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Glycosylation of macrolide antibiotics confers host cellimmunity from
endogenous and exogenous agents. The Streptomyces antibioticus
glycosyltransferases, Olel and OleD, glycosylate and inactivate ole-
andomycin and diverse macrolides including erythromycin, respec-
tively. The structure of these enzyme-ligand complexes, in tandem
with kinetic analysis of site-directed variants, provide insight into the
interaction of macrolides with their synthetic apparatus. Erythromy-
cin binds to OleD and the 23S RNA of its target ribosome in the same
conformation and, although the antibiotic contains a large number of
polar groups, its interaction with these macromolecules is primarily
through hydrophobic contacts. Erythromycin and oleandomycin,
when bound to OleD and Olel, respectively, adopt different confor-
mations, reflecting a subtle effect on sugar positioning by virtue of a
single change in the macrolide backbone. The data reported here
provide structural insight into the mechanism of resistance to both
endogenous and exogenous antibiotics, and will provide a platform
for the future redesign of these catalysts for antibiotic remodelling.

enzymology | glycobiology | erythromycin | streptomyces | glycoside

M icroorganisms, primarily Streptomyces, produce an array of
clinically significant bioactive molecules that include antibi-
otics and antitumor and immunosuppressant agents. Polyketides
represent the most extensive group of bioactive molecules, which
include macrolide polyketide antibiotics that target Gram-positive
bacteria. Because resistance to these antimicrobial agents is not yet
widespread among pathogens; they have been viewed as the “last
line of defense against bacterial pathogens” (World Health Orga-
nization, January 30, 1998) (1). Macrolide antibiotics comprise a
macrocyclic backbone which following synthesis is decorated with
diverse glycans that play a key role in the specificity and potency of
these agents (2).

Streptomyces species that produce macrolide polyketide anti-
biotics also use glycosylation to inactivate these molecules and
hence protect themselves from their own antimicrobial agents. In
this macrolide glycosyltransferase self-resistance mechanism,
intracellular glycosylation inactivates the antimicrobial agent,
which is subsequently reactivated, after secretion, by an extra-
cellular B-glycosidase (Fig. 1) (3). The glycosylation of macro-
lides is mediated by glycosyltransferases which transfer activated
donor sugars to acceptor species (3-10). These enzymes are
grouped into ~90 sequence-based families, and to date they
display only two major folds defined as GT-A and GT-B (see
below; http://afmb.cnrs-mrs.fr/CAZY/). In Streptomyces antibi-
oticus, the endogenous antibiotic oleandomycin is inactivated by
two family 1 (GT-1; defined in ref. 11) glycosyltransferases, Olel
and OleD, which share 45% sequence identity and catalyze
glucosyl transfer with inversion of anomeric configuration from
UDP-Glc to the O2 of the desosamine sugar of the antibiotic,
Fig. 2 (9). Olel, which is tightly linked both genetically and
biochemically to the synthesis of the macrolide antibiotic ole-
andomycin (7), displays a very low Ky for the antibiotic, thus
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Fig. 1. The mechanism of macrolide antibiotic resistance in S. antibioticus.

ensuring that high levels of the active form of the antimicrobial
agent do not accumulate in the bacterium. The extracellular
B-glucosidase that activates oleandomycin is encoded by oleR,
which is linked to olel and the biosynthetic operon of the
antibiotic (7). Unlike Olel, which only glycosylates oleandomy-
cin, OleD displays broad acceptor specificity and hence will
inactivate a wider range of macrolide antibiotics including tylosin
and erythromycin, Fig. 2 (7, 10). Such promiscuity suggests that
OleD may function as a more general resistance mechanism, a
view supported by the observation that oleD is not linked to the
oleandomycin biosynthetic operon (12). Both Olel and OleD can
use several dinucleotide sugars as the donor substrate, although,
significantly, whereas Olel can mediate glycosyl transfer from
both UDP-a-D-glucose and UDP-a-D-galactose, OleD can use
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Fig. 2. The reactions catalyzed by Olel and OleD. The enzymes transfer
glucose from UDP-glucose to the O2 position of the desosamine sugar ap-
pended to the macrolide backbone of macrolide antibiotics. The reaction
occurs with inversion of anomeric configuration to generate the p-glucoside.

UDP-a-D-glucose but not UDP-a-D-galactose to glycosylate
macrolide antibiotics (7, 10).

Here, we present the 3D structures of two macrolide polyketide
antibiotic modifying enzymes, Olel and OleD, in complex with
UDP/oleandomycin and UDP/erythromycin, respectively. The 3D
structures, in conjunction with kinetic analyses of the wild-type
(WT) enzymes and site-directed variants, has facilitated the dis-
section of the molecular mechanism by which these glycoyltrans-
ferases recognize erythromycin and oleandomycin, providing in-
sight into how these medically significant Actinomycetes display
resistance to both endogenous and exogenous antimicrobial agents.
Understanding this resistance mechanism will also inform strate-
gies for the exploitation of these enzymes for use as unique synthetic
catalysts for creating modified unnatural antibiotic variants.

Results and Discussion

Structure of UDP-Glucosyltransferase Olel and OleD at 1.7-A Resolu-
tion. The crystal structure of Olel was solved using the single-
wavelength anomalous dispersion using SeMet protein, to 1.7-A
resolution, using a P2, crystal form with two molecules of Olel in
the asymmetric unit [supporting information (SI) Table 4]. The
final model structure, from residues 11 to 420, has an Ry of 0.17
and R of 0.22. Olel consists of two Rossmann-like 3/a/ domains
(Fig. 3) that are not tightly associated and thus displays the GT-B
fold typical of several glycosyltransferase families including GT-1.
In glycosyltransferase that exhibit a GT-B fold, conformational
changes in the relative orientation of these domains, in addition to
changes in protein loops, are associated with substrate binding
(13-17). The N-terminal domain, comprising amino acids 11-235,
consists of seven parallel B-strands and six associated a-helices. The
C-terminal Rossmann B/c/f domain, consisting of residues Ser-243
to Leu-420, comprises six parallel B-strands that are flanked by six
a-helices. The terminal helix contains a kink at position Glu-405, at
the interface between the two domains, and the last 12 residues of
this secondary structural element extend into the N-terminal do-
main. An extended surface loop, Ala-158 to Glu-180, and a very
small loop consisting of Glu-302 and Val-303 are disordered.
Removal of the region containing the extended loop (A167-185,
Table 1) did not influence the catalytic activity of Olel, indicating
that it does not contribute to the overall fold of the enzyme or
substrate binding. One may speculate that this loop plays a role in
protein—protein interaction between Olel and other partners in the
oleandomycin synthetic pathway, ensuring that synthesis of the
antibiotic and its cellular inactivation are tightly coupled.

Olel displays a similar fold to the other GT-1 glycosyltrans-
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Fig. 3. The three-dimensional structures of Olel (A) and OleD (B) shown as
divergent (“wall-eyed") stereo cartoons. It can be seen that the domains of
OleD lie in a more open conformation than those of Olel.

ferases, although sequence identity is low: DALI (18) Z scores, rms
deviations, and % identity for examples of related enzymes are as
follows: GtfB [Protein Data Bank (PDB) ID code liir] Z score 31.9
rms 2.8 A (over 342 Ca atoms), 18% sequence identity; VvGT1
(PBD ID code 2clx) Z score 24.4 rms 3.4 A (over 309 Ca atoms),
18% sequence identity; UGT71G1 (PDB ID code 2acv) Z-score
23.3,rms 33 A (over 315 Ca atoms), 17% identity. The similarity
between the C-terminal domains of both Olel and OleD to other
GTsis higher than the N-terminal domains, which likely reflects the
similarity of the nucleotide-donor substrates (which bind to the
C-terminal domain), whereas the acceptor ligands, which interact
primarily with the N-terminal domain, are quite different.

The interface between the two domains of the enzymes houses
the active site. Electron density at the active site reveals bound UDP
and oleandomycin (Fig. 4). The donor substrate is housed in a very

Table 1. Kinetic parameters of WT Olel and mutants in the
acceptor substrate binding site

Donor substrate* Acceptor substrate

Enzyme kecat, min—1 Km, pM Kn, pMT
WT 191.4 (+15.4) 110.7 (+8.8) 5.9 (+x1.4)
H25A NA NA NA

W79A 5.4 (=1.0) 297.5 (32.8) ND

Q83A 164.4 (+=8.0) 268.8 (20.6) 19.2 (£2.7)
M87A 110.1 (£11.3) 285.7 (10.9) 33.6 (£3.0)
P80A 46.7 (£5.5) 109.1 (£11.3) 11.3(£1.5)
F90A 1.6 (x0.1) 38.3(*3.4) 34.0 (x4.2)
1117A 4.1 (x0.4) 275.5 (+35.3) 10.1 (£1.5)
W120A 10.5 (=1.9) 472.0 (+£29.4) 21.1(£3.2)
F140A 93.8 (x£7.3) 217.4 (=15.0) 30.0 (+2.8)
F146A 28.9 (+2.3) 360.2 (=18.9) 54.2 (+2.2)
V150A 210.8 (=9.0) 182.6 (+15.0) 13.3(*=2.8)
V153A 177.5 (£11.3) 160.4 (+8.2) 6.3 (+0.7)
A167-185 222.1 (+21.8) 160.2 (+=7.7) 16.0 (=2.3)
L207A 46.5 (+5.6) 340.3 (=13.8) 12.3(+1.6)
1208A 45.5 (=4.4) 354.5 (+24.3) 31.5(+4.4)

F266A NA NA NA
I1350A 2.5(+0.7) 303.7 (+20.5) 4.4 (*=1.0)

NA, no activity detected (<10~4 of WT); ND, Ky was too high to determine.
*The donor substrate was UDP-Glc and was varied in the presence of 0.5 mM
oleandomycin.
"The acceptor substrate oleandomycin was varied in the presence of 1-3 mM
UDP-Glc depending on the Ky of the mutant protein for the donor sugar.
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Fig. 4. Observed electron density for ligands bound to Olel. A divergent
stereo (divergent) view of the observed electron density (maximum-likelihood
weighted 2 Fops — Fealc contoured at 1 0/0.5 electrons/A3) of the complex of Olel
with UDP (blue electron density) and oleandomycin (red electron density) with
interacting residues shown in ball-and-stick.

deep pocket in the C-terminal domain (Fig. 3), whereas the
acceptor, oleandomycin, is located primarily in the N-terminal
domain in a wide hydrophobic pocket. In common with other GT-B
glycosyltransferases, it is likely that Olel will undergo substantial
conformational changes upon substrate binding, a view supported
by the observation that crystals could only be produced in the
presence of UDP and oleandomycin. .

The crystal structure of OleD was solved, again at 1.7-A reso-
lution, using the N- and C-terminal domains of Olel as molecular
replacement models. The two domains needed to be treated
independently, reflecting not only the difference in domain orien-
tation between Olel and OleD but also the difference between the
two OleD molecules in the asymmetric unit. The structure, deter-
mined in the presence of UDP and the acceptor erythromycin, has
been traced from residues 7 to 400. Again, the structure forms a
classic GT-B fold of two “Rossmann-like” B/a/B domains, which
comprise residues 7-213 (plus C-terminal « helix 384-399) and
218-384, respectively (Fig. 3). The overall folds of Olel and OleD
are extremely similar, with DALI comparisons reporting a Z score
of 44.9, an rms of 3.8 A (over 375 Ca atoms), and 47% sequence
identity. The structure of OleD exemplifies the flexibility in domain
orientation of GT-B fold enzymes. Despite being crystallized as the
equivalent dead-end complex of UDP and acceptor, OleD crystal-
lizes in a much more “open” form, in which the N- and C-terminal
domains are 10-15° more widely separated (Fig. 3). Consequently,
UDP in OleD is 67 A more distant from the acceptor, when the
equivalent acceptors of OleD and Olel are overlapped. Given that
the domain orientation of Olel and the comparative positions of
nucleotide and acceptor are essentially as observed for the Michae-
lis complex of the grape enzyme V'vGT1, the domains of OleD must
undergo further conformational changes for catalysis to occur (17).
Despite this, identification of the location of the substrates and
reaction products in both OleD and Olel allows the description of
the enzyme-ligand interactions, described below.

Donor Sugar Binding Site of Olel and OleD. Uracil recognition. The
uridine moiety is buried in a deep pocket in both Olel and OleD.
The uracil base stacks against the aromatic side chain of Trp-312 in
Olel and Trp-290 in OleD, Fig. 4 and SI Fig. 5, explaining why
hydrophobic residues are conserved at this position in GT-1 en-
zymes (17, 19). In Olel, the O2 of uridine makes a hydrogen bond
with the side chain of GIn-245 and O4 interacts with both the
hydroxyl of Ser-290 and the backbone N of Val-313, whereas N3 of

5338 | www.pnas.org/cgi/doi/10.1073/pnas.0607897104

Table 2. Kinetic parameters of WT Olel and mutants in the
donor-substrate binding site

Donor substrate Acceptor substrate

Enzyme Kcat, min—1 Km, uM Km, uM*
WT 191.4 (+15.4) 110.7 (+8.8) 5.9 (+1.4)
WT* 24.0 (x4.1) 500.3 (+88.6) ND

N27A 25.8 (+1.9) 450.1 (+24.2) 10.2 (+1.5)
R242A 118.8 (=1.0) 183.2 (+24.0) 8.8(+0.9)
Q245A 150.0 (+26.5) 639.1 (+101) 4.9 (+1.2)
S264A 0.8 (+0.1) 59.5 (+2.9) 2.1(+0.6)
S290A 152.2 (+24.0) 451.1 (+44.7) 5.5 (+1.0)
H328A 14.0 (+1.5) 277.7 (£25.9) 11.2 (+£2.5)
$333A 67.4 (+5.6) 3,760.2 (+496.3) 44.6 (+4.3)
E336A NA NA NA

Q349A 185.3 (=1.4) 143.1 (+15.8) 7.0 (1.1)
E352A 1.9 (+0.2) 449.6 (+50.7) 4.0 (x0.8)
E352D 0.75 (+0.2) 400.8 (55.5) ND

E352D* NA NA NA

Q353A 9.9 (+1.6) 632.2 (+52.7) 8.8 (+1.2)
N356A 47.6 (£5.1) 90.9 (+6.6) 10.0 (=1.6)

ND, not determined; NA, no activity detected (<10~% of WT). The donor
substrate was UDP-Glc unless asterisked, in which case UDP-Gal was used.
"The acceptor substrate oleandomycin was varied in the presence of 1-3 mM

UDP-Glc depending on the Ky of the mutant protein for the donor sugar.

the uracil ring makes a hydrogen bond with the carbonyl of Val-313.
The nucleotide base makes similar hydrogen bonds with OleD. The
interaction between uracil and the Olel residues Ser-290 and
GIn-245, however, have little influence on catalytic activity, as
S290A and Q245A (Table 2) display similar activity to WT Olel.
Similar interactions are observed in other GT-1 enzymes that are
not highly related to Olel and OleD. Thus, in the Medicago
terpenoid glycosyltransferase, UGT71G1, the equivalent residues
to Olel Trp-312 (Trp-339) and Val-313 (Ala-340) interact with the
nucleotide base (19), whereas in J¥GT]1, the corresponding amino
acids are Trp-332 and Ala-333 (17). The minor influence on activity
displayed by the Q245A mutation is consistent with the observation
that O2 of uracil is not generally exploited as a specificity deter-
minant (reviewed in ref. 20) by other GT-B fold glycosyltrans-
ferases; although, in MurG, Arg-164 might make a productive
interaction with this carbonyl group (16).

Ribose recognition. In Olel O2 and O3 of the nucleotide sugar, ribose,
hydrogen bond with the carboxylate of Glu-336 (Fig. 4), whereas O2
may also interact with the Ne2 of GIn-315. Similar interactions are
observed between the ribose component of the donor substrate and
OleD. The identity of these residues, and their interactions with the
donor substrate, are highly conserved in more distantly related
GT-1 enzymes (17, 19), suggesting that these amino acids create a
near-perfect “ribose pocket.” Furthermore, the lack of activity
displayed by E336A (Table 2) confirms the importance of the
interaction between the ribose sugar and the carboxylate side chain
of Glu-336 in donor substrate binding. In Olel, but not in OleD or
the other known GT-1 structures, the O3 of the ribose also makes
a hydrogen bond with the N1 of Asn-27 from the acceptor domain,
and the importance of this interaction is reflected by the low
catalytic activity displayed by the N27A mutant (Table 2). Intrigu-
ingly, in the structurally unrelated GT-A enzyme mannosylglycer-
ate synthase (21), the interaction between O2 and O3 of the
dinucleotide ribose and Glu-11 (equivalent to Olel Glu-336) does
not play a key role in substrate binding. Futhermore, in GtfD and
GtfA, GT-1 enzymes that use nucleoside thymidine in the donor
substrate, Glu-336 is replaced by aliphatic residues and the deoxyri-
bose of TDP does not make direct hydrogen bonds with these
glycosyltransferases (4, 6). To compensate for the relatively weak
interaction with the nucleotide sugar these enzymes may bind more
tightly to the thymine base, which is sandwiched between a hydro-
phobic residue and a buried ion pair (6).

Bolam et al.
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Table 3. Kinetic parameters of OleD

Donor substrate keat! K, Acceptor substrate keat/Km,

Enzyme Substrate kcat, min—1 Kn, uM* uM~T min—1 Knm, pMT uM~ T min—1
Wild type  Oleandomycin and UDP-Glc 339.3 (+28.6) 121.7 (£11.5) 2.8 3.2 (+0.6) 107.2
Wild type Erythromycin and UDP-Glc 13.8(*+1.8) 673.0 (=77.0) 0.02 3.5(+0.3) 4.0
Wwild type Tylosin and UDP-Glc 212.9 (+20.9) 603.1 (=46.0) 0.35 8.2 (+1.6) 23.7
D330E Oleandomycin and UDP-Glc 90.8 (+5.0) 472.8 (+50.7) 0.19 ND ND
D330E Oleandomycin and UDP-Gal NA NA NA NA
D330A Olendomycin and UDP-Glc NA NA NA NA

ND, not determined; NA, no activity detected (<10~ of WT).

*Acceptor substrate fixed at 0.5 mM for erythromycin and tylosin; 0.05 mM for oleandomycin. Note that oleandomycin causes substrate

inhibition >0.05 mM with a K; of 177.3 uM.

TUDP-Glc fixed at 1 mM for oleandomycin and 3 mM for tylosin and erythromycin.

Phosphate recognition. In Olel the a-phosphate O1 of the donor
substrate interacts with both the backbone N and the hydroxyl side
chain of Ser-333 (Fig. 4) and the main chain amide of Gly-332. The
Ne2 of His-328 makes polar contacts with the O3 and O2 of the «
and B phosphate, respectively, whereas the amide and OH of
Ser-264 hydrogen bonds to the O2 of the B phosphate. Although
Ser-333, Ser-264, and His-328 are highly conserved in GT-1 glyco-
syltransferases, indicating that these amino acids play a key role in
nucleotide binding, in OleD, Ser-333 is replaced with Gly. In OleD
the Ne2 of His-306 and the backbone N of Gly-311 and Ser-241
make identical interactions with the nucleotide phosphates to the
equivalent residues in Olel (His-328, Ser-333, and Ser-264). To
probe the role of O phosphate coordination in catalysis, the activity
of the Olel mutants S264A, H328A, and S333A was assessed. The
observation that the mutations all cause a substantial reduction in
catalytic efficiency when the donor substrate is varied (Table 2)
supports the view that the side chains of Ser-264, His-328, and
Ser-333 make productive interactions with the diphosphate of
UDP-Glc. The S333A mutation results in a substantial increase
(34-fold) in the Ky for UDP-Glc, and although the H328A mutants
also displays a modest increase in this kinetic parameter, S264A has
a Ky for the donor substrate that is 2-fold lower than WT Olel.

Glucose recognition. The high structural similarity in the glucose
donor site of GT-1 enzymes allows placement of the Glc moiety
from the UDP-2FGlc/JvGT1 complex (17) into the Olel and OleD
active sites. The modeled glucose in the donor substrate is predicted
to make several critical interactions with the proteins. Ne2 of
GIn-353 Olel and GIn-331 of OleD should form hydrogen bonds
with both the O2 and O3 of glucose, whereas O3 and O4 of the
hexose is predicted to interact with the carboxylate oxygens of Olel
Glu-352 (Fig. 4). In OleD, however, the corresponding residue
Asp-330 (SI Fig. 5) is disordered, and thus its interaction with the
donor sugar is difficult to assess. Whereas Olel GIn-353 is invariant
in GT-1 enzymes, Glu-352 is often replaced with aspartate in other
family 1 members (4-6, 17, 19), or Gln in the closely related MurG
enzyme from family GT-28 (16, 22). Indeed, it has been suggested
(16) that Glu/Asp-Gln (E/D-Q) is a critically conserved motif at
positions equivalent to Olel 352-353. A picture emerges, therefore,
that perhaps residues equivalent to 352-353 in Olel contribute
strongly to donor specificity. In the plant GT-1, UGT71G1, and the
Escherichia coli GT-28, MurG, the equivalent residues to Glu-352
and GIn-353 (Glu-381/GIn-382 in UGT71G1 and GIn-288/GIn-289
in MurG, respectively) make similar interactions with the donor
sugar (although MurG uses UDP-GIcNAc as the donor substrate
rather than UDP-Glc), reinforcing the important role these two
amino acids play in substrate recognition. Support for this view is
provided by the catalytic activities displayed by Olel E352A and
Q353A, which are 425- and 106-fold lower, respectively, than the
WT enzyme (Table 2) and the observation that the E381A
(UGT71G1) and D330A (OleD) mutations completely inactivate
these enzymes (19) (Table 3), whereas the Q289A amino acid
substitution in MurG causes a 275-fold reduction in catalytic
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efficiency (16). O6 of the sugar is not used as a crucial specificity
determinant as UDP-Xyl, which lacks C6—-06, was shown to
function as a donor substrate (10).

A difference in donor substrate specificity between Olel and
OleD is that only Olel can use UDP-Gal as a donor sugar albeit with
an efficiency ~30 times less than with UDP-Glc (Table 2). This
finding is consistent with the almost identical environment for the
donor sugar when compared with, for example, the glycosyltrans-
ferase J¥GT1, which also uses UDP-Gal (=10% of the rate of
UDP-Glc; ref. 17). This variation in substrate recognition does not
simply reflect the nature of the carboxylic amino acid at the position
equivalent to Olel 352 (Glu in OleI and Asp in OleD, SI Fig. 5) as
the residue in WGT1 is an Asp and the OleD mutant D330E is
unable to utilize UDP-Gal, although it retains 7% of its activity
against UDP-Glc (Table 3). Indeed, the Olel mutant E352D
displays no activity for either UDP-Glc or UDP-Gal (Table 2). The
flexible conformation adopted by Asp-330 in the absence of donor
sugar is consistent with the capacity of OleD to utilise either acid
amino acid in donor substrate recognition (although a carboxylate
at position 330 is important as the D330A mutant is inactive, Table
3), whereas the steric constraints imposed on the equivalent Olel
residue, Glu-352, appear to be more significant. Similar unsuccess-
ful, attempts to modulate the Glc vs. Gal specificity have been
reported elsewhere on other GT-1 enzymes (17, 23).

The Acceptor Binding Site of Olel and OleD. Olel has been shown to
use only oleandomycin as the acceptor substrate, whereas OleD was
able to use a range of macrolide antibiotics as acceptor substrates
(7, 10). Kinetic analysis of OleD (Table 3) revealed that oleando-
mycin causes substrate inhibition at concentrations >0.05 mM (K;
177.3 uM for oleandomycin inhibition; Table 3), and the enzyme
displays ~4- and ~25-fold lower catalytic efficiency for tylosin and
erythromycin, respectively, compared with oleandomycin. The
crystal structures of Olel and OleD in complex with oleandomycin
(Olel) and erythromycin (OleD), respectively, enabled the struc-
tural basis for the different acceptor specificities displayed by these
enzymes to be explored.

Oleandomycin makes numerous hydrophobic, but only limited
polar interactions with Olel (Fig. 4). The epoxide ring sits in a
hydrophobic cradle formed by Phe-90 and Trp-120. C1, C13, C31,
C33, and C35 of the macrocyclic ring (substrate nomenclature is in
SI Fig. 6) make van der Waals contacts with Leu-207, Ala-86, and
Phe-146, whereas C29 interacts with both Phe-140 and Thr-139.
The dimethyl group of the sugar B-D-desosamine (in a classical “C;
chair conformation) makes several hydrophobic contacts with
Trp-79. Other residues that are likely to make van der Waals
contacts with the antibiotic are Pro-80, Met-87, Ile-117, Trp-120,
Val-150, Val-153, Ile-208, Phe-266, and Ile-350. The importance of
these residues in oleandomycin recognition was explored using a
mutagenesis strategy. The data (Table 1) show that mutation of
Trp-79, Phe-90, Ile-117, Trp-120, Phe-146, Phe-266, or Ile-350
results in a substantial reduction in catalytic efficiency, demonstrat-
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ing that these residues play a significant role in the formation of a
productive enzyme complex with the acceptor substrate. The
limited polar interactions between oleandomycin and Olel include
hydrogen bonds between the backbone amides of Ala-351 and
Glu-352 and O6 (04 of the sugar component L-oleandrose), and the
Ne2 of GIn-83 and O11 and O12 of the macrocyclic ring, whereas
O2 of the sugar B-D-desosamine (the site of glycosylation; O22 in
the labeling of oleandomycin) is within hydrogen bonding distance
(2.7 A) of His-25. Surprisingly, mutation of GIn-83 results in only
amodest reduction (4-fold) in catalytic efficiency indicating that the
formation of productive complexes with the antibiotic is dominated
by hydrophobic interactions. The H25A mutant displays no cata-
lytic activity (Table 1), consistent with its proposed role as the
catalytic base that activates the acceptor substrate by abstracting a
proton from the O2 of B-D-desosamine (SI Fig. 7 and SI Text). The
catalytic function of His-25 is consistent with the observation that
this residue is invariant in the 50 glycosyltransferases that display
closest sequence identity to Olel, and the equivalent histidine in the
GT-1 enzyme UGT71G1 (His-22) and the GT-28 biocatalyst MurG
(His-18) also comprise the respective catalytic base (6, 16, 19). By
contrast, in the GT-1 glycosyltransferase, GtfB, the putative base
D13A mutant retained ~10% activity, leading the authors to
suggest that an alternative catalytic base (Asp-332) is located in the
C-, rather than the N-terminal domain (5). Although this may be
possible, it could simply reflect the lesser requirement for activation
of the aromatic hydroxyl of the GtfB acceptor, which would have a
lower pK, and hence be a better nucleophile than a sugar hydroxyl.

OleD binds to erythromycin in a similar hydrophobic-dominated
pocket (SI Fig. 8) although the enzyme displays a noncatalytically
competent open conformation, which may reflect the relatively
poor activity of the glycosyltransferase when using this macrolide as
the acceptor substrate (Table 3). Interestingly, the conformation
adopted by erythromycin bound to OleD or bacterial ribosomes is
essentially identical (24) (SI Fig. 9 and SI Text), suggesting that the
proteins recognise a minimum energy conformation of the mac-
rolide antibiotic. Despite their similarity, the “on-enzyme” confor-
mations of oleandomycin (on Olel) and erythromycin (on OleD)
are significantly different (SI Fig. 8), which reflects the different
chemistry of the two compounds (Fig. 2 and SI Fig. 6) The major
differences between the macrolide antibiotics are as follows: con-
sidering the macrolide skeleton only, erythromycin contains a
hydroxyl attached to C12 and C6, an additional methyl group
appended to C36, whereas the epoxide group of oleandomycin is
replaced with a methyl moiety. Both compounds display the same
desosamine sugar, but in erythromycin the second sugar is not
L-oleandrose but L-cladinose, which contains an additional methyl
and inverted configuration at C16 (equating to C3 of the sugar
itself). It is not surprising, therefore, that the hydrophobic residues
that comprise the acceptor binding site are similar but not com-
pletely conserved between Olel and OleD. Although the Olel
residues Trp-79, Phe-90, Ile-117, Val-150, and Phe-66 are invariant
in the two enzymes, Trp-120 and Phe-146 are replaced with tyrosine
in OleD, and Met-87, Ile-120, Leu-207, and Ile-350 are substituted
with other aliphatic residues, whereas the amino acids at positions
equivalent to the Olel residues 80, 86, 139, 153, 208, and 355 are
quite different in these GT-1 glycosyltransferases (SI Fig. 5). The
only obvious structural changes between Olel and OleD, which
affects hydrogen bonding to the macrolide backbone are Ile-208 in
Olel (which is Ser-184 in OleD) that hydrogen bonds to the
additional OH at C12 in erythromycin, and Leu-68 in OleD, which
is equivalent to GIn-83 in Olel (the interactions made by GIn-83 are
discussed above). The introduction of the 1208S mutation into Olel,
however, did not influence catalytic activity or the enzyme’s tight
specificity for oleandomycin (data not shown). The primary feature
of the two antibiotics that contribute to their different conforma-
tions, and most likely to the difference in specificity of the two
enzymes, is the position of the L-cladinose (erythromycin) and
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L-oleandrose (oleandomycin) sugars, which are markedly different
between these compounds (SI Fig. 8).

Two main features of the macrolide antibiotics contribute to the
different positioning of the L-cladinose/L-oleandose sugar unit,
which both display a !C, conformation, typical of L-sugars. The first
is the sugar itself, in which L-cladinose not only contains an
additional methyl group but is also opposite in configuration at this
center. However, it is most likely not the sugar itself that leads to
its different conformation but the additional hydroxyl group at C6
of the macrolide backbone. This hydroxyl would make a steric clash
with the cladinose if it was located in the same position as oleandose
in oleandomycin (Fig. 5). It would seem that the subtle changes of
the macrolide backbone give rise to a significant change in the
position of the “second” sugar moiety. Furthermore, it is the
position of this sugar that likely governs the markedly different
specificities of Olel and OleD. Within this context, it is interesting
that clarithromycin is one of the few macrolides not to be glycosy-
lated by OleD (8), despite containing the same sugar moieties as
erythromycin. The hydroxyl at C6 of clarithromycin is methylated,
and because substitution at C6 influences the position of cladinose
(see above), it is likely that the methyl group forces this sugar to
adopt a conformation that cannot be accommodated by OleD.

With the exception of the Ile-Ser change discussed above, the
overlap of the acceptor species and their environments in Olel and
OleD shows that the major structural differences in the acceptor
sites of the catalytic centres lie in two -« units and their connecting
loop [corresponding to 65-84(OleD)/70-89(Olel) and 326-
340(0leD)/346-362(Olel)]. Although an acceptor-based overlap
must be viewed with some caution, given that major conformational
changes are possible, even necessary in the case of OleD, one can
say that these two structural elements differ in their sequence (SI
Fig. 5), in their interaction not only with each other but also with
other regions of their respective scaffolds and are in markedly
different positions in the two structures (Fig. 5). Of note, the loop
from 350 to 352 in Olel makes considerable steric clashes with the
L-cladinose moiety of erythromycin, when it is overlapped with
oleandomycin. The subtle but complex structural basis for the
differences in antibiotic recognition precludes the facile use of
protein engineering to alter acceptor substrate specificity in Olel
and OleD. Indeed, exchanging the Olel specificity loop Lys-71 to
Leu-89 with the corresponding OleD sequence (Gly-66 to Pro-84)
identified above reduces activity but does not alter specificity,
whereas the introduction of the mutations Q83L, I1350A, 1208S,
Al142G, M355G, T354F, and M355G/T354F into Olel did
not confer measurable erythromycin glycosylation activity (data
not shown).

Discussion

Resistance to macrolide antibiotics is often achieved, in the
endogenous host, by glycosylation, which prevents binding to
their cellular target, the ribosome. By resolving the crystal
structure of the glycosyltransferases that catalyze macrolide
glycosylation, in tandem with a rational design strategy to
explore the functional significance of active site residues, this
report brings insights into the structural and mechanistic basis
for this important biological process.

In OlelI and OleD, oleandomycin and erythromycin, respectively,
are located in a hydrophobic dish within the active site. Site-directed
mutagenesis demonstrates that aromatic residues play a pivotal role
in macrolide recognition and thus the two enzymes interact with
these substrates primarily through hydrophobic interactions and
van der Waals forces. Thus, despite containing 13 oxygens and 1
nitrogen, OleD does not appear to use these polar atoms as
important specificity determinants. Intriguingly, the major interac-
tions between erythromycin and the 23S RNA component of the
ribosome are also dominated by hydrophobic interactions; the
apolar face of the lactone ring contains three methyl groups that
insert into a hydrophobic pocket formed by A2100, A2099, and
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(2646, whereas the polar face of the macrolide ring is solvent
exposed (24).

Olel and OleD present unusual differences in donor and accep-
tor substrate specificity. Olel is very specific for the macrolide
oleandomycin, yet will tolerate UDP-Gal in addition to the favored
UDP-Glc donor (Table 2). In contrast, OleD can utilize UDP-Glc
but not UDP-Gal as the donor substrate, although it is able to
glucosylate other macrolide antibiotics, notably tylosin and eryth-
romycin, in addition to oleandomycin (Table 3). The differences in
the plasticity of donor and acceptor specificity of the highly related
glycosyltransferases Olel and OleD indicate that hybrids of these
enzymes could be used to synthesize novel bioactive molecules. For
example, a recent study has shown that the galactosylation of
macrolide antibiotics can increase the targeting of these antimicro-
bial agents to Gram-negative pathogens (10), and thus increasing
acceptor specificity of Olel may increase the range of macrolides
that can be decorated with galactosyl residues. Even in the light of
3D structure, however, attempts to increase acceptor and donor
substrate plasticity in Olel and OleD has not been possible through
simple loop swaps and single amino acid changes, indicating that
engineering strategies will need to be more radical encompassing
further rounds of rational design in concert with forced protein
evolution. Indeed, successful examples of engineering the specificity
of GT-B fold enzymes are very limited (see ref. 25 for review),
which may reflect conformational changes in these enzymes during
catalysis that have not been revealed by the static crystal structures
of these glycosyltransferases in complex with their substrates in the
ground state. Nevertheless, the crystal structures of Olel and OleD
in complex with oleandomycin and erythromycin, reported here,
will inform and direct these future rational design and forced
protein evolution programmes that are aimed at engineering ac-
ceptor and donor substrate specificity in these key synthetic en-
zymes to generate novel bioactive molecules.

Materials and Methods

Plasmids, Bacterial Strains, and Growth Media. The E. coli strains
used, culture conditions used to express OleD and Olel, and the
construction of pMP1 and pMP2 have been described (10). The
plasmid pDB1 was constructed by amplifying the oleD gene from
pMP2 by PCR using primers that contain 5’ Ncol and Xhol sites
and cloned into Ncol/Xhol digested pET32b (Novagen, Notting-
ham, U.K.). The plasmid encodes a thioredoxin fusion partner
followed by an internal Hise tag and an enterokinase cleavage site.
The culture conditions used by Flint et al. (21) were used to produce
selenomethionine containing Olel.

Site-Directed Mutagenesis. QuikChange mutagenesis (Stratagene,
La Jolla, CA) was used to introduce small amino acid substitutions
into Olel and OleD using pMP1 and pMP2 as template DNA,
respectively.
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Purification of Olel and OleD. For enzyme assays, Olel and OleD
were purified by immobilized metal ion affinity chromatography
(IMAC) (10). For crystallization the two enzymes were further
purified as described in ST Text.

Enzyme Assay. The activity of Olel and OleD were determined by
using a linked enzyme activity assay described by Gosselin et al.
(26). The 500-ul reaction (carried out at 27°C) consisted of 20 mM
Tris'HCI buffer, pH 8.0, containing 13 mM MnCl,, 1 mg/ml BSA,
0.7 mM potassium phosphoenolpyruvate, 0.15 mM NADH, 1.8
units of pyruvate kinase, and 3.6 units of lactate dehydrogenase.
The amount of enzyme varied between 10 nM and 5 uM. To
determine the kinetic parameters for the donor sugar with Olel, the
concentration of oleandomycin was 0.5 mM, and UDP-glucose was
varied from 0.2 to 5-10 times the Ky Similar amounts were used
for OleD with erythromycin and tylosin, although with oleandom-
ycin, the concentration was reduced 50 uM to prevent inhibition. To
determine the Ky and k¢, for the acceptor substrate, the concen-
tration of the donor sugar was fixed at 1-3 mM, depending on the
Ky for the enzyme variant, whereas the concentration of the
antibiotic was varied from 0.5 to 10 times the Ky value. To ensure
that release of UDP was by glycosyl transfer and not hydrolysis of
UDP-glucose, the release of free glucose was determined using the
glucose detection kit from Megazyme. Note that these assay
conditions are different than those used by Yang et al. (10), which
are suboptimal for both glycosyltransferases.

Crystallization and Data Collection and Structure Solution. Olel and
OleD were crystallized as described in SI Text. The structure of Olel
was determined by using the single-wavelength anomalous disper-
sion method at a wavelength optimized for the f” signal of the
selenium. Ten Se sites were found by using SHELXD (27). Heavy-
atom phasing was performed with MLPHARE with noncrystallo-
graphic symmetry averaging using DM (both CCP4 suite). Auto-
mated model building and refinement using REFMAC (28) and
ARP/WARP (29) resulted in a model with a crystallographic R of
0.25 (Rfree, 0.20), which was completed with manual correction
using COOT (30) and refinement with REFMAC. OleD crystal-
lized in a P2; crystal form, distinct from the above, but again with
two molecules in the asymmetric unit. The N- and C-terminal
domains of Olel model were used as the molecular replacement
models using PHASER (31). The structure was rebuilt with COOT
and refined using REFMAC. Structural figures were drawn with
MOLSCRIPT (32) and BOBSCRIPT (33).
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