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Abstract

Glycodiversification of natural products is an effective strategy for small molecule drug 

development. Recently, improved methods for chemo-enzymatic synthesis of glycosyl donors has 

spurred the characterization of natural product glycosyltransferases (GTs), revealing that the 

substrate specificity of many naturally occurring GTs as too stringent for use in 

glycodiversification. Protein engineering of natural product GTs has emerged as an attractive 

approach to overcome this limitation. This review highlights recent progress in the engineering/

evolution of enzymes relevant to natural product glycodiversification with a particular focus upon 

GTs.

Introduction

Glycosyltransferases (GTs) are a large class of enzyme responsible for decorating natural 

products with an incredible variety of sugar moieties, including D/L-configured, amino-, 

deoxy-, and methoxy sugars [1], typically from nucleotide diphosphate (NDP) donors. Many 

therapeutically relevant natural products are glycosylated (Figure 1) and the sugar residues 

attached to such natural products by GTs are typically indispensable for biological activity 

[2,3]. Furthermore, the exact identity and pattern of glycosyl moieties can influence 

pharmacology/pharmacokinetics, invoke biological specificity at the molecular/tissue/

organism level, and even define the precise mechanism of action [4,5]. This fact, coupled 

with the importance of natural products in drug development [6–9], has spurred the 

development of both chemical and enzymatic methods for glycosylating natural products.

While the sheer architectural complexity of natural products (e.g. 4, Figure 1) often renders 

traditional chemical glycosylation strategies impractical for glycodiversification, emerging 

chemical glycosylation strategies for small molecules such as O'Doherty's de novo 

glycosylation strategy [10–12] and the neoglycorandomization strategy developed by 

Thorson and coworkers are rapidly expanding the role of glycosylation in small molecule 

therapeutic development [13,14•,15]. Alternatively, enzyme-dependent approaches have 

enabled both in vivo (e.g. pathway engineering) and in vitro (e.g. chemoenzymatic 

glycorandomization, Figure 2) strategies [16•,17]. Critically, both in vivo and in vitro 
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approaches depend on the inherent GT promiscuity toward the glycosyl-donor and acceptor 

substrate and, in the case of in vivo approaches, are further restricted by stringency of the 

NDP-donor and/or aglycon biosynthetic enzymes. While the promiscuity of several wild-

type GTs, such as those involved in the biosynthesis of 1 and 5 (Figure 1) is sufficient for 

efficient glycorandomization [18,19,20••,21,22•,23], the stringency of many GTs restrict 

their synthetic utility [24,25]. Thus, a major objective is to expand GT promiscuity toward 

the creation of ‘universal’ catalysts capable of accommodating a broad range of acceptors 

and sugars. This review will highlight recent applications of enzyme engineering in the 

context of enzyme-catalyzed sugar nucleotide synthesis and GT-catalyzed small molecule 

glycosylation.

Enzymatic synthesis of NDP-donors

The remarkable catalytic efficiency and the keen regio- and stereo-chemical control 

typically exhibited by enzymes favorably positions chemo-enzymatic strategies for sugar 

nucleotide synthesis. Sugar-1-phosphates are the common precursor to both enzymatic and 

chemical NDP-sugar syntheses, and enzyme engineering has been utilized to expand the 

utility of galactose kinase for sugar-1-phosphate synthesis [26–28]. Sugar-1-phosphates are 

subsequently converted to sugar nucleotides by nucleotidyltransferases and the nucleotide 

promiscuity of the uniquely malleable nucleotidyltransferase RmlA [29,30] has also recently 

been modified via enzyme engineering. Specifically, an examination of the RmlA purine 

nucleotide specificity revealed significant activity toward a panel of eight natural NTPs with 

glucose-1-phosphate, although specificity constants were reduced 15 000-fold [31]. 

Inspection of the RmlA structure suggested that steric bulk provided by the side chain of 

Gln-83 contributes to pyrimidine bias. Mutation of this residue to aspartic acid shifted 

specificity toward GTP from dTTP by several orders of magnitude. Similarly, substitution 

with serine provided a mutant with enhanced activity toward ATP. These ‘generalized’ 

RmlA variants with broad sugar-1-phosphate and nucleotide promiscuity should prove as 

useful biocatalysts for the generation of diverse purine-based sugar nucleotide libraries. For 

example, the RmlA mutant Q83D was recently used to synthesize a library of GDP-donors 

to probe the specificity of the polyene GTs AmphDI and NysD1 [32]. These protein 

engineering efforts add to the growing list of ‘substrate engineering’ studies revealing 

surprising plasticity of the nucleotidyltransferase catalytic machinery [33,34,35•,36,37]. 

Moreover, a newly disclosed high-throughout assay for nucleotidyltransferase activity 

should allow further expansion of the RmlA promiscuity via directed evolution [38].

Within the last few years the widely recognized reversibility of reactions catalyzed by GTs 

has also facilitated the in situ generation of NDP-donors via so-called ‘sugar-exchange’ and 

‘aglycon-exchange’ reactions [19,20••,25]. Enzyme engineering efforts may improve 

reaction rates and/or GT stability to further expand the scope of these reactions. Other 

approaches to circumvent the strict requirement for NDP-donors, such as the use of analogs 

bearing simplified esters in place of the ‘activating’ NDP have proved less productive [39], 

although protein engineering is a likely route to improvements with such unnatural 

substrates as well.
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In vivo approaches to NDP-donors and aglycons via ‘pathway engineering’, embrace gene 

deletion/insertion approaches [16•,17,40] that often suffer from technical issues associated 

with genetic manipulation of the producing strain and a significant reduction in production 

levels of metabolites. Some of these limitations have been overcome by the development of 

‘plug and play’ gene cassettes for NDP-donor biosynthesis which provide for their in vivo 

syntheses [41–43]. Given the ease of transformation and genetic manipulation in 

Escherichia coli (E. coli), the reconstitution of natural product biosynthetic pathways in E. 

coli offers an attractive route to in vivo production of natural product glycosides. Recently, 

Khosla and co-workers reported the use of a simple bioassay screen for macrolide 

production to improve the biosynthesis of glycosylated macrolide antibiotics in E. coli [44•]. 

Alternatively, the overexpression of an engineered sugar kinase in E. coli led to the in vivo 

production of a library of unnatural sugar-1-phosphates as the first step toward in vivo 

glycorandomization [45].

Engineering natural product GTs

Rational (sequence-guided) design

The CAZY database of GTs (http://www.cazy.org/fam/acc_GT.html) contains ∼24 000 

sequences of predicted or known GT sequences. As such, this database provides a wealth of 

sequence information that can be used to guide GT engineering efforts, as illustrated by the 

landmark study of Hoffmeister et al. aimed at identifying the residues responsible for donor 

specificity in the urdamycin GTs [46]. In vivo analysis of chimeras between UrdGT1c and 

UrdGT1b revealed that a single region conferred donor and acceptor specificity in these two 

highly related GTs. Specific residues capable of conferring specificity alterations were 

subsequently identified by mutagenesis of this region in UrdGT1b [47], and while some 

certain natural activities could only be supported by multiple sets of several amino acid 

mutations, completely novel activities could be generated by single mutations. In other 

examples guided by sequence alignments, changing the donor selectivity has proven more 

complex, such as engineering the donor C4-epimer specificity in a plant GT [48]. Thus, even 

very subtle specificity alterations are typically dictated by more than one residue. At the 

same time however, swapping larger sequence elements of plant GTs failed to achieve the 

desired donor specificity changes [49].

Rational (structure-based) design

Most (if not all) natural product GT's characterized to date belong to the GT-B superfamily 

of protein fold which consists of two closely associated Rossman-like domains. Within the 

GT-B fold, the catalytic site is located between the two domains as illustrated by the 

vancomycin GT GtfD [50], the macrolide GT OleD [51•], and the retaining avilamycin GT 

AviGT4 [52]. The highly conserved C-terminal domain is responsible for nucleotide 

binding, while the N-terminal domains show considerable sequence diversity, likely due to 

the variation in acceptor structures utilized by GT-B GTs. The approximate division of 

donor and acceptor binding between each domain of the GT-B fold, led this fold to be 

described as modular, and has served as the basis for the postulated engineering of hybrid 

GTs with altered substrate specificity by domain swapping [53]. However, the only 

successful examples citing alteration of GT-B specificity via domain-swapping have used 
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highly homologous GTs, and the true modular nature of GT-B enzymes have yet to be 

demonstrated. For example, domain shuffling between two related plant flavonoid GTs 

(90% similarity at the amino acid level) revealed that a 40 amino acid region in the N-

terminal domain could improve regios-electivity of glucosylation [54]. Subsequent site-

directed mutagenesis illustrated that a single amino acid change was sufficient for this 

change in function.

In a spectacular example of engineering via domain shuffling, the dual N- and O-

glucosylation activity (Figure 3a) of a novel plant GT was altered [55••]. Specifically, 

shuffling between the bifunctional N/O-GT UGT72B1 and the monofunctional N-GT 

BnUGT revealed that only chimeras containing residues 259-370 from UGT72B1 could 

support N-glucosylation. Incredibly, mutation at just two positions in BnUGT were 

sufficient for N-glycosyltransfer, while the reciprocal mutations in UGT72B1 (N312D-

Y315F) decreased the kcat/Km ratio toward the amine acceptor by ∼560-fold (Figure 3b). 

Solution of the crystal structure of UGT72B1, revealed some clues as to the origin of the 

novel bifunctional N/O-glucosylation activity. It was hypothesized that a non-canonical 

geometry of the catalytic base His-19 (Figure 3c and compare to Figure 3d), and a nearby 

Asp-117 (forming a so-called ‘catalytic triad’ with the acceptor nucleophile) could allow 

nucleophilic attack by the amine acceptor, while not necessarily abstracting a proton as 

would otherwise be absolutely required for a corresponding hydroxyl-containing acceptor 

(Figure 3a). Examination of the chimeric GT bound to trichlorophenol or UDP revealed that 

Tyr-315 may play a role in maintaining His-19 and Asp-117 in their non-canonical 

positions, while Asn-312 locates to the same niche but does not make direct interactions 

with these critical residues. Interestingly, the structure of the bifunctional N/O-GT OleD 

[51•] reveals a catalytic base geometry that resembles the canonical arrangement (Figure 3e) 

(see also Section ‘directed evolution of glycosyltransferases’ below).

Alterations of natural product GT specificity by point mutation alone are less prevalent than 

those achievements guided by domain-shuffling [56]. This contrasts with the relative 

success of engineering the substrate specificity of the oligosaccharide forming GTs that 

belong to the GT-A family of protein fold [57,58], which may in part be due to the more 

recent emergence of natural product GT structures and the less diverse aglycon range 

utilized by the GT-A family. Nevertheless, several structures of natural product GTs with 

bound glycosyl donor (or at least modeled donor) have emerged, revealing some details 

regarding substrate binding and catalysis [59]. Yet, this information remains insufficient to 

guide even simple engineering exercises such as altering sugar C4 specificity (e.g. 

converting a glucosyltransferase to a galactosyltransferase) [51,60]. Therefore, continued 

efforts to obtain new GT-B structures (including different conformational/ligand-bound 

states of existing solved structures) remain high priority. The recent elucidation of the 

crystal structure of the C-GT UrdGT2 [61] stands as a notable milestone and may pave the 

way for engineering the production of novel C-glycosides. Further, structural studies 

targeted toward multiple GTs from single natural product pathways, which are likely 

evolutionary related may prove fruitful. For example, the recent disclosure of the crystal 

structure of CalG3 from the calicheamicin biosynthetic pathway sets the stage to determine 
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the structural features that dictate the differing regioselectivity and promiscuity exhibited by 

the remaining three GTs involved in calicheamicin biosynthesis [62].

Directed evolution of glycosyltransferases

The lack of high-throughput GT assays has hampered GT directed evolution experiments, 

which typically require screening at least a few thousand variants. Recently, a high-

throughput method was developed for screening oligosaccharide-forming (GT-A) sialyl-

transferases (STs). While not directly relevant to classical natural product GTs, this 

inventive assay was based upon trapping the cell-permeable fluorescent acceptor bodipy-

lactose via intracellular ST-catalyzed sialylation (attachment of a charged sugar) and 

fluorescent activated cell sorting [63••]. The result was the identification of a mutant which 

displayed a 153-fold better kcat/Km towards the fluorescent acceptor versus the non-

fluorescent analog, lactose. The WT enzyme could not support the transfer of CMP-sialic 

acid to the fluorescently tagged acceptor. Determination of the mutant ST crystal structure 

revealed the formation a new hydrophobic pocket, to accommodate the fluorescent tag. 

Although this screen requires charged donors accessible via natural in vivo pathways and 

non-cytotoxic fluorescent acceptors, it stands as a powerful new tool in GT directed 

evolution.

In another illustration of the power of directed evolution, the promiscuity of a natural 

product GT was recently expanded [64••]. This advance was based on the key observation 

that the oleandomycin GT OleD could glucosylate a range of small aromatic phenolics, 

including the fluorescent umbelliferone, 7-hydroxy-4-methylcoumarin (Figure 4, 7) [65]. 

Specifically, the ability of OleD-catalyzed umbelliferone 7-OH glycosylation to mask 

fluorescence enabled screening a library of OleD variants created by error-prone PCR and 

resulted in the identification of several variants with improved activity toward 7/UDP-Glc 

[66]. A triple mutant (P67T/S132F/A242V) created by recombination of functional 

mutations produced a 60-fold improvement in catalytic efficiency with 7/UDP-Glc. 

Incredibly, this variant displayed a staggering improvement in promiscuity toward a diverse 

panel of glycosyl donors, 15 of 22 NDP-donors were substrates for the evolved GT, 12 of 

these were not detectable substrates for WT OleD. This study [64••], and a comprehensive 

follow-up study, revealed an unprecedented level of tolerance to acceptor scaffold and 

nucleophiles (RW Gantt, GJ Williams, and JS Thorson, unpublished data). Specifically, the 

evolved OleD catalyzed the glucosylation of 71 acceptors out of a 137-member panel. 

Successful acceptors included diverse drug-like scaffolds such as macrolides (e.g. 8 and 17, 

Figure 4), flavonoids (e.g. 9), isoflavones (e.g. 10), aminocoumarins (e.g. 11), 

anthraquinones (e.g. 12), indolocarbozoles (e.g. 13), polyenes (e.g. 14), cardenolides (e.g. 

15), steroids (e.g. 16), beta-lactams (e.g. 18), enediynes (e.g. 19 and 20) and alkaloids (21). 

Putative glycosidic bonds were formed with N-, S-, and O-containing nucleophiles (e.g. 22, 

23, and 24, respectively) with predicted pKa's ranging 4–18 (e.g. 25–26). The NMR 

structures of the OleD 22-, 23-, and 24-glucoside products conclusively confirmed, for the 

first time, the ability of OleD to catalyze heteroatom glycosidic bond formation. In addition, 

the variant OleD catalyzed iterative glycosylation in several cases, leading to the exciting 

possibility of using variant OleDs for synthesis of disaccharide or trisaccharide natural 

product analogs.
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While the triple mutant OleD glucosylated 11 acceptors that were not detectable substrates 

for the WT enzyme (e.g. 16 and 19, Figure 4), and displayed rate improvements toward 

other non-natural acceptors as high as 180-fold [64••], other enhancements were more 

modest, such as with the aminocoumarin novobiocic acid (Figure 4, 11) [64••]). Given the 

particular medicinal importance of glycosylated 11 analogs [67], and the stringency of the 

natural GT (NovM) responsible for 11-glycosylation [24], a two-phase engineering strategy 

was employed to further increase activity toward this target scaffold. It was reasoned that 

while amino acid mutations found in the original high-throughput screen (HTS) improve 

promiscuity in general, these mutations may not be optimal for a given acceptor. For the first 

phase, site-directed mutagenesis was used to discover the best combination of mutations 

found in the original progeny. In the second phase, small libraries created by saturation 

mutagenesis were screened by HPLC which led to the identification of a mutant with a 

several-hundred fold improvement in catalytic efficiency toward 11, while maintaining an 

impressive glycosyl donor promiscuity [68]. Notably, this was accomplished in the absence 

of a genuine HTS for 11-glucosylation, and suggests a similar strategy to further tailor 

activity to other non-natural acceptors. Directed evolution has previously produced 

promiscuous enzymes [69], even when such promiscuity has not been screened for directly. 

In the case of the evolved OleD variant, promiscuity may have arisen via several scenarios, 

such as changes to product release or improved NDP-donor binding. Functional mutations 

occur near the diphosphate-binding site, as well as within a loop that forms part of the 

acceptor binding site that is highly variable amongst other natural product GTs. These 

regions may prove to be effective hotspots in future engineering programs. Cumulatively, 

these studies exemplify the evolved OleD as a truly multifunctional biocatalyst for 

glycosidic bond formation.

In other recent developments, a method for screening glycosyltransferase saturation libraries 

was reported based upon the change in color of a pH indicator when a proton is released 

during the transfer of sugar moiety from the glycosyl donor to the acceptor [70]. It is not yet 

clear whether the strict assay conditions required to detect small changes in proton 

concentration are generally suitable for high throughput crude extract screening. In addition, 

a strategy for attaching the E. coli bacterial cell wall biosynthetic GT MurG, to the surface 

of phage, along with suitable acceptor substrate, was recently described [71]. The 

implementation this screen toward MurG directed evolution has yet to be reported.

Conclusions

Glycodiversification of natural products has emerged as an effective approach in the 

discovery of improved drugs. Chemo-enzymatic strategies making use of anomeric kinases, 

nucleotidyltransferases and GTs appear attractive due to the high regio- and stereo-control 

typically exhibited by these enzymes. Yet, the concomitant high substrate specificity of 

these enzymes also limits their general use. Structure-based and directed evolution 

approaches have already been used to provide anomeric kinases with expanded promiscuity, 

and directed evolution of nucleotidyltransferases is likely imminent. Natural product GTs 

have been traditionally awkward targets for directed evolution due to the lack of suitable 

screening methods. Novel screening methodologies are now beginning to appear and have 

already enabled the creation of novel GTs with dramatic changes in substrate specificity and 
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promiscuity. Some of these novel enzymes will prove valuable for altering the glycosylation 

pattern of natural products and the construction of artificial in vivo glycodiversification 

pathways. We anticipate that future success will depend on the continued development of 

novel methods to screen or select for GTs with novel properties. In addition, the continued 

pursuit of new GT structures from natural product biosynthetic pathways and mutational 

analysis will further our understanding of the relationship between GT structure and 

function.
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Figure 1. 
Natural product glycosides and their therapeutic properties. Sugar moieties are highlighted 

blue.
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Figure 2. 
Chemo-enzymatic glycorandomization. E1 represents a promiscuous anomeric sugar kinase, 

E2 represents a promiscuous sugar-1-phosphate nucleotidyltransferase, GT represents a 

promiscuous glycosyltransferase and the gray oval represents a complex natural product 

scaffold.
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Figure 3. 
Engineering N/O-glucosylation activities in plant GTs. (a) Glycosylation of hydroxyl 

containing acceptors necessarily proceeds through proton abstraction whereas N-

glycosyltransfer does not. 3,4-DCP, 3,4-dichlorophenol; 3,4-DCA, 3,4-dichloroaniline. (b) 

Catalytic efficiency of WT and mutant GTs toward N- and O-glucosyltransfer. WT BnUGT 

does not catalyze N-glucosyltransfer, 314N- F317Y displays considerable activity toward 

3,4-DCA. The reciprocal mutations in UGT72B1 shifts the WT dual N/O-glucosyltransfer 

activity toward a more specific O-GT. (c) Active site of WT UGT72B1 showing the non-

canonical interaction of His-19 with Ser-14. (d) Canonical geometry of the catalytic base in 

VvGT1 and (e) OleD (in this view, the substrate was excluded for clarity).
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Figure 4. 
Diversity of acceptor substrates for evolved OleD variants.
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