T E S a3 [E 2R (Sequence space) Al SEERILAEZS ] FAR AR, &&,E\-ﬁmlﬁ%ﬁﬁo
e TAE R, JE—F N AR )2 B9 & m P L 4 Kazlauskas HIBAGETT43HrH FL 8¢ T F i 4 o

7|<[““'4510 i Web of Science HiHi i #y 2% 3 A
The d d
(éﬂut 2017 4E 4 ] 25 H), é%fﬁﬂa i 5,157 Fl DNA Nogg;ggnal Serggsriag}ilonal -

shuffling 1 epPCR 1y 3Ci#k%Ek H 33t 57 &5, LW

MKi&3t (de novo design) BIA 62 s, 1fii i SM é 160 V&])Jo? ;g‘l'“;])cc

H9A5 140 f (B 1). sILATOL, RRpREfLSURT 5120 |

RS A T G s s0b

131 SIAE R ORI R A% 2l o 37 L
1 ok O 2k i iR Pseudomonas F LI

aeruginosa ) i 107 T B FC A i ok s R B, 0 Tk a DS+ epPCR+ de novot

IEFEA XA TR AR AR AL TR DO 1 EREE AR CRID ., R IR )7
A=y N ZSWAIN = AE T = . ! Pt
Reetz HIPAHbEH T4 & SR HEEF' L L@%Hkx% W4 1k ST Y STk & 3k (BUIE R B Web of Science, %

% (Combinatorial active-site saturation test, AEEEifAR, B 2005FZF 201744 A 25 H)
CAST)™. JLFEHFI/sk 4515 5, ST Fig. 1  The number of publications on directed

R T 3 v B B VB EL 5 R T evolution (non-, semi- and rational design) in the field of

biocatalysis. Data were collected from Web of Science

HAEF RS Ll v I, 2 R R T B A since 2005 to April 25, 2017, using Topic search. DS:

. . . DNA shuffling; epPCR: - PCR; SM: saturati
e v AR 1 F 2 A5 (Iterative saturation su. ing; epPCR: error-prone .C ; SM: saturation
sutagenesis; de novo: de novo design. “+” represents

H 1Y == P ARYE ]
mutagenesis, ISM). JBAR DL T AL S AR LA S AND biocatalysis; Dashed line denotes the trend of

P HAR, TTEHITZREIMEA . Rk i publication numbers.
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Fig. 2 Representation of ISM system featuring all of the evolutionary pathways and energy barrier distributionst. (A)
ISM scheme for 4-site system involving 24 upward pathways. (B) Experimental fitness-pathway landscape featuring all
24 pathways of a four-site ISM system using an epoxide hydrolase as catalyst in the kinetic resolution of a racemic
epoxide. Green line: typical trajectory in which every mutant library in the four-step sequence contains an improved
mutant (no local minima). Red line: typical trajectory in which at least one library along the four-step sequence is

devoid of an improved mutant (local minimum).
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AL R, FE 95% 7 3 T, TR LN NNK
92y 3x10" & NDT #y 2x10™ (3 2), FE Z= 2 3 000,
T X S T R TR R, IR 2
T 180 (4 B ) 4

it — LR TR, T ERAFIN(E

PG R L X B 5 PR SF AL BB (AR A2
P E R PR AE) MARDCIE R, 45 A ma Ytk o
o O S IR S, PR VR 3 Fh A SL R R
FAE MBS A BRIT, RIERIURAENZ
AL BEATRRPE Y4 (34 DNEIERRIRIE N N —
), ZEIEHRZ N =FE MR (TCSM),
LA 2848 10 AN R ], S A R SR 2R 2
o 3.14x10%; T AR K% 10 fis o 3 4
(4+3+3), FHorBIR B ARRSCIE , AR A5 AR R SL
T 1 S AR U T R 22 1 152 (768+192+192), H
PERT UL, REAE M ST, 2R
IR BRI S Ry T A IF o A i S8 AR IR S PR, &
£ ISM 55 s T A7 2500 /0 A - s o 9254

Zi LTk, S L AR A & R B A
220 7 BENLE M ot A2, Rl BT SA L
FAR W BRVE Ty 0] 2 e o TR Ak A% v AR 3 L Al A
MM TE, W T —RILHMHEA,
IRy T - R AN ] A2 R SR W T e Sk 1) P 4 2 A
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N, ARE )T AL AR A BRI R
{EATE I, A PR R SR S o Aok 10 45
P A

F2 9BWEEETET NNK = NDT & HZHMEFRYFIEME (4 B THK[48])
Table 2 Oversampling necessary for 95% coverage as a function of NNK and NDT codon degeneracy (cited

from ref [48])

Number of amino acid NNK (20 aa) NDT (12 aa)
positions at one site Codons Transformants needed Codons Transformants needed
1 32 94 12 34
2 1028 3066 144 430
3 32768 98 163 1728 5175
4 1.05%10° 3.14x10° 20 736 62 118
5 3.36x10’ 1x10°8 2.49x10° 7.45%10°
6 >1x10° >3.2x10° >2.9x10° >8.9x10°
7 3.4x10% 1x10%" 3.5%x10" 1.1x10°
8 1x10'2 3.3x10"? 4.2x108 1.3x10°
9 >3.5x10% >1.0x10% > 5.1x10° >1.5x10%
10 >1.1x10%° >3.4x10%° > 6.1x10%° >1.9x10"
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Fig. 3 Events in directed evolution.
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Fig. 4 Ten residues lining the binding pocket of LEH,
assigned to three randomization sites: A (blue), B (green),
and C (yellow). Substrate 1 is shown by grey sticks.
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