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How do we control polymer sequence across lifecycles? Enzymatic synthesis of sequence-defined oligomers

Monomer sequence profoundly impacts material properties.

Enzymes couple difunctional substrates without the need for protecting groups

Current approaches to controlling monomer sequence are laborious and unsustainable. Additionally, existing recycling strategies

destroy sequence encoded information. HoN o NH,
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Here, we demonstrate complementary strategies that harness enzymatic catalysis to sustainably control monomer sequence across = “szmgeQ’c"’” |
both polymerization and depolymerization cycles.
HoN. __ .NH, +
(x (A,
Conventional chemical recycling Sequence-controlled copolyamide Enzymatic recycling Efficient access to
se.\ sequenced building blocks We are improving production through enzyme engineering DesD selectively produces MAXA
Nyl12
00 Acid-catalyzed ,@;’Q'@ /Y -@@)@)@7 \Q__... ‘__*\ o o . i
Q e hydrolysis ,0 3 o o 82 B DesD o
@ < @ /0/ "‘@""' T HszNJLQJJ\OH £ 505 . . . —~ 20 3 Control
0o o R Oy o - 0 i : - 9
0 / @ // 0 m — . e n
© o B P i © | — © 3
o - «0,0 Nyl50 _@}@j@' oF Enzymatic 2 [ 5 10|
couplin o o  3z® s
Pling HZN‘QHJLQJI\OH §§ 41 = i
No preserved sequence Poly(MAXA) Monomer sequence preserved 5 2 . S
N N .. 0 [Se ] - [Baid re® - i .
Repolymerization produces random Repolymerization recreates original — LoD 0 i
monomer sequence monomer sequence 0-" Control Ddag SfaB AsbA AsbB AcsA DesD XAXA MAMA XAMA MAXA
.
A
Chemical
Sequence-controlled solid-state polymerization Enzyme-enabled polymerization Regioselective enzymatic depolymerization
circularity
Solid state polymerization (SSP) produces high MW polymer with controlled monomer sequences Qo @"'0' ' Diad |
/ == I . .CO,H - I
r n : A ®l 0r9 ¢ 8,00 o 00"
Alternating _0: poly(MA-stat-XA) . S 0 (A ) 1 - g I
| | B(R) (R) poly(MAXA) Enzymatic @ Y’ (A) oo
.CO,H SSP -/ , (R NyI50, Nyl10, or Nyl12 -
HoN_ o * o { : : 4 . / -0’ yiou, NyHU, or Ny | Tetrad I Possible
| @00, _. | > \§ A) = | M=55kKDa depolymerization - 0O -~ >
), _ (R) , z ] Y / -~ (R) / | HAN | .CO,H HoN | ,COH | hydrolysates
L 1) 210°C,Ar ¢ R) g| Mo 200k0s ’ \ - : B "-9000 0009 |
, O -~ IS _ @ 9 24 h, 65 °C ) A
[ Qtaticti 12) 220 °C, Vac. r / © ' - - (A) 20 mM phosphate buffer, | I
Statistical £ ] N
H,N. o .NH HN. . NH | é (A ) ol 2| oo - & e o N o0n0 " HoN ooo’cozH :
2N. . NH, 2N. g . NH, - M, = 21.7 kDa H "0 O X ANA XA
@ + e \0’ P = 3.61 0 = @ or 0 | 0;. | @ 0 |
H02C., 'COZH H02C~ ¢C02H B e e e e e -
(A) (A, 0-0 -0 ——— Poly(MAXA) or poly(MA-stat-XA)
| ] Time (min)
Tetrad selectivity is enzymatically determined The statistical copolymer mostly produces MAMA
Sequence quantification bV 13C NMR spectiroscopy EMAXA EXAMA EMAMA EXAXA EOMA OXA EMAXA EXAMA EMAMA EXAXA EMA OXA
i.; [ Poly(MAXA) i 5 1 [ Poly(MA-stat-XA)
® o o) - g 6 E, 120
,H o Polymer Nyam®  |NMmax®  |Nxax® Nxam® Nx4® Nya® < s ‘z"
° M) N = £
@ 0 . poly(MAXA) 0.025 0433 0.062 0.480 1.28 1.11 1.68 % 3 £
H = 2r 3
poly(MAXA) Q'NYV\/&H'O poly(MA-stat-XA) 0.183 0.358 0.144 0.314 1.92 1.98 1.03 ; Y e 3
"0 Control Nyl50 Nyl10 Nyl12 Nyl50  Nyl10  Nyl12 Control Nyl50 Nyl10 Nyl12
. H O @ aMolar fraction of homo- or heterotriad sequences
-N A . . . . . . .
Coly(MA-Stat.XA) (M) Y\/\/&H #* "Number-average sequence length of diad repeat units Enzyme-substrate interaction models explain regioselectivity
, : , : : : , . , . , 0 °Degree of randomness
179.0 178.8 176_3.6 1_78.4 178.2 178.0 j\ Active site Active site
Chemical shift (ppm) ”AQJMHWJMH/ residues residues
MALDI-TOF mass spectrometry Proto-MAXA Model TV Val9a .
o 1 ) o substrates N L
— - — - Sequence controls material performance AN X N A | Met104 '
o 909 000 ¢ : " ” *Tlﬂrﬁiv S A 4 >0
Proto-XAMA " Ai269 | (T “ . N\ \%igfa Py Leu157
(MAXA)2 (MAXA)3 (MAXA)4 T (°C) poly(MAXA) ’ Ser108 ,J%"..__ i .
(M+KT (MK IM#KI y(MA-Stat-XA .. . T ONEES N .
; ; ; T. =289 °C poly(MA-stat-XA) Substrate binding energy calculations é q g Lystag le7 J P
: | | . p Nylon-66 paaz o v A - R 7" Val18g
' | AH,, =98 J g ST o L N0 | w2 t (VD =
472 amu > 472 amu > 3 m yl Residue Type Val103 Val111 Yl
| | | PolY(MAXA) [\r A assrey | 44.3 REU ‘ [27.7REU] Acidi Thi227 Q) Asn180 -
| 4= Water \ e e e T ) B '?‘J cidic Ser50 Thr233
| o) ! : / | —— Basic
~1 Uptake (%) \ _ Polar
= T.=275°C - Proto-XAMA/NyI50 Proto-MAXA/Nyl12
O
poly(MAXA) ™ AH_=68 J 9-1
© - # of Hydrophobic interactions # of H-bond interactions
o)
- poly(MA-Stat-XA)\/—/ Enzyme Proto-MAXA Proto-XAMA Proto-MAXA Proto-XAMA
Nyl50 6 10 9 11 <— Favors XAMA
. 9
poly(MA-stat-XA) S e S S S — Char yield (%) Nyl10 11 11 7 8
———— 77— 200 225 250 275 300 Nyl12 10 9 11 6 <«— Favors MAXA
1000 1200 1400 1600 1800 2000 Temperature (°C)

m/z



	Making and breaking sequenced copolyamides �by enzymatic catalysis�

