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Abstract: Threonine aldolases catalyze the aldol condensation of aldehydes with glycine to furnish f-hydroxy-a-amino acid
with two stereogenic centers in a single reaction. This is one of the most promising green methods for the synthesis of
optically pure B-hydroxy-a-amino acid with high atomic economy and less negative environmental impact. Several threonine
aldolases from different origins have been identified and characterized. The insufficient B-carbon stereoselectivity and the
challenges of balancing kinetic versus thermodynamic control to achieve the optimal optical purity and yield hampered the
application of threonine aldolases. This review summarizes the recent advances in discovery, catalytic mechanism,
high-throughput screening, molecular engineering and applications of threonine aldolases, with the aim to provide some

insights for further research in this field.
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Fig. 2 Aldol condensation catalyzed by TAs.
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Fig. 3 Crystal structure of L-low-TA from E. coli (A), the large domain and the small domain (B), the active center
composed of multiple subunits (C), the catalytic mechanism(D)""".
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Pseudomonas

T L-TA. L-allo-TA . L-low-TA Fl D-low-TA 11k
G L-B- AR AR R ST IR B R AR A,
B 1 min BFREF B 3580, 72 a-iikR B-Alk ST
T3 B B A, 3 A T B L-threo |
L-erythro. L-erythro Fl D-threo ; FE;=W); 4
AT 2R R B, PR LA threo-B-
R ERR N F, de H FREE) 20% 4471 RIFK
I8 TAs & BUT PR ST IR AR, 87
ST P B AR e S A A L ] B T A R
MRS B4, R 2= 45 R 77 R T i
PERGR F RO R0t . — ok, T shdis
e AT RIS = 1Y de (AR ALREAR, T
2 P A RAT B R de (B TR
R —Beh ], TAs fEILFRIELR A BN #B &
DI 2R A, BE & W78 R A & A RE A FH —
o dE K SR it IR . Fresko % B KM E T
Pseudomonas sp. KUiM) D-low-TA Fll 4. jandaei
KIR) L-allo-TA ReVATN ARRMALA, ER ok
A SRR B IR EY Y, LUk 2 AR
FERE, LI ARAE T 2 KW
TAs, HHARYIE—2Y R BNER . 224K . F
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WY, W K Z R AR . 07 75 I R AR
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Table 1 TAs with detailed catalytic properties and substrate profiles
Enzymes Organisms GenBank No. Activity (substrates) References
L-low-TA Actinocorallia herbida ROO84520 2.4 U/mg (L-threonine) [27]
L-allo-TA Aeromonas jandaei BAA20404 3.4 U/mg (L-allo-threonine) [47]
L-TA Bacillus nealsonii WP 016204489 2.9 U/mg [14, 48]
(L-threo-3-(4-(methylsulfonyl)-phenylserine))
L-TA Escherichia coli NP 415391 3.5 U/mg (L-threonine) [37]
L-TA Pseudomonas sp. WP _ 065760197 20 U/mg (L-threonine) [45-46]
L-allo-TA Thermatoga maritime NP_229542 — [49]
D-low-TA Alcaligenes BAA86032 8 U/mg (D-threonine) [45-46]
xylosoxidans

D-low-TA Delftia sp. EZP46516 21.3 U/mg (D-threonine) [36]
D-low-TA Xanthomonas oryzae — 153 U/mg (D-threonine) [37]
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Fig. 5 Screening method for addition activity and stereoselectivity of L-TA, (A) Principles of screening assay. (B)
Multi-wavelength scanning. (C) Calibration curves. (D) Colorimetric assays at different concentrations.

Y& T maritime Fe IR 1) L-low-TA B3 E 1k,
ARAP5S6CTE 80 CHIFAFLE IR 1 15%, %R
A W86E X L-J3 2 M M A A it =, 1
SEAERERETE FIRRCA S, VEEHEDISR B AR
FRZEE ] REAE BVERE | V28 A ARIEIR AR 45t O

23

9%

F2 L-TAs EEMEp-BE-«-TEBPIENNA

Table 2 Applications of L-TAs in synthesizing high-value -hydroxy-a-amino acids

Purpald
method
mM

L-threo-4-fl 5K 22 &R Je A A R ay P a4,
LI E. coli SBTREHY L-low-TA 4L 0.5 mol/L H & 12
A1 0.1 mol/L 4-ffHRHIEELE pH 8.0, 45 CJ)i
24h, FALER43%, SrEISEN35%, defHZI33%
(2 2)%, FR R 2R UK e R R S A R 2

Organisms WT or variant ~ Substrates (concentration) Conversion De value References

Escherichia coli WT 4-nitrobenzaldehyde 43% ~33% (threo) [62]
(100 mmol/L)

Actinocorallia herbida WT 4-methysulfonylbenzaldehyde 61% 77% (threo) [27]
(500 mmol/L)

Pseudomonas sp. WT 4-methysulfonylbenzaldehyde 68% 53% (threo) [45]
(100 mmol/L)

Pseudomonas sp. V200I 4-methysulfonylbenzaldehyde 57% 71% (threo) [63]
(100 mmol/L)

Bacillus nealsonii Y31H/N305R  4-methysulfonylbenzaldehyde 87% 93% (threo) [48]
(100 mmol/L)

Pseudomonas sp. D93H/E147D 2-chlorobenzaldehyde 91% 71% (threo) [60]
(100 mmol/L)

Pseudomonas sp. D93N/E147D Benzaldehyde 36% 74% (erythro)  [60]
(100 mmol/L)

Streptomyces coelicolor Y34C/Y39C/ 3,4-dihydroxybenzaldehyde 41% 60% (threo) [64]

Y306C/R316C (50 mmol/L)
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JTiBHUR 2, HOCH K L-threo-4- AR E R
2 QAR (L-threo-MPS) &AL G A E 2 H bnfk
G, K2 25 AT REE T IEAR L-TAs TR
B L-threo-MPS Hr N T o SR U5 R R S B AR ik
218 Actinocorallia herbida B L-low-TA #4L & %
L-threo-MPS k43T 97% L3, de HILA
19%. SR =P AR LB SN 2544, 1 mL
JWAKZ (100 mol/L PBS, pH 7.0) &4 1 mol/L
&M, 0.5 mol/L 4-HIIEALHEE, 50 mmol/L
PLP, 12.5 mg/mLIBEAEFI30% LJF, 730 CL
B0 6 h, 74 de [HIRE] 61%, HEILRN 77%7,
Pseudomonas sp IR L-low-TA £ 1 mL JZ i
A L-threo-MPS 1] de {4 53%, {HAE 30 mL
SHSLN de (B3 TR 2%, %2 Rl
GRAR R RN 430 PTARTR L , A3 25 28284 V2001 #£
HAFVATRI H] 25 RS P& i L-threo-MPS,  de {H
IR 71%, BERTE 7RISR Y8 AR
WEPEVE, (RIS et 4325 AT A Ak 0 26 12 T A AL
i e ) 2 R ST AR B g A 2 AR AT

$4 L-threo-MPS Hl L-erythro-MPS 5 PLP #1445
B I TC AR 23 i %k 4 3 Ok BT e IR CEF AR TS
Bacillus nealsonii 1) L-low-TA {9 3G # .0,
PLP-Gly [V i H [B] {4 M\ si-face SEAZHE AT LA
) L-threo-MPS , T M re-face ot I 7] & A%
L-erythro-MPS. FEFIIt, Zheng S5 H 58 5
L-threo F&) 74 () [] B BELWKT & A% L-erythro Fa) Y () 3744
R (K 6)Y, ZeAR Ik Y3IH B T
L-threo F= IR & L, N30SRIEES T L-erythro ;=4
G i, AT 70 de {6, Y31H/N305R 7E
B 112NN A B L-threo-MPS, #4L%RF1 de {H
MEFAE LY 53%F1 30%3E 5 2 55%F1 83%. JIIA
25% N,N-_H JLH % ( N, N-Dimethylformamide,,
DMF ) R4S IRYIIA T, AR EZ 87%H
[l de (HHETE 93% (3£ 2), XAHEZ DMF
AR A T B PO A, 45 N3OSR 78
AL RIS 0

B: 010-64807509

N L-TA WS ARERRE, KS5IEY -
R R - FE R I A3, | PRI AR LS5 T RE A A
HAERME LRI IO S T A RAE, DIE
A E BRI R R 208, ek B4 il 57 4
R EK (& D, BT IER, Tk
K IEF Pseudomonas sp. ) L-low-TA, 775K
D93H/E147D il i L-threo #RIF=4, Ho
L-threo-2- AR 22 AW de {HA]i5 71%; 748K
D93N/E147D HEAL IS IR RY, L-erythro- K22
RAIRM de {ERIIE 74%, XJ& 1 KARAGH Y J 54
FIZRARIR (K 2)o 4/ FXTHERI, E147 AL
BHAC/INK) Asp, A7 RIS 8] 5 77 ) S A0 B AR
i, BEARYEE . D93 7AF R His B( Asn, 7#
PRI 530 5 H133 83 Y312 JE % n-n HERRAE
s CH-n AHEAEH, 4™ W32 H133 BRIk
FEES, M= W Ls L-threo 8¢ L-erythro 47
Y. AR PR 24 B BE A [ ISR B AR A A
FERRAV AT, BTV B B P ST AR RN, A TAs
() 53 F- el FR AR T — o L i

I‘n‘l‘l H I"‘I‘I‘
.‘,w" 4y Q‘ "-‘I‘
E T Y - S\\ _7_,_,.,-—-'-1'

i — 79(-!_7 _—
erythro-path threo-path
OH O OH O
-~ S\() 2 P S%) 2
L-ervthro-MPS L-threo-MPS

6 AEFEZHBFEE M L-MPS k1!
Fig. 6 Synthesis of L-MPS isomers from different
nucleophilic offensive directions!*®.
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Fig. 7 Amino acid selection based on interactions with
different functional groups of the substrate.

L-threo-3,4- IR 22 AR (L-threo-DOPS),
JEIRITIAG AR M B2 e 25, SRET
PTAE4% 22 1 Streptomyces avermitilis 1Y L-low-TA
T 7 % B TN A P AN AL S ) L-threo-DOPS,
FN 114 h PRk kS 8 o/, A HIE de (%,
FEHLRAE S. coelicolor K AY L-low-TA, 43
BRI 45 000 AARAM, AR A ik
Y34C/Y39C/A48T/Y306C fiitfb A A L-threo-DOPS,
de MNIFATIR 14%3 R3] 55%, PP
3.8 gLI®l, B — A RASR Y34C/ Y39C/Y306C/
R316C TEfHALAL N (pH 6.5, 10 C, 0.75%
TritonX-100) S 100 h, L-threo- DOPS ) de {i

A O (8] TA ol o0

RAH + HN = R/J\)\()H

NI,
B o 0 o1 0

TA
R)J\H + “zN\)kO“ ) RMOH

N,

B8 L-TAS5MESEREKRMN

H60%, FEHIRE R 4 g/L (3 )Y,

— Sk 25 iy 5 2% 25 W ) b ) A A 2% Rk
L-TA o8 L-B-F2 ik -o-Z BE R TP . 2,2-—H
He-1,3- TAAURIR-4- RO 2,0- T RS- 20
HE-[1,3]- U IR-4- R, AE L-TA
AL T AL 3,4- T FR S 2 R ol 2 S 1 2 1 1]
R RUFRAE M o-2 5 -B- 2 K y- T NER,
(3R,5R)- ¥R KL il e O s WL 43

AT R BRIL R IR L-TA 5 B. subtilis K5
(9 PLP 5, ] N IEUPE PLP AR AR, AW
FL T E7 A RUEEE 254.1 U/L, AEINSMNE PLP Ay
IRIRE R e = 2] 1 518.4 U/L, SEt
PLP ) F 25 E 2,

R T v MR 4 G SN AR T B 7 2E R T 2
ROBRH, B L-TA 5K IE T2 ER A Enterococcus
faecalis 1) L-TEZRILREE (L-TyrDC) AHHEK,
M L-TyrDC X} L-threo 1 L-erythro ;=4 2 [a]
WS, SRR N B ] LLSE BB A 3l ) 22 AN X
PREGAL A BU(R)-2- 236 1- R H R ([ A7, fEk
kR F A & R B AT W Corynebacterium
glutamicum AR AN (TD) , ¥ B-Flk-a-
AT PRI A R, PRI S i sl e A,
i A T a-FRIEIR Y o2 0508 (& 8B) 7. 1
RZEI O FOEF ] L-TA #EE C-C 8, Sy
B-FE -~ Z R A A v W]y gk Js B2 S g — 243
fift, FBA DL L-TA 1Y B-Far AR,

Ol

L-TyrhC
—> R"%

NI
’ LARDE R%OH
0 of D-AAT NH
™ / 5
™ R Oll T 0
5 N
Hicpyy R/\‘)Lon
OH

Fig. 8 Multi-enzyme cascade reaction involving L-TA. (A) Synthesis of amino alcohol by dual-enzyme coupled
reaction. (B) Synthesis of a-hydroxy acid or a-amino acid by multi-enzyme cascade reaction.
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4.3 D-TA H9& A F

5 L-TA 258, D-TA HEAL SO [FREZ BT 50
FIZEMITS 2E =R B, RRIAJE, D-TA 7E
B Sl P AR M R X, B
3 2 A AR S 7 3 ek L i SR 5K, DR
R T 455 6 ISV 3ok R DT i 3 A VR AR R R T
Delftia sp. B D-low-TA ) B-fie i AR SEREM:, X F
FHEIRUIE R LR TR de {H, 4N D-threo-2-9)
KGR (G N 92.8%, deft N 97.8%), D-threo-
3FHIELL IR (AN 92.2%, de K 93.2%)

D-threo-2-2Jk-3-F2 3k -3-(4- ML BE L) N R 2 24
PG VE Ay B- R R I G TS A TR 1 S i v i)
&, A. xylosoxidans i1 D-low-TA #EAL 4-nik g
HEERH =R, —225 AT RE, o]
FEAR 3 P ) Sr A EREE (de>99%) (B 9)7F 74,
TR R K pH (EHEE =Y EH A, =YL
S5 ULTE T S s R BT, $R i fbR, Mk
Hifaifb T maifh . X REHBINWH TAs &%
B-FR Ao S LR By 22 ML 2 1)

A. xylosoxidans F 5 ) D-low-TA {XRE =534
R E RTS8 1 B s R R
PR D321C F N101G, K 4-FFARCEE 2K FT B A 3%
PEZBF ARG 1.5 45F0 1.3 4%, U 6 h L% fE

O

N. =

9 p-low-TA UL EHAYFEMEM S P FE

Fig. 9 Synthesis of active pharmaceutical ingredient intermediates using D-low-TA
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9.1%, HXIZRHIEE, 4-GURHEE | 4- 53508 s 5
TR RS, (R B PR BT de (50,

BEAHT R A HETS D-low-TA FEAMFRE
BCHMELLZ A, T2 0 A R AR A ek
il 4l L-B-F2 3k -a- 2 H PR . 4. xylosoxidans
KR E D-low-TA HYZERFA AT 58 277> 0.6 mol/L
) DL-threo-DOPS, #£45 )4 L-threo-DOPS HJX}
WeiA st & (Enantiomeric excess, ee fH) >99%"4,
SKIETF T8 Arthrobacter sp. Y D-low-TA %%
A0 R AEAL AT 52 2454 0.2 mol/L Y L-threo-4-H i
R R (L-threo-MTPS) R1GHE 50% UK
HFN>99%H ee fEL, B4 4-HH AL HY AT
R AT [TV S B bR (B 10)T7¢,

1w 2w, RY B-FR Ak -a- LR TE
I R BT, 7 W) 05 A IETE A DA P i
PR, JET UG, O 1 52w Sk B O 4 -
S EA 24 1], FEE AR OB AR T R A g
BIPRIMRES, 50% (VIv) B9 1,2- TR HL
%, 0.08 g/mL ) Delftia sp. K5 A D-low-TA ¥ 4
R, 9 h AT 5844553 1.0 mol/L ) DL-threo- #2243,
R 1 0.3 mol/L ) DL-threo-MPS, =4 ee [H>99%, iX
2 H AR B e e AR 40 B o

(:)ll O

OH
O . _COO0tI
C M N oW TA YT —, (YT
OH — :
= NH, No = NH,

[73]
OH

/@/H/COOH
~s NI,
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T
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Fig. 10 A chemo-enzymatic process proposed for production of L-threo-MTPS!®).
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Seebeck SR A5 R R T g HE 7 H ZF AT IE
B Geobacillus stearothermophilus WJTH 2 BR TH iE
Mg AR R Y265A, HA D-TA MRS A6, W]
BN D-B-FELLETRFN D-a-HIFE-B-ZE L IR 4y
TRl PRAG S AR IR Y265K/1352W FT Y265K/1352W/
MI134F, #HHTF Y265A X} D-threo il D-erythro-
2 BRI RCR T IR R T 4.7 £5R0 31,5 £

5 RESRE

St -5 Hk - o- G R IR IE Y E B Tk
Wi, JZR T BRSO TR SF U, TAs
HEAEAR TR H AR A, — TR,
TEJT 2 BEPE IR 7 AR A AR . B4l
(4 TAs JRPITERL, BEMEALZ PRI | OF &t
L ZRINRE R, (B52 IR T3 Jy 2 AR I 22 (P-4
PR SEAR BB B, AN R A L-TA 5l
B-FE Ao PRI BLAT PRAT L2 4 1), D-TA L
AR R Y SRR R . CARGEZ R
F e A A PR A g 2, (T B-RR Y
BT UOE RMANE HE—PRR, T N T
2 W28 R LA o > 16 S E el . iAW)
R TR G G Y 5 N 292 4 DA BOX A
RPN K BT A . 25T TAs A 7EfEALPERE
SFAE, AT ABUW S e R PLEE . 2T R A
J7 T JE LU LA TT I . 76 B SR 5 A i i
X AN (7] 8 4 Y 1 TR 9 R A S AR T 8% APk ) B R
TAs, JFREREA L FORAE P BT 5 it KR
TAs NHBEA REFEMERERSRY @SUEY
KAY) FkG K PLP 454G 3L as st , M)
KV B JEG P U 0 R ST AR e R A i A
WEATLER 5 e o1 B R R TAs HEAL SO B-Bk 7
PR PEVEA R RO RERE ,  3RAG AT LA R 45 44 43 Ak
BEJRPI ARG N B-F2 S -0-Z IR, LB vl
FEMII AL AR g s TR R 2 AR
RZ, B B AR TP AL G W e B A Ot o 2
B-FRdk-o-Z B IR . TEULELAN b, DMiEferEREIL R
(4 TAs il Je J RN HEAL TR, Ay o o A= WA
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