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Materials and Methods 

Materials. [2-14C]Malonyl-CoA (48 mCi/mmol) and [1-14C]acetyl CoA (47 

mCi/mmol) was purchased from Moravek Biochemicals (California).  Malonyl-CoA and 

acetyl-CoA were purchased from Sigma.  4-Coumaroyl-CoA was chemically synthesized as 

described previously (Abe, I.; Morita, H.; Nomura, A.; Noguchi, H. J. Am. Chem. Soc. 2000, 122, 

11242-11243). Authentic samples of SEK4/SEK4b, 5,7-dihydroxy-2-methylchromone, 

2,7-dihydroxy-5-methylchromone, and tetracetic acid lactone were obtained in our previous 

works (Abe, I.; Oguro, S.; Utsumi, Y,; Sano, Y.; Noguchi, H. J. Am. Chem. Soc. 2005, 127, 

12709-12716).  The CHS used in this study was cloned from young leaves of Scutellaria 

baicalensis.  The recombinant enzyme with an additional hexahistidine tag at the C-terminal 

was subcloned into pET-22b(+) (Novagen), expressed in E. coli, and purified by Ni-chelate 

affinity chromatography as described before (Abe, I.; Morita, H.; Nomura, A.; Noguchi, H. J. Am. 

Chem. Soc. 2000, 122, 11242-11243). 
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Fig. 1  Comparison of primary sequences of Scutellaria baicalensis CHS and other CHS-superfamily enzymes.  
M.s CHS, Medicago sativa CHS; S.b CHS, S. baicalensis CHS; A.h STS, Arachis hypogaea stilbene synthase; G.h 
2PS, Gerbera hybrida 2-pyrone synthase; A.a PCS, Aloe arborescens PCS; A.a OKS, A. arborescens OKS; R.p ALS, 
Rheum palmatum ALS.  The critical active-site residues 197, 256, and 338 (in pink), the catalytic triad (Cys164, 
His303, and Asn336) (in red), and the active-site Phe215 and F265 (in blue) were marked with # (numbering in M. 
sativa CHS), and residues for the CoA binding with +.   

 

Site-Directed Mutagenesis. S. baicalensis CHS mutants (T197G, G256L, S338V, 

G256L/S338V, T197G/G256L, T197G/S338V, T197G/G256L/S338V, T197A/G256L/S338V, 

and T197M/G256L/S338V) were constructed using the QuickChange Site-Directed Mutagenesis 

Kit (Stratagene) and a pair of complementary mutagenic primers as follows (mutated codons are 

underlined); T197G, sense 5'-CCG AAA TCA CCG CCG TCG GAT TCC GGG GAC-3', 

anti-sense 5'-GTC CCC GGA ATC CGA CGG CGG TGA TTT CGG-3'; G256L, sense 5'-GCG 

AGG GTG CCA TTG ACC TCC ACC TTC GCG-3', anti-sense 5'-CGC GAA GGT GGA GGT 

CAA TGG CAC CCT CGC-3'; S338V, sense 5'-CGG GAA CAT GGT CAG CGC CTG CGT 

GAT CTT CG-3', anti-sense 5'-CGA AGA TCA CGC AGG CGC TGA CCA TGT TCC CG-3'; 

M.s CHS 1 - - - - - - - - - - M V S V S E I R K A Q R A E G P A T I L A I G T A N P A N C V E Q S T Y P D F Y F K I T N S E H K T

S.b CHS 1 - - - - - - - - - - M V V E E Y H R A T R A E G P A T V L A I G T A N P P N C V D Q S T Y A D Y Y F R I C K S E H L T

A.h STS 1 - - - - - - - - - - - M V S V S G I R K V Q R A E G P A T V L A I G T A N P P N C I D Q S T Y A D Y Y F R V T N S E HM T

G.h 2PS 1 - - - - - MG S Y S S D D V E V I R E A G R A QG L A T I L A I G T A T P P N C V A Q A D Y A D Y Y F R V T K S E HM V

A.a PCS 1 M S S L S N S L P L M E D V QG I R K A Q K A D G T A T VM A I G T A H P P H I F P Q D T Y A D V Y F R A T N S E H K V

A.a OKS 1 M S S L S N A S H L M E D V QG I R K A Q R A D G T A T VM A I G T A H P P H I F P Q D T Y A D F Y F R A T N S E H K V

R.p ALS 1 - - - - - - - - - M A D V L Q E I R N S Q K A S G P A T V L A I G T A H P P T C Y P Q A D Y P D F Y F R V C K S E HM T

M.s CHS 91 L D A R Q DM V V V E V P R L G K E A A V K A I K EWGQ P K S K I T H L I V C T T S G V DM P G A D Y Q L T K L L G L

S.b CHS 91 L D A R Q D I V V V E I P K L G K E A A Q K A I K EWGQ P K S K I T H V V F C T T S G V DM P G A D Y Q L T K L L G L

A.h STS 91 L D A R E DMM I R E V P R V G K E A A T K A I K EWGQ P M S K I T H L I F C T T S G V A L P G V D Y E L I V L L G L

G.h 2PS 96 L N A R Q D L V V T G V PM L G K E A A V K A I D EWG L P K S K I T H L I F C T T A G V DM P G A D Y Q L V K L L G L

A.a PCS 101 L N D R Q D I C V P G V P A L G T E A A V K A I E EWG R P K S E I T H L V F C T S C G V DM P S A D F Q C A K L L G L

A.a OKS 101 L N D R Q D I C V P G V P A L G A E A A V K A I A EWG R P K S E I T H L V F C T S C G V DM P S A D F Q C A K L L G L

R.p ALS 92 L N A R Q DM L I M E V P K L G A E A A E K A I K EWGQ D K S R I T H L I F C T T T S N DM P G A D Y Q F A T L F G L

# 1 9 7 x x x x # 2 1 5

M.s CHS 191 S E V T A V T F R G P S D T H L D S L V GQ A L F G D G A A A L I V G S D P V P E I E K P I F E M V WT A Q T I A P D S

S.b CHS 191 S E I T A V T F R G P S E A H L D S L V GQ A L F G D G A G A L I V G S D P I V G V E R P L F Q L V S A A Q T I L P D S

A.h STS 191 S E N T A V T F R G P S E T DM D S L V GQ A L F A D G A A A I I I G S D P V P E V E K P I F E L V S T D Q K L V P G S

G.h 2PS 196 S E I T A I L F H G P N E N H L D S L V A Q A L F G D G A A A L I V G S G P H L A V E R P I F E I V S T D Q T I L P D T

A.a PCS 201 A E L T I MM L R A P N E T H L D N A I G I S L F G D G A A A L I I G S D P I I G V E K PM F E I V C T K Q T V I P N T

A.a OKS 201 A E L T I I G L R G P N E S H L D N A I G N S L F G D G A A A L I V G S D P I I G V E K PM F E I V C A K Q T V I P N S

R.p ALS 192 S E I V A F A F R G P H E D H I D S L I GQ L L F G D G A A A L V V G T D I D E S V E R P I F Q I M S A T Q A T I P N S

3 0 3 # x x 3 3 6 # # 3 3 8

M.s CHS 291 G I S - - - D Y N S I F W I A H P GG P A I L D Q V E Q K L A L K P E KM N A T R E V L S E Y G NM S S A C V L F I L D

S.b CHS 291 D I S - - - DWN S L F W I V H P GG P A I L D Q V E E K L G L K P E I M A Q T R Q V L S D Y G NM S S A C V I F V L D

A.h STS 291 G I S - - - D Y N S I F W I A H P GG R A I L D Q V E Q K V N L K P E KM K A T R D V L S N Y G NM S S A C V F F I M D

G.h 2PS 296 G I T - - - DWN S V F WM V H P GG R A I L D Q V E R K L N L K E D K L R A S R H V L S E Y G N L I S A C V L F I I D

A.a PCS 301 G I T P P E DWN S L F W I P H P GG R A I L D Q V E A K L K L R P E K F R A A R T V L WD Y G NM V S A S V G Y I L D

A.a OKS 301 GM T P P E DWN S L F W I P H P GG R A I L D Q V E A K L K L R P E K F R A T R T V L WD C G NM V S A C V L Y I L D

R.p ALS 292 G I T - - - DWN S I F WQ V H P GG R A I L D K I E E K L E L T K D KM R D S R Y I L S E Y G N L T S A C V L F VM D

x x x

E L K E K F QRMC DK SM I K RR YM Y L T E E I L K E N PN VC E YMA P S

E L KKK FQRMC DK S Y I KK R YM H L T E E F L N E N DNM A F E A P S

D L KKK FQR I C E R T Q I KN RHM Y L T E E I L K E N PNMCA YKA P S

D L K E K F K R I C E K T A I KK R Y L A L T E D Y L QE N P TMC E FMA P S

E L KKK F DH I C KK TM I GK R Y F N YD E E F L KK Y PN I T S YD E P S

E L KKK F D R I C KK TM I GK R Y F N YD E E F L KK Y PN I T S F D E P S

K L KKKMQ F I C D RSG I RQR FM F H T E EN L GKN PGMC T F DGP S

1 6 4 #

R P Y VK R YMMY QQGC F AGG T V L R L AKD L AE N NKGAR V L V VC

R P S VK R FMMY QQGC F AGG T V L RMAKD L AE N NAGAR V L V VC

D PC VKR YMMY HQGC F AGG T V L R L AKD L AE N NKDAR V L I V C

S P S VK R YM L Y QQGCAAGG T V L R L AKD L AE N NKGS R V L I V C

H AN VNK YC I Y MQGC Y AGG T V MR Y AKD L AE N NRGAR V L V VC

R T N VNK YC V Y MQGC Y AGG T V MR Y AKD L AE N NRGAR V L V VC

N PGV S R TMV Y Q LGC F AGG T V L R L VKD I A E N NKGAR V L V VC

# 2 5 6 2 6 5 # x x x

EGA I DGH L RE AG L T F H L L KD V PG I V S KN I T K A L V E A F E P L

EGA I DGH L RE I G L T F H L L KD V PG L I S KN I E K S L K E A F A P L

HGA I GG L L RE VG L T F Y L NK S V PD I I S QN I N D A L NKA F D P L

E K A VK L H L RE GG L T F Q L H RD V P LMVAKN I E N AAE KA L S P L

E D V I H L H L RE T GMMF Y L S KG S PM T I S NN V E AC L I D V F K S V

E D V I H L HMRE AG LM F YMS KD S P E T I S NN V E AC L VD V F K S V

L H TMA L H L T E AG L T F H L S K E V PK V V S DNME E LM L E A F K P L

EMRKK S T QNG L K T T GEG L EW GV L F G FGPG L T I E T V V L RS V A I

EMRKAS AKNG C T T T GEGKDW GV L F G FGPG L T V E T V V L H S V P L

LMRKRS L E EG L K T T GEG L DW GV L F G FGPG L T I E T V V L RS V A I

E V RK RSMAEG K S T T GEG L DC GV L F G F GPGM T V E T V V L RS V R V T AA V ANGN

EMRRK S AAKG L E T YGEG L EW GV L L G FGPG I T V E T I L L H S L P LM

EMRRK S AD EG L E T YGEG L EW GV L L G FGPGM T V E T I L L H S L P LM

EMRKRS F REG KQ T T GDGY EW GV A I G L GPG L T V E T V V L RS V P I P
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T197A, sense 5'-GCT CCG AAA TCA CCG CCG TCG CAT TCC GGG GAC-3', anti-sense 

5'-GTC CCC GGA ATG CGA CGG CGG TGA TTT CGG AGC-3'; T197M, sense 5'-GCT CCG 

AAA TCA CCG CCG TCA TGT TCC GGG GAC-3', anti sense 5'-GTC CCC GGA ACA TGA 

CGG CGG TGA TTT CGG AGC-3'. 

Enzyme Expression and Purification. After confirmation of the sequence, the plasmid 

was transformed into E. coli BL21(DE3)pLysS.  The cells harboring the plasmid were cultured 

to an A
600

 of 0.6 in LB medium containing 100 μg/mL of ampicillin at 30 °C. Then, 0.4 mM 

isopropyl thio- -D-galactoside was added to induce protein expression, and the culture was 

incubated further at 16 °C for 14 h.  The E. coli cells were harvested by centrifugation and 

resuspended in 40 mM potassium phosphate buffer, pH 7.9, containing 0.1 M NaCl. Cell lysis 

was carried out by sonication, and centrifuged at 15,000 g for 40 min.  The supernatant was 

passed through a column of Pro-Bond™ resin (Invitrogen) containing Ni2+ as an affinity ligand. 

After washing with 20 mM potassium phosphate buffer, pH 7.9, containing 0.5 M NaCl and 40 

mM imidazole, the recombinant ALS was finally eluted with 15 mM potassium phosphate buffer, 

pH 7.5, containing 10% glycerol and 500 mM imidazole.  Protein concentration was determined 

by the Bradford method (Protein Assay, Bio-Rad) with bovine serum albumin as standard.  

Enzyme Reaction. The standard reaction mixture contained 27 nmol of starter CoA 

(4-coumaroyl-CoA) and 54 nmol of malonyl-CoA, and 460 pmol of the purified recombinant 

enzyme in a final volume of 500 μL of 100 mM potassium phosphate buffer, pH 7.0.  

Incubations were carried out at 30 °C for 12 hours, and stopped by adding 50 μL of 20% HCl.  

The products were then extracted with 1,000 μL of ethyl acetate, and concentrated by N2 flow.  
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The residue was dissolved in aliquot of MeOH containing 0.1% TFA, and separated by 

reverse-phase HPLC (JASCO 880) on a TSK-gel ODS-80Ts column (4.6 x 150 mm, TOSOH) 

with a flow rate of 0.8 ml/min.  Gradient elution was performed with H2O and MeOH, both 

containing 0.1% TFA: 0-5 min, 30% MeOH; 5-17 min, linear gradient from 30 to 60% MeOH; 

17-25 min, 60% MeOH; 25-27 min, linear gradient from 60 to 70% MeOH.  Elutions were 

monitored by a multichannel UV detector (MULTI 340, JASCO) at 290 nm, 330nm and 360 nm; 

UV spectra (198-400 nm) were recorded every 0.4 s.  The retention time (min): SEK4 (19.3), 

SEK4b (20.6), 6-(2,4-dihydroxy-6-methylphenyl)-4-hydroxy-2-pyrone (16.9), 2,7-dihydroxy-5- 

methylchromone (22.7), tetracetic acid lactone (4.4), and triacetic acid lactone (6.0).   

On-line LC-ESIMS spectra were measured with a Hewlett-Packard HPLC 1100 series 

(Wilmington, DE) coupled to a Finnigan MAT LCQ ion trap mass spectrometer (San Jose, CA) 

fitted with an ESI source.  HPLC separations were carried out under the same conditions as 

described above.  The ESI capillary temperature and capillary voltage were 225 °C and 3.0 V, 

respectively.  The tube lens offset was set at 20.0 V. All spectra were obtained in both negative 

and positive mode; over a mass range of m/z 100-500, at a range of one scan every 2 s. The 

collision gas was helium, and the relative collision energy scale was set at 30.0% (1.5 eV).   
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Fig. 2.  HPLC elution profiles of enzyme reaction products of S. baicalensis CHS mutant; (A) T197G, (B) G256L, 
(C) S338V,  (D) T197G/S338V and (E) T197G/G256L/S338V.   
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Fig. 3.  Distribution pattern of polyketides produced by CHS mutants; (A) from malonyl-CoA (all products), (B) 
from malonyl-CoA (pentaketides and octaketides), (C) from 4-coumaroyl-CoA/malonyl-CoA. (1) wild-type, (2) 
T197G, (3) G256L, (4) S338V, (5) G256L/S338V, (6) T197G/G256L, (7) T197G/S338V, (8) T197G/G256L/S338V, 
(9) T197A/G256L/S338V, (10) T197M/G256L/S338V. 


