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Abstract

Cytochrome P450 monooxygenases (P450s) are some of nature’s most ubiquitous and versatile
enzymes for performing oxidative metabolic transformations. Their unmatched ability to
selectively functionalize inert C-H bonds has led to their increasing employment in academic and
industrial settings for the production of fine and commodity chemicals. Many of the most
interesting and potentially biocatalytically useful P450s come from microorganisms, where they
catalyze key tailoring reactions in natural product biosynthetic pathways. While most of these
enzymes act on structurally complex pathway intermediates with high selectivity, they often
exhibit narrow substrate scope, thus limiting their broader application. In the present study, we
investigated the reactivity of the P450 MycClI from the mycinamicin biosynthetic pathway toward
a variety of macrocyclic compounds and discovered that the enzyme exhibits appreciable activity
on several 16-membered ring macrolactones independent of their glycosylation state. These results
were corroborated by performing equilibrium substrate binding experiments, steady-state Kinetics
studies, and x-ray crystallographic analysis of MycCl bound to its native substrate mycinamicin
VII1. We also characterized TylHI, a homologous P450 from the tylosin pathway, and showed that
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its substrate scope is severely restricted compared to MycCl. Thus, the ability of the latter to
hydroxylate both macrocyclic aglycones and macrolides sets it apart from related biosynthetic
P450s and highlights its potential for developing novel P450 biocatalysts with broad substrate
scope and high regioselectivity.

Cytochromes P450 (P450s) comprise one of the most widely distributed and versatile groups
of enzymes found in nature, catalyzing a broad range of physiologically important oxidative
transformations in organisms across all domains of life.1* To date, more than 21,000
individual sequences of these ubiquitous heme-thiolate proteins have been identified.®
Despite their vast diversity, P450s share a conserved three-dimensional fold as well as a
general catalytic cycle for dioxygen activation and transfer.68 Although P450s most
commonly catalyze hydroxylation, epoxidation, heteroatom (e.g., N or S) oxygenation, and
dealkylation reactions, their catalytic repertoire extends far beyond these well-documented
transformations.49:10

With P450s, nature has provided an impressive class of oxidation catalysts that can
functionalize a diverse array of molecular scaffolds with high degrees of selectivity.
Accordingly, they have garnered increasing attention in recent years as potential biocatalysts
for the oxidative tailoring of molecules ranging from simple hydrocarbons to complex
natural products.}1-20 |n addition, since they operate under mild reaction conditions and
employ abundant Fe as a cofactor, P450s have the potential to contribute to the realization of
environmentally sustainable approaches toward the production of fine and commodity
chemicals.2! Microbes offer a particularly rich source of novel P450s with potential broad
applicability in various biocatalytic processes.2%-22.23 |n many cases, these enzymes are
found in gene clusters for the biosynthesis of secondary metabolites, where they are
responsible for catalyzing a diverse array of tailoring reactions including C-H bond
hydroxylation, oxidative phenolic coupling, and C-C bond formation/cleavage among many
others.24:25

Actinomycetes, and Streptomyces spp. in particular, are prolific producers of biologically
active natural products, many of which have been developed into important
pharmaceuticals.2>:26 Accordingly, many of the secondary metabolic (biosynthetic) P450s
that have hitherto been structurally and functionally characterized originate from these
organisms.}’ Whereas mammalian P450s involved in xenobiotic metabolism are known to
act on a variety of different substrates, the bacterial biosynthetic enzymes typically possess
limited substrate scope and catalyze oxidative transformations with high degrees of regio-
and stereoselectivity. For example, EryF, which is responsible for hydroxylating the
aglycone precursor to erythromycin (6-deoxyerythronolide B), exhibits an extremely narrow
substrate scope and cannot tolerate even minor changes to the structure of its native
substrate.2” Conversely, a few biosynthetic P450s inherently possess some degree of
substrate flexibility. PikC, a well-studied P450 from the methymycin/pikromycin pathway in
Streptomyces venezuelae, is capable of hydroxylating both 12- and 14-membered ring
macrolides at either of two positions, leading to the production of up to six unique macrolide
antibiotics from a single biosynthetic pathway.28-30 Because biosynthetic P450s often
catalyze oxidation reactions on complex and densely functionalized substrates, they provide

ACS Chem Biol. Author manuscript; available in PMC 2017 September 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

DeMars et al. Page 3

an important and underexplored starting point for the development of new biocatalysts.20:22
Consequently, much of our recent work has focused on the discovery and biochemical/
structural characterization of new P450s involved in the biosynthesis of bacterial natural
products.31-35 As we have demonstrated with PikC,36-38 these fundamental studies serve as
a key starting point to guide future efforts to modulate the substrate scope and selectivity
properties of P450 enzymes. Engineered biosynthetic P450s may ultimately be employed in
vitro or in vivo as biocatalysts for the efficient production of novel biologically active
compounds. For example, new sites of oxidation on macrolide scaffolds could enable further
diversification of these molecules via chemoenzymatic synthesis, potentially leading to new
and more effective antimicrobial agents.

In previous work, we demonstrated that the desosamine (1) moiety facilitates recognition
and anchoring of the macrolide substrates YC-17 (3) and narbomycin (5) in the active site of
PikC.3139 Specifically, the protonated N, A-dimethylamino group on 1 participates in a salt
bridge interaction with either of two proximal glutamate residues in the enzyme active site.
We subsequently demonstrated that the presence of 1 on a series of unfunctionalized
carbocycles was sufficient for PikC to bind and hydroxylate these unnatural substrates.36
More recently, we have shown that PikC can accept a variety of other substrates attached to
structurally diverse non-sugar anchors containing the A, A-dimethylamino moiety.37:38
Although such an explicit anchoring mechanism has not been clearly established for other
P450s that act on macrolide substrates, the presence of one or more sugar moieties is
typically required for substrate recognition, leading in turn to effective binding and catalysis.
Conversely, other P450s involved in macrolide biosynthetic pathways (e.g., EryF) strictly act
on aglycone intermediates prior to glycosylation. Here, we report that the P450 MycClI from
the mycinamicin (6) pathway in Micromonospora griseorubida (Scheme 1a) is able to
effectively accept 16-membered ring macrolactones as substrates regardless of their
glycosylation state. Our findings are further clarified on the basis of equilibrium substrate
binding experiments, steady-state kinetics studies, and x-ray crystallographic analysis of the
enzyme in complex with its native substrate. Comparison with TylHI, a homologous P450
from the tylosin (7) biosynthetic pathway (Scheme 1b), further reveals that MycCl is unique
in exhibiting such unusually broad substrate tolerance.

RESULTS AND DISCUSSION

MycCl is capable of hydroxylating 16-membered ring macrolides and aglycones

To test the substrate scope of MycCl and other P450s involved in macrolide biosynthetic
pathways, we envisioned generating a set of macrocyclic compounds of varying ring sizes
and glycosylation states. Using a biotransformation method we previously developed for
producing the macrolide antibiotics methymycin and pikromycin directly from the
corresponding aglycones 10-deoxymethynolide (10-DML, 2) and narbonolide (NBL, 4),
respectively,0 we were able to efficiently append desosamine (1) to various 12-, 14-, and
16-membered ring macrolactone aglycones (Figure 1). Consistent with prior reports
detailing the extremely broad substrate specificity of DesVII (the native glycosyltransferase
in the methymycin/pikromycin pathway in S. venezuelag) acting in conjunction with its
effector protein DesVI111,41:42 tylactone (10) was completely converted to 5- O-desosaminyl-
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tylactone (des-tylactone, 11), and the majority (> 90%) of protomycinolide IV (PML-IV, 8)
was converted to mycinamicin VIII (M-VIII, 9) following a 24 h incubation period. An
additional potential substrate, 23-deoxy-5- O-mycaminosyl-tylonolide (23-DMTL, 12), was
acquired through fermentation of a Strepfomyces fradiae mutant strain that had previously
been generated via chemical mutagenesis.*3 In each case, sufficient quantities of pure
substrate to be used for enzymatic assays were obtained by semi-preparative HPLC
purification of crude extracts.

In the mycinamicin biosynthetic gene cluster, mycC/ is located adjacent to mycC//, which
encodes a [3Fe-4S]-type ferredoxin. Our previous work demonstrated that MycClI converts 9
to the monohydroxylated product mycinamicin VII (M-VI11, 14) more effectively when it is
paired with MycCll compared to spinach ferredoxin.32 Therefore, we purified MycCI and
MycClII expressed separately as N-terminal His-tagged constructs and used them in
conjunction with purified N-terminal MBP-tagged spinach ferredoxin reductase (MBP-FdR)
in small-scale in vitro reactions. MycCl exhibited equivalent activity on all three of the 16-
membered ring macrolides tested (9, 11, and 12; see Table 1), demonstrating its inherent
ability to accept large substrates with slight differences in overall architecture. More
surprising, however, was the ability of MycCI to catalyze hydroxylation of the
corresponding 16-membered ring aglycones (8 and 10) with only relatively minor decreases
in total turnover number (TTN) (Table 1). To the best of our knowledge, such tolerance with
respect to the glycosylation state of the substrate has not been reported for related P450s
involved in macrolide biosynthetic pathways or for those that play roles in the biosynthesis
of other glycosylated natural products (e.g., glycopeptides). Moreover, experiments that we
performed with a suite of purified P450s from the pikromycin, erythromycin, and tylosin
(vide infra) pathways using the substrates presented here failed to identify another P450
enzyme besides MycCl that could accept both a given glycosylated compound and its
corresponding aglycone. In addition to the 16-membered ring substrates, MycCI displayed
low-level ability to catalyze oxidation of the 14-membered ring macrolide narbomycin (5)
(Tables 1 and S5). In contrast to the other compounds tested, which yielded single
monohydroxylated products in each case, LC-MS analysis of reaction mixtures containing 5
revealed the formation of two distinct monohydroxylated species as well as a potential
dihydroxylated molecule, all in roughly equal abundance (Figure S4). Interestingly, MycClI
was unable to catalyze C-H oxidation of the 14-membered ring aglycone 4 or the smaller 12-
membered ring compounds YC-17 (3) and 2.

Over the course of optimizing reaction conditions, it became evident that the amount of
MycClII present in reaction mixtures was an important factor in determining reaction
outcome as assessed by TTN. With the concentration of MycCl kept relatively low (0.5 pM),
increased concentrations of MycClI (e.g., 10-100 pM) correlated with higher TTN values
for all substrates tested. In contrast, increasing the amount of MBP-FdR (e.g., 1-10 uM) by
itself had little to no effect on this parameter. However, when the levels of both MycCll and
MBP-FdR were increased, the positive effect on TTN was synergistic (Figure S6). MycClI
interacts directly with MycCl to deliver the requisite electrons for P450 Compound |
formation, and we have previously reported an apparent dissociation constant (Ky) of 7 uM
for N-terminal His-tagged MycClI binding to MycCI.33 In light of this information, it is not
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surprising that further increases in MycClI concentration beyond values close to its Ky with
respect to MycCl led to enhanced substrate turnover.

Engineering a catalytically self-sufficient MycCl biocatalyst

Although MycCl exhibited reasonable activity on 8-12, we wished to further improve its
efficiency since optimal turnover was dependent on relatively high levels of MycCll and
MBP-FdR. Therefore, we decided to create a self-sufficient biocatalytic system to facilitate
reaction scale-up, product isolation, and structural verification. Our laboratory has
previously succeeded in generating self-sufficient P450 C-H oxidation catalysts via genetic
fusion to the FMN/[2Fe-2S]-containing reductase domain of P450rnr (RhFRED) from
Rhodococcus sp. NCIMB 9784.3444.45 Typically, these chimeric enzymes exhibit improved
activity, especially when compared to three-component systems comprising the P450 and
non-native redox partners (e.g., spinach ferredoxin and spinach ferredoxin reductase).
However, as the native ferredoxin partner for MycCl was known and had been demonstrated
to support catalytic activity of its associated P450, we were unsure whether fusion to
RhFRED (containing both the ferredoxin and reductase domains) would indeed yield a more
active biocatalyst. Thus, we were pleased to verify that purified MycCI-RhFRED exhibited
improved activity relative to MycCl in conjunction with MycCll and MBP-FdR on each of
the three 16-membered ring macrolides tested. Specifically, TTN values were doubled for 9
and 11 while the improvement was more modest for 12 (Table 1). Although the fusion
protein could still accept the two 16-membered ring aglycones (8 and 10) as substrates, TTN
values were lower than those reported for the stand-alone MycCl protein with ferredoxin and
ferredoxin reductase partners acting in trans. The decrease in activity was more pronounced
for 8, with a TTN value of 19 compared to 65 for the three-component system. MycCl-
RhFRED also showed an almost complete lack of activity on the 14-membered ring
macrolide 5. As observed for the MycCI/MycCII/MBP-FdR system, the MycCI-RhFRED
fusion enzyme did not accept 2—4 as substrates. Interestingly, TTN values for MycClI-
RhFRED were increased about two-fold across 8-12 when the enzyme was prepared using a
faster, less rigorous purification procedure, yielding “semi-pure” P450 enzyme that co-
purified with a number of additional protein impurities (see Supporting Information for
further discussion).

Product isolation and structure elucidation

Our earlier studies on the mycinamicin biosynthetic pathway established that MycCl is
responsible for installing a hydroxyl group on C21 of 9 to produce the intermediate 14,
which is then primed for subsequent glycosylation and further tailoring by two
methyltransferases and the multifunctional P450 MycG (Scheme 1a).3346 Comparing the
structure of 9 to those of 11 and 12, we surmised that MycCl would likely introduce a
hydroxyl group at C23 of the latter two compounds. In order to rigorously assess the
regioselectivity of MycCl when acting upon these macrolides and the corresponding
aglycones, we scaled up the reactions so that adequate product could be isolated for full
NMR characterization in each case. MycCI-RhFRED was employed in large-scale reactions
with macrolide substrates, which showed conversions averaging around 60% based on
analytical HPLC. Because the fusion enzyme exhibited lower activity on aglycone substrates
compared to wild-type MycCl in conjunction with MycCll and MBP-FdR, we used the
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latter biocatalytic system in scale-up reactions involving 8 and 10; conversions for these two
compounds were ~30% and ~50%, respectively.

Following isolation of products by semi-preparative HPLC, we used 1D and 2D NMR to
confirm that 8 and 9 were both hydroxylated at C21 to produce mycinolide IV (ML-1V, 13)
and 14, respectively, while 10, 11, and 12 were each hydroxylated at the corresponding C23
position, yielding 23-hydroxy-tylactone (OH-tylactone, 15), 23-hydroxy-5- O-desosaminyl-
tylactone (OH-des-tylactone, 16), and 5-O-mycaminosyl-tylonolide (MTL, 17), respectively
(Figure 1; see Supporting Information for full spectroscopic characterization of all starting
materials and products). Despite the low activity of MycCl on 5, we attempted to scale up
the reaction so that we could determine the regioselectivity of the enzyme on this substrate.
Using the same conditions as described for the aglycone substrates, 5 was converted to two
monohydroxylated products, with one representing ~2% and the other slightly more polar
compound making up ~0.5% of the reaction mixture (Figure S3). Unfortunately, we were
unable to isolate enough material for NMR characterization, but comparison to the products
of the same reaction carried out on an analytical scale using PikCpson-RhFRED36:37
revealed that hydroxylation by MycCl does not occur at C12 of 5 to produce pikromycin
(Figure S5). In the LC-MS trace, both products elute earlier than pikromycin and
neopikromycin, suggesting that the analogs are more polar. Comparing the structure of 5 to
those of the 16-membered ring substrates, MycCl may catalyze hydroxylation at C14 and/or
at the adjacent C15 position (Figure 1).

Binding affinities of aglycone and macrolide substrates to MycCl

In order to probe the biochemical basis for the differences in reactivity observed in the
activity assays described above, we conducted substrate binding experiments on both MycCI
and MycCI-RhFRED. During the P450 catalytic cycle, binding of substrate displaces the
heme axial water ligand, which shifts the spin-state equilibrium of the heme iron toward
high spin, resulting in a blue-shifted Soret band that can be quantified
spectrophotometrically.”4” The established substrate titration methodology associated with
this principle was used to determine the dissociation constants for each of the substrates
(Table 2; Figure S7). Narbomycin (5) and PML-IV (8) bound to MycCl with K values of 17
UM and 19 pM, respectively, while tylactone (10) bound more tightly with a Ky value of
about 3 uM. These binding affinities are readily comparable to those reported for many
P450s and their natural substrates. Unexpectedly, when initial titration experiments were
conducted with the 16-membered ring macrolide compounds (9, 11, and 12) under the same
conditions, saturation was observed after the addition of about one molar equivalent of
substrate. When sub-stoichiometric concentrations of substrate were titrated into the enzyme
solution, a linear increase in signal was observed up until the equivalence point, after which
no further increase in signal was detected. At sufficiently low concentrations of enzyme,
dissociation constants could be estimated by fitting the data to a quadratic tight-binding
equation. M-VII1 (9) bound with an estimated Ky of 1 nM while des-tylactone (11) and 23-
DMTL (12) bound with Ky values of 6 nM and 45 nM, respectively, indicating extremely
tight binding of the large macrolide substrates. These dissociation constants rival those
found for the binding of azole inhibitors to various human and bacterial P450s. For example,
ketoconazole binds to OleP*8 with K = 5 nM and clotrimazole binds to EryK#® with Kj <
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10 nM. Interestingly, the 12-membered ring macrolide YC-17 (3) bound to MycCl more
weakly (Ky = 40 uM), but the affinity was still comparable to that observed for other P450s
and their substrates. However, as previously noted, MycClI did not exhibit catalytic activity
toward this smaller molecule. The aglycones 10-DML (2) and NBL (4) did not induce a
concentration-dependent change in the spin state of the enzyme, which explains why MycCI
failed to hydroxylate these molecules. Consistent with prior findings,*4°0 fusion to the
RhFRED domain did not substantially impact the binding affinities of the various substrates
tested toward MycCl (Table 2).

In most cases, the binding affinities of the compounds correlated well with their ability to be
accepted as substrates for enzymatic oxidation. However, despite the fact that 5 bound to
MycClI with about the same affinity as 8, the former was a considerably poorer substrate.
Moreover, while 3 bound to MycCI with modest affinity, no substrate turnover was
observed. In order to rationalize these results, we examined the degree to which each
substrate was able to induce a shift of the heme iron from low spin to high spin. Normalizing
the maximal change in absorbance acquired from non-linear regression analysis of the raw
data to the enzyme concentration, we found that 10 induced the largest change in the spin
state for both MycCl and MycCI-RhFRED (Table S9). The percentage of each enzyme in
the high-spin state at saturating levels of a given substrate was estimated by assuming that
each was completely converted to high spin when saturated with 10 (Figure 2; Table S9).
Almost all substrates bound very effectively as demonstrated by their ability to elicit
particularly high changes in the spin state of the enzyme (> 75%) (Figures 2 and S8). In
contrast, saturation with 3 resulted in only ~30% high spin enzyme, which provides a
potential explanation for the lack of activity with this substrate. Curiously, 5 and 8 induced
the same shift in spin state (~80%), indicating that differences in substrate binding could not
be used to rationalize the differences in reactivity observed for these two compounds. The
a,B,y,5-unsaturated ketone moiety present in 8 and the other 16-membered ring
macrolactones may play a key role in rigidifying the structures of these molecules such that
the appropriate primary C-H bond in each case is presented to the iron-oxo species. The
more flexible scaffold of 5 may hinder its ability to adopt one particular orientation within
the enzyme active site, resulting in fewer turnovers and multiple oxidized products (Table
S5).

Increased mobility of a substrate in the P450 active site makes it more likely that an
inherently weaker C-H bond will present itself to the active iron-oxo species, leading to
preferential oxidation of this bond over others that have stronger bond-dissociation energies.
A variety of P450 w-hydroxylases have been identified, which are highly selective for
oxidizing primary unactivated C-H bonds in linear hydrocarbons (e.g., members of the
CYP153 family in bacteria and the CYP52 family in fungi), linear and branched fatty acids
(e.g., members of the mammalian CYP4 family), and cholesterol (e.g., CYP124A1 and
CYP125A1 from Mycobacterium tuberculosis).>! These remarkable enzymes are able to
control their regioselectivity through specific interactions with their substrates, which
typically bind tightly and whose movement in the active site is therefore severely restricted.
This tight control of the bound substrate is required for w-hydroxylation to take place over
hydroxylation of more activated secondary, tertiary, or allylic carbons. In the 16-membered
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ring aglycone and macrolide substrates tested here, the primary C-H bond subject to
oxidation is located adjacent to a much weaker tertiary allylic C-H bond. Given the great
deal of control over substrate orientation that must be required to completely restrict access
of more labile C-H bonds to the iron-oxo species, it is not surprising that these substrates
bind MycCI with such high affinities.

Steady-state kinetic analysis of MycCl-catalyzed substrate hydroxylation

Steady-state kinetics experiments were conducted for both MycCIl/MycCIl/MBP-FdR and
MycCI-RhFRED using 8-12. First, we evaluated the kinetics of product formation using the
latter self-sufficient enzyme. Generally, the rates were rather slow, with A5 values ranging
from 1.15 + 0.02 min~1 for 9 to 0.24 + 0.02 min~1 for 8 (Figure 3a; Table 3). Although the
latter value is lower than that observed for many other P450/substrate combinations, it is
close to that reported for CYP107W1, which hydroxylates a tertiary carbon atom in the 26-
membered ring macrolide oligomycin C.52 In addition, all of the rates are higher than that
determined for TamI-RhFRED acting on tirandamycin A (kg = 0.11 = 0.01 min~1),34 which
is one of the few other examples of a biosynthetic P450 that hydroxylates an unactivated
primary carbon atom. The slow rates may in part be explained by the higher activation
energy required to oxidize a primary C-H bond, although examples of engineered P450s that
perform similar transformations more rapidly have been reported.53:5 Consistent with the
extremely tight binding of the macrolides, the K, values for these substrates were low and
thus difficult to determine accurately. Despite much lower catalytic rates, Aqat/ K values
(specificity constants) were comparable to those for PikC and PikC-RhFRED acting on
native substrates 3 and 5.4 Relative to the macrolides, the specificity constants for the
aglycones were considerably reduced, largely due to higher K, values. The value for 10
(0.0127 + 0.0006 uM~Imin~1) is similar to that for CYP107W1 acting on its native substrate
(0.012 pM~min~1).52 The specificity constant is ~14-fold lower for 8 (0.0009 % 0.0002
uM~Imin1), but it is still higher than that for the oxidation of tirandamycin A by Taml-
RhFRED (0.00058 pM~Imin~1).34 Notably, the results from these kinetics experiments are
consistent with those obtained from the TTN assays, which indicate a clear preference for
MycCI-RhFRED toward substrates bearing a deoxyamino sugar.

The same set of experiments was then conducted using MycCl in combination with MycClI|
and MBP-FdR. For all of the compounds tested, plots of initial rate vs. substrate
concentration showed a high degree of partial substrate inhibition (Figure 3b). The data
revealed relatively “high” turnover rates at low substrate concentrations (e.g., 2.3 £ 0.3
min~1 at 10 uM 9) that quickly diminished to ~1 min~1 in all cases as concentrations of
substrate were increased. Partial substrate inhibition is a commonly observed phenomenon
in P450-catalyzed reactions, although this situation is most well documented for human
drug-metabolizing P450s (e.g., CYP3A4). Such inhibition occurs when saturating levels of
substrate lead to incomplete inhibition of P450 activity,®® and it is thought to occur as a
consequence of substrate binding to a second site located either proximal or distal to the
catalytically productive binding site.56:57 The resulting ternary complex of enzyme bound
simultaneously to two substrate molecules exhibits reduced competence with respect to
product formation (see Supporting Information for further discussion). Although the data
obtained for MycCI/MycCII/MBP-FdR could be fit to a defined rate equation for an enzyme
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with two substrate binding sites,>® the resulting values for A, and K, were associated with
large errors (Table S11), rendering useful interpretation of their significance difficult. Since
the physiological concentration of the intermediate 9 in wild-type M. griseorubidais likely
very low,?8 substrate inhibition of MycCl may either be irrelevant in vivo, or it could
represent a mechanism by which flux through the mycinamicin biosynthetic pathway is
regulated.

The rates determined for product formation in the experiments described above were
substantially lower than those previously reported for MycCl (e.g., Acat = 104 = 2 min~1 for
9).33 Since the previous data were determined by monitoring NADPH consumption, it was
possible that cofactor and substrate oxidation were highly uncoupled. In order to verify this
hypothesis, steady-state kinetics experiments were repeated by spectrophotometrically
monitoring rates of NADPH consumption at various concentrations of substrate. For MycCl-
RhFRED, the derived turnover rates were indeed significantly higher than those determined
by monitoring product formation, indicating poor coupling efficiency (< 12% in all cases)
(Tables 3, S15, and S16). The ability to test lower substrate concentrations in the NADPH
consumption assays also facilitated more accurate determination of Kj, values, which were
generally in agreement with those derived from product formation experiments (Table 3).
Due to relatively fast NADPH oxidation rates, however, A/ Ky, values were much higher.

Prohibitively high rates of NADPH consumption in the absence of substrate were observed
when MycCl was tested in combination with MycCll and MBP-FdR (Table S13), further
precluding determination of relevant kinetic parameters for this tripartite biocatalytic system.
Nonetheless, we were able to compare turnover frequency (TOF, determined at 500 uM
substrate) values to those for MycCI-RhFRED (Table 4). The TOF was 1.4 + 0.1 min~1 for
the tripartite system with 9 acting as a substrate; this value was only slightly reduced for the
other substrates, with the lowest being ~1 min~1 for each of the aglycones. MycCI-RhFRED
had a similar TOF for 9 (1.19 + 0.06 min~1), but the rates were more substantially decreased
for the other substrates. In particular, the rates for formation of 15 and 13 were about 3-fold
and 6-fold lower, respectively, compared to the rates determined using the tripartite MycClI
system. These results indicate that while electron transfer may not be rate-limiting for
MycCI/MycCII/MBP-FdR, it likely is for MycCI-RhFRED. Interestingly, despite the higher
TTN values obtained with MycCI-RhFRED acting on macrolide substrates 9, 11, and 12, the
corresponding TOF values were all lower than those observed with MycCI/MycCII/MBP-
FdR. The most likely explanation for this result is increased coupling efficiency of the self-
sufficient system compared to the tripartite system, leading in turn to attenuated production
of reactive oxygen species (ROS) that are involved in the oxidative degradation of the
enzyme.>9 Thus, despite lower rates of catalysis, MycCI-RhFRED remains active in the
reaction mixture for a longer amount of time and is thereby able to turn over more substrate
molecules.

Comparative analysis of the MycCl homolog TylHI

MycClI (CYP105L2) is a member of the CYP105 family of P450 enzymes. Homologs of
CYP105 have been identified in all species of Streptomyces hitherto characterized, where
they are chiefly involved in xenobiotic metabolism and in the biosynthesis of secondary
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metabolites.®0 In turn, many of the latter variety are involved in polyketide biosynthesis,
particularly polyene antifungals (e.g., amphotericin, pimaricin, nystatin, filipin, and
candicidin) and macrolide antibiotics (e.g., tylosin, mycinamicin, and geldanamycin).
MycClI has close homologs in the biosynthetic pathways for the production of the 16-
membered ring macrolides tylosin (7) in Streptomyces fradiae (TyIH1)61.62 and chalcomycin
in Streptomyces bikiniensis (ChmH1).83 The pathways associated with the production of
these molecules are highly homologous to each other and to that involved in the assembly of
the mycinamicins in M. griseorubida (Scheme 1). Accordingly, the chemical structures of
the final compounds are very similar, all consisting of a 16-membered ring macrolactone
core containing a characteristic unsaturated ketone moiety to which at least two different
sugars are appended.

Like the mycinamicin biosynthetic gene cluster, the tylosin cluster contains two P450
enzymes (Tyll and TylHI) whose functions have been provisionally assigned based on early
co-fermentation and biotransformation studies with mutants of S. fradiae blocked in tylosin
biosynthesis#3:64:65 as well as phylogenetic comparison with homologous P450s from other
pathways. The preferred order of oxidation events was also demonstrated via experiments
that employed S. fradiae crude cell lysate for bioconversion of tylosin biosynthetic
intermediates.®® Based on these collective efforts, it was proposed that Tyl installs the
aldehyde at C20 of 5- O-mycaminosyl-tylactone just prior to hydroxylation of C23 by TylHI
to produce the key intermediate 17 (Scheme 1b). Until now, the lack of a robust in vitro
system to explore these two P450 enzymes has resulted in persistent ambiguity with respect
to their substrate selectivity. The primary sequence of TylHI (CYP105L1) is 55% identical
to that of MycCl; hence, they are classified as members of the same P450 subfamily. In
addition, a small gene encoding a [3Fe-4S]-type ferredoxin, designated #y/H//, is located
adjacent to ty/H/ in the gene cluster.51:62 The same juxtaposition of P450 and ferredoxin
genes encoding MycCl and MycClI, respectively, occurs in the mycinamicin gene cluster,57
suggesting that TylHI acts in conjunction with TyIHII during C23 hydroxylation of its
proposed native substrate 12.

Given its high homology to MycCl, we decided to probe the substrate scope of TylHI.
Although previous studies seemed to suggest that this enzyme could only act upon
glycosylated substrates with an adjacent ethyl group that had already been fully oxidized to
an aldehyde,%¢ we predicted that the purified enzyme might have a broader substrate scope
based on its close association with MycClI. Following the cloning, overexpression, and
purification of TylHI and its proposed ferredoxin partner TylHII, we tested their activity in
conjunction with MBP-FdR toward all of the compounds previously employed to assess the
substrate scope of MycCl. The results demonstrated that TylHI partnered with TylHII
converted 12 to a monohydroxylated product with the same retention time as 17, but the
catalytic system only supported about 18 substrate turnovers (Table 1). In addition, TylHI
could hydroxylate 11 at the same relative position to produce 16, but only a single turnover
was observed. The enzyme exhibited no activity on any of the other substrates tested, even
when the concentration of TylHI in the reaction mixture was increased ten-fold to 5 uM (1.0
mol %). Although the gene encoding TylHII was codon optimized for expression in E. coli,
the protein expressed much more poorly than MycCll, even when GroEL/GroES were co-
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expressed. Furthermore, spectrophotometric analysis of the purified protein indicated
diminished absorbance at 410 nm compared to MycCIl|I at a given concentration (Figure S1),
which could indicate the presence of higher amounts of apo protein. Accordingly, we tested
TylIHI in combination with MycClII to determine if the relative lack of activity observed for
this enzyme could be attributed to a suboptimal ferredoxin partner. While the TTN for 12
nearly quadrupled, that for 11 was essentially naught (Table 1). Moreover, the enzyme
remained inactive on all of the other substrates, even when it was present at high
concentrations (5 pM).

Since MycCI-RhFRED exhibited improved activity compared to MycCl/MycCII/MBP-FdR,
we opted to construct the corresponding self-sufficient version of TylHI. Although activity
increased to around 160 turnovers for the native substrate 12, no improvement was observed
for 11, and the enzyme remained inactive toward all other substrates (Table 1). These data
unambiguously demonstrate that the substrate scope for TylHI is extremely narrow,
especially compared to MycCl. While this finding is surprising given the high homology of
the two enzymes, it is consistent with the results of previous studies.®®

Subsequently, we conducted substrate binding and steady-state kinetics studies with TyIHI
and TylHI-RhFRED, which provided some insights into the results of the activity assays.
TylHI bound 12 with very high affinity (Ky = 0.60 = 0.03 pM), but its affinity toward 11 was
considerably diminished (Ky = 275 + 22 uM) (Table 2; Figure S7). Curiously, these two
compounds differ only in the identity of the deoxyamino sugar (1 vs. 18) and the oxidation
state of C20 (methyl vs. formyl) (Figure 1). Therefore, one or both of these features play key
roles in substrate recognition. Although none of the other substrates tested were converted to
monohydroxylated products by TylHI, some were able to induce a shift in the spin state of
the enzyme, including aglycone 10 (Table 2; Figures 2b and S8).

Steady-state Kinetic analysis of the reaction between TylHI-RhFRED and 12 revealed little
to no substrate inhibition and parameters for product formation that were about the same
compared to MycCI-RhFRED acting on the same substrate (Figure S9a). However, TylHI-
RhFRED oxidized NADPH at a slightly faster rate than MycCIl-RhFRED when saturated
with 12 (Figure S10c). As for the tripartite MycCl system, partial substrate inhibition was
observed for TylHI/TylHII/MBP-FdR acting on 12 (Figure S9b), but the rate of product
formation was nearly an order of magnitude lower (TOF = 0.14 + 0.03 min~1) (Table 4).
When MycCII was employed as surrogate ferredoxin, the TOF increased 12-fold to about
1.6 min~1, which was higher than that observed for MycCI/MycCIl/MBP-FdR.

The highly limited substrate scope of TylHI is in stark contrast to the flexibility that MycCI
exhibits toward different types of 16-membered ring macrolactones. Whereas the
deoxyamino sugar is a dispensable feature of MycCl substrates, it is absolutely required for
TylHI catalysis. Additionally, the identity of the sugar and/or the nature of the carbon side
chains comprising the macrolactone core plays a significant role in substrate binding. Based
on the results of our experiments, it remains unclear what specific aspects of 12 make it a far
superior substrate for TylHI than 11. The aldehyde and/or the additional hydroxyl group on
the sugar appears to be critical for TylHI-catalyzed hydroxylation of 12. Work is ongoing to
solve the x-ray crystal structure of TyIHI in complex with its native substrate, which will
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provide important insights into the specific interactions that are responsible for the enzyme’s
high substrate specificity. Despite the current lack of a TylHI structure, alignment with
MycClI revealed that while differences are fairly evenly distributed throughout the sequence,
nearly half of the residues that are located within 4 A of 9 in the MycCI co-crystal structure
(vide infra) are different in the TylHI sequence. Moreover, most of these changes appear in
residues that are proximal to the desosamine sugar moiety, including those found in and
around the BC loop (substrate recognition site 1) and FG loop (substrate recognition sites 2—
3) regions.®8 These findings are consistent with the differences observed between MycCl
and TyIHI with respect to the importance of the sugar moiety in substrate binding and
catalysis.

Another interesting example of highly homologous P450s that nonetheless exhibit
significant differences in their substrate scope can be found in glycopeptide antibiotic
biosynthesis. Recent work carried out by Cryle and coworkers has demonstrated the
importance of the non-ribosomal peptide synthetase X-domain in helping to coordinate the
P450-mediated oxidative cascade that leads to fully cyclized aglycones in the biosynthesis of
vancomyin, teicoplanin, and other glycopeptides.f-"1 While the P450 OxyB from the
vancomycin pathway (OxyB,,n) has long been recognized as a versatile biocatalyst with the
ability to accept a wide range of peptidyl carrier protein (PCP)-bound substrates,”2~7> the
homolog from the teicoplanin pathway (OxyBiej, 74% sequence identity) exhibits a much
narrower substrate scope when acting on PCP-bound peptides in the absence of the X-
domain.”® However, OxyBj and homologs from other pathways are able to act on a broader
range of substrates when the X-domain is present, although they tend to exhibit lower
overall activity compared to OxyBy4,.9%:70 Along with these fascinating studies, our results
with MycCl underscore the importance of empirically testing and comparing P450
homologs from related biosynthetic pathways in order to identify those that might prove
most useful in the development of novel biocatalysts.

Structural analysis of MycCl bound to M-VIII

In order to gain further insight into the unique reactivity exhibited by MycClI, we determined
the crystal structure of the enzyme in complex with its native substrate M-VII1 (9) to a
resolution of 2.21 A. The asymmetric unit of the crystal lattice contains two molecules of
MycClI, with no conformational ambiguity observed between chains A and B, both of which
have substrate bound in the active site. MycCl has an overall tertiary structure typical of
cytochrome P450 enzymes (Figures 4a and S11).25 The 7000 A3 substrate binding pocket at
the “distal” face of the heme macrocycle accommodates 9 bound in an orientation tilted
relative to the plane of the macrocycle (Figure 4b). The 16-membered ring polyketide
macrolactone and desosamine sugar (1) moieties of the substrate are both clearly defined in
the electron density map. The primary methyl group (C21) is exposed to the oxygen scission
site within 4.06 A of the iron center (distance averaged between the two MycCIl molecules
constituting an asymmetric unit). The proximity of C21 and the orientation of the C14-C21
bond relative to the heme iron are consistent with hydroxylation of 9 exclusively at the C21
position. A few water molecules are observed in the active site, but only one overlaps
between chains A and B (Figure 4b).
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The most hydrophobic edge of the macrolactone portion of 9 is tightly packed against
hydrophobic amino acid side chains emanating from the F-, G-, and | helices (shown in
Figure 5a in different shades of blue). The opposite side of the binding site interfacing the 5
sheet domain is more polar and loosely constructed (Figure 5b). Six hydrophobic residues
(L80, L223, A227, A274, L277, and 1378) form a rim adjacent to the porphyrin ring that
tightly encloses the end of the macrolactone opposite desosamine (Figure 5c), serving to
position it in an orientation that favors hydroxylation at C21. The binding pocket that
accommodates desosamine is built by more polar residues, including S172, D70, and D72
(Figure 5d). However, the only potential specific polar contact between enzyme and
substrate that can be discerned occurs between the side chain hydroxyl of S172 and the 3’-
nitrogen as well as the adjacent 2”-hydroxyl of desosamine (Figure 4b). In order to probe the
importance of these potential interactions, the MycClgj724 mutant was generated and tested
in reactions with the series of substrates previously described. Only moderate decreases in
TTN were observed for the macrolide substrates (9, 11, and 12) while, surprisingly, turnover
of aglycone substrates (8 and 10) was slightly improved for the mutant relative to the wild-
type enzyme (Table 1). Consistent with these data, the mutant bound the 16-membered ring
macrolide compounds with slightly weaker affinity, but the dissociation constants were still
in the nanomolar range; in contrast, 8 and 10 bound about twice as tightly to the mutant
(Table 2). Despite the marginal impact that the S172A mutation had on substrate binding
affinity, a lower percentage of the mutant was shifted to the high-spin state at saturating
levels of each substrate compared to the wild-type enzyme (Figure 2b; Table S9). This
decrease in percent spin shift was largest for 5, which shifted only ~40% of the mutant to
high spin at saturating levels compared to ~80% of the wild-type. Finally, kinetic analysis
revealed modest (~25%) reductions in TOF for each of the macrolide substrates while rates
either improved (8) or remained unchanged (10) for the aglycones (Table 4). Taken together,
these data demonstrate that S172 plays a minor role in facilitating substrate binding and
catalysis for MycCI. However, this result is not surprising given that we have already shown
the entire sugar moiety to be an unnecessary feature of suitable MycCl substrates. In
contrast to what we have observed for PikC, the tertiary amine of desosamine, which carries
a positive charge at neutral pH, does not interact with the negatively charged carboxylate-
containing residues of MycCl. As previously noted, salt-bridge interactions between the

N, N-dimethylamino group of desosamine and the side chains of acidic residues (E85 and
E94) play a critical role in positioning both native and semi-synthetic substrates in the active
site of PikC.31:36.37.39 | the MycClI crystal structure, the carboxylate groups of both D70
and D72 actually point away from desosamine. Furthermore, the negative charge of the D70
side chain is neutralized by forming a salt-bridge with the positively charged guanidinium
side chain of R278. Thus, substrate recognition and binding operate by a completely
different mechanism in MycCl, mostly mediated by hydrophobic interactions between the
substrate and the plethora of nonpolar amino acid side chains that line the binding pocket.

Our previous studies had initially led us to hypothesize that MycCl employs a mechanism
analogous to that used by PikC for binding its natural desosaminylated substrate 9, as we did
not observe conversion of the corresponding aglycone 8 to a monohydroxylated product.33
The reason for the discrepancy between these prior results and our current findings remains
unclear. In our initial report, the MycCI construct employed in analytical-scale reactions had
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a C-terminal His-tag, which was reported to show activity toward 9 comparable to that
exhibited by the N-terminal His-tagged enzyme. However, the relative activity of the C-
terminal His-tagged construct on 8 may have been diminished to the extent that no product
could be detected at all. Moreover, the concentration of MycCII in the reported reactions
was significantly lower (3.5 pM compared to 100 uM in the present work), and a NADPH
regeneration system was not employed in these prior studies. As noted before, the extent of
substrate turnover was highly dependent on the amount of MycClI present in the reaction
mixture. It is likely that suboptimal concentrations of this important redox partner along
with the lack of continual in situ NADPH regeneration would preclude formation of
detectable amounts of monohydroxylated 8. Indeed, we used similar unoptimized conditions
when we made the initial discovery that MycCI could hydroxylate 10, observing only a few
percent total conversion of this substrate.

Conclusions

We have demonstrated that MycCl, a P450 monooxygenase from the mycinamicin
biosynthetic pathway, is capable of catalyzing the hydroxylation of unactivated primary
carbons in diverse aglycone and macrolide substrates. This ability sets it apart from related
P450s involved in macrolide biosynthesis and highlights its potential to serve as a basis for
developing novel hydroxylation biocatalysts with broad substrate scope and high
regioselectivity. The crystal structure of MycCl in complex with its native 16-membered ring
macrolide substrate 9 provides some insight into the mechanism of substrate binding,
revealing the dominance of hydrophobic interactions in properly positioning it to undergo
the energetically unfavorable oxidation of a primary C-H bond. Our work further
underscores the importance of exploratory efforts in discovering new P450s from diverse
organisms that exhibit unexpected and biocatalytically useful properties.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 2.
Equilibrium substrate binding analysis. (A) Absolute spectra of MycCl (0.5 pM) in the

absence of substrate (black trace) or in the presence of 128 uM 10 (red trace). (B) Percent
spin shift of each enzyme at saturating levels of different substrates. Values were calculated
as described in Supporting Information.
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Steady-state kinetics (MycCI-RhFRED)
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Figure 3.
Steady-state kinetics profiles for (A) MycCI-RhFRED and (B) MycCl in conjunction with

MycClIl and MBP-FdR. Plots are of initial product formation rate (V) as assessed by HPLC
normalized to the concentration of P450 (0.5 pM) used in the kinetics assays. Mean values
and standard deviations (error bars) associated with each data point were calculated from the
results of experiments performed at least in triplicate. The data were fit to the Michaelis-
Menten equation (MycCI-RhFRED + 8-10) or to equations describing single-site (MycClI-
RhFRED + 11, 12) or two-site (MycCIl/MycCII/MBP-FdR + 8-12) substrate inhibition as
described in Supporting Information. The inset in the bottom graph shows a close-up version
of the data at low substrate concentrations (0-100 uM).
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B-sheet domain

Figure 4.
Crystal structure of MycClI with 9 bound in the active site. (A) The protein scaffold is

represented by green ribbons. 9 (ball-and-stick mode: yellow = carbon, red = oxygen, blue =
nitrogen) occupies the 7000 A3 pocket (semi-transparent grey surface) of the a-helical
domain interfacing the S-sheet domain. Image was generated using the MOLSOFT ICM-
Browser.”” (B) A fragment of the 2F—F electron density map contoured at 1 o delineates 9
(blue mesh) and a set of amino acid residues (green) within 4 A of 9 (grey mesh). Distances
reported are in Angstréms. The heme cofactor is depicted as van der Waals spheres (grey =
carbon, red = oxygen, blue = nitrogen, ochre = iron). The water molecule present in both
chains A and B of the asymmetric unit is shown as a small red sphere. Image was prepared
using PyMOL..78
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Figure 5.
The binding site of 9 in MycClI, represented by a semi-transparent surface surrounding the

substrate molecule (ball-and-stick mode: yellow = carbon, red = oxygen, blue = nitrogen).
Amino acid residues are in ball-and-stick mode and are colored by hydrophobicity in a color
gradient ranging from ice-blue (hydrophobic) to red (hydrophilic). Water molecules are
shown as small spheres. Images were generated using the MOLSOFT ICM-Browser.”” (A)
Side view of the binding site showing the hydrophobic wall built by lipophilic amino acids.
(B) The opposite side of the binding pocket facing the B-sheet domain is more polar and
loosely built. (C) Bottom view of the binding site with the heme cofactor (black lines)
projected onto the semi-transparent surface. Six lipophilic residues along the edge of the
heme macrocycle (L80, L223, A227, A274, L277, and 1378) form a pocket that surrounds
the end of the M-VIII macrolactone opposite desosamine, thus positioning the C21 methyl
group above the iron center. (D) Top view along the axis of 9 with the desosamine moiety
visible through the surface opening.
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Crystallographic Data Summary

Protein MycCl
Ligand Mycinamicin V111
PDB ID 5FOI
Data collection
Space group P1
Cell dimensions
a b cA) 54.8,59.5, 74.6
a B () 83.2,72.2,62.6
Molecules in AU 2
Wavelength 1.11587
Resolution (A) 221
Rym (%) 24.4
llol 3.8 (1.3)4
Completeness (%) 91.1(71.2)
Redundancy 2.0(1.9)
Refinement
No. reflections 34383
Riork! Riree (%) 18.2/25.2
No. atoms
Protein 6013
Heme 86
Substrate 72
Solvent 147
Mean B value 27.2
B-factors
Protein 27.9
Heme 17.0
Substrate 21.0
Solvent 28.6
RMSD
Bond lengths (A)  0.014
Bond angles (°) 1.907

a\/alues in parentheses are for the highest resolution shell.
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