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Cytochromes P450 (P450s) are nature’s catalysts of choice for
performing demanding and physiologically vital oxidation reac-
tions. Biochemical characterization of these enzymes over the
past decades has provided detailed mechanistic insight and
highlighted the diversity of substrates P450s accommodate and
the spectrum of oxidative transformations they catalyze. Previ-
ously, we discovered that the bacterial P450 MycCI from the
mycinamicin biosynthetic pathway in Micromonospora griseo-
rubida possesses an unusually broad substrate scope, whereas
the homologous P450 from tylosin-producing Streptomyces fra-
diae (TylHI) exhibits a high degree of specificity for its native
substrate. Here, using biochemical, structural, and computa-
tional approaches, we aimed to understand the molecular basis
for the disparate reactivity profiles of these two P450s. Turnover
and equilibrium binding experiments with substrate analogs
revealed that TylHI strictly prefers 16-membered ring mac-
rolides bearing the deoxyamino sugar mycaminose. To help
rationalize these results, we solved the X-ray crystal structure of
TylHI in complex with its native substrate at 1.99-Å resolution
and assayed several site-directed mutants. We also conducted
molecular dynamics simulations of TylHI and MycCI and bio-
chemically characterized a third P450 homolog from the chal-
comycin biosynthetic pathway in Streptomyces bikiniensis.
These studies provided a basis for constructing P450 chimeras
to gain further insight into the features dictating the differences
in reaction profile among these structurally and functionally

related enzymes, ultimately unveiling the central roles of key
loop regions in influencing substrate binding and turnover. Our
work highlights the complex nature of P450/substrate interac-
tions and raises interesting questions regarding the evolution of
functional diversity among biosynthetic enzymes.

Since their discovery in the 1950s as components of mamma-
lian liver microsomes (1–3), thousands of unique cytochrome
P450 enzymes (P450s)3 have been identified across all domains
of life. P450s are heme-thiolate proteins, and every structurally
characterized member of this superfamily adopts the same tri-
angular prism-like fold (4, 5). Most P450s also share a common
mechanism of dioxygen activation and typically act via a radical
pathway to insert a single atom of oxygen into a C–H bond of a
target substrate (6, 7). However, the nature of their catalytic
cycle renders these enzymes capable of effecting a broad array
of reactions, including epoxidation, heteroatom oxidation,
dealkylation, oxidative aryl/phenolic coupling, and C–C bond
formation/cleavage among many others (8 –11). From a func-
tional perspective, P450s play critical roles in cellular metabo-
lism, ranging from xenobiotic metabolism in humans to sec-
ondary metabolite biosynthesis in plants, fungi, and bacteria.

The abundance of genes that encode P450s in microorgan-
isms underscores the importance of this class of enzymes in
catalyzing key biochemical steps in primary and secondary
metabolic pathways (4). Streptomyces species are particularly
rich sources of natural products possessing a range of biological
activities (e.g. antibacterial, antifungal, antitumor, and immu-
nosuppressive). P450s have been identified to play key roles in
the biosynthesis of many of these compounds, often contribut-
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ing to their bioactivity by performing late-stage oxidative tai-
loring reactions (12–17). Members of the CYP105 and CYP107
families are particularly well-represented among actinomyce-
tes and include those with broad substrate scope (e.g. MoxA
(CYP105AB3) (18, 19) and PikC (CYP107L1) (20)). Homologs
of CYP105 have been identified in all Streptomyces species that
have hitherto been investigated, with at least 17 subfamilies
making up this P450 family in streptomycetes (21). These
enzymes are chiefly involved in the metabolism of xenobiotics
and in the biosynthesis of natural products, many of which are
macrocyclic polyketides.

Tylosin (1) is a 16-membered ring macrolide antibiotic pro-
duced by several Streptomyces species, including Streptomyces
fradiae, Streptomyces rimosus, and Streptomyces hygroscopicus
(22–24). Although not used clinically in humans, it has been
widely adopted in veterinary medicine as an antibacterial agent
as well as in the livestock industry as a growth promoter. The
biosynthesis of 1 in S. fradiae has been studied intensively over
the past four decades (Scheme 1A) (25). Many of the steps in its
assembly were initially elucidated in the early 1980s based on
analysis of metabolites produced by blocked mutants (26) and
cross-feeding studies (27–32). Only later were the genes asso-

Scheme 1. Abbreviated biosynthetic pathways of representative 16-membered ring macrolides. Reactions catalyzed by P450/ferredoxin combinations
described in this study are highlighted in red. A, tylosin (tyl) biosynthetic pathway in S. fradiae. B, mycinamicin (myc) biosynthetic pathway in Micromonospora
griseorubida. C, chalcomycin (chm) biosynthetic pathway in S. bikiniensis.
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ciated with the corresponding tyl biosynthetic gene cluster
identified and sequenced (33, 34). The tyl cluster encodes two
P450s whose functional roles were originally assigned by inves-
tigating the ability of S. fradiae cell-free extracts to oxidize var-
ious tylosin biosynthetic intermediates (30, 32). Recently, the
activities of these two enzymes have been confirmed by our
group through in vitro biochemical analysis (35, 36). TylI cata-
lyzes a four-electron oxidation at C20 of 5-O-mycaminosyl-
tylactone (MT; 2) to produce 23-deoxy-5-O-mycaminosyl-ty-
lonolide (23-DMTL; 3), which TylHI then hydroxylates at C23
to give 5-O-mycaminosyl-tylonolide (MTL; 4) (Scheme 1A). A
third P450 gene (orf16*) is also found in the tyl cluster, but it
likely plays a role in the transcriptional regulatory cascade that
controls tylosin production (37, 38).

Previously, we explored the substrate scope of MycCI
(CYP105L2), a P450 from the related mycinamicin (5) pathway
(Scheme 1B), and found that it is capable of hydroxylating a
relatively broad range of 16-membered ring macrolactones and
macrolides (35). However, parallel characterization of its close
homolog TylHI (CYP105L1; 55% sequence identity) revealed
that the latter is unable to tolerate even subtle changes to its
native substrate. Differences in catalytic activity between P450
isozymes that are part of the same subfamily (�55% identity)
and that act on similar types of substrates have frequently been
observed among mammalian P450s. Similar cases can be found
among P450s involved in bacterial natural product biosynthe-
sis. The P450 OxyBvan, which catalyzes the first oxidative phe-
nolic coupling reaction in the biosynthesis of vancomycin, tol-
erates a number of nonnatural peptide substrates, whereas its
homolog from the teicoplanin pathway (OxyBtei; 74% sequence
identity) exhibits a high degree of substrate selectivity (39).
Moreover, whereas the P450s HmtT and HmtN involved in
himastatin biosynthesis are 55% identical, they catalyze differ-
ent types of reactions at unique sites on nearly identical sub-
strates (40, 41). Drawing additional inspiration from these
examples, we sought to acquire detailed insight into the molec-
ular basis for substrate specificity in TylHI using a combination
of biochemical, structural, and computational approaches. We
aimed to use this information to understand the factors govern-
ing differences in the reactivity profiles of this selective enzyme
and its relatively flexible homolog (MycCI). Rational design of
functional TylHI/MycCI chimeras then allowed us to test the
roles of specific regions of each P450 in mediating substrate
binding and turnover, ultimately lending support to a more
general model of P450/substrate interactions.

Results

TylHI activity and binding assays with substrate analogs

In our previous studies describing the catalytic versatility of
MycCI, we found that its homolog TylHI possessed a compar-
atively restricted substrate scope (35). Whereas TylHI readily
converted its native substrate (23-DMTL; 3) to the expected
product (MTL; 4), minor alterations to the structure of this
compound rendered it minimally reactive as a substrate for the
enzyme. Specifically, an analog lacking the C20-aldehyde and
the C4�-hydroxyl (5-O-desosaminyl-tylactone (DT); 6) bound
with nearly 500-fold lower affinity and was turned over less

than once (mol of product/mol of P450). Given the difference in
only two functional groups between these two molecules, we
questioned whether one might have a more significant impact
on binding and subsequent catalysis than the other. Thus, we
envisioned acquiring two additional substrate analogs via semi-
synthesis, one bearing the aldehyde and lacking the sugar
hydroxyl group (23-deoxy-5-O-desosaminyl-tylonolide (23-
DDTL); 7) and another lacking the former but maintaining the
latter (MT; 2) (Fig. 1).

In our recent work detailing the chemoenzymatic total syn-
thesis of tylactone-based macrolides, we reported the efficient
in vitro TylI-catalyzed hydroxylation of 6 at C20 followed by
selective chemical oxidation at the same site to give 7, a biolog-
ically active macrolide called M-4365 G2 (36). To access 2, we
followed a previously established scheme with some minor
variations (Scheme S1). Reduction of the aldehyde of 3 with
sodium borohydride followed by iodination of the alcohol (20-
hydroxy-5-O-mycaminosyl-tylactone (20-OH-MT); 8) and
subsequent borohydride-mediated reduction afforded 2. In
addition to the target substrates, we opted to test the C20-hy-
droxylated synthetic intermediates 8 and 20-hydroxy-5-O-des-
osaminyl-tylactone (20-OH-DT; 9) against TylHI in parallel
activity assays.

Analytical-scale reactions with each substrate were per-
formed with purified TylHI and maltose-binding protein–
tagged spinach ferredoxin reductase (MBP-FdR) along with
native ferredoxin TylHII or its homolog MycCII. The single-
component TylHI-RhFRED fusion protein developed previ-
ously (35) was also tested in these assays. Although reduction
of the aldehyde in the native substrate (3) to the alcohol (8)
had no negative impact on conversion, further reduction to
the alkane (2) resulted in a more substantial decrease in
enzyme activity (88% conversion of 3 versus 40% conversion
of 2 by TylHI/MycCII; see Fig. 2A). However, substitution of
desosamine for mycaminose while maintaining the oxida-
tion state of C20 had a more significant negative effect on
substrate turnover (6% conversion of 7 by TylHI/MycCII).
The same trend was observed for the other catalytic systems,
with the native partnering of TylHI/TylHII somewhat tem-
pering the damaging impact of substrate modification on
activity and the artificial TylHI-RhFRED self-sufficient cat-
alyst exacerbating it (Fig. 2A).

Figure 1. Structures of macrocyclic substrates employed in this study.
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To corroborate the results of the P450 functional assays,
equilibrium substrate binding experiments were conducted
(Table 1; see Table S2 for relative fractional spin shifts and Fig.
S7 for representative binding plots). Generally, the binding
affinities of the substrates tested were consistent with the
degrees to which they were converted to their respective prod-
ucts. Reduction of the aldehyde in 3 to the alcohol (8) modestly
increased the Kd from 0.63 to 4.3 �M, and further reduction to
the alkane (2) had a more significant impact on binding (Kd �
45 �M). Mirroring the effect of removing the C4�-hydroxyl
group on substrate turnover, the Kd for binding of 7 to TylHI
(236 �M) was 375-fold higher than that for binding of 3.
Although turnover of the other desosaminylated substrates (6
and 9) was lower compared with 7, they bound with about the
same affinities to TylHI.

Taken together, these data obtained with key analogs of the
native substrate (3) have revealed that, independent of the oxi-
dation state of C20, compounds with mycaminose as the deoxy-
amino sugar are strongly preferred over those bearing des-
osamine. Although TylHI preferentially accepts substrates with

an oxidized C6 ethyl side chain, the presence or absence of a
hydroxyl group attached to C4� of the sugar has a much more
significant impact on substrate binding and subsequent
turnover.

Structural characterization of TylHI bound to 23-DMTL

To acquire new insights into the specific interactions involved
in TylHI substrate binding, we solved the crystal structure of the
enzyme in complex with its native substrate 23-DMTL (3) to a
resolution of 1.99 Å (Table 2). The asymmetric unit of the crystal
lattice contains two protein molecules, and in each case, electron
density for the first 31 amino acids is not observed. Alignment of
the primary amino acid sequence of TylHI with that of MycCI
reveals that the latter starts at residue 32 of TylHI (see Fig. 7). To
probe any potential role for this N-terminal portion of the TylHI
sequence, the corresponding N-terminal truncated protein
(TylHI�2–33) was generated and tested in parallel with the WT
enzyme. No significant differences in activity or protein stability
were observed, raising the possibility that the N-terminal sequence

Figure 2. Results of activity assays employing different TylHI/redox partner combinations (A); selected TylHI mutants (B); MycCI, TylHI, and ChmHI
(C); and selected TylHI/MycCI chimeras (D). Except for reactions employing TylHII and TylHI-RhFRED (labeled accordingly in A), all reactions were performed
using MycCII and MBP-FdR as surrogate ferredoxin and ferredoxin reductase partners, respectively. Bars colored according to substrate indicate the mean of
three independent experiments; associated error bars represent S.D. See Table S1 for raw numerical values and for the results of additional enzyme/substrate
combinations.
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may function in some unknown capacity in the host organism (see
Table S1 for results of activity assays employing TylHI�2–33).

The two chains in the asymmetric unit exhibit minimal con-
formational ambiguity (root mean square deviation, 0.26 Å).
However, a few minor differences between chains A and B can
be discerned. Notably, although 3 is bound in both monomers,
the C6-ethyl aldehyde moiety adopts two different orientations
relative to the rest of the macrocycle in chain A (Fig. 3A). Three
water molecules overlap between the two chains, only one of
which, located near the surface of the protein, is poised to inter-
act directly with 3 via polar groups on the mycaminose sugar
(Fig. 3A).

TylHI exhibits an overall tertiary structure very similar to
that of MycCI (root mean square deviation, 0.76 Å; Fig. S1, A
and B) and many other P450 enzymes. Moreover, like the bind-
ing pocket of MycCI, that of TylHI is highly hydrophobic and
accommodates the macrocyclic substrate bound diagonally
above the distal face of the heme cofactor (Fig. 3). The primary
methyl group (C23) is located within 3.8 Å of the heme iron
center, and its orientation relative to the cofactor is consistent
with the experimentally observed site of hydroxylation.

As observed in MycCI, the base of the substrate proximal to
the heme in TylHI is surrounded by six hydrophobic residues
(Leu-111, Leu-255, Ala-259, Ala-306, Leu-309, and Val-410)
that help to position it in the proper orientation for activation of
the target C–H bond. With the exception of Val-410 (Ile-378 in
MycCI), these residues are identical to those found in MycCI
and are located in the same relative positions (Fig. 3). Other
amino acid side chains that form part of the hydrophobic wall of
the binding pocket near the I helix (e.g. Ala-195, Leu-208, Leu-
211, Val-254, and Ala-258) are also identical to those present in
MycCI. Despite these similarities between the two proteins, key
differences are readily apparent, including the identity and rel-
ative positioning of several residues in the BC and FG loop
regions. Although more than half of the residues that comprise
the BC loop are conserved between MycCI and TylHI and many
of the substitutions are relatively conservative, differences in
the positions of several side chains that reflect deviations in the
C� backbone are evident. One particular region in the middle
of the TylHI BC loop contains residues that closely approach
bound 3 (Ser-100 –Ala-106) as well as those whose positions are
displaced relative to the homologous residues in MycCI (Arg-
96, Glu-103, Glu-105, Ser-107, and Arg-108 in TylHI corre-
sponding to Arg-65, Asp-72, Asp-74, Phe-76, and Arg-77 in
MycCI; Figs. 4, 6, S1D, and S2).

Additional differences in amino acid composition and posi-
tioning are observed in the FG loop and N-terminal portion of

the G helix, most markedly in substitutions of small residues
(Ala-199 and Ala-200 in TylHI) for larger polar/charged resi-
dues (Asn-168 and Asp-169 in MycCI), insertion of a glycine
(Gly-201 in TylHI with no counterpart in MycCI), and charge
reversal (Glu-203 in TylHI in place of Arg-171 in MycCI). How-
ever, the side chains of these amino acids do not appear to
directly interact with bound substrate in either structure, and
the overall fold of the region is unperturbed.

The mycaminose-binding pocket is composed of residues
that are mostly found in the BC and FG loops of TylHI. These
residues are typically more polar than those comprising the
binding pocket for the rest of the macrocycle. A salt bridge
network involving Arg-96, Asp-101, Glu-105, and Arg-310 sur-
rounds one side of the substrate proximal to the sugar (Figs. 4A
and S2A). Despite the presence of similar residues in MycCI
(Arg-65, Asp-70, Asp-74, and Arg-278), they do not all interact
to form a cohesive network around the desosamine unit of
mycinamicin VIII (M-VIII; 10) (Figs. 4B and S2B). Although the
Asp-70 –Arg-278 interaction is present in MycCI, Arg-65 and
Asp-74 are completely displaced out of the pocket and exposed
to bulk solvent.

Specific polar interactions between TylHI and 3 are confined
to the aldehyde substituent and portions of the deoxyamino
sugar (Fig. 4A). In chain A, the electron density surrounding the
C6-ethyl aldehyde moiety suggests that this part of the sub-
strate adopts two different conformations when bound to
TylHI (Fig. S3). In the particular conformation closer to that
observed in chain B, the carbonyl of the aldehyde is poised to
accept a hydrogen bond from the side chain of Glu-105 in its
protonated form and/or from a neighboring water molecule.

Table 1
Dissociation constants of selected substrates against wildtype TylHI
Reported errors are those obtained from fitting data averaged from experiments
performed in duplicate.

Substrate Kd

�M

2 45 � 3
3 0.63 � 0.02
8 4.3 � 0.4
6 210 � 8
7 236 � 23
9 235 � 17

Table 2
Crystallographic data summary for TylHI/23-DMTL
AU, asymmetric unit; r.m.s., root mean square.

Crystal data
Protein TylHI
Ligand 23-DMTL
PDB code 6B11

Data collection
Space group P212121
Cell dimensions

a, b, c (Å) 63.7, 109.2, 150.1
�, �, � (°) 90.0, 90.0, 90.0

Molecules in AU 2
Wavelength (Å) 1.11587
Resolution (Å) 1.99
Rsym or Rmerge (%) 7.0 (174.0)a

I/�I 14.6 (1.39)
Completeness (%) 95.6 (69.7)
Redundancy 6.2 (3.2)

Refinement
No. reflections 66,461
Rwork/Rfree (%) 19.4/24.0
No. atoms

Protein 5,907
Heme 86
Substrate 123
Solvent 234

Mean B value 46.5
B-factors

Protein 47.0
Heme 36.9
Substrate 38.6
Solvent 49.3

r.m.s. deviations
Bond lengths (Å) 0.019
Bond angles (°) 1.966

a Values in parentheses are for the highest resolution shell.
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Two additional direct polar interactions between TylHI and
bound 3 are localized to the mycaminose substituent (Figs. 4A
and S2A). As observed in the MycCI/10 structure (Figs. 4B and
S2B), the C2�-hydroxyl group of the sugar donates a hydrogen
bond to the backbone carbonyl of Ala-195 (Ala-164 in MycCI).
Furthermore, the C4�-hydroxyl appended to mycaminose
interacts with the backbone amide nitrogen and carbonyl oxy-
gen atoms of Gly-102 and Glu-103 in TylHI, respectively (Fig.
4A). On the basis of the results of activity and binding assays
with substrate analogs (see above), these polar interactions
appear to be critical for substrate recognition in TylHI. Indeed,
the simple removal of the C4�-hydroxyl of mycaminose results
in a drastic reduction in binding affinity and a concomitant
decrease in substrate conversion.

It is also important to note that no direct interactions with
the C3�-nitrogen of mycaminose are observed in either chain of
the crystal structure. The carboxylate of Asp-101 in TylHI is
located �5 Å away from this position on the deoxyamino sugar,
which is not close enough to provide a salt bridge contact. In
addition, because the negative charge of the Asp-101 side chain
is probably neutralized via interactions with Arg-96 and Arg-
310, it likely plays a minimal role in compensating for the pos-
itive charge of the protonated tertiary amine.

Analysis of TylHI site-directed mutants

Analysis of the TylHI/3 cocrystal structure provided key
insights into the molecular basis for substrate recognition,
highlighting several notable differences from the homologous

MycCI/10 system. To validate and further probe the roles of
certain amino acid residues in substrate binding, several
mutants were generated and tested against the panel of six com-
pounds described previously (Fig. 1). The results of the activity
and binding assays with 2 demonstrated that the aldehyde por-
tion of the native substrate (3) does not provide a critical rec-
ognition element for TylHI. Although the side chain of Glu-105
is positioned to interact with the aldehyde in the crystal struc-
ture, the ambiguity surrounding the protonation state of the
former as well as the conformation of the latter made it difficult
to assign a definitive role for this residue.

As expected, only modest reductions in activity were
observed for the E105Q and E105A mutants acting on 3 (69 –
74% conversion for the mutants versus 88% conversion for WT)
and its reduced analog 8 (Fig. 2B). However, activity marginally
increased across the various other substrates tested. The E105L
mutant was generated to control for any potential decrease in
activity resulting from disruption of key van der Waals interac-
tions that could be stabilizing this region of the protein. Inter-
estingly, although activity on the mycaminosylated substrates
(2, 3, and 8) decreased relative to the WT enzyme (e.g. 37%
conversion of 3), the E105L mutation enabled TylHI to more
effectively hydroxylate the desosaminylated substrates (6, 7,
and 9; �3– 6-fold increased conversion compared with the WT
enzyme; Fig. 2B). The loss of a negative charge and concomitant
addition of a methyl group to the side chain of the target residue
likely increased the hydrophobicity of the binding pocket, lead-

Figure 3. Comparison of the crystal structures of TylHI (PDB code 6B11) and MycCI (PDB code 5FOI) bound to 3 and 10, respectively. A, binding pocket
of 3 in TylHI. The substrate (3) is depicted in cyan, the heme cofactor is shown in firebrick, and the side chains of residues within 5 Å of 3 are white and labeled
accordingly. Gray mesh surrounding 3 represents the Fo � Fc omit map (generated by setting the occupancy of substrate to zero) contoured at 3 �. The three
water molecules present in both chains of the asymmetric unit are shown as small red spheres. Potential hydrogen bonding interactions are depicted as black
dashes. A black dash is also drawn between the heme iron and the carbon atom (C23) targeted for hydroxylation. B, binding pocket of 10 in MycCI shown in the
same relative orientation as that of 3 in TylHI. The substrate (10) is depicted in orange, the heme cofactor is shown in firebrick, and the side chains of residues
within 5 Å of 10 are yellow– orange and labeled accordingly. Gray mesh surrounding 10 represents the Fo � Fc omit map (generated by setting the occupancy
of substrate to zero) contoured at 3 �. The single water molecule present in both chains of the asymmetric unit is shown as a small red sphere. Potential
hydrogen bonding interactions are depicted as black dashes. A black dash is also drawn between the heme iron and the carbon atom (C21) targeted for
hydroxylation.
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ing to better binding of suboptimal substrates bearing des-
osamine (Table S2).

Consistent with the results of the activity assays, relatively
minor decreases in affinity were associated with the binding of
3 to the E105Q and E105A mutants (Table 3). Interestingly,
although 3 bound �100-fold more weakly to the E105L mutant
than to the WT enzyme, desosaminylated analog 7 bound twice
as tightly, thus explaining the enhanced turnover of this
compound by this particular mutant (19% conversion for
TylHIE105L versus 6% conversion for the WT enzyme).

Additional mutagenesis targets consisted of several charged
residues in the BC loop forming part of the mycaminose-bind-
ing pocket. One residue (Asp-101) was found in proximity to
the N,N-dimethylamino group of the sugar, potentially helping
to neutralize the positive charge associated with the protonated
tertiary amine. Both the D101N and D101A mutants exhibited
substantial losses in activity across all substrates tested, with
conversion of 3 diminishing to 11–12% and that of the other
substrates falling at or below 6% (Fig. 2B). Binding of 3 was
substantially weakened as well, with Kd values even higher than
those observed for binding of the desosaminylated substrates to
the WT enzyme (Table 3). Nonetheless, these data alone were
not enough to gain a complete understanding of the specific
role of this residue in mediating substrate binding.

Because Asp-101 is located in the middle of a salt bridge
network involving Arg-96 and Arg-310 (Fig. 4A), the latter two
residues were subsequently targeted for mutagenesis to explore
whether disruption of the network could be used to rationalize
attenuated substrate binding and turnover. Each of the corre-
sponding arginine-to-alanine mutants showed a loss in cata-
lytic activity that was comparable to that observed for the Asp-
101 mutants; R310A exhibited the most dramatic effect, with

conversion of 3 under standard reaction conditions dropping to
5% (Fig. 2B). The R96A and R310A mutants also had dissocia-
tion constants with respect to 3 that were similar to those for
the Asp-101 mutants (Table 3). Incidentally, the Kd values for
binding of 3 to all of these mutants approached that for binding
of the corresponding aglycone (tylactone; 11) to the WT
enzyme (Kd � 282 �M; see Table S2).

Taken together, these results are consistent with the key role
of salt bridge contacts among Arg-96, Asp-101, and Arg-310 in
facilitating the formation of a binding pocket for the deoxy-
amino sugar moiety of the substrate. Although this triad of
charged residues is identical between TylHI and MycCI, only
one salt bridge is preserved (Asp-101–Arg-310 in TylHI, corre-
sponding to Asp-70 –Arg-278 in MycCI). However, in contrast
to the drastic loss in activity that TylHI incurred upon mutation
of Asp-101, no such impact was observed for Asp-70 mutants of
MycCI (Table S1). However, because MycCI is somehow
equipped to effectively bind substrates without deoxyamino
sugars, any disruption of the binding pocket proximal to the
sugar is likely to have a relatively insignificant effect on sub-
strate turnover.

Molecular dynamics simulations of TylHI and MycCI

The results of biochemical experiments employing substrate
analogs as well as the details of the crystal structure and func-
tional effects of site-directed mutations described thus far had
provided some important insights into the molecular basis for
substrate recognition in TylHI and enriched our understanding
of it as a highly specific enzyme compared with MycCI. How-
ever, understanding why MycCI could bind and hydroxylate
both mycinamicin- and tylosin-type substrates, whereas TylHI
only showed appreciable activity on mycaminosylated versions

Figure 4. Comparison of substrate contacts and other key interactions in the active sites of TylHI (A) and MycCI (B). Substrates and amino acid residues
are colored as in Fig. 3. Main-chain atoms are depicted for residues Ser-100 –Arg-108 and Ala-195 in TylHI and for residues Ala-69 –Arg-77 and Ala-164 in MycCI.
Black dashes are drawn between atoms involved in potential polar contacts. For improved clarity, water molecules have been omitted. See Fig. S2 for alternative
viewing angles.
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of the latter, remained elusive. In an effort to further under-
stand the molecular-level details giving rise to this observation,
we performed molecular dynamics (MD) simulations on each
enzyme using both 3 and 10 as probe substrates. In the present
study, and consistent with previous experimental results (35),
MycCI exhibited near complete conversion of both 3 and 10,
whereas TylHI was only active on 3 (Table S1). Moreover,
whereas MycCI had been shown to bind these compounds in
the low nanomolar range (35), TylHI bound 3 and 10 with Kd
values near 1 �M and 1 mM, respectively (Table S2).

In initial MD simulations, the distance from the carbon atom
of the methyl group targeted for oxidation in each compound
(C23 for 3; C21 for 10) to the oxygen atom of the modeled
Compound I iron– oxo species was monitored over a 500-ns
trajectory (Fig. 5A). For MycCI, the average distances for both
compounds were 3.0 –3.5 Å. In contrast, whereas C23 of 3
occupied a similar range of distances away from the iron– oxo
species of TylHI over the course of the simulation, the distance
increased up to 5– 6 Å for the corresponding C21 of 10. These
results are consistent with the experimental data and serve to
highlight the inherent incompatibility of 10 with the TylHI
active site.

Next, the relative strengths of the hydrogen bonds between
the C4�-hydroxyl group appended to the mycaminosyl moiety
of 3 and the backbone amide nitrogen and carbonyl oxygen
atoms of Gly-102 and Glu-103 were examined. The results of
the 500-ns MD simulation demonstrated that these hydrogen
bonds are stable, with that formed between the substrate and
the carbonyl oxygen atom of Glu-103 maintained at an average
distance of 1.9 Å throughout the simulation and thus appearing
to be the strongest among the three tested (Fig. 5B). Although it
is unlikely that the strengths of these interactions are alone
sufficient to promote such tight binding of 3 (Kd � 0.63 �M)
relative to 7 (Kd � 236 �M) lacking a C4�-hydroxyl group, their
presence may be important for overall stabilization of the salt
bridge network between Arg-310 and some of the key charged
residues in and around the BC loop.

As noted previously, close inspection of the TylHI and
MycCI crystal structures reveals that the BC loops, which sur-
round and partially cover the bound substrate in each case, are
different in several respects between the two enzymes (Figs. 4
and 6). In MycCI, charged residues in the BC loop and N-ter-
minal portion of the C helix appear to form a more robust salt
bridge network with the potential for more intraprotein inter-
actions in this region of the enzyme (Fig. 6B). A less elaborate

network is observed for TylHI (Fig. 6A). MD simulations were
used to characterize the relative strengths of these salt bridges
by monitoring the distances between oppositely charged resi-
dues over time. The results demonstrated that, although the
salt bridge networks are qualitatively different between MycCI
and TylHI, they are stable and likely maintained in both
enzymes. Heat maps (Fig. 6) depict the strength of individual
interactions in the network in terms of the inverse of the aver-
age distance between each pair of residues engaged in a salt
bridge. Clearly, there are more nodes in the network and more
salt bridge interactions in MycCI compared with TylHI. We
hypothesize that the relative weakness of the TylHI salt bridge
network may contribute to its unusual sensitivity to substrate
structure and could explain the severely attenuated binding
affinities toward tylosin-type substrates bearing desosamine.

Overall, the insights gained from this computational investi-
gation are consistent with the experimental data described pre-
viously. In TylHI, nodes in the salt bridge network that appear
to be most critical for effective substrate binding include those
involving Asp-101, Arg-96, and Arg-310. However, although
Glu-105 appears to maintain a stable salt bridge with Arg-96
throughout the MD simulation, the E105Q and E105A muta-
tions had minimal effects on TylHI substrate binding and cat-
alytic activity (see above). For MycCI, although a stable salt
bridge is maintained between Asp-70 and Arg-278, the D70N
and D70A mutants exhibited virtually no loss in catalytic activ-
ity across each of the substrates tested (Table S1). In addition to
Asp-70, Arg-77 appears to lie at the center of another important
region of the salt bridge network in MycCI. Interestingly,
although the R77A mutant showed �90% conversion of each of
the macrolide substrates, its ability to hydroxylate the agly-
cones tylactone (11) and PML-IV (12) was diminished (Table
S1). This result suggests that the salt bridge interactions estab-
lished between Arg-77 and other residues in the BC loop may
play roles in facilitating macrolactone binding.

Comparative analysis of the TylHI/MycCI homolog ChmHI

To provide further insight into the divergent substrate spec-
ificity of TylHI and MycCI, we identified ChmHI as a close
homolog of both enzymes and tested its activity across the same
panel of macrolactone and macrolide substrates. This P450 is
thought to play an analogous role in the biosynthesis of
the macrolide chalcomycin (13) in Streptomyces bikiniensis
(Scheme 1C) (42). Interestingly, multiple-sequence alignment
of the three homologous P450s reveals that ChmHI is roughly
equally similar to both MycCI (62% identity) and TylHI (57%
identity), with regions of identity and divergence scattered
throughout the sequence (Fig. 7). In addition, as for MycCI and
TylHI, the gene encoding ChmHI is located adjacent to one that
encodes a small [3Fe-4S]-type ferredoxin protein, ChmHII.
Therefore, ChmHI paired with either ChmHII or the native
MycCI ferredoxin (MycCII) was tested in parallel with the cat-
alytically self-sufficient ChmHI-RhFRED fusion protein as well
as MycCI and TylHI against various macrolactone and mac-
rolide substrates.

Despite the absence of its purported native substrate from
the panel, the functional activity of ChmHI was verified by its
ability to convert each of the substrates tested to products with

Table 3
Dissociation constants of 23-DMTL (3) and 23-DDTL (7) against TylHI
mutants
Kd values are shown in �M. Reported errors are those obtained from fitting data
averaged from experiments performed in duplicate.

TylHI mutant 3 7

Wildtype 0.63 � 0.02 236 � 23
E105Q 11 � 1 245 � 14
E105A 5.1 � 0.3 200 � 17
E105L 69 � 4 118 � 10
D101N 281 � 12 NDa

D101A 263 � 22 ND
R96A 175 � 11 ND
R310A 249 � 15 ND

a ND, value not determined.

Molecular basis for P450 substrate specificity

15954 J. Biol. Chem. (2019) 294(44) 15947–15961

http://www.jbc.org/cgi/content/full/RA119.010352/DC1
http://www.jbc.org/cgi/content/full/RA119.010352/DC1
http://www.jbc.org/cgi/content/full/RA119.010352/DC1
http://www.jbc.org/cgi/content/full/RA119.010352/DC1
http://www.jbc.org/cgi/content/full/RA119.010352/DC1


the same retention times as those of the corresponding MycCI
and TylHI reactions, indicating that this P450 has a broad sub-
strate scope similar to MycCI (Fig. 2C). As observed for TylHI,
the overall activity of ChmHI was highest when it was partnered
with MycCII instead of its native ChmHII (Table S1), a result
that was unsurprising given that the latter was found to suffer
from some of the same expression and stability problems as
TylHII. Curiously, ChmHI-RhFRED exhibited markedly low
hydroxylation activity relative to the three-component catalytic
systems across all substrates (Table S1). Subsequent LC-MS
analysis of the ChmHI-RhFRED reaction mixtures demon-
strated that N-demethylation constituted a significant portion
of the product profile for reactions involving glycosylated sub-
strates 6 and 10 (Table S3 and Fig. S4).

With these results in hand, we closely compared the
sequences of each P450 to find any regions of similarity
between MycCI and ChmHI as well as regions of divergence
from TylHI (Fig. 7). We envisioned that identifying these
regions and mapping them onto the structures of MycCI and
TylHI could yield some important clues regarding the sequence
determinants for the differences in substrate scope between
these enzymes. Only seven of the 64 residues that are identical
between MycCI and ChmHI but different from TylHI are
located near bound substrate. Among these seven, four form a
near-contiguous stretch in the middle of the BC loop, whereas
the other three stand alone in the F/G helices and the
C-terminal loop region comprising substrate recognition site 6
(SRS6) (43). Although the differences in the physical and chem-

ical properties of these residues between MycCI/ChmHI and
TylHI are minimal, examination of the MycCI and TylHI crys-
tal structures reveals that the relative positions and conforma-
tions of the amino acids in the BC loop are quite different (Figs.
4 and 6).

Functional analysis of TylHI/MycCI chimeras

On the basis of our combined experimental and computa-
tional data, we set out to generate TylHI/MycCI chimeras to
probe the role that different regions in each protein play in
affecting substrate specificity for these enzymes. First, we con-
structed TylHI/MycCI BC loop chimeras to acquire a better
understanding of the role of this particular structural element
in influencing the notable differences in substrate specificity
between these two proteins. In each of these enzymes, the BC
loop consists of 32 residues, 15 of which vary between the two
(Fig. 7). In the first set of experiments, the entire BC loop region
of TylHI (residues 88 –112) was replaced with that of MycCI,
and the resulting chimera (designated TylHI88 –112) was ex-
pressed, purified, and tested against several tylosin- and myci-
namicin-type 16-membered ring substrates. Remarkably, the
chimera was able to convert all of the macrolide substrates to
the appropriate monohydroxylated products, standing in stark
contrast to the inability of WT TylHI to readily accept mac-
rolides beyond those bearing mycaminose as the pendant
deoxyamino sugar (Fig. 2D). Notably, although conversion of
the native substrate 3 and its reduced analog 8 decreased,
TylHI88 –112 turned over desosaminylated substrates (6, 7, and

Figure 5. MD simulations performed on TylHI and MycCI. A, C–[O�Fe] distance as a function of time (500-ns trajectories) for TylHI and MycCI in complex with
either substrate 3 (23-DMTL) or substrate 10 (M-VIII). The initial binding pose of 10 in MycCI was acquired from the crystal structure (PDB code 5FOI), whereas
those for the remaining substrate/enzyme complexes were obtained from computational docking. In all cases, the heme was modified to the iron– oxo (Fe�O)
intermediate. The image to the left of the MD traces shows the initial binding pose of 10 (orange) in TylHI (white). B, hydrogen bonding interactions observed
between the backbone amide nitrogen and carbonyl oxygen atoms of Gly-102 and Glu-103 and the C4�-hydroxyl group of 3 (cyan) in the TylHI crystal structure.
The distances of three H-bonds (a, b, and c) were monitored over a 500-ns trajectory.

Molecular basis for P450 substrate specificity

J. Biol. Chem. (2019) 294(44) 15947–15961 15955

http://www.jbc.org/cgi/content/full/RA119.010352/DC1
http://www.jbc.org/cgi/content/full/RA119.010352/DC1
http://www.jbc.org/cgi/content/full/RA119.010352/DC1
http://www.jbc.org/cgi/content/full/RA119.010352/DC1


9) with comparable efficiency to mycaminosylated substrates
(2, 3, and 8). Moreover, whereas TylHI could scarcely bind the
native substrate for MycCI (10; Kd � 925 �M), the chimera
exhibited appreciable activity on this compound (22% conver-
sion). It also displayed a low-level ability to hydroxylate the
aglycone 11 (3% conversion), but it showed no activity on 12.
Subsequent substrate titration experiments demonstrated that
all of the macrolides investigated bound with similar affinities
to this BC loop chimera (Kd � 16 – 41 �M; Table 4). Although
the binding affinity for 3 decreased considerably for the chi-
mera relative to the WT enzyme, it markedly improved for 2, 6,
7, and 10, with the latter mycinamicin-type substrate actually
binding with the highest affinity among the macrolides tested
(Kd � 16 �M). Interestingly, 11 bound only slightly more tightly
to TylHI88 –112 than to WT TylHI despite the ability of the for-
mer to hydroxylate this substrate.

Encouraged by these results, we decided to further investi-
gate a smaller portion of the BC loop identified previously as
containing four residues proximal to bound substrate that are
shared by MycCI and ChmHI but not maintained in TylHI (Fig.
6 shows this portion highlighted in red in the structures; see also
Fig. S1D). Thus, the following amino acid substitutions were
simultaneously introduced to TylHI, generating a chimera des-
ignated TylHI103–107: E103D, A104G, E105D, A106G, and

S107F. The purified protein was roughly intermediate between
WT TylHI and TylHI88 –112 in terms of overall activity across
the substrates tested (Fig. 2D). Whereas relatively modest
decreases in conversion were observed for mycaminosylated
compounds (2, 3, and 8), TylHI103–107 was still considerably
more active than WT TylHI on those bearing desosamine (6, 7,
and 9). However, it did not turn over these substrates to the
same extent as TylHI88 –112, and its activity on 10 and 11 was
more substantially diminished. The results of experiments with
TylHI103–107 demonstrated that this particular region of the BC
loop plays an important role in controlling the preference for
the enzyme to bind mycaminosylated versus desosaminylated
substrates. This finding becomes more apparent upon analysis
of the binding data, which show that 6 and 7 bind with even
higher affinities to TylHI103–107 than to TylHI88 –112, represent-
ing substantial decreases in Kd values relative to WT TylHI
(Table 4).

Next, we further probed residues 103–107 in TylHI103–107 to
determine the relative contribution of the individual amino
acid changes in this chimera toward enhancing the binding of
desosaminylated macrolides. Most notably, we found that the
single mutant TylHIS107F was capable of hydroxylating sub-
strates 6, 7, and 9 nearly as well as TylHI103–107 without incur-
ring any loss in activity toward substrates 2, 3, and 8 relative to

Figure 6. Comparison of key salt bridge interactions among residues in the BC loops of TylHI (A) and MycCI (B). Main chains and amino acid residues are
colored as in Fig. 3. The entire region displayed as a contiguous stretch of residues (full BC loop 	 N-terminal portion of the C helix) corresponds to
Asp-84 –Ala-120 in TylHI and Asp-53–Arg-89 in MycCI. Key interactions are depicted as black dashes. In each case, two additional residues that reside outside the
BC loop/C helix are shown (TylHI: Asp-248 and Arg-310; MycCI: Glu-216 and Arg-278). A pair of scissors adjacent to a dashed line marks the end of the BC loop
and the beginning of the C helix in each structure. Residues Glu-103–Ser-107 in TylHI and Asp-72–Phe-76 in MycCI are highlighted in red. Heat maps below each
structure report the relative strength of each salt bridge interaction as the inverse of the average distance (Å) between two given residues during the 500-ns
MD simulation.
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WT TylHI (Fig. 2D). This result was corroborated by the equi-
librium substrate binding data, which revealed large improve-
ments over WT affinities across all substrates tested (Table 4).
Although substitution of only a few amino acid residues (103–
107, with S107F playing a predominant role) considerably
attenuated the ability of TylHI to discriminate substrates solely
on the basis of sugar identity, replacement of the entire BC loop
(residues 88 –112) was required for conferring on TylHI the
ability to accept substrates possessing a different type of mac-
rolactone scaffold (i.e. mycinamicin-type as in 10).

The computational work described previously involved
detailed analysis of some key salt bridge interactions between
charged residues in and around the BC loop. We focused our
attention on the salt bridges formed between Arg-77 and
Asp-72 and between Arg-89 and Glu-216 in MycCI as well as
between Arg-108 and Asp-248 in TylHI, all of which appear to
be relatively strong on the basis of the MD simulations.
Although Arg-77 in MycCI corresponds to Arg-108 in TylHI,
their positions with respect to the rest of the BC loop differ
considerably (Fig. 6). We hypothesized that the presence of an
additional arginine residue at the N-terminal portion of the C
helix in MycCI (Arg-89) may prevent Arg-77 from pointing
down toward the C helix in a manner similar to the correspond-
ing Arg-108 in TylHI. Because TylHI possesses an alanine at
position 120 (equivalent to position 89 in MycCI), Arg-108 is

pointed downward to interact primarily with Asp-248 and thus
effectively adopts the functional role of Arg-89 in MycCI.

Given that Arg-77 was also determined to play some role in
mediating binding of macrolactones to MycCI (see above), we
generated and tested the TylHIA120R mutant with the hypoth-
esis that the presence of a positively charged residue at position
120 of TylHI would promote TylHIR108 to adopt an orientation
more similar to that of MycCIR77. Because only minor improve-
ments in turnover were observed for the single mutant (Table
S1), we opted to test the A120R mutation in the context of the
TylHI88 –112 chimera, hoping that further extending the region
replaced to residue 120 would lead to improved binding and
conversion of all substrates, especially aglycones 11 and 12.
Although overall turnover dropped for TylHI88 –120 relative to
TylHI88 –112 (Fig. 2D), binding of all substrates actually
improved, even for compounds 10, 11, and 12 (Table 4). A
time-course analysis performed with substrates 2 and 7 indi-
cated that TylHI88 –112 most likely achieved higher turnovers
than TylHI88 –120 due to a combination of overall faster catalytic
rate and prolonged activity of the enzyme in the reaction mix-
ture (Fig. S5).

Alignment of the amino acid sequences of MycCI, TylHI, and
ChmHI showed three additional residues outside of the BC
loop that are proximal (�5 Å) to bound substrate and that are
identical between MycCI and ChmHI but different from TylHI:
MycCIS161/TylHIT192 located in the C-terminal portion of the F
helix (SRS2), MycCIS172/TylHIA204 located in the N-terminal
portion of the G helix (SRS3), and MycCII378/TylHIV410 located
in the C-terminal loop region after the L helix (SRS6) (Figs. 7
and S1D). Although the V410I substitution alone had no effect
on substrate turnover or binding (Tables S1 and S2), a triple
mutant designated TylHITAV (denoting TylHIT192S/A204S/V410I)
exhibited improved activity across each of the tylosin-type
macrolides tested (Fig. 2D). Especially notable was its improved
capacity to hydroxylate 2 (65% conversion for TylHITAV versus
40% conversion for WT) as well as the desosaminylated sub-
strates 6, 7, and 9 (3–5-fold higher conversions relative to WT).
Although binding of these substrates also markedly improved,
10 actually bound more poorly, whereas affinity with respect to
11 was left essentially unaltered (Table 4).

Given the enhancement in activity provided by these three
additional mutations, we introduced them to each of the BC
loop chimeras (TylHI88 –112, TylHI103–107, and TylHI88 –120) to
examine their effect in these different contexts. Indeed, turn-
over of all substrates with the exception of 10 improved in each
case (Table S1). TylHI88 –112/TAV was the most active among
the three chimeras, exhibiting �81% conversion of mycamino-
sylated substrates 2, 3, and 8; �67% conversion of desosaminy-
lated substrates 6, 7, and 9; 23% conversion of 10; and 11%
conversion of 11 (Fig. 2D). Although, like its WT parent, Tyl-
HITAV was incapable of hydroxylating 11, addition of these
three mutations to the BC loop chimeras led to notable
improvements in their ability to convert this aglycone. As
expected, improved substrate turnover occurred in parallel
with increased substrate binding affinity in all cases examined
(Tables 4 and S2). However, despite its affinity toward 10
nearly doubling, TylHI88 –112/TAV did not hydroxylate this
compound to any greater extent relative to the parent

Figure 7. Multiple sequence alignment of TylHI, MycCI, and ChmHI. Num-
bers refer to the positions of residues in the TylHI sequence. Conserved sec-
ondary structural elements (�-helices (coils labeled A–L) and �-strands (unla-
beled arrows)) based on the structures of MycCI and TylHI are depicted above
the sequences. Residues highlighted in yellow are identical across all three
proteins. Residues highlighted in red are identical or similar between MycCI
and ChmHI but divergent from TylHI. Blue circles are located below residues
found within 5 Å of bound substrate in the MycCI and TylHI crystal structures.
The alignment was rendered using the ESPript 3.0 server (57).
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TylHI88 –112. Moreover, although the former was capable of
binding 12 with an affinity similar to that of 11 (Kd for 12 �
210 �M), no products were observed. This result may relate
to the fact that only �20% of TylHI88 –112/TAV was shifted to
the high-spin state at saturating levels of 12 (Table S2).

In an attempt to produce an even more active P450 chimera
that could catalyze hydroxylation of 12, we elected to exchange
the entire regions encompassing SRS1–3 (note that the residues
making up SRS4 in the middle of the I helix and SRS5 in the loop
right after the K helix are identical among MycCI, TylHI, and
ChmHI; see Fig. 7). Creation of this chimera involved replacing
residues 192–206 (referred to here as the “FG loop”) in TylHI
with the corresponding residues in MycCI and adding them to
TylHI88 –112 to generate TylHI88 –112/192–206. Compared with
the former, the latter BC/FG loop chimera was more active on
every substrate tested. Most significantly, its conversion of 10
more than doubled to 45%, whereas it was capable of converting
nearly an order of magnitude more 11 (24%) to the correspond-
ing hydroxylated product. Strikingly, the dissociation constants
for all tylosin-type macrolides were 1–2 �M, and that for myci-
namicin-type macrolide 10 was 2.5 �M, representing a 370-fold
increase in binding affinity relative to WT TylHI (Table 4).
Affinity toward aglycone 11 was also considerably enhanced,
with a Kd of 40 �M representing a 7-fold improvement over the
WT enzyme and even surpassing the binding affinity of myca-
minosylated substrate 2 toward the latter (Table 4). Although
12 bound with a Kd of 210 �M and shifted �35% of the heme
iron to the high-spin state upon saturation (Table S2), the
BC/FG loop chimera was still unable to hydroxylate this agly-
cone. Moreover, even though TylHI88 –112/192–206 bound all of
the substrates more tightly than did TylHI88 –112/TAV, the latter
exhibited higher turnover activity across most of the com-
pounds (with 10 and 11 serving as key exceptions), indicating
that binding affinity does not always correlate with overall
conversion.

Discussion

In the present study, we sought to gain an understanding of
the specific factors governing the divergence in catalytic activ-
ity of two homologous cytochromes P450 involved in the bio-
synthesis of related 16-membered ring macrolide antibiotics. A
combination of biochemical, structural, and computational
approaches ultimately prompted the construction of several
TylHI/MycCI chimeric P450s that proved critical for clarifying
the roles of specific structural elements in tailoring the sub-
strate specificity of these enzymes.

In P450s, the region between the B and C helices (i.e. the BC
loop; may also include a short B� helix) comprises an important
substrate recognition site (SRS1) (43) and can strongly influ-
ence the substrate specificity of these enzymes (44). The BC
loop exhibits a high level of variability in terms of both primary
sequence and three-dimensional conformation among differ-
ent P450 isoforms, features that are thought to influence the
selectivity of these enzymes for a broad range of substrates (4,
44, 45). Significant movements involving the BC loop as well as
the F/G helices and FG loop are associated with the open/close
transitions of P450s that are implicated in substrate binding
and catalysis (4, 44–47). Flexible loop regions such as these are
responsible for sealing the active site to create a competent
reaction chamber for substrate oxidation. The specific sequence
and length of the BC loop in particular could significantly impact
the ability of certain substrates to bind productively in the active
site by influencing the conformational flexibility of this region of
the enzyme prior to substrate binding as well as by dictating the
identities of specific residues that come into contact with the sub-
strate once it has bound (44, 46). It has been hypothesized that the
presence of a sufficiently flexible BC loop is important for the abil-
ity of some bacterial P450s to bind large, bulky molecules such as
macrolides (48, 49). Furthermore, computational and experimen-
tal evidence highlights the central role that the F/G helices and FG
loop play in defining the properties of key substrate access chan-
nels in many P450s (45, 50). In turn, the nature of these access
channels can have a major impact on P450 substrate specificity by
mediating both substrate binding and product release (45, 50, 51).

The results of the present study support the roles of both the
BC and FG loop regions in facilitating substrate binding for
macrolide biosynthetic P450s. Although the MycCI BC loop
was found to play a significant role in relaxing TylHI selectivity
preferences for 16-membered ring substrates bearing different
deoxyamino sugars, the synergistic combination of the BC and
FG loop exchanges led to improved binding of substrates lack-
ing a sugar moiety. Although the binding affinities of the des-
osaminylated substrates improved by more than two orders of
magnitude for the TylHI BC/FG loop chimera relative to the
WT enzyme, the dissociation constants never dropped below
�1 �M. Indeed, one question that remains unanswered relates
to how MycCI is able to bind glycosylated substrates so tightly
(i.e. in the low nanomolar range) (35). As essentially all of the
residues that are located in proximity to bound substrate are
identical between MycCI and the TylHI BC/FG loop chimera,
regions of the protein outside of the active site must necessarily

Table 4
Dissociation constants of selected substrates against TylHI/MycCI chimeras
Kd values are shown in �M. Reported errors are those obtained from fitting data averaged from experiments performed in duplicate.

TylHI/MycCI
chimera 3 2 7 6 10 11 12

TylHI (wildtype) 0.63 � 0.02 45 � 3 236 � 23 210 � 8 925 � 75 282 � 16 401 � 157
TylHI88–112 41 � 6 20 � 2 41 � 5 25 � 2 16 � 1 238 � 24 479 � 78
TylHI103–107 2.1 � 0.2 4.1 � 0.3 29 � 4 7.6 � 0.7 157 � 10 205 � 32 NDa

TylHIS107F 0.11 � 0.04 3.3 � 0.3 39 � 6 14 � 2 271 � 30 178 � 20 ND
TylHI88–120 23 � 1 9.5 � 1.0 19 � 2 8.8 � 1.0 5.8 � 0.7 195 � 10 240 � 34
TylHITAV 0.25 � 0.08 9 � 1 97 � 5 109 � 6 1444 � 143 262 � 10 ND
TylHI88–112/TAV 15 � 1 5.7 � 0.6 16 � 1 12 � 1 9 � 1 170 � 11 210 � 33
TylHI88–112/192–206 1.7 � 0.2 1.0 � 0.1 1.7 � 0.2 1.02 � 0.10 2.5 � 0.3 40 � 2 210 � 14

a ND, value not determined.
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be involved in the differences in catalytic behavior that remain
between these two enzymes. In this context, it is worth consid-
ering that specific contacts established upon substrate binding
may be of secondary importance to the rate at which substrate
is able to bind, which is almost certainly dependent on the
dynamics of not only the BC loop and F/G helices, but also other
structural elements (45, 46).

Although our results may be applicable to many other P450
isoforms, the importance of the BC and FG loop regions for
substrate binding and turnover may not always be apparent
from an experimental perspective. Recently, Cryle and cowork-
ers (52) investigated the divergent substrate specificity of the
OxyB P450s from the vancomycin and teicoplanin biosynthetic
pathways using an approach very similar to the one we employed
in the present study. Although OxyB from the vancomycin path-
way (OxyBvan) exhibits a rather broad substrate scope and is capa-
ble of accepting a variety of peptides tethered to peptidyl carrier
proteins, the homolog from the teicoplanin pathway (OxyBtei; 74%
sequence identity) is much more discriminating and is unable to
accept nonnative peptide substrates. Moreover, OxyBtei activity is
highly dependent on an auxiliary nonribosomal peptide synthe-
tase domain, which serves as a recruitment platform for the P450s
that catalyze aryl and phenolic coupling reactions in the biosyn-
thesis of glycopeptide antibiotics (53, 54). In the study, the BC loop
and/or the F and G helices (including the FG loop) were trans-
planted from OxyBvan to OxyBtei, and the activities of the resulting
chimeras were assessed (52). No gain-of-function activity was
observed for these hybrids, indicating that the relaxed substrate
specificity of OxyBvan could not be attributed to these particular
regions of the enzyme.

Finally, it is worth considering the evolutionary relationship
between homologous yet functionally distinct enzymes like
MycCI and TylHI. In nature as well as in laboratory evolution, a
“generalist” enzyme capable of accepting a broad range of sub-
strates with suboptimal efficiency often serves as an early inter-
mediate en route toward a “specialist” that exhibits high activity
on one or a few substrates (55, 56). Thus, one might hypothesize
that MycCI represents a generalist intermediate in an evolu-
tionary trajectory leading from one specialist enzyme to
another, whereas TylHI is a specialist that has already reached
its evolutionary “end point.” However, the question of why
MycCI displays a high level of activity on a range of substrates
comparable to that of TylHI on its native substrate remains to
be answered. Another intriguing question relates to the evolu-
tionary history of the CYP105L subfamily of P450s, which
includes MycCI, TylHI, ChmHI, and a few others. Is the com-
mon ancestor of these enzymes a generalist like MycCI or a
specialist like TylHI? One may be tempted to answer in favor of
the former, but the other option is certainly plausible. As the
chimeragenesis experiments have demonstrated, it is quite fea-
sible to produce a generalist from a specialist through the
manipulation of a few key residues.

Conclusions

Through a synergistic combination of biochemical, struc-
tural, and computational experiments, we explored the molec-
ular-level details underpinning the unique catalytic divergence
of two homologous biosynthetic P450s involved in late-stage

hydroxylation of macrolide antibiotics. Activity and binding
assays employing substrate analogs revealed that mycaminose acts
as a more important recognition element for TylHI than the alde-
hyde substituent of its native substrate. The crystal structure of this
enzyme bound to the latter exhibited few differences from that of
MycCI bound to its native substrate with the exception of the iden-
tities and relative positions/conformations of a few residues in the
BC and FG loop regions. Several acidic and basic residues interact-
ing to form a salt bridge network proximal to the deoxyamino
sugar were shown by site-directed mutagenesis to play key roles in
substrate binding and catalysis. However, few direct contacts with
bound substrate were observed. Finally, the results of MD simula-
tions and comparative analysis of a homologous P450 (ChmHI)
aided in selecting specific regions of TylHI to replace with those of
MycCI, enabling the generation of functional chimeras that pro-
vided new insight into the importance of the BC and FG loops in
regulating the substrate flexibility of these two enzymes. This
information may prove valuable in the rational design of new
P450s with even broader substrate scope for use in the oxidative
functionalization of macrolactones and other important molecu-
lar scaffolds.

Experimental procedures

Escherichia coli DH5� was used for plasmid preparation,
maintenance, and propagation. Site-directed mutants and P450
chimeras were generated via whole-plasmid PCR amplification
using mutagenic primers (Table S4a) and the vector containing
WT TylHI as parent template. Proteins were expressed in
E. coli BL21(DE3) and purified as described previously (35) with
a few minor alterations. The TylHI/23-DMTL complex was
crystallized by hanging-drop vapor diffusion. X-ray diffraction
data were collected at beamline 8.3.1, Advanced Light Source,
Lawrence Berkeley National Laboratory. The crystal structure
was determined by molecular replacement using MycCI (PDB
code 5FOI) as a search model. MT (2) was prepared in three
steps starting from 23-DMTL (3). The latter was isolated from
S. fradiae GS76 cultures as described previously (35). Com-
pound 3 was first reduced to 20-OH-MT (8), and the hydroxyl
group at C20 was removed via iodination and subsequent
reduction to afford compound 2 (Scheme S1). All other sub-
strates were prepared as described previously (35, 36). Analyt-
ical-scale enzymatic reactions and spectroscopic substrate
binding assays were performed as described previously (35)
with a few minor alterations. See the supporting information
for additional experimental details.
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