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ABSTRACT 

 
 
 

 
Title of Dissertation: Molecular Mechanisms of Enzymes in Infection 

and Immunity   
  
 Erik Hamlin Klontz, Doctor of Philosophy, 2019  
  
Dissertation directed by: Professor Eric J. Sundberg, Department of 

Medicine  
 
 
Enzymes are biological catalysts that enable life by accelerating specific reactions. As new 

infectious diseases are discovered, the enzymes produced by these organisms require 

characterization. In some cases, they can be inhibited to prevent disease; in other cases, 

they can be coopted or altered to serve as diagnostic or therapeutic tools. In this work, we 

explore the mechanisms of several enzymes involved in infection and immunity. In the 

first major theme, we characterize the mechanisms of fosfomycin resistance proteins from 

Escherichia coli (FosA3) and Klebsiella pneumoniae (FosAKP), which degrade the 

antibiotic fosfomycin. Although the active sites of FosA enzymes are well conserved, 

differences in activity between enzymes may be due to the presence of an allosteric site at 

the dimer interface of these enzymes. We solved crystal structures with a novel small 

molecule FosA inhibitor, termed ANY1, which binds with high affinity to the active site 

and acts as a competitive inhibitor of fosfomycin binding. By inhibiting FosA, ANY1 

potentiates the effects of fosfomycin in several priority Gram-negative pathogens, and may 

serve as a suitable lead candidate for structure-guided drug design and pre-clinical 

development. In the second major theme, we describe the mechanisms of enzymes with 

activity on the carbohydrates of IgG antibodies. EndoS and EndoS2 are enzymes produced 



 
 

by Streptococcus pyogenes, which remove the conserved glycan on Asn297 of IgG to 

evade the host immune system. We discovered that these enzymes share a conserved 

mechanism of substrate recognition, binding primarily to the core and α(1,3) antenna of 

the IgG glycan. EndoS2 recognizes a more diverse set of glycans through differences in 

the both the active site and a coevolved carbohydrate binding module. We then describe 

the structure and function of AlfC, an α(1,6)-specific fucosidase from Lactobacillus casei 

with activity on the core fucose of antibodies.  We identified D200 and D242 as the most 

likely catalytic residues, and provide a structural basis for the remarkable specificity of this 

enzyme and transfucosidase mutants. Finally, we describe a novel application for these 

carbohydrate-active enzymes in the directed evolution of antibodies based on yeast display. 
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CHAPTER 1: INTRODUCTION 

 

Enzymes are macromolecular biological catalysts that make life possible by accelerating 

reactions. Enzymes are ubiquitously expressed in all living organisms, with the vast 

majority existing as proteins. Enzymes are known to catalyze more than 5000 unique 

reactions1, and with so many different mechanisms, there is a significant knowledge gap in 

understanding how many of them work. However, understanding the molecular 

mechanisms of enzymes is paramount to treating disease. By understanding their 

mechanisms, we can inhibit them when their presence is deleterious, supplement them 

when they’re underactive, or alter and coopt them to create new diagnostic tools and 

therapeutics. 

 In the field of infectious disease, there are constantly new enzymes being 

discovered that require characterization. Among them are enzymes involved in antibiotic 

resistance and antibody modifications, the two central themes of this dissertation. Here, we 

provide insight into the molecular mechanisms of three enzyme families within these 

themes using various techniques in structural biology and biochemistry. These enzymes 

are: (i) FosA3 and FosAKP, two glutathione-S-transferases from Escherichia coli and 

Klebsiella pneumoniae, respectively, which confer robust resistance to the antibiotic 

fosfomycin; (ii) EndoS and EndoS2, two endoglycosidases produced by Streptococcus 

pyogenes which alter the carbohydrates on antibodies to evade the immune system; and 

(iii) AlfC, an alpha-fucosidase from Lactobacillus casei that is involved in 

chemoenzymatic synthesis schemes to alter the fucosylation of antibodies and change their 

effector functions. The mechanisms of fosfomycin resistance proteins and our development 

of novel inhibitors to them are described in the Chapters 2 and 3, respectively. Our studies 
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on carbohydrate active enzymes are described in Chapters 4-6, with a novel application to 

antibody engineering described Chapter 7. 

Fosfomycin resistance proteins (FosA) 

The World Health Organization (WHO) estimates that antimicrobial resistance is 

responsible for upwards of 700,000 deaths per year2. As resistance continues to spread, the 

WHO warns that humanity could be entering a post-antibiotic era2. A lack of effective 

antibiotics would roll back advances in modern medicine that include surgery, cancer 

chemotherapy, transplantation, and intensive care. Despite the need for new antibiotics to 

replace increasingly ineffective ones, development has been unable to keep pace with the 

emergence and spread of resistance. Most new antibiotics in development share a common 

mechanism, and only two new classes of antibiotics have been approved for clinical use 

since 19623.  

 Due to the paucity of new drugs, clinicians and researchers have begun 

rehabilitating old antibiotics that have fallen out of use. One such drug is fosfomycin, 

which was discovered in 1969, and works by inhibiting UDP-N-acetylglucosamine 

enolpyruvyl transferase, or MurA, the enzyme that catalyzes the committed step in 

peptidoglycan synthesis. However, fosfomycin saw little use in recent years until 2010, 

when the Infectious Disease Society of America and the European Society of Clinical 

Microbiology and Infectious Diseases jointly recommended it as a first-line agent for the 

treatment of uncomplicated urinary tract infections due to rising resistance to commonly 

used oral agents4. Since then, interest in fosfomycin has continued to grow, and a recently 

completed clinical trial showed intravenous fosfomycin to be non-inferior to piperacillin-

tazobactam in treating complicated urinary tract infections and pyelonephritis5. Due to the 



 

3 
 

broad spectrum of action and favorable safety profile of fosfomycin, its use in the clinic 

will likely continue to grow. 

 Fosfomycin is effective against a wide range of Gram-positive and -negative 

bacteria, including many of those most associated with multidrug resistance (Klebsiella 

pneumoniae, Pseudomonas aeruginosa, Staphylococcus aureus, Enterococcus spp, 

Enterobacter spp, and Escherichia coli)6-8. However, there are multiple ways in which 

fosfomycin resistance can occur, including: (i) mutations in fosfomycin transporters GlpT 

and UhpT; (ii) mutations in fosfomycin’s target MurA; and (iii) production of fosfomycin 

resistance proteins9. GlpT and UhpT are bacterial transporters that bring sugar phosphates 

and close analogs such as fosfomycin into bacterial cells. Mutations in GlpT and UhpT are 

relatively common in clinical isolates of some bacteria such as E. coli. They also have the 

potential to cause resistance in other bacteria, but their central role in metabolism leaves 

unresolved questions regarding the viability and virulence of such mutants10-16. Resistance 

mutations in MurA can be caused by a specific amino acid substitution of the catalytic 

residue (Cys�Asp), which prevents the formation of a covalent adduct between 

fosfomycin and MurA17; however, these mutations are almost never found clinically. In 

contrast to both of these mechanisms, fosfomycin resistance proteins confer robust 

fosfomycin resistance, have a low fitness cost, and can be chromosomally encoded or 

spread on plasmids. Not only are these genes becoming more common, they are also 

frequently associated with other antibiotic resistance genes, conferring fosfomycin 

resistance to already extensively drug resistant bacteria18. Therefore, fosfomycin resistance 

proteins render fosfomycin useless at times when it would be needed most. 
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 Gram-negative bacteria produce a fosfomycin resistance protein called FosA: a 

32kDa homodimeric enzyme that irreversibly degrades fosfomycin by transferring 

glutathione to it in a mechanism dependent on Mn2+ and K+
. By far, the most common 

plasmid-borne fosA gene is fosA3, which has been reported in up to 90% of fosfomycin-

resistant extended spectrum β-lactamase-producing E. coli isolates in China.18 However, 

fosA genes can be chromosomally encoded as well, and are frequently found in the 

genomes of bacteria such as K. pneumoniae, P. aeruginosa, and Enterobacter cloacae, 

where they contribute to baseline fosfomycin resistance19. Fortunately, FosA is a 

potentially druggable target; it shares no homology with human proteins, and disrupting 

fosA via transposon mutagenesis lowers fosfomycin minimum inhibitory concentrations 

(MICs) ~16 fold in K. pneumoniae and P. aeruginosa20. Inhibiting FosA could potentially 

reduce fosfomycin MICs to clinically achievable levels in infections caused by these 

organisms. There is clear precedent in the strategy of potentiating an antibiotic by 

inhibiting its resistance factor; β-lactams have been a pillar in medicine for decades for 

precisely this reason. There is only one published FosA inhibitor, an antiviral drug called 

foscarnet21. However, its severe toxicity makes it impractical for routine use as a 

fosfomycin potentiator. Therefore, there is a strong scientific premise for the pursuit of safe 

and effective FosA inhibitors as adjuvants to potentiate fosfomycin therapy in multidrug-

resistant Gram-negative bacteria possessing the fosA gene (Chapter 3). However, FosA 

enzymes from different bacterial pathogens are highly divergent, and the extent to which 

they confer fosfomycin resistance differs22. In order to understand the potential of 

developing a universal FosA inhibitor, we must first characterize the molecular 

mechanisms of these enzymes and how they might differ (Chapter 2).  
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Antibody modifications 

Antibodies bridge the innate and adaptive immune systems, interacting with lymphocytes 

and monocytes to protect us from cancer and infectious diseases. A glycosylation site on 

Asn297 of the fragment crystallizable (Fc) domain of immunoglobulin G (IgG) antibodies 

critically modulates the effector functions of antibodies23. The presence of an N-glycan 

keeps the Fc in a configuration that allows it to interact with complement and Fc γ receptors 

(FcγRs), and without this N-glycan, antibodies lose their effector functions. The 

fucosylation state of the N-glycan is particularly important, with afucosylated antibodies 

binding FcγRs ~50-fold better and producing more robust effector functions than their 

fucosylated counterparts24. Because of the critical importance of the antibody N-glycan, 

pathogens and researchers alike are interested in modifying it to suit their needs. 

 Streptococcus pyogenes secretes at least two unique endoglycosidases that 

selectively modify IgG antibodies. The best characterized is EndoS, a 108 kDa 

endoglycosidase that specifically hydrolyzes core glycans on human immunoglobulin G 

(IgG) antibodies25, dependent on the native IgG fold26. This activity contributes to 

increased survival of S. pyogenes in human blood ex vivo, on account of reduced IgG 

binding to FcγRs and impaired complement pathway activation27. Injection of EndoS into 

mice results in the efficient removal of IgG-associated carbohydrates28 and, accordingly, 

effectively clears numerous autoimmune conditions in animal models, including 

rheumatoid arthritis and systemic lupus erythematosus28-35. EndoS releases complex-type 

(CT) glycans linked to residue Asn297 of the human Fc region CH2 domain, which affects 

the local structure of IgG36,37 and its ability to bind complement factor C1q38 and FcγRs39, 

impairing antibody-mediated effector functions. S. pyogenes serotype M49 secretes a 
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distinct EndoS-like enzyme, called EndoS240 (EndoS was discovered in S. pyogenes 

serotype M1). Relative to EndoS, EndoS2 exhibits expanded glycan specificity, in that it 

processes both CT and high-mannose (HM) type carbohydrates from IgG. The molecular 

basis for glycan specificity of EndoS and EndoS2 are described in Chapters 4 and 5 of this 

dissertation, respectively. Apart from EndoS and EndoS2, no other endoglycosidase has 

been discovered for which the exclusive substrate is IgG; indeed, EndoS and EndoS2 are 

the only known endoglycosidases that are specific to the protein component of the 

glycoprotein substrate and not just the glycan component. 

 EndoS and EndoS2 are critical tools for IgG antibody engineering. 

Endoglycosidases, including EndoS and EndoS2, have been used extensively for in vitro 

glycan remodeling in order to modulate the properties of glycoproteins41. Natural 

glycoproteins exist as mixtures of glycoforms, of which only one or a few typically exhibit 

maximal activity. However, individual glycoforms are difficult to purify42 and recombinant 

expression of glycoproteins yields heterogeneous glycoforms, even when glycotransferase 

mutant cell lines are used43,44. To circumvent these limitations, recombinant protein 

expression combined with chemoenzymatic glycan remodeling has been developed45. IgG 

monoclonal antibodies are used extensively as therapeutics and their activities, as mediated 

by effector functions, depend on the chemistry of their core glycans. EndoS deglycosylates 

antibody glycoforms that are refractory to processing by other endoglycosidases46 and 

glycosynthase mutants of EndoS efficiently transfer predefined N-glycans to intact IgG 

when provided with a suitable activated oxazoline substrate47. Glycosynthase mutants of 

EndoS2 have been developed to engineer antibodies with relatively greater N-glycan 

diversity and efficiency48. Together, these catalytic properties of EndoS and EndoS2 allow 



 

7 
 

for unique but limited customization of IgG glycoforms that can enhance the therapeutic 

capacities of monoclonal antibodies. 

 IgG antibodies are an important and rapidly growing part of the clinical arsenal. 

The clinical use of targeted immunotherapies continues to rise for indications as diverse as 

neurodegenerative diseases and cancer. Regardless of disease setting, not only is antigen 

specificity important for clinical efficacy, but so too are the Fc-mediated effector functions 

elicited by these antibodies. Customizing the magnitude of these effector functions for 

individual therapeutic antibodies is a critical step in developing the next generation of 

immunotherapies. There is an ever-expanding number of FDA-approved monoclonal 

antibodies on the US market and the top five collectively achieved over $48 billion in sales 

in 2017. Accordingly, technologies that can modulate carbohydrate chemistries on IgG Fc 

regions, most prominently chemoenzymatic synthesis, will be used increasingly to both 

enhance new monoclonal biologics and to create biosuperior monoclonal antibody 

therapeutics. For example, in November 2013 the FDA approved Gazyva (obinutuzumab; 

anti-CD20), an afucosylated version of Rituxan (rituximab; anti-CD20), which increases 

Fc-mediated effector functions through higher affinity to FcγRIIIA, for use in combination 

with Chlorambucil for the treatment of patients with previously untreated chronic 

lymphocytic leukemia; two additional afucosylated antibodies were recently approved for 

clinical use. The vast array of therapeutic monoclonal antibodies, both approved and in 

development, are targets for novel engineering strategies using antibody-specific 

endoglycosidases, which could potentially improve each monoclonal antibody, bringing 

multiple benefits to patients. Patient health will improve from drugs with higher efficacies 

and lower side effects.  
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 Because of the importance of antibody fucosylation, enzymes capable of 

specifically modifying this residue are also of particular interest. AlfC is an alpha-

fucosidase from Lactobacillus casei with specificity for α(1-6) fucosyl linkages, the same 

linkage present on antibodies49. For this reason, AlfC and specific designer mutants have 

been employed as tools for engineering the fucosylation state of antibodies for gains of 

function.50 AlfC is far more effective at removing fucose from antibodies than previously 

described enzymes. Even still, the reaction is very slow and requires pre-treatment with 

EndoS or EndoS2 in order to remove the branched portion of the glycan. However, a 

specific mutant, AlfCE274A is capable of adding fucose back on to antibodies, regardless of 

EndoS/EndoS2 pretreatment. The reasons for this disconnection in specificities of AlfC 

enzymes performing forward and reverse reactions is unknown, and the molecular basis 

for AlfC substrate recognition is described in Chapter 6 of this dissertation. A clear 

understanding of how AlfC functions could potentially allow us to engineer more effective 

enzymes for the modification of antibody fucosylation. 

 Finally, in Chapter 7, we delve into a novel application for endoglycosidases and 

glycosynthases in yeast display. Yeast display is a high-throughput platform that has been 

used to evolve proteins towards higher affinity binding to specific targets. However, yeast 

display suffers in that yeast are only capable of glycosylating their proteins with branched 

high-mannose glycans51. In the case of antibodies, the high-mannose glycan that is attached 

to Asn297 is incompatible with high-affinity FcγR binding; therefore, directed evolution 

of N-glycosylated antibodies using yeast display has never been performed. Several groups 

have performed yeast display by mutating Asn297, thereby removing the glycan52. 

However, resulting antibodies never have FcγR binding affinities anywhere near as high 
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as those that can be achieved with glycosylated antibodies (e.g., the highest affinity 

aglycosylated antibody binds FcγRIIIa ~100-fold worse than the highest affinity 

glycosylated antibody described to date53,54). Therefore, modifying yeast glycosylation 

using endoglycosidases and glycosynthases in order to allow for high affinity FcγR binding 

could provide an elegant solution to the yeast display problem, and allow for the discovery 

of novel Fc variants with improved binding characteristics.
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CHAPTER 2: STRUCTURE AND DYNAMICS OF FOSA-MEDIATED 

FOSFOMYCIN RESISTANCE IN KLEBSIELLA PNEUMONIAE AND 

ESCHERICHIA COLI1 

Abstract 

 
Fosfomycin exhibits broad-spectrum antibacterial activity, and is being re-evaluated for 

the treatment of extensively drug-resistant pathogens. Its activity in Gram-negatives, 

however, can be compromised by expression of FosA, a metal-dependent transferase that 

catalyzes the conjugation of glutathione to fosfomycin, rendering the antibiotic inactive. In 

this study, we solved the crystal structures of two of the most clinically relevant FosA 

enzymes: plasmid-encoded FosA3 from Escherichia coli and chromosomally-encoded 

FosA from Klebsiella pneumoniae (FosAKP). The structure, molecular dynamics, catalytic 

activity, and fosfomycin resistance of FosA3 and FosAKP were also compared to FosA 

from Pseudomonas aeruginosa (FosAPA), for which prior crystal structures exist. 

Escherichia coli TOP10 transformants expressing FosA3 and FosAKP conferred 

significantly greater fosfomycin resistance (MIC, >1,024 µg/ml) compared to FosAPA 

(MIC, 16 µg/ml), which could be explained in part by the higher catalytic efficiencies of 

the FosA3 and FosAKP enzymes. Interestingly, these differences in enzyme activity could 

not be attributed to structural differences at their active sites. Instead, molecular dynamics 

simulations and hydrogen-deuterium exchange experiments of FosAKP revealed dynamic 

interconnectivity between its active sites and a loop structure that extends from the active 

site of each monomer and traverses the dimer interface. This “dimer-interface” loop is 

longer and more extended in FosAKP and FosA3 compared to FosAPA, and kinetic analyses 

of FosAKP and FosAPA loop-swapped chimeric enzymes highlighted its importance in FosA
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 activity. Collectively, these data yield novel insights into fosfomycin resistance that could 

be leveraged to develop new strategies to inhibit FosA and potentiate fosfomycin activity.  

Introduction 

 
Antimicrobial resistance is a global health crisis responsible for upwards of 700,000 deaths 

per year2. As therapeutic options for the treatment of antibiotic-resistant bacteria become 

limited, clinicians have begun to revive older antibiotics. One such antibiotic, fosfomycin, 

works by inhibiting UDP-N-acetylglucosamine enolpyruvyl transferase, the enzyme that 

catalyzes the first step in peptidoglycan biosynthesis. Fosfomycin has regained popularity 

in the 21st century, with the Infectious Disease Society of America and the European 

Society of Clinical Microbiology and Infectious Diseases jointly recommending it as a 

first-line agent for the treatment of uncomplicated urinary tract infections4. In the US, 

fosfomycin is only approved as an oral formulation for the treatment of urinary tract 

infections. However, due to its favorable safety profile and broad-spectrum activity against 

both Gram-positive and -negative bacteria, intravenous fosfomycin is approved in Europe 

and Asia for a broader range of indications55. In this regard, a phase III clinical trial 

evaluating an intravenous formulation of fosfomycin for complicated urinary tract 

infections and acute pyelonephritis has recently been completed (NCT02753946). 

However, as with all antibiotics, emerging resistance threatens to limit the clinical utility 

of fosfomycin. 

In Gram-negative bacteria, the most clinically-relevant mechanism of fosfomycin 

resistance involves expression of FosA, an enzyme that catalyzes the Mn2+- and K+-

dependent glutathione-mediated degradation of fosfomycin (Figure 1)56,57.  
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FosA functions as a 

homodimer, with each of the two 

active sites per dimer coordinating 

a Mn2+ ion that binds fosfomycin 

and acts as a Lewis acid during the nucleophilic attack by glutathione58. A K+ ion also binds 

close to the active site, which balances the negatively charged active site and increases the 

rate of reaction ~100-fold57.  

The fosA gene is frequently present in the chromosomes of many Gram-negative 

bacteria, including Klebsiella pneumoniae, Enterobacter cloacae and Serratia marcescens, 

and confers inherent resistance to fosfomycin19. Furthermore, plasmid-mediated fosA 

genes can be transferred between species in the Enterobacteriaceae family. By far, the 

most widespread plasmid-borne fosA is fosA3, which has been reported in up to 90% of 

fosfomycin-resistant extended-spectrum β-lactamase (ESBL)-producing E. coli isolates in 

China18. Chromosomally encoded fosA from K. pneumoniae (fosAKP) also represents a 

substantial risk to human health because it confers intrinsic reduced fosfomycin 

susceptibility in K. pneumoniae and can also serve as a reservoir for the nearly identical 

plasmid-borne genes fosA5 and fosA659,60. 

FosA enzymes from different bacterial pathogens are highly divergent, and the 

extent to which they confer fosfomycin resistance differs. In this regard, there is a 

significant knowledge gap on the structure and activity of different FosA enzymes, and the 

molecular basis for fosfomycin resistance. Crystal structures of the chromosomally-

encoded FosA from P. aeruginosa (FosAPA) in the absence and presence of fosfomycin 

have been reported61. A crystal structure of  FosATn2921, which was described as a 

Figure 1. FosA-catalyzed degredation of fosfomycin. 
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component of Tn2921 on plasmid pSU912 in S. marcescens62, has also been solved63. 

However, the clinical significance of FosATn2921 is unclear given that it has only ever been 

reported once, and was found in S. marcescens, which typically harbors its own 

chromosomal copy of fosA19. Therefore, in this study, we carried out a comprehensive 

structural and functional analysis of FosA3 and FosAKP, which share only 60-70% amino 

acid sequence identity with FosAPA. Our data highlight the importance of a loop structure 

that extends from the active site of each monomer and traverses the dimer interface in FosA 

activity and resistance. Importantly, the information derived from this work could be 

leveraged to develop new strategies to inhibit FosA activity and potentiate fosfomycin 

activity. 

Methods 

 
MIC determintation. The wild-type genes of fosAPA (CP017149), fosAKP (CP006923), 

and fosA3 (KR078259) were synthesized by GenScript (Piscataway, NJ) and cloned into 

pUC57 under the lacZ promoter. The recombinant plasmids were introduced into E. coli 

TOP10 by electroporation. The fosfomycin MICs of these transformant strains expressing 

FosA were obtained using the agar dilution method according to (CLSI) guidelines, with 

the MuellerHinton agar supplemented with 25 mg/ml of glucose-6-phosphate64.  

FosA expression determination. Genes for fosAKP and fosAPA followed by a C-terminal 

His6 tag in pUC57 were purchased from Genescript (Piscataway, NJ). These plasmids were 

transformed into E. coli TOP10 by electroporation. Recombinant strains were grown in LB 

supplemented with 50 µg/ml ampicillin to an OD600 of 0.5. Cultures were pelleted, 

suspended in 1X PBS containing 1X Complete EDTA-free protease inhibitor (Roche 

Diagnostics, Indianapolis, IN) and lysed at 4°C by sonication. Protein quantities were 
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determined using a modified Lowry protein assay with bovine serum albumin as a 

standard65. Samples resuspended in Laemmli buffer were heated to 100°C for 5 min, and 

25 µg of total protein per well was separated by 12.5% sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE). Separated proteins were either stained 

with Coomassie stain or transferred to a 0.45-μm Transblot nitrocellulose membrane (Bio-

Rad) by the method of Towbin et al.66. Membranes were stained with 0.1% naphthol blue 

black (Sigma) in 1% acetic acid, and standards were marked. Membranes were blocked in 

5% nonfat dry milk in Tris-buffered saline-Tween 20 (TBS-T20; 10 mM Tris-HCl pH 8, 

150 mM NaCl, 0.1% Tween 20 [Fisher]) and probed with 1:1000 anti-His6 monoclonal 

antibody (Thermo) for 1 h at 25°C. After washing, the membrane was probed with 1:2000 

HRP-conjugated goat anti-mouse IgG (Thermo) for 1 h at 25°C. Membrane bands were 

visualized with the Clarity Western ECL Reagent (BioRad) in accordance with the 

manufacturer’s specification. 

Synthesis, cloning, expression and purification of FosA proteins for kinetic studies. 

The fosAKP, fosA3 and fosAPA genes were synthesized by Genscript (Piscataway, NJ, USA) 

and cloned into pET-22(b+) or pE-SUMOstar (LifeSensors, Malvern, PA, USA) for protein 

expression and purification. fosA was cloned between the NdeI and BamHI restriction sites 

in the pET-22(b+) vector, and a hexa-histidine tag was added to the 3’-terminus of the 

gene. Cloning into the pE-SUMOstar vector occurred between the SUMOstar Fusion 

Protein sequence and BsaI restriction site, according to the manufacturer’s instructions. 

The FosAKP chimera (FosAKPc) which included the FosAPA interface loop (resides 51-60 

of FosAPA), and FosAPA chimera (FosAPAc) which included the FosAKP interface loop 

(residues 51-63 of FosAKP) were also synthesized by Genscript and were cloned into pET-
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22(b+), as described above (see Figure 10 for amino acid alignments of proteins included 

in this study). E. coli BL21(DE3)pLysS was then transformed with fosA-containing pET-

22b(+) or pE-SUMOstar plasmids. Protein expression and purification was performed as 

described previously59. Although the histidine tag was left on all enzymes in our studies, it 

had no effect on their structure or function, as the C-termini of the tagged enzymes were 

identical to previously solved untagged enzymes (Figure 4), and enzymes purified from 

either pET-22b(+) or pE-SUMOstar yielded identical enzymatic activities (data not 

shown). 

Steady-state kinetic analyses of FosA. Fosfomycin-dependent glutathione conjugation 

was detected spectrophotometrically using monochlorobimane (Sigma-Aldrich) to detect 

unreacted free glutathione. Assays were carried out in a volume of 50 μl at 25°C in 0.1 M 

sodium phosphate buffer pH 8.0 containing 50 mM KCl, 25 µM MnCl2, 30 mM glutathione 

and varying concentrations of fosfomycin (0-50 mM). 100 nM FosA was used to initiate 

the reaction, which was quenched after 20 min for FosAKP
 and FosA3, and after 40 min for 

FosAPA
, FosAPA

c, and FosAKP
c. A no-enzyme control was also performed. Reactions were 

quenched by the addition of 150 μl methanol. Quenched reactions were diluted in 100 μl 

of 0.1 M sodium phosphate buffer pH 8.0 containing 1 mM EDTA. Following the addition 

of 500 μM monochlorobimane, the concentration of glutathione was established by 

fluorescence spectroscopy using a SpectraMax M2 Plate reader (Molecular Devices). A 

standard curve was prepared using 0-750 μM glutathione. Data were fit to Michaelis-

Menten equations using SigmaPlot (Systat Software Inc, San Jose, CA). 

Protein expression and purification for crystallization. FosA3 and FosAKP
 were cloned 

into the pET22(b+) vector (Novagen) with the inclusion of a C-terminal His6 tag, as 
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described above. Both constructs were expressed in 6L of LB medium overnight at 18°C 

in E. coli BL21(DE3)pLysS cells after induction with 0.5 mM IPTG at an OD600 of 0.6. 

Cells were harvested (5000 x g for 15 min) and lysed in PBS by sonication. The soluble 

fraction was purified using HisPur NiNTA Resin (Thermo Scientific) using a gradient of 

10-500 mM imidazole. The protein was then dialized into 150 mM NaCl, 50 mM Tris, pH 

7.5 and then further purified by size exclusion chromatography (Superdex 200 10/300 GL, 

GE Healthcare). It was then buffer exchanged into 75 mM NaCl, 10 mM Tris, pH 7.5 and 

concentrated.  

Protein crystallization. For FosA3, protein was concentrated to 9 mg/ml and combined 

with 6 mM fosfomycin and 6 mM MnCl2. The solution was centrifuged (19,150 x g for 5 

min) and 250 nl of the supernatant was combined with 250 nl of mother liquor (7% [v/v] 

ethylene glycol, 7% [w/v] PEG6000, 0.1 M HEPES pH 6.95) in sitting drops. For 

fosfomycin-bound FosAKP, protein was concentrated to 9 mg/ml, combined with 6 mM 

fosfomycin disodium salt (Sigma Aldrich, purity (TLC) > 98%) and 6 mM MnCl2, and 

centrifuged (19,150 x g for 5 min). 1 μl of supernatant was combined in hanging drops with 

1 μl of mother liquor (0.22 M KBr, 20% [w/v] PEG2000 MME). For fosfomycin-unbound 

FosAKP, protein was concentrated to 13 mg/ml, and 1 μl of protein was combined in 

hanging drops with 1 μl of mother liquor (0.25 M MgCl2, 20% [w/v] PEG3350, 0.1 M bis-

tris pH 5.5). Resulting crystals were improved by streak seeding. Crystals were harvested 

and flash cooled with liquid nitrogen in mother liquor supplemented with 20% (v/v) 

glycerol as cryoprotectant. 

X-ray diffraction, data processing, structure determination, and refinement. X-ray 

diffraction data for FosA3 and fosfomcin-bound FosAKP
 were collected using a Dectris 6M 
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PILATUS detector on beamline 23-ID-D at the Advanced Photon Source (APS), processed 

using XDS67, and scaled in AIMLESS68,69. Both datasets were phased by molecular 

replacement in PHENIX using Phaser-MR70 with PDB accession code 1LQP as a search 

model, and further built and refined using Coot71 and PHENIX72, respectively. Data for 

fosfomycin-unbound FosAKP was collected on beamline 23-ID-B at APS, and processed 

as above, except for fosfomycin-bound FosAKP
 as the search model for molecular 

replacement. 

MD system preparation and parametrization. Parameters for the protein and K+ ion 

were taken from the CHARMM36 force field73,74. The water model was the CHARMM-

modified TIP3P75-77 and Mn2+ parameters were taken from work by Won78. Parameters for 

fosfomycin were generated using CGenFF79. Coordination of Mn2+ by histidine residues 

was modeled via covalent bonds between ligating N atoms and the Mn2+ ion. The 

equilibrium bond lengths, angles, and force constants for these bonds were determined by 

performing a quantum mechanical (QM) optimization of a system containing imidazole-

Mn2+-imidazole, optimized using the MP2/6-31+G* model chemistry using Gaussian09 

(revision D.01)80. Force field parameters (Table 1) were assigned to achieve a balance 

between the optimized QM geometry and the crystallographically assigned distances, 

which were slightly longer than the in vacuo QM geometry. The interaction between K+ 

and carbonyl O atoms was evaluated by calculating the interaction energy between K+ and 

Table 1. Force field parameters for Mn2+ coordination. 
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N-methylacetamide (NMA, held in a rigid gas-phase optimized geometry) in intervals of 

0.1 Å from 1.0 to 4.0 Å and in intervals of 1.0 Å from 4.0 to 10.0 Å. Energies were 

evaluated in Gaussian09 using the MP2/6-311++G(2df,2pd) model chemistry with 

counterpoise correction81 for basis set superposition error82. The interaction energy profile 

using the standard CHARMM 

force field parameters was too 

weak compared to the QM 

interaction energy, and as such an 

off-diagonal Lennard-Jones term 

(NBFIX in CHARMM) was 

applied between the O and K+ 

atom types to better model this 

interaction (Figure 2). 

MD simulations. All simulation systems were built using the CHARMM program83. The 

apo form of FosAKP was generated by deleting the ligated K+ ions and bound fosfomycin 

from the holo crystal structure. Both apo and holo forms were solvated in TIP3P water 

boxes with a minimum box-protein distance of 10 Å; simulation boxes also contained ~150 

mM KCl. Energy minimization was performed in CHARMM and position-restrained 

equilibration was performed in NAMD84 for 1 ns by restraining all non-hydrogen atoms (k 

= 5.0 kcal mol-1 Å-2). Following equilibration, restraints were removed and simulations 

were carried out in OpenMM85 for 1 µs under an NPT ensemble with snapshots saved every 

20 ps for analysis. Temperature was regulated at 298 K using the Andersen method86 with 

a collision frequency of 1 ps-1, and pressure was maintained at 1 atm using a Monte Carlo 

Figure 2. Interaction energy between NMA and a K+ ion as a 

function of the distance between the ion and the carbonyl O 

atom. 
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barostat with exchanges attempted every 25 integration steps. The time step for the 

simulations was 2 fs and bonds involving H atoms were constrained using the SHAKE 

algorithm87. Periodic boundary conditions were applied in all three dimensions. 

Electrostatic interactions were evaluated with the particle mesh Ewald method88 and 

Lennard-Jones forces were switched to zero from 10-12 Å. All analysis was performed 

using the CHARMM program. Covariance matrices were post-processed with DIRECT-

ID89. 

HDX-MS. The coverage maps for all proteins were obtained from undeuterated controls 

as follows: 3 µl of ~50 µM FosAKP in 20 mM Tris, pH 7.8, 150 mM KCl, 50 µM MnCl2 

was diluted with 27 µl of the same buffer at room temperature followed by the addition of 

30 µl of ice cold quench (100 mM Glycine, 1.5 M Guanidine-HCl, 15 mM TCEP, pH 2.4). 

The quenched samples were injected into a Waters HDX nanoAcquity UPLC (Waters, 

Milford, MA) with in-line pepsin digestion (Waters Enzymate BEH pepsin column). Peptic 

fragments were trapped on an Acquity UPLC BEH C18 peptide trap and separated on an 

Acquity UPLC BEH C18 column. A 7 min, 5% to 35% acetonitrile (0.1% formic acid) 

gradient was used to elute peptides directly into a Waters Synapt G2 mass spectrometer 

(Waters, Milford, MA). MSE data were acquired with a 20 to 30 V ramp trap CE for high 

energy acquisition of product ions as well as continuous lock mass (Leu-Enk) for mass 

accuracy correction. Peptides were identified using the ProteinLynx Global Server 2.5.1 

(PLGS) from Waters. Further filtering of 0.3 fragments per residues was applied in 

DynamX 3.0. 

 HD exchange reactions, quenching and injection were performed using a LEAP 

autosampler controlled with HDxDirector. Briefly, 3 µl of ~50 µM FosAKP in 20 mM Tris, 
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pH 7.8, 150 mM KCl, 50 µM MnCl2 was incubated in 27 µl of 20 mM Tris, 99.99% D2O, 

pD 7.8, 150 mM KCl, 50 µM MnCl2. All reactions were performed at 25°C. Prior to 

injection, deuteration reactions were quenched at various times (10 s, 1 min, 10 min, 1 hr 

and 2 hr) with 30 µl of ice-cold 100 mM Glycine buffer, 1.5 M Guanidine-HCl, 15 mM 

TCEP, pH 2.4. Back exchange correction was performed against fully deuterated controls 

acquired by incubating 3 µl of 50 µM of FosAKP in 17 µl 20 mM Tris, 99.99% D2O, pD 

7.8, 150 mM KCl, 50 µM MnCl2 containing 6.4 M deuterated Guanidine DCl and 10 mM 

TCEP for 1 hr at 25°C, followed by the addition of 10 µl 20 mM Tris, 99.99% D2O, pD 

7.8, 150 mM KCl, 50 µM MnCl2 for 1 hr prior to quenching (without guanidine HCl). All 

deuteration time points and controls were acquired in triplicates. 

 The deuterium uptake by the identified peptides through increasing deuteration 

time and for the fully deuterated control was determined using Water’s DynamX 3.0 

software. The normalized percentage of deuterium uptake (%D) at an incubation time t for 

a given peptide was calculated as follows: %� =
���(�	
��)

�
��
 

With mt the centroid mass at incubation time t, m0 the centroid mass of the undeuterated 

control, and mf the centroid mass of the fully deuterated control. Percent deuteration 

difference plots (Δ%D) were generated using the percent deuteration calculated. 

Confidence intervals for the Δ%D plots were determined using the method outlined by90, 

adjusted to percent deuteration using the fully deuterated controls. Confidence intervals 

(98%) were plotted on the Δ%D plots as horizontal dashed lines. 

Results 
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FosA3 and FosAKP confer greater fosfomycin resistance and are more active than 

FosAPA. To compare the resistance conferred by different FosA enzymes, we cloned the 

wild-type genes for fosAPA, fosA3 and fosAKP into pUC57, transformed E. coli TOP10 and 

measured minimum inhibitory concentrations (MICs) for fosfomycin. The MICs for the 

fosA3 and fosAKP transformants were >1,024 µg/ml, while the MIC for fosAPA was only 16 

µg/ml (Table 2), as previously reported19. Notably, the Clinical and Laboratory Standards 

Institute (CLSI) breakpoint for fosfomycin susceptibility is 64 μg/ml for uncomplicated 

urinary tract infections64. Although the fosAPA
 transformant is considered susceptible to 

fosfomycin, this transformation still produces a 16-fold increase from the baseline MIC of 

1 µg/ml (data not shown). Because MIC values depend both on the inherent activity of the 

enzyme and its stable expression within the bacterium, we determined the relative 

expression levels of FosAPA
 and FosAKP in E. coli. We found that FosAKP expression was 

substantially greater than that of FosAPA, which may explain in part the observed 

differences in the MIC values (Figure 3A). In order to deconvolute the contributions to 

resistance by FosA expression and activity, we determined steady-state kinetic parameters 

for FosA3, FosAKP and FosAPA using recombinantly purified enzymes (Figure 3B). We 

Table 2. Fosfomycin resistance conferred by, and in vitro activity of FosA enzymes. MIC values were 
determined using the agar dilution method. The steady-state kinetic parameters for fosfomycin were 
determined in the presence of 30 mM glutathione. Kinetic parameters are reported as the mean ± standard 
deviation of three or four independent biological replicates. *p<0.05 compared to wild-type by 2-tailed 
Student’s t-test. **p<0.001 compared to wild-type by 2-tailed Student’s t-test. Values are reported as the 
mean ± standard deviation of three or four independent determinations. 
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found that FosA3 and FosAKP
 were more active than FosAPA. This increase in activity for 

FosA3 and FosAKP
 was driven by a 2- to 3-fold increase in kcat with no difference in Km

Fos 

(Table 2). Collectively, these data indicate that FosA3 and FosAKP confer greater 

fosfomycin resistance compared to FosAPA due to increases in both protein expression in 

E. coli and enzymatic activity. 

Diverse FosA enzymes construct structurally conserved active sites. To gain insight to 

the molecular basis for the different activities of these enzymes, we solved atomic 

resolution crystal structures of unliganded (or apo) FosA3, apo FosAKP, and FosAKP in 

complex with fosfomycin (holo FosAKP) (Table 3). Although FosA3 and FosAKP are only 

60-70% identical in amino acid sequence to FosAPA, superimposition of all three apo 

enzymes reveals that the overall structure is largely conserved, with a Cα RMSD between 

any two of these structures less than 0.7 Å (Figure 4A). Of note, there is conservation in 

both sequence and structure of the residues that coordinate the divalent cation (H7, H67, 

E113) and other residues known to be involved in fosfomycin binding (e.g., T9, K93, S97, 

Figure 3. Expression and kinetics of FosA. (A) Relative expression of His6-tagged FosAKP versus 
FosAPA when transformed into E. coli TOP10 cells. Coomassie gel with 25 µg of lysate protein loaded 
(left) and anti-(His)6 Western blot (right). (B) Steady-state kinetics of wild-type enzymes, determined in the 
presence of 30mM glutathione with varying fosfomycin concentrations. Values are reported as the mean ± 
standard deviation of three or four independent biological replicates. 
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S101, Y103, R122) 91 (Figure 4B). Tyrosine 65, which bridges the active site and the dimer-

interface loop is also conserved (Figure 4A, B). Although the only added metal was Mg2+ 

(present as 250mM MgCl2 in the mothor liquor), we identified Zn2+ bound in the active 

site, as supported by electron density and X-ray fluorescence scanning (Figure 4C). 

Although this is the first reported crystal structure of a FosA protein with a bound metal 

Table 3. FosA data collection and refinement statistics. Values are reported as overall (highest resolution 
shell). 
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ion other than Mn2+, previous biochemical studies have shown that FosA enzymes can bind 

a variety of divalent cations 56.  

 Glutamate 98, which resides in the mobile K+-binding loop, adopts two distinct 

conformations in the apo FosAKP
 structure (Figure 4D). In one conformation (E98a), it is 

located in the active site where it coordinates the Zn2+ metal, whereas in a second 

conformation (E98b), the carboxylate OƐ atoms are located ~11 Å from the Zn2+ ion. 

Although this may be due to asymmetric crystal packing, it highlights the flexibility of the 

K+-binding loop in the absence of K+ and fosfomycin, consistent with previous reports 63. 

Figure 4. Three-dimensional structures of the apo and holo forms of FosAKP and FosA3. (A) Overlay of 
the apo forms of FosAPA (cyan), FosA3 (blue), and FosAKP (green). (B) Active site residues in the apo forms 
of FosA with residues labeled using FosAKP numbering. (C) Excitation scan of Zn-K edge in apo FosAKP 
crystal. (D) E98, which sits on the K+-binding loop, exhibits two conformations in apo FosAKP. (E)

Superimposition of holo forms of FosAPA (cyan) and FosAKP (green) with a second nonphysiological 
fosfomycin (grey) bound in the FosAPA structure. (F) The holo active site is highly conserved with the 
exception of Y65 which adopts a different rotamer in FosAPA, likely due to a contact with a second fosfomycin 
molecule (not shown). 
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 The crystal structure of the holo FosAKP closely resembles that of the holo FosAPA
 

(PDB 1LQP), with an overall Cα RMSD of 0.5 Å (Figure 4E). While the active sites in 

both enzymes are conserved, one notable difference relates to Y65, which forms a 

hydrogen bond with a fosfomycin phosphonate oxygen in FosAKP but adopts a different 

rotamer conformation in FosAPA
 (Figure 4F). In the FosAPA structure, it contacts a second 

fosfomycin molecule that has not been shown to be physiologically relevant, and may have 

resulted from soaking these crystals with very high concentrations of fosfomycin61. 

The dimer-interface loop exhibits notable divergence among FosA structures. The 

differences in enzymatic activity observed between FosA3 or FosAKP and FosAPA (Table 

2) are not readily explained by differences in their active sites or K+-binding loops. 

Therefore, we searched for structural divergence in other regions of the protein that could 

Figure 5. Structure of FosA dimer-interface. Cartoon representation of apo FosAPA
 (A) and FosAKP (B) 

with dimer-interface loops highlighted in yellow. Y65, which bridges the active site and the dimer-interface 
loop, is also marked. Apo FosAPA

 (C) and FosAKP (D) color coded by distance (Å) from the center of mass, 
with active sites marked by yellow arrows. The central dimer-interface cavity can be seen in blue. (E) Apo 
FosAKP exhibiting close proximity between Y68, which forms the floor of the interface cavity, and H67, 
which coordinates the active site metal. 
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account for the kinetic differences. We found that a loop that extends from each active site 

and traverses the dimer interface exhibits notable structural variability between FosA 

enzymes. In FosAPA, this dimer-interface loop is three residues shorter than in the loops 

found in either FosA3 or FosAKP. Consequently, the loop crosses the dimer interface 

relatively directly in FosAPA, whereas it forms a short α-helix and takes a more circuitous 

route in FosA3 and FosAKP (Figure 5A, B). These distinct conformations alter accessibility 

to a deep cavity that is found in the dimer interface of all FosA enzymes (Figure 5C, D). 

This pocket is contiguous with both active sites, and residues that form the floor of the 

pocket, such as Y68, are immediately adjacent to residues that coordinate the divalent 

cation (e.g., H67) required for catalysis (Figure 5E).  

The active sites and dimer-interface loops are interconnected in FosAKP. To determine 

whether the differences in the dimer-interface loop influence FosA activity, we ran 

molecular dynamics (MD) simulations of Mn2+-bound FosAKP in the presence and absence 

of fosfomycin and K+. We first calculated covariance matrices for all backbone atoms in 

the apo and holo FosAKP dimers, which were then post-processed with the DIRECT-ID 

algorithm 89, which computes the norm difference between these matrices to identify the 

residues with the greatest changes in their dynamics as a function of fosfomycin and K+ 

binding. The residues identified in this analysis included the dimer-interface loop residues 

(P53-S63; except P60), the K+-binding loop residues (R96-G99), and several residues that 

may contribute to the putative glutathione channel (e.g., A120 and E128-G133)91 (Figure 

6A). This finding suggests that fosfomycin binding modulates cooperative motions in the 

K+-binding loop, glutathione channel, and dimer-interface loop. The K+-binding loop itself 

exhibited distinct ligand-dependent behavior. Using the distance between carboxylate OƐ 
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atoms of E98 and the active site Mn2+ as a metric to define the loop conformational 

ensembles, the apo and holo forms of FosAKP exhibited different behavior (Figure 4D, 6B). 

Figure 6. Dynamic analysis of FosAKP from MD (A-C) and HDX-MS (D, E). (A) The regions of FosAKP

that showed the greatest differences in dynamics between apo and holo forms. The protein dimer is rendered 
as a gray cartoon, with residues identified by DIRECT-ID to undergo changes in their dynamics in blue. The 
bound Mn2+ ion (gold), K+ ion (purple), and fosfomycin (stick) are shown for perspective. (B) Distance 
distributions between E98 OƐ atoms and Mn2+ for apo and holo forms. (C) Per-residue entropy differences 
between the apo and holo forms of FosAKP with GSH channel, dimer interface, and K+-binding loop residues 
highlighted. (D) Fosfomycin-induced changes in hydrogen-deuterium exchange of FosAKP, with peptides 
that contain residues from the GSH channel, dimer interface, and K+-binding loop highlighted. Differences 
in deuteration between peptides from apo and holo FosAKP at individual time points are plotted as colored 
lines, with the sum of the differences over all time points plotted as grey bars. 98% confidence intervals for 
individual time points and sums are plotted as thin and thick black lines, respectively. (E) Cartoon 
representation of fosfomycin-induced changes in hydrogen-deuterium exchange of FosAKP. Regions with 
statistically significant decreases in deuteration at the earliest time point (10 sec) are colored dark blue. 
Regions with decreases in deuteration only observed at later time points are colored light blue. Regions with
increased deuteration are colored red. 
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Whereas the apo form sampled three different conformational states, including closed (~8 

Å), intermediate (~15 Å), and open (~20 Å), the holo form exhibited a dominant peak in 

the closed state (~8 Å) and a much smaller peak at ~16 Å. These results indicate that in the 

presence of fosfomycin, the K+-binding loops remained more proximal to the active sites 

and sampled a more restricted conformational ensemble. To further quantify differences in 

the dynamic motions of the apo and holo forms of FosAKP, we performed quasiharmonic 

analysis of the backbone atoms and computed the entropy along the vibrational modes92. 

The per-residue entropy differences between apo and holo FosAKP are provided in Figure 

6C. These differences indicate that, in general, the amino acid residues in the apo form of 

the enzyme exhibit more freedom of motion than in the holo form, particularly in the 

regions identified by DIRECT-ID, providing further evidence that fosfomycin binding 

restricts the motions of the K+-binding loop, glutathione channel, and dimer interface. The 

dynamic connectivity between the active site and dimer-interface loop may be mediated 

via a hydrogen bond between Y65 and fosfomycin that was observed in both the crystal 

structure (Figure 6F) and MD simulations.  

Delineating the effects of fosfomycin and K+ binding on FosAKP dynamics. To 

determine whether the observed changes in the dynamics of the active site and dimer-

interface loop were due to fosfomycin or K+ binding, we initiated apo simulations following 

removal of both fosfomycin and K+ ions from the holo crystal structure. A bulk 

concentration of ~150 mM KCl, typical of intracellular levels, was included in the 

simulation system. We observed that the mobile K+ ions bound to residues D95, S97, E98, 

and G99 such that in over 99% of the simulation frames a K+ ion was within 3 Å of the 

backbone carbonyl O atom of at least one of these residues in each subunit of the dimer. 
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We also observed reversible dissociation of K+ over the course of both the apo and holo 

simulations, suggesting that the applied NBFIX correction (see Methods and Figure  2, 

Table 4) was an appropriate physical model of the carbonyl O-K+ interaction. Given the 

high occupancy of the K+-binding loop in both the fosfomycin-bound and apo forms of 

FosAKP, the observed differences in dynamics are likely due to fosfomycin binding only. 

Hydrogen-deuterium exchange-mass spectrometry (HDX-MS) supports 

interconnectivity between the FosA active sites and dimer-interface loops. To validate 

our in silico analysis, we performed HDX-MS of FosAKP
 in the presence and absence of 

fosfomycin. HDX-MS relies on the exchange of hydrogen with deuterium on peptide 

backbone amides, and provides information on backbone solvent accessibility and 

dynamics, because residues that are more frequently solvent exposed will undergo faster 

deuteration. By subtracting the percent deuteration for holo FosAKP
 from apo FosAKP

 

peptides, we determined which regions of the protein displayed statistically significant 

protection as a result of fosfomycin binding (Figure 6D). These regions were mapped onto 

the structure of holo FosAKP (Figure 6E). The results illustrate that fosfomycin binding 

decreases deuteration in multiple places throughout the enzyme; although this was 

particularly prominent in the K+-binding loop, glutathione channel, and dimer-interface 

loop (Figure 6E), in close agreement with the MD simulations (Figure 6A, C). In some 

cases, we observed protection at the earliest time point probed (10 sec). Early protection is 

likely due to solvent exclusion upon fosfomycin binding of otherwise solvent-accessible 

amide hydrogens. Notably, early protection occurs in the K+-binding loop (Figure 7A) and 

Table 4. Combination rule and NBFIX parameters for carbonyl  O - K+ interaction. 
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other residues close to the active site (Figure 7B). In other cases, protection occurs only at 

later time points, which reflects changes in conformational dynamics in peripheral 

secondary structure elements. For instance, such protection is observed in α4, which forms 

the floor of the glutathione channel (Figure 7C). Other regions that contain residues that 

contribute to the glutathione channel (e.g., W34, S36, Y39, R122, and Y131) also displayed 

Figure 7. Fosfomycin-induced protection of hydrogen-deuterium exchange near the active site.

Peptides displaying significant differences in deuterium uptake are mapped on the crystal structure of 
FosAKP. Regions with statistically significant decreases in deuterium at the earliest deuterium incubation 
time point (10 sec) are colored dark blue. Regions with decreases in deuterium uptake only observed at later 
time points are colored light blue. Regions with fosfomycin-induced increase in deuterium uptake are colored 
red. Important residues are shown as sticks, along with Mn2+ (gold), K+ (purple), and fosfomycin (sticks). 
Panel A through E show deuterium uptake traces for representative peptidic fragments in apo and holo 
FosAKP. The sequences of the peptides are shown above each panels. 

 



 

31 
 

decreased deuteration 

in the fosfomycin-

bound state (Figure 

7D-F). Together, 

these results indicate 

that fosfomycin 

binding reduces 

flexibility of the 

structural elements 

that form the active 

site. 

 Fosfomycin 

binding also causes a 

decrease in 

deuteration in the 

dimer-interface loop. 

Peptide 48-64, which 

encompasses the 

majority of the loop, 

exhibited a ~15% 

reduction in 

deuteration at 10 seconds (Figure 8), which amounts to the protection of ~2 backbone 

amides upon fosfomycin binding.  Residue Y65, which also resides on the loop and anchors 

Figure 8. Fosfomycin-induced protection of hydrogen-deuterium exchange at 

the dimer interface. Peptides displaying significant differences in deuterium 
uptake are mapped on the crystal structure of FosAKP. Regions with statistically 
significant decreases in deuterium at the earliest deuterium incubation time point 
(10 sec) are colored dark blue. Regions with decreases in deuterium uptake only 
observed at later time points are colored light blue. Regions with fosfomycin-
induced increase in deuterium uptake are colored red. Important residues are 
shown as sticks, along with Mn2+ (gold), K+ (purple), and fosfomycin (sticks). 
Panel A through D show deuterium uptake traces for representative peptidic 
fragments in apo and holo FosAKP. The sequences of the peptides are shown above 
each panels. 



 

32 
 

it to the active site, likewise displayed a fosfomycin-induced decrease in deuteration. A 

comparison of overlapping peptides 64-70 and 65-70 isolates the exchange contribution of 

Y65’s amide hydrogen and points to mild fosfomycin-induced protection (Figure 8C, D). 

In only one instance, we observed a fosfomycin-induced increase in deuteration. A 

comparison of overlapping peptic fragments suggests that the observed deuterium increase 

is attributable to the amide hydrogen of W46 (Figure 9). This residue’s side chain on one 

monomer inserts into the active site of the second monomer, forming the floor of the 

fosfomycin-binding pocket. This outcome suggests that fosfomycin binding 

conformationally constrains the dimer interface at the top while loosening it at the bottom. 

Together, these data support the concept that fosfomycin binding induces conformational 

changes in the active sites that propagate through the dimer-interface loops and other 

nearby regions. 

Figure 9. Fosfomycin-induced increase of hydrogen-deuterium exchange at W46. Peptides displaying 
significant differences in deuterium uptake are mapped on the crystal structure of FosAKP. Regions with 
statistically significant decreases in deuterium at the earliest deuterium incubation time point (10 sec) are 
colored dark blue. Regions with decreases in deuterium uptake only observed at later time points are colored 
light blue. Regions with fosfomycin-induced increase in deuterium uptake are colored red. Important residues 
are shown as sticks, along with Mn2+ (gold), K+ (purple), and fosfomycin (sticks). Panel A through D show 
deuterium uptake traces for representative peptidic fragments in apo and holo FosAKP. The sequences of the 
peptides are shown above each panels. 
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The dimer-interface loops modulate FosA enzyme activity. As described above, the MD 

simulations and HDX-MS analysis suggest dynamic interconnectivity between the FosA 

active sites and dimer-interface loops. To ascertain whether the structure of the dimer-

interface loop impacts FosA enzyme activity, we created dimer-interface loop-swapped 

chimeric enzymes of FosAPA and FosAKP
 and evaluated enzyme activity. Briefly, the 

Figure 10. FosA sequences and alignment of wild-type and chimeric enzymes. Dimer-interface 
loops are highlighted in yellow. 
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FosAPA chimera (FosAPA
c) harbored the 

FosAKP dimer-interface loop, whereas the 

FosAKP chimera (FosAKP
c) harbored the 

FosAPA loop (Figure 10). As expected, the kcat 

for FosAKP
c was significantly decreased 

compared to FosAKP (p<0.001), and more 

closely resembled the kinetic parameters 

determined for FosAPA (Figure 11, Table 2). 

Also as expected, introduction of the FosAKP dimer-interface loop into FosAPA 

significantly increased the kcat value (p<0.05), but FosAPA
c activity was still less than that 

of FosAKP. Taken together, these results support the notion that the length of the dimer-

interface loop impacts FosA activity. 

Discussion 

 
Fosfomycin use is becoming more popular due to its favorable safety profile and broad-

spectrum activity against Gram-negative bacteria. However, its activity is frequently 

mitigated by the fosA gene, which can be encoded either on the chromosome of Gram-

negative bacteria (e.g., in P. aeuroginosa and K. pneumoniae) or on a plasmid (e.g., in E. 

coli). In this study, we demonstrated that FosA3 and FosAKP, key enzymes that contribute 

to fosfomycin resistance in Gram-negative bacteria, exhibit greater enzymatic activity and 

fosfomycin resistance compared to FosAPA.  These differences appear to be driven in part 

by the presence of extended dimer-interface loops compared to those in FosAPA. The 

dimer-interface loops exhibit decreased flexibility upon fosfomycin binding, potentially 

mediated by a hydrogen bond between fosfomycin and Y65. Furthermore, perturbing the 

Figure 11. Steady-state kinetics of FosAKP
c and 

FosAPA
c compared to wild-type enzymes. Kinetics 

were determined in the presence of 30 mM glutathione 
with varying fosfomycin concentrations. Values are 
reported as the mean ± standard deviation of three or 
four independent biological replicates. 
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dimer-interface loops in either FosAKP or FosAPA significantly impacts enzymatic activity. 

This effect was dramatic in the loop-swapped chimeric enzyme FosAKP
c, whose activity 

was completely reverted to that of FosAPA
. The effect was more subtle in FosAPA

c, whose 

activity was only partially reverted to that of FosAKP
, suggesting that FosAKP

 may have 

evolved differences elsewhere to allow it to benefit from a longer loop. Collectively, these 

studies show significant differences between enzymes in the FosA superfamily, and 

provide novel and unique insights into the underlying mechanisms of fosfomycin 

resistance. 

 The discovery and development of specific FosA inhibitors could significantly 

expand fosfomycin use to Gram-negative pathogens that carry the fosA gene. Along these 

lines, we demonstrated that diverse FosA enzymes construct highly conserved active sites, 

providing justification for the search for broad-spectrum FosA inhibitors that bind in the 

active site of the enzyme. However, the current study also suggests that the dimer-interface 

could act as an allosteric site in FosA, and could also be targeted for inhibitor discovery. 

The dimer-interface loops mediate access to a large central cavity, which lies directly 

between both active sites (Figure 5E). Molecules that bind to this pocket could potentially 

inhibit FosA activity in two ways. First, inhibitor binding may alter dimer-interface loop 

stability, prolonging contacts between Y65 and the glutathione-fosfomycin product, 

favoring a slower turnover rate. Second, inhibitor binding at the dimer interface could 

potentially disrupt coordination of the divalent metal ion in the FosA active site. The Mn2+ 

ion plays a central role in activating the oxirane ring of fosfomycin for nucleophilic attack, 

and the residues that coordinate Mn2+ are highly conserved across FosA enzymes and 

sensitive to mutation56,91. Because the dimer-interface pocket is contiguous with residues 
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that coordinate the divalent cation in both active sites, an inhibitor that binds at the dimer 

interface could potentially distort both active sites such that divalent cation coordination 

and catalysis are disrupted. Although FosA shares very little structural homology with 

human glutathione S-transferases (GSTs), both are composed of homodimers with two 

active sites and a central cavity. Furthermore, human GSTs are known to exhibit allosteric 

behavior with respect to the central cavity93-95, and compounds that allosterically inhibit 

human GSTs have been identified96, giving credence to the possibility that this may also 

be a viable strategy for FosA inhibition. 
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CHAPTER 3: SMALL-MOLECULE INHIBITOR OF FOSA EXPANDS 

FOSFOMYCIN ACTIVITY TO MULTIDRUG-RESISTANT GRAM-NEGATIVE 

PATHOGENS1 

Abstract 

The spread of multidrug or extensively drug-resistant Gram-negative bacteria is a serious 

public health issue. There are too few new antibiotics in development to combat the threat 

of multidrug-resistant infections, and consequently the rate of increasing antibiotic 

resistance is outpacing the drug development process. This fundamentally threatens our 

ability to treat common infectious diseases. Fosfomycin (FOM) has an established track 

record of safety in humans and is highly active against Escherichia coli, including 

multidrug-resistant strains. However, many other Gram-negative pathogens, including the 

“priority pathogens” Klebsiella pneumoniae and Pseudomonas aeruginosa, are inherently 

resistant to FOM due to the chromosomal fosA gene, which directs expression of a metal 

dependent glutathione S-transferase (FosA) that metabolizes FOM. In this study, we 

describe the discovery and biochemical and structural characterization of ANY1 (3-bromo-

6-[3-(3-bromo-2-oxo-1H-pyrazolo[1,5-a]pyrimidin-6-yl)-4-nitro-1H-pyrazol-5-yl]-1H-

pyrazolo[1,5-a]pyrimidin-2-one), a small-molecule active-site inhibitor of FosA. 

Importantly, ANY1 potentiates FOM activity in representative Gram-negative pathogens. 

Collectively, our study outlines a new strategy to expand FOM activity to a broader 

spectrum of Gram-negative pathogens, including multidrug-resistant strains. 

Introduction 

There is a significant clinical and public health burden associated with the increasing 

prevalence and spread of multidrug-resistant (MDR) or extensively drug-resistant
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(XDR) Gram-negative bacteria such as carbapenem-resistant and extended-spectrum β-

lactamase (ESBL)-producing Enterobacteriaceae. These pathogens have been designated 

a critical priority for antibiotic research and development as strains are emerging 

worldwide that cannot be treated with any of the currently available antibiotics. However, 

a recent report from the World Health Organization highlighted the lack of new potential 

therapeutic options in the clinical pipeline for multidrug-resistant Gram-negative 

pathogens97. Indeed, nearly all of the agents currently in development are modifications of 

existing antibiotic classes and are active only against specific pathogens or a limited set of 

resistant strains97. As such, there is an 

urgent need to identify more innovative 

products with no cross- or co-resistance 

to existing classes of antibiotics. 

Fosfomycin (FOM), a broad-spectrum 

antibiotic with an extensive track record 

of safety in humans, exerts its 

bactericidal activity by covalent 

attachment to UDP-(N-

acetyl)glucosamine-3-enolpyruvyl 

transferase (MurA)98, the enzyme which 

catalyzes the first step in cell wall 

biosynthesis (Figure 12a). FOM is 

highly active against Escherichia coli, 

including strains producing ESBL6. In 

Figure 12. Fosfomycin reaction schemes. (a) Covalent 
modification of the MurA active-site cysteine residue by 
FOM. (b) FosA-mediated nucleophilic addition of 
glutathione (GSH) to carbon-1 in the epoxide ring of 
FOM. (c) Fluorescence quantification of glutathione via 
conjugation with mBCl. 
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the United States, a tromethamine FOM formulation is approved as a single-dose, orally 

administered treatment for acute uncomplicated cystitis. In several European and Asian 

countries, an intravenous disodium formulation is available and is used to treat bacteremia, 

pneumonia, pyelonephritis, osteomyelitis, and central nervous system infections, usually 

in combination with another active agent99. In contrast to E. coli, many other Gram-

negative pathogens, including Klebsiella pneumoniae, Klebsiella oxytoca, Serratia 

marcescens, Enterobacter aerogenes, Enterobacter cloacae, Pseudomonas aeruginosa, 

and Morganella morganii, are inherently resistant to FOM19. This inherent resistance is 

conferred by a chromosomal fosA gene, which encodes a dimeric K+- and Mn2+-dependent 

glutathione S-transferase ([GST] FosA) that catalyzes the nucleophilic addition of 

glutathione to carbon-1 in the epoxide ring of FOM, rendering the antibiotic inactive 

(Figure 12b)56. Of note, plasmid-borne fosA variants (e.g., fosA3) are also emerging as a 

transferable mechanism by which E. coli, which naturally lacks fosA as a species, acquires 

FOM resistance in the clinic6. Inhibition of FosA activity may provide a novel approach to 

expand the use of FOM to Gram-negative species that produce FosA. A similar approach 

to expand the use of β-lactam antibiotics has been clinically implemented for many years 

following the development and approval of β-lactamase inhibitors such as clavulanic acid, 

tazobactam, avibactam, and vaborbactam. We postulate that FosA is an excellent target for 

drug discovery for two reasons: (i) deletion of chromosomal fosA in S. marcescens19 or 

transposon-mediated disruption of fosA in K. pneumoniae or P. aeruginosa eliminates 

intrinsic FOM resistance; and (ii) clinically achievable concentrations of foscarnet, a 

pyrophosphate analog that inhibits DNA polymerases and also FosA21, reduces FOM MICs 

by >4-fold among representative K. pneumoniae, E. cloacae, and P. aeruginosa clinical 
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strains and leads to a bacteriostatic or bactericidal effect in time-kill assays100. While 

foscarnet is approved for the treatment of cytomegalovirus retinitis and refractory 

mucocutaneous herpes simplex virus infections, its use is associated with significant side 

effects including nephrotoxicity, hypocalcemia, and seizures. Therefore, there is a need to 

identify and develop selective small-molecule inhibitors of bacterial FosA. In this study, 

we describe the discovery and characterization of a first-in-class, competitive small-

molecule inhibitor of FosA which significantly potentiates FOM activity against Gram-

negative pathogens that harbor the fosA gene. 

 

Methods 

Protein expression and purification. The fosAKP and fosA3 genes (including mutants) 

were synthesized with the inclusion of a C-terminal His6 tag by Genscript (Piscataway, 

NJ, USA), and cloned into pET-22(b+) for protein expression and purification, as described 

previously101. 

FosA assays. FOM-dependent glutathione conjugation was detected 

spectrophotometrically using monochlorobimane (Sigma-Aldrich) to detect unreacted free 

glutathione. Assays were carried out in a volume of 50 μL at 25°C in 0.1 M sodium 

phosphate buffer pH 8.0 containing 50 mM KCl, 25 µM MnCl2, 30 mM glutathione and 

varying concentrations of fosfomycin (0-50 mM). 100 nM FosA was used to initiate the 

reaction, which was quenched after 20 min. A no-enzyme control was also performed. 

Reactions were quenched by the addition of 150 μL methanol. Quenched reactions were 

diluted in 100 μl of 0.1 M sodium phosphate buffer pH 8.0 containing 1 mM EDTA. 

Following the addition of 500 μM monochlorobimane, the concentration of glutathione 
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was established by fluorescence spectroscopy using a SpectraMax M2 Plate reader 

(Molecular Devices). Excitation and emission wavelengths of 390 nm and 478 nm, were 

used respectively. A standard curve was prepared using 0-750 μM glutathione. Data were 

fit to Michaelis-Menten equations using SigmaPlot (Systat Software Inc, San Jose, CA). 

Isothermal Titration Calorimetry. Experiments were performed using an iTC200 

instrument (GE Healthcare), using a syringe loaded with ligand (250-500 μM) and a cell 

loaded with FosAKP (15-30 μM) in 75mM NaCl, 10mM Tris pH 7.8. Titrations were 

performed at 25°C with 16 injections of 2.42-μL aliquots, with 230 s intervals between 

injections. All runs were performed in triplicate and heats of dilutions were measured and 

subtracted from each dataset. All data were analyzed using Origin 7.0 software. 

Uncertainty in ANY1/ANY2 concentrations led to binding ratios that varied from 0.8-0.9 

[(ligand)/(FosAKP
 monomer)], which were subsequently fixed to equal 1 based on X-ray 

crystal structures. 

Protein crystallization. FosA3 was concentrated to 12 mg/mL and combined with 2.5 mM 

ANY1, 6 mM MnCl2, and 100 mM KCl. This was centrifuged (19,150 x g for 10 min) and 

250 nl of the supernatant was combined with 250 nl of mother liquor (0.2 M magnesium 

formate, 20% [w/v] polyethylene glycol 3350) in sitting drops. FosAKP was concentrated 

to 12 mg/mL, combined with 2.5 mM ANY1, 6 mM MnCl2, and 100mM KCl, and 

centrifuged (19,150 x g for 10 min). One microliter of supernatant was combined in 

hanging drops with 1 μl of mother liquor (0.02 M CaCl2, 0.1 M sodium acetate pH 4.6, 

30% [v/v] 2-methyl-2,4-pentanediol). Finally, 1.25  mM ANY2 and 500 µM MnCl2 was 

added to an 11.5 mg/mL stock solution of FosAKP, centrifuged (19,150 x g for 10 min) and 

1 μl of the supernatant was combined in hanging drops with 1 μl of mother liquor (0.2 M 
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ammonium sulfate, 0.1 M bis-tris pH 5.5, 20% [w/v] polyethylene glycol 3350). Resulting 

crystals were improved by streak seeding. Crystals were harvested and flash cooled with 

liquid nitrogen in mother liquor (ANY1-FosAKP) or mother liquor supplemented with 20% 

(v/v) glycerol as cryoprotectant (ANY2-FosAKP and ANY1-FosA3). 

X-ray diffraction, data processing, structure determination, and refinement. X-ray 

diffraction data for FosA3 in complex with ANY1 were collected using a Dectris EIGER 

X 16M detector on APS beamline 23-ID-B. Data sets were collected at native wavelength 

(1.0332 Å) as well as the K-edge of bromine (0.91 Å) to facilitate construction of 

anamolous maps. Data for FosAKP
 in complex with ANY1 were collected using a Dectris 

PILATUS3 S 6M detector on SSRL beamline 12-2. Data for FosAKP
 in complex with 

ANY2 were collected using a Dectris PILATUS3 S 6M detector on SSRL beamline 9-2. 

All datasets were processed using XDS67, scaled in AIMLESS69, and solved by molecular 

replacement using PHENIX-MR72 with apo FosA3 (PDB accession code 5VB0) as the 

search model for the ANY1-FosA3 structure and fosfomycin-bound FosAKP
 (PDB 

accession code 5V3D) as the search model for the ANY1-FosAKP and ANY2-FosAKP 

structures101. The ANY1-FosAKP dataset was significantly anisotropic along one of the 

axes between 3.2-5 Å, resulting in higher than normal Rmerge values. Rmerge values could be 

restored to typical ranges (~0.18) by cutting the resolution to 5 Å, however loss in map 

clarity led us to include the higher resolution data. Models were further built and refined 

using Coot and PHENIX, respectively. The locations of the heavy atoms (zinc and 

bromine) were determined from the ANY1-FosA3 dataset by removing all ligands from 

the structure, and using PHENIX Phaser-EP MR-SAD to find the location of zinc and 
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bromine atoms. Two zinc and four bromine atoms were found, with a figure or merit of 

0.747 and log-liklihood gain of 565, with locations matching as expected. 

HDX-MS. HDX-MS was performed as previously described101, with the following 

modifications. For ANY1, 3 µl of  50 µM FosAKP + 100 µM ANY1 in 20 mM Tris (pH 

7.8), 150 mM KCl, and 50 µM MnCl2 was deuterated with 27 µl of 20 mM Tris, 99.99% 

D2O (pD 7.8), 150 mM KCl, 50 µM MnCl2 prior to quenching. For ANY2, 3 µl of  50 µM 

FosAKP + 100 µM ANY1 in 20 mM Tris (pH 7.8), 150 mM KCl, and 50 µM MnCl2 was 

deuterated 27 µl of 20 mM Tris, 99.99% D2O (pD 7.8), 150 mM KCl, 50 µM MnCl2 and 

125µM ANY2. 

Fluorescence Binding Assays. ANY1-dependent quenching of the wild type and mutant 

FosA protein fluorescence was detected using an FP-8500 spectrofluorometer (JASCO, 

Easton, MD). Assays were carried out in a total volume of 600 μL at 25°C in 0.1 M sodium 

phosphate buffer (pH 8.0) containing 100 nM FosA and vary concentrations of ANY1 (0-

500 nM). Excitation and emission wavelengths of 280 nm and 311 nm, were used, 

respectively. To correct for inner-filter and dilution effects, quenching data were adjusted 

based on control assays that were performed using a solution of L(-)-tryptophan (ACROS 

Organics) that was diluted to approximately match initial fluorescence of the protein 

solutions. Adjusted fluorescence quenching data were fit to a simple hyperbolic binding 

equation using SigmaPlot (Systat Software Inc, San Jose, CA). 

Bacterial growth curve analysis. Overnight culture of the clinical isolates K. pneumoniae 

I1, P.aeruginosa 75B2, E. cloacae YDC612, S. marcescens YDC760-2, and E. coli YD472 

were grown in Mueller-Hinton broth at 37°C and 150 rpm. E. coli YD472 is a previously 

reported strain that produces plasmid-encoded FosA3 along with CTX-M-65 ESBL. K. 
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pneumoniae I1 and E. cloacae YDC612 are carbapenem-resistant strains that produce 

KPC-type carbapenemases and were isolated from blood and a hematoma, respectively. P. 

aeruginosa 75B2 is a carbapenem-resistant strain from a urine culture. All strains were 

from clinical specimens obtained from patients at the University of Pittsburgh Medical 

Center. The following day, the culture was diluted such that its OD at 600 nm (OD600) 

was 0.2. The diluted culture was allowed to grow at 37°C for 1 h. Following this, the culture 

was further diluted into 96-well, round-bottom plates such that the OD600 was 0.1. Various 

concentrations of ANY1 (0 to 224 µg/ml) or FOM (0 to 1,024 µg/ml) were added in 

addition to 25 µg/ml glucose-6-phosphate. The plate was incubated at 37°C for up to 300 

min. The OD600 was assessed every 30 min. Data were analyzed using the modified 3-

parameter Gompertz equation102. Data were fitted using SigmaPlot software (Systat 

Software, Inc., San Jose, CA). Time-kill experiments were carried out as described 

previously103. 

Toxicity. Cytotoxicity in the human derived kidney epithelial cell line, HK2, and in human 

peripheral blood mononuclear cells was assessed using the CellTiter-Glo® luminescent 

cell viability assay (Promega). Briefly, cells were seeded at 5×103 to 5×104 cells/well in 

96-well cell culture plates containing ANY1 for 24 h before cell viability was measured. 

Results 

Discovery of ANY1. FosA catalyzes the Mn2+- and K+-dependent conjugation of 

glutathione to carbon-1 of FOM (Figure 12b)56. To quantify FosA activity, we developed 

an endpoint fluorescence-based high-throughput screening (HTS) assay which quantifies 

glutathione consumption using the thiol-reactive dye monochlorobimane (Figure 12c). The 

assay is sensitive and robust with a signal-to-noise ratio of 8 and a Z=-factor of 0.52. To 
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identify inhibitors of FosA, we screened the ApexScreen library from TimTec (Newark, 

DE), which contains 5,040 small molecules enriched for chemical diversity and Lipinski 

rule parameters (Table 5). Recombinant purified K. pneumoniae FosA (FosAKP) was used 

in the screen. We identified 40 hits with >50% inhibition (0.8% hit rate). Upon further 

validation, including dose-response assays, this number decreased to 12. Of these, ANY1 

(3-bromo-6-[3-(3-bromo-2-oxo-1H-pyrazolo[1,5-a]pyrimidin-6-yl)-4-nitro-1H-pyrazol-5-

yl]-1H-pyrazolo[1,5-a]pyrimidin-2-one) (Figure 13a) was the most potent (50% inhibitory 

concentration [IC50], 5.1 ± 2.2 µM). The dissociation constant for ANY1 binding to 

FosAKP, measured by isothermal titration calorimetry (ITC) (Figure 13b), was 180 ± 30 

nM with a binding stoichiometry of 1:1 for an ANY1/FosAKP monomer (or 2 molecules 

of ANY1 for each FosA dimer). In steady-state kinetic assays under near-saturating 

glutathione concentrations, ANY1 binding increased the Michaelis constant (Km) for FOM 

without affecting its maximum rate of reaction (Vmax) (Figure 13c), whereas under 

saturating FOM concentrations, ANY1 did not impact the Km for glutathione binding but 

Table 5. Small molecular screening data. 
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decreased the Vmax (Figure 13d). This pattern of inhibition is consistent with ANY1 acting 

as a competitive inhibitor of FOM binding and a noncompetitive inhibitor of glutathione 

binding. 

Figure 13. Thermodynamic and steady-state kinetic characterization of ANY1 binding to FosAKP. (a) 
Chemical structure of ANY1, highlighting the pyrazolopyrimidine and pyrazole moieties. (b) 
Representative run of ANY1 binding to FosAKP as measured by ITC. The upper panel represents the 
isotherms measured for 3,860 s at 230-s injection intervals. The lower panel shows a sigmoidal curve from 
an individual heat flow as a function of the total molar ratio (ANY1/FosAKP monomer) in the calorimeter 
cell. Binding isotherms were performed in triplicate and corrected for heats of dilution. ΔH, enthalpy; ΔS, 
entropy. (c) Michaelis-Menten plot of FosA activity, in the absence or presence of 5 µM, 10 µM, or 20 µM 
ANY1, in which the glutathione (GSH) concentration was held constant (25 mM) whereas the FOM 
concentration ranged from 0.5 to 25 mM. Data are shown as the means ± standard deviations from three 
separate biological replicates. (d) Michaelis-Menten plot of FosA activity, in the absence or presence of 5 
µM, 10 µM, or 20 µM ANY1, in which the FOM concentration was held constant (20 mM) whereas the 
GSH concentration ranged from 1 to 25 mM. Data are shown as the means ± standard deviations from three 
separate biological replicates. 
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Crystal structures of FosAKP and FosA3 in complex with ANY1. To understand how 

ANY1 interacts with FosA, we solved X-ray crystal structures of ANY1 bound to FosAKP 

(3.1 Å) and E. coli FosA3 (3.5 Å) (Table 6). Consistent with prior structures101, both 

FosAKP and FosA3 display a three-dimensional domain-swapped arrangement of the paired 

βαβββ-motifs. The amino acid sequence identity between FosA3 and FosAKP is 79%, and 

superimposition of the two enzymes reveals that the overall structure is largely conserved, 

with a Cα root mean square deviation of less than 0.5 Å (Figure 14a). The basic architecture 

of the active sites in both FosA proteins, including the essential divalent cation, is also 

maintained. We found that ANY1 binds at both active sites of FosAKP and FosA3 (Figure 

14b) and, consistent with the kinetic data which showed that it was a competitive inhibitor 

of FOM (Figure 13c, d), its binding site overlaps that of FOM (Figure 14c). Despite the 

moderate resolution of the data sets, we observed clear electron density for all of the bound 

Table 6. Data collection and refinement statistics for FosA-liganded structures. 
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ANY1 molecules (Figure 14d). Furthermore, anomalous bromine signal and high-contour 

Figure 14. Three-dimensional structures of FosAKP or FosA3 in complex with ANY1 or ANY2. (a) 
Overlay of FosAKP and FosA3, both in complex with ANY1, as indicated. Two adjacent FosA dimers are 
shown. (b) Residues in FosAKP and FosA3 that interact with ANY1. Yellow dashed lines represent contacts 
shared between FosA and ANY1/FOM, while black dashed lines represent contacts unique to FosA and 
ANY1. The pyrazolopyrimidine moiety (pink) of the ANY1 molecule from the adjacent FosA molecule is 
also shown. (c) Overlay of FosAKP in complex with ANY1 and in complex with FOM, as indicated (PDB 
accession number 5VD3. Yellow dashed lines represent contacts shared between FosA and 
ANY1/fosfomycin, while black dashed lines represent contacts unique to FosA and FOM. (d) Structure of 
FosAKP highlighting electron density surrounding two ANY1 molecules that link adjacent FosAKP active 
sites. Electron density was generated from composite omit maps, contoured to 1.5 σ and carved to 2 Å from 
ANY1. (e) Overlay of FosAKP in complex with ANY1 or ANY2, as indicated. 



 

49 
 

electron density maps allowed us to unambiguously assign the locations of both bromine 

atoms in each of the bound ANY1 molecules (Figure 15a, b). While ANY1 and FOM share 

contacts with multiple amino acid residues in FosA (T9, W46, Y65, and R122), ANY1 

makes unique contacts with additional residues that form the putative glutathione channel 

(S36, Y39, W46, and Y131) 

(Figure 14b). All of these 

residues, shared and unshared, 

are highly conserved across all 

FosA enzymes (Table 7), and 

introduction of alanine or 

Figure 15. Electron density surrounding ligands in FosA structures. (a) Structure of FosA3 in complex 
with ANY1, depicting anomalous phase map at bromine edge, contoured to 3 σ, and carved to 3.5 Å from 
ANY1. Yellow spheres represent center of anomalous bromine signal as determined by MR-SAD; (b)

Structure of FosAKP in complex with ANY1, depicting composite omit map contoured to 8 σ, and carved to 
10 Å from ANY1; (c) Structure of FosAKP in complex with ANY2, depicting composite omit map contoured 
to 1.1 σ, and carved to 1.7 Å from ANY2. 

Table 7. Conservation of the amino acid residues that interact 

with ANY1 in FosA across different Gram-negative pathogens 
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phenylalanine substitutions at positions 9, 

34, 39, 46, 65, and 131 in FosA3 either 

eliminated or reduced enzyme activity 

(Figure 16a). Using protein fluorescence 

quenching, we measured ANY1 binding to 

the mutant FosA3 proteins (Table 8; Figure 

16b). The T9A, W34A, S36A, W46A, and 

Y131A substitutions all significantly 

decreased the affinity of ANY1 for FosA3, 

further highlighting their role in binding. 

We also observed drug-drug and drug-

protein interactions between two adjacent 

FosA molecules (Figure 14b, d). Despite 

the fact that ANY1 crystallized with FosA3 

and FosAKP under different conditions and 

in unrelated space groups, these same 

interactions were observed in both cases. 

Figure 16. Characterization of FosA3 mutants. (a)

Enzyme activity of WT, T9A, W34A, S36A, Y39F, 
W46A, Y65F, Y131A and Y131F FosA3. Data are 
shown as the mean ± standard deviation from at least 3 
independent biological replicates. Assays were carried 
out as described in the Methods using 30 mM 
glutathione and 50 mM FOM; (b) ANY1 binding 
isotherms to WT, T9A, W34A, S36A, Y39F, W46A, 
Y65F, Y131A and Y131F FosA3 as measured by 
protein fluorescence quenching. Data are shown as the 
mean ± standard deviation from at least 3 independent 
biological replicates. 

Table 8. Dissociation constant determined for ANY1 binding to wild-type and mutant FosA3 measured 

by fluorescence quenching. 
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Specifically, there are π-π 

stacking interactions 

between the 

pyrazolopyrimidine rings 

of two ANY1 molecules 

bound to adjacent FosA 

proteins. Additionally, S36 

can form hydrogen bonds 

to either the pyrazole group 

of the ANY1 molecule in 

its own active site or to the 

pyrazolopyrimidine group 

of the ANY1 molecule in an adjacent active site (Figure 14b). In order to determine the 

importance of these drug-drug and drug-adjacent protein interactions, we solved a 1.9-Å 

resolution crystal structure of FosAKP bound to 3-bromo-6-(4-nitro-1H-pyrazol-5- yl)-1H-

pyrazolo[1,5-a]pyrimidin-2-one (ANY2) (Figure 17a), which lacks the pyrazolopyrimidine 

group that mediates these interactions. As expected, ANY2 binding overlaps ANY1 

binding without forming the same drug-drug or drug-adjacent protein interactions (Figure 

14e and Figure 15c); however, its binding affinity, as measured by ITC, was ~22-fold 

weaker (Figure 17b), thereby suggesting that the drug-drug and drug-adjacent protein 

interactions observed for ANY1 contribute significantly to its binding affinity and activity. 

Additional structure-activity relationship studies of ANY1 revealed that the pyrazole 

Figure 17. Characterization of ANY2 binding to FosAKP. (a) Chemical 
structure of ANY2; (b) Representative run of ANY2 binding to FosAKP

as measured by isothermal titration calorimetry. The upper panel 
represents the isotherms measured for 3860 seconds at 230 s injection 
intervals. The lower panel shows a sigmoidal curve from an individual 
heat flow as a function of the total molar ratio [(ANY2)/(FosAKP

monomer)] in the calorimeter cell. Binding isotherms were performed in 
triplicate and corrected for heats of dilution. 
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moiety and the bromines on the pyrazolopyrimidines were required for inhibition of FosA 

(Figure 18). 

Figure 18. Structure-activity relationships of ANY1. The concentration of drug that inhibited 50% of 
FosAKP activity (i.e., IC50) was carried out as described in the Methods using 30 mM glutathione and 50 mM 
FOM. 
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HDX-MS of FosAKP in the absence or presence of FOM, ANY1, and ANY2. Since X-

ray crystallography provides only a static snapshot of ligand binding, we sought to validate 

our models and explore how substrate and drug binding affects FosA structure and 

dynamics in solution. To do so, we performed hydrogen-deuterium exchange-mass 

spectrometry (HDX-MS) of FosAKP in the presence and absence of FOM, ANY1, and 

ANY2. HDX-MS relies on the exchange of hydrogen with deuterium on peptide backbone 

amides and provides information on backbone solvent accessibility and dynamics because 

residues that are more frequently exposed to solvent will undergo faster deuteration. By 

subtracting the percent deuteration for ligand-bound and unbound FosAKP peptides, we 

determined which regions of the protein displayed statistically significant protection as a 

result of ligand binding. These regions were then mapped onto the structure(s) of FosAKP 

(Figure 19). As reported previously, FOM binding decreases deuteration throughout the 

enzyme although this is particularly prominent in the K+-binding loop, glutathione channel, 

and dimer-interface loop (Figure 19a)101. Overall, FOM and ANY1 display a largely 

similar HDX protection footprint, consistent with their similar modes of binding (Figure 

19a, b). However, in contrast to FOM, ANY1 binding does not impact the K+-binding loop, 

consistent with our X-ray crystal structures. The HDX protection of the glutathione binding 

channel is also different in that FOM provides greater protection to the β6-α3 loop and α3-

helix (residues 115 to 126), whereas ANY1 provides greater protection to the C terminus 

of the α3-helix (residues 125 to 135) and the β2-β3 sheets and loop (residues 31 to 46). 

This phenomenon could be explained by R122 forming stronger ionic interactions with the 

phosphate group on FOM, which is more negatively charged than the pyrazolopyrimidine 

group on ANY1, while S36 and Y131 form interactions with ANY1 but not FOM. Finally, 
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FOM and ANY1 differentially impact W46. FOM appears to destabilize W46, as 

demonstrated by the increase in deuterium uptake, whereas ANY1 stabilizes W46, as 

indicated by a decrease in deuterium uptake, highlighting the potential importance of the 

Figure 19. Hydrogen-deuterium exchange mass spectrometry of FosAKP alone, or in complex with 

FOM, ANY1 or ANY2. (a) Differences in deuteration between peptides from FosAKP and FosAKP-FOM; 
(b) FosAKP and FosAKP-ANY1; (c) FosAKP-ANY1 and FosAKP-FOM; (d) FosAKP-ANY1 and FosAKP-
ANY2. Differences in deuteration at individual time points are plotted as colored lines, with the sum of the 
differences over all time points plotted as grey bars. 98% confidence intervals for individual time points 
and sums are plotted as thin and thick black lines, respectively. The cartoon representations on the right-
hand side illustrate the FOM-, ANY1- or ANY2-induced changes in hydrogen-deuterium exchange of 
FosAKP. For each pair (Apo vs FOM, Apo vs ANY1, ANY1 vs FOM, ANY1 vs ANY2), regions where the  
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π-halogen bond formed between this residue and ANY1 (Figure 19c). A comparison of the 

protection mediated by ANY1 versus ANY2 further supports the potential importance of 

the additional pyrazolopyrimidine group on ANY1, which may mediate drug-drug and 

drug-protein interactions between ANY1 and adjacent active sites (Figure 19d). While 

there are no observable interactions between FosA and this additional pyrazolopyrimidine 

group on the ANY1 molecule in its active site, ANY1 nonetheless offers more protection 

than ANY2. Furthermore, this protection occurs in the region where the crystal structures 

predict that ANY1 forms a ~240-Å2 protein interface, raising the possibility that the 

additional pyrazolopyrimidine group on ANY1 mediates the formation of this interface in 

solution. 

Antibacterial activity of ANY1 alone and in combination with FOM. We evaluated the 

antimicrobial activity of ANY1, alone and in combination with 32, 64, or 128 µg/ml FOM, 

against the carbapenemase-producing (KPC) clinical strains K. pneumoniae I1, E. cloacae 

YDC612, S. marcescens YDC760-2, and P. aeruginosa 75B2 by bacterial growth curve 

analysis. Each of these clinical strains carries a chromosomal copy of the fosA gene. We 

also assessed activity against E. coli clinical isolate YD472, a FOM-resistant, ESBL-

producing clinical strain that carries a copy of the fosA3 gene on a plasmid103. Growth 

curves were modeled using a modified three-parameter Gompertz equation, as described 

latter member of the pair demonstrates statistically significant differences in relative deuteration are 
colored as follows: Regions with relative decreases in deuteration at the earliest time point (10 sec) are 
colored dark blue; Regions with relative decreases in deuteration only observed at later time points are 
colored light blue; Regions with relative increases in deuteration at 10 sec are colored dark red; Regions 
with relative increases in deuteration at later time points are colored light red. The colors in the titles 
correspond to the relative increase in protection mediated by that member. 
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previously102, which facilitated quantification of the lag time (in minutes), growth rate (in 

optical density [OD] units/minute), and maximum growth (in OD units) (Figure 20). Both 

the growth rate and maximum growth decreased with increasing concentrations of FOM, 

which facilitated determination of the FOM concentration required to decrease bacterial 

growth by 50% (i.e., IC50) (Figure 20c, d). We found that bacterial growth of K. 

Figure 20. Analysis of bacterial growth curves of K. pneumoniaeI1 in the absence or presence of FOM.

(a) Growth curve of K. pneumoniae I1 in the absence or presence of varying concentrations of FOM (0-1024 
μg/mL). Data were fit to a modified 3-parameter Gompertz equation (see Methods), which facilitated 
quantification of the lag time (min), growth rate (OD units/min) and maximum growth (OD units); (b) Lag 
time as a function of FOM concentration; (c) Growth rate as a function of FOM concentration; (d) Maximum 
growth as a function of FOM concentration. All data are shown as the mean ± standard deviation from at 
least 3 independent biological replicates. 
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pneumoniae I1 was significantly attenuated in a dose-dependent manner when FOM was 

combined with ANY1 (Figure 21a). ANY1 alone had no effect on the growth of K. 

pneumoniae I1 (Figure 21b), a finding which is consistent with its mechanism of action. 

Figure 21. Bacterial growth curves of bacteria in the presence of a fixed concentration of FOM and 

different concentrations of ANY1. (a) Growth curve of K. pneumoniae I1 in the presence of 32, 64, or 
128 µg/ml FOM and different concentrations of ANY1 (0 to 224 µg/ml). (b) Analysis of the data shown in 
panel a illustrating changes in the maximum growth asymptote (OD units) as a function of FOM (red 
dotted lines) and ANY1 with or without FOM at the concentrations indicated in the legend on the figure. 
(c) Growth curve of P. aeruginosa 75B2, E. cloacae YDC612, S. marcescens YDC760-2, and E. coli 

YD472 in the presence of 32, 64, or 128 µg/ml FOM and different concentrations of ANY1 (0 to 224 
µg/ml). 
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However, it potentiated FOM activity in a dose-dependent manner, resulting in a ~6-fold 

increase in activity at the highest concentration tested (Figure 21b). Similar to growth of 

K. pneumoniae I1, the bacterial growth curves of P. aeruginosa 75B2, E. cloacae YDC612, 

S. marcescens YDC760-2, and E. coli YD472 were significantly attenuated in a dose-

dependent manner when 32 µg/ml FOM was combined with ANY1 (Figure 21c). We next 

evaluated the effect of a single concentration of ANY1 (112 µg/ml) on FOM activity 

against K. pneumoniae I1, using growth curve analysis as described above. ANY1 reduced 

by ~6-fold the concentration of FOM required to decrease K. pneumoniae I1 maximum 

growth by 50% (P<0.05); (Figure 22e). The mechanisms involved in resistance to 

combinations of FOM and ANY1 have yet to be characterized, but we suspect that they 

most likely involve mutations in glycerol-3-phosphate (GlpT) or glucose-6-phosphate 

(UhpT) transporters that are known to be rapidly selected by FOM in vitro17. They are, 

however, unlikely to be clinically significant due to concomitant loss of fitness104. In 

contrast to FOM, ANY1 did not alter the activity of gentamicin, an antimicrobial agent 

with a mechanism of action distinct from that of FOM and, thus, used as a control here 

(Figure 22b). Importantly, 112 µg/ml of ANY1 also significantly decreased the IC50 of 

FOM for E. cloacae YDC612 (23-fold, P<0.05; the IC50 values for FOM were 243.3 ± 41.1 

µg/ml and 10.4 ± 2.9 µg/ml in the absence and presence of ANY1, respectively) (Figure 

22f), S. marcescens YDC760-2 (>100-fold, P<0.05; the IC50 values for FOM were >1,000 

µg/ml and 16.3 ± 3.4 µg/ml in the absence and presence of ANY1, respectively) (Figure 

22g), and FosA3-producing E. coli YD472 (1.8-fold, P=0.04; the IC50 values for FOM 
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were 102.6 ± 5.3 µg/ml and 56.8 ± 2.4 µg/ml in the absence and presence of ANY1, 

respectively) (Figure 22h).  

 

Toxicity. To evaluate potential cellular toxicity, we assessed the effect of various 

concentrations of ANY1 (0 to 224 µg/ml) on the viability of the human-derived kidney 

epithelial cell line HK2 (Figure 23a) and of human peripheral blood mononuclear cells 

(PBMC) (Figure 23b). HK2 cells were included in this study as the FOM concentrations in 

urine are exceedingly high (1,000 to 4,000 µg/ml) following a 3 mg oral dose, and therefore 

we sought to assess toxicity in a kidney cell line. In contrast, the PBMC provide some 

insight into potential toxicity in the blood. Our results show that ANY1, or combinations 

Figure 22. ANY1 toxicity toward HK-2 cells and peripheral blood mononuclear cells (PBMC). (a) HK-
2 cell viability following 24 h exposure to 1 mg/mL FOM or varying concentrations of ANY1 (0-224 µg/mL). 
10% DMSO was used as a positive control for toxicity. * denotes statistically significant difference from 
media control (p < 0.05); (b) PBMC viability following 24 h exposure to 1 mg/mL FOM or varying 
concentrations of ANY1 (0-224 µg/mL). 10% DMSO was used as a positive control for toxicity. * denotes 
statistically significant difference from media control (p < 0.05). All data presented in this figure are shown 
as the mean ± standard deviation from at least 3 independent biological replicates. 
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of FOM and ANY1, had minimal impact on cell viability in both cell types even at the 

highest concentrations tested. 

Figure 23. Growth curves of bacteria in the presence of fixed concentrations of ANY1 and various 

concentrations of FOM or gentamycin. (a) Maximum growth values for K. pneumoniae I1 in the absence or 
presence of 112 µg/ml ANY1 and various concentrations of FOM. The concentration of FOM that yielded 50% 
inhibition is reported in the figure. (b) Maximum growth values for K. pneumoniae I1 in the absence or presence 
of 112 µg/ml ANY1 and various concentrations of gentamicin (0 to 64 µg/ml), as indicated. (c to e) Time-kill 
analysis of K. pneumoniae I1 in the absence or presence of 112 µg/ml ANY1 and/or 64 µg/ml FOM (c), and/or 
128 µg/ml FOM (d), and/or 256 µg/ml (e). (f) Maximum growth values for E. cloacae YDC612 in the absence 
(black circles) or presence (white triangles) of 112 µg/ml ANY1 and various concentrations of FOM (0 to 1,024 
µg/ml). (g) Maximum growth values for S. marcescens YDC760-2 in the absence or presence of 112 µg/ml 
ANY1 and various concentrations of FOM (0 to 1,024 µg/ml). (h) Maximum growth values for E. coli YD472 in 
the absence or presence of 112 µg/ml ANY1 and various concentrations of FOM (0 to 1,024 µg/ml). 
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Discussion 

The spread of MDR or XDR Gram-negative bacteria is a serious public health issue105. 

FOM has a strong track record of safety in humans with no cross-resistance to other 

antibiotics and is one of the drugs that have been proposed as part of combination regimens 

for the treatment of K. pneumoniae carbapenemase (KPC)-producing K. pneumoniae 

infections106. However, in comparison to E. coli, many Gram-negative bacteria, including 

K. pneumoniae, exhibit intrinsic resistance to FOM due to inherent expression of 

FosA22,100, an enzyme that catalyzes the nucleophilic addition of glutathione to the carbon-

1 of the epoxide ring of FOM, rendering the antibiotic inactive. In this regard, inhibition 

of FosA could help to expand the activity of FOM against Gram-negative bacteria that 

inherently express this enzyme. In support of this hypothesis, deletion of chromosomal 

fosA in S. marcescens19 or transposon-mediated disruption of fosA in K. pneumoniae and 

P. aeruginosa eliminates intrinsic FOM resistance (Table 9). Using an in vitro biochemical 

HTS assay, we identified ANY1, which binds to the active site of the enzyme and inhibits 

Table 9. Minimum inhibitory concentrations for P. aeruginosa and K. pneumoniae strains with (parent) or 
without (transposon-mediated mutation) fosA. 
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FOM metabolism. A key feature of ANY1 is that it exhibits antibacterial activity against 

representative Gram-negative pathogens, including K. pneumoniae, when it is combined 

with FOM (Figure 21) but not gentamicin (Figure 21f), highlighting its specificity as a 

FOM potentiator. In contrast, most in vitro HTS campaigns have failed to identify small-

molecule inhibitors with antibacterial activity largely due to their poor penetration into 

Gram-negative pathogens107. In this regard, Richter et al. recently described a set of 

physicochemical properties that enable small molecules to accumulate in Gram-negative 

bacteria108. Interestingly, ANY1 harbors many of these described properties, including the 

presence of an amine, an amphiphilic and rigid structure, and low globularity. We showed 

that ANY1 potency varies across different pathogens, with potent activity against K. 

pneumoniae I1, E cloacae YD612, and S. marcescens YD6760-2 (Figure 21a, 21c, 22a, 

22f, and 22g) and weaker activity against E. coli YD472 (Figure 21c and 22h). Given that 

the ANY1 binding and inhibition constants are similar for purified FosAKP and FosA3, 

these differences in antibacterial potency are likely driven by differences in the intracellular 

penetration of ANY1 into the different Gram-negative pathogens. Importantly, the crystal 

structures of FosA in complex with ANY1 described in this study provide a platform for 

structure-guided drug design to potentially improve inhibitor binding affinity. For example, 

ANY1 could be modified such that it interacts with residues that form the K+-binding loop 

(K93, S97, and Y103) which are critical for FOM binding and enzyme function (Figure 

14c)91. ANY1 binds in the active site of FosA and interacts with amino acid residues which 

are highly conserved throughout the FosA superfamily (Table 7), thus suggesting a high 

genetic barrier to resistance for a FOM/ANY1 drug combination. However, FOM 

resistance can also be conferred by mechanisms other than fosA, including mutation of the 
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conserved cysteine residue in the active site of MurA or the development of mutations in 

the bacterial glycerol-3-phosphate (GlpT) or glucose-6-phosphate (UhpT) transporters, 

resulting in reduced FOM permeability6. Mutation of the active-site cysteine in MurA has 

been documented only in vitro for clinically relevant Gram-negative bacteria17,104 and has 

not been observed clinically. Mutations in GlpT and UhpT are known to be a mechanism 

of de novo resistance to FOM in vitro109, but they are unlikely to be clinically significant 

due to a concomitant loss of fitness110. In conclusion, in this study we describe the 

discovery and characterization of a novel, competitive, small-molecule inhibitor of FosA, 

which significantly potentiates FOM activity in representative Gram-negative pathogens. 

However, additional studies focused on the pharmacology, pharmacokinetics, and 

resistance development of ANY1 are needed to comprehensively assess the therapeutic 

potential of this compound. Nonetheless, this study shows that combination of a FosA 

inhibitor, such as ANY1, and FOM provides a new strategy to expand FOM activity to a 

broader spectrum of Gram-negative pathogens, including MDR and XDR strains.
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CHAPTER 4: STRUCTURAL BASIS FOR THE RECOGNITION OF COMPLEX-

TYPE N-GLYCANS BY ENDOGLYCOSIDASE S1 

Abstract 

Endoglycosidase S (EndoS) is a bacterial endo-β-N-acetylglucosaminidase that 

specifically catalyzes the hydrolysis of the β-1,4 linkage between the first two N-

acetylglucosamine residues of the biantennary complex-type N-linked glycans of IgG Fc 

regions. It is used for the chemoenzymatic synthesis of homogeneously glycosylated 

antibodies with improved therapeutic properties, but the molecular basis for its substrate 

specificity is unknown. Here, we report the crystal structure of the full-length EndoS in 

complex with its oligosaccharide G2 product. The glycoside hydrolase domain contains 

two well-defined asymmetric grooves that accommodate the complex-type N-linked 

glycan antennae near the active site. Several loops shape the glycan binding site, thereby 

governing the strict substrate specificity of EndoS. Comparing the arrangement of these 

loops within EndoS and related endoglycosidases, reveals distinct-binding site 

architectures that correlate with the respective glycan specificities, providing a basis for 

the bioengineering of endoglycosidases to tailor the chemoenzymatic synthesis of 

monoclonal antibodies. 

Introduction 

Therapeutic immunoglobulin G (IgG) antibodies are a prominent and expanding class of 

drugs used for the treatment of several human disorders including cancer, autoimmunity, 

and infectious diseases111-113. IgG antibodies are glycoproteins containing a conserved N-
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linked glycosylation site at residue Asn297 on each of the constant heavy chain 2 (CH2) 

domains of the fragment crystallizable (Fc) region (Figure 24)114. The presence of this N-

linked glycan is critical for IgG function115,116, contributing both to Fc γ receptor binding 

and activation of the complement pathway117,118. The precise chemical structure of the N-

linked glycan modulates the effector functions mediated by the Fc domain119. IgG 

antibodies including those produced for clinical use typically exist as mixtures of more 

than 20 glycoforms, which significantly impacts their efficacies, stabilities and the effector 

functions120,121. To better control their therapeutic properties, the chemoenzymatic 

synthesis of homogeneously N-glycosylated antibodies has been developed120,122,123. 

Endoglycosidase S (EndoS) secreted from Streptococcus pyogenes is a 108 kDa enzyme 

that specifically catalyzes the hydrolysis of the β-1,4 linkage between the first two N-

acetylglucosamine residues of the complex-type N-linked glycan located on N297 of the 

Fc region of IgG antibodies (Figure 24)124,125. This structural modification ablates the 

effector functions of the host IgG antibodies, markedly contributing to immune evasion by 

this bacterium126 because (i) EndoS deglycosylates only IgG glycoforms and no other 

glycoproteins, and (ii) EndoS glycosynthase variants efficiently transfer predefined 

Figure 24. Schematic representation of EndoS hydrolytic activity and glycosynthase activity of EndoS 

mutant. EndoS specifically hydrolyzes the β-1,4 linkage between the first two N-acetylglucosamine residues 
of the complex-type N-linked glycan located on Asn297 of the Fc region of IgG antibodies. The N-linked 
glycan is represented exposed on the exterior of the Fc domain to facilitate its visualization. EndoS mutant 
(EndoSD233Q) efficiently transfers fucosylated and afucosylated biantennary complex-type N-linked 
oligosaccharide from complex-type sugar oxazoline as a donor substrate. 
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complex-type N-linked glycans to intact IgG, this endoglycosidase plays a central role in 

glycoengineering strategies to develop IgG antibodies with improved therapeutic 

potential120,122-125. Recently, we have described the X-ray crystal structure of a truncated 

version of EndoS (98–995) in its unliganded form127. However, the molecular mechanism 

by which EndoS specifically recognizes biantennary complex-type glycans linked to N297 

of IgG remains unclear, prohibiting the full exploitation of this enzyme in therapeutic 

antibody engineering. 

 Here X-ray crystallography, small-angle X-ray scattering (SAXS), site-directed 

mutagenesis, enzymatic activity, and computational methods are used to define the 

molecular basis of substrate specificity of EndoS, as well as that of other GH18 

endoglycosidase family members. 

Methods 

Purification of EndoS wild-type and EndoS mutants. EndoSD233A/E235L-CPD, EndoS 

wild-type and EndoS mutants were purified as previously described with the following 

modifications127. Single-point mutations were made using the FastCloning128 method, and 

full sequences were confirmed by GeneWiz (https://www.genewiz.com). BL21(DE3) 

(Novagen) cells transformed with the corresponding modified form of the pCPD vector 

(pCPD-L) containing the C-terminal fusion protein from Vibrio cholerae MARTX toxin 

cysteine protease domain (CPD)129 were grown in Luria broth (LB) medium supplemented 

with 50 μg ml−1 ampicillin. Cultures were grown at 37 °C to an OD600 of 0.6–0.8, at which 

point the temperature was lowered to 22 °C over 1 h. Induction was triggered with 0.5 mM 

isopropyl-D-1-thio-galactopyranoside (IPTG) at 22 °C overnight. Cells were harvested by 
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centrifugation and lysed by sonication using 50 mM Tris-HCl pH 7.5, 500 mM NaCl, 10% 

glycerol (solution A) containing protease inhibitors (Complete EDTA-free, Roche). The 

supernatant was applied to a HisTrap Chelating column (1 ml, GE HealthCare) equilibrated 

with solution A. The column was then washed with solution A until no absorbance at 

280 nm was detected. For EndoSD233A/E235L, elution was performed with a linear gradient 

of 40–500 mM imidazole in 50 mM Tris-HCl pH 7.5, 500 mM NaCl at 1 ml min−1. The C-

terminal CPD tag of EndoSD233A/E235L was not hydrolysed and this enzyme was further 

purified by size-exclusion chromatography using a Superdex 200 10/300 GL column (GE 

Healthcare) equilibrated in 20 mM Tris-HCl pH 7.5, 50 mM NaCl. The eluted protein was 

concentrated to 10 mg ml−1 using Amicon-15 centrifugal filter (Millipore) unit, with a 

molecular cut off of 100 KDa at 4000×g. The resulting preparation displayed a single 

protein band when run in 10% SDS/PAGE stained with Coomassie Blue. EndoS wild-type 

and the other EndoS mutants were treated with 1 mM phytic acid overnight on the HisTrap 

column to hydrolyze the CPD tag. Proteins were then buffer exchanged into PBS, pH 7.4 

and further purified by size-exclusion chromatography in a Superdex 200 10/300 GL 

column (GE Healthcare) equilibrated in PBS, pH 7.4. The eluted proteins were 

concentrated to at least 0.2 mg ml−1 using the same procedure explained above, diluted to 

50 nM stocks, and then stored at 4 °C. 

EndoSD233AE235L-G2 crystallization and data collection. The crystal of EndoSD233A/E235L-

G2 was obtained by mixing 0.25 μl of the protein (10 mg ml−1) in 20 mM Tris-HCl pH 7.5, 

50 mM NaCl and 2.5 mM G2 product with 0.25 μl of a mother liquor containing 100 mM 

sodium HEPES/MOPS pH 7.5, 100 mM amino acid mixture (L-Na-glutamate, alanine 

(racemic), glycine, lysine HCL (racemic), serine (racemic)), 20% (w/v) PEG 500 MME 
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and 10% (w/v) PEG 20,000 using the sitting drop vapor diffusion method. The crystal 

appeared after 21 days and was washed with the mother liquor and frozen under liquid 

nitrogen. X-ray diffraction data was collected on a EIGER X 9M photon-counting area 

detector (2000 Hz max. frame rate) at the microfocus PROXIMA 2—A beamline 

(λ = 0.9801 Å—SOLEIL, France; Table 10). Data were integrated and scaled with XDS 

following standard procedures67. 
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EndoSD233AE235L-G2 structure determination and refinement. Structure determination 

of EndoSD233AE235L-G2 was resolved using as a template the previously reported EndoS 

structure (unmodified PDB 4NUZ)127 and molecular replacement methods implemented in 

Phaser and the PHENIX suite72. Model rebuilding was carried out with Buccaneer130 and 

Table 10. EndoS crystal data collection and refinement statistics. 
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the CCP4 suite69. The final manual building was performed with Coot71 and refinement 

with phenix.refine131. The structure was validated by MolProbity132. Data collection and 

refinement statistics are presented in Table 10. Atomic coordinates and structure factors 

have been deposited with the Protein Data Bank, accession code 6EN3. Molecular graphics 

and structural analyses were performed with the UCSF Chimera package133. 

SAXS measurements. Synchrotron X-ray scattering data for recombinant purified 

EndoSD233A/E235L were collected on the B21 beamline of the Diamond Light Source, UK. 

Data collection was performed in batch mode. The sample volume loaded was 30 μL 

(1.5 mm diameter capillary with 10 μm wall thickness). Data were collected using a 

Pilatus2M detector (Dectris, CH) at a sample-detector distance of 3914 mm and a 

wavelength of λ = 1 Å. The range of momentum transfer of 0.1 < s < 5 nm−1 was covered 

(s = 4πsinθ/λ, where θ is the scattering angle). Scattering patterns were measured with a 

0.5-s exposure time (18 frames) for protein samples at a minimum of three different protein 

concentrations ranging from 0.5 to 4 mg ml−1. To check for radiation damage, 20–50 ms 

exposures were compared; no radiation damage was observed. EndoS at 1, 2, and 

4 ml min−1 in 50 mM Tris, pH 7.5, 100 mM NaCl and 2% glycerol were incubated with G2 

product at 0.625, 1.25, and 2.5 mM before data collection for 30 min. Data were processed 

and merged using standard procedures by the program package ScÅter134 and PRIMUS135. 

Concentration dependent effects were not observed by comparing the curves obtained from 

the three different concentrations. Scattering curves at multiple concentrations were then 

scaled and merged into a single scattering curve for further analysis. Using CRYSOL, we 

fitted the SAXS data in the presence and absence of the oligosaccharide G2 product to the 

solution-scattering profile calculated from the crystal structure (6EN3). Analyses of 
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potential conformational transitions were conducted using an elastic network procedure 

implemented in the program SREFLEX136. The better fit obtained using SREFLEX and 

the normalized Kratky plot suggest the protein show some flexibility in solution137. The 

maximum dimensions (Dmax), the interatomic distance distribution functions (P(r)), and 

the radii of gyration (Rg) were computed using GNOM. The molecular mass was 

determined using ScÅter134,138. The low-resolution structures of EndoSD233A/E235L in 

presence and absence of G2 product were calculated ab initio by using GASBOR139. The 

results and statistics are summarized in Table 11. 

Table 11. EndoS SAXS data collection and refinement parameters. 
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Chemical synthesis of G2 product. The desialylated complex-type glycan (CT, 5) was 

obtained from sialylglycoprotein (SGP, 1) isolated from egg yolk140. SGP (100 mg, 

34.9 µmol) was dissolved in phosphate buffer (50 mM, pH 6.5, 5 ml) and then treated with 

wild-type EndoM endoglycosidase (500 µg, 0.1 µg µl−1) at 37 °C overnight. Upon 

monitoring using high pH anion exchange chromatography (HPAEC), the reaction was 

deemed complete and the crude purified on reverse-phase HPLC. The glycan-positive 

fractions were desalted on a Sephadex G10 gel filtration column with DI H2O as the eluent. 

The pooled glycans comprised a mixture of sialylated (2), monosialylated (3) and 

monosialylated degalactosylated (4) glycoforms which were further purified using anion 

exchange chromatography to give the pure sialylated glycoform (SCT, 2). The sialylated 

glycoform (2, 20 mg, 9.9 µmol) was dissolved in citrate buffer (50 mM, 5 mM CaCl2, 

200 µl) and incubated at 37 °C in the presence of sialidase (50 U). The reaction was 

monitored using HPAEC and was complete in 6 h followed by treatment with Dowex resin 

(H+ form). The crude was centrifuged and the supernatant desalted using a Sephadex G10 

gel filtration column eluting with DI H2O. The glycan fractions were pooled then 

lyophilized to furnish the product asialo complex-type glycan (5) as a white powder 

(13 mg, 92%). The product was characterized using HPAEC and ESI mass spectrometry. 

ESI MS: calcd. M = 1437.51; found (m/z): 1438.52 [M + H]+, 719.76 [M + 2H]2+. 

Thermal stability assays. Melting temperatures for purified proteins were determined 

using differential scanning fluorimetry141. EndoSWT and EndoS98-995 were diluted to a final 

concentration of 0.5 mg mL−1 in PBS pH 7.4, and mixed with 5000× Sypro Orange (Sigma) 

to a final concentration of 5× in a 96 White TempPlate with semi-skirt (USA Scientific). 

Melting curves were measured on an iQ5 Multicolor Real Time PCR Detection System 
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(Bio-Rad). Data were obtained from 25 to 95 °C with 1 °C intervals and 1-min dwell time 

at each temperature before measuring fluorescence. 

EndoS and EndoBT enzymatic activity assay. Reactions were set up using 5 nM EndoS 

or EndoS mutants, or 100 nM EndoBT and 5 µM Rituximab or high-mannose-type IgG1 

in PBS pH 7.4 at room temperature. Rituximab, a chimeric anti-human CD20 monoclonal 

antibody approved for treatment of B-cell lymphoma in adults, is produced in mammalian 

cell (Chinese Hamster Ovary) culture with the most abundant glycoforms being G0F, G1F, 

and G2F (antibody purchased from Premium Health Services, Inc.)142. At various time 

intervals, 10 µl aliquots of the reaction were taken in duplicate and quenched with 1.1 µl 

of 1% trifluoroacetic acid. The quenched reaction was then mixed with 50 mM TCEP, and 

analyzed by LC-MS using an Accela LC System attached to a LXQ linear ion trap mass 

spectrometer (Thermo Scientific, Waltham, MA). Relative amount of the substrate and the 

hydrolysis products were quantified after deconvolution of the raw data and identification 

of the corresponding MS peaks using BioWorks (Thermo Scientific, Waltham, MA). The 

data were plotted in GraphPad Prism, and fit with a one-phase exponential decay curve. 

Structural analysis and sequence alignment. Structure based sequence alignment 

analysis were performed using Chimera. Protein pocket volume was calculated using 

HOLLOW143. Z-score values were produced by using DALI144. Domain interface analysis 

was performed using PISA145. Conserved and similar residues were labeled using 

BoxShade server (http://embnet.vital-it.ch/software/BOX_form.html). 

Molecular docking calculations. The first GlcNAc (−1) and the last Neu5Ac (6 and 10) 

residues of the S2G2 substrate; and the Man9GlcNAc product were modeled using 
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GLYCAM-Web website (Complex Carbohydrate Research Center, University of Georgia, 

Athens, GA (http://www.glycam.com)). Ligand docking was performed using AutoDock 

Vina employing standard parameters146. 

Purification of EndoBT. EndoBT (BT_3987 (B. thetaiotaomicron VPI-5482)) in 

pSpeedET vector was purchased from DNASU plasmid repository 

(https://dnasu.org/DNASU/Home.do). EndoBT was expressed in BL21(DE3) (Novagen) 

in LB medium supplemented with 50 μg ml−1 kanamycin. Cultures were grown at 37 °C to 

an OD600 of 0.6–0.8, at which point the temperature was lowered to 22 °C during 1 h. 

Induction was triggered with 0.5 mM IPTG at 22 °C overnight. Cells were harvested by 

centrifugation and lysed by sonication using PBS, pH 7.4 and 10% glycerol (solution A), 

containing protease inhibitors (Complete EDTA-free, Roche). The supernatant was applied 

to a HisTrap Chelating column (1 ml, GE HealthCare) equilibrated with solution A. The 

column was then washed with solution A until no absorbance at 280 nm was detected. 

Elution was performed with a linear gradient of 40–500 mM imidazole in PBS at 

1 ml min−1. EndoBT was further purified by size-exclusion chromatography using a 

Superdex 200 10/300 GL column (GE Healthcare) equilibrated in PBS, pH 7.4. The eluted 

protein was stored at −80 °C. 

Purification of high-mannose IgG1. CD4-induced IgG1 plasmid147 was transiently 

expressed in HEK293T cells (ATCC) using polyethylenimine as transfection reagent, and 

in the presence of kifunensine. Kifunensine is a potent inhibitor of the mannosidase I 

enzyme, which drastically reduces the complexity of the carbohydrates by blocking the 

oligosaccharide at the stage of high-mannose type148. After transfection, cells were cultured 
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for 96 h in Free-style F17 medium supplemented with GlutaMAX and Geneticin (Thermo 

FisherScientific). High-mannose IgG1 was purified from culture supernatants by protein 

A chromatography using 20 mM sodium phosphate buffer pH 7.0 as binding buffer and 

100 mM sodium citrate buffer pH 3.0 as elution buffer. All the fractions were neutralized 

with 1 M Tris pH 9.0, pooled and dialyzed against PBS at pH 7.5. 

Results 

Overall structure of full-length EndoSD233A/E235L-G2 complex. For our structural studies, 

we used a catalytically inactive version of EndoS, in which the residues D233 and E235 

are mutated to alanine and leucine, respectively (EndoSD233A/E235L, see below for further 

details). The crystal structure of the full-length catalytically inactive EndoSD233A/E235L 

(residues 37–995; residues 1–36 correspond to the signal peptide) in complex with G2 

product was solved by molecular replacement methods (EndoSD233A/E235L-G2 thereafter; 

Figure 25). EndoSD233A/E235L crystallized in the P21 space group, with one molecule in the 

asymmetric unit and diffracted to a maximum resolution of 2.9 Å (Table 10). The full-

length EndoS comprises six different domains from the N- to the C-terminus: (i) the N-

terminal domain (residues 37–97) determined by the EndoSD233A/E235L-G2 crystal structure 

adopts a three-helix bundle domain (N-3HB) that is connected to the previously reported 

(ii) glycosidase domain (residues 113–445) by a proline-rich, 15 residue-long loop 

(residues 98–112; Figure 25); (iii) a leucine-rich repeat domain (residues 446–631); (iv) a 

hybrid Ig domain (residues 632–764) that comprises two subdomains that are topologically 

intertwined, a typical Ig subdomain structurally similar to the interleukin-4 receptor (PDB 

code 1IAR; Z-score = 5.2) with an insertion of a smaller subdomain between the second 
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and third β-strands; (v) a carbohydrate binding module (residues 765–923), and (vi) a C-

terminal three-helix bundle domain (C-3HB; residues 924–995)127. The structural 

comparison between the full-length EndoSD233A/E235L-G2 and the truncated unliganded 

version ΔN-3HB-EndoS suggests an important contribution of the N-3HB domain to 

stabilize the GH domain and generate a completely competent glycan binding site (Figure 

26a-d). Supporting this notion, the calculated-buried surface area between the N-3HB and 

GH domains is 464 Å2 145. Specifically, Q91 and E94 at the end of α3 form hydrogen bonds 

with the main chain of Y157 of loop 2 and K162 of α4, respectively. In addition, S57 at 

Figure 25. Overall structure of EndoSD233A/E235L-G2 complex. (a) Cartoon representation showing the 
general fold and secondary structure organization of EndoSD233A/E235L, including the N-3HB (yellow), 
glycoside hydrolase (GH; orange), leucine-rich repeat (green), hybrid IgG (magenta), carbohydrate binding 
module (cyan), and C-3HB (gray) domains. The G2 product is shown in light brown. (b) Surface 
representation of the EndoSD233A/E235L-G2 complex showing the location of the G2 binding site and catalytic 
site.  
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the end of α2 forms hydrogen bonds with D156 of loop 2. This interface region is further 

stabilized by hydrophobic interactions mediated by F64, L56, L95, Y157, and L159 (Figure 

26e). To study the thermostability of the full-length EndoSD233A/E235L and ΔN-3HB-EndoS, 

Figure 26. Structural features of EndoS N-3HB. Surface representation of (a) EndoSD233A/E235L-G2 
complex showing N-3HB domain in yellow and the glycosidase domain in orange and (b) ∆N-3HBEndoS in 
grey. (c) Structural superposition of EndoSD233A/E235L-G2 complex (orange) and ∆N-3HBEndoS (grey),
showing the conformational arrangement of W153 in loop 2 of the glycosidase domain. (d) Magnified view 
of panel (c). (e) Residues of N-3HB domain (yellow) interacting with residues of the glycosidase domain 
(orange) of EndoS. (f) First derivative of the melting curves of EndoSD233A/E235L in black and ∆N-3HBEndoS 
in red. 
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we performed differential scanning fluorimetry (DSF). ΔN-3HB-EndoS shows two well-

separated unfolding transition states with melting temperature (Tm) of 45 and 51 °C, 

Figure 27. Small angle X-ray scattering (SAXS) analysis of EndoSD233A/E235L in the presence and 

absence of G2 product. (a) Left: scattering curves of EndoSD233A/E235L in absence (green) and presence 
(orange) of G2 product fitted with the X-ray crystal structure of EndoSD233A/E235L-G2 complex (black line) 
and the best model obtained by SREFLEX; Right: P(r) functions distributions of EndoSD233A/E235L in absence 
(green) and presence (orange) of G2 product. (b) Normalized Kratky plot of EndoSD233A/E235L in absence 
(green) and presence (orange) of G2 product. (c) Superimposition of EndoSD233A/E235L-G2 complex in blue, 
ΔN3HB-EndoS (4NUZ) in light grey and best model obtained by SREFLEX in dark grey. (c) Ab initio

modelling with GASBOR. Superimposition of EndoSD233A/E235L-G2 product complex X-ray crystal structure 
(orange ribbon) into the envelope of EndoSD233A/E235L (orange) and EndoSD233A/E235L-G2 product (grey). 
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whereas the full-length EndoSD233A/E235L only displays one transition at 51 °C (Figure 26f), 

consistent with the notion that the N-3HB domain contributes to stabilize EndoS.  

 The N-3HB was previously suggested to be an oligomerization domain127. 

However, EndoSD233A/E235L-G2 crystallized as a monomer, and this monomeric state was 

confirmed to occur in solution, both in the presence and absence of the oligosaccharide G2 

product by SAXS (Figure 27). The radius of gyration (Rg) values obtained for 

EndoSD233A/E235L in presence (43.9 Å) and absence (43.2 Å) of the G2 product revealed a 

slight reduction of the Rg value of about 0.7 Å. In addition, we observed a similar fit of the 

SAXS data in the presence and absence of the G2 product in the solution-scattering profile 

calculated from the crystal structure of EndoSD233A/E235L-G2 product complex, suggesting 

that the overall shape of the enzyme remains unchanged. The N-3HB domain is structurally 

similar to the Staphylococcal protein A (SpA) C domain (PDB ID code 4ZNC; Z-

score = 6.6), a 42-kDa protein that contains five highly homologous extracellular Ig-

binding domains in tandem, designated domains are E, D, A, B, and C. The SpA C domain 

binds between the CH2 and CH3 domain of the Fc region of IgG149. In addition, the SpA 

D domain also binds to the human Fab-heavy chain of the VH3 family, assisting 

Staphylococcus aureus in evading the immune system149,150. 

The G2 product binding site. The EndoS glycosidase domain adopts a (β/α)8-barrel 

topology with a long cavity that runs parallel to the protein surface in which one molecule 

of the G2 glycan product is unambiguously identified in the crystal structure. Specifically, 

the G2 glycan product binding site is located in the central region of the β-barrel and is 

flanked by α2 and α3 helices from the N-3HB domain, as well as the connecting loops β1–

β2 (loop 1; residues 120–145), β2–α4 (loop 2; residues 151–158), β3–α5 (loop 3; residues 
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185–206), β4–α6 (loop 4; residues 235–247), β5–α7 (loop 5; residues 281–289), β6–α8 

(loop 6; residues 304–306), β9–α10 (loop 7; residues 347–380), β10–α11 (loop 8; residues 

403–413), and α11–α12 (loop 9; residues 420–434). 

 The reducing end of the core Manβ1–4GlcNAc disaccharide is located at the end 

of the long cavity flanked by loops 4, 5, 6, and 7, and several residues from the β-barrel 

core (Figure 28a, b). Two well-defined asymmetric grooves accommodate each of the 

complex-type N-linked glycan antennae: the Galβ1–4GlcNAcβ1–2Manα1–6 and Galβ1–

4GlcNAcβ1–2Manα1–3 arms occupy grooves 1 and 2, respectively, both attached to the 

disaccharide Manβ1–4GlcNAc of the G2 product (Figure 28a-c). Specifically, the O6 atom 

Figure 28. The G2-product binding site of EndoS. (a-b) Surface representation of EndoSD233A/E235L

showing the loops surrounding the active site of the glycosidase domain (orange), and the location of the two 
well-defined asymmetric grooves that accommodate each of the G2 complex-type N-linked glycan antennas 
(black). (c) Cartoon representation showing the loops that decorate the G2 (in orange) binding site. (d) Key 
residues of EndoS interacting with G2 are colored light brown. The corresponding electron density of G2 is 
shown at 1.0 σ r.m.s. deviation. 
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of the first GlcNAc (−1) residue interacts with the side chains of E349, N356, and W358, 

whereas O1 interacts with the side chains of Q303 and Y305 (Figure 28d). The O2 atom 

of the Man (−2) residue interacts with the side chains of E349 and Y402, while its O4 atom 

makes a hydrogen bond with the indole nitrogen of W153 and F150 stacks against the sugar 

ring of Man (−2). W153 is positioned in such a way as to engage the entire G2 trimannose 

core including the central Man (−2), the α(1–6)-linked Man (−3) and the α(1–3)-linked 

Man (−7). The O3 atom of the Man (−3) residue interacts with the side chains of R186 and 

D237, whereas the O6 atom makes a hydrogen bond with the main chain of H151. In 

addition, the O3 atom of the Man (−7) residue interacts with R119 and E350, while the O4 

Figure 29. Electron density map showing the two alternative conformations of G2 product. (a) Two 
views of the final electron density maps (2mFo-DFc contoured at 1σ [purple] and mFo-DFc at 1σ [green]) 
corresponding to the conformation of G2 product outside the grooves 1 and 2. (b) Electrostatic surface 
representation of the EndoSD233AE235L-S2G2 substrate complex model showing the S2G2 substrate outside 
the groove. The first GlcNAc (-1) and the last Neu5Ac (+6 and +10) residues were modelled and are shown 
in yellow (please see Methods section). (c) Two views of the final electron density maps (2mFo-DFc

contoured at 1σ [purple] and mFo-DFc at 1σ [green)] corresponding to the conformation of G2 product inside 
the grooves 1 and 2. (d) Electrostatic surface representation of the EndoSD233AE235L-S2G2 substrate complex 
model showing the S2G2 substrate inside the groove. The first GlcNAc (-1) and the last Neu5Ac (+6 and 
+10) residues were modelled and are shown in yellow (please see Methods section). 
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and O6 atoms make a hydrogen bond with the main chains of E350 and A352, respectively. 

W121 also stacks against the sugar ring of the Man (−7) residue. The terminal GlcNAc (−4 

and −8) and Gal (−5 and −9) residues of each arm adopt two alternative conformations into 

the crystal structure. In one state, the GlcNAc (−4 and −8) and Gal (−5 and −9) residues 

protrude away from grooves 1 and 2, which may reflect the release of the G2 product from 

the active site (Figure 29a); in the other state, these carbohydrates reside within their 

corresponding grooves, likely reflecting the binding mode of the G2 substrate (Figure 29c). 

 Although we were unable to co-crystallize EndoS in the complex with the S2G2 

substrate (Figure 30a), the three-dimensional structure suggests the possible binding mode 

for the first GlcNAc (+1) and the last Neu5Ac (−6 and −10) residues (Figure 29b, d). 

Molecular docking calculations placed the GlcNAc (+1) residue within a region located at 

the end of the long cavity comprising β6 and loops 4, 5, 6, and 7, and the last two Neu5Ac 

(−6 and −10) residues of the S2G2 substrate extending beyond the glycan binding grooves 

1 and 2, respectively (Figure 29b, d). The O6 atom of GlcNAc (+1) makes a hydrogen bond 

with the side chain of T281, whereas the O1 atom and the carbonyl oxygen of the N-

acetamido group of sugar interacts with the main chain of Q303 and Y305, respectively. 

The GlcNAc (+1) is also stabilized by hydrophobic interactions mediated by Y305 and 

W358 (Figure 30b). EndoS belongs to family GH18, for which a substrate-assisted 

mechanism, with retention of the anomeric configuration, has been proposed151-154. During 

the first step, the binding of the substrate generates a distortion of GlcNAc (−1), preceding 

the transfer of a proton from a protonated carboxylic acid residue to the anomeric oxygen, 

and the nucleophlic attack at the anomeric center by the carbonyl oxygen of the N-

acetamido group to result in the formation of an oxazolinium intermediate151-155. A second 



 

83 
 

carboxylate residue is thought to orient and enhance the nucleophilicity of the acetamido 

group that attacks the anomeric center by formation of a hydrogen bond151. During the 

second step, the general acid residue in the first step is proposed to deprotonate an incoming 

water. This water molecule promotes the departure of the 2-acetamido group, releasing the 

sugar hemiacetal product with overall retention of stereochemistry153. Critical residues are 

preserved in EndoS, strongly supporting a common catalytic mechanism (Figure 30c). In 

that context, E235 is the acid/base, whereas D233 stabilizes the intermediate in a substrate-

assisted hydrolysis mechanism, in which the carbonyl group of the C2-acetamido of 

GlcNAc (−1) acts as the nucleophile (Figure 30b)153. For that reason, we have replaced 

both D233 and E235 residues by alanine and leucine, respectively, in order to obtain a 

catalytically inactive enzyme (EndoSD233A/E235L) for further use in our structural studies. In 

Figure 30. The catalytic mechanism of EndoS. (a) Chemical structure and symbol representation of S2G2 
substrate. (b) The catalytic site of EndoS based on the EndoSD233A/E235L structure. The GlcNAc (-1) residue 
was modelled and is shown in yellow. A233 and L235 were replaced by the native aspartic and glutamic 
acids, respectively. (c) In the resting enzyme, D233 is too far away to interact with E235. In the first step, the 
binding of the substrate generates a distortion of the GlcNAc (-1) subunit and rotation of D233 toward E235, 
enabling hydrogen bond interactions between the hydrogen of the acetamido group, D233, and E235. In the 
second step, the hydrolysis of the oxazolinium ion intermediate leads to protonation of E235 and rotation of 
D233 to its original position where it shares a proton with D231. 
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addition, D231 provides a negative charge that keeps D233-E235 protonated, whereas 

Y402 stabilize the transition state156. 

 To further investigate the mechanism of substrate specificity of EndoS at the 

molecular level, we mutated the loops that decorate the β-barrel core of EndoS and contact 

the G2 product glycan in our crystal structure, and studied their ability to process the N-

linked glycan on Rituximab, a chimeric monoclonal antibody bearing a human IgG1 Fc 

region and approved for the treatment of B-cell lymphoma (Figure 31). Specifically, we 

made alanine mutations of the key residues in loop 1 (R119, E130, and K133), loop 2 

(W153), loop 3 (R186 and N193), loop 4 (D237 and K241), loop 6 (Q303 and Y305), and 

loop 7 (S346, E349, E350, and E356; Figure 31a). As depicted in Figure 31b, mutations in 

loops 1, 6, and 7 completely abolished the hydrolytic activity of the enzyme. Loop 6 

mediated the interaction of EndoS with GlcNAc (+1), while loop 1 and 7 did so with the 

antenna 2 of the complex-type N-linked glycan. Mutations in loop 3 significantly decreased 

the hydrolytic activity of the enzyme, whereas the mutations in the solvent exposed-loop 4 

variant were less impactful. Both of these loops were involved in the recognition of antenna 

Figure 31. Structural basis of EndoS endoglycosidases specificity. (a) Surface representation of 
EndoSD233A/E235L in complex with G2 showing the alanine mutations performed in loop 1 (green), loop 2 
(yellow), loop 3 (light red), loop 4 (pink), loop 6 (red) and loop 7 (light blue) in the glycosidase domain 
(grey). (b) Hydrolytic activity of EndoS wild type and mutants against Rituximab is shown as determined by 
LC-MS analysis. The color code is equivalent to that displayed in panel (a). ∆N-3HB-EndoS is in grey. 



 

85 
 

1 of the complex-type N-linked glycan (Figure 31b). Collectively, the mutational analysis 

of the EndoS loops that contact the glycan indicated that of the two antennae of G2, 

interactions with antenna 2 (loops 1 and 7) were critical for glycan recognition, while those 

with antenna 1 (loops 3 and 4) were nearly dispensable. Finally, the replacement of W153, 

located in loop 2, with alanine significantly reduced the hydrolytic activity of EndoS, 

consistent with the position of its side chain that bisected grooves 1 and 2 (Figure 31a). 

The deletion of the N-3HB domain flanking the extremities of both grooves also resulted 

in a substantial reduction of the glycoside hydrolase activity and the binding affinity to 

Rituximab (Figure 31b)127. Altogether, these structural data certainly contributed to define 

the structural basis for the biantennary complex glycan specificity of EndoS. 

Discussion 

To further advance the understanding of EndoS glycan specificity, we performed a 

structural analysis in the context of the GH18 family of endoglycosidases. A search for 

structural homologues using the DALI server revealed five endoglycosidases of the GH18 

family with significant structural similarity to EndoS: (i) EndoF3 from Elizabethkingia 

meningoseptica (PDB code 1EOM; DALI Z-score of 21.9; r.m.s.d. value of 2.7 Å for 234 

aligned residues; 18% identity)144,157, (ii) EndoT from Trichoderma reesei RUT-C30 (PDB 

code 4AC1; Z-score of 19.0; r.m.s.d. value of 3.1 Å for 242 aligned residues, 12% 

identity)158, (iii) EndoH from Streptomyces plicatus (PDB code 1C8Y; Z-score of 16.5; 

r.m.s.d. value of 2.7 Å for 214 aligned residues; 18% identity)159, (iv) EndoF1 from E. 

meningoseptica (PDB code 2EBN; Z-score of 15.1; r.m.s.d. value of 3.1 Å for 213 aligned 

residues; 13% identity)160 and (v) EndoBT from Bacteroides thetaiotaomicron VPI-5482 

(PDB code 3POH; Z-score of 13.2; r.m.s.d. value of 3.3 Å for 210 aligned residues; 13% 
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identity). A structural comparison of EndoS with the other five members of the GH18 

family of endoglycosidases highlights the unique specificity of this enzyme. The glycoside 

hydrolase domains adopt a (β/α)8 topology, with a series of loops that decorate the β-barrel 

and build the majority of the carbohydrate binding site, defining substrate specificity 

(Figure 32). The crystal structure of EndoF3 was solved in both its unliganded form and in 

complex with the G2 product, whereas the structures of EndoT, EndoH, EndoF1, and 

EndoBT were solved in their unliganded forms. EndoF3 hydrolyzes both biantennary and 

triantennary complex-type N-linked glycans of IgG Fc regions and other glycoproteins161. 

A detailed comparison of the EndoSD233A/E235L-G2 and EndoF3-G2 product complexes 

clearly explains how EndoF3 accommodates the same biantennary product, while also 

Figure 32. Structural basis of GH18 endoglycosidases specificity. Structural comparison of the loops 
surrounding the active site of GH18 family enzymes with endo-N-acetyl-β-D-glucosaminidase activity. 
Oligosaccharide moieties that interact with each loop in the crystal structure of EndoSD233A/E235L-G2 product 
complex and EndoF3 are marked with red squares.  
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accepting triantennary glycans. As depicted in Figure 33, the G2 product binds to a wide, 

solvent exposed cavity of ca. 1160 Å3 volume in EndoF3, whereas the same product is 

buried deep into a well-defined cavity of ca. 2960 Å3 in EndoS. EndoF3 and EndoS exhibit 

a strong resemblance in their catalytic sites. EndoF3 residues D126, E128, and Y213 lie in 

equivalent positions as D233, E235, and Y305 in EndoS. Moreover, residues that interact 

with the innermost part of the G2 product including the GlcNAc (−1), Man (−2), Man (−3), 

and Man (−7) core are also conserved between the two enzymes. The side chains of Q211 

and E245 interact respectively with the O6 atom of GlcNAc (−1) and O2 atom of Man (−2) 

in EndoF3 as the equivalent to Q303 and E349 in EndoS. The aromatic rings of F39 and 

Y472 interact respectively with the GlcNAc (−1), Man (−2), and Man (−3) core, and O2 

atom of Man (−2), equivalent to F150 and Y402 in EndoS. The terminal GlcNAc (−4 and 

−8) and Gal (−5 and −9) residues interact with EndoF3 and EndoS through a completely 

Figure 33. Structural basis of EndoS and EndoF3 specificity. (a) Crystal structure of the EndoSD233A/E235L-
G2 complex (6E3N). (b) Superimposition of EndoSD233A/E235L-G2 and the triantennary complex-type 
oligosaccharide product. (c) Crystal structure of the EndoF3-G2 complex (1EOM). (d) Triantennary complex 
type-oligosaccharide product docked into EndoF3. 
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different network of hydrogen bonds and hydrophobic interactions. The most important 

differences are observed in loops 2 and 7 (Figs. 32 and 33). EndoF3 displays a long loop 2 

(residues 41 to 64) including a 1.5 turn α-helix, which is absent in the shorter version of 

the equivalent loop in EndoS. In EndoF3, loop 2 only interacts with antenna 1 of the G2 

product, whereas the corresponding loop in EndoS clearly interacts with both antennae of 

the G2 product, bisecting the binding cavity into two grooves. In addition, loop 7 in EndoF3 

is markedly shorter than that observed in EndoS. As depicted in Figure 33, EndoF3 exhibits 

a cavity sufficient to accommodate antenna 3, and the extra antenna cannot be 

accommodated into the EndoS grooves due to steric hindrance (Methods section). Thus, 

EndoS contains a particular groove 2, significantly different from EndoF3, which allows 

the enzyme to selectively recognize the biantennary complex-type N-linked 

oligosaccharides. Altogether, these structural features of EndoF3 and EndoS certainly 

explain the unique hydrolytic specificity of each enzyme. 

 Inspection of the EndoT, EndoH, and EndoF1 crystal structures, all high-mannose 

type-specific endoglycosidases, revealed substantial differences in the architecture of the 

putative oligosaccharide binding cavity when compared to that of EndoS: (i) loop 1 is 

structurally ordered; (ii) loop 2 adopts a β-hairpin conformation that extends away from 

the central core of the enzyme, likely involved in the recognition of antenna 1 of the high-

mannose-type N-linked glycans162,163; and (iii) loop 7 is markedly shorter (Figure 32). 

Molecular docking calculations placed a high-mannose-type oligosaccharide into the 

putative oligosaccharide binding cavity (Figure 34a-d). The calculated volume of the 

cavity was ca. 2047, 1865, and 1672 Å3, for EndoT, EndoH, and EndoF1, respectively. 

Antenna 1 of the high-mannose-type oligosaccharide makes contacts with residues of loop 
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2 and 3; antenna 2 interacts with residues of loop 4; and antenna 3 makes contacts with 

loop 1 and 9 residues. The crystal structure of EndoBT, a putative endoglycosidase of 

unknown function, was solved in its unliganded form (PDB code 3POH). In contrast to 

EndoT, EndoH, EndoF1, and EndoF3, EndoBT contains an additional carbohydrate binding 

module domain. By performing the same analysis as depicted in Figure 32, the architecture 

of loops 1, 2, and 7 in EndoBT were found to be most similar to those observed in EndoT, 

EndoH, and EndoF1, strongly suggesting that the enzyme is an endoglycosidase specific 

for high-mannose-type oligosaccharides. We therefore determined the ability of EndoBT 

to hydrolyze biantennary complex-type N-linked glycans and/or high-mannose-type N-

linked glycans from IgG1 antibodies. As predicted from our structural analysis, these 

assays revealed that EndoBT hydrolyzes high-mannose-type IgG1 but not biantennary 

complex-type IgG1 (Figure 34e). 

Figure 34. Structural basis of EndoT, EndoH, EndoF1 and EndoBT specificity. Molecular models of the 
docked GlcNAcMan9 oligosaccharide in the binding site of (a) EndoT (b) EndoF1 (c) EndoH and (d) 

EndoBT.  (e) LC-MS analysis of the glycosyl hydrolase activity of EndoS (middle panel) and EndoBT 
(bottom panel) on high mannose-type and complex-type IgG1. A negative control of the reaction is shown 
in the upper panel.   
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 Altogether, our data provide critical insights into the structural determinants of 

complex-type N-linked glycan specificity of EndoS, a key event for S. pyogenes to evade 

the host immune system. Moreover, the identification of the loops surrounding the 

carbohydrate binding site that are responsible for the bianntenary complex-type N-linked 

glycan specificity of EndoS, together with the structural comparison of these loops in the 

framework of GH18 endoglycosidases with different glycan specificities, provides the 

basis for the bioengineering of endoglycosidases towards more efficient and customizable 

chemoenzymatic synthesis of therapeutic monoclonal antibodies. 



 

 
1. Reproduced with permission from Klontz EH*, Trastoy B*, Deredge D, Fields JK, Li C, Orwenyo J, Marina A, Beadenkopf R, 
Gunther S, Flores J, Wintrode PL, Wang L-X, Guerin ME, Sundberg EJ. Molecular basis of broad spectrum N-glycan  specificity and 
processing of therapeutic IgG monoclonal antibodies by Endoglycosidase S2. ACS Central Science 2019 DOI: 
10.1021/acscentsci.8b00917. 2019 American Chemical Society 
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CHAPTER 5: MOLECULAR BASIS OF BROAD SPECTRUM N-GLYCAN 

SPECIFICITY AND PROCESSING OF THERAPEUTIC IgG MONOCLONAL 

ANTIBODIES BY ENDOGLYCOSIDASE S21 

Abstract 

Immunoglobulin G (IgG) glycosylation critically modulates antibody effector functions. 

Streptococcus pyogenes secretes a unique endo-β-N-acetylglucosaminidase, EndoS2, 

which deglycosylates the conserved N-linked glycan at Asn297 on IgG Fc to eliminate its 

effector functions and evade the immune system. EndoS2 and specific point mutants have 

been used to chemoenzymatically synthesize antibodies with customizable glycosylation 

for gain of functions. EndoS2 is useful in these schemes because it accommodates a broad 

range of N-glycans, including high-mannose, complex, and hybrid types; however, its 

mechanism of substrate recognition is poorly understood. We present crystal structures of 

EndoS2 alone and bound to complex and high-mannose glycans; the broad N-glycan 

specificity is governed by critical loops that shape the binding site of EndoS2. Furthermore, 

hydrolytic experiments, domain-swap chimeras, and hydrogen-deuterium exchange mass 

spectrometry reveal the importance of the carbohydrate-binding module in the mechanism 

of IgG recognition by EndoS2, providing insights into engineering enzymes to catalyze 

customizable glycosylation reactions.  

Introduction 

Antibodies are a foundation of the human immune system, protecting us from cancer and 

infectious diseases. A glycosylation site on Asn297 of the fragment crystallizable (Fc) 

domain of immunoglobulin G (IgG) antibodies critically modulates the effector functions 
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of antibodies.23 The obligate human pathogen Streptococcus pyogenes secretes at least two 

endoglycosidases with different N-glycan specificities that allow the bacterium to 

remove more than 20 glycoforms from antibodies, eliminating their effector functions to 

evade the immune system.40,126 The best characterized of these enzymes is EndoS, an endo-

β-N-acetylglucosaminidase that hydrolyzes biantennary complex-type (CT) N-glycans 

from IgG between the first two N-acetylglucosamine (GlcNAc) residues.120,126 EndoS has 

been investigated in numerous applications: as a therapy for antibody-mediated 

autoimmune diseases, such as systemic lupus erythematosus, epidermolysis bullosa 

acquisita, and idiopathic thrombocytopenia purpua.164-167; as an enhancer of monoclonal 

antibody therapy168; as a tool for the chemoenzymatic synthesis of antibodies with 

homogenous glycosylation or drug conjugates.122,169,170; and as a method to screen for 

chronic inflammatory disease states.171 Another Streptococcus pyogenes antibody-

disrupting enzyme, IdeS, cleaves antibodies in their hinge region, and has shown promise 

in clinical trials for reducing antibody-mediated organ transplant rejection, revealing yet 

another possible application for endoglycosidases172. 

 It was recently discovered that Streptococcus pyogenes sertogroup M49 secretes a 

unique endoglycosidase, EndoS2, which may offer several potential therapeutic and 

biotechnological advantages compared to EndoS. EndoS2 has a broader substrate glycan 

specificity, hydrolyzing not only biantennary CT N-glycans, but also high-mannose (HM), 

hybrid, and bisecting CT N-glycans on IgG.40 The chemical structure and heterogeneity of 

the N-linked glycans significantly impacts the efficacies, stabilities and effector functions 

of antibodies121. A strategy to better control their therapeutic properties is the 

chemoenzymatic synthesis of homogeneously N-glycosylated antibodies using 
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endoglycosidases, glycosynthases and N-glycan oxazolines120,122,123. In this regard, 

glycosynthase mutants of EndoS2 have been developed to engineer antibodies with a more 

diverse set of N-glycans than similar EndoS mutants are capable of creating.48 By 

recognizing more IgG N-glycans, EndoS2 may also prove itself superior to EndoS in the 

treatment of autoimmune diseases. EndoS2 is also interesting because of its narrow protein 

specificity, recognizing intact IgG and α1-acid glycoprotein (AGP), but not a host of other 

proteins, including α2-macroglobulin, ovalbumin, lactoferrin, RNase B, fetuin, denatured 

IgG, and denatured AGP.40 Despite the myriad potential uses of EndoS2 in monitoring and 

treating human diseases, its molecular mechanism of substrate recognition is poorly 

understood. 

 Our recent structural analyses of EndoS, however, have revealed how this enzyme 

recognizes its CT substrate on IgG antibodies.127,173 EndoS forms a “V” shape, with a 

GH18 chitinase domain that contains the active site on one tip of the “V” and a 

carbohydrate-binding module (CBM) on the other tip. We previously showed in EndoS 

that a subset of active site loops form the main determinants of substrate binding by 

creating contacts with the pentasaccharide core and α(1-3) antenna of biantennary CT 

glycans.173 The CBM of EndoS has been shown to bind D-galactose174, and single point 

mutants can eliminate IgG binding and catalysis; however, little else is known about the 

role of this domain.127 Carbohydrate-binding modules are non-catalytic domains that are 

frequently appended to carbohydrate active enzymes. They can assist catalysis in many 

ways, such as by binding to carbohydrates in order to increase their local concentration, or 

by disrupting tightly packed carbohydrates in order to increase their accessibility by the 

catalytic GH domain.175  
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 EndoS2 is predicted to have a GH18 domain and CBM; how these two domains 

contribute to its specificities, though, is unknown. Here, we present X-ray crystal structures 

of EndoS2, both alone and bound to CT and HM substrates. The latter structure is the first 

instance of an endo-β-N-acetylglucosaminidase with a HM glycan bound and helps reveal 

the molecular mechanism of EndoS2 N-glycan recognition. Our results also provide 

mechanistic insight into the role of the CBM in substrate recognition and lay the foundation 

for how these domains can be incorporated into strategies to engineer enzymes with novel 

functions. 

Methods 

Cloning, expression, and purification. DNA encoding wild-type EndoS2 (Genbank 

entry: ACI61688.1) was cloned from plasmid pGEXndoS240, courtesy of Dr. M Collin 

(Lund University, Sweden) into the PET22b-CPD vector as previously described48. The 

plasmid was transformed into E. coli BL21(DE3)pLysS and expressed in 6L of LB medium 

overnight at 22°C after induction with 0.5 mM IPTG at an OD600 of 0.6. Cells were 

harvested (5000 x g for 15 min) and lysed in a buffer containing 500 mM NaCl, 10% (v/v) 

glycerol, and 50mM Tris-HCl pH 7.4 (buffer 1) by sonication. The soluble fraction was 

passed over a HisPur NiNTA column (Thermo Scientific), and washed with buffer 1 until 

absorbance at 280 nm was undetectable. EndoS2 was then eluted using buffer 1 

supplemented with 100 μM phytic acid for 10 minutes at room temperature to remove the 

CPD-His10 domain129. EndoS2 was concentrated in an Amicon Ultra-15 centrifugal filter 

unit (Millipore) with a molecular cutoff of 50 kDa at 4000 x g, and exchanged into a buffer 

containing 75 mM NaCl, 10mM Tris-HCl pH 7.4 (buffer 2) for crystallization studies, or 

PBS for enzymatic studies. EndoS2 was then further purified by size exclusion 
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chromatography in a Superdex 200 10/300 GL column (GE Healthcare), and assessed for 

purity by SDS/PAGE. EndoS2 alanine mutants were developed by PCR-based site-directed 

mutagenesis, while loop-swap and domain-swap chimeras were created by the FastCloning 

method128, with full sequences confirmed by Stabvida (https://www.stabvida.com) or 

Genewiz (https://www.genewiz.com) (Table 12). The template for ndoS came from 

pGEXndoS (GenBank entry: AF296340)127. EndoS2 mutants were expressed and purified 

as described above, flash-frozen, and stored at -20°C until ready for use.  

Description Sequence Template Primers (5’ to 3’) Method 

EndoSWT - pGEXndoS 
(GenBank 

entry: 
AF296340) 

1)GGAATTCCATATGGAGGAGAAGACTGT
TCAGGTTCAGAAAGGATTACCTTCTATC
GATA 
2)CGCGGATCCCAGTTTTTTTAGCAGCTG
CCTTTTCTCAATACAATCTTTCAAAACTC
CA 

Restriction/ligati
on (NdeI, 
BamHI) 

EndoS2WT - pGEXndoS2 
(GenBank 

entry: 
ACI61688.1) 

1)GGAATTCCATATGGGAAAGACAGATCA
GCAGGTTGGTGCTAAATTGGTACAGGAA
ATCC 
2)CGCGGATCCCAGATCCTTCAGCGTATT
AGCGACATCATTTGATAAACGTTGTCCG
AGG 

Restriction/ligati
on (NdeI, 
BamHI) 

EndoS2R72A/

Q87A/H88A 

- EndoS2WT 1)GCTTCAACAGGAATAGATGGTAAACAG
GCTGCTCCAGAAAATACTATGGCTGAGG
TCCCAAAAGAAG 
2)CTATTCCTGTTGAAGCACGATCATGCC
ATGTAGCAAAATAACCAGCATATAGTGG
TCCGCGTTTTCCTTC 
 

PCR-based 
site-directed 
mutagenesis 

EndoS2D108

A 

- EndoS2WT 1)GTTGATATCTTATTTGTTTTTCATGCGC
ATACAGCTTCAGATAGTCCATTTTG 
2)CAAAATGGACTATCTGAAGCTGTATGC
GCATGAAAAACAAATAAGATATCAAC 
 

PCR-based 
site-directed 
mutagenesis 

EndoS2H109

A 

- EndoS2WT 1)GATATCTTATTTGTTTTTCATGACGCTA
CAGCTTCAGATAGTCCATTTTGG 
2)CCAAAATGGACTATCTGAAGCTGTAGC
GTCATGAAAAACAAATAAGATATC 
 

PCR-based 
site-directed 
mutagenesis 

EndoS2N142

A/E143A/T148A 

- EndoS2WT 1)TGCTTTAAATGGACGTGCTGGTTTATC
TAAAGATTATCCTGATACTCCTGAGGGG
AAC 
2)ACGTCCATTTAAAGCAGCAACACCAAT
TGTCTGAACAAGTGCCGTTCCCTGTTG 
 

PCR-based 
site-directed 
mutagenesis 

EndoS2E188A - EndoS2WT 1)GGACTAGATATTGATATTGAGCACGCA
TTTACGAACAAAAGAACACCTG 
2)CAGGTGTTCTTTTGTTCGTAAATGCGT
GCTCAATATCAATATCTAGTCC 
 

PCR-based 
site-directed 
mutagenesis 

EndoS2T190A

/N191A/R193A 

- EndoS2WT 1)TTGCTGCTAAAGCTACACCTGAAGAAG
ATGCTCGTGCTCTAAATGTTTTTAAAG 
 
2)GTAGCTTTAGCAGCAAATTCGTGCTCA
ATATCAATATCTAGTCCATCGACACC 
 

PCR-based 
site-directed 
mutagenesis 
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EndoS2Q250

A/Y252A 

- EndoS2WT 1)TTCTTAGAGCTTATGCTGGTTCACAAG
GTGGAGAAGCTGAAGTGGATACTATAAA
C 
2)GCATAAGCTCTAAGAAGATAATCAAGA
TCTTCCGCTATCCCTTTAAATATTGG 
 

PCR-based 
site-directed 
mutagenesis 

EndoS2S285A

/E288A/E289A/N2

95A 

- EndoS2WT 1)CTGCTTCTGCGTCCAAAGGGGCTTTAT
GGTTTGATGTTAACGAATACGACCCTAA
CAATCCTG 
2)TTGGACGCAGAAGCAGCAAAAAACGC
GAATCCAATCATGAACTGGCTAGCATCA
ATATAATTCTG 
 

PCR-based 
site-directed 
mutagenesis 

EndoS2EndoS 

loop 3/4 swap 

EndoS243-

97—
EndoS184-

199—
EndoS2109-

145—
EndoS236-

252—
EndoS2158-

787 

Reaction 1: 
EndoS2WT 

 
Reaction 2: 
EndoS2loop 3 

swap 

Reaction 1: 
1)TTGACAAAAAAGAAGATACAGCAGGCG
TAGAACGTGCTCTAAATGTTTTTAAAGAG
ATTGCGCAGTTAATAGG 
2)TCTTCTTTTTTGTCAACTTTTGGAATAC
TATCGTGCTCAATATCAATATCTAGTCCA
TCGACACCACGATCAG 

Reaction 2:  
1)TGGGGGTGATAACAGTGGTATTGCAG
AAGATTCTAAAGATTATCCTGATACTCCT
GAGGGGAACAAAGC 
2)ACTGTTATCACCCCCAGCTAGGAAACG
CCATGGAATTGTCTGAACAAGTGCCGTT
CCCTGTTGATG 
 

FastCloning128 

EndoS with 
EndoS2 

CBM 

EndoS37-

767—
EndoS2639-

787—
EndoS921-995 

Reaction 1a: 
EndoSWT 

 
Reaction 1b: 
EndoS2WT 

Reaction 1a:  
1)AATATACCGAACTCCAAATTTTAGGTTA
TCCGTTACCTAACGCCGACACTATC 
2)GCCCCTTTTGCCAAATTAACCATCATG
GTTTTTTCGTCACCAACAATCACTTTAG 

Reaction 1b: 
1)ATTTGGCAAAAGGGGCTAAAGTGATTG
GTACATCTGGGGACTTTGAGC 
2)TGGAGTTCGGTATATTGAGGGTAATAA
GAGCTAGCTCCACCATCTACAC 
 

FastCloning128 

EndoS with 
EndoS2 GH 

EndoS242-

386—
EndoS446-995 

Reaction 1a: 
EndoS2WT 

 
Reaction 1b: 

EndoSWT 

Reaction 1a: 
1)ATATACATATGGGAAAGACAGATCAGC
AGGTTGGTGCTAAATTGG 
2)TCAATCAGATCATAGCGTTTGTCTTCG
GTCATCAATGTTTTTAATTTTCG 

Reaction 1b: 
1)GCTATGATCTGATTGATGAGAAAGATT
TCCCAGATAAGGCTTTGC 
2)TTTCCCATATGTATATCTCCTTCTTAAA
GTTAAACAAAATTATTTCTAGAGGGGAAT
TG 

FastCloning128 

EndoS with 
EndoS2 

CBM and 
GH 

EndoS242-

386—
EndoS446-

764—
EndoS2639-

787—
EndoS921-995 

Reaction 1a: 
EndoS2WT 

 

Reaction 1b: 
EndoS with 

EndoS2 CBM 

Reaction 1a: 
1)ATATACATATGGGAAAGACAGATCAGC
AGGTTGGTGCTAAATTGG 
2)TCAATCAGATCATAGCGTTTGTCTTCG
GTCATCAATGTTTTTAATTTTCG 

Reaction 1b: 
1)GCTATGATCTGATTGATGAGAAAGATT
TCCCAGATAAGGCTTTGC 
2)TTTCCCATATGTATATCTCCTTCTTAAA
GTTAAACAAAATTATTTCTAGAGGGGAAT
TG 

FastCloning128 

EndoS2W712

A 

- EndoS2WT 1)TCCAGTTAGTTTGTCCCGCAGTGAAGA
ATCTATCTGACTTTTCAC 
2)GTGAAAAGTCAGATAGATTCTTCACTG
CGGGACAAACTAACTGGA 

PCR-based 
site-directed 
mutagenesis 

EndoS2F710S - EndoS2WT 1)CAGTTAGTTTGTCCCCAAGTGCTGAAT
CTATCTGACTTTTCACC 

PCR-based 
site-directed 
mutagenesis 
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2)GGTGAAAAGTCAGATAGATTCAGCACT
TGGGGACAAACTAACTG 

EndoS2Y820S - EndoS2WT 1)CGGTATATTGAGGGCTATAAGAGCTAG
CTCCACCATCTAC 
2)GTAGATGGTGGAGCTAGCTCTTATAGC
CCTCAATATACCG 

PCR-based 
site-directed 
mutagenesis 

EndoS2F710S

/Y820S 

- EndoS2F710S 1)CGGTATATTGAGGGCTATAAGAGCTAG
CTCCACCATCTAC 
2)GTAGATGGTGGAGCTAGCTCTTATAGC
CCTCAATATACCG 

PCR-based 
site-directed 
mutagenesis 

EndoS2E186L - EndoS2WT 1)CTTTTGTTCGTAAATTCGTGCGCAATAT
CAATATCTAGTCCATCGAC 
2)GTCGATGGACTAGATATTGATATTGCG
CACGAATTTACGAACAAAAG 

PCR-based 
site-directed 
mutagenesis 

Table 12. Summary of EndoS2 constructs 

 
Chemoenzymatic preparation of N-glycans. The core fucosylated sialyl complex-type 

N-glycan (G2S2F) was synthesized through enzymatic core-fucosylation of the sialylated 

glycopeptide (SGP) isolated from chicken egg yolks, followed by PNGase F catalyzed 

release of the free N-glycan from the glycopeptide.  Specifically, the α-fucoligase mutant 

E274A (0.28 mg, 0.28 mg/mL) was added to a mixture of -fucopyranosyl fluoride (0.5 

mg, 3 μmol) and acceptor SGP (5.72 mg, 2 μmol) in a buffer (PBS, 100 mM, pH 7.4, 1 

mL)50. The reaction was monitored with LC-MS (Thermo Scientific) and the desired 

product was purified with preparative HPLC (Waters) to give the fucosylated glycopeptide, 

G2S2F-peptide (5.16 mg, 86%). ESI-MS: calculated for SGP-F, M = 3011.23 Da; found 

(m/z), 1507.32 [M + 2H]2+, 1005.41 [M + 3H]3+. A solution of the G2S2F-peptide (5 mg) 

in a buffer (PBS, 100 mM, pH 7.4, 0.5 mL) was incubated with PNGase F (100 μg at 37 

oC for 2 h. The desired product was purified with G-10 size-exclusion column (GE 

Healthcare) to give the core fucosylated N-glycan, G2S2F (3.1 mg, 80%). ESI-MS: 

calculated for SCT-F, M = 2368.84 Da; found (m/z), 1186.10 [M + 2H]2+, 790.89 [M + 

3H]3+. The high mannose (HM, Man9GlcNAc2Asn) glycan was prepared by digestion of 

soybean agglutinin isolated from soybean flour, following the previously published 

procedure176. ESI-MS: calculated for Man9GlcNAc2Asn, M = 1996.69 Da; found (m/z), 

999.99 [M + 2H]2+, 680.13 [M + 3Na]3+. 
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EndoS2 crystallization and data collection. Wild-type EndoS2 was concentrated to 7 

mg/ml, and 250 nl of protein was combined with 250 nl of mother liquor (0.2M sodium 

citrate tribasic, 0.1M sodium citrate pH 4, and 20% [w/v] polyethylene glycol 3350) in 

sitting drops. Crystals resembling a hairball were discovered six months later, having 

previously been checked after one month. Crystal morphology was improved by streak 

seeding into hanging drops where 1 μl of protein at 6.6 mg/ml was combined with 1 μl of 

mother liquor, resulting in the appearance of single plate-like crystals after three days. 

These unliganded crystals were harvested in mother liquor supplemented with 20% (v/v) 

glycerol for cryoprotection, and flash cooled in liquid nitrogen. EndoS2-CT crystals were 

obtained by co-crystallizing EndoS2, as described above, with mother liquor supplemented 

with 2 mM CT glycan, then harvested into mother liquor supplemented with 20% glycerol 

and 1.1 mM CT glycan and flash cooled. EndoS2-HM crystals were obtained by soaking 

unliganded crystals in mother liquor supplemented with 50mM Man9 N-glycan and 20% 

glycerol for one minute before being flash cooled. Data were collected from unliganded 

EndoS2 and EndoS2-CT crystals at the Stanford Synchrotron Radiation Lightsource 

(SSRL) beamline 12-2 using a Dectris Pilatus3 6M detector. Data for EndoS2-HM were 

collected at the Advanced Photon Source (APS) beamline 23-ID-D on a Dectris Pilatus3 

6M detector.  

Structure determination, refinement, and analysis. The unliganded EndoS2 structure 

was solved first, using the GH, LRR, and hybrid-Ig domains from EndoS as a search model 

for molecular replacement using PHENIX Phaser-MR177. Subsequent rounds of model 

building and refinement using Coot71 and phenix.refine131, respectively, allowed for 

molecular replacement of the remaining CBM domain. Models were further built and 



 

99 
 
 

refined, then run through the PDB_REDO server178 before a final round of refinement with 

phenix.refine. EndoS2-CT and EndoS2-HM were phased off of the unliganded EndoS2 

structure, then built and refined as described above. The glycans were built using the 

GLYCAM-Web server (http://glycam.org/), energy-minimized using the PRODRG 

server179, and restraints were generated using the Grade Web Server 

(http://grade.globalphasing.org). Z-scores were produced using DALI144. Protein-ligand 

contacts were determined using the PISA server145 and further refined using the following 

distance cutoffs (in Å): C-C, 4.1; C-N, 3.8; C-O, 3.7; O-O, 3.3; O-N, 3.4; N-N, 3.4180. 

Illustrations were generated using PyMOL2.2 (Schrödinger, 2018).  

Production of antibodies. Rituximab (RITUXAN®, Genentech) was kindly provided 

courtesy of the University of Maryland Greenebaum Comprehensive Cancer Center. High-

mannose IgG1 antibodies were expressed and purified from HEK293T cells as previously 

described173. Hyper-glycoslyated Fcs (IgG1 CH residues 238-447) were generated through 

point mutagenesis by introducing the glycosylation motif NST into various surface-

exposed loops near the natural glycosylation site. These Fcs contained the natural 

glycosylation site at N297, as well as an additional glycosylation site at either N267, N325, 

or N329. Wild-type and hyper-glycosylated Fcs were cloned into pcDNA4/to, and then 

transfected using polyethylenimine as transfection reagent. After transfection, cells were 

cultured for 96 h in Free-style F17 medium supplemented with GlutaMAX and Geneticin 

(Thermo FisherScientific). Hyper-glycosylated Fcs were purified from culture 

supernatants by protein A chromatography using 20 mM sodium phosphate buffer pH 7.0 

as binding buffer and 100 mM sodium citrate buffer pH 3.0 as elution buffer. All the 

fractions were neutralized with 1 M Tris pH 9.0, pooled and dialyzed against 20mm 
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HEPES pH 7.4, 150mM NaCl, and further purified by size exclusion chromatography in a 

Superdex 200 10/300 GL column (GE Healthcare). The presence of hyper-glycosylation 

was confirmed by SDS-PAGE. 

Enzymatic activity assays. Reactions were set up using 5 nM EndoS2 for reactions with 

Rituximab, or 100 nM EndoS2 for reactions with high-mannose IgG1. Enzymes were 

mixed with 5 µM antibody in PBS pH 7.4 at room temperature. For point mutants, 10 µl 

aliquots of the reaction were taken in duplicate and quenched after 45 minutes with 1.1 µl 

of 1% trifluoroacetic acid. Longer reaction times were used to detect lower levels of 

activity; Domain-swap reactions were allowed to progress for 2 hours, and hyper-

glycosylation reactions were allowed to progress for 6 days. The quenched reactions were 

then mixed with 50 mM TCEP, and analyzed by LC-MS using an Accela LC System 

attached to a LXQ linear ion trap mass spectrometer (Thermo Scientific, Waltham, MA), 

as previously described181. Relative amounts of substrate and hydrolysis products were 

quantified after deconvolution of the raw data and identification of the corresponding MS 

peaks using BioWorks (Thermo Scientific, Waltham, MA). Statistical significance was 

determined using a multiple comparisons test (Tukey method) in GraphPad (GraphPad 

Software, La Jolla, CA). No difference in activity was observed for EndoS2 before and 

after flash-freezing. For α-1-AGP hydrolysis, lyophilized α-1-AGP (Sigma) was 

resuspended in PBS, and 8 µg of α-1-AGP was added to 4 µg of enzyme in 20 µL of PBS, 

and incubated at 37°C for up to 48 hours. Reactions were quenched by boiling in laemmli 

buffer, and results were analyzed by SDS-PAGE. 

Binding analysis. Surface plasmon resonance experiments were performed as previously 

described127, with the following modifications: Rituximab was immobilized in flow cells 
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1 and 2, while high-mannose IgG1 was immobilized in flow cells 3 and 4—both at a density 

of 1000 RU. N-glycans were removed from flow cells 1 and 3 by flowing 1 mg/ml 

EndoS2WT over these cells for 1 hour. The HBS-X running buffer contained (20mM 

HEPES pH 7.4, 150 mM NaCl, 0.005% Tween 20). Concentration series of EndoS2E186L 

(20-0.32 μM) and EndoSE235L (20-0.32 μM) were injected over flow cells 1 and 2 to 

measure rituximab binding, while concentration series of EndoS2E186L (100-0.78 μM) and 

EndoSE235L (80-0.63 μM) were injected over flow cells 3 and 4 to measure high-mannose 

IgG1 binding. 

Hydrogen-deuterium exchange mass spectrometry (HDX-MS). The coverage maps for 

all proteins were obtained from undeuterated controls as follows: 1 µL of 200 µM sample 

in PBS was diluted with 19 µL of ice cold quench (50 mM Glycine, 6.8 M Guanidine-HCl, 

100mM tris(2-carboxyethyl)phosphine [TCEP], pH 2.4). After 5 min, 180 µL of 50 mM 

Glycine buffer, pH 2.4 was added prior to the injection. 50 µL of quenched samples were 

injected into a Waters HDX nanoAcquity UPLC (Waters, Milford, MA) with in-line pepsin 

digestion (Waters Enzymate BEH pepsin column). Peptic fragments were trapped on an 

Acquity UPLC BEH C18 peptide trap and separated on an Acquity UPLC BEH C18 

column. A 7 min, 5% to 35% acetonitrile (0.1% formic acid) gradient was used to elute 

peptides directly into a Waters Synapt G2-Si mass spectrometer (Waters, Milford, MA). 

MSE data were acquired with a 20-30 V ramp trap CE for high energy acquisition of 

product ions as well as continuous lock mass (Leu-Enk) for mass accuracy correction. 

Peptides were identified using the ProteinLynx Global Server 3.0.3 (PLGS) from Waters. 

Further filtering of 0.3 fragments per residue was applied in DynamX 3.0. 
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 For each construct, the HD exchange reactions and controls were acquired using a 

LEAP autosampler controlled by Chronos software. The reactions were performed as 

follows: 1 µL of 100 µM unliganded EndoS2E186L, unliganded Rituximab, or EndoS2E186L 

in complex with Rituximab in PBS was incubated in 19 µL of PBS, 99.99% D2O, pD 7.4. 

All reactions were performed at 25°C. Prior to injection, deuteration reactions were 

quenched at various times (10 seconds, 1 minute, 10 minutes, 1 hour and 2 hours) with 60 

µL of 50 mM Glycine buffer, 7 M Guanidine-HCl, 100 mM TCEP pH 2.4, followed 1 min 

later by a post quench dilution of 170 µL of 50mM Glycine buffer, pH 2.4. A volume of 

55 µL of the quenched reaction was injected. Back exchange correction was performed 

against fully deuterated controls acquired by incubating 1 µL of 100 µM of each sample in 

19 µL PBS, 99.99% D2O, pD 7.4 containing 7 M deuterated Guanidine DCl and 30 mM 

TCEP for 2 hr at 25°C prior to quenching (without guanidine HCl) and dilution. All 

deuteration time points and controls were acquired in triplicate. 

The deuterium uptake for all identified peptides with increasing deuteration time 

and for the fully deuterated control was determined using Water’s DynamX 3.0 software. 

The normalized percentage of deuterium uptake at an incubation time t (%Dt) for a given 

peptide was calculated as follows: %�� =
���(�	
��)

�
��
, with mt the centroid mass at 

incubation time t, m0 the centroid mass of the undeuterated control, and mf the centroid 

mass of the fully deuterated control. Percent deuteration difference plots, Δ%Dt(unliganded 

- complex), displaying the difference in percent deuteration between the unliganded and 

Rituximab-complexed EndoS2E186L for all identified peptides, at all deuterium incubation 

times probed were generated. Confidence intervals for the Δ%D plots were determined 

using the method outlined by Houde et al.90, adjusted to percent deuteration using the fully 
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deuterated controls. Briefly, this approach involves the use of a two-criteria condition for 

determining the statistical significance of deuterium uptake differences observed for any 

given peptide: First, a difference in deuterium uptake at any single deuterium incubation 

time point (in colors) which is superior to the 98% confidence interval (thin horizontal 

lines) as determined using the overall standard deviation from the entire data set (all 

peptides, all time points, all states). Second, a summed difference in deuterium uptake 

integrated over all time points probed (represented as grey bars) which is superior to its 

respective 98% confidence interval (thick horizontal lines) as determined using the overall 

standard deviation propagated to the number of time point.   

Results 

Overall structure of full-length EndoS2. The crystal structures of full-length wild-type 

EndoS2 in its unliganded form, and in complex with HM and CT substrates were solved 

by molecular replacement at 2.75 Å, 2.50 Å and 2.50 Å resolution, respectively (Figure 35, 

Table 12). EndoS2 crystallized in the P 212121 space group with two molecules per 

asymmetric unit. The structures reveal that EndoS2 is a monomeric ‘V-shaped’ protein, 

composed of four different domains from N- to C-terminus: (i) a glycoside hydrolase (GH) 

domain (residues 43-386); (ii) a leucine-rich repeat (LRR) domain (residues 387-547); (iii) 

a hybrid-Ig domain (residues 548-680); and (iv) a carbohydrate-binding module (CBM; 

residues, 681-843). The ‘V-shape’ of EndoS2 measures ~102 Å across and ~81 Å high, 

with a tapered cleft measuring ~35 Å across its opening; with active site located in the GH 

domain on one tip of the “V”, and the CBM on the other tip (Figure 35a). EndoS2 belongs 

to the family 18 of glycoside hydrolases (GH18)40, comprising a group of enzymes that 

contains both chitinases (EC 3.2.1.14), with hydrolytic activity on chitin, and endo-β-N-
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acetylglucosaminidases (EC 3.2.1.96), with endoglycosidase activity on the chitobiose 

core of N-linked complex glycans182.  

Structural basis of high-mannose type N-glycan recognition by EndoS2. The EndoS2 

GH domain adopts an (α/β)8-barrel topology typical of GH18 family enzymes. The GH 

domain contains several loops that connect the α-helices and β-strands, shaping a long 

cavity in which the N-glycans bind (Figure 35b and 35c), including: β1–β2 (loop 1; residues 

72–102), β2–α2 (loop 2; residues 106–115), β3–α3 (loop 3; residues 140–158), β4–α4 

Figure 35. The overall architecture of EndoS2. (a) Overall structure of EndoS2 with annotated domains. 
The annotated distance is measured from the Cα of a conserved catalytic glutamate in the GH domain (E186) 
to the Cα of a conserved tryptophan in the CBM (EndoS2 W712). The annotated angle is between these two 
residues and the Cα of the first residue in the hydrid-Ig domain, near the base of the hinge (E548). (b) Cartoon 
and (c) surface representations showing the overall topology and annotation of GH domain loops. 
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(loop 4; residues 185–195), β5–α5 (loop 5; residues 227–235), β6–α6 (loop 6; residues 

250–261), β7–α7 (loop 7; residues 285–318), and β8–α8 (loop 8; residues 339–375). In 

order to understand the unique features of EndoS2 that allow it to recognize HM N-glycans, 

we solved the crystal structure of EndoS2 into which a full-size HM type N-glycan, 

Table 13. Data collection and refinement statistics for EndoS2 
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Man9GlcNAc2Asn, was soaked (EndoS2-HM; Figure 36a). The HM glycan binds in the 

crevasse within the GH domain (Figure 36b). Electron density unambiguously identified 7 

out of the 9 mannose residues and one GlcNAc residue in the crystal structure 

(Man7GlcNAc1; Figure 36c). The full α(1,3) antenna could be easily resolved in a single 

conformation, potentially identifying these contacts as being more important in the binding 

mechanism of HM. In contrast, although a composite omit map shows substantial positive 

Figure 36. Crystal structure of EndoS2 with high-mannose glycan. (a) The structure of a high-mannose 
(man9) N-glycan, with annotations for the parts used for crystallization (black box), and the parts 
unambiguously identified in the crystal structure (blue box) (b) The overall structure of the glycan bound 
within the active site crevasse of the GH domain. Annotation of GH domain loops for EndoS2 is colored. (c) 

Composite omit map of electron density surrounding the high-mannose glycan: blue mesh, 2Fo-Fc contoured 
to 1σ, carved to 1.8 Å surrounding the full glycan; green mesh, positive density (Fo-Fc) contoured to 3σ, 
carved to 5 Å surrounding the α6 antenna; red mesh, negative density (Fo-Fc) contoured to 3σ, carved to 5 
Å surrounding the α6 antenna. Arrows indicate the attachment sites for the remaining two mannose residues. 
(d) Key residues of EndoS2 interacting with HM product are colored in orange. 
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(Fo-Fc) density remaining near the location where the last two mannose residues of the 

α(1,6) antenna should be, we could not reliably model them in just one or a few discreet 

positions, suggesting that the α(1,6) antenna samples a broad distribution of conformations. 

The conformation of the enzyme does not change upon binding of the HM-glycan, with an 

overall r.m.s.d. value of 0.74 Å for the main chain atoms of the liganded and unliganded 

EndoS2. The reducing end of the core Manβ1–4GlcNAc is located above the central area 

of the β-barrel, forming contacts with loops 2, 4, 6, 7 and 8. GlcNAc (-1) is adjacent to the 

two conserved catalytic residues of this family of enzymes151-155. The binding pocket is 

formed by two grooves that accommodate the α(1,6) antenna (groove 1) and the α(1,3) 

antenna (groove 2) of the HM glycan.  Specifically, the O1 and oxygen and nitrogen of the 

2-acetamido group of the GlcNAc (-1) form hydrogen bonds with the side chains of E186, 

Y252, and D184, respectively (Figure 36d, 37). These interactions stabilized the GlcNAc 

(-1) in a “skew-boat” conformation, the enzyme-product complex formed after the 

nucleophilic attack of a water molecule and before the release of the final product. A similar 

conformation has been observed in other crystals structures of enzymes of the GH18 family 

in complex with their products183-188, suggesting it might be part of the conformational 

itinerary of the sugar residue along the catalytic cycle189,190. This was made possible by the 

short soaking time (ca. 1 min) used to obtain this structure, which allows the GlcNAc (+1) 

to be released, as evidenced by the absence of electron density for it. In addition, the O6 of 

the GlcNAc (-1) makes a hydrogen bond with the side chain of N295. The O2 of Man (-2) 

hydrogen bonds with residues E288 and Y339, while O4 interacts with D108. The 

carbohydrate moieties of the α(1,6) antenna barely make contacts with residues in the loops 
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that decorate the binding pocket, in contrast with those of the α(1,3) antenna. For instance, 

O3 and O4 of Man (-8) hydrogen bonds with the side and main chain of E289, respectively; 

and O6 of Man (-8) hydrogen bonds with the side chain of N295. Furthermore, the ring-

oxygen of Man (-9) and O5 of Man (-10) form hydrogen bonds with the side chains of 

H109 and H88, respectively. The bottom of the binding pocket is built up by hydrophobic 

residues, Y70, Y339 and F109, which pack against GlcNAc (-1). Y339 and F109 interact 

with Man (-2) whereas R72 and W74 interact with Man (-8) (Figure 36, 37).  

Figure 37. Diagram of contacts between EndoS, EndoS2, and substrates. A. All contacts made between 

EndoS2 and high-mannose glycan; B. All contacts made between EndoS2, EndoS and complex-type glycan. 

Solid lines represent van der Waals and hydrophobic interactions, while dashed lines represent hydrogen 

bonds and ionic interactions. Arrows represent contacts made with the enzyme backbone. Black lines are 

universally conserved contacts; red lines are shared between two structures; yellow lines are unique to EndoS-

CT; blue lines are unique to EndoS2-CT; green lines are unique to EndoS2-HM. Enzyme residues are colored 

according to the loop they reside in. 
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Structural basis of complex type N-glycan recognition by EndoS2. In order to 

understand the molecular basis for complex type N-glycan recognition by EndoS2, we 

solved the X-ray co-crystal structure of the enzyme bound to a CT glycan (specifically 

G2S2, which bears a galactose and sialic acid at the non-reducing end of each antenna 

(EndoS2-CT; Figure 38a, Table 12). As expected, this CT glycan was found to bind in the 

same crevasse as the HM glycan (Figure 38b). Although a full-size CT glycan containing 

non-reducing terminal sialic acid and core-fucose was used for the crystallization, electron 

Figure 38. Crystal structure of EndoS2 with complex biantennary glycan. (a) The structure of a full 

complex biantennary glycan, with annotations for the parts used for crystallization (black box), the parts 

unambiguously identified in the crystal structure (blue box), and the pentasaccharide core (green box). (b) 

The overall structure of the glycan bound within the active site crevasse of the GH domain. Annotation of GH 

domain loops for EndoS2 is colored. (c) Blue mesh illustrates the composite omit map of electron density 

(2Fo-Fc) contoured to 1σ and carved to 1.8 Å surrounding the CT glycan. (d) Key residues of EndoS2 

interacting with CT product are colored in orange. 
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density for only part of it could be unambiguously identified in the crystal structure 

(Figures 38a-c). Specifically, there was no density for the first GlcNAc, core fucose and 

terminal sialic acids. The absence of the first GlcNAc and core fucose can be explained by 

the fact that the substrate was present with wild-type EndoS2 for days during 

crystallization, and the enzyme could hydrolyze the substrate between the first two GlcNAc 

residues, with the smaller portion diffusing away. Conversely, the terminal sialic acids are 

likely simply disordered in our crystal structure, as there is space to accommodate them, 

but no specific contacts to them. This is consistent with the observation that EndoS2 

indiscriminately processes sialylated and unsialylated glycans40. The reducing end of the 

core Manβ1–4GlcNAc, the α(1,3) antenna and α(1,6) antenna are at similar positions 

compared to the EndoS2-HM structure. We did not observe conformational changes 

between EndoS-HM and EndoS-CT crystal structures (r.m.s.d. value of 0.33 Å). 

Specifically, the interactions between the common core structure of CT and HM glycans, 

GlcNAc (-1), Man (-2) and Man (-7), and the residues of the loops that decorate the binding 

pocket are essentially conserved in EndoS2-HM and EndoS2-CT crystal structures. The 

main differences are that GlcNAc (-1) adopts a chair conformation and the hydrogen bond 

interaction network is slightly modified between structures. In the EndoS2-CT structure, 

O1 of GlcNAc (-1) interacts with Q250 and E186, the nitrogen of the acetamide group does 

not make contacts with D184; O4 of Man (-2) interacts with the side chain of H109; and 

O3 of Man (-7) makes hydrogen bonds to W74 and E289 (Figure 37, 38d). The α(1,6) 

antenna of the CT glycan binds to groove 1 of the enzyme. O6 of Man (-3), the nitrogen of 

the acetamide group of GlcNA (-4) and O6 of Man (-5) interact with the side chain of 

D184, the main chain of D108, and the side chain of R176, respectively. The terminal sugar 
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moieties GlcNAc (-8) and Gal (-9) do not make hydrogen bonds with the residues of the 

loops forming the binding pocket. 

Functional analysis of the EndoS2 broad N-glycan specificity. Although EndoS2 forms 

a great number of contacts with its substrate glycans, we sought to determine which of 

these contacts form the greatest contributions to binding each substrate. To investigate this, 

we mutated the loops that decorate the β-barrel core of the GH domain and contact the HM 

or CT glycans in our corresponding crystal structures. We studied the hydrolytic activity 

of these mutants on antibodies that bear a human IgG1 Fc and either a biantennary CT or 

HM N-glycan, and tracked reaction progression using mass spectrometry (Figure 39a). The 

results reveal that residues on loops 1, 6, and 7 are critical for recognition of both substrates, 

as mutations in these loops showed little to no activity above the no-enzyme control. In 

contrast, mutations in loops 2, 3, and 4 did not hinder activity for the CT N-glycan, and in 

some cases, even slightly improved it. When these results are mapped onto the crystal 

structure (Figure 39b), they suggest that residues which make contact with the glycan core 

and α(1,3) antenna are the major determinants of CT N-glycan binding for EndoS2. This 

binding mechanism is conserved with EndoS, which solely recognizes CT glycans, and the 

CT glycan structures are extremely similar in both enzymes (Figure 40). In regards to the 

HM substrate, mutations in loops 1, 6, and 7 also produced the greatest decreases in 

activity, pointing to a conserved mechanism of binding. However, mutations in loops 3 and 

4 produced a moderate decrease in activity for the HM N-glycan, suggesting that EndoS2 

fine tunes its HM binding using these loops. Indeed, when loops 3 and 4 from EndoS are 

substituted into EndoS2, there is a large decrease in activity for HM, but not CT substrates. 

When these results are mapped onto the EndoS2-HM crystal structure (Figure 39c), it 
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becomes apparent that EndoS2 drives binding to HM N-glycans using residues that make 

contact with the N-glycan core and α(1,3) antenna while creating space and fine-tuning 

Figure 39. Alanine scan mutagenesis of EndoS2 active site for complex-type and high-mannose IgG1. 

(a) Residues on each loop predicted to make contact with either glycan were mutated individually, or in 
batches, to alanine and activity was measured using mass spectrometry, normalized to wild-type EndoS2. 
Statistical significance compared to wild-type EndoS2 is annotated (multiple comparisons test, Tukey 
method; *, p < 0.05; **, p < 0.01; ***, p < 0.001; n.s. > 0, not significantly greater than no-enzyme 
control). (b) Mutated residues are colored by loop number, with fractional activity retained compared to 
wild-type EndoS2 in parenthesis for complex-type substrate and (c) high-mannose substrate. 
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binding to the α(1,6) antenna (Figure 40a). These results are consistent with the better 

resolved electron density and lower B-factors for the core and α(1,3) antenna compared to 

the α(1,6) antenna (Figure 36c). In order to achieve similar reaction speeds for EndoS2 

with the CT and HM substrates, we had to use ~20-fold more enzyme for the HM substrate 

(100 nM compared to 5 nM, with 5 µM substrate). This suggests that EndoS2 has either a 

slower turnover rate, or weaker binding to HM relative to CT substrates. Accordingly, we 

performed surface plasmon resonance binding analyses with both of these substrates, and 

found that catalytically-dead EndoS2D186L binds IgG1-CT with a KD = ~9 µM, and IgG1-

HM with a KD > 100 µM (Figure 41). EndoS binds IgG1-CT with a similar KD (~11 µM), 

and does not detectably bind IgG1-HM. Taken together, these results suggest that EndoS2 

has a strong preference for antibodies bearing complex-type N-glycans despite its ability 

to bind and hydrolyze high-mannose glycans on antibodies.  

A search for structural homologues using the DALI server144 revealed six endo-β-

N-acetylglucosaminidases of the GH18 family with significant structural similarity to 

Figure 40. Structural comparison of EndoS2 and EndoS active sites. (a) Overlay of the high-mannose 
glycan from EndoS2 modelled into the EndoS active site (PDB 6EN3), highlighting clashes formed between 
the α6 antenna and loops 3 and 4 of EndoS. (b) Overlay of the complex-type glycans bound in the EndoS 
versus EndoS2 co-crystal structures, highlighting extreme similarity in the core and α3 antenna, with slight 
differences in α6 antenna. 
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EndoS2 (Table 13). EndoS2 shows more structural homology with enzymes that hydrolyze 

CT N-glycans (EndoS and EndoF3) than endoglycosidases that hydrolyze HM glycans 

(EndoH, EndoT, EndoF1, EndoBT). Of particular relevance, EndoS2 displays 37% 

sequence identity with EndoS, a multidomain protein in which two additional 3-α-helical 

domains are attached to the N- and C-terminus127,173. EndoS, secreted by S. pyogenes 

serotype M1, specifically recognizes biantennary complex-type N-linked glycans of IgG 

Fc regions. In order to better understand the mechanisms of binding that differentiate 

EndoS2 from EndoS, we conducted a detailed analysis of the loops that decorate the 

corresponding active sites. EndoS loops 1-4, 6 and 7 all contribute contacts with the glycan, 

Figure 41. Surface plasmon resonance of catalytically dead EndoS and EndoS2 with complex-type and 

high-mannose substrates. (a) EndoS2 with Rituximab (IgG1-CT) and (b) IgG1-Man9. (c) EndoS with 
Rituximab and (d) IgG1-Man9. 
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but loops 1, 6 and 7 are the main determinants of glycan binding, establishing interactions 

with the pentasaccharide core and α(1,3) antenna of the biantennary complex-type 

glycan173. These same loops have relatively high sequence conservation with EndoS2 

(~50%), suggesting a conserved mechanism of glycan recognition. Strikingly, loops 3, 4 

and 5 are only ~30% conserved, and form a relatively more open space in the EndoS2 

active site. This architecture provides a structural basis for EndoS2 to accommodate HM 

N-glycans, which have an additional branch on the α(1,6) antenna compared to biantennary 

CT N-glycans.  

The CBM is indispensable for EndoS2 to facilitate enzymatic activity. The subtle but 

important differences between the EndoS and EndoS2 GH domain active sites led us to 

Table 14. Structural homology of EndoS2 with GH18 family of endoglycosidases 
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wonder whether these differences can fully explain the distinct specificities of the two 

enzymes. In order to test this, we created a chimeric enzyme where we swapped the EndoS2 
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GH domain onto an EndoS background, and tested if it would have the specificity of 

EndoS2 (Figure 42a, b). It did; however, its activity towards both CT and HM substrates 

was significantly decreased compared to wild-type EndoS2, suggesting that the GH domain 

is working in concert with one or more other domains to produce optimal activity. We next 

swapped the carbohydrate-binding module (CBM) from EndoS2 onto an EndoS 

background, which produced an enzyme with identical activity to wild-type EndoS. 

However, when we swapped both the GH and CBM domains from EndoS2 onto an EndoS 

background, we produced an enzyme that behaved more similarly to wild-type EndoS2. 

Taken together, these results suggest that the EndoS2 GH domain evolved to work with its 

own CBM, and that other parts of the scaffold also contribute, albeit in a less substantial 

way, to N-glycan specificity. In contrast, EndoS works equally well with either its own 

CBM, or the CBM from EndoS2. This led us to examine specific differences in the CBM 

structures that could account for their differences in supporting EndoS2 activity. 

 According to the DALI server, the CBM from EndoS2 most closely resembles the 

CBM from EndoS (PDB 4NUZ; Z-score = 20.6, Cα RMSD = 1.9 Å), followed by the CBM 

from EndoD (PDB 2XQX; Z-score = 16.8, Cα RMSD = 2.0 Å). Also showing high 

similarity are the CBMs from various chitinases (PDB 2ZY9; Z-score = 15.5, Cα RMSD 

= 2.2 Å) and sialidases (PDB 2BZD; Z-score = 14.8, Cα RMSD = 2.2 Å). According to the 

CAZy database (http://www.cazy.org/)191, all of these proteins belong to the CBM family 

32 (except EndoS, which has not been formally assigned a family). Thus, we propose that 

Figure 42. Hydrolytic activity of chimeric domain-swapped enzymes. (a) Hydrolytic activity of enzymes 
towards IgG1 bearing high-mannose N-glycans and (b) complex-type N-glycans. Activity was measured 
using mass spectrometry, normalized to wild-type EndoS2. Reactions were performed in technical duplicate, 
and error bars represent standard deviation. Statistical significance compared to wild-type EndoS2 is 
annotated (multiple comparisons test, Tukey method); ***, p < 0.001; #, p < 0.05 compared to no-enzyme 
control; n.s. > 0, not significantly greater than no-enzyme control). Comparison of glycan-binding surfaces 
from (c) EndoS2 and (d) EndoS (PDB 4NUZ). (e) The relative activity of specific point mutants intended to 
make EndoS2 more EndoS-like were tested against high-mannose and (f) complex-type IgG1. 
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EndoS and EndoS2 both contain CBM32 domains, an assignment consistent with the 

description of CBM32 as a diverse and promiscuous family that is frequently appended to 

bacterial enzymes that interact with human N-glycans192. This family frequently binds N-

glycans using solvent-exposed aromatic residues on loops connecting the β-sandwich 

scaffold193. Both EndoS and EndoS2 have aromatic residues in these positions, one residue 

of which (EndoS W803) has been reported as indispensable for substrate binding and 

catalysis127,194. At this putative N-glycan binding site, EndoS2 contains two tyrosines, a 

tryptophan, and a phenylalanine (Figure 42c), while EndoS contains one tyrosine, three 

serines, and a tryptophan (Figure 42d). After confirming that the conserved tryptophan is 

indispensable for enzymatic activity in EndoS2 like it is in EndoS (Figure 42e, f), we 

sought to make EndoS2 more EndoS-like by selectively mutating F710 and Y820 to serine 

to test if this would result in a selective loss of activity towards high-mannose substrates. 

It did not, instead revealing that F710S has no effect on activity, while Y820S results in 

loss of activity towards both substrates equally. Although W712 and Y820 are both 

important for EndoS2 activity, these data suggest that other residues are also contributing 

towards the difference in the CBMs from EndoS and EndoS2. 

Hydrogen-deuterium exchange mass-spectrometry (HDX-MS) reveals the EndoS2-

antibody interface. In order to gain a deeper understanding of how EndoS2 engages 

antibodies using its various domains in concert, we performed HDX-MS analysis on a 

catalytically-inactive EndoS2 variant (EndoS2E186L) and Rituximab, both alone and in 

complex. HDX-MS relies on the exchange of hydrogen with deuterium on peptide 

backbone amides, and provides information on backbone solvent accessibility and 

dynamics, as residues that are more frequently exposed to solvent will undergo faster  
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Figure 43. Hydrogen-deuterium exchange mass spectrometry. (a) The difference in deuteration 
between unliganded EndoS2E186L and IgG1-bound EndoS2E186L at the earliest deuterium incubation 
time point (10 seconds), mapped onto a surface representation of EndoS2. Glycoside hydrolase (GH) 
and carbohydrate-binding module (CBM) domains are labeled for orientation. (b) The maximum 
difference in deuteration of EndoS2E186L at any deuterium incubation time point (10 sec, 1 min, 10 
min, 1h, 2h). (c) 10 second and maximum deuteration changes between IgG1 and EndoS2E186L-
bound IgG1, mapped onto PDB 1HZH, with glycosylation sites annotated. 
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deuteration. By subtracting the percent deuteration for unliganded- and complexed-

proteins for individual proteolytic peptides, we determined which regions of each protein 

display statistically significant changes in deuteration as a result of complex formation 

(Figure 43). We performed this analysis at multiple time points, as differences seen at early 

experimental time points (here 10 seconds) are often attributable to changes in protection 

of fast exchanging backbone amide hydrogens typically found in solvent-accessible loops 

(e.g., by the formation of a protein-protein or protein-carbohydrate interface), while 

differences that arise only at later time points can often be attributed to changes in protein 

dynamics of otherwise largely protected backbone amide hydrogens195. This analysis 

revealed that at the earliest time point, large changes in protection are observed in the GH 

domain (specifically, loops 2, 6 and 7 where the co-crystal structure shows glycan binding) 

and the CBM (Figure 43a). The protection is particularly dramatic in the CBM, which 

includes the region that we propose to be the N-glycan-binding surface, as well as 

surrounding residues. At later time points, the protection becomes more intense in the 

active site and extends through the leucine-rich repeat and parts of the hybrid-Ig domain, 

suggesting that changes in conformational dynamics are occurring in these regions (Figure 

43b). Only one region in the hybrid-Ig domain (residues 611-619) showed a loss in 

protection from deuterium uptake as a result of complex formation.  

 In stark contrast, very few changes in deuterium uptake were observed on the 

antibody (Figure 43c). At the earliest time point, a small decrease in protection occurs near 

the glycan on heavy chain residues 239-245, a pattern which has been reported to occur 



 

121 
 
 

during antibody deglycosylation196. In order to ensure that we were not measuring antibody 

deglycosylation due to low residual activity in the catalytically-inactive mutant, we  

performed mass spectrometry on the sample following HDX-MS, and found the antibody 

was fully glycosylated and could be deglycosylated by addition of EndoS2WT (Figure 44). 

At later time points, another region near the N-glycan (residues 245-264) experiences a 

small increase in protection, contrary to what is observed for deglycosylation196. It is to be 

noted that no data could be obtained for the N-glycan and three residues on either side of 

Asn297, a region that could be expected to make protein/protein contacts in light of their 

Figure 44. Mass spectrometry of Rituximab glycosylation. (a) Rituximab before (blue) and after (red) 
treatment with EndoS2WT. (b) Samples that were subjected to hydrogen-deuterium exchange with 
catalytically inactive EndoS2E186L were analyzed for deglycosylation (blue). The same samples after addition 
of EndoS2WT (red). 
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proximity to the glycan and the large HDX-MS signature induced by deglycosylation196. 

However, the large and intense protection observed in EndoS2 is not mirrored in IgG1 as 

they form a complex. Taken together, these data suggest that the EndoS2-IgG1 complex 

probed in our HDX-MS analysis forms minimal protein-protein interfaces with the 

antibody, instead contacting the N-glycans, which may become more accessible prior to 

deglycosylation in a pattern resembling deglycosylation. Subsequently, relatively large 

changes in dynamics occur on the enzyme side, while relatively small changes in dynamics 

occur on the antibody side. 

 EndoS2 might have evolved its ‘V-shape’ with GH and CBM domains that are 

maintained at a particular distance apart to specifically recognize the two N-glycans on 

Asn297 of an IgG Fc. In order to probe the specificity of EndoS2, we created three hyper-

glycosylated Fc mutants that contain the wild-type Asn297 glycosylation site as well as 

one additional glycosylation site on a nearby solvent-exposed loop. We treated these hyper-

glycosylated Fc domains with EndoS2 and monitored deglycosylation by SDS-PAGE 

(Figure 45). The wild-type Fc is rapidly deglycosylated, but even after one week, the hyper-

glycosylated mutants only lost one pair of N-glycans at most, leading us to reason that only 

the wild-type Asn297 site was deglycosylated, as deglycosylation of the artificial site 

would have been followed up by rapid deglycosylation of the wild-type site. These results 

indicate that EndoS2 is specific for N-glycans located in their natural locations on IgG Fc.  

 EndoS2 has also been reported to deglycosylate AGP, an acute phase reactant and 

component of human serum, although the physiological relevance of this reaction is 

unclear40. In order to understand if EndoS2 uses its GH and CBM domains cooperatively 

to cleave AGP in a mechanism similar to IgG, we measured hydrolysis by EndoS2WT and 
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CBM mutants. In order to detect even partial hydrolysis, we had to use very large 

amounts of enzyme (~5 µM) for very long periods of time (~48 hours), results that are 

Figure 45. EndoS2 activity on hyper-glycosylated Fc mutants. (a) One additional glycosylated site was 
added to wild-type IgG1 Fc at position 267, 325, or 329, and treated with either PBS (-) or EndoS2WT (+) for 
one week. (b) Glycosylation sites are mapped onto the crystal structure of IgG1 Fc (PDB 5JII) with the wild-
type N297 site displayed in magenta, and artificial sites displayed in yellow (N267), orange (N325) and red 
(N329). 
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consistent with previously published findings40 (Figure 46). In comparison, this is ~1000-

fold more enzyme and a ~50-fold longer reaction time than used to completely hydrolyze 

IgG. Furthermore, none of the mutations in the CBM that affected IgG hydrolysis had 

any impact on AGP hydrolysis. Surprisingly, even EndoS2E186L had low but detectable 

activity on AGP, despite this mutant being inactive on IgG. Taken together, these results 

suggest that EndoS2 has ~105 fold reduced activity on AGP compared to IgG, with a 

reaction that proceeds through a different mechanism. Thus, it is possible that AGP is an 

incidental substrate for EndoS2. 

Discussion 

Our data explain how EndoS2 is able to recognize a broad repertoire of N-glycans. Binding 

to substrate N-glycans is predominantly driven by GH domain loops 1, 6 and 7 that make 

contact with the N-glycan pentasaccharide core and α(1,3) antenna, a mechanism that is 

conserved between EndoS and EndoS2. In both enzymes, loops 6 and 7 make contact with 

the core alone, while loop 1 makes contact with the core and α(1,3) antenna; Because we 

mutated residues in batches, we cannot be certain if binding is driven by the core alone, or 

the core plus α(1,3) antenna. Specific recognition of the α(1,3) antenna is plausible, as 

molecular dynamic simulations and NMR suggest that this antenna may be more extended 

and enzyme-accessible than the α(1,6) antenna197,198. EndoS2 has key differences from 

Figure 46. EndoS2 activity on α-1-AGP. (a) 8 µg α-1-AGP was mixed with 4 µg enzyme in 20 μL PBS for 
48 hours at 37°C, and analyzed by SDS-PAGE. 



 

125 
 
 

EndoS in GH loops 3 and 4, which create extra space and form specific contacts with the 

α(1,6) antenna (Figure 40). This allows EndoS2 to bind high-mannose substrates, which 

bear an extra antenna compared to complex biantennary substrates. This also explains how 

EndoS2 is able to recognize hybrid N-glycans, which have a complex glycan on the α(1,3) 

antenna and a high-mannose glycan on the α(1,6) antenna. EndoS2 also has a smaller 

residue than EndoS (H109 versus W153) at the position which bisects the complex glycan, 

which may explain why EndoS2 alone can process bisected complex N-glycans40,120. This 

residue interacts differently with HM and CT type glycan in both crystal structures. In the 

EndoS2-CT structure, the side chain of H109 forms a hydrogen bond with O4 of Man (-2); 

the same interaction is conserved in the EndoS-CT structure mediated by W153173. 

However, in the EndoS2-HM structure, the H109 forms a hydrogen bond with the ring-

oxygen of Man (-9). Even though there are no conformational changes for EndoS2 to bind 

HM or CT glycans, the different sugar and bond composition between glycans allows 

EndoS2 to accommodate either one in the binding site in a specific manner. This is not 

possible in other enzymes of the same family. The vast majority of contacts are made with 

the pentasaccharide core, which is conserved among all human N-glycans (Figure 37). This 

explains why EndoS2 does not discriminate based on the degree of sialylation, 

galactosylation, or fucosylation40. The differences in the GH domain alone are sufficient 

to explain the difference in specificity between EndoS and EndoS2, as demonstrated by the 

ability of an EndoS chimera with EndoS2 GH domain to process high-mannose IgG1 

(Figure 42). However, this enzyme is extremely inefficient, but can be dramatically 

improved by the simultaneous substitution of the EndoS2 CBM. These results, along with 

CBM point mutagenesis and HDX-MS, demonstrate the critical importance of the CBM. 
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Although EndoS2 recognizes diverse N-glycans, it has a strong preference for complex-

type N-glycans on IgG. This could be due to weaker interactions within the active site (e.g., 

with the α[1,3] antenna), the CBM, or both. This is perhaps unsurprising from an 

evolutionary standpoint, as complex-type N-glycans make up the vast majority of 

glycoforms on human IgG199.  

 Our results suggest that the mechanism of EndoS2 relies on an interplay between 

its GH domain and CBM. Many endoglycosidases have CBMs appended to them; however, 

they are usually appended in seemingly random orientations relative to the GH domain, 

and only a few studies have investigated how the orientation of the CBM affects the activity 

of the GH domain200-204. It is tempting to speculate that the orientation of the CBM affects 

EndoS2 activity for several reasons. First, the GH and CBM are located on opposite tips of 

the ‘V-shaped’ enzyme, with their glycan-binding surfaces pointing inwards. Such a 

configuration could allow the CBM to bind one N-glycan on IgG while positioning the 

other near the active site. Second, when the GH and CBM domains from EndoS2 are placed 

on an EndoS scaffold, activity is not fully restored to wild-type levels, suggesting that the 

scaffold is also playing a role. Finally, EndoS2 is specific towards N297 glycosylation, as 

N-glycans that were introduced in three nearby locations were not processed. Our HDX 

data detect very few contacts with the antibody protein surface, so recognition is likely 

being driven by the N-glycans. The strict Asn297 specificity of EndoS2 therefore suggests 

something unique about the N-glycan structures when attached at this location as opposed 

to others. Perhaps the distance and angle between the GH and CBM is optimal for an 

avidity effect with the two N-glycans of intact IgG, explaining why EndoS2 loses activity 

on denatured IgG40. Structures of EndoS2 bound to Fc are tantamount to understanding the 
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protein specificity of EndoS2, including: (i) What conformational changes occur in EndoS2 

and IgG to support catalysis; (ii) If EndoS2 domains interact with the same N-glycan 

simultaneously, the same N-glycan consecutively, or two different N-glycans 

simultaneously; (iii) If the latter is true, how the second N-glycan gets processed after the 

first is removed. 

 Our results also inform the field of antibody glycoengineering. In other fields, 

CBMs are frequently appended to carbohydrate active enzymes to increase their activity205-

207. Our results suggest that a similar strategy could be applicable to enzymes which modify 

antibodies. Perhaps different CBMs could be appended to EndoS2 to shift its preference 

for different substrates. The same principles may also be applicable to the generation of 

more efficient transglycosylation mutants, which catalyze the addition rather than removal 

of carbohydrates. These enzymes are frequently made by mutating one of the catalytic 

residues in the active site, and transglycosylation mutants of EndoS2 have been described 

for the chemoenzymatic synthesis of IgG48. If transglycosylation mutants require 

functioning CBMs when they are naturally present, attention could be given to engineering 

these domains as well; and if CBMs are not required, perhaps they could be mutated or 

removed to slow the hydrolysis of product—a problem which frequently plagues the 

discovery of efficient transglycosylation mutants. 

 Antibodies are of considerable interest because of their versatility and central role 

in human health. As such, enzymes that specifically modify antibodies, such as EndoS2, 

may serve increasing roles in the treatment or diagnosis of disease. Understanding the 

mechanism of these proteins will further our ability to engineer enzymes to catalyze 

customizable reactions for the betterment of human health.  
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CHAPTER 6: MOLECULAR BASIS FOR HIGHLY EFFICIENT FUCOLIGASE 

MUTANTS AND ALPHA-(1,6)-SPECIFIC ACTICITY OF ALFC 

 

Abstract 

Alpha fucosidases play important roles in many biological systems, and are of growing 

interest due to their potential to modify glycoprotein fucosylation. Lactobacillus casei 

produces a GH29 subfamily A α-fucosidase, AlfC, with remarkable specificity towards 

α(1,6)-fucose, the exclusive linkage in human N-glycan core fucosylation. AlfC and certain 

point mutants thereof have been used to add and remove fucose from antibody N-glycans, 

with significant impacts on their effector functions. Despite the potential uses for AlfC, 

little is known about its mechanism, including: (i) What the catalytic residues are; (ii) How 

it specifically recognizes α(1,6)-fucosyl linkages; and (iii) How specific point mutations 

convert it from a hydrolase to a fucoligase. Here, we present crystal structures of AlfC, 

combined with mutational and kinetic analyses, hydrogen-deuterium exchange mass 

spectrometry (HDX-MS), and transfucosylation experiments to define the molecular 

mechanism of AlfC and its glycoligase mutants. We repeatedly crystallized AlfC wild-type 

and point mutants in “open” conformations, without any general acid/base residue a 

compatible distance from the nucleophile to support catalysis. However, structural 

homology with other GH29 α-fucosidases supports the existence of “open” and “closed” 

conformations, with the aspartic acid residue at position 242 the most likely candidate for 

the general acid/base. HDX-MS analysis suggests that specific fucoligase mutants function 

by altering the dynamics of AlfC, destabilizing the area proximal to the acid/base residue.  

Finally, crystal structures suggest that the linkage specificity of AlfC is determined by an 
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aromatic subsite adjacent to the active site that specifically accommodates N-

acetylglucosamine in α(1,6)-linkages. 

Introduction 

Fucosylation is a common post-translational modification that plays important roles in 

human physiology and pathology, including ABO blood grouping, antibody effector 

functions, cancer progression, and lymphocyte development and adhesion208,209. As such, 

fucose-modifying enzymes are relevant to many aspects of human health. Alpha-

fucosidases are hydrolytic enzymes active on α-L-fucosyl linkages, classified as members 

of the glycoside hydrolase families 29 and 95 (EC 3.2.1.x). GH95 enzymes are a small 

family of inverting α-fucosidases with activity on α(1,2)-fucosyl galactose210. In contrast, 

GH29 enzymes are a broad family of retaining fucosidases with activity on α(1,2)-, α(1,3)-

, α(1,4)- and α(1,6)-fucosyl linkages. GH29 has been further divided into subfamilies A 

and B, with GH29A active on a wide range of linkages, while GH29B is specific for 

branched α(1,3)- and α(1,4)-fucosyl linkages211-213. Although the molecular basis for 

substrate recognition and catalysis has been described in some GH29B enzymes214, it is 

still poorly understood in GH29A enzymes. This is in part due to the diversity in substrate 

specificity of GH29A enzymes, and further complicated by the fact that a key catalytic 

residue, specifically the general acid/base, cannot be predicted based on sequence 

alignments212. Although the catalytic mechanism has been well described in one GH29A 

enzyme (BT2970)215, it is unclear if the same mechanism occurs in other GH29A enzymes. 

Although it would be unusual for enzymes within the same family to have different 

mechanisms, chemical tests including azide rescue have implicated residues in three 

different positions as the general acid/base in various GH29A enzymes213,215-217 (Table 1). 
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Therefore, detailed structural and kinetic analyses of GH29A enzymes is paramount to 

understanding how these enzymes recognize and hydrolyze their substrates.  

Lactobacillus casei produces a GH29A α-fucosidase, AlfC, with remarkable specificity 

towards α(1-6)-fucosyl linkages present in disaccharides and N-glycoproteins49,50. This 

enzyme is particularly interesting because α(1-6) linkages form the basis of human core 

fucosylation, which has profound importance in the function of glycoproteins such as 

antibodies118. As such, AlfC and designer point mutants have been created to specifically 

alter the core fucosylation of glycoproteins50. One of us previously identified a residue 

(E274), that when mutated, converts AlfC from a hydrolase into an extremely efficient 

fucoligase that could transfer a fucose moiety to an acceptor (e.g., N-acetylglucosamine 

[GlcNAc]) from a simple  fucosyl donor (e.g., α-fucosyl fluoride [αFucF])50. Because this 

residue aligns by sequence with the general acid/base of the human α-fucosidase FucA1, it 

was presumed that this residue was  the acid/base in AlfC, with AlfCE274A functioning as a 

fucoligase50. However, this corresponds by sequence alignment to a different residue than 

the known acid/base in the closely related and well-studied GH29A enzyme BT2970215 

(Table 1). No crystal structure has ever implicated a GH29A enzyme to have an acid/base 

residue other than the one corresponding to that of BT2970. Therefore, several 

uncertainties remain, including whether or not GH29A enzymes have diverse mechanisms, 

why AlfCE274A is an efficient fucoligase mutant, and what determines the linkage specificity 

of AlfC and other GH29A enzymes. Here, we present a detailed analysis of the structure, 

dynamics, and kinetics of AlfC to yield insight into these topics. 
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Methods 

 

 Cloning, expression, and purification. Wild-type AlfC was cloned into the 

PET22b-CPD vector as previously described.50 The plasmid was transformed into E. coli 

BL21(DE3)pLysS and expressed in LB medium overnight at 18°C after induction with 0.5 

M IPTG at an OD600 of 0.6. Cells were harvested (5000 x g for 20 min) and then pellets 

were resuspended in 500 mM NaCl, 15 mM imidazole, 50 mM Tris-HCl pH 7.4 (Buffer A) 

and lysed by four freeze/thaw cycles, then 30 minute incubation with lysozyme 

Enzyme Subfamily Nucleophile Acid/base 

candidate 1 

Acid/base 

candidate 2 

Acid/base 

candidate 3 

PDB code Reference 

Crystal structure available 

BT2192 B D188 E234# - E275 3eyp N/A 

BT3798 B D199 E240# - - 3gza N/A 

BiAfcB B D172 E217# E46 E281 3ues 214 

BACOVA_04

357 

B D204 E249# E78 E305 4zrx N/A 

GH29_0940 B D162 E220# E37  E257 5k9h 218 

FgFCO1 A D226 E288# E46 - 4ni3 219 

α-L-f1wt A D186 E239# E34 E258 6gn6 220 

Crystal structure and mutagenesis/kinetics available 

Tmα-fuc A D224 E266#* E66 E281 1hl8 221 

BT2970 A D229 E288#* E87 E306 2wvv 215 

AlfC A D200 D242 E39 E274 6O18 This work 

Mutagenesis/kinetics available 

Ssα-fuc A D242 E292? E58* E292? N/A 216 

FucA1 A D225 - E70? E289* N/A 217 

NcFuc A D214 - E59* E278 N/A 213 

BT4136 B D204 E249* E78? E305 N/A 212 

BT1625 B D204 E249* E78? E305 N/A 212 

cFase I B D242 E302 E68? E315* N/A 222 

Table 15. Table of GH29 α-fucosidases subjected to acid/base analysis. Acid/base candidate 1 refers to the residue 
that aligns by sequence or structure with the acid/base of Tmα-fuc; Candidate 2 aligns with the acid/base of Ssα-
fuc; Candidate 3 aligns with the acid/base of FucA1. The most likely acid/base residue has been bolded. #, 
structural evidence; *, chemical evidence (azide rescue). 
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supplemented to 100 µg/ml and benzonase nuclease (Sigma). Cleared lysate was passed 

over His-Pur NiNTA columns (Thermo Scientific), washed with twenty column volumes 

of Buffer A, then ten column volumes of 150 mM NaCl, 50 mM Tris pH 7.4 (Buffer B). 

Protein was then eluted by incubating the columns overnight at 4°C in Buffer B 

supplemented with 100 µM phytic acid, which induces the self-cleavage of the CPD-His10 

domain. For crystallization experiments, AlfC was buffer exchanged into 100 mM NaCl, 

20 mM Tris pH 7.4 (Buffer C) and further purified by size exclusion chromatography in a 

Superdex 200 10/300 GL column (GE Healthcare). For hydrogen-deuterium exchange 

experiments, AlfC was then buffer exchanged into PBS. AlfC point mutants were generated 

by PCR-based site-directed mutagenesis, and sequences were confirmed by Genewiz 

(https://www.genewiz.com). For kinetic experiments, proteins were purified using fully 

disposable consumables to prevent the possibility of cross-contamination. Size exclusion 

chromatography was not performed, so all enzymes were assessed for proper folding by 

measuring melting temperatures using differential scanning fluorimetry, as previously 

described.173 All enzymes were assessed to be >90% pure by SDS/PAGE. 

Crystallization and data collection. Wild-type AlfC was concentrated to 20 mg/ml, and 

250 nl of protein was combined with 250 nl of mother liquor (18% [w/v] polyethylene 

glycol 3350, 0.1 M bis-tris propane pH 7, 20mM Na2H/KH2 phosphate, 1% [v/v] glycerol]) 

in sitting drops, with crystals appearing after five days. These unliganded crystals were 

harvested in mother liquor supplemented with 20% (v/v) glycerol for cryoprotection, and 

flash cooled in liquid nitrogen. AlfC-fucose crystals were obtained by soaking apo crystals 

in cryoprotectant supplemented with 10 mM fucose for ~one minute before being flash 

cooled. AlfCE274A crystals were obtained by the same method as AlfCWT. AlfCD200A-4NP-



 

133 
 
 

fuc and AlfCN243A crystals were grown using the same method as AlfCWT, except they were 

soaked for several minutes in cryoprotectant supplemented with 5mM 4NP-Fuc before 

being flash cooled. AlfCD200A-Fucα(1,6)GlcNAc crystals were grown by the same method 

as AlfCD200A-4NP-fuc, except the apo crystals were soaked in cryoprotectant supplemented 

with 10mM Fucα(1,6)GlcNAc (MuseChem). AlfC crystals grew in several distinct, but 

closely related space groups (C2221, P212121, and P21 [twinned]) and morphologies 

(rectangular plates, rhomboidal, and pentagonal plates) depending on small batch-to-batch 

variability in mother liquor/protein preparation. Data for AlfCWT and AlfCN243A were 

collected at the Advanced Photon Source (APS) beamline 23-ID-B on a Dectris Pilatus3 

6M detector. Data for AlfCE274A were collected at BNL National Synchrotron Light Source 

II beamline 17-ID-1 (AMX) on an Eiger 9M detector. Data for AlfCD200A-

Fucα(1,6)GlcNAc were collected at BNL National Synchrotron Light Source II beamline 

17-ID-2 (FMX) on an Eiger 16M detector. Data for AlfCD200A-4NP-fuc were collected at 

the Stanford Synchrotron Radiation Lightsource beamline 12-2 on a Dectris Pilatus3 6M 

detector. 

Structure determination, refinement, and analysis. The unliganded-AlfC structure 

was solved first, using the GH domain from BtFuc2970 (PDB 4PCT) as a search model for 

molecular replacement using MOLREP223. Models were further built and refined using 

Coot224 and REFMAC225, respectively. Subsequent models were solved using unliganded-

AlfC as a search model for molecular replacement, and further refined using the same 

methods. AlfCN243A crystals were likely twinned according to Xtriage72 (multivariate Z-

score L-test = 9.9), so they were refined using intensity-based twin refinement in 
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REFMAC. Structural homologues were searched for using the Dali web server226, and 

graphics were created in PyMOL. 

Mass spectrometry analysis of antibody defucosylation. Activity on fully glycosylated 

Rituximab was measured using 5 µM Rituximab with 1 µM AlfCWT or AlfCE274A in PBS 

for one month at 25°C. Activity on partially deglycosylated Rituximab was measured using 

5 µM Rituximab with 50 nM EndoS2 and 1 µM AlfCWT in PBS overnight at 25°C. EndoS2 

rapidly hydrolyzes antibody glycans between the first and second N-acetylglucosamine 

residues, leaving one N-acetylglucosamine residue and fucose attached to each heavy chain 

of the antibody. 

Kinetic analyses. The contribution of buffer pH towards AlfC activity was measured 

using 50 µL reactions with 1 mM 4NP-Fuc and 100 nM AlfC in 100 mM PCB buffer 

(sodium propionate, sodium cacodyolate, bis-tris propane; Qiagen) between pH 4 and 8.  

Reactions proceeded for 20 minutes at 25°C and we then quenched by addition of 50 µL 

1M ice-cold sodium carbonate pH 11, and absorbance at 420 nm was measured using a 

SpectraMax iD3 plate reader in 96 well flat bottom plates (Sigma), with no-enzyme 

controls subtracted. AlfC exhibited maximal activity around pH 5-6, so 100 mM sodium 

citrate pH 5.8 was used for further experiments. For initial azide rescue experiments, the 

activity of AlfCWT and point mutants was tested by the same method above, except in the 

presence and absence of 200 mM sodium azide. Full kinetic analyses were performed for 

select enzymes displaying very high or very low activity, as follows: 50-2000 nM AlfC was 

incubated for 30-300 min with 62.5 μM–12.5 mM 4NP-Fuc in 100 mM sodium citrate pH 

5.8 at 25°C in a total volume of 50 µL, and then quenched with 50 µL 1 M ice-cold sodium 

carbonate pH 11. Enzyme concentrations and reaction times were selected so that product 
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formation was linear with respect to time, and fell within the linear range of detection with 

a standard curve made with 4-nitrophenol. The molar absorptivity of 4-nitrophenol was 

calculated to be 1.625 mM-1 using this method. Kinetic parameters (kcat and KM) were 

determined by plotting V0 versus substrate concentration, and fit to a Michaelis-Menton 

curve using GraphPad Prism. 

Chemoenzymatic fucosylation. The enzymatic fucosylation of GlcNAc and antibody 

was performed following the previously published method50. For fucosylation of GlcNAc, 

AlfC mutants (25 µg, 0.5 mg/mL) were added to a mixture of synthetic donor substrate α-

fucosyl fluoride (0.5 mg, 3.0 µmol) and acceptor GlcNAc (0.44 mg, 2.0 µmol) in a buffer 

(PBS, 150 mM, pH 7.4, 50 µl), and the reaction mixture was incubated at 37 oC for 5 min. 

The crude product was purified with a P-2 size-exclusion column (Bio-Rad) and then 

lyophilized to give pure fucosylated product. 

For antibody core fucosylation, AlfC mutants (20 µg, 2 mg/mL) were added to a mixture 

of α-fucosyl fluoride (9.6 µg, 0.056 µmol) and glycoengineered homogeneous S0G2-

Herceptin (200 µg, 0.007 µmol) in a buffer (PBS, 150 mM, pH 7.4, 10 µl). The solution 

was incubated at 37 oC for 8 h and monitored with MALDI-TOF-MS analysis (Bruker). 

The crude transfer product was purified with a protein A column (GE Healthcare) and 

promptly dialyzed against a buffer (PBS, 150 mM, pH 7.4) at 4 °C to give the pure core 

fucosylated antibody. 

To characterize the core fucosylated antibody, immobilized EndoS2227 (0.1 mg/mL) and 

AlfC (0.5 mg/mL) were added to a solution (PBS, 150 mM, pH 7.4, 20 µL) containing the 

S0G2F-Herceptin (200 µg, 0.007 µmol). The reaction mixture was incubated at 30oC for 

12 h. The crude hydrolytic product was purified with a protein A column and dialyzed 
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against a buffer (PBS, 150 mM, pH 7.4) at 4 °C to give the pure deglycosylated, 

defucosylated antibody. 

HDX-MS. The coverage maps for all constructs of AlfC were obtained from 

undeuterated controls as follows: 3 µL of 10 µM sample in PBS was diluted with 97uL 

µL of ice cold quench (50 mM Glycine, 1 M Guanidine-HCl, pH 2.4) prior to the 

injection into a Waters HDX nanoAcquity UPLC (Waters, Milford, MA) with in-line 

protease XIII/pepsin digestion (NovaBioAssays). Peptic fragments were trapped on an 

Acquity UPLC BEH C18 peptide trap and separated on an Acquity UPLC BEH C18 

column. A 7 min, 5% to 35% acetonitrile (0.1% formic acid) gradient was used to elute 

peptides directly into a Waters Synapt G2-Si mass spectrometer (Waters, Milford, MA). 

MSE data were acquired with a 20 to 30 V ramp trap CE for high energy acquisition of 

product ions as well as continuous lock mass (Leu-Enk) for mass accuracy correction. 

Peptides were identified using the ProteinLynx Global Server 3.0.3 (PLGS) from Waters. 

Further filtering of 0.3 fragments per residues was applied in DynamX 3.0. 

 For each construct, the HD exchange reactions and controls were acquired using a 

LEAP autosampler controlled by Chronos software. The reactions were performed as 

follows: 3 µL of 10 µM AlfC was incubated in 47 µL of PBS, 99.99% D2O, pD 7.4. All 

reactions were performed at 25°C. Prior to injection, deuteration reactions were quenched 

at various times (10 s, 1 min) with 100 µL of 100 mM Glycine buffer, 2 M Guanidine-

HCl, pH 2.4. All deuteration time points were acquired in triplicates. Back exchange 

correction was performed against fully deuterated controls acquired by incubating 3 µL 

of 10 µM of protein in 27 µL PBS, 99.99% D2O, pD 7.4 containing 7 M deuterated 
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Guanidine DCl for 2 hr at 25°C followed by the addition of 20 uL PBS, 99.99% D2O, pD 

7.4 and incubation for an additional 1 hr prior to quenching (without guanidine HCl).  

 The deuterium uptake for all identified peptides with increasing deuteration time 

and for the fully deuterated control was determined using Water’s DynamX 3.0 software. 

The normalized percentage of deuterium uptake (%Dt) at an incubation time t for a given 

peptide was calculated as follows: %�� =
���(�	
��)

�
��
, with mt the centroid mass at 

incubation time t, m0 the centroid mass of the undeuterated control, and mf the centroid 

mass of the fully deuterated control. Percent deuteration difference plots, Δ%Dt(wild type 

– mutant), displaying the difference in percent deuteration between the wild type and 

each individual mutant construct for all identified peptides, at all deuterium incubation 

time probed were generated. Confidence intervals for the Δ%D plots were plotted lines 

and used to determined peptides with statistically significant differences in deuterium 

uptake between the wild-type and mutant enzymes. 

     Native Mass spectrometry. AlfC was buffer exchanged against 50 mM Ammonium 

Acetate pH 6.8. Native MS was acquired on a Synapt G2S in sensitivity mode with a 

nanoESI source (Waters). Sample were sprayed with gold-coated glass capillaries. 

Acquisition conditions were as follow: capillary voltage 1.2 kV, sample cone voltage 70 

V, source offset 80 V, source temperature 40 °C, trap CE 30 V and transfer CE 10V. The 

combined mass spectrum was deconvoluted using Unidec228. 

     Sedimentation. All sedimentation measurements were carried out using a Beckman 

Coulter Optima XL-I analytical ultracentrifuge equipped with a 4-hole An-60Ti rotor. For 

sedimentation equilibrium measurements, AlfC protein samples prepared at three 

concentrations ranging from 3 to 11 µM in buffer containing 50mM TrisHCl, 50mM 
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NaCl at pH 7.4 were loaded into a cell equipped with a 6-hole epon charcoal-filled 

centerpiece. The protein was centrifuged at 20oC at rotor speeds of 14, 17 and 20K rpm 

and concentration versus radius scans were acquired at 280 nm after 8 and 9 hours of 

centrifugation at each speed. A step size of .001 cm with 5 averages per step was 

employed for each scan. Data were analyzed using the Heteroanalysis program229, 

https://core.uconn.edu/resources/biophysics#au-software) to a single ideal species and 

dimer-tetramer models, with the former yielding better agreement with the data, based on 

the rmsd of the fit and the quality of the residuals of the fit. The partial specific volume 

and the solvent density values used in the analysis were calculated using the program 

Sednterp (http://rasmb.org/sednterp/). 

 Sedimentation velocity measurements were performed on AlfC protein prepared 

at 11 µM in the same buffer as that used for sedimentation equilibrium measurements. 

The sample was centrifuged at 42,000 rpm at 18oC in a standard two-hole cell equipped 

with an epon charcoal-filled centerpiece.  A total of 759 absorbance scans were acquired 

at 295 nm in continuous mode. The data (every other scan) were analyzed using 

SEDFIT230 to a continuous distribution of sedimentation coefficients c(s) model to 

generate the species distribution. 

Molecular docking. Ligand structures for docking were created using the carbohydrate 

builder of the glycam web server (glycam.org). Docking was performed using AutoDock 

Vina using standard methods, with flexibility allowed in the ligand, but not the protein146. 

The “correct” solution was deemed to be the solution with the greatest binding energy that 

placed fucose in the active site (in most cases, this was the top solution overall). 
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Results 

Defucosylation of IgG. Not all α-fucosidases have hydrolytic activity on the core fucose 

of antibodies, and efficient hydrolysis has only been reported in one other case231. 

However, the antibodies must first be treated with an endoglycosidase, such as EndoS, to 

remove all the carbohydrate residues following the first GlcNAc and its accompanying 

core fucose, trimming the N-glycan to a Fuc-α(1,6)-GlcNAc disaccharide. No α-fucosidase 

is known that defucosylates branched glycosylated IgG. The reported ability of the 

fucoligase mutant AlfCE274A to catalyze the addition of fucose to afucosylated branched 

glycosylated IgG50 led us to wonder if wild-type AlfC could defucosylate branched IgG. 

We incubated AlfCWT with 

Rituximab, a clinically approved 

IgG1 antibody bearing a fucosylated 

complex biantennary glycan, and 

monitored reaction progression using 

mass spectrometry. Consistent with 

previous reports, AlfC efficiently 

removed fucose from Rituximab after overnight incubation when an endoglycosidase 

(EndoS2) is present231 (Figure 47A). In stark contrast, neither AlfCWT nor AlfCE274A had 

any detectable activity in the absence of the endoglycosidase as much as 1 month later 

(Figure 47B). The seeming paradox that a point mutant (E274A) could create a product 

that neither it nor the wild-type enzyme can hydrolyze led us explore the  

Figure 47. Mass spectrometry of AlfC-treated Rituximab

(A) in the presence of EndoS2; (B) in the absence of EndoS2.
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Data Collection Unliganded AlfCWT  AlfCWT -Fucose AlfCD200A-4NP-Fuc 

Resolution range 
29.09  - 2.55 (2.64  - 
2.55) 

29.82  - 2.6 (2.69  - 2.6) 
39.43  - 2.6 (2.69  - 2.6) 

Space group C2221 C2221 P212121 

Unit cell (a, b, c, α, β, γ) 
89.30, 137.12, 264.71, 
90, 90, 90 

89.98, 138.24, 264.44, 
90, 90, 90 

89.73, 139.08, 263.37, 
90, 90, 90 

Total reflections 291045 (29172) 245543 (25604) 490615 (47731) 

Unique reflections 53116 (5271) 50858 (5036) 99099 (9887) 

Multiplicity 5.5 (5.5) 4.8 (5.1) 5.0 (4.8) 

Completeness (%) 100 (100) 99.0 (100) 96.0 (99.0) 

Mean I/sigma(I) 14.53 (1.07) 15.29 (1.12) 8.46 (0.93) 

Wilson B-factor 80.60 87.39 65.77 

Rmerge 0.059 (1.26) 0.054 (1.29) 0.115 (1.45) 

Rmeas 0.066 (1.39) 0.061 (1.43) 0.129 (1.63) 

CC1/2 0.999 (0.57) 0.999 (0.495) 0.995 (0.651) 

CC* 1 (0.85) 1 (0.814) 0.999 (0.888) 

Refinement    

Reflections used in 
refinement 

53110 (5271) 50853 (5034) 
97923 (9831) 

Reflections used for R-
free 

2621 (263) 2486 (236) 
4987 (514) 

Rwork 0.208 (0.406) 0.209 (0.350) 0.2315 (0.398) 

Rfree 0.242 (0.400) 0.228 (0.388) 0.2607 (0.411) 

CC(work) 0.951 (0.465) 0.960 (0.596) 0.937 (0.724) 

CC(free) 0.964 (0.421) 0.955 (0.476) 0.928 (0.686) 

Number of non-
hydrogen atoms 

10225 
10255 

20999 

Macromolecules 10192 10198 20607 

Ligands 0 44 160 

Protein residues 1300 1291 2584 

Waters 33 13 232 

RMS(bonds) 0.014 0.013 0.014 

RMS(angles) 1.73 1.65 1.72 

Ramachandran favored 
(%) 

93 95 
94 

Ramachandran allowed 
(%) 

6.5 4.9 
5.9 

Ramachandran outliers 
(%) 

0.4 0.55 
0 



Table 16 Continued 

141 
 
 

molecular basis for enzymatic activity by AlfCWT and point mutants.  

Overall structure of AlfC. To gain insight into the structure-function relationship of 

AlfC, we solved the ~2.5 Å resolution X-ray crystal structure of full-length wild-type AlfC 

(Table 16). AlfC is a single-domain enzyme that constructs a (β/α)8 fold typical of GH29 

enzymes, with an active site at the center of the barrel (Figure 48A). According to the DALI 

server226, AlfC is most similar structurally to α-L-f1wt produced by the bacteria  

Table 16. AlfC data collection and refinement statistics. Overall values are reported with highest 
resolution shell in parentheses. 

Rotamer outliers (%) 3.6 5.6 3.2 

Average B-factor for 
macromolecules 

101.98 113.43 
77.98 

Average B-factor for 
ligands 

N/A 102.09 
77.81 

PDB Code 6O18 6O1A 6O1C 

Figure 48. Structure of AlfC compared to other α-fucosidases. (A) Structure of AlfC with active site 
annotated. (B) Structure of closest homologue α-L-f1wt, exhibiting a C-terminal domain present in most α-
fucosidases, but absent in AlfC. (C) Tetrameric assembly of AlfC compared to (D) α-L-f1wt (hexamer) and 
(E) Tmα-fuc (hexamer). Active site separation is measured by distance between catalytic nucleophiles. 
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Paenibacillus thiaminolyticus (PDB 6GN6; Z-score = 38.5, CαRMSD = 2.2 Å, amino 

acid identity = 35%)220. However, unlike this enzyme and most other α-fucosidases, AlfC 

is missing the C-terminal domain often hypothesized to be a carbohydrate binding module 

(Figure 48B). AlfC crystallized as a tetramer, with opposing active sites separated by ~37 

Å (Figure 48C). The tetrameric nature of AlfC is consistent with previously published gel 

filtration experiments49, and consistent with the multimeric nature of other α-fucosidases, 

such as closely related α-L-f1wt (hexamer; Figure 48D) and well-studied TmαFuc 

Figure 49. Native mass spectrometry of AlfCWT. The deconvolution spectrum reveals three dominant 
clusters, roughly corresponding to the masses of AlfC monomers, dimers, and tetramers. The inlet depicts 
the original spectrum, with colored shapes annotating the m/z peaks that corresponded to each deconvoluted 
mass. 
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(hexamer; Figure 48E). Sedimentation equilibrium analysis also indicates that AlfC exists 

as a tetramer in solution. Native mass spectrometry revealed a mixture of tetramers, dimers, 

and monomers (Figure 49), suggesting that the tetrameric assembly is stable in solution but 

not in the gas phase. The significance of the multimeric nature of α-fucosidases is unclear, 

and in only one case has the quaternary assembly been reported to have functional 

significance, with the active site of one monomer complemented by a segment from an 

adjacent monomer220. Although active site complementation is not seen in AlfC, it remains 

unknown whether or not cross-talk can occur between active sites. 

Structure of AlfC active site. To better understand the catalytic mechanism of AlfCWT 

and point mutants, we solved the X-ray crystal structure of AlfCWT into which we soaked 

L-fucose (Table 16). In these crystals, fucose produced no substantial conformational 

changes, with a CαRMSD = 0.14 Å between the fucose-bound and –unbound structures. A 

close examination of the active site reveals that fucose binds in an orientation identical to 

other previously determined fucosidase crystal structures219,221,232. Specifically, H18, H87 

and Y131 coordinate O4 of fucose; E39 and W40 coordinate O3; E40 and H88 coordinate 

Figure 50. Structure of AlfC active site. (A) Structure with L-fucose bound. Enzyme contacts are shown 
by dashed lines. The catalytic nucleophile is shown in blue, while lead candidates for the general acid/base 
are shown in yellow. A mobile loop containing D242 is annotated. (B) Cartoon representation of structure 
colored by B-factor, highlighting high B-factors in the mobile loop that precedes a disordered region. 
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O2; and nucleophile D200 interacts with O1. W283 and W198 contribute to a hydrophobic 

pocket that accommodates C6 (Figure 50A).  

The mechanism of closely related BT2970 has been well characterized215. Hydrolysis 

proceeds though a classical Koshland double displacement reaction, with a 1C4 ↔3H4↔ 

3S1 conformational itinerary215,221. In this mechanism, the catalytic nucleophile and general 

acid/base oxygens (both typically contributed by aspartate and glutamate residues) are 

separated by ~5.5 Å (this results in a Cα-Cα distance of  ~12 Å, as described later). In AlfC, 

the nucleophile (D200) is conserved in both sequence and structure. However, no general 

acid/base residue is present within the expected ~5.5 Å. The structure implicates three main 

candidates for the general acid/base residue: E39, E274, and D242 (Figure 50A). The 

sequence equivalent of E39 has been implicated as the acid/base through chemical 

experiments in the α-fucosidases from Sulfolobus sulfataricus (Ssα-fuc)216 and Nephilingis 

cruentata (NcFuc) (Table 1)213. However, there is no structural evidence to support this 

assignment in any fucosidase, and Oδ of this residue in AlfC is ~9 Å from the nucleophile 

Oγ with no plausible access to the reactive C1 of fucose. The sequence equivalent of E274 

has been implicated as the general acid/base by chemical evidence in the α-fucosidases 

from Homo sapiens (FucA1)217 and Elizabethkingia meningoseptica (cFase I) (Table 

15)222. However, as before, no structural evidence exists to support this assignment in any 

fucosidase. In AlfC, Oδ of this residue is ~12 Å from the nucleophile Oγ, with W198 

separating the two residues. Furthermore, its location on a core β-strand makes it unlikely 

that a conformational change could place it within ~5.5 Å of the nucleophile to support a 

direct role in catalysis.  
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In contrast, D242 Oγ is ~19 Å away (Figure 50A), but located on a loop with high B-

factors that extends into a region that is disordered in our crystal structures, which together 

suggest a high degree of flexibility (Figure 50B). The structural equivalent to D242 has 

been implicated as the general acid/base by structural and/or chemical evidence in nine α-

fucosidases to-date (BT2192, BT3798, BiAfcB214, BACOVA_04357, GH29_0940218, 

FgFCO1219, α-L-f1wt220, αTm-Fuc221, and BT2970215), making it the best-supported 

candidate for the general acid/base residue. It is common for α-fucosidases to be 

crystallized in either an “open” conformation, as seen in these structures of AlfC, where 

the putative general acid/base is far from the active site, or in a “closed” conformation, 

where the acid/base moves into the active site to support catalysis. To see if the presence 

of a substrate would induce a conformational change, we solved the X-ray crystal structure 

of catalytically inactive AlfCD200A in complex with the chromogenic substrate 4-

nitrophenyl-α-L-fucopyranoside (4NP-fuc), which is frequently used in kinetic studies of 

α-fucosidases, and was used in the combined structural/quantum mechanical analysis of 

BT2970 to define the mechanism of this enzyme215 (Table 16). We soaked this substrate 

into apo AlfCD200A crystals, and observed clear electron density for it. However, despite the 

bound substrate, no conformational change was observed, and the Cα of D200A and D242 

were still ~16.5 Å apart (Figure 51A). 4NP-Fuc bound in an orientation nearly identical to 

that seen in BT2970, where the Cα of the nucleophile and acid/base are separated by ~12.5 

Å, in a conformation compatible with catalysis (Figure 51B)215. In BiAfcB, it has been 

observed that the Cα of the acid/base can move from ~17.6 Å away from the nucleophile 

Cα, to only ~12.1 Å away (Figure 51C)214. The same conformational change in AlfC would 



 

146 
 
 

place the Cα of D242 only ~11 Å from the nucleophile Cα, in a position compatible with 

catalysis.  

Kinetic analysis of AlfC residues. Because our structural analyses could not definitely 

determine the general acid/base, we sought to determine it by chemical means. The gold 

standard method for this is azide rescue233. Briefly, when the general acid/base is mutated 

to a small, nonionizable residue such as alanine, an azide ion can occupy the cavity 

previously contained by the acid/base side chain. If the acid/base mutant enzyme is 

supplied with a substrate with a strong leaving group, the first step of the reaction 

(glycosylation) can still occur without acid catalysis. The enzyme then gets trapped with a 

covalent fucosyl-enzyme intermediate that it cannot hydrolyze without base assistance. 

However, when azide is supplied, it can act as a strong nucleophile, attacking the enzyme 

intermediate, and regenerating the enzyme. Therefore, mutating the acid/base results in a 

large (~104-fold) decrease in kcat and a decrease in KM (due to accumulation of 

intermediate) that is partially reversed in the presence of azide. 

Figure 51. Open and closed forms of alpha-fucosidases. (A) Structure of AlfCD200A bound to 4-
nitrophenyl-α-L-fucopyranoside (4NP-fuc). The blue mesh represents a composite omit map of electron 
density surrounding 4NP-fuc, contoured to 1.5 σ and carved to 1.7 Å. (B) Structure of BT2970 (PDB 2WVU) 
with the same substrate in a closed conformation. (C) Structure of BiAfcB exhibiting open (PDB 3MO4) and 
closed (PDB 3UES) conformations. Black dashed lines depict Cα-Cα distances, while white dashed lines 
depict Oγ-Oδ distances. 
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 We first selected an appropriate buffer for kinetic analyses. AlfC exhibited a 

classical bell-shaped pH-dependence that peaked around pH 5.5-6 in the PCB buffer 

system (sodium propionate, sodium cacodyolate, bis-tris propane; Figure 52A). We 

therefore selected 100 mM sodium citrate pH 5.8 as the buffer for kinetic characterization. 

Because of our uncertainty in the acid/base, we mutated every aspartic acid and glutamic 

acid within ~15 Å of the active site. This included a large disordered region near the active 

site (residues 247-266; Figure 50B). We also mutated every asparagine residue in the same 

region, as asparagine can be activated by an adjacent residue to function as a general 

acid/base in some GH95 α-fucosidases234. We additionally mutated several other residues 

near the active site (tyrosine, tryptophan, and arginine) that might have important 

mechanistic roles. To screen for loss of activity consistent with a catalytic role, we 

performed a colorimetric endpoint assay using 4NP-fuc. Briefly, 100 nM AlfCWT and 

mutants were incubated with 1 mM 4NP-fuc for 20 minutes at 25°C in the presence or 

absence of 200 mM sodium azide, and then quenched with 1M ice-cold sodium carbonate 

pH 11, and assessed for activity by absorbance at 420 nm. Using this assay, activity was 

Figure 52. AlfC pH dependence and endpoint azide rescue. (A) pH dependence of AlfC on 4NP-fuc 
hydrolysis using 100 mM PCB buffer system (sodium propionate, sodium cacodyolate, bis-tris propane). (B) 
Activity of AlfCWT and point mutants on 4NP-fuc in 100 mM sodium citrate pH 5.8 in the presence and 
absence of 200 mM sodium azide. 
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undetectable in 7 mutants (Figure 52B). These mutants included the nucleophile (D200), 

all three main acid/base candidates (E39, D242, E274), an asparagine adjacent to D242  

 (N243), and an active site tryptophan (W283) (Figure 50A). Activity could be 

measurably rescued by sodium azide in the case of E39A. The activity of one mutant 

(E261A) exceeded wild-type activity by ~2-fold.  

To further characterize these interesting mutants, we performed detailed kinetic analyses 

to establish kinetic parameters (kcat and KM) (Table 7). AlfCWT has very low catalytic 

efficiency for 4NP-fuc, with a turnover rate (kcat) = 1.4 s-1
 and a KM = 0.7 mM, yielding a 

kcat/KM around 2 s-1
 mM-1. This is not very surprising, as α-fucosidases have been reported 

to have a wide range of catalytic efficiencies (kcat/KM) for this substrate, as high as ~104 s-

1
 mM-1 in SSα-fuc216, and unmeasurably low in subfamily B enzymes. The mutation E261A 

is more active than wild-type due to a ~3-fold increase in turnover rate. The presence of 

sodium azide also produces a mild turnover rate enhancement of about 25% for the wild-

type enzyme. In contrast, it produces a 10-fold turnover rate enhancement for E39A, the 

Enzyme kcat (s-1) KM (mM) kcat/KM (s-1 mM-1) 

E261A 4.27 ± 0.09 0.77 ± 0.06 5.5 

Wild-type + azide 1.77 ± 0.01 0.72 ± 0.02 2.4 

Wild-type 1.38 ± 0.02 0.70 ± 0.03 2.0 

E39A + azide 6.9 (± 0.1) x 10-1 2.3 ± 0.1 3.0 x 10-1 

E244A 1.23 (± 0.02) x 10-1 0.58 ± 0.03 2.1 x 10-1 

Y37A 5.1 (± 0.1) x 10-1 3.8 ± 0.2 1.3 x 10-1 

N243A 3.21 (± 0.05) x 10-3 0.64 ± 0.04 5.0 x 10-3 

E39A 6.74 (± 0.05) x 10-2 14 ± 2 4.6 x 10-3 

W283A 1.91 (± 0.08) x 10-2 7.2 ± 0.6 2.6 x 10-3 

E274A 2.33 (± 0.04) x 10-3 1.14 ± 0.07 2.0 x 10-3 

D242A 6.5 (± 0.5) x 10-4 0.84 ± 0.2 7.7 x 10-4 

R229A ND ND ND 

D200A ND ND ND 

Table 17. Kinetic parameters of AlfCWT and point mutants.  Kinetic parameters are for 4-nitrophenyl-α-
L-fucopyranoside at room temperature in 100 mM sodium citrate pH 5.8. 
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only mutant to exhibit such an increase. At first glance, it is tempting to assign E39 as the 

general acid/base residue based off these results. However, this mutation produced a ~18-

fold increase in KM, rather than the expected decrease if this residue was acting as the 

acid/base233. This observation, combined with the ~7-fold decrease in KM in the presence 

of sodium azide, suggests that azide ions might be occupying the cavity formed by E39A 

to promote binding of 4NP-fuc, and subsequent conformational changes needed to promote 

catalysis. This is consistent with the structure demonstrating a hydrogen bond between this 

residue and O3 of fucose (Figure 50A). It is worth noting that mutation of the other 

acid/base candidates (E274A and D242A) produced larger decreases in turnover rate than 

E39A, with D242A having the largest decrease of the three best sequence-conserved 

acid/base candidates. There was also a large (103-fold) decrease in turnover for N243A, 

implicating a role for this residue in catalysis. The nucleophile mutant D200A resulted in 

undetectable activity (>108-fold decrease). R229A also produced undetectable activity, 

highlighting a key catalytic role for this residues as well. This residue is conserved in 

subfamily A α-fucosidases, and although its function has never been described, its 

proximity to C1 of fucose suggests a plausible role in transition state stabilization. 

Although no residue classically passed the azide-rescue test, the large (~104) decrease in 

turnover by D242A is consistent with the assignment of this residue as acid/base. That 

azide rescue was not seen may be explained by the fact that nitrophenol is a mediocre 

leaving group (pKa = 7.18)216, and in the context of AlfC acid/base mutants, sufficient 

fucose-enzyme intermediate may not have formed to produce a large rate enhancement 

with the addition of azide. 
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Transfucosylation by other AlfC mutants. The large decreases in turnover by several 

mutants suggests that multiple residues act or assist the acid/base in the catalytic cycle. We 

wondered if any of these other mutants would have transfucosylation properties akin to 

E274A. We evaluated several mutants (E39A, R229A, D242A, N243A, E244A, E274A) 

for their ability to catalyze the transfer of fucose from αFucF to GlcNAc (Figure 53A). 

R229A, D242A, and D244A showed no activity, while E39A showed low activity. In 

contrast, N243A showed very high activity (~90% yield with respect to the acceptor 

GlcNAc), equal to or exceeding the yield of E274A. We then tested if E39A or N243A 

would have the ability to catalyze the transfer of fucose using fully glycosylated antibody 

as the acceptor (Figure 53B). E39A produced very low yields (~5%), while N243A again 

equaled the yields (~80%) provided by E274A. The resulting core fucosylated antibodies 

carrying the full length N-glycan was characterized using MALDI-TOF-MS. The α(1,6)-

fucosyl linkage generated by the new transfer mutant AlfCN243A was further confirmed by 

successful digestion with wild-type EndoS2 and AlfC. These results are surprising in light 

of the structures and kinetic experiments.  None of these residues is the most likely 

Figure 53. Transfucosylation yields. AlfC catalyzed transfer of fucose from αFucF to (A) GlcNAc and (B) 
IgG1 antibody (S0G2 glycoform). 
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candidate for acid/base, suggesting that there might be multiple ways of producing an 

efficient transfucosylation mutant. They also suggest that there is nothing inherently unique 

about the ability of E274A to catalyze the fucosylation of fully glycosylated antibodies. 

This appears to be a general property for all AlfC fucosyltransferase mutants, despite the 

incapability of any AlfC enzyme (wild-type or mutant) to hydrolyze fucose from fully 

glycosylated antibodies (Figure 47).  

Structure and dynamics of AlfC mutants. The paradoxical behavior of AlfCE274A and 

AlfCN243A led us probe the structure and dynamics of these enzymes in order understand 

their mechanisms as efficient fucoligase mutants. We solved the X-ray crystal structures of 

both of these enzymes (Table 18). They exhibited no major conformational changes 

compared to AlfCWT, with CαRMSD < 0.25 Å for each of the enzymes (Figure 54). Only 

AlfCE274A showed a subtle change near the site of mutation, with W198 moving its side 

chain ~4 Å to occupy the cavity left by E274A (Figure 54A). AlfCN243A was nearly identical  

Figure 54. Structure of AlfC fuscosyltransferase mutants. Structure of (A) AlfCE274A (light blue) and (B) 
AlfCN243A (dark blue) compared to AlfCWT (green). 
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Data Collection AlfCE274A AlfCN243A-Fucose 
AlfCD200A-Fuc-
α(1,6)GlcNAc 

Resolution range 
29.12  - 3.55 (3.68  - 
3.55) 

47.75  - 2.0 (2.071  - 2.0) 
29.04  - 3.14 (3.252  - 
3.14) 

Space group C2221 P21 C2221 

Unit cell (a, b, c, α, β, γ) 
87.75, 139.3, 265.59, 
90, 90, 90 

80.30, 259.92, 80.35, 90, 
118.81, 90 

89.02, 139.25, 263.38, 
90, 90, 90 

Total reflections 89921 (9164) 481076 (25229) 143262 (13548) 

Unique reflections 18262 (1827) 179997 (11710) 28911 (2824) 

Multiplicity 4.9 (5.0) 2.7 (2.0) 5.0 (4.8) 

Completeness (%) 91 (93) 91.4 (60.5) 1.00 (1.00) 

Mean I/sigma(I) 9.63 (0.81) 9.96 (0.71) 6.59 (0.91) 

Wilson B-factor 123.68 39.92 88.81 

Rmerge 0.1472 (2.635) 0.065 (0.89) 0.1579 (1.554) 

Rmeas 0.1636 (2.921) 0.080 (1.13) 0.1764 (1.746) 

CC1/2 0.997 (0.314) 0.997 (0.515) 0.995 (0.439) 

CC* 0.999 (0.691) 0.999 (0.824) 0.999 (0.781) 

Refinement    

Reflections used in 
refinement 

18262 (1822) 176953 (11664) 
28911 (2822) 

Reflections used for R-
free 

913 (91) 9035 (574) 
1445 (153) 

Rwork 0.2463 (0.3737) 0.2301 (0.4080) 0.2785 (0.4114) 

Rfree 0.2614 (0.3985) 0.2426 (0.4248) 0.2986 (0.3821) 

CC(work) 0.953 (0.574) 0.877 (0.575) 0.954 (0.481) 

CC(free) 0.938 (0.338) 0.866 (0.437) 0.958 (0.580) 

Number of non-
hydrogen atoms 

10197 
21640 

10367 

Macromolecules 10197 20791 10267 

Ligands 0 88 100 

Protein residues 1296 2590 1289 

Waters 0 761 0 

RMS(bonds) 0.013 0.014 0.007 

RMS(angles) 1.59 1.78 1.26 

Ramachandran favored 
(%) 

94.1 95.4 
93.5 

Ramachandran allowed 
(%) 

5.9 4.3 
5.7 

Ramachandran outliers 
(%) 

0 0.3 
0.8 

Rotamer outliers (%) 2.4 3.5 1.4 
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to wild-type, including at the site of mutation (Figure 54B). This is not surprising, as 

N243 does not form contacts with any other residues in the AlfC crystal structures. 

Together, these results suggest that AlfCE274A and AlfCN243A gain function as fucoligases 

through changes in their conformational dynamics rather than through major 

rearrangements in overall protein folds. 

Because X-ray crystallography provides only an averaged structure, we sought to probe 

changes in the dynamics of the mutant enzymes. To do this, we performed hydrogen-

deuterium mass spectrometry analysis (HDX-MS). HDX-MS relies on the exchange of 

hydrogen with deuterium on peptide backbone amides, and provides information on 

backbone solvent accessibility and dynamics, as residues that are more frequently exposed 

to solvent will undergo faster deuteration. By subtracting the percent deuteration for wild-

type and mutant proteins for individual proteolytic peptides, we determined which regions 

of each protein display statistically significant changes in deuteration as a result of point 

mutation. The results revealed that AlfCE274A is dramatically more solvent accessible in 

several regions surrounding the point of mutation, including the mobile loop containing 

the acid/base candidate D242 (Figure 55A). This is consistent with the enzyme sampling a 

more “open” conformation. The differences in dynamics for AlfCN243A were far more 

subtle, with this enzyme displaying slight increases in deuteration in some regions, and 

Average B-factor for 
macromolecules 

105.35 53.09 
126.62 

Average B-factor for 
ligands 

N/A 55.73 
109.53 

PDB Code 6O1I 6O1J 6OHE 

Table 18. AlfC mutant data collection and refinement statistics. Overall values are reported with 
highest resolution shell in parentheses. 
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slight decreases in others (Figure 55B). However, like in AlfCE274A, the region containing 

D242 showed increases in deuteration, suggesting that this enzyme might also be sample 

more “open” conformations.  

The HDX-MS analysis suggests that AlfCE274A and AlfCN243A are fucoside transfer 

mutants that work by shifting the dynamic equilibrium of AlfC towards a more “open” 

conformation. This conformation would reduce hydrolytic activity, but still allow 

transfucosylation activity if acceptor substrate binding promotes a return to the “closed” 

conformation. If true, this would suggest that other mutations which promote an “open” 

conformation could also act as transfucosidases. To test this, we mutated F237, which 

immediately precedes the acid/base loop, and inserts into the β-barrel, potentially helping 

lock the enzyme into a “closed” position. As expected, mutation of this residue to alanine 

produced fucosyltransferase activity, albeit with somewhat lower efficiency (~20%) than 

AlfCE274A and AlfCN243A, suggesting a generalizable mechanism (Figure 56). We then 

Figure 55. AlfC hydrogen-deuterium exchange mass spectrometry analysis. (A) Differences in percent 
deuteration of peptides from (A) AlfCE274A and (B) AlfCN243A compared to wild-type. Differences are mapped 
onto a surface representation of AlfC bound to fucose (magenta). The site of mutation and the position of D242 
are annotated with arrows. 
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created the double mutant AlfCE274A/N243A to see if the mutations would compound to create 

additive/synergistic effects. To our surprise, the double mutant lost nearly all of its 

transfucosidase activity, suggesting that there might be a “sweet-spot” for AlfC dynamics 

to produce optimal fucosyl transfer. 

α(1,6)-specificity of AlfC. AlfC is 103-104 fold more active on α(1,6)-linked 

disaccharides compared to α(1,2)-, α(1,3)- and α(1,4)-linkages, and has no activity on 

polysaccharides greater than two residues49. In order to understand the strict specificity of 

AlfC, we solved the crystal structure of AlfC bound to its preferred substrate, 

Fucα(1,6)GlcNAc (Table 18). The structure demonstrates that AlfC shows good shape 

complementarity for this substrate (Figure 57). With fucose in the active site, GlcNAc sits 

in an adjacent aromatic pocket formed by residues Y37, W40, and W158. This binding 

modality furthermore allows oxygen of the N-acetyl group to hydrogen bond with the 

backbone nitrogen of A154. This orientation also leaves ample space for the putative 

acid/base residue D242 to adopt a “closed” conformation compatible with hydrolysis. N-

Figure 56. Structure and activity of fucosyltransferase mutants. (A) Cartoon representation of AlfC-
fucose, highlighting the position of F237A in a hydrophobic pocket. Other fucosyltransferase mutations are 
also shown in yellow. (B) Fucosyltransferase activity of AlfCF237A and AlfCN243A/E274A using fully glycosylated 
antibody as the acceptor, compared to E39A, N243A, and E274A (Figure 6B).  
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linkages of this disaccharide (as 

seen on EndoS-treated IgG) can be 

readily accommodated, as O1 of 

GlcNAc (which connects to 

Asn297) points away from the 

surface of the enzyme. In contrast, 

AlfC cannot accommodate longer 

carbohydrate linkages (as seen in 

untreated IgG), because O4 of 

GlcNAc (which connects to another 

GlcNAc) points directly towards 

the surface of the enzyme, creating steric clashes for any polysaccharide longer than two 

residues. In order to understand why AlfC is less active on disaccharides with other 

linkages, we performed molecular docking analysis with various ligands that AlfC 

recognizes (fucose, 4NP-fuc, Fucα(1,6)GlcNAc, Fucα(1,2)Gal, Fucα(1,3)GlcNAc, 

Fucα(1,4)GlcNAc) (Figure 58). The docking was reliable, faithfully reproducing the 

binding modalities observed in crystal structures in every case where they were available 

(AlfC-Fucose, AlfC-4NP-Fuc, AlfC-Fucα(1,6)GlcNAc). This increased our confidence in 

the docking results of ligands that AlfC processes with lower efficiency for which we did 

not have structures (Fucα(1,2)Gal, Fucα(1,3)GlcNAc, Fucα(1,4)GlcNAc). The results 

demonstrate that the other linkages do not place the second sugar in the aromatic pocket 

adjacent to the active site. Instead, this sugar resides closer to the loop containing D242, 

potentially forming clashes with AlfC should it need to adopt a “closed” conformation. 

Figure 57. Structure of AlfCD200A with Fucα(1,6)GlcNAc 

bound. The grey mesh represents a composite omit map of 
electron density surrounding the ligand, contoured to 1.5 σ and 
carved to 2.2 Å. An aromatic pocket that accommodates the 
GlcNAc moiety is colored blue, while D242 is colored yellow. 
O1 and O4 of GlcNAc are annotated, which connect to Asn297 
and another GlcNAc, respectively, in IgG. 
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Together, these results provide the molecular basis for AlfC specificity on α(1,6)-linked 

disaccharides and N-glycans, and the requirement for endoglycosidase pre-treatment of 

IgG. 

Discussion 

We have provided a detailed structural and dynamic analysis of AlfCWT and several 

highly efficient fucosidase transfer mutants. Our results suggest that AlfC, like many other 

Figure 58. Molecular docking of AlfC ligands. (A) Crystal structure (pink) compared to docked result 
(yellow) of fucose; (B) 4-NP-Fuc; and (C) Fucα(1,6)GlcNAc, demonstrating accuracy of docking. (D) 
Molecular docking results for inefficient substrates Fucα(1,2)Gal; (E) Fucα(1,3)GlcNAc; and (F) 
Fucα(1,4)GlcNAc. 
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GH29 fucosidases, can adopt “open” and “closed” conformations with respect to the 

acid/base residue, with only the “closed” conformation compatible with catalysis. Several 

mutations (e.g., E274A, N243A, F237A) may shift the dynamic equilibrium towards 

“open” conformations, thereby reducing hydrolysis. To understand how these mutations 

produce transfucosylation, one might draw inspiration from the mechanisms of non-Leloir 

transglycosylases235. These are unusual glycoside hydrolases that naturally catalyze 

transglycosylation rather than hydrolysis. Once a covalent enzyme-intermediate has 

formed, how do these enzymes preferentially select sugars as acceptors, even when water 

is millions of times more abundant and equally capable of acting as an acceptor? It is 

thought that these enzymes possess an aromatic “+1” subsite adjacent to the active site in 

which the acceptor sugar binds. This binding leads to subtle but important conformational 

changes in the active site that lowers the activation energy for transglycosylation235. 

Meanwhile, hydrolysis does not occur because water is incapable of causing the 

conformational changes needed for catalysis. If we apply these general principles to AlfC, 

we might propose that GlcNAc binding in the +1 subsite (Figure 9) promotes a “closed” 

conformation, while water does not. Therefore, if a mutation shifts the equilibrium towards 

“open” conformations, the enzyme only becomes catalytically competent when GlcNAc 

binds, thereby increasing the ratio of transglycosylation to hydrolysis. Although we lack 

direct evidence for this mechanism, we have shown that a mutation designed to increase 

the flexibility of the acid/base loop (F237A) produces transfucosylation activity. These 

results are not without precedent; directed evolution experiments with Tmα-fuc identified 

three mutations (T264A, Y267F, L322P) that, when combined, increased its 

transfucosylation efficiency 32-fold236. Strikingly, these mutations are very similar to the 



 

159 
 
 

transfucosylation mutants identified in this paper: in crystal structures, Tmα-fuc Y267 is 

the structural analogue of AlfC N243; Tmα-fuc L322 is directly adjacent to AlfC E274; 

and Tmα-fuc T264 is directly adjacent to AlfC F237. Four of these residues (T264, L322, 

F237 and E274) are involved in stabilizing the β-barrel adjacent to the acid/base loop. The 

other two residues (Y267, N243) directly follow the acid/base, and would plausibly interact 

with the substrate during a “closed” conformation. Therefore, all of these mutations might 

be expected to shift the equilibrium towards “open” conformations. Notably, when several 

of these mutations are combined in AlfC, the enzyme loses its transfucosylation 

capabilities, suggesting that it might be possible to shift the equilibrium too far. If AlfC 

N243 interacts with the substrate only during a “closed” conformation, this might explain 

the relatively small changes we observed in HDX-MS for this mutant, as these experiments 

were done in the absence of any ligand. 

The paradox that AlfC transfucosylation mutants can fucosylate fully branched 

glycosylated antibodies to create a product that neither the wild-type enzyme nor any point 

mutant can hydrolyze perplexes us. We could not identify any structural basis for how point 

mutants (e.g., E274A, N243A) can accommodate an afucosylated antibody as an acceptor. 

Instead, our structures would suggest that any acceptor sugar longer than one residue would 

form clashes with the enzyme (Figure 9). The easiest explanation for both of these 

phenomena is that the transfucosylation mutants add fucose to antibodies in a linkage or 

site that is non-hydrolyzable by AlfC (e.g., in an α(1,3) linkage, or directly to a protein side 

chain). However, we carefully excluded these possibilities in our original characterization 

of AlfCE274A, confirming by mass spectrometry and NMR that fucose is added solely to the 

first GlcNAc in an α(1,6)-linkage50. Furthermore, in our studies of AlfCN243A presented 
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here, we showed that the fucose that gets added can be hydrolyzed by AlfCWT following 

treatment with EndoS2. Alternative explanations are less readily apparent; perhaps after 

being fucosylated, antibodies change their dynamics in a way that makes the glycan less 

accessible to AlfC. Understanding how AlfC creates a product it cannot hydrolyze may 

reveal a novel strategy for creating efficient glycosyltransferases. Additionally, learning 

how fucosidase transfer mutants accommodate large glycans might inform strategies to 

engineer a mutant that can hydrolyze fucose from fully glycosylated antibodies to the 

behest of the antibody engineering community. 

The important contributions of fucose to many biological processes, including antibody 

effector functions, demands our understanding of fucose modifying enzymes, with which 

we will be able to specifically detect, modify, and control fucosylation to improve human 

health. 
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CHAPTER 7: GLYCAN REMODELING ON THE YEAST SURFACE TO 

PERMIT DIRECTED EVOLUTION OF ANTIBODY FC REGIONS 

Abstract 

The binding strength between the Fc region of IgG antibodies and Fc γ receptors critically 

modulates the degree of antibody-dependent cellular cytotoxicity (ADCC) elicited by the 

antibody. Substantial efforts have been made in order to create antibodies with higher 

affinity binding to certain Fc γ receptors, but suitable high-throughput display platforms 

are lacking due to the necessity of a complex glycan on Asn297 of IgG Fc regions. Here, 

we used a combination of endoglycosidases (EndoA) and glycosynthases (EndoS2D184M) 

to remodel the displayed Fc high-mannose glycan normally made by Saccharomyces 

cerevisae into a complex biantennary glycan compatible with high affinity Fc γ receptor 

binding while still on the yeast cell surface. We then used error prone PCR to create a yeast 

display library with Fc diversity of ~5x106
 and an average of 6 mutations per Fc chain. 

Such a library might be suitable for directed evolution of Fc regions with native-like 

glycosylation towards high affinity binding to specific Fc γ receptors. 

Introduction 

Antibodies are a foundation of the human immune system, protecting us from cancer and 

infectious diseases. They exert their functions by binding specific epitopes using their 

fragment antigen binding (Fab) regions, and exerting effector functions through their 

fragment crystallizable (Fc) regions. These effector functions primarily occur through 

interactions with Fc receptors on immune cells and complement fixation. A glycosylation 

site on Asn297 of the Fc domain of immunoglobulin G (IgG) antibodies critically 

modulates the effector functions of antibodies.23 The presence of a complex biantennary 
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glycan allows the antibodies to efficiently interact with Fc γ receptors and complement 

C1q, and antibodies missing this glycan have dramatically reduced effector functions.  

 Fc γ receptors come in many flavors, and can be either activating or inhibitory118. 

The activating Fc γ receptor IIIa (FcγRIIIa) is present on natural killer (NK) cells, 

neutrophils, monocytes and macrophages, and contributes to antibody-dependent cellular 

cytotoxicity (ADCC)237. FcγRIIIa has two common polymorphisms at position 158, 

bearing either a valine or a phenylalanine. The 158V polymorphism has higher binding 

affinity to FcγRIIIa, and results in increased binding by immune cells238,239. As such, 

several studies have found a correlation between FcγR genotype and response to 

monoclonal antibody therapy240. Because of the correlation between IgG-FcγR binding 

affinity and response to therapy, antibody engineering for increased binding affinity to 

FcγRs has become an active field of research. The first successful strategy to make it to 

market is IgG glycoengineering. The absence of a core fucose residue increases FcγRIIIa 

binding ~50-fold, and produces enhanced ADCC24. As a result, several afucosylated 

antibodies (e.g., obinutuzumab, mogamulizumab) are now clinically available. However, 

afucosylated antibodies can be difficult to produce, and require cells lines deficient in 

fucosyltransferase activity. An alternative strategy is to mutate the amino acid sequence of 

the antibody Fc and/or hinge region, and many groups have had success with altering the 

binding affinity of antibodies to specific FcγRs52. However, in order to increase the binding 

affinity to FcγRs to the same extent that afucosylation produces, antibodies must bear a 

glycan at Asn297. Therefore, these strategies are almost universally low-throughput, as 

common high-throughput display platforms (e.g., phage display, bacterial display, yeast 

display) cannot glycosylate antibodies in a manner compatible with high-affinity FcγR 
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binding. Furthermore, low-throughput strategies have difficulty simultaneously directing 

the binding affinity towards more than one target (e.g., increased affinity to FcγRIIIa and 

decreased affinity to FcγRIIb). Therefore, a high-throughput platform for creating and 

evaluating Fc mutants for increased FcγR binding is desired. 

 Yeast display is a common platform for performing directed evolution of proteins. 

However, yeast decorate their proteins with highly branched mannosyl glycans51, and the 

difficulty in controlling this glycosylation means that no group has ever evolved a 

glycoprotein that requires a glycan interface for binding by using this method, or any other. 

Furthermore, the high-mannose glycan produced by yeast is incompatible with high-

affinity FcγR binding. However, Wang and coworkers have engineered glycosynthases 

which are capable of specifically altering the glycosylation of antibodies48,122. We therefore 

sought to determine if this strategy could be used on the surface of living yeast cells to alter 

their glycosylation to make yeast display a suitable platform for directed evolution of 

glycosylated Fc regions. 

Methods 

Cloning of yeast cells. Human IgG1 Fc (Uniprot P01857; Gliknik construct G-001, 

residues 99-330) with/without the addition of an N-terminal TEV site was cloned into the 

pCTcon2 vector (Addgene) between NheI and BamHI restriction sites. Saccharomyces 

cerevisae strain EBY100 (ATCC) was transformed by the following procedure: EBY100 

cells were streaked onto a YPD plate (1% yeast extract, 2% peptone, 2% dextrose, 2% 

agar) containing 50 μg/mL kanamycin and grown at 30°C for two days. An individual 

colony was inoculated into 3 mL of YPD media containing 50 μg/mL kanamycin and 

grown for 24 hours at 30°C with shaking at 220 rpm. Yeast were added to 100mL of 
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prewarmed YPD media so that the starting OD600 = 0.3-0.4, and grown at 30°C with 

shaking until OD600 = 1.3-1.6 (approximately 4-6 hours). Once this OD600 was achieved, 

cells were split between two 50 mL falcon tubes and spun at 3000rpm for 3 minutes. Pellets 

were resuspended in 50 mL of ice-cold autoclaved water, and spun again. Cells were then 

resuspended in 50 mL ice-cold 1M sorbitol, 1mM CaCl2, prepared immediately before use, 

and spun at 4000rpm for 5.5 minutes. Cells were then resuspended in 20 mL 0.1M lithium 

acetate, 10 mM DTT (prepared fresh), and transferred to a culture flask and grown at 30°C 

for 30 min with shaking. Cells were then spun at 4000rpm for 5.5 min and washed twice 

with ice-cold 50 mL 1M sorbitol, 1 mM CaCl2, and then twice with 50 mL ice-cold 1M 

sorbitol. Cells were resuspended in 200 μL ice-cold 1M sorbitol to create a final volume of 

~700 μL yeast suspension. In a prechilled electroporation cuvette, 100 μL yeast suspension 

and 250 ng plasmid were mixed and electroporated at 2.5kV in a Gene Pulser (BioRad). 

Cells were then resuspended in 2mL of 1:1 mix of 1M sorbitol/YPD media in a 14 mL E. 

coli growth tube, and incubated for 1h at 30°C with shaking. Cells were then spun down, 

resuspended in 2 mL 1M sorbitol, and 10 μL serial dilutions were plated onto SD agar 

plates and grown for 3 days until colonies had formed. The presence of the gene was 

confirmed by colony PCR as follows: a single colony was mixed with 4 μL lyticase and 46 

μL water at 37°C for 30 min, then 95°C for 10 minutes, then PCR was performed using 1 

μL of lysate and T7/EP5 primers. DNA from positive hits were sent for sequencing 

(www.genewiz.com).  

Cloning, expression, and purification of FcγRIIIa bait. Human FcγRIIIa (Gliknik; 

Uniprot P08637 158V variant; residues 17-254) was cloned into the PCDNA3.3-TOPO 

vector (Thermo Fisher) with inclusion of an N-terminal biotin-attachment peptide 
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(GLNDIFEAQKIEWHE) and C-terminal His6-tag. The receptor was transiently expressed 

in HEK293T cells using polyethylenimine as a transfection reagent. After transfection, 

cells were cultured for 96 hours in Free-style F17 medium, supplemented with GlutaMAX 

and Geneticin (Thermo FisherScientific). Cells were spun down, filtered through 0.8 μm, 

0.45 μm, and 0.22 μm filters, then passed over a HisTrap excel column (GE Healthcare). 

Protein was washed with 150 mM NaCl, 50mM Tris-HCl pH 7.4, and then eluted with 500 

mM imidazole, 150 mM NaCl, 50mM Tris-HCl pH 7.4. Protein was dialyzed against 

50mM bicine pH 8.3, and biotinylated with BirA biotin ligase kit (Avidity) according to 

manufacturer instructions. Biotinylated receptor dialyzed into PBS, and mixed in a 1:4 

stoichiometric ratio with PE-conjugated streptavidin (Thermo), and then stored at 4°C. 

Preparation of reagents for chemoenzymatic synthesis. G2S2-oxazoline was 

synthesized by the Wang lab as previously reported122. EndoS2D184M was created by site-

directed mutagenesis, and purified as previously reported241. EndoA from Arthrobacter 

protophormiae was cloned and purified using the same methods as EndoS2241.  

Yeast display. Fc-TEV transformed yeast cells were grown in 5 mL SD media at 30°C for 

2 days. Next, 2 mL of this culture was transferred into 40 mL SG media with 50 μg/mL 

kanamycin at 20°C, 230rpm for 2 days in order to induce expression of Fc. OD600 of a 1:10 

dilution of yeast was measured, and 1x107 cells were used per experiment (e.g., OD600 of 

0.52 = 5.2x107 cells). 500 μL PBS was added to the yeast, and cells were centrifuged at 

3000 rpm for 3 min, and then supernatant aspirated. Cells were incubated overnight at room 

temperature in 40 μL PBS supplemented with 3 μM EndoA to remove the high-mannose 

glycans. The cells were washed with 500μL PBS/BSA, then treated with 1 μM 

EndoS2D184M, 50 μg G2S2-oxazoline, 3 μM EndoA in 40 μL PBS for 30 min at 30°C to 
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remodel the glycan. Cells were then washed with 500 μL PBS + 0.5% BSA, and then 

incubated with 1 μL α-c-myc-FITC antibody (Invitrogen) as an expression control, and a 

dilutional series of FcγRIIIa-Strep-PE (1.8 μM, 180 nM, 18 nM, 1.8 nM with respect to 

FcγRIIIa concentration) shaking at room temperature for 1 hour. Cells were then washed 

2x with 500 μL PBS/BSA, then resuspended in 1 mL PBS/BSA. Untreated, and EndoA-

only treated cells were also stained using the same protocol. Flow cytometry was 

performed on a BioRad S3 cell sorter with flow channel 1 set to FITC and flow channel 2 

set to PE. 

Creation of display library. Error prone PCR was performed as follows: 6x100μL PCR 

reactions were set up so each reaction contained 2.2 μL dATP (10 mM stock), 2.0 μL dCTP 

(10mM stock), 3.4 μL dGTP (10 mM stock), 2.4 μL dTTP (100 mM stock), 30 ng DNA 

template, 1 μL EP5 primer (10 mM stock), 1 μL T7 forward primer (10 mM stock), 0.5 μL 

BSA (10 mg/mL stock), 13.3 μL MgCl2 (25 mM stock), 10 μL MnCl2 (5 mM stock, made 

fresh), 10 μL Taq 10x buffer without MgCl2, water to 99 μL, and 1 μL Taq DNA 

polymerase. Reactions were aliquoted into 12 PCR tubes (50 μL each), and then PCR was 

performed as follows: 94°C for 2 min, 30 cycles of (94°C for 1.5 min, 55°C for 1.5 min, 

72°C for 1 min), 72°C for 5 min, 4°C hold. Reactions were pooled into 2x300 μL, and then 

3 μL DpnI was added to each tube and incubated at 37°C for 1 hour. PCR cleanup (Bioneer) 

was performed on each reaction separately according to manufacturer’s instructions, and 

then DNA was pooled. Gapped vector was prepared by digesting 20 μg of the wild-type 

plasmid with NheI and BamHI and incubating at 37°C for 3 hours. The cut plasmid was 

then run on a 1% agarose gel and then gel extracted according to manufacturer’s 

instructions (Bioneer). 
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 To transform the yeast cells, an individual colony from a YPD EBY100 plate was 

inoculated into 20 mL of YPD media containing 30 μg/mL kanamycin, and grown for 48 

hours at 30°C with shaking. 2 x 100 mL of YPD media in 1 L flasks were prewarmed to 

30 °C. OD600 of the yeast culture was measured at a 1:10 dilution, and then 100 mL of 

prewarmed YPD was inoculated to a starting OD600 = 0.4, and grown to an OD600 = 1.3-1.6 

(4-6 hours). Once this OD600 was achieved, cells were split between two 50 mL falcon tubes 

and spun at 3000rpm for 3 minutes. Pellets were resuspended in 50 mL of ice-cold 

autoclaved water, and spun again. Cells were then resuspended in50 mL ice-cold 1M 

sorbitol, 1mM CaCl2, prepared immediately before use, and spun at 4000rpm for 5.5 

minutes. Cells were then resuspended in 20 mL 0.1M lithium acetate, 10 mM DTT 

(prepared fresh), and transferred to a culture flask and grown at 30°C for 30 min with 

shaking. Cells were then spun at 4000rpm for 5.5 min and washed twice with ice-cold 50 

mL 1M sorbitol, 1 mM CaCl2, and then twice with 50 mL ice-cold 1M sorbitol. Cells were 

resuspended in 400 μL ice-cold sorbitol to create a final volume of ~1 mL yeast suspension. 

In a prechilled electroporation cuvette, 100 μL yeast suspension, 250 ng cut plasmid, and 

1.25 μg insert were mixed and electroporated at 2.5kV in a Gene Pulser (BioRad). This 

was repeated 5 more times for the yeast library, and 3 times for negative controls (vector 

only, insert only, and nothing). Cells were then resuspended in 2mL of 1:1 mix of 1M 

sorbitol/YPD media in a 14 mL E. coli growth tube, and incubated for 1h at 30°C with 

shaking. Cells were then spun down, and resuspended in 10 mL 1M sorbitol. Serial 

dilutions of 10 μL were plated onto SD agar plates, and library size was estimated (5 

colonies on 1:1000 dilution plate = library size of ~5x106). Library diversity was estimated 

by sequencing 10 colonies (described above). The remaining yeast culture was added to 
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500 mL SD media supplemented with 30 μg/mL kanamycin and grown for 2 days at 30°C 

with shaking. Transformed yeast were selected for by inoculating 250 mL SD media with 

10 mL of library, and grown at 30°C for 2 days. This was repeated two additional times, 

and 15 mL glycerol stocks were kept of each passage. 1.4 mL of the passage 3 library can 

be used for yeast display, as described above.  

Results 

Saccharomyces cerevisae were transformed by standard protocols (see Methods) to display 

the IgG1 Fc region and hinge. The displayed Fc regions were predicted to have extensively 

branched high-mannose glycosylation at Asn297. By staining the yeast cells with 

tetrameric FcγRIIIa conjugated with Streptavadin-PE, we detected low binding to 

FcγRIIIa, as measured by flow cytometry (Figure 59A). However, binding was increased 

slightly when the yeast cells were treated with EndoA, an endoglycosidase active on high-

mannose glycans242 (Figure 59B). This is consistent with the prediction that the highly 

branched high-mannose glycans produced by yeast would sterically hinder the antibody-

FcγRIIIa interaction. However, deglycosylated antibodies also have low affinity for 

FcγRIIIa. We therefore expected to see a large increase in binding when the yeast cells 

were subsequently treated with EndoS2D184M and complex glycan oxazoline, an 

enzyme/substrate combination that has been shown to efficiently transfer complex glycans 

to deglycosylated antibodies48. We noticed a large upwards shift in PE signal, consistent 

with the conclusion that the yeast cells were binding more FcγRIIIa (Figure 59C). In order 

to differentiate between the low-avidity binding of mannosylated/deglycosylated IgG and 

high-avidity binding of complex glycosylated IgG to FcγRIIIa, we had to perform a 
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dilutional series of FcγRIIIa-Streptavadin-PE, with differences only noticeable at low 

Figure 59. Flow cytometry of yeast cells displaying Fc. (A) Yeast cells that were untreated. (B) Yeast cells 
treated with EndoA. (C) Yeast cells treated with EndoA, EndoS2D184M, and complex-type oxazoline. The top 
left of each panel shows the Fc glycosylation expected at each stage of treatment. 



 

170 
 
 

(~2nM) concentrations of FcγRIIIa (higher concentrations not shown). This suggests that 

yeast cells can be saturated with tetrameric FcγRIIIa, even with weakly binding IgG, due 

to the avidity effect.  

 This proof-of-principle experiment demonstrates that displayed Fc regions can be 

modified on the surface of living yeast cells in order to increase their binding affinity to 

FcγRs. We therefore sought to determine if higher-than-wild-type affinity Fc regions could 

be selected for from a library of mutated Fc regions using this glycoengineering approach. 

We used error-prone PCR to create a library yeast cells that display Fc regions with random 

mutations throughout. This library had a diversity of ~5x106, and an average of 6 amino 

acid mutations per chain. This resulted in premature stop codons in roughly half of the Fcs. 

Therefore, only about ~2.5x106 different Fc regions could be expected to potentially bind 

FcγRIIIa with high affinity. However, this is still orders of magnitude higher than the 

number of mutations typically screened using low throughput methods such as PCR-based 

site-directed mutagenesis. 

Discussion 

We demonstrated that EndoA in combination with EndoS2D184M and complex glycan-

oxazoline is capable of remodeling the glycosylation of Fc regions displayed on the surface 

of living yeast cells. This modification results in increased FcγRIIIa binding, as measured 

by flow cytometry. Therefore, this might be a suitable platform for displaying glycosylated 

Fc regions to evolve the Fc towards specific receptors. This is a novel strategy, as 

glycoproteins dependent on their glycans for binding have never been successfully 

subjected to directed evolution. We have created a library of Fc mutants with functional 

diversity of about ~2.5x106
, and will subject this library to iterative rounds of glycan 
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remodeling and flow cytometry in order to determine if novel Fc variants can be identified 

which possess high affinity FcγRIIIa binding.  By using multiple bait proteins, it might 

further be possible to simultaneously evolve the Fc away from one protein and towards 

another (e.g., towards activating receptor FcγRIIIa and away from inhibitory receptor 

FcγRIIb). The glycan composition could also be controlled by using different oxazoline 

derivatives, and different glycans could be screened for binding. For example, Fc regions 

bearing α(2,6)-sialylated glycans might be particularly suited to evolution towards DC-

SIGN, an anti-inflammatory receptor requiring α(2,6)-sialylation243. It should also be 

further explored whether monomeric bait might be suitable in some cases. We tried this 

strategy first (specifically, using His6-tagged FcγRIIIa, a mouse α-His antibody, and a PE-

conjugated α-mouse antibody). However, we could not detect any staining using this 

strategy (data not shown). This could be because the monomeric FcγRIIIa could not survive 

the wash steps, or because the use of primary and secondary antibodies decreased the 

efficiency of the staining. However, fluorescently-tagged primary antibodies might be 

suitable with monomeric bait in some cases, especially when trying to optimize relatively 

high affinity binding interactions. 
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CHAPTER 8: DISCUSSION 

FosA 

Fosfomycin use is becoming more popular due to its favorable safety profile and broad-

spectrum activity against Gram-negative bacteria. However, its activity is frequently 

mitigated by the fosA gene, which can be encoded either on the chromosome of Gram-

negative bacteria (e.g., in P. aeuroginosa and K. pneumoniae) or on a plasmid (e.g., in E. 

coli). In chapter 2, we demonstrated that FosA3 and FosAKP, key enzymes that contribute 

to fosfomycin resistance in Gram-negative bacteria, exhibit greater enzymatic activity and 

fosfomycin resistance compared to FosAPA.  These differences are due in part to increased 

expression, and in part to faster kinetics. The reason for the faster kinetics of FosA3 and 

FosAKP is not obvious, in light of the nearly perfect conservation of the active site sequence 

and structure. However, notable divergence in the dimer-interface loops may explain the 

differences in kinetics, should these loops form a structure that allosterically modulates the 

active site. We demonstrated through molecuar dynamic simulations and HDX-MS that 

the dynamics of these loops are affected by fosfomycin binding in the active site, while 

chimeric loop-swapped enzymes partially inverted the activity of the enzymes, providing 

evidence for an allosteric effect. Therefore, it may be possible to inhibit these enzymes 

with compounds that bind either to the well-conserved active site (i.e., orthosteric 

inhibitors) or the less well-conserved dimer interface (i.e., allosteric inhibitors). 

 In chapter 3, our collaborators performed a medium-throughput screen of small 

molecule FosAKP inhibitors, and discovered ANY1, which inhibits FosA enzymes in vitro 

with a mixed mechanism of action (competetive with respect to fosfomycin, and non-

competetive with respect to glutatione). We discovered that ANY1 binds the FosA active 
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site with high (sub-micromolar) affinity, forming specific contacts with well conserved 

residues. ANY1 also potentiates fosfomycin activity against multiple Gram-negative 

bacteria in a dose-dependent manner, demonstrating that it can penetrate the Gram-

negative membrane, making it a promising lead for further development.  

 Future efforts on this project will involve making rational modifications to the 

ANY1 scaffold in order to increase its FosA binding affinity, improve its Gram-negative 

penetrance, and decrease its toxicity. The co-crystal structures we solved will provide 

valuable information in furtherance of this pursuit. The K+-binding pocket is a nearby well-

conserved site that ANY1 could be modified to form contacts with in order to increase its 

binding affinity. Meanwhile, reduction of the nitro group should be well-accomodated, and 

may increase its bacterial penetrance, as primary amines are an important predictor of 

intracellular Gram-negative accumulation108. This may also decrease its toxicity, as 

aromatic nitro groups (as present in ANY1) are generally considered to be potential 

toxicophores244.  

Antibody modifying enzymes 

Due to the importance of the conserved glycan on Asn297 of IgG, there is considerable 

interest in methods to modify and control for the structure of this glycan. As such, structural 

studies of enzymes with activity on this glycan were the second major theme of this 

dissertation. In chapter 4, we determined the structural basis by which EndoS hydrolyzes 

complex biantennary glycans. Recognition of these glycans is driven by active site loops 

that form contacts with the glycan pentasaccharide core and α(1,3) antenna, and are 

indespensible for hydrolytic activity. There is excellent shape-complementarity for this 

glycan, whose two antennae are accomodated by two well-formed grooves. Patterns in the 
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loop structures, particularly in loop 2,  which forms a β-hairpin in enzymes that primarily 

recognize HM glycans, but not enzymes that primarily recognize CT glycans. This allowed 

us to predict that EndoBT is HM-specific, for which we are currently investigating the 

molecular basis.  

 In chapter 5, we expanded this study to EndoS2, a relative of EndoS that has a 

relaxed glycan-specificity, accomodating CT, HM, and hybrid glycans. We discovered that 

EndoS2 recognizes CT and HM glycans through a mechanism conserved with EndoS; 

namely, by forming contacts with the pentasaccharide core and α(1,3) antenna. However, 

EndoS2 has a larger groove to accommodate the α(1,6) antenna, which is branched in HM 

glycans. Thus, EndoS2 drives binding to HM glycans through interactions with the core 

and α(1,3) antenna, while creating space and fine-tuning binding to the α(1,6) antenna. 

This study also highlighted the importance of the CBM in recognizing antibodies. The 

EndoS2 CBM co-evolved with the GH domain, as highlighted by chimeric domain 

swapped enzymes. Single point mutations in the CBM have dramatic effects on hydrolytic 

activity, and HDX-MS reveals a large interface between this domain and the glycan of IgG. 

The importance of the CBM opens further avenues for research, including whether: (i) the 

orientation of these domains on EndoS/EndoS2 contibutes their specificity for IgG; and (ii)  

these domains can be engineered to create more efficient glycosynthases for 

chemoenzymatic synthesis of antibodies. We also intend to solve the structure of 

EndoS/EndoS2 bound to IgG in order to understand how the various domains of these 

enzymes work cooperatively to specifically recognize this substrate. 

 In chapter 6, we studied an unrelated enzyme, AlfC, which is active on the α(1,6)-

fucosyl bond of the IgG glycan core. Using X-ray crystallography and alanine-scanning 
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mutagensis, we identified the likely catalytic residues: Nucleophile (D200) and potential 

acid/base candidates (E39, E274, D242), of which, the evidence most strongly supports 

D242. Crystal structures and HDX-MS suggest that fucosyltransferase mutants work by 

changing the dynamics of AlfC rather than its overall fold. Increases in deuteration 

surrounding D242 in the fucosyltransferase mutants AlfCE274A and AlfCN243A suggest that 

these enzymes might sample an “open” comformation more frequently, and another 

mutation designed to favor “open” comformations, AlfCF237A, also showed 

fucosyltransferase activity. We also learned that AlfC is specific for α(1,6)-fucosyl bonds 

due to an aromatic binding site adjacent to the active site that specifically accommodates 

GlcNAc in an α(1,6) linkage. Future efforts on this project will have the following aims:  

i. Understanding the significance of the multimeric state of AlfC on its activity on 

α(1,6)-fucosyl substrates in general, and on antibodies in specific. We will 

accomplish this by forcing AlfC into monomeric, dimeric, and tetrameric forms by 

mutating interface residues and/or creating disulfide bonds. 

ii. Determining how fucosyltransferase mutants of AlfC are capable of accomodating 

full-length branched glycans, while AlfCWT is not. We will determine the largest 

glycan that each of these enzymes can bind by synthesizing progressively larger 

glycans and determining their binding capability through catalytic experiments and 

HDX-MS. Subsequently, structural studies with larger glycans may reveal when/how 

they are recognized. 

iii. Learning how the shape of the active site contributes to the specific fucosyl linkages 

(i.e., α[1-2,3,4,6]) that various α-fucosidases recognize. We will pursue a 

combination of modelling and X-ray crystallography to determine how α-fucosidases 
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with different linkage specificities recognize their substrates in order to tools for 

predicting the specificity of unknown fucosidases. 

 Finally, in chapter 7, we combined yeast display with chemoenzymatic synthesis 

stategies to modify the glycosylation of displayed Fc proteins in order to make yeast 

display compatible with directed evolution of Fc towards high-affinity FcγR binding. We 

demonstrated proof-of-principle that chemoenzymatic synthesis can be performed on the 

surface of living yeast cells to alter the ability of displayed IgG Fc regions to bind FcγRIIIa. 

We also created a library with functional diverstiy of ~2.5x106 Fc sequences using error-

prone PCR. Future directions of this project will involve: (i) screening this library for high-

affinity FcγRIIIa binding mutants using FACS; (ii) creating larger libraries, with diversity 

focused on the loops involved in FcγR binding; (iii) evolving libararies against other 

receptors, such as FcγRIIb and DC-SIGN; and (iv) adding transfucosidase mutants of AlfC 

to the chemoenzymatic workflow in order to discover antibodies that bind FcγRs with high-

affinity even in the presence of core-fucosylation. 

 In all, these studies focused on understanding the structures and functions of 

bacterial enzymes relevant to human health. Leveraging information learned during these 

studies, we discovered new leads for novel tools and therapeutics for the betterment of 

human health. 
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