Electronic Supplementary Material (ESI) for Dalton Transactions
This journal is © The Royal Society of Chemistry 2012

Supplementary Information

The crystal structures of 4-methoxybenzoate bound CYP199A2 and CYP199A4: closing

of the substrate access channel and the identification of an anion binding site

Stephen G. Bell*®, Wen Yang*?, Adrian B. H. Tan ? Ruimin Zhou?, Eachan O.D. Johnson?,

Aili Zhang®, Weihong Zhou™, Zihe Rao"® and Luet-Lok Wong™

# Department of Chemistry, University of Oxford, Inorganic Chemistry Laboratory, South
Parks Road, Oxford, OX1 3QR, UK

b State Key Laboratory of Medicinal Chemical Biology, College of Life Sciences, Nankai
University, Tianjin 300071, China

¢ Laboratory of Structural Biology, Tsinghua University, Beijing, 100084, China.

Corresponding authors
" S.G. Bell; present address; The School of Chemistry and Physics, The University of

Adelaide, North Terrace, Adelaide, SA 5005, Australia; (stephen.bell@adelaide.edu.au)

L.-L. Wong; (luet.wong@chem.ox.ac.uk)

W. Zhou; (zhouwh@nankai.edu.cn)



mailto:stephen.bell@adelaide.edu.au
file:///C:/Documents%20and%20Settings/Stephen/Application%20Data/Microsoft/Word/luet.wong@chem.ox.ac.uk
file:///C:/Documents%20and%20Settings/Stephen/Application%20Data/Microsoft/Word/zhouwh@nankai.edu.cn

Electronic Supplementary Material (ESI) for Dalton Transactions
This journal is © The Royal Society of Chemistry 2012

Table S1. Residues that make up the active site and substrate access channel of CYP199A2
and CYP199A4. All residues are conserved between these two enzymes. The residues
highlighted in red are conserved in greater that 75% of the proteins identified as CYP199
family members by having greater than 40% sequence homology with CYP199A2. The
residues highlighted in bold are conserved in all of these enzymes (for more detailed analysis
see ESI, Fig. S8).

R. palustris CGA009 R. palustris HaA2
CYP199A2 CYP199A4
Val82 Val80
Glu90 Glu8s
Lys91 Lys89
Pro92 Pro90
Trp93 Trpol
Arg94 Arg92
Pro95 Pro93
Pro96 Pro94
Ser97 Ser95
Leu98 Leu96
11e99 11e97
Leul00 Leu98
Glul01 Glu99
Tyr180 Tyrl77
Leul83 Leul80
Vall184 Val181
Phel85 Phe182
Alal87 Alal84
Phe188 Phel185
11e199 11e196
Arg201 Argl198
Ser202 Ser199
Ala203 Ala200
GIn206 GIn203
Leu243 Leu240
Arg246 Arg243
Ser247 Ser244
Ser250 Ser247
Ala251 Ala248
Asp254 Asp251
Thr255 Thr252
Val298 Val295
Thr300 Thr297
Phe301 Phe298
Cys361 Cys358
Thr398 Thr395
Leu399 Leu396
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Fig. S1. The open structure of SF CYP199A2 in (a) is compared with the closed structure of
the 4-methoxybenzoate bound (SB) form of CYP199A4 in (b). Negatively and positively
charged surface areas are coloured in red and blue respectively. A close up of the surface at the
entrance of the substrate access channel of SF CYP199A2 (c) which is closed in the SB form of
CYP199A4 (d). The heme is shown in yellow and the F, G and | helices are in blue, orange and

magenta, respectively.
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Fig. S2. The active site of 4-methoxybenzoate bound CYP199A4. The 2mF, — DF, density of
the 4-methoxybenzoate (pale green) is shown contoured at ~0.35 e/A% (blue mesh). The heme
and the active site residues are shown in yellow and pink respectively. Wat170 is shown as a red

sphere and hydrogen bonding interactions as dashed lines.
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Fig. S3. The active site of native CYP199A4. The unresolved 2mF, — DF. density is
contoured at ~0.35 e/A® (blue mesh). The heme and the active site residues are shown in yellow

and pink respectively.
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Fig. S4. Comparison of the access channel and active site of SF CYP199A2 (grey) and SB
CYP199A4 (pink). The heme and 4-methoxybenzoate substrate are shown in yellow and pale
green respectively. Wat170 in SB CYP199A4 is shown as a red sphere and hydrogen bonding
interactions as dashed lines. The residue numbers of CYP199A2 are given in parentheses.

Significant residue movements are highlighted using a green arrow.
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Fig. S5. The chloride binding site of CYP199A4. The 2mF, — DF, density of the chloride ion
is shown contoured at ~0.35 /A3 (blue mesh) The four-fold coordination environment of the
bound chloride is highly irregular, comprising the phenolic OH of Tyr177 in the F helix, the
side chain NH; of GIn203 in the G helix and two water molecules. The Nn1 of Arg92 in the
BC loop, and Nn2 of Arg243 in the I helix are further distant. The chloride binding site
residues are shown in green and and 4-methoxybenzoate is in yellow. Water molecules and
the chloride ion are shown as red and magenta spheres and hydrogen bond and chloride-

residue interactions as dashed lines.
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Fig. S6 (a) The UV/Vis spectra of substrate-free ferric (black), ferrous (red), ferrous-CO
(blue) and 4-methoxybenzoic acid bound (green) forms of the CYP199A4 Arg92Glu mutant.
Spin-state shift of the (b) Ser95Val, (c) Phel85lle, (d) Phel85Val and (e) Arg243Thr variants
of CYP199A4 with 4-methoxybenzoate. The substrate-free and substrate bound CYP199A4
spectra are shown in black and red respectively. Substrate binding titration analysis of 4-
methoxybenzoate binding to the (f) WT (7 uM), (g) Phel85Val (0.25 uM), (h) Phel85lle
(0.25 uM) and (i) Arg243Thr (0.25 uM) variants of CYP199A4. The mutants were analysed
with hyperbolic fitting and show a 20 to 100 fold weaker binding compared to WT.
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Fig. S7. (a) NADH consumption rate kinetic analysis of WT (black), Phe185Val (violet) and
Arg243Glu (orange) variants of CYP199A4 with 4-methoxybenzoic acid. (b) NADH
consumption rate kinetic analysis of WT (black), Phel85lle (blue), Ser95Val (magenta) and
Arg92Glu (red) variants of CYP199A4 with 4-methoxybenzoic acid.
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Fig. S8. Sequence alignment of CYP199A2 and CYP199A4 and other selected members of
the CYP199 family.?

p1 al o2 B2 B3 a3
CYP199A2 TT = 00000 0000000000 —_— — 0000000
1 19 29 29 40 se 69
CYP199A2 .MTTAPSLVPVTTPSQHGAGVPHLGIDPFALDYFADFlYPEQETLREARGP VYD KWy GVARYAEfY AV
CYP199A4 ..MISNSSAESISAPPNDSTIPHLAIDPFSLDFFDDPYPDQQT|LRDA[GP V[VY|LDEWNV|Y GVARYAE[VHAV
Bradyrhizobium ... ....... MSAPGSAASGVPHLDVDPFDMNF FA|DP|Y AAHE L{L R[EA|G[P V[V|Y|LDKWN[V|]Y GVARYAE[VHAV
Sphingomonas MASHAERSPYAIYDSDPPEGVPVLDV[DPF|SVDFFADPYEPVHEQLREA[GPF[VWLSRYN|TGAVARHEH[VRDA
Blastococcus ... ... .. MTATLSSSTGLPTNDA[DPFDHEVLE[DP|LP LOAA[LREA|GPMV|Y[L{SRYDVIYGLARYEQVHAR
Actinoplanes ci s s assss:4+ .MELGLGKLPVSHADPFDHDNLEDPGPLHEA[LREAGPV|VHLISRYD|TYALARYQH[VHAA
Rhodococcus ... ... MFAPAPALPVSDADPFALDVLQDPLPFQAN|LRDA|GP V|V|Y|LRRYD[V[FALGRYEQV|HAA
Gordonia = ... MLATTELPALDDDPF|SHEILE[DPITDFHHR|LREA|GP I|T|RIPHY GVIY AAGRHAQ[VHAR
Pseudonccardia = .. ........ MPIADLEPTADVPVLDDDPFDLDVLLDP[YDFHRR[LRDAGGVVIRI[SRYG|I[YASGRFAE[VDARA
Frankia e i aa. s MTSQAAPVVITPSLPDDPFSTEILTDPYEFHQR|LREAGPVVRLAHYDLYAMGRFDE[VHAS
Saccharomonaspora ... ........... MTDVATVPTSDHDPFGPDALE|DPITRMHAQ|L REA|GP V|V|LILARY GV AMARYE QVHAR
Streptomyces = ... ........... MERAVALPVSDADPFAHEVLL|DPEP LHQA[LREA|GP V|V[Y|L{SRYDVHALARYEH[VHAA
gammaproteobacterium .. ............. MDTNPIPTLSMDPF|SDAVLS|DPYAFHGE|LRDA[GP V[VIWLEHLNV]Y GMARFDE[VRSS
Amycolatopsis e it a e ettt MITDDTDPFAPEVLAEPEP LHAKLRDAGPV|VIRILSRYD|VYALARYEH|VHAR
Oceanicola  ..... MELIEGHRAITPPEGMPVWDVDFPFDTDILRDPEAYY GE[LRAR|GP V[V|Y|I[PRWS[VILACGQYET|TRTV
Arthrobacter  ............. MTVTTHEANVLGEDPFDTANLLDPYPFLGR|LRDA|GAV|S|Y|LIESTG[S|[YAVAGYQENYEV
Agrobacterium ... .... MIEGHRVFEPAEGIPVWDIDPYDEAVLADPNAYYAE|LRAKGP L|V|Y|I|PKYS|[I[LASGRYEE|TKE T
Citreicella ... ..., MTPTSAREMPVIDIDPYADEHLA[DP|STYYDL|L L/KA[GID VIA[Y|[T|S AHD[V]Y VMG RHAS|T[VP A
Gluconacetobacter ci s s+ MIYHTDGRVCSDLDPF|SEEFRADPYRHYAQLRALGP IVWLERHD|IIWVVHHYAQVKEV
Rosecbacter = ... ... e P (O P P, S R I R N N ) O Y .|
4 ad oS
CYP199A2 - TT 000000000000
1o

CYP199A2 [Flc[s] SDfE R V L S|K| TMER L[F EDAKID
CYP199A4 cls) SD|F R v LS|k T ME[T I|R| A DAKV|D
Bradyrhizobium 7Icls SD|F R VL S[K IV MEKQ VIR AEERVD
Sphingomonas s|s| E[DF I VL S|R[! v LK[G LR A EAMV|E
Blastococcus Q|5 SIN|F I\ VILTT A T RR LR AEALVID
Actinoplanes ol SN|F i v L s|a S LHRL|R ADDLV[D
Rhodococcus 0|3 i B VL S[K A L QK LiR] AEALVD
Gordonia E|S S|N[E 12 vV LE[P V L R[A MR 2| E
Pseudonocardia V(S 1 \Y| A MNIG SV R|A L[R! P2 E
Frankia I|5] " V] [V M NIG| AV RIA LR L B
Saccharomonaspora Qls) F 12| v L s|G|T A LRRLR AE[AEALV|E
Streptomyces LAD| E|s 2 12 v slE|T A LRRLR VILEELV[D
gammaprotecbacterium LLD V(S| i R IMSA R L R[LQ|E| FRAEELID
Amycolatopsis LT S| I3 12| VL S|G A LRIK LjF AREDLV[E
Oceanicola F 8D v|s F R VM S[R] IV V KT Ljv| TIRERLV[E
Arthrobacter LT[ I|s i 1 A L T|G| T V R[A LR PRVELT[E
Agrobacterium F S[D) v|s F I VM AR A T SKF|K |X[m v E T VD
Citreicella LKD) S| W E 2 L oK [V I R[KW|R AR OALVA
Gluconacetobacter LT|D| SN Y| R Vv LMR A L QIKMR 11D
Roseobacter ol s Ll =l 12 [V M T|R| IV A B|G Y|K] N

i8] nl ab nl a7 ol a9
CYP199A2 Q000 - 00000000000000000 00000000000000Q LQO00000 Q0QQQ

140 180 200

CYP199A2 ELTARGEN I MELKQ . . EGRENLIe[Y |G L MeMrSarersaPHOA
CYP199A4 ELLLQRG.C ; . EGRE[H|LL|P|Y A|G L NELR[CTAIERSAPH|QA
Bradyrhizobium ALTE[KR. S[FD? .EGRE[H|LI[P|YA[SV NIQILIR[CEJATARS TP H|Q[A
Sphingomonas AVVRREK .R[FDGV]| GR. .EGREK|LLPHADL| NE[LFIQAAKERKVS . .[FD
Blastococcus DV LSAGTE[F DAV PQ. .AGRENILLPYGD H ND|LVIRKIGRP RVAEL|S|G
Actinoplanes RVLSHGDV I[PD. . AGRENLLP[rGDH ND|L|V[D AlGS GRIADL|S|A
Rhodococcus QILLANTTE PD . .AGREMNLLP[YGD H| N|G|LIVIE KIGAP RVAEL|S|G
Gordonia QVIS[RG.EVD I[PR. . EGREN[L 1Py GDH ND|LVRKIGEP TTIAGI|S|A
Pseudonccardia QLVERG.T[FDAV|ITD GFP . . DGREN|LLP|Y GG L)z NE|[LRRAALE SAAPV|Q[A
Frankia RMVERG .E[FDAV[AD PA. . TGREMNLLPYGAL NE|LRR AALAGAAAV|QE
Saccharomonaspora E[VLS|TP . E[LDVV[P A GE . .EGREN[LLP[YGNF N|S|L|V|T E|JAMP DM P RW|S|E
Streptomyces QVLRDATE[FDAFVA GP . . DG[RE|N[LL|P|Y GNMA ND|LVIR AIDAHRVAEL|S|A
gammaproteobacterium N|LTEKD.S[FDAV|ITE MD . . EGREH[LLT|YA[S A NK[I|FIEEGNASSKEA|SA
Amycolatopsis RVLDT. .E b A [IGR. .AGRENLLP|YGNF|Z NE[L{VIT ALAPDMP RW[S|G
Oceanicola E[LVAIQH.R ED|L RD . . VD|QR|I|LV|D|Y G|A C]\ NA|LRRAALARNAQI|AP
Arthrobacter QLAQRK.T TD|L I[PD . . VG|RE|H[L 1|p|Y G|N M N|Y|T|F[K QAT AQGDEH|A[A
Agrobacterium ALLEKR.R VE VD . .HDPRP|LVID[Y GAM NA|[LRRKAGAMIPEIVE
Citreicella E[LLEKG.E QD I[ARSPER|RE[N[LY|I|LGE L] NAR YK ATQARADAIDD
Gluconacetobacter G[VLENR.E IISQLVQPFP MKV PP . .LDRDMML{I|YGGM T|AW| YD KLLERADEV|S|A
Rosecbacter DILLTRD . G JGDIFAEVEP TNV TD. .VNERHLVD[YGAM ND[IREATMVEKAAEI|IP

n2 all all al2 al3
CYP199A2 20000 o000 Q000000 Q00000000000 0QQ0Q000000000000 Q000000

210 * 230 260

CYP199A2 yfafE ol 2lc[T|H[AFSDT NG T|a A AN FARL
CYP199A4 Y[VIN[E Q|c|o AlC|I[HAFTDT LLV N|G I|GAAV LQRL
Bradyrhizobium Y[VIA[E Q|c|; AlCIT|HAQVDE LLV N|G I[GRAV WQRL
Sphingomonas W|I[E[E Q|G[E LIMI|H[DA VDR VLV Tal N|AL{GAT|L A FDRL
Blastococcus Wivlals alclE AD|I[WAASDR LT VEAS LT A H(G 1S A VL WORL
Actinoplanes WVIN|R O|C ABATWAAADR] LVV 7IH|G 1S AV WORT
Rhodococcus WVINIA Q[C A[Q|T|W)|? LVV| IN|G L)AAV|L JWARL
Gordonia WVN[E O|C || T|w] TIV H[G L|A A VL (WA v
Pseudonocardia WV|L C|F A[R|T[W|E 7 L LV H|GL{GNT|L WRL L
Frankia W|T|A|R S[Clo) 2|o|T[w] LLV Y|G T|ANT WDV I
Saccharomonaspora WVNF;C. A[AIT|W| LVVIS LT A H|G I|A AM|L QWRERV
Streptomyces WV|N|E QT (| (W] LVV /IA[G LA AC|L WQRL
gammaproteobacterium WVARAC|K Q|D|V|F| RL VIS MA N|G I|G HL[V| GWEK L
Amycolatopsis WV|N|E Q|C BIAIT|W AN R /|H[G LA AV|L QWDRL
Oceanicola W|L{Mla AlCl? AMI|Y LLVids Lpds Alev T|G I|GNA[L WDRL
Arthrobacter AlVMR N|C[t AlQ|T /vl LLVidA LS F|G I|GNT[L WAQL
Agrobacterium W|T|M|S AlC A T|T|Y]E LLIpSF V|T|G I|G NAL YERL
Citreicella wW|y|o[n oME EINIT|F T LMAS F R 5[s|T 1{s cAlL FAKL
Gluconacetobacter WVIDIA K|CIE| A[RIT|Y|? LV D|ST|IGLC|L WK|TL
Roseobacter W|I|N|R AlC Gl IjLy|a LV /|s|s 1lG NAfL [EFEKL




Electronic Supplementary Material (ESI) for Dalton Transactions
This journal is © The Royal Society of Chemistry 2012

n3 wld B6
CYP199A2 00 TT TT
280 340
CYP199A2 RADP[ETAR D.DEDRYDT
CYP199A4 RSDE|T R| S.DPDLYDL
Bradyrhizobium RGDL|S LA D.KPDS[YDV|
Sphingomonas RA|DH[K D.RPDVIYDIIG
Blastoccoccus RE|QP|S V E.DPDLFDI|S
Actincplanes RE|QP|A IP|D| G.NPDR[FDL|S
Rhodococcus RENR I{p[Df E.NPEV[FDLG
Gordonia REINPH T|G[E D.DPDAFDILS
Pseudonocardia HD[DPARAK I|P[E] GPDSDS[FDIA
Frankia HADPK I{P[E| GEDANRLDI
Saccharomonaspora RERPIQLVRA IlpE T.DPDTFDL
Streptomyces RERP|E LAR VIP|R H.DPDR|FDL
gammaproteobacterium RAEER I|P[K] E.NFER[FDLS
Amycolatopsis RAEPR Ip(al A .DPDV[FDLG
Oceanicola RADP|S VIVIE GEDAGCIFRI
Arthrobacter RENP L{P|A) GENADD|F DL
Agrobacterium KVDP I|AlE -EAPES[FRI
Citreicella RE[DP|S LARIN? 1Pl D.RPDE[YDL
Gluconacetobacter QEDP|S LAR L|{D|R] E.EFPDRFDI
Roseobacter KADP|SLAR lZl2lE] .DAPQE[FRI
CYP199AZ2 > >
3 90' 40 t?
CYP199A2 IEIAGP LKRRFNNTLRGI
CYP199A4 IDIIDIGPVEKRRFNNT LIRGLE|S
Bradyrhizobium TE[IT|GEPKRRFNNTIL|
Sphingomonas ATAGTVERRYNNTLIRGL
Blastococcus SIELT|GP TRRHHNNTLRS
Actinoplanes TELAGPVHRHHNNTL
Rhodococcus JE[TAGPVHRHLNNTLIRSWE|S 1
Gordonia SIRIE|LT|GPPVRHHNNTLIRA
Pseudonocardia LEPA|GDEPVPTPNNTL
Frankia TELTIGTPVPKLNNT L
Saccharomonaspora ILV|GISPLRHHNNTLIRAWZ
Streptomyces IELT|GTPHRHPNNTLRS
gammaproteobacterium ITRVAEPVRRLNNTLHAL
Amycolatopsis FELLGPGTRHALNNTLIRAWR(S
Oceaniceola IEFD|GAAPWRPNNA
Arthrobacter TEP D|GAP VP I LjH
Agrobacterium TEFD|IGEVVWRE[
Citreicella 3 GIP STRKL
Gluconacetobacter TIQDATLRLTP G
Roseobacter KIGPVWRP

 The alignments are numbered according to the sequence of CYP199A2. One member of
each bacteria was chosen as a representative example. Therefore other CYP199 family
members from for example Rhodopseudomonas, Bradyrhizobium, Gordonia and
Rhodococcus species are also known. The bacterial species, gene ID and the overall identity
to CYP199A2 (in parentheses) are are listed below; Bradyrhizobium japonicum USDA 110,
blr1048, (79%);

Sphingomonas wittichii RW1, Swit_3269, (59%);

Blastococcus saxobsidens DD2, BLASA 2994, (55%);

Actinoplanes missouriensis 431, AMIS_ 8190, (58%);

Rhodococcus jostii RHAL, RHA1 ro02948, (57%);

Gordonia amarae NBRC 15530, GOAMR_61 00040, (55%);

Pseudonocardia dioxanivorans CB1190, Psed_3265, (56%);

Frankia sp. EUN1f, FrEUN1fDRAFT_6833, (56%);

Saccharomonospora marina XMU15, SacmaDRAFT_1596 (55%)

Streptomyces hygroscopicus ATCC 53653, SSOG_08952, (55%);

gamma proteobacterium NOR5-3, NOR53_1231, (51%);

Amycolatopsis sp. ATCC 39116, AATC3_ 020100014369, (54%);

Oceanicola sp. S124, 0S124 010100009522, (49%);

Arthrobacter sp. FB24, Arth_1727, (50%);

Agrobacterium vitis S4, Avi_7683 (44%);

Citreicella sp. SE45, CSE45_4276, (44%);

Gluconacetobacter oboediens 174Bp2, Gobol 010100012098, (43%);

Roseobacter sp. GAI101, RGAI101 2590, (45%)

There was no sequence alignment of the important residues of the CYP199 family to those of
the benzoic acid acid hydroxylase family from fungal species (CYP53 family).
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Fig. S9. SDS-PAGE analysis of CYP199A4.
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