Downloaded via UNIV AT BUFFALO STATE UNIV NEW YORK on May 8, 2025 at 20:10:56 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles

Reémical

@ Cite This: ACS Chem. Biol. 2018, 13, 2728-2738

pubs.acs.org/acschemicalbiology

Biochemical and Structural Characterization of TtnD, a Prenylated
FMN-Dependent Decarboxylase from the Tautomycetin

Biosynthetic Pathway

Thibault Annaval,” Lu Han," f]effrey D. Rudolf,’ Guangbo Xie, " Dong Yang,T Chin-Yuan Chang,.}'

Ming Ma,"® Ivana Crnovrcic, .
George N. Phillips, ]r.,m and Ben Shen* "I+

Mitchell D. Miller,qE Jayashree Somanft Weijun Xu,i

"Department of Chemistry, The Scripps Research Institute, 130 Scripps Way, Jupiter, Florida 33458, United States
iDepartment of BioSciences and §Department of Chemistry, Rice University, 6100 Main Street, Houston, Texas 77251, United

States

||Department of Molecular Medicine and “Natural Products Library Initiative at The Scripps Research Institute, The Scripps
Research Institute, 130 Scripps Way, Jupiter, Florida 33458, United States

O Supporting Information

ABSTRACT: Tautomycetin (TTN) is a polyketide natural
product featuring a terminal alkene. Functional character-
ization of the genes within the ttn gene cluster from
Streptomyces griseochromogenes established the biosynthesis of
the TTN polyketide backbone, its dialkylmaleic anhydride
moiety, the coupling of the two moieties to form the nascent
intermediate TTN F-1, and the tailoring steps converting
TTN F-1 to TTN. Here, we report biochemical and structural
characterization of TtnD, a prenylated FMN (prFMN)-
dependent decarboxylase belonging to the UbiD family that

prenylated FMN
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catalyzes the penultimate step of TTN biosynthesis. TtnD catalyzes decarboxylation of TTN D-1 to TTN I-1, utilizing prFMN
as a cofactor generated by the TtnC flavin prenyltransferase; both TtnD and TtnC are encoded within the ttn biosynthetic gene
cluster. TtnD exhibits substrate promiscuity but accepts only TTN D-1 congeners that feature an a,f-unsaturated acid,
supporting the [3+2] cycloaddition mechanism during catalysis that requires the double bond of an @f-unsaturated acid
substrate. TtnD shares a similar overall structure with other members of the UbiD family but forms a homotetramer in solution.
Each protomer is composed of three domains with the active site located between the middle and C-terminal domains; R169-
E272-E277, constituting the catalytic triad, and E228, involved in Mn(II)-mediated binding of prFMN, were confirmed by site-
directed mutagenesis. TtnD represents the first example of a prFMN-dependent decarboxylase involved in polyketide
biosynthesis, expanding the substrate scope of the UbiD family of decarboxylases beyond simple aromatic and cinnamic acids.
TtnD and its homologues are widespread in nature and could be exploited as biocatalysts for organic synthesis.

automycetin (TTN) is a polyketide natural product

featuring a terminal alkene (Figure 1). First isolated from
Streptomyces griseochromogenes because of its antifungal
activity,”> TTN is a noteworthy serine/threonine protein
phosphatase (PP) inhibitor and a potent immunosuppres-
sant.”~° With a strong preference for PP-1 over PP-2A, TTN is
the most selective PP-1 inhibitor known to date.” TTN is also
a potent inhibitor of the Src homology-2 domain-containing
protein tyrosine phosphatase-2 (SHP2).” The ttn biosynthetic
gene cluster has been cloned and sequenced from S.
griseochromogenes” and Streptomyces sp. CK4412." Functional
characterization of the TTN biosynthetic machinery has led to
a proposal including (i) biosynthesis of the nascent polyketide
backbone from five molecules of malonyl-CoA, four molecules
of methylmalonyl-CoA, and one molecule of ethylmalonyl-
CoA by TtnAB, (ii) formation of the dialkylmaleic anhydride
moiety from a-ketoglutarate and propionate by TtnMOPR,
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(iii) coupling between the polyketide and dialkylmaleic
anhydride moieties to afford the first characterized biosynthetic
intermediate TTN F-1 by TtnK, and (iv) conversion of TTN
F-1 to TTN via successive dehydration, decarboxylation, and
oxidation of TTN F-1 by TtnF, TtnD, and Ttnl, respectively
(Figure 1).”'"'* Inactivation of ttnD in S. griseochromogenes
afforded the AttnD mutant SB13013 in which our metabolites
accumulated, TTN D-1, TTN D-2, TTN D-3, and TTN D-4,
all of which retained the terminal carboxylic acid. TtnD was
therefore proposed to be a decarboxylase responsible for the
installation of the terminal alkene of TTN by decarboxylating
an q,f-unsaturated acid (Figure 1)."""
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Figure 1. Proposed biosynthetic pathway for TTN in S. griseochromogenes.”''* (i) TtnAB catalyze the assembly of the TTN polyketide backbone.
(i) TtnMOPR catalyze the biosynthesis of the dialkylmaleic anhydride moiety. (iii) TtnK catalyzes the coupling between the polyketide and
dialkylmaleic anhydride moieties to afford nascent intermediate TTN F-1. (iv) TtnF, TtnD, and Ttnl successively catalyze dehydration,
decarboxylation, and oxidation of TTN F-1 to complete TTN biosynthesis. Solid and dashed arrows represent the major and minor pathways,
respectively. TTN D-2 and TTN D-3, which result from the reduction of TTN D-4, are adventitious metabolites isolated from the fermentation of
AttnD mutant SB13013. TtnD, which catalyzes the decarboxylation of @,f-unsaturated acids and requires the prEMN cofactor provided by TtnC, is

colored red (see Figure 2).

Decarboxylation is one of the most common and
fundamental reactions in nature."” Because of the high-energy
barrier of the carbanion intermediate, many decarboxylases
require cofactors such as flavins, pyridoxal phosphate, thiamine
pyrophosphate, or divalent metal ions; only a few have been
shown to catalyze decarboxylation without a cofactor."*~'°
UbiD is a well-known decarboxylase from Escherichia coli
involved in ubiquinone biosynthesis, which catalyzes the
decarboxylation of an aromatic acid, ie., transforming 3-
polyprenyl-4-hydroxybenzoic acid into 2-polyprenylphenol
(Figure 2a)."” Related by sequence is the ferulic acid
decarboxylase (Fdcl), a homologue of UbiD from Aspergillus
niger, which catalyzes the decarboxylation of several a,f-
unsaturated acids, specifically substituted cinnamic acids, to
afford the corresponding substituted styrenes (Figure 2a).'®
Very recently, it has been discovered that both UbiD and Fdcl
require a prenylated FMN (prFMN) for their decarboxylase
activity, and the novel prFMN cofactor is biosynthesized from
FMNH, and dimethylallyl monophosphate (DMAP) by the
flavin prenyltransferase UbiX or Padl from the ubiquinone or
ferulic acid biosynthetic pathway, respectively (Figure
2b)."”7** Subsequent mechanistic and structural character-
izations of UbiD and Fdcl have culminated in a mechanism
involving an unprecedented biological [3+2] cycloaddition
between prEMN™"™ the oxidized form of prFMN, and the

2729

double bond of the @,f-unsaturated acid substrate to account
for the reversible decarboxylation catalyzed by these enzymes
(Figure 2c)."”~® Characterization of prEMN-containing
decarboxylases acting on substrates other than benzoic acids,
as exemplified by UbiD, or cinnamic acids, as exemplified by
Fdcl, would further substantiate this unprecedented mecha-
nism, expanding the catalytic landscape of this emerging family
of novel enzymes (Figure 2)."*7'¢

Here, we report biochemical and structural characterizations
of the TtnD decarboxylase from the TTN biosynthetic
machinery in S. griseochromogenes.g’11’12 We revealed that (i)
TtnD catalyzes decarboxylation of aliphatic a@,f-unsaturated
acids, utilizing prFMN as a cofactor generated by the TtnC
flavin prenyltransferase, and both TtnC and TtnD are encoded
within the tn gene cluster, (ii) TtnD exhibits substrate
promiscuity, accepting TTN D-1, the biosynthetic intermedi-
ate for TTN, as well as TTN D-2, TTN D-3, and TTN D-4,
minor metabolites isolated from AttnD mutant SB13013, (iii)
TtnD does not decarboxylate TTN F-1, supporting the [3+2]
cycloaddition mechanism during catalysis that requires the
double bond of an a,f-unsaturated acid substrate, and (iv)
R169, E272, and E277 constitute the catalytic triad of TtnD,
which is consistent with the crystal structure of TtnD and
supported by site-directed mutagenesis. TtnD represents the
first example of a prFMN-dependent decarboxylase involved in

DOI: 10.1021/acschembio.8b00673
ACS Chem. Biol. 2018, 13, 2728-2738


http://dx.doi.org/10.1021/acschembio.8b00673

ACS Chemical Biology

a Oy _OH
UbD W ch1 j@/\
N7 TH N H
OH " €O, cinnamic acid (R =R, = 002
3-polyprenyl- coumaric acid (Rq = OH, R2 =H)
4-hydroxybenzoic acid ferulic acid (Rq = H, R, = OCHg)
UbiX UbiD UbiD
Pad1 H 3 Pdct  © ¢ Pdet  © ¢
j@i TtnC OYN | N TtnD 0\(/"‘ ] N TtnD O\(/N | N
®e @
HN% HNT;N o] :‘e@ HNT;N 0] §® HN\H;[N
DMAP o o e o |
FMNH2 erMN erMNradicaI erMNiminium

C@\'

$ $
ot N_N Os NN 0N
el — Vrr — [ —-
HN N HN A0 o HN A
| o i1

B H
o/
0] R/\a)ko@ S
— imini RN/
prEMNiminium prEMNIMInUm a,B-unsaturated acid o
(substrate) 0
3+2] cycloaddition
N \ [3+2] cy:
terminal alkene
(product)
Os_N._N
N
HN N
R ™
’\ R™ B Hoj]/\:‘{
retro-[3+2] cyclo-elimination 5
E282/E277
o} OH O : OH O OH
H3CO ‘s{ z H H B
R= < :@ > for Fdc1 or< Owo : : b >fothnD
HO : :
o

Figure 2. Decarboxylases characterized to date requiring a prenylated FMN as a cofactor.'>"'® (a) Decarboxylation of aromatic acids, as exemplified
by UbiD, and of cinnamic acids, as exemplified by Fdcl,"””>* in comparison with TtnD, which catalyzes the decarboxylation of aliphatic a,f-
unsaturated acid TTN F-1. (b) Biosynthesis of prFMN from FMNH, and DMAP by flavin prenyltransferase UbiX or Padl and oxidation of
prEMN into its active form, prEMN™™ i the presence of O, and UbiD or Fdc1,°">* in comparison with TtnC and TtnD. The prEMN=d!
form has been detected spectroscopically but is catalytically incompetent. (c) Proposed mechanism for prFMN-containing decarboxylase-catalyzed
decarboxylation that involves an unprecedented biological [3+2] cycloaddition between prEMN™""™ and the double bond of the a,f-unsaturated
acid substrate.'”**~*® After the [3+2] cycloaddition and subsequent decarboxylation, E282 and E277 from Fdcl and TtnD, respectively, protonate
the Cf atom of the acyclic intermediate to form the second cyclic intermediate, setting the stage for the retro-[3+2] cyclo-elimination to release the
alkene product and regenerate the prFMN™"™ gpecies. See Figure S1 for a comparison of the sequences of UbiD/Fdcl and the TtnD
decarboxylases.

polyketide biosynthesis, further expanding the -catalytic Attnl)," respectively. Thus, while four metabolites, TTN D-1,

repertoire of this emerging family of novel decarboxylases. TTN D-2, TTN D-3, and TTN D-4, accumulated in AttnD
TtnD and its homologues are widespread in nature and could mutant SB13013,"* only TTN I-1 accumulated in Attnl
be exploited as biocatalysts for organic synthesis. mutant SB13017, unambiguously establishing TtnD as a

decarboxylase that catalyzed C-3” decarboxylation of TTN
B RESULTS AND DISCUSSION D-1 to afford TTN I-1 as the penultimate step in TTN

TtnC Flavin Prenyltransferase and Holo-TtnD. We biosynthesis (Figure 1)."""* In contrast, AttnC mutant

previously mapped the timing of the tailoring steps for TTN SB13012 still produced TTN, with a titer comparable to that

biosynthesis by inactivating the ttnF, ttnC, ttnD, or ttnl genes in of the S. griseochromogenes wild tYPe-l2 This was unexpected
S. griseochromogenes, followed by isolation and structural because TtnC was annotated at the time as a putative
characterization of the metabolites that accumulated in the flavoprotein decarboxylase.”'” In the absence of any other
correspondm% mutant strain SB13014 (i.e., AttnF),"" SB13012 experimental evidence, it was proposed then that TtnC played
(ie., AttnC),”” SB13013 (ie, AttnD),'' or SB13017 (ie., no essential role in TTN biosynthesis or its function could be
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compensated by other genes within the ttn cluster or the S.
griseochromogenes genome under the conditions that were
examined.'” Subsequent efforts to directly characterize TtnD in
vitro as a decarboxylase, however, met with mixed success: the
recombinant TtnD enzyme, isolated from E. coli upon
overexpression of the ttnD gene, could catalyze C-3”
decarboxylation of TTN D-1 to afford TTN I-1 as predicted,
but at a very slow rate of 0.07 min~" (Figure 3a).
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Figure 3. Enzymatic characterization of TtnD as a prFMN-containing
decarboxylase. (a) Determination of the kinetic parameters for TtnD
and TtnD™C with TTN D-1 as a substrate. TtnD™ (with an
apparent k,/K,, value of 1.71 min~' mM™") exhibited a catalytic
efficiency significantly greater than that of TtnD (with an apparent
keae/ Ky value of 0.12 min~' mM "), presumably because of the greater
occupancy of prFMN in the active site of TtnD™™C. (b) UV—vis
spectra of TtnD (black) and TtnD™™ € (red). The three peaks seen in
TtnD™C, but not TtaD, clearly show the presence of erMN22 in
TtnD™C. Error bars represent standard deviations.

It was not until the recent findings of the UbiD family of
decarboxylases, requiring a prFMN for their decarboxylase
activity, and of the UbiX family of flavin prenyltransferases,
synthesizin§ the novel prFNM cofactor from FMNH, and
DMAP,""™*° that we realized that TtnD might also require
prEMN for its decarboxylase activity. The sequence of TtnD
was significantly homologous to that of the UbiD family of
decarboxylases, being 28 and 44% identical and 36 and 53%
similar to those of UbiD and Fdcl, respectively (Figure S1).
Upon searching the ttn cluster for homologues of the UbiX
family of flavin prenyltransferases, we identified that the
sequence of TtnC was 57 and 72% identical and 56 and 74%
similar to those of UbiX and Padl, respectively, serving as the
candidate of the cognate flavin prenyltransferase for TtnD
(Figure S2). Thus, we co-expressed tnD with #tnC in E. coli to
produce holo-TtnD (i.e, TtnD complexed with prFMN or
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TtnD™™), with TtnD produced by expressing ttnD alone as a
control (Figure S3). While the TtnD preparation was colorless,
the TtnD™™C preparation was colored purple; during
purification, however, we noticed a significant loss of the
purple color from the TtnD™™C fractions between the
immobilized metal affinity chromatography (IMAC) and
size-exclusion steps, which was correlated with the loss of
the non-covalently bound prFMN cofactor from holo-TtnD.
To maximize the enzyme activity, we therefore decided to
compromise the purity of the holo-TtnD by using the partially
purified TtnD ™™ fractions, after the IMAC step, in the current
studies, which accounted for ~51% TtnD purity (Figure S3).

We confirmed by liquid chromatography—mass spectrome-
try (LC—MS) analysis that co-expression of ttnD with ttnC in
E. coli, followed by IMAC, indeed afforded holo-TtnD that
contained a high prFMN content. The partially purified
fraction of TtnD™™ (~51% purity) was treated with CH;CN
to extract any non-covalently bound flavin cofactors, with a
similarly prepared fraction of TtnD (~59% purity) used as a
control (Figure S3); the resultant CH;CN extracts were
subjected to LC—MS analysis. While no flavin cofactor was
detected from TtnD, two major forms of prFMN were
apparent from TtnD™™, which were confirmed to be the
prEMN™"™ and prEMN™ species by high-resolution MS
analysis (Figure S4).'”7?* These findings were further
supported by direct comparison of the ultraviolet—visible
(UV—vis) spectra between TtnD™™ and pure TtnD (Figure
3b and Figure $3). TtnD™™C exhibited distinct peaks at 387
and S50 nm, which are characteristic of the prFMN"™""™ and
prEMN=4<! gpecies, resgectively; the peak at 458 nm indicated
the presence of FMN,> which was also detected by LC—MS
analysis of the CH;CN extract made from TtnD™™C (Figure
S4). In contrast, the spectrum of pure TtnD was completely
devoid of any absorbance peaks in this wavelength range
(Figure 3b). Taken together, these results support TtnC being
a member of the UbiX family of flavin prenyltransferases, in
which co-expression of ttnD allows the production of TtnD in
its holo form.

TtnD™C as a Competent Decarboxylase. We per-
formed in vitro assays of TtnD™™C, with TtnD as a control, and
demonstrated TtnD™™ as a decarboxylase that is much more
efficient than TtnD in catalyzing C-3” decarboxylation of TTN
D-1 to afford TTN I-1 in vitro. TTN D-1, isolated from AttnD
mutant SB13013,'" was used as the substrate for the in vitro
assays, with TTN I-1 isolated from AttnI mutant SB13017'” as
the authentic standard of the product for high-performance
liquid chromatography (HPLC) and LC—MS analysis (Figure
SS). Under the optimized assay conditions, TtnD™™ exhibited
an optimal activity at pH 6.5 (Figure S6), catalyzing efficient
C-3” decarboxylation of TTN D-1 to afford TTN I-1, the
identity of which was confirmed by HPLC and LC-MS
analysis in comparison with the authentic standard of TTN I-1;
no activity was detected with the control assay using boiled
TtnD™C (Figure S7a). The steady-state kinetic parameters for
the TtnD ™™ -catalyzed decarboxylation of TTN D-1 were then
determined, in comparison with those of TtnD (Figure 3a).
The formation of TTN I-1 by both TtnD™C and TtnD
followed Michaelis—Menten kinetics, with an apparent K,
value of 0.38 + 0.03 mM and an apparent k,, value of 0.65 +
0.01 min™" for TtnD™™ and with an apparent K,, value of 0.58
+ 0.23 mM and an apparent k., value of 0.07 + 0.01 min™" for
TtnD (Figure 3a) (apparent kinetic parameters were used
because of the uncertainty of the prEMN"™""™ content and the
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Figure 4. Structure of TtnD revealing a similar UbiD-like fold of the UbiD family of carboxylases.'*™'¢'?*>23% (3) The overall structure of TtnD
is a homotetramer. Each protomer is composed of three domains: /f domain, middle domain, and C-terminal domain colored blue, orange, and
red, respectively. FMN (green) is located between the middle domain and C-terminal domains. Mn(II) and H,O are shown as purple and red
spheres, respectively. (b) FMN forms hydrogen bonds with N164, 1167, R169, Q186, H187, and R386. (c) Mn(II) is bound in an octahedral
coordination geometry and binds the phosphate of FMN in the FMN binding pocket. (d) A loop missing in the structure of TtnD was modeled
using I-TASSER*™** (pink). prFMN (green) and TTN D-1 (light blue) were docked using AutoDock4.’® The E272-E277-R169 catalytic triad
forms a salt bridge network. The carboxylic acid and adjacent double bond of TTN D-1 are positioned in the proximity of prFMN. E277 is pointing

toward the double bond of TTN D-1.

estimated purity of TtnD during TtnD™™C preparation).
TtnD™ (with an apparent k./K, value of 1.71 min™"
mM™") exhibited a catalytic efficiency 14.25-fold greater than
that of TtnD (with an apparent k./K,, value of 0.12 min™"
mM™'), presumably because of the greater occupancy of
prEMN in the active site of TtnD™™C. We attributed the
residual activity from TtnD, when overproduced in E. coli in
the absence of TtnC, to the trace amount of prFMN provided
by the E. coli host. This would be consistent with the finding
that AttnC mutant SB13012 retained the full competency in
TTN production,12 the TtnC function of which must have
been complemented by another flavin prenyltransferase
encoded within the S. griseochromogenes genome.

TtnD™C showed significant substrate promiscuity, decar-
boxylating a variety of TTN analogues, but did not
decarboxylate non-polyketide substrates. Inspired by the fact
that Fdcl exhibited broad substrate promiscuity toward
substituted cinnamic acids,"*7*° we first tested if TtnD™*C
could catalyze the decarboxylation of cinnamic acid. No
activity was detected under any conditions tested (Figure S7b),
revealing a distinct substrate specificity between TtnD and
Fdcl (also see Figure 5). We next took advantage of TTN D-2,
TTN D-3, and TTN D-4, three structural analogues of TTN
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D-1 isolated from AttnD mutant SB13013 that all featured the
same q,f-unsaturated acid moiety but with varying sub-
stitutions at C-5,'" as well as TTN E-1, the structural analogue
of TTN D-1 isolated from AttnF mutant SB13014 that lacked
the a,f-double bond conjugated to the C-3” carboxylic acid"’
(Figure 1), as alternative substrates and asked if they could be
decarboxylated by TtnD™™. TtnD™"-catalyzed C-3" decar-
boxylation was readily detected for TTN D-2, TTN D-3, and
TTN D-4, with the identity of the corresponding terminal
alkene products confirmed by LC—MS analysis; no activity was
detected with the control assays using boiled TtnD™™¢ (Figure
S7c—e). In comparison with TTN D-1, TtnD ™™ exhibited 16,
64, and 11% relative activity with TTN D-2, TTN D-3, and
TTN D-4, respectively, as an alternative substrate. These
findings are consistent with our previous proposal for TTN
biosynthesis,'> supporting TTN D-1 as the native substrate of
TtnD (Figure 1). In contrast, no activity was detected for TTN
F-1 under the same assay condition (Figure S7f), a finding that
supports the necessity of the a,f-double bond conjugated to
the C-3” carboxylic acid for TtnD catalysis, specifically the
formation of the prFMN—substrate adduct via the proposed
[3+2] cycloaddition'”™* (Figure 2c).
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TtnD Structure Revealing a UbiD-like Fold. To obtain
insight into the catalytic mechanism of TtnD, the X-ray
structures of TtnD, in the apo form (ie, TtnD*°) and in
complex with FMN (i.e,, TtnD"™N), were determined. TtnD
shares a similar UbiD-like fold with the other members of the
UbiD family of decarboxylases.'*~'®'??***3% Unfortunately,
we were unable to obtain TtnD with bound prFMN; instead,
we co-crystallized TtnD with FMN as a surrogate for the holo
form (i.e, TtnD™N). Crystals of TtnD®° [Protein Data Bank
(PDB) entries 6DA6 and 6DA7] belong to orthorhombic
space group P2,2,2, with unit cell dimensions of a = $3.22 A, b
= 137.12 A, and ¢ = 284.07 A and to orthorhombic space
group 1222 with unit cell dimensions of a = 52.35 A, b =
114.39 A, and ¢ = 194.35 A. Crystals of TtnD*™N (PDB entry
6DA9) belong to orthorhombic space group 1222 with unit cell
dimensions of a = 52.07 A, b = 116.11 A, and ¢ = 193.97 A.
The crystal structures were determined by molecular
replacement using the structure of PA0254 (PDB entry
4IWS)* as a model. The final models were refined to
resolutions of 2.59, 1.83, and 2.05 A for the 6DA6, 6DA7, and
6DA9 structures, respectively (Table S1).

The TtnD*° (PDB entry 6DA7) and TtnD™Y structures
show a high degree of structural similarity and exhibit a root-
mean-square deviation (RMSD) of 0.15 A over 388 Ca atoms,
suggesting that the binding of flavin does not induce any
significant conformational changes (Figure S8a). TtnD forms a
homotetramer, i.e., a dimer of dimers (Figure 4a), which agrees
well with its tetrameric structure in solution as determined by
side-exclusion chromatography (Figure S9). Each protomer
consists of three domains (Figure 4a). The N-terminal a/f
domain (M1-R10S and D301-V314) consists of four-
stranded mixed fS-sheets, flanked by a-helices on both sides.
The N-terminal domain interacts with the two other domains
and forms one lobe of the bilobal protomer protein. Electron
density for part of the N-terminal @/ domain (P266—Q289)
is missing, suggesting that this loop is flexible without TTN D-
1 bound. The middle domain (E106—R300) is formed by a
six-stranded antiparallel f-sheet wrapped by a-helices and f-
strands. The C-terminal domain (D315—A48S) forms the
second lobe of the protomer; a long a-helix links the two lobes.
The core of the C-terminal domain is a central five-stranded f-
sheet flanked by three a-helices. The C-terminal tail (A460—
A485) from one protomer binds with a neighboring protomer.
The interactions between protomers are mainly mediated
through the C-terminal domains. The interactions between
protomers A and C involve helix @14, which packs against the
P-sheet of the C-terminal domain from the second protomer.
Additional interactions are formed by C-terminal helix al6,
which interacts with the N-terminal and middle domains of the
neighboring protomer. The interactions between dimers AC
and BD are mediated by helix a13 of the C-terminal domain,
which packs against f-sheets in the C-terminal domain of the
neighboring protomer. PISA analysis of the TtnD structure
reveals that the tetrameric structure is stabilized by multiple
hydrogen bonds and ionic interactions; the buried interface
areas between subunits A and C and dimers AC and BD were
calculated to be 2882 and 1699 A? respectively. The total
interface area of each protomer that becomes buried upon
assembly is 3732 A* (Figure S10).*

The overall structure of TtnD is highly similar to those of
UbiD from E. coli (RMSD = 2.54 A over 333 Ca atoms),”
Fdcl from A. niger (RMSD = 2.27 A over 325 Ca atoms),
Saccharomyces cerevisiae (RMSD = 1.26 A over 364 Ca atoms),
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and Candida dubliniensis (RMSD = 1.04 A over 312 Ca
atoms),"” PA0254 from Pseudomonas aeruginosa (RMSD =
1.31 A over 377 Ca atoms),”” and AroY from Klebsiella
preumonige (RMSD = 2.21 A over 289 Ca atoms) and
Enterobacter cloacae (RMSD = 1.67 A over 278 Ca atoms)
(Figure S11a).”® The missing residues (P266—Q289) within
the N-terminal @/f# domain of TtnD form two antiparallel -
sheets linked by a loop (Figure S11b). This structure extends
from the top of the middle domain to near the FMN/Mn(II)
binding pocket and putative TTN D-1 binding site of TtnD.
The binding pocket for prFMN is located in the cleft between
the middle domain and the C-terminal domain. Superposition
of the TtnD—FMN complex structure with the A. niger Fdc1—
ptFMN complex structure (PDB entry 4ZA4) shows that
TtnD binds FMN in a mode identical to that in which Fdcl
binds prFMN (Figure S11). FMN forms hydrogen bonds with
several residues in TtnD. R169 binds to the isoalloxazine ring;
1167 and Q186 bind to the ribityl chain, and N164, H187, and
R386 bind to the phosphate group (Figure 4b). R169 is highly
conserved in the UbiD family of decarboxylases; the other
residues are either predominantly conserved or semiconserved
(Figure S1). A Mn(II) ion is bound with an octahedral
coordination geometry with respect to the side chains of N164,
H187, and a highly conserved E228, an oxygen of the
phosphate group of FMN, and a water molecule (Figure 4c
and Figure S2). Furthermore, two distinct active site
conformations have been described for the UbiD family of
decarboxylases: “open” for AroY and UbiD and “closed” for
Fdc1.”>*° Superposition of the whole chain, the N-terminal
domain, or the C-terminal domain of TtnD with Fdcl suggests
that the active sites share the same closed conformation
(Figure S11). Moreover, different protomers from a multimeric
protein do not necessarily have the same conformation, like
those seen in UbiD that have different degrees of an open
conformation.”” Structure alignments of the four protomers of
TtnD using the whole chain, the N-terminal domain, or the C-
terminal domain verify that they all share the same
conformation (Figure S8b).

Substrate Docking Supporting the Catalytic Triad of
TtnD. The missing part (P266—Q289) within the N-terminal
a/f domain of the determined TtnD*° and TtnDMN
structures contains E272 and E277, the two conserved residues
that likely play a key role in TtnD catalysis."*~'® Given that
they share the same active site conformation, we first rebuilt
the missing part into the TtnD structure using the Fdcl
structure as a model'” and subsequently docked prFMN and
TTN D-1 to the complete model of TtnD (Figure 4d).> 7%
prEMN is bound in a manner identical to that of FMN in the
TtnD™N structure. TTN D-1 is located in a horseshoe-like
conformation in the active site with the dialkylmaleic
anhydride moiety and the carboxylic acid facing inward toward
the active site with the polyketide chain of the substrate facing
away. The dialkylmaleic anhydride forms hydrogen bonds with
the side chains of Q186 and N431, and the carboxylic acid
makes a hydrogen bond with the side chain of R169 (Figure
4d). C-1” and C-2" of TTN D-1 are in the proximity of C-1’
and C-4a of prFMN, a necessary orientation for the proposed
[3+2] cycloaddition in TtnD catalysis (also see Figure 2c). As
in the Fdcl structure,”” the R169-E272-E277 catalytic triad
forms a salt bridge network with E277 pointing toward C-2" of
TTN D-1, which allows acid catalysis to release the alkene
product via the proposed retro-[3+2] cyclo-elimination
between prFMN and TTN D-1 (Figure 2c). This model
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Figure S. Phylogenetic tree of the characterized TtnD homologues and the 112 selected TtnD homologues that are clustered with TtnC
homologues (Table S2). The sequence alignment and phylogenetic tree were made with ClustalW and the neighbor-joining method in MEGA,

2 1y 3840
respectively.

The TtnD homologues fall into three distinct clades: the UbiD clade naturally acts on aromatic acids, the Fdcl clade naturally acts

on cinnamic acids, and the TtnD clade naturally acts on aliphatic @,f-unsaturated acids (also see Figure 2). Members from each clade whose
substrates have been predicted bioinformatically or confirmed experimentally are color-coded and highlighted with their respective substrates
shown. While the structure of PA0254 (UniProtKB entry Q9I6NS) has been determined, its natural substrate remains unestablished.”’

agrees well with the observed substrate promiscuity of TtnD,
the substrate binding pocket of which could readily
accommodate TTN D-2, TTN D-3, and TTN D-4, in a
fashion similar to that of TTN D-1, but differentiate cinnamic
acid because of its lack of key interactions with the
dialkylmaleic anhydride moiety (Figure 4d).

Mutational Analysis Confirming TtnD Catalysis. The
structures of TtnD*° and TtnD™V, together with the rebuilt
TtnD structure, docked with TTN D-1 and prFMN, clearly
revealed that R169, E272, and E277 constitute the catalytic
triad for TtnD and E228 plays a critical role in prFMN binding
(Figure 4). To provide additional experimental data to support
their roles in prFMN binding and TtnD catalysis, each of these
four residues was individually mutated to alanine by site-
directed mutagenesis to generate the corresponding R169A,
E272A, E277A, and E228A mutants of TtnD. These mutants
were similarly overproduced in and partially purified from E.
coli in the presence of TtnC, with wild-type TtnD™™C as a
control (Figure S3), and tested for their decarboxylase activity
using TTN D-1 as the substrate. Their prFMN contents were

similarly determined by comparing their UV—vis spectra
(Figure S12a) and analyzing their extractable noncovalently
bound flavin cofactors by LC—MS (Figure S12b). These
results revealed that each of the mutants completely abolished
their enzymatic activity, indicating that these residues are
essential for TtnD-catalyzed C-3” decarboxylation of TTN D-
1. Intriguingly, while the E228A mutant nearly lost all of its
ability to bind flavin, as expected because E228 was predicted
to play a key role in prFMN binding, all four mutants
completely abolished their ability to bind prFMN (either the
prEMN™"™ o o EMN™4<! form), with the R169A and
E272A mutants exhibiting significant binding to FMN instead
(Figure S12). These results suggest that R169 and E272 may
also contribute to selective binding of prEMN. Finally, the
E277A mutant, like TtnD produced in the absence of TtnC, is
completely devoid of any flavin cofactor (Figure S12). E277
therefore, in addition to playing a catalytic role, may also be
involved in prFMN formation and binding, though these
mutational studies fell short of defining the exact role TtnD
may play in the TtnC-catalyzed biosynthesis of prFMN and its
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subsequent oxidation into the active form, prEMN™™*™
(Figure 2b).

UbiD Family Subtypes Correlating to Substrates.
Members of the UbiD family of decarboxylases are widely
distributed in archaeal, bacterial, and fungal genomes.'****
Among the ones that have been biochemically characterized to
date, they catalyze decarboxylation of either aromatic acids, as
exemplified by UbiD*> or AroY,”® or substituted cinnamic
acids, as exemplified by Fdc1'? (Figure 2). It should be noted
that every enzyme has different degrees of substrate
promiscuity. For example, the natural substrate of Fdcl is
cinnamic acid, but Fdcl also accepts aliphatic compounds,
including sorbic acid as a substrate.”” The discovery of prFMN
as a novel cofactor for the UbiD family of decarboxylases in
general and mechanistic and structural characterization of Fdcl
in specific has unveiled a mechanism involving an unprece-
dented biological [3+2] cycloaddition between prEMN™"\™
and the double bond of the @,f-unsaturated acid substrate for
this family of enzymes.'*”'® While this mechanism is
consistent with all the experimental evidence for Fdcl1,'"~**
generalization of the same mechanism to members of the UbiD
family that act on aromatic acids would require prFMN™"m
to react directly with the benzene ring of the substrates,
thereby invoking a significant energetic barrier due to the loss
of aromaticity.” In fact, a recent study of AroY, which
catalyzes decarboxylation of 3,4-dihydroxybenzoic acid, has
provided the strongest evidence yet supporting an alternative
mechanism, involving a quinoid intermediate.”® Taken
together, these results have raised the question of whether
Fdcl is a mechanistic outlier or whether there are other
members of the UbiD family that share the same [3+2]
cycloaddition mechanism as Fdc1.”> TtnD represents the first
example of the UbiD family of carboxylases that naturally acts
on an aliphatic a,f-unsaturated acid."*™'® Comparative studies
of the structure and active site between TtnD and Fdcl clearly
support the idea that TtnD catalyzes decarboxylation of TTN
D-1 proceeding by the same [3+2] cycloaddition mechanism
as Fdcl (Figure 2). TtnD therefore supports the [3+2]
cycloaddition mechanism and expands the substrate scope,
beyond aromatic and cinnamic acids, for the UbiD family of
carboxylases.

Previous bioinformatics analysis of the UbiD family of
carboxylases has been primarily based on UbiD and its
homologues.'>'”*° With TtnD as a new member of the UbiD
family of decarboxylases, we performed additional bioinfor-
matics analysis, centering on TtnD and taking its clustering
with TtnC encoded within the same biosynthetic gene
cluster”' into consideration. Using the Enzyme Function
Initiative-Genome Neighborhood Network Tool (EFI-
GNT),”® we searched the public databases for TtnD
homologues and identified 200 homologues of which 112
homologues had TtnC-like homologues encoded in the genetic
proximity (Table S2). These homologues, with sequences that
are 21—99% identical, including the 21 TtnD homologues
whose functions have been either confirmed biochemically or
predicted bioinformatically or whose structures have been
determined, were used to build a phylogenetic tree.
Remarkably, the homologues fall into three distinct clades,
each of which is represented by the characterized members
that naturally act on the three different types of substrates, i.e.,
aromatic acids, cinnamic acids, and aliphatic a,f-unsaturated
acids (Figure $).

2735

The findings gleaned from the bioinformatics analysis could
have multiple ramifications for the chemistry and enzymology
of the UbiD family of decarboxylases. First, sequences
according to the three distinct clades could be used to predict
substrate types. This is further supported by the structures of
the four enzymes determined to date. UbiD** and AroY,*°
both acting on aromatic acids, are hexameric. Fdc1,"” acting on
its natural substrate, cinnamic acid, is dimeric. TtnD in this
study, acting on aliphatic a,f-unsaturated acids, is tetrameric.
PA0254,” the function of which has not been demonstrated
biochemically, falls into the same clade as Fdcl and is also
dimeric. Second, the substrate scope for the UbiD family of
enzymes is much broader than is currently appreciated.'*~"°
While the UbiD family of enzymes has been most known as
decarboxylases that act on aromatic acids, Fdcl, TtnD, and
homologues have clearly emerged as two distinct subtypes that
act on varying substrate types beyond aromatic acids. Third,
biological [3+2] cycloaddition, first discovered as an
unprecedented mechanism for Fdcl catalysis,'” is apparently
more common than previously thought because of the wide
distribution of Fdcl and TtnD homologues in nature.
Characterization of new members of the Fdcl and TtnD
subtypes or a search for new subtypes, distinct from UbiD,
Fdcl, and TtnD, promises to further extend prFMN-associated
catalysis and enzymology. Finally, the growing substrate scope
and catalytic repertoire for the UbiD family of decarboxylases
will surely inspire further exploitation of these enzymes as
biocatalysts for the production of aliphatic terminal alkenes
from a,f-unsaturated acids.’” Because these enzymes catalyze
reversible decarboxylation, they could also be exploited as
biocatalysts, utilizing CO, as an abundant carbon source, for
sustainable chemical production.®’

B METHODS

General Method. DNA amplification and mutagenesis were
performed with a model S1000 thermal cycler (Bio-Rad). The
proteins were purified on an AKTA Pure instrument (GE Healthcare
Life Sciences). UV—vis spectra were recorded with a NanoDrop
2000C spectrophotometer (Thermo Scientific). LC—MS analysis was
performed on an Agilent 1260 Infinity LC instrument coupled to a
6230 TOF instrument (HRESI) equipped with an Agilent Poroshell
120 EC-C18 column (50 mm X 4.6 mm, 2.7 um). HPLC was
performed on an Agilent 1260 Infinity II instrument equipped with an
Agilent Zorbax SB-C18 column (150 mm X 4.6 mm, S ym).

Gene Cloning. The ttnD and #nC genes were amplified by
polymerase chain reaction from the genomic DNA of S.
griseochromogenes using the TtnD-F, TtnD-R, TtnC-F, and TtnC-R
primers and Phusion HF DNA polymerase (NEB) following the
protocol provided by the manufacturer (Table S3). The amplified
ttnD sequence was cloned into the EcoRI and HindIII sites of
pCDFDuet-1 (Novagen) to give pBS13033. The amplified #nC
sequence was cloned into pBS13033 at the Ndel and Kpnl sites to give
pBS13034. The R169A, E228A, E272A, and E277A mutants of TtnD
were obtained by site-directed mutagenesis using Phusion HF DNA
polymerase, pBS13034 as the template, and the R169A-F, R169A-R,
E228A-F, E228A-R, E272A-F, E272A-R, E277A-F, and E277A-R
primers to give pBS13035, pBS13036, pBS13037, and pBS13038,
respectively (Tables S3 and S4).

Protein Production and Purification. Each of the expression
constructs was transformed into E. coli BL21 (DE3). The resultant
recombinant strains were grown in lysogeny broth supplemented with
1 mM MnCl, at 37 °C until an ODg, of 0.6 was reached. The cells
were cooled to 4 °C; the expression of the targeted genes was induced
by addition of 0.1 mM isopropyl f-p-1-thiogalactopyranoside, and the
cells were grown at 18 °C for 16 h. The cells were harvested at 4000g
for 15 min at 4 °C, and the pellet was resuspended in lysis buffer [100
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mM Tris (pH 8.0) containing 300 mM NaCl, 15 mM imidazole, and
10% glycerol]. After sonication, the cell debris was removed by
centrifugation at 15000¢ for 15 min at 4 °C. The lysate was loaded
onto a HisTrap S mL column (GE) equilibrated with washing buffer
[SO mM Tris (pH 8.0) containing 100 mM NaCl and 15 mM
imidazole]. The column was washed with washing buffer, and the
Hisg-tagged protein was eluted using elution buffer [SO mM Tris (pH
8.0) containing 100 mM NaCl and 300 mM imidazole]. Following
elution, the protein was desalted using a PD-10 desalting column
(GE) in S0 mM Tris buffer (pH 8.0) containing 100 mM NaCl and
stored at —80 °C. To obtain pure TtnD, the protein, from co-
expression of ttnD with ttnC, as well as expression of ttnD alone, was
injected onto a Superdex S200 16/600 gel filtration column (GF)
after IMAC using SO mM Tris buffer (pH 8.0) containing 100 mM
NaCl and stored at —80 °C.

Isolation of TTN Analogues. According to previously reported
procedures, TTN D-1, TTN D-2, TTN D-3, and TTN D-4 were
isolated from AftnD mutant SB13013,"" TTN E-1 was isolated from
AttnF mutant SB13014,"" and TTN I-1 was isolated from Attnl
mutant SB13017.">

TtnD Activity Assays. Preliminary reactions were performed in
50 mM Tris (pH 8.0) containing 100 mM NaCl and 1 mM MnCl, in
a total volume of 50 uL. After incubation at 28 °C in the dark for 1 h,
50 uL of acetonitrile was added to quench the reaction. After
centrifugation, 10 yL was injected and analyzed by LC—MS with UV
detection at 230 nm. The mobile phase was composed of buffer A
(H,O containing 0.1% acetic acid) and buffer B (CH;CN containing
0.1% acetic acid). A linear gradient from S to 100% buffer B for 18
min and then 100% buffer B for 7 min was used with re-equilibration
to 95% buffer A for S min using a flow rate of 0.4 mL min~".

To determine the pH dependence of TtnD, reactions of 400 uM
TTN D-1, 1 mM MnCl,, and 28 yM TtnD in various buffers with
pHs ranging from S.5 to 9.0 were performed in volumes of 25 uL and
mixtures incubated for 1 h at 28 °C in the dark. The following buffers
were tested: 50 mM MES and 100 mM NaCl at pH 5.5 and 6.0; 50
mM phosphate and 100 mM NacCl at pH 6.0, 6.5, 7.0, 7.5, and 8.0;
and 50 mM Tris and 100 mM NaCl at pH 8.0, 8.5, and 9.0. Each
reaction was quenched by the addition of 25 uL of acetonitrile. After
centrifugation, 10 yL was injected and analyzed by HPLC with UV
detection at 230 nm. The mobile phase was composed of buffer A
(H,0 containing 0.1% acetic acid) and buffer B (CH;CN containing
0.1% acetic acid). A linear gradient from S to 80% buffer B for 3 min
and a linear gradient from 80 to 100% buffer B for S min, and then
100% buffer B for S min, was used with reequilibration to 95% buffer
A for 3 min using a flow rate of 0.8 mL min~". The areas of the peaks
corresponding to TTN I-1 were integrated, and the concentrations of
the product were obtained using the calibration curve of the TTN I-1
standard (Figure SS).

Initial rate measurements for the determination of kinetic
parameters were taken in S0 mM phosphate buffer (pH 6.5)
containing 1 mM MnCl, at various TTN D-1 concentrations (0.1,
0.175, 0.25, 0.5, 1, 2, and 4 mM) over 1 h at 28 °C in the dark. The
reactions were quenched and analyzed by HPLC as described above.
The data were fit to the Michaelis—Menten equation using nonlinear
regression analysis using GraphPad Prism.

For the evaluation of substrate promiscuity, each substrate (TTN
D-2, TTN D-3, TTN D-4, TTN F-1, or cinnamic acid) at 400 uM
was mixed with 1 mM MnCl, and 28 gM TtnD in 50 mM phosphate
buffer (pH 6.5) for 1 h at 28 °C in the dark. Each reaction was
quenched and analyzed by LC—MS as described above. The resulting
enzymatic products were analyzed by negative mode ionization and
UV detection at 230 nm. The activity of TtnD with the different
substrates was estimated by the consumption of the substrates
compared to the reaction with TTN D-1.

Extraction of Flavin Cofactors. One hundred microliters of 60
HM protein was mixed with an equal volume of CH;CN and heated at
70 °C for S min. After elimination of the precipitants by
centrifugation, 10 yL was injected and analyzed by LC—MS using
the method described above.
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Spectroscopic Analysis. The UV—vis spectrum of each protein,
at a concentration of SO uM in SO mM Tris buffer (pH 8.0)
containing 100 mM NaCl, was measured between 300 and 800 nm.
The same buffer was used as a blank.

Crystallization of TtnD. TtnD, at a concentration of 18.6 mg
mL™! in buffer containing 10 mM tetraethylammonium hydroxide
(TEAOH) (pH 7.5), 20 mM NaCl, and 10 mM KCl, was mixed with
a reservoir solution in a 1:1 to 1:1.5 volume ratio in a sitting drop
crystallization trial. Multiple initial hits were obtained from the
Morpheus HT broad screen or the Midas (Molecular Dimensions,
Inc.) alternative polymer screen. The 1222 TtnD*° crystals were
optimized around condition E4 of the Midas screen using a reservoir
solution of 40% (v/v) pentaerythritol propoxylate (S/4 PO/OH),
0.10 M HEPES [4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(pH 7.0)], and 0.20 M sodium thiocyanate (PDB entries 6DA7 and
6DA9). P2,2,2, crystals were optimized around condition A3 of the
Morpheus screen with a reservoir solution of 10% (w/v) polyethylene
glycol 4000, 0.062 M MES [2-(N-morpholino)ethanesulfonic acid
(pH 6.5)], 0.038 M imidazole (pH 6.5), 0.03 M calcium chloride,
0.03 M magnesium chloride, and 20% (v/v) glycerol (PDB entry
6DA6). The 1222 TtnD*° crystals were cryoprotected with an
artificial mother liquor containing 20% glycerol in the precipitant
solution and flash-cooled in liquid nitrogen. FMN complex crystals
were obtained by soaking 1222 TtnD¥° crystals in a precipitant
solution with 3 mM TtnD1, 3 mM MnCl,, 0.5 mM FMN, and 20%
glycerol. Colorless crystals turned yellow immediately after being
soaked.

Data Collection, Structure Determination, and Refinement.
Diffraction data were collected at the Advanced Photon Source
(Argonne, IL) at the General Medical Sciences and Cancer Institute’s
Structural Biology Facility on Advanced Photon Source (GM/CA @
APS) beamlines 23-ID-B and 23-ID-D, Life Sciences Collaborative
Access Team (LS-CAT) beamlines 21-ID-D, 21-ID-F, and 21-ID-G,
and Lilly Research Laboratories Collaborative Access Team (LRL-
CAT) beamline 31-ID. The TtnD data sets were indexed, reduced,
and scaled with XDS.*" Initial phases for the P2,2,2, apo crystal were
obtained by molecular replacement with phaser from the Phenix
suite* using domains from PDB entry 4TWS (PA0254 from P.
aeruginosa)z9 as search models. Structural models were rebuilt and
refined with Coot,*? phenix.refine,44 and Buster-TNT* with a
collaborative visualization tool.** The refinement model included
four TLS groups per protomer. For the lower-resolution FMN and
P2,2,2, apo structures, additional target restraints to the higher-
resolution apo structure were included along with noncrystallographic
symmetry (NCS) restraints for the P2,2,2; apo structure.”” Electron
density is weak for portions of two of the four chains in the
asymmetric unit of the P2,2,2, apo structure, and these regions were
modeled on the basis of the target and NCS restraints. The
stereochemistry of the structure was checked with PROCHECK and
MolProbity.***’ Data collection and refinement statistics are listed in
Table S1.

The atomic coordinates and experimental structure factors of TtnD
were deposited in the PDB as entries 6DA6 and 6DA7 (P2,2,2, and
1222 TtnD™", respectively) and 6DA9 (1222 TtnD™W).

Substrate Docking. The missing loop in the structure of TtnD
(PDB entry 6DA9) was modeled using I-TASSER.**"** The resulting
protein model was used to perform the docking of TTN D-1 using
Autodock4.*®

Phylogenetic Analysis of TtnD Homologues. Amino acid
sequences of the TtnD homologues were collected using the EFI-
GNT.*® From the 200 homologues, 112 sequences clustered with
TtnC homologues encoded in the genetic proximity. From these 112
homologues and the 21 characterized TtnD homologues, a bootstrap
consensus tree was generated by MEGA using the neighbor-joining
method with a bootstrap test of 1000 replicates.*’
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