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C-methylation programming of non-reducing polyketide
synthases: based on AlphaFold 2 and molecular docking
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Abstract: [Objective] To explore the reasons for differences in the C-methylation
programming of non-reducing polyketide synthases (NR-Pkss). [Methods] We used
bioinformatics tools and AlphaFold 2 to compare the domain sequences and structures of the
NR-Pkss involved in the synthesis of Monascus pigment and citrinin in Monascus ruber M7,
i.e., Mr-PksPT and Mr-PksCT. Furthermore, we employed molecular docking to compare the
binding of C-methyltransferase domains (CMeTs) with other domains and the intermediates of
the two NR-Pkss. [Results] The large differences of the overall structure and the high
similarity of domain sequence and structure between the two NR-Pkss suggested that the
differences of C-methylation programming between NR-Pkss may be resulted from domain
interactions. The CMeT of Mr-PksCT was more likely to bind to the acyl carrier protein (ACP)
carrying the substrate than that of Mr-PksPT, making the intermediate more easily catalyzed by
CMeT. Moreover, CMeT had lower binding free energy to methyl receptor substrate than the
[-ketosynthase domain (KS). [Conclusion] The CMeTs of NR-Pkss can affect the
C-methylation of the products by competing with KS. The findings provide a new idea for the
study of C-methylation programming of Pkss.

Keywords: non-reducing polyketide synthase; Monascus spp.; C-methyltransferase; AlphaFold 2;
molecular docking
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Phylogenetic analysis of Mr-PksPT and Mr-PksCT and their homologous proteins. A: Phylogenetic

analysis of Mr-PksPT and its homologous proteins. B: Phylogenetic analysis of Mr-PksCT and its homologous
proteins. All sequences are indicated by “strain name (NCBI number)”.
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Figure 2 Domain composition of PksPT and PksCT in Monascus spp.
# 1 Ms-PksPT 1 Ms-PksCT ZLEMIGHITHEE. RTFEFREFEMMUS
Table 1 Functions, conserved motifs and active sites of domains in Ms-PksPT and Ms-PksCT
Domains Functions Conserved motifs Active References
sites
SAT Choose acetyl-CoA as the starting unit  G9XC;31XGy33 Cysi3y [38]
and load it into KS via ACP
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S-adenosylmethionine to a-C of the M,61KFX3(D/N)IE,¢9, Q250HX3AXNXVH,gy, His,go,
acceptor substrate SzggTX6LR307, D309GFLXXLEM317 GIU.316
R Catalyze the NAD(P)H-dependent G3ATGSLG9, VZSVCXNRj,O’ V142GYYPL147, Tyr169, [45-46]
reductive release Gl()gYXXAK173, F191XPM194, G234XLSWXP24O LyS173
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VA B i % (equilibrium dissociation constant,
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I REAL R e Y S5 A (1 3 T 2 FR ACP
KS #1 CMeT!"™, i LAE il i # i 3R, 43
BT T Mr-PksPT I Mr-PksCT /) ACP. KS
I CMeT Z5 Ak Sy e i i iy 25 57, S52R LA 3

Hi/& 3 A%, Mr-PksCT 9 CMeT 2543811
ICES G A4S AN SR THE (& 3B)H Mr-PksPT Hy
(B 3AyHFAEZIE M, H Mr-PksCT [ ACP
SR WA G N AR A R (K 3B) L
Mr-PksPT BY(E 3A)H A 24 s fa, AR IE
RS faf A E G )53, Mr-PksCT ) CMeT 5
HACP BA S 4 . WALV ACP Fl CMeT
SEAL R W) 456 T AR TR By 4 v fr
Mr-PksCT 74 HBEAL HE Mr-PksPT 9 HAT
R . (HJZ, PksPT Fl PksCT M) KS 25435
JIRM S & AR 1D R T 4 i 55 , B DAL T
HLAH B VE FH Y Mr-PksCT Hl Mr-PksPT () ACP 5
HXER Y KS S5 2S5 15 0L, A fpit—2
W5 .

"2 Mr-PksPT F1 Mr-PksCT K H % Xt 2 54155 (8] 49 AR L4 EL 3
Table 2 Similarity comparison between Mr-PksPT and Mr-PksCT and their respective domains

Mr-PksPT/Mr-PksCT Coverage (%) Identity (%) RMSD (A)
SAT 99 41.90 0.811

KS 100 70.53 0.270

AT 100 54.31 0.513

PT 100 41.75 0.676
ACP,/ACP 98 48.48 1.299
ACP,/ACP 76 33.33 1.214
CMeT 96 51.77 0.725

R 100 59.18 0.450
PksPT/PksCT 98 50.23 12.426
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KS+ACP

C-MeT+ ACP

3 Mr-PksPT F1 Mr-PksCT Z5#ig (9 R E B o7 43417

Figure 3 Surface charge analysis of domains in Mr-PksPT and Mr-PksCT. A: Charged surfaces of KS, ACP,
CMeT, KS+ACP and CMeT+ACP in Mr-PksPT. B: Charged surfaces of KS, ACP, CMeT, KS+ACP and
CMeT+ACP in Mr-PksCT. KS, CMeT and ACP are shown in surface view. KS+ACP and CMeT+ACP are
presented in semi-transparent surface view mixed with cartoon view. Red represents negative potentials, blue

represents positive potentials, and white indicates zero.

i —25 LR -8R U 2 B 256 3R Fl
FIW T E Prodigy®™, 433X} Mr-PksPT Al
Mr-PksCT H* KS-ACP 1 CMeT-ACP A H AE Y
ICs. NIS ZRJEMERT . BA 5 KpZEAEASYN
ORI T T T (R 3) Hidh, 1Cs 87 3t

®3 HHEEEERRREY

Table 3 Properties of domain interactions

LGS HL /A L TR L A H AR L MR
PEARAE L AR AR A AR AR i A

1% 3 AJ A1, Mr-PksPT # KS-ACP HAE
Mr-PksCT HHAER BA #l Kp #RH /N, F£H
Mr-PksPT H KS-ACP HAERHE B E H L A

Properties PksPT PksCT

KS-ACP CMeT-ACP KS-ACP CMeT-ACP
ICs_total 99 84 68 117
ICs_charged/charged 3 8
ICs_charged/polar 11 8
ICs_charged/apolar 14 23 16 21
ICs_polar/polar 5 0 2 13
ICs_apolar/polar 29 12 18 36
ICs_apolar/apolar 37 35 18 31
NIS_apolar (%) 40.37 38.85 38.61 41.72
BA (kcal/mol) -12.2 —-10.0 -10.7 -12.2
Kp (mol/L) 1.2x107° 4.9x1078 1.4x107® 1.2x107°
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H AR P 10 43 F XL HE CMeT 5 F LIt (A
JEY) SAM AR, A& CMeT 5 KS 3245
Pks = ) B AR, s g i M7
Mr-PksPT Al Mr-PksCT f) CMeT 45438 i) = 4k
SER BRI R 43R N-vig Bz . N-vig M2 25 44 350 F0 C-
Ui MV 25 A IR (1B 4). C-uig e &5 R — A2 & i
fr&, AT 44 S-BF i 24 B2 (S-adenosyl
methionine, SAM), {05 7 NRUER) p-HTE Flor
A TR o-U205E, J8 TIREH B,
T C-35t M0 25 AR S A A% O A 43 RS 40 32 22
1A% AR JEG 0 o N5 S0 45 P 358 A — A A R AE 14 B
&, B—TmFESEERMEGH8E RN, &
LY/ Brie e (5

4 Mr-PksPT #1 Mr-PksC B CMeTs BIZ5HEL 5L

Figure 4 Structural comparison of Mr-PksPT and Mr-PksCT CMeTs. A: Structure of Mr-PksPT CMeT. B:
Structure of Mr-PksCT CMeT. C: Superimposed view of Mr-PksPT and Mr-PksCT CMeT. Magenta: N-terminal
linkage; Purple: N-terminal subdomain; Yellow: C-terminal subdomain; Green: Core insertion.
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B Z RS, NS 5 SAM 454G

P — 238 ) A3 15/ T SO R R TE R

(molecular mechanics/generalized Born surface

GLU-21
21

16 2 -~ .

1.9 a 20 x

- 234 ASP-262 .

A2 Zr‘. i .

ALA211 Ei:ﬂ :
w

area, MM/GBSA) F H1RETTH 5 ik 45 & H
AECY, Mr-PksCT CMeT 5 SAM 1454 A ihfk
“h—45.66 kcal/mol, /NT PksPT CMeT 5 SAM
%54 B R BE-37.53 keal/mol, 5 I K H &
BORAEDN Mr-PksCT CMeT HAS 454 SAM |y
SERARTT, WIS G SAM Ay HY B
HBEI RS R EARY o-C b HAh,
Mr-PksPT CMeT FY IS 9 25 Ji K R 33 D oy
809.79 A3, RJFH 24.01 A, T Mr-PksCT CMeT
M RZS I IARRUR 683.39 A%, TR R 21.95 AP,
Mr-PksPT (1) CMeT A —> 3 KA IR IR 25
Js, S REAEAL [ PksCT CMeT B K- fit 58 il 54 1
L,

5 Mr-PksPT #1 Mr-PksCT ) CMeTs 5 SAM 5> F3HE 547

Figure 5 Molecular docking analysis of Mr-PksPT and Mr-PksCT CMeTs with SAM. A: Molecular docking
of Mr-PksPT CMeT to SAM. B: Molecular docking of Mr-PksCT CMeT to SAM. C: Superimposed view of
Mr-PksPT and Mr-PksCT CMeTs docked with SAM. SAM are modeled as pink sticks and purple sticks in
Mr-PksPT and Mr-PksCT CMeTs, respectively. Substrate cavities are represented by a gray mesh.
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PE—2 K Mr-PksPT Fil Mr-PksCT (1) CMeT
I KS ZEE 5853 3] 5 F OS2 AR R Pkes (a7
Wikt X, Bl MM/GBSA HHifglt
FOrEmINES G B HRE(A 6).

H & 6B A1, Mr-PksCT ) CMeT 5454t
FEARIA) | o SRR S — AR 2 S
HAEZM I N—40.74 . —46.90, —49.77 keal/mol, ¥4/)y
T Mr-PksCT HJ KS 5XIRIEINES 5 H A, &
VAT SR — S5 25 G F REEE /N, 21
JekE B S HAE G IF AR ROV, AR TS
Mr-PksCT Fyf I B &l 6B fizs, 5 Storm

PNy PksCT (OB HSEALRP—8, Uit
BHE A, TE2EKLBEHRT S0
Mr-PksPT [k ALY . IRl 6A TI%I, Mr-
PksPT ) CMeT 556 DUFE A5 I 25 & A e
“}—47.86 kcal/mol, /T Mr-PksPT f¢) KS 5%} 0/ JiE
YIias& B lRe, S IERIEYINES G A RRs K
T Mr-PksPT 19 KS SXINIRYIMZS G H HEE, fi)
SHEI Mr-PksCT AME——UR i (L R A= ZE A DU AS
SEARE (] 6A), HEMES SR 5 E R P2t —3.

BT BRI B e R AR 3R T
PksPT 1 PksCT A= 25— Mg M it #2(# 7).

6 ETLEBHEER Mr-PksPT (A)F1 Mr-PksCT (B)HIFR R ELIEF 574
Figure 6 Analysis of C-methylation programming of Mr-PksPT (A) and Mr-PksCT (B) based on binding free

energies.
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Figure 7 The process of PksPT (A) and PksCT (B) producing the first free product benzaldehyde compound.
The solid arrows indicate the specific process and direction of the synthetic process, and the dashed arrows
indicate the binding trends and sites of the domains to the substrates. Solid boxes indicate the substrates
involved in the reaction, and dashed boxes indicate the cycles of the reaction.
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