
1

Supporting Information

Insight into the Programmed Ketoreduction of Partially Reducing 

Polyketide Synthases: Stereo- and Substrate-Specificity of Ketoreductase 

Domain

Ishin Soehano, Lifeng Yang, Feiqing Ding, Huihua Sun, Zhen Jie Low, Xuewei Liu, Zhao-

Xun Liang*

a Division of Structural Biology & Biochemistry, School of Biological Sciences, 

Nanyang Technological University, 60 Nanyang Drive, Singapore 637551; Tel: (+) 65 

6592 7736, Fax: (+) 65 6791 3856, E-mail: zxliang@ntu.edu.sg.

b Division of Chemistry and Biological Chemistry, School of Mathematics and Physics, 

Nanyang Technological University, 21 Nanyang Link, Singapore 637371,

Electronic Supplementary Material (ESI) for Organic & Biomolecular Chemistry.
This journal is © The Royal Society of Chemistry 2014



2

Table S1.  SACE3352 and homologous bacterial iPKSs.

Gene Access no. Organism Identity%/Homology%

NcsB AAM77986 Streptomyces 
carzinostaticus subsp. 
neocarzinostaticus

51/66

AziB ABY83164 Streptomyces 
sahachiroi

48/64

PokM1 ACN64831 Streptomyces 
diastatochromogenes

49/63

ChlB1 AAZ77673 Streptomyces 
antibioticus

46/61

MdpB ABY66019 Actinomadura 
madurae

47/60

CalO5 AAM70355 Micromonospora 
echinospora

48/62

AviM AAK83194 Streptomyces 
viridochromogenes

48/61
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TableS2. PCR primers used to generate double mutants KRSACE5532KRI2A and KRI2B, as well as 
quadruple mutant KRSACE5532KRI4. F, forward primer, R, reverse primer

KRSACS5532 
variants

Amino acid 
replacements Primer sequences

KRI2A
T1530LT1

531S
F: 5'-CCAGTTTGCCCGCCTGTCTGGCCAAGTCACCTATG -3'

R: 5'-CATAGGTGACTTGGCCAGACAGGCGGGCAAACTGG -3'

KRI2B
V1534AT1

535S

F: 5'-
ACGGGCCAAGCGAGCTATGCGGCGGCGAACAGCTTTCTGGATG-3'
R: 5'-TTCGCCGCCGCATAGCTCGCTTGGCCCGTGGTGCGGGCAAAC-

3'

KRI4

T1530LT1
531S

V1534AT1
535S

F: 5'- CTGTCTGGCCAAGCAAGTTATGCGGCGGCGAACAG-3'
R: 5'- CTGTTCGCCGCCGCATAACTTGCTTGGCCAGACAG-3'

TableS3. PCR Primers used to generate KRSACE5532KRIIIand KRSACE5532KRI4/II/IIImutants. 

Primer names Primer sequences
Forward primer A 5’-ACGTTTCATATGCGCGATCTGGCGTATGAAATCATTTGGAAACCG-3’

Reverse primer B 5’-ACGCGCTTTCGGAGCCAGGACTTCGCGCAGACCTTCCAGATCAA
CTTTATCAACCAGCGCATTGTTCACCACGCCCGCGGCATGAACC-3’

Forward primer C 5’-TGGTGAACAATGCGCTGGTTGATAAAGTTGATCTGGAAGGTCT
GCGCGAAGTCCTGGCTCCGAAAGCGCGTGGCGCGATGGC-3’

Reverse primer D 5’-AACAAACTCGAGGCCGGTATCGCCGCTCGCGGTCAGTTC-3’

Table S4. PCR Primers used to generate the SACE5532 variant KRI/II/III/IV.

Primer names Primer sequences
Forward primer A 5’- TGCCGCGCGGCAGCCATATGAGCACCTATGCCGCGGTTAAAG -3’
Reverse primer B 5’- AGGTCACGCGGCGCAGCCATGGTGCCCGGAGCACCATCCAGAAC -3’
Forward primer C 5’- TGGCTGCGCCGCGTGACCTGGCTTACGAAATCATCTG -3’
Reverse primer D 5’- TCATCCGGACCCGTATCACCCGATGCGGTCAGTTC -3’
Forward primer E 5’- TGATACGGGTCCGGATGAAGGCCCGTCAATCGTGGAAG -3’
Reverse primer F 5’- TCAGTGGTGGTGGTGGTGGTGCTCGAGGCTCACTTTCGCTTTCAGCAG -3’
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TableS5. Standalone ketoreductase (KR) domains and the amino acid replacements in 
KRSACE5532tested in this work.

KRSACE5532 amino acid replacement

KR names
Motif I

(red)

Motif II

(green)

Motif III

(blue)

Motif IV

(magenta)

KRSACE5532 Nil nil nil nil
KRI2A T1530L, T1531S nil nil nil
KRI2B V1534A, T1535S nil nil nil

KRI4
T1530L, T1531S
V1534A, T1535S nil nil nil

KRII Nil

M1564T, L1567R
N1568G, T1569L
A1572S, A1573S
S1574N, E1576D
S1577T, S1578T
A1580F, R1583N
A1584S, N1585R
I1587L, D1588E
G1589A, F1590V

T1591S

nil nil

KRIII Nil nil

D1481N, A1484V
E1485D, N1486K, 
M1487V, T1489L, 
D1490E, A1493R, 
R1494E, T1495V
M1496L, S1497A

nil

KRI2A/II T1530L, T1531S

M1564T, L1567R
N1568G, T1569L
A1572S, A1573S
S1574N, E1576D
S1577T, S1578T
A1580F, R1583N
A1584S, N1585R
I1587L, D1588E
G1589A, F1590V

T1591S

nil nil

KRI2B/II V1534A, T1535S

M1564T, L1567R
N1568G, T1569L
A1572S, A1573S
S1574N, E1576D
S1577T, S1578T
A1580F, R1583N
A1584S, N1585R
I1587L, D1588E
G1589A, F1590V

T1591S

nil nil

KRI4/II
T1530L, T1531S
V1534A, T1535S

M1564T, L1567R
N1568G, T1569L
A1572S, A1573S
S1574N, E1576D
S1577T, S1578T
A1580F, R1583N
A1584S, N1585R
I1587L, D1588E
G1589A, F1590V

nil nil
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T1591S

KRI4/II/III
T1530L, T1531S
V1534A, T1535S

M1564T, L1567R
N1568G, T1569L
A1572S, A1573S
S1574N, E1576D
S1577T, S1578T
A1580F, R1583N
A1584S, N1585R
I1587L, D1588E
G1589A, F1590V

T1591S

D1481N, A1484V
E1485D, N1486K, 
M1487V, T1489L, 
D1490E, A1493R, 
R1494E, T1495V
M1496L, S1497A

nil

KRI/II/III/IV

S1524C,
 T1530L, T1531S
V1534A, T1535S 

M1564T, L1567R
N1568G, T1569L
A1572S, A1573S
S1574N, E1576D
S1577T, S1578T
A1580F, R1583N
A1584S, N1585R
I1587L, D1588E
G1589A, F1590V

T1591S

D1481N, A1484V
E1485D, N1486K, 
M1487V, T1489L, 
D1490E, A1493R, 
R1494E, T1495V
M1496L, S1497A

I1387L, 
Q1390E
G1397D, 
N1409R, 
G1410A
P1413N, 
H1415T
D1418P, 
T1424E
T1427R, 
E1430D
A1431G, 
R1433L
S1434A, 
Y1437A

KRNcsB Nil nil nil nil

O
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Cl
R

O

O

O

O

O

DCC

DMAP
R

Toluene

80oC

2c: R = CH3CH2
3c: R = CH3(CH2)3
4c: R = CH3(CH2)5

2ca: R = CH3CH2
3ca: R = CH3(CH2)3
4ca: R = CH3(CH2)5

Scheme S1. General Procedures for synthesis of compounds2c, 3c and 4c.
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Figure S1. Sequence alignment of KRSACE5532 and KRNcsB with a sequence identity of 45% and 
sequence homology of 63%. The four motifs discussed in the main text are highlighted. 
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Figure S2. Multiple sequence alignment of the KR domains of selected type I partially reducing 
polyketide synthases and modular polyketide synthases. The conserved residues were highlighted 
with red color. 

                      1        10          20               30        40             
                      |        |           |                |         |
SACE5532_KR      -----RDLAYEIIWKPLASE--PDIGSLP-------EWAVIIGDDDPVTTGFAELLEEQG
NcsB_KR          -----SELVHEIVWRPWDPEDHEGAEDAP-------VEQVILVGDPEATVPLAEQLESAG
Azi26_KR         -----RDLVHELAWEPVEVP----ADAPV-------PSQALVVGGAAGGPALVEALTARG
PokM1_KR         -----RRLVHRMRWRPMEQQD--PGAHRT-------VVLVGDDRSLVERLSRRLVAEAVP
MdpB_KR          -----RRLVHEITWRAPDGAAGRAAEPSG-------VVLVGPRSALRDALAEGLARTGTP
ChlB1_KR         -----RDLVFEMAWRPFEAPAPQDVSARR-------IVLIAAHD-------VKPLRTALT
EryA1_KR         --DEVSALRYRIEWRPTGAGEPARLDG-----TWLVAKYAGTADETSTAAREALESAGAR
AmphB_KR         --SHMDALRYHIEWNRVAEPGTARPAGR----LLAVISPDHAGAPWVTAVLDALGPDTVR
PikAII_KR        MGSVQDSWRYRIDWKRLAVADASERAGLSGRWLVVVPEDRSAEAAPVLAALSGAGADPVQ
Tyl_KR           --SPTDAWRYRVTWKALTESSPVRPHSIGRCLLVAPPTTDGELLDGLTTVLSERGASVAR

                    50          60        70        80        90        100
                    |           |         |         |         |         |
SACE5532_KR      ILCRRIS--TPEAVPEPSPGDSALIVIAPGVVTHDEDPVDQAERATWSLIRATQRLPRTA
NcsB_KR          MTCVQVGDSPETGLRPDLFARPGAVVVAPALAGSDTAPEEEAERVSWLLVRTVQRVAEIR
Azi26_KR         VRARAVP--DATAIGDASLTCADVVVVAPEALLPGEAPEQAARRCAQLLVDAVQQVAAVP
PokM1_KR         HRIASDP-----DELREGELSDDHTVVVVPAPGRPQEPVGRASLRASWLLARTAQRLAPA
MdpB_KR          HRVASSP-----SGLRDAAGESPGEVLVVPRPGRPGRVEQDAGAATRLLARTVRTLAAGT
ChlB1_KR         RAGAHVD-----VGLDGTLDENTDVVVVPDLTADIPVPEAAARSAWLLLSTAQRIAALDT
EryA1_KR         VRELVV-DARCGRDELAERLRSVG-EVAGVLSLLAVDEAEPEEAPLALAS-LADTLSLVQ
AmphB_KR         FEAKGT-DRAAWAAQLAQLREDEG-EFHAVVSLLAAAEALHTDHGSVPLG-LAQTLLLAQ
PikAII_KR        LDVSPLGDRQRLAATLGEALAAAGGAVDGVLSLLAWDESAHPGHPAPFTRGTGATLTLVQ
Tyl_KR           LEVPIGARRAEVAELLKPSMESAGEENTTVVSLLGLVPSTDAVR---------TSIALLQ

                            110          120       130       140       150
                            |            |         |         |         |
SACE5532_KR      TEN------VRLWCITR---GVRAGNDRTALAHRPLWGAARIISGERPDLWGGLIDVESG
NcsB_KR          ADVTGDAPAQRVWCVTS---DVRRARDERSVAHGPLWGLARIVAGDHPELWGGAVDIGPS
Azi26_KR         DERR----RPRVWALTR---EVRAGATEAALAHAPLWGAGRIVAGERPDLWGGVIDVAEN
PokM1_KR         PRPP------RLWCVTQ---GVRESATEASLAHGPLWGLGRVIAGEHPDLWGGIVDLGSS
MdpB_KR          GRAS------RLWCVTQ---GVRECAGPAPLGHAPLWGLARIIGAEHPDLWGGVIDVDGV
ChlB1_KR         LRFP------RLWCLTT---AVRESQAETHLAQSTLWGLGRVIAGEHSELWGGVIDLAPG
EryA1_KR         AMVSAELGCP-LWTVTESAVATGPFERVRNAAHGALWGVGRVIALENPAVWGGLVDVPAG
AmphB_KR         ALGDAGLTAP-LWCLTRGGVAAGRGDVLSSPVQGALWGLGRVIGLEHPDRWGGLIDLPET
PikAII_KR        ALEDAGVAAP-LWCVTHGAVSVGRADHVTSPAQAMVWGMGRVAALEHPERWGGLIDLPSD
Tyl_KR           AVSDIGVPAARVWALTRRAVAVVPG-ETPQDAGAQLWGFGRVAALELPDIWGGLIDLPET

                                           160       170       180       190
                                           |         |         |         |
SACE5532_KR      VRSQ----------------------ERLLKLVLGTPLDGEDIIAVGDDGDYVERMVPVT
NcsB_KR          ADGI----------------------GARLVALLDGAAGTEDVISLTGEGAEVARLSRID
Azi26_KR         AVP------------------------QQVASLIGALPHTEDVLSLDSEGVTAARLRQVA
PokM1_KR         PRDV----------------------AGFVDLLG--TTHGEDVVAVREGQPEVARLALLD
MdpB_KR          P-DV----------------------PAVLDVLR--GTGGEDVVAVRDGGLLVPRLRFPE
ChlB1_KR         TPDA----------------------TTLLSVLH--TGGGEDVIALRDGTATTARLTTTQ
EryA1_KR         SVA----------------------ELARHLAAVVSGGAGEDQLALRADGVYGRRWVRAA
AmphB_KR         VDT----------------------RAAARLTGLLADAGGEDQLAIRGSGVLARRLAHAA
PikAII_KR        ADR----------------------AALDRMTTVLAGGTGEDQVAVRASGLLARRLVRAS
Tyl_KR           AELTRTPETSQPPQTPERLPQTPNRRALELAAAVLAGRDGEDQVAVRASGIYGRRVSRAA

                       200        210       220       230       240       250
                       |          |         |         |         |         |
SACE5532_KR      REPARSE-LECRPDGTYLVTGGLGAIGLQVARWLVGRGARRLVLAGRNGLPPRHEWDAVT
NcsB_KR          RSADGTP-LQCSPSGTVLITGGLGALGLEVARWLVDRGARRLVLVSRRALPNRTEWPAVT
Azi26_KR         RPAEREP-VDCRPDGTYLVTGGLGALGLEAARHLVEQGARRLVLIGRRGLPSRSRWDQVD
PokM1_KR         GEPVRPA-TTCRPDGTYLVTGGLGALGLEVAHWLAERGARRLVLTGRRSLPPRDEWDDVT
MdpB_KR          GDPVRAP-ISCRPDGTYLITGGLGVLGLEVAQWLAARGARRLVLAGRRTLPPRDSWDELT
ChlB1_KR         REPTGTP-LECRADGTYLITGGLGTLGLEVAGRLAERGARRLVLAGRTGLPPRSTWGETT
EryA1_KR         APATDDE-WKP--TGTVLVTGGTGGVGGQIARWLARRGAPHLLLVSR------------S
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AmphB_KR         PAVPGSG-KRPPVHGSVLVTGGTGGIGGRVARRLAEQGAAHLVLTSR------------R
PikAII_KR        LPAHGTASPWWQADGTVLVTGAEEPAAAEAARRLARDGAGHLLLHTTPSG-SEGAEGTSG
Tyl_KR           AAG----AASWQPSGTVLITGGMGAIGRRLARRLAAEGAERLVLTSR------------R
                        260       270       280       290       300       310
                        |         |         |         |         |         |
SACE5532_KR      DATTRTRIEAVRSLEYLGATVRVVAIDIADPGQVADSLTPSALGLPPIRGVVHAAGVVND
NcsB_KR          DAETRRRIDGVLALEALGVTVRVLALDITDVDQVSAALAPEALGLPPVRGVVHAAGVVNN
Azi26_KR         DPAVAAQIAEVVALEAAGATVRVLSLDISDAEATARALDPGALDMPPVRGIVHCAGVVSD
PokM1_KR         DPLVRSRVEAVRSLERLGSTVVTVALDLADADAAEKLLSPTALGLPPVRGVVHAAGVLDD
MdpB_KR          DPADVARVRAIRSLERLGVTVVVVTVDVADAETAGKLLSPAALGLPPIRGVVHAAGVVDN
ChlB1_KR         DTHTRQRIEAVKALEDQGVTVRVIPLDITDTAKAAEQLTPDALGLPPIRGIVHLAGVLDN
EryA1_KR         GPDADGAGELVAELEALGARTTVAACDVTDRESVRELLGGIGDDVPLSAVFHAA-ATLDD
AmphB_KR         GADAPGAAELRAELEQLGVRVTIAACDAADREALAALLAELPEDAPLTAVFHSAGVAHDD
PikAII_KR        AAEDSGLAGLVAELADLGATATVVTCDLTDAEAAARLLAGVSDAHPLSAVLHLP-PTVDS
Tyl_KR           GPEAPGAAELAEELRGHGCEVVHAACDVAERDALAALVT----AYPPNAVFHTA-GILDD

                        320       330       340            350       360
                        |         |         |              |         |
SACE5532_KR      ALAENMDTDGLARTMSPKARGAMALHQQFPPGTLD-----FFVLFSSSGQFARTTGQVTY
NcsB_KR          ALVDKVDLEGLREVLAPKVRGAMVLHRLFPPGDLD-----FFVLFSSCGQFARLSGQASY
Azi26_KR         ALVEKTGAANLDTTMGPKADGAMVLHRLFPAGTLD-----FFTMFSSCGQLARLTGQVSY
PokM1_KR         RPLRALDEDSLRAVLRPKAEGAWVLHQLFPPGSLD-----FLVLFSSCGQLLGLPGQSSY
MdpB_KR          RLLRDLDGESLRAVQRPKIGGALVLHSLFPPGEPD-----FFVLFSSCGQLLGLPGQGAY
ChlB1_KR         RMVTAVDETSLRTVLRPKADGAWTLHTLFPPGTID-----FLILFSSCGQLLGLPGQAAY
EryA1_KR         GTVDTLTGERIERASRAKVLGARNLHELTRELDLT-----AFVLFSSFASAFGAPGLGGY
AmphB_KR         APVADLTLGQLDALMRAKLTAARHLHELTADLDLD-----AFVLFSSGAAVWGSGGQPGY
PikAII_KR        EPLAATDADALARVVTAKATAALHLDRLLREAAAAGGRPPVLVLFSSVAAIWGGAGQGAY
Tyl_KR           AVIDTLSPESFETVRGAKVCGAELLHQLTADIKGLD----AFVLFSSVTGTWGNAGQGAY

370       380         390       400        410       420
|         |           |         |          |         |
SACE5532_KR      AAANSFLDALAAYRRAAG--CHETISVAWMAWLNTGMAAS-IESSMAEARANGIDGFTPE
NcsB_KR          AAANSFLDTLASHRNAGE--HTETVSLGWTAWRGLGMSSN-IDTTMFEANSRGLEAVSAT
Azi26_KR         ASANSFLDALAALRRSRG--ETGTTSFAWAQWIGRGMGETTGRATILEAESRGLGGITVS
PokM1_KR         AAGNAFLDALAAHRGAAG--DTGTVSFGWTSWRGLGMSTSSEVIDAELA-AHGTADISAL
MdpB_KR          AASNAFLDGLAAHRRNAG--DTGTISFGWTSWRGLGMSRSSAVIDEELA-ARGTADISRA
ChlB1_KR         GSANAFLDALAVHRNTTTPTAADTTSFGWTSWRGQGMAVN-DVVDAELR-ARGVTDITTQ
EryA1_KR         APGNAYLDGLAQQRRSDG---LPATAVAWGTWAGSGMAEG-AVADRFRR--HGVIEMPPE
AmphB_KR         AAANAYLDALAEHRRSLG---LTASSVAWGTWGEVGMATDPEVHDRLVR--QGVLAMEPE
PikAII_KR        AAGTAFLDALAGQHRADG---PTVTSVAWSPWEGSRVTEG-ATGERLRR--LGLRPLAPA
Tyl_KR           AAANAALDALAERRRAAG---LPATSVAWGLWGGGGMAAG-AGEESLSR--RGLRAMDPD

                      430            440       450       460
                      |              |         |         |
SACE5532_KR      EAFQAWQFVSRFD-----LPYAVVLRSIPIPGNVPRPAVLSELTASGDTG------
NcsB_KR          EAFGAWSFGDRFQ-----SDYQAILRVVPTPVHTPRLPVFRDLPVSGETDG-----
Azi26_KR         EALRSWAYADRFA-----LPYAAVMRVMPD----HTLPVFSHLSVTDAG-------
PokM1_KR         EAFASWELADRYG-----LGYAAVLRTLPPEPGQRRLPLLGEVPTDAPH-------
MdpB_KR          EAFQAWELAERYD-----LGYAAVLRTIPLDPGRRRPPLFDDLPAEPAA-------
ChlB1_KR         EAFAAWDFAAQHG-----PGNYPVLRRLPHEPDMDQLPLLSEIHHTGPT-------
EryA1_KR         TACRALQNALDRAEVCPIVIDVRWDRFLLAYTAQRPTRLFDEIDDAR---------
AmphB_KR         HALGALDQMLENDDTAAAITLMDWEMFAPAFTANRPSALLSTVPEAVSALS-----
PikAII_KR        TALTALDTALGHGDTAVTIADVDWSSFAPGFTTARPGTLLADLPEARRALDEQQST
Tyl_KR           AAVDALLGAMGRNDVCVTVVDVDWERFAPATNAIRPGRLFDTVPEAREALT-----

SACE5532_KR      DIADPGQVADSLTPSALGLPPIRGVVHAAGVVND……… FSSSGQFARTTGQVTY
NcsB_KR          DITDVDQVSAALAPEALGLPPVRGVVHAAGVVNN……… FSSCGQFARLSGQASY
Azi26_KR         DISDAEATARALDPGALDMPPVRGIVHCAGVVSD……… FSSCGQLARLTGQVSY
PokM1_KR         DLADADAAEKLLSPTALGLPPVRGVVHAAGVLDD……… FSSCGQLLGLPGQSSY
MdpB_KR          DVADAETAGKLLSPAALGLPPIRGVVHAAGVVDN……… FSSCGQLLGLPGQGAY
ChlB1_KR         DITDTAKAAEQLTPDALGLPPIRGIVHLAGVLDN……… FSSCGQLLGLPGQAAY
Ery_KR1          DVTDRESVRELLGGIGDDVPLSAVFHAA-ATLDD……… FSSFASAFGAPGLGGY
Amp_KR1          DAADREALAALLAELPEDAPLTAVFHSAGVAHDD……… FSSGAAVWGSGGQPGY
Pik_KR1          DLTDAEAAARLLAGVSDAHPLSAVLHLP-PTVDS……… FSSVAAIWGGAGQGAY
Tyl_KR1          DVAERDALAALVT----AYPPNAVFHTA-GILDD……… FSSVTGTWGNAGQGAY
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Fig. S3. 1H and 13C NMR spectra of SNAC substrates 2c, 3c and 4c. 
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