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Current status and prospect of DNA synthesis in industrial
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Abstract: DNA synthesis is one of the most basic, widely-used tools in life science as well as a key
enabling technology in synthetic biology. The rapid development of industrial biotechnology promoted
by synthetic biology is creating an insatiable demand for large-scale DNA synthesis from more
convenient, economical and safe sources. Industrial DNA synthesis platforms have remarkable
advantages in terms of throughput, cost and speed. The research and development processes of industrial
biotechnology benefit from these advantages, achieving a higher efficiency and lower cost. However,
challenges in DNA manufacturing process remain, such as the use of large amounts of organic reagents,
waste of resources and so on. With the continuous and rapid increase of DNA synthesis scale, the hazard
of toxic chemicals, cost burden and environmental burden are becoming prominent. Based on our

practical work on DNA synthesis, we discuss the demand and strategies for large-scale DNA synthesis

in industrial biotechnology as well as the issues and potential solutions for sustainable development.
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&1 DNAEGHIZE5XZGWF 12 LR EITM
Table 1 Assessment of the DNA synthesis process according to the 12 principles of green chemistry

No. Principle of green chemistry Current DNA synthesis process Deviation
1 Prevention: It is better to prevent waste than to Large amounts of organic and aqueous waste are XXX
treat or clean up waste after it has been created. generated during chemical synthesis of oligonucleotides.
2 Atom economy: Synthetic methods should be Atom efficiency is 34%-41%" for monomers in standard ~ xxx
designed to maximize incorporation of all phosphoramidite chemistry. The synthesis of a full-length
materials used in the process into the final product. gene requires a few to tens of picomoles of

oligonucleotides which account for less than 1% of the
yield of column-based oligonucleotide synthesis
(usually tens of nanomoles) 81

3 Less hazardous chemical syntheses: Wherever Almost all the synthetic reagents for chemical synthesis XXX
practicable, synthetic methods should be designed to  of oligonucleotide are hazardous, e.g., trichloroacetic
use and generate substances that possess little or acid, iodine, pyridine, acetic anhydride. The process of
no toxicity to human health and the environment. DNA assembly is catalyzed by enzymes in non-toxic

aqueous solution.

4 Designing safer chemicals: Chemical products should Synthetic DNA generally has low chemical toxicity. \
be designed to preserve efficacy of function while
reducing toxicity.

5 Safer solvents and auxiliaries: The use of auxiliary =~ Large amount of acetonitrile is used as solvent XXX
substances (e.g., solvents, separation agents, etc.) should during oligonucleotide synthesis.
be made unnecessary wherever possible and, innocuous
when used.

6 Design for energy efficiency: Energy requirements Most reactions are carried out at ambient temperature and X
should be recognized for their environmental and pressure. Heating or cooling is generally used for
economic impacts and should be minimized. Synthetic performing enzymatic reactions (e.g., PCR, ligation) and
methods should be conducted at ambient temperature  drying DNA samples.
and pressure.

7 Use of renewable feedstocks: A raw material or Solid supports for DNA synthesis or purification can be x
feedstock should be renewable rather than depleting reused '), Some reagents and starting materials are from
whenever technically and economically practicable. non-renewable sources %,

8 Reduce derivatives: Unnecessary derivatization (use of The protection of monomers used in phosphoramidite XX

blocking groups, protection/deprotection, temporary ~ chemistry includes the exocyclic amino groups of the
modification of physical/chemical processes) should be nucleobases, the hydroxyl group at the 5’-positions of the
minimized or avoided if possible, because such steps ~ sugar moieties, and the hydroxyl group of phosphite.
require additional reagents and can generate waste.

9 Catalysis: Catalytic reagents (as selective as possible) Activator is used to raise the coupling efficiency and rate in %
are superior to stoichiometric reagents. oligonucleotide synthesis. The process of DNA assembly is

catalyzed by enzymes.

10 Design for degradation: Chemical products should be Synthetic DNA is generally degraded into products that are
designed so that at the end of their function they break naturally occurred.
down into innocuous degradation products and do not
persist in the environment.

11  Real-time analysis for pollution prevention: Sensors are generally used to detect the leakage of organic  xxx
Analytical methodologies need to be further developed vapor. There is no real-time monitoring and controlling
to allow for real-time, in-process monitoring and control means used for pollution prevention purposes.

prior to the formation of hazardous substances.
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(E=3)
No. Principle of green chemistry Current DNA synthesis process Deviation
12 Inherently safer chemistry for accident prevention: Some reagents used in oligonucleotide synthesis are XX

Substances and the form of a substance used in a
chemical process should be chosen to minimize the
potential for chemical accidents, including releases,
explosions, and fires.

flammable, e.g., acetonitrile, pyridine, acetic anhydride.

. According to the data from Glen Research, the molecular weights (M.W.) of dA, dG, dC and dT phosphoramidites are 857.95,
839.92, 833.93 and 744.83, respectively. When the phosphoramidites are incorporated into an oligonucleotide with all the
protecting groups removed, the formula weights (F.W.) of the corresponding monomer units are 313.21, 329.21, 289.18,
304.20, respectively (https://www.glenresearch.com/reports/gr34-18). Atom efficiency is measured as the ratio of the
molecular weight of the desired product over the molecular weights of all reactants used in the reaction '3, The atom
efficiency of dA, dG, dC and dT phosphoramidites, estimated by the ratio of F.W. to M.W.; are 36.51%, 39.20%, 34.68% and

40.84%, respectively.
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FERRIBR , AR AN R 2 B b 3 3G U R Y
Ao IR BEER IR I AR T 200 5 S 0 7 A
BYSZM o AT R ARSAS H XF A T2 i DNA
PEAT M B R0 O B 8 Bk A5 P i 8 1 FH 2 A
R 1) H A )

FAFE PCR 519 . 838 8RET . 1RIT 20 5%
R, 0 SRS & A U DR 0 S A% 1 IR B
55 TE B B2 A% H R B AR A BE RN 43 1 £ U7 T Y 22
S, R IR IR R BE I LUk | = RO 25 )
B 2l Ak T B 2 B ORI o AR 1Y) A R B A H TR
B, ED0F A 5 B 0 LR B A A/ 2R
BRI EBRBARMC . G U SR IEE 5
T SR P B B F A T U AT R AR
2 B PR I AN e v R AR I AP IR

it Tolbfb i if s DNA A B H IR &
IR, O —SEm TSR . A4 580 ik
SREME R ] 58 4 B0 I <2 % SERH TR PR 1L
WEE, TEER AT (R R
HEAT AR SE, AT R BR N A WU A IR I vh 1 B
SRR, B TR & IR S %
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TEAZ R PEAS By AR TR X 2 R m H ] T [
JE 79 1) % TR TR BT SCPE my it i b A 7 4
i o PEOGIRFEIRME LR IR DO E H B ¥ 91 i
HEEW, 5 HMEERERE R RE, A
H A 2 RS 5 2 Scae A\ BRI, i B R A fig
IEfIR, [HFA0E B 5 e TR VR 2 IEOER,
KRR R @51 557 ESEE
HRIR A, LAkt A n] U] 0 BH Wy 5k P 0 Bt 4%
H = BEMR (deoxyribonucleoside triphosphates,
dNTPs) S fiA, DLa] £ 0 a4 77 208 SR H
FRIER n bp, RIFEINAEYR-AATP, HAN
AR B AR R Y SRR TR B AMEE A RE AR R
FAEWR-AATP, &IGFIMEYR -G RMR
AR EL AR FH & A TR o s A SE A AT IR A
B S AR AR S G 1Y 5k AT S I H T
B SEAZ T RRBE AT 20 5 I 2, R AR A
TERCRAR . Besg Sz A7 20 B 5L 55 ) R,
5L T A Wy g A 3 M A R R R R TR S
Mgt EHEH (mismatch specific binding protein,
MSB) EU4EBCR N YIEE (mismatch specific
endonuclease, MSE) X} DNA X% H 45 Fic A7 15 )
TSRS A SO R SL R R e E &2 6 U 1R
MHAE 1), BAmSRGE. T Ashik, A
X AR PL . HAT, CA BT HE 5
S GEN EEAFEEE T RKBITHE
DNA &5 5t (1) MutS # [ L [m] I (1555,
A REEIR e EN DT R A B 3 2, A
KGR N VIRV (Escherichia coli
endonuclease V). T4 W & K # 2 N V) i VI
(phage T4 endonuclease V), T7 W B {4A4% iR 11 V)
fit I (T7 endonuclease ). RIAT /3R MIEIR
WYIEG CEL 1/11. KB E S1 (nuclease
S1 from Aspergillus oryzae) . Lk BA%ME M (mung

bean nuclease)Z¢71
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Figure 1
mismatch-specific binding protein (MSB) (B).
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e BN EAA R, EEERAPHEMZ T
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i (bug) HBEEDY,

e DNA f76f it 72 s BAd A iR
IR, AT BRI E I BT & T 2 Fh Z bt fi
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Working scheme of mismatch correction with mismatch-specific endonuclease (MSE) (A) and

T SRSk AT 2 5 DA RRAR N T4 0 DNA A4S
AT DNA fEAif B i f 52, J& T —Fh T L&
i DNA 2 45y 2000 5 1Al 3 At 1) 2 4t 1 AR
—iEILFE 55 T DNA fEfBH AR IT 4 .
4.4 HYEELEHK

kA L DNA K BEXELUE T 200 nt,
HAF g HIOKER, IR HEY . 1Ak,
fifi FHA HLER B A 2 S BUB S 2825 BT B
B EY R K, R A A )2 R g
AT PR AU 1) Ve 30 AE W kA A i 2 o
Bk G s 2, A MR L Fff T DNA &
BRI

fiti 2 DNA & A HEE TR T DNA 5 T
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KB, TR G Bk — RSk A BT
) DNA J¥ 41, F5 LA MBAR R G, £
W R W FR 1L (polynucleotide phosphorylase,
PNPase). T4 RNA % Hz il Fl A Uiy [t 80 A% 17 PR 5%
% i
TdT). 52 WiMEke =BR b6 OrE MR &,
SR P A7 EL DT 356 AT 1) A% 7 R AT A= 0 1 R BRI
SRR IK R e nwal kv o a) S RN TR i B INTITE /-
AL A B DNA SRR Al k) e gk
A3 1 BEL T B AT B, 75 280 R DA K (1) 7
A4 f g h B s ke e vE s (2) ml g fb st
R B, HAEWEZITREZ; 3) KR
RN, A SRS G (4) BRBAR
REL 11 il 20k 252 Jonn ol A % IR

PNPase Fi| JH 7 A7 BH W7 3 141 (14 4% R 5 14
e 27 (3")-0-(a-H 52k 2 5E) T 5'- W
af 2’ (3")-0-5 Bt i% 4 A st DNAS
b Mn® W B S 2 R, L R Ak 2E A A B Y
4 mer ERAFMRIEM T 9 mer'®', {H PNPase f)
— IR SRR B IR, )
R B 2 Sk kAR RN, i
B BRBE R

T4 RNA EHMREWRR 2'-li S A
305 - R LT IR Y 3REE b, S
FERRGE Y 3'-B 1R RE 0% BEL T 6% 1) i — 25 A U1,
AL G A B B AT AR 240k, JFHA
WECR R R MmAR, Wah A EEFR
@Eﬁz[72—74]0

TdT J& T DNA R4 X Z%E. B,
FH TAT & B DNA 477 125 352 A 7 F R
— PR TE RS R S, BIR B B 98 4
TAE— s 2 JE E W K4k TdT i K 4R
dNTPs (93%PE, DT 4 1) A% 1 R 2R 44 1Y
B, H, —FoydiE TdT 5 =8 I
TBEBR K W (apyrase) Iu P4 AT IR R

(terminal deoxynucleotidyl transferase,
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& . Apyrase T ¥ ANTPs R fife S I S8 A% 1 — 8k
2 (deoxyribonucleoside diphosphates, dNDPs)
W L
monophosphates, dNMPs)., H T TdT X} dNTPs
S PE R T ANDPs, JX A5 i 750 TdT i
HRRMECF18 3-5 AT, 5 Eikdr
ERM, RIVEEH 1-(4,5- W S L -2-fi 5
HKHE)-1,2- T & LS -NNNN- 2R

(1-(4,5-dimethoxy-2-nitrophenyl) ethylene diamine
tetraacetic Acid, DMNP-EDTA) 5 TdT 3&4+4%
H Co BN RN IR Z AT, Co™ BTk
DMNP-EDTA J{¥, AEEHE TAT 454 . K50
WS, RS FEWEBIR, Bt Co® &
F5 TdT 454, JE 3 dNTPs B R o 1% 745
DL A AT Ry, 3 a5 i B 58 1
KL, TR IR Y B R BGR T A
SRS 5 J3E NS 8]

IR TE T RN RE R ORI T N U R
AN R EEG R A R o SR A A BEL IR AT A A
TIRAE Ak, BEfg it — D4R & DNA &Ry n]
FEVE. BRI A= R TISE BT LR H
G IR BELT R P T, — Bl 482 TdT 5
dNTPs i i S BT SR, TdT A5 e
YBHWTEEA ™, 2 TAT BRE T 1Y ANTPS 3% 5
FERATIREE 15, H B RERS R 1L AL ANTPS 4k
Zefmnl. AR E B KOLIRYIE TdT 8§52
B msE 3wl L RHAT, 15 LIRS gEATRE
BITERL G TN 93.4%-99.5%, TR
RN 97.7%, th THRESEH % TdT 4
dNTPs SZHEAR, %07 100 Bl A T FEHOKR

i 28 3 e i A HE R ARAZ T IR AE IR
o ZX) TAT BT RE R s, AU M
JEYIEE & HARRIE AR | AL AL SR B, HE2
SWERER B L, R TAT X 2R
TR B A AT, B 3002 50 & 1) KA

(deoxyribonucleoside
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Figure 2 Utilization of engineered TdT in de novo DNA synthesis®®®. (A) Two-step oligonucleotide
synthesis cycle. (B) PAGE analysis of the 10 steps of extension in oligonucleotide synthesis. (C) Evaluation
of the performance of our oligonucleotide synthesis strategy before and after process optimization.
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— B 1E DNA dEiEA R E PR & K TR,
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