
www.manaraa.com

Retrospective Theses and Dissertations Iowa State University Capstones, Theses and 
Dissertations 

1-1-2004 

Discovery of the chemical function of glycosidases: design, Discovery of the chemical function of glycosidases: design, 

synthesis, and evaluation of mass-differentiated carbohydrate synthesis, and evaluation of mass-differentiated carbohydrate 

libraries and their application for bacterial identification libraries and their application for bacterial identification 

Yang Yu 
Iowa State University 

Follow this and additional works at: https://lib.dr.iastate.edu/rtd 

Recommended Citation Recommended Citation 
Yu, Yang, "Discovery of the chemical function of glycosidases: design, synthesis, and evaluation of mass-
differentiated carbohydrate libraries and their application for bacterial identification" (2004). Retrospective 
Theses and Dissertations. 20319. 
https://lib.dr.iastate.edu/rtd/20319 

This Thesis is brought to you for free and open access by the Iowa State University Capstones, Theses and 
Dissertations at Iowa State University Digital Repository. It has been accepted for inclusion in Retrospective Theses 
and Dissertations by an authorized administrator of Iowa State University Digital Repository. For more information, 
please contact digirep@iastate.edu. 

http://lib.dr.iastate.edu/
http://lib.dr.iastate.edu/
https://lib.dr.iastate.edu/rtd
https://lib.dr.iastate.edu/theses
https://lib.dr.iastate.edu/theses
https://lib.dr.iastate.edu/rtd?utm_source=lib.dr.iastate.edu%2Frtd%2F20319&utm_medium=PDF&utm_campaign=PDFCoverPages
https://lib.dr.iastate.edu/rtd/20319?utm_source=lib.dr.iastate.edu%2Frtd%2F20319&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:digirep@iastate.edu


www.manaraa.com

Discovery of the chemical function of glycosidases: Design, synthesis, 
and evaluation of mass-differentiated carbohydrate libraries and their 

application for bacterial identification 

by 

Yang Yu 

A thesis submitted to the graduate faculty 

in partial fulfillment of the requirements for the degree of 

MASTER OF SCIENCE 

Major: Organic Chemistry 

Program of Study Committee: 
Nicola L. Pohl, Major Professor 

Richard Larock 
George Kraus 

Peter Reilly 

Iowa State University 

Ames, Iowa 

2004 

Copyright © Yang Yu, 2004. All rights reserved. 



www.manaraa.com

11 

This is to certify that the master's thesis of 

Yang Yu 

has met the thesis requirements of Iowa State University 

Signatures have been redacted for privacy 



www.manaraa.com

111 

Table of Contents 

List of Abbreviations iv 

Chapter 1. Discovery of the Chemical Function of Glycosidases: Design, 

Synthesis, and Evaluation of Mass-Differentiated 

Carbohydrate Libraries 1 

Introduction 1 

Results and Discussion 10 

Conclusions 19 

Experimental Section 19 

Chapter 2. Glycosidase Activity Profiling by a Chemical Proteomics 

Approach for Bacterial Identification 37 

Introduction 37 
Results and Discussion 40 

Conclusions 45 

Experimental Section 45 

References 48 

Appendices. Nuclear Magnetic Resonance Spectra & MS Spectra of 

ESI-MS Monitoring Enzymatic Reactions 59 

Acknowledgments 83 



www.manaraa.com

1V 

List of Abbreviations 

13C NMR carbon nuclear magnetic resonance 

~H NMR proton nuclear magnetic resonance 

3-APBA 3-aminophenylboronic acid 

4-MeU 4-methylumbelliferone 

Bn benzyl 

DNA deoxyribonucleic acid 

DMAP 4-dimethylaminopyridine 

DMSO dimethyl sulfoxide 

E. coli Escherichia coli 

EPO human erythropoietin 

ESI electrospray ionization 

Fucp fucopyranoside 

Galp galactopyranoside 

GaINAc N-acetyl galactosamine 

Glcp glucopyranoside 

G1cNAc N-acetyl glucosamine 

GTA N-acetylgalactosaminyltransferase 

GTB galactosyltransferase 

LC-MS liquid chromatography-mass spectroscopy 

MALDI matrix-assisted laser desorption/ionization 



www.manaraa.com

V 

Manp mannopyranoside 

ManNAc N-acetyl mannosamine 

MW molecular weight 

NESP novel erythropoiesis stimulating protein 

rHuEPO recombinant human erythropoietin 

RNA ribonucleic acid 

SIM selected ion-monitoring 

TEMPO 2,2,6,6-tetramethyl- l -piperidinyloxy, 

free radical 

TLC thin layer chromatography 

UDP uridine 5'-diphosphate 

UDP-GaINAc uridine 5'-diphospho-N-acetylgalactose 

UV ultraviolet 

Xylp xylopyranoside 



www.manaraa.com

1 

Chapter 1 

Discovery of the Chemical Function of Glycosidases: Design, Synthesis, and 
Evaluation of Mass-Differentiated Carbohydrate Libraries 

The following work was published in Org. Lett. 2004, 6 (12), 2031-2033. 

Yu, Y.; Ko, K-S.; Zea, C. J.; Pohl, N. L. 

I. Introduction 

1. Importance of carbohydrates 

Carbohydrate chemistry is one of the oldest research fields in chemistry. It developed 

slowly in the past one hundred years until recent decades when scientists found 

carbohydrates played important roles in cell-cell interaction (Ashwell 1982, Kornfeld 1987, 

Drickamer 1988, Bevilacqua 1992), immunological recognition (Daniels 2001, Moody 2001), 

pathogen attack (Feinberg 2001, Rudd 2001), and even protein folding and placement 

(Helenius 2001, Wells 2001). Glycobiology and glycomics-the study of the complete 

carbohydrate complement of an organism (Lesney 2002) have become a new research 

frontier in biochemistry and chemistry (Disney 2003, Love 2004, Seeberger 2004, Xu 2004.) 

Compared with nucleic acids and proteins, carbohydrates are more complex in structure. 

One monosaccharide usually has three or four chiral hydroxyl groups to bind with other 

neighboring sugar residues. The linkage between two sugars can be a- or (3- glycosidic bonds 

isomers. The carbohydrate chains can have various branches. This characteristic separates 

carbohydrates from the other biological macromolecules with primarily linear structures. The 

various and complex structures of carbohydrates mean that oligosaccharide chains contain 

almost unlimited information and provide numerous recognition signals between different 

molecules (Robyt 1998). 

Cell surface carbohydrates are major components of the outer surface of mammalian cells 

and these carbohydrates are very often characteristic of cell types. Carbohydrate structures 

change dramatically during mammalian development (Fukuda 1985). Specific sets of 
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carbohydrates are expressed at different stages of differentiation and in many instances these 

carbohydrates are recognized by specific antibodies, thus providing differentiation antigens 

(Feizi 1985). In mature organisms, expression of distinct carbohydrates is eventually 

restricted to specific cell types, providing cell-type-specific carbohydrates (Sawada 1994). 

These carbohydrate structures are made by enzymes called glycosyltransferases that transfer 

sugars to a range of nucleophiles, such as other sugars, proteins, lipids. Another class of 

enzymes called glycosidases can remove or break down carbohydrate structures. 

A simple example of the cell-surface-specific carbohydrates is human histo-blood group 

ABO antigens (Larsen 1990). The human blood groups ABO antigens are defined 

carbohydrate determinants found on the surface of the red blood cells and are largely 

responsible for the failure of mismatched blood transfusions. These ABO carbohydrate 

antigens occur on other cell types and are important in cell development, cell differentiation, 

and oncogenesis (Yamamoto 1990). 

~H ~H 

~H 
(~H 

(~ R 

H~ ~ antigen 

U DP-G~INAc 

GTA 

U DP-dal 

GTB 

H~ 

H~ 

OH 
HO 

H~ 

OR 

A antigen 

~R 

OH 
B antigen 

Figure 1. Human ABO blood group biosynthesis pathway. R =carbohydrate residues attached to a 

glycoprotein or glycolipid. 
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Blood group A individuals express all-3) N-acetylgalactosaminyltransferase (GTA), 

which catalyzes the transfer of Ga1NAc from donor UDP-Ga1NAc to the (0) H—precursor 

structure Fuca(1-2)Gal(3-OR to give the A antigen Ga1NAca(1-3)[Fuca(1-2)]Gal(3-OR. Blood 

group B individuals express a(1-3)galactosyltransferase (GTB), which use the same (0) H-

structure but catalyze the transfer of Gal from the UDP-Gal to make the B antigen Gala(1-

3)[Fuca(1-2)]Gal(3-OR (Figure 1) (Seto 1997). Blood group O individuals do not express 

either enzyme, and AB individuals express both. Alteration of only four of 354 amino acids 

entirely changes the carbohydrate recognition properties of the two glycosyltransferases 

responsible for the A versus B blood group antigen determinants. 

Hence, analysis of primary sequence information of putative carbohydrate-recognizing 

enzymes alone does not reveal functional or substrate information. This substrate information 

is crucial to categorize these enzymes; glycosidases and glycosyltransferases are named 

according to the sugar whose glycosidic linkage is cleaved or joined. We need some other 

methods to validate the function of the many putative glycosidases and glycosyltransferases 

uncovered in genome sequencing projects. 

The discovery of the function of glycosidases is of particular interest for several reasons. 

Appropriate sugar attachment and processing mediated by glycosidases appear critical for 

correct protein folding as well as for the ultimate location of proteins. Attached sugars are 

known to protect certain proteins from a variety of proteases. A well-known example of a 

glycoprotein application in the pharmaceutical industry is the development and 

characterization of a novel erythropoiesis stimulating protein (NESP). Studies on human 

erythropoietin (EPO) (Krantz 1991, Narhi 1991) found that human EPO is a 30400 Da 

heavily glycosylated protein hormone. 40% of the mass of this molecule is carbohydrate. The 

addition of carbohydrate or glycosylation is apost-translation process that leads to the 

addition of sugars to asparagine (N-linked) or Ser/threonine (O-linked) amino acids in the 

polypeptide. The glycosidases participate in this process and affect the folding and quality 

control of glycoproteins (Egrie 1986). Research demonstrated that there is a direct 

relationship between sialic acid-containing carbohydrate content of the molecule and its 
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serum half-life and in vivo biological activity, but an inverse relationship with its receptor-

binding affinity. NESP was engineered to contain five N-linked carbohydrate chains, two 

more than recombinant human erythropoietin (rHuEPO) (Figure 2). 

~~ 
~°° 
Y ~ 

I~ 
~~~°° ~ ~~~ ~~~ ~ 

rHuEP(J NESP 

3 N linked carbohydrate chains 4 N linked carbohydrate chains 5 N linked carbohydrate chains 

Biological activity 

Serum half-life 

Receptor binding 

= N-linked chain q o = 0-linked chain p = Sialic acid 
I—

Figure 2. The development of new anti-anaemia drug erythropoiesis stimulating protein (NESP) and 

its characterization. 

Its increased carbohydrate content prolongs NESP's serum half-life from 3 days to more 

than one week with greater in vivo potency. Glycosidases played an important role in the 

identification of the structure of human erythropoietin and the determination the relationship 

between the carbohydrate content and biological activities of NESP. 

3. Glycosidases 

From structure, function to biosynthesis and catabolism, glycosidases can be used to 

study almost all aspects of complex carbohydrates and glycoconjugates. Glycosidases can be 

divided into exo-glycosidases and endo-glycosidases. Exo-glycosidases cleave the 

monosaccharide from the end of the sugar chain, whereas endo-glycosidases cleave the sugar 

chain between specific carbohydrate sequences. In addition to cleaving the glycosidic 
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linkage, glycosidases can also catalyze the synthesis of oligosaccharide by transglycosylation 

reactions (Perugino 2004). 

The glycosidic bond is the most stable linkage within naturally occurring biopolymers, 

with half-lives for spontaneous hydrolysis of cellulose and starch being in the range of five 

million years (Wolfenden 1998). The glycosidases accelerate this process for biological 

utility. The rate constant of glycosidases is up to 1000/S, making them among the most 

efficient catalysts. Structural information on glycosidases has steeply increased in recent 

years (Ly 1999). There are more than 2000 glycoside hydrolases available, according to the 

predicted amino acid sequences from genome sequencing projects and they are divided into 

over 70 different families on the basis of sequence similarities (Henrissat 1996). Although all 

of these enzymes catalyze the same reactions, their three-dimensional structures are quite 

diverse and they are divided into 30 different families (Davies 1995). The families which 

adopt similar folds have been attributed to the same clans (White 1997). 

The inverting or retaining stereochemical outcomes result from distinctive mechanisms of 

glycosidic bond cleavage that are intrinsic to the geometry and stereochemistry of the 

enzyme active site (Gebler 1992). Thus an enzyme will either cleave with an inverting 

mechanism or a retaining mechanism, but not both. Enzymes that are related in sequence and 

structure generally all catalyze bond cleavage by a similar mechanism. 

Both inverting and retaining mechanisms employ a pair of catalytic residues: a proton 

donor and a nucleophile/base. In both classes of mechanism the position of the proton donor 

is within hydrogen bonding distance from the glycosidic oxygen (McCarter 1994). In 

retaining enzymes the second catalytic residue is a nucleophilic carboxylate group that acts in 

a double displacement reaction, either as an ion pair stabilizing a transient oxonium ion 

transition state (lysozyme) or a nucleophile/leaving group for a transient covalent 

intermediate ((3-glucosidases). In inverting enzymes a water molecule is used as a 

nucleophile in a single-step reaction following activation by a carboxylate acting as a 

catalytic base (Wang 1994). 

In the inverting mechanism, the carboxyl group in one of the catalytic amino acids works 

as a general acid and the other acts as a base and the space between these two catalytic 
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residues is 8 A ~ 10.5 A, to accommodate the substrate and a water molecule to bind 

between them (Figure 3). Reaction occurs via a direct displacement of the leaving group by 

water, involving an oxocarbenium ion-like transition state (Sinnott 1990, White 1996). 

0 0 
s+ H 

_-o~~o 
s- ~-

0—H 

H 
o 'os _ 

Figure 3. The inverting mechanism of glycosidases. 

o, 

HO ~ 0 
~ 0\

OH 

O OH 

In the retaining mechanism, the space between the two catalytic carboxyl groups is only 
0 

5.5 A. Adouble-displacement mechanism occurs, involving a covalent glycosyl-enzyme 

intermediate. In the first step, one of the carboxyl groups acts as a general acid catalyst to 

protonate the glycosidic oxygen concomitantly with bond cleavage. The other serves as a 

nucleophile to attack the glycosidic bond and form a covalent glycosyl-enzyme intermediate 

via an oxocarbenium ion transition state. In the second step, the carboxylic group which 

functions as a general acid in the first step works as a general base and deprotonates the 

incoming water molecule, which attacks at the anomeric center and releases the sugar, via 

oxocarbenium ion-like transition states(Figure 4). 

The biggest barrier on the study of glycobiology is the lack of necessary technique and 

instrumentation to perform rapid and accurate analyses (Hirichs 1990, Imberty 1988). 

Lectins, which are the earliest protein tools to study carbohydrates and glycoproteins, can 

specifically recognize and bind with unique glycan patterns, just like antigen-antibody 

interaction. Lectins were first purified from plants and later research discovered they also 
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existed in mammals (Drickamer 1988, Baranski 1991). The lectins are widely used in the 

glycoprotein analysis until today. 
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Figure 4. The retaining mechanism of glycosidases. 
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Glycosidases provide another powerful tool to further identify glycan structures (Dunn 

1991, Dunn 1998), since some of the glycosidases cut only one terminal sugar attached in a 

specific way to the glycan chains and some of the glycosidases only cut between specific 

sugar sequences, just like DNA restriction enzymes cut the DNA sequences at specific 

points. This characteristic makes it possible to carry out the glycan sequence analysis and 

calculate the prior structures of glycoproteins. 

Furthermore, glycosidases can be converted to glycosynthases, which catalyze the 

biosynthesis of oligosaccharides, by specifically mutated amino acid residues in the 

glycosidases (Mackenzie, 1998). Compared to the traditional chemical synthesis method, the 

main advantage of enzymatic synthesis of oligosaccharides is the region- and stereo-
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selectivity that can be achieved without the need for protecting functional groups. Scientists 

now are disclosing more new glycosidases which can be used to cleave carbohydrate chains 

or to convert glycosynthases to biosynthesize oligosaccharides (Withers, 1992, Lawson 

1998), which have potential applications as therapeutics (Maeda 1971, Estrada 1997). We 

need more glycosidases as mutation candidates to develop glycosynthases. 

4. Chemical Proteomics 

The completion of the human genome map caused an information explosion in human 

gene structure and provided sufficient recourse for scientists to identify and discover new 

drug targets based on genetic functions (Reiss 2001, Lander 2001, Venter 2001). Although 

the study of genomics is promising and achieves some exciting results, scientists notice that 

analysis of DNA or RNA is not enough to disclose all the functions of the gene and to 

understand the mechanism of diseases and other biological phenomena. Furthermore, the 

post-transcriptional and post-translational processing and modification of proteins, such as 

methylation and glycosylation, make the structure of proteins extremely different from that 

predicted by DNA sequence alone. We can only find the treasure behind genomics by 

studying the functions of the proteins encoded by gene. Proteomics is the study of the 

structure, function, expression, location, and regulation of proteins on a genome wide scale 

(Pandey 2000). 

Chemical proteomics is a multidisciplinary research field, including synthetic organic 

chemistry, cell biology, biochemistry, and mass spectrometry (Norin 2001). The main core of 

this field is to design and synthesize a library of chemical probes to study the functions of 

distinct enzyme families within the whole complex proteome. It is a bridge built up between 

genomics and drug discovery (Myers 2001). The pharmaceutical industry uses the chemical 

proteomics method to screen huge amount of compounds to identify and validate drug 

candidates and to improve efficiency in developing drugs (Adam 2002, Jessani 2002). 
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5. Mass spectrometry 

Mass spectrometry is a rapid, sensitive and accurate quantitative high-throughput 

approach for the direct monitoring of enzymatic reactions (Hunt 1992, Chait 1993, Krebs 

1995). It monitors the change of substrates by the change of molecular weight instead of by 

radiolabeling or use of chromophore, which may change the reaction kinetics and requires 

tedious synthesis, and thus provides one of most convenient analytical techniques in the 

research of biological macromolecules. 

In recent years, mass spectrometry has become a powerful tool to determine the substrate 

specificity of enzymes. Electrospray ionization (ESI) (Matayoshi 1990) and matrix-assisted 

laser desorption ionization (MALDI) mass spectrometry (Bothner 1998, Siuzdak 1998) were 

applied for the qualitative and quantitative characterization of viral capsid dynamics, as well 

as the hydrolysis of p-nitrophenyl substrates with glycosidases and lipases and achieved 

accurately quantitative kinetics and dynamics data compared with UV results (Bothner 

2000). New methods using ESI-MS to calculate the kinetics parameters of carbohydrate 

activity enzymes have been developed recently; these new methods easily work for a range 

of substrates (Zea 2003, Zea 2004). 

6. The traditional method to study glycosidases 

Currently the only method to delineate the chemical function of putative glycosidases 

coded in genomes is by individually testing the new protein with every possible substrate 

(Lee 1989, Hsieh 1995), usually as their p-nitrophenol conjugates (Vocadlo 2004). For 

example, in the kinetic measurement of a-glucosidase, 120 µM p-nitrophenoyl-a-

glucopyranoside was incubated with a-glucosidase at 25 °C in 25 mM sodium phosphate 

buffer (pH 7.5) (Bothner 2000). The a-glucosidase cleaved the glycosidic bond and released 

the p-nitrophenolate, which was monitored by UV at 400 nm (Figure 6). 
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HOHO 

OH 

O 

OH 
O 

a -glucosidase 

pH = 7.5 HOHO 

NO2

OH 

O 

OH NO2 
p-nitrophenolate UV 400 nm 

Figure 5. Using p-nitrophenyl-a-glucopyranoside to study the kinetics of a-glucosidase. 

The disadvantage of this method is that all of the possible substrates need to be tested one 

by one and this increases the amount of required protein sample and time. Furthermore, the 

p-nitrophenol conjugate substrates are not stable at high temperature and decompose quickly 

and affect the accuracy when they are used to measure hyperthermophilic glycosidases. 

II. Results and Discussion 

To overcome the shortcomings of the current method, which relies on individual testing 

of possible p-nitrophenol conjugated substrates, we developed an alternative chemical 

proteomics approach using a synthetic mass-differentiated heat-stable substrate library with a 

mass spectrometry readout to discover the catalytic chemical function of the many putative 

glycosidases coded in genomes. Library components do not serve as reaction inhibitors and 

both primary and secondary enzyme substrates can be delineated. 

The experiments include three parts: 1) design and synthesis of a and ~3-linked substrate 

libraries; 2) incubation of different glycosidases with a- or (3-libraries at optimized 

conditions; and 3) monitoring of the enzymatic reactions by ESI-MS (Figure 7). 

I)c~s`igir trtril ,tl~nthe>si.5`'' 

cif ~~1~?evsic~cra~es 

L~cuhure ~a'lrla chi f~erc~r7t 
tt~~e>s cif • ~71j~cosicicrses —~

<~I«rritor rile ~~lr.-f•m~lric 
i't'C7G'I1017 17l' ES~- ~ ~~~ 

Figure 6. A chemical proteomics approach to study the function of putative glycosidases. 
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The basic strategy of a chemical proteomics approach (Figure 7) relies on the 

differentiation of all possible substrates for a given glycosidase by mass rather than by an 

ultraviolet, radioactive, or fluorescent tag, which would be difficult to distinguish in one 

reaction vial. In contrast to peptides that have established sequencing protocols (Wrighton 

1996), monosaccharides are more difficult to identify as many structures differ only by 

stereochemistry and not by molecular weight or functional group (Veness 1996, Que 2003). 

To break this mass redundancy, carbohydrates with various mass-differentiated linkages 

would be needed. Unlike p-nitrophenol analogues, these glycosides should not be susceptible 

to high background hydrolysis rates, even at the elevated temperatures required to analyze 

putative proteins from hyperthermophilic sources. Finally, the library cannot contain any 

inhibitors of glycosidase activity for the success of this one-pot approach. 

Putative 
glycosidase 

Mass-differentiated 
library of possible 
substrates 

Analyze library for 
glycosidase activity by 
ESI-MS after incubation 
with protein or cell extract 

Figure 7. New strategy to determine the chemical function of the protein products of genes putatively 

assigned functions as glycosidases relies on incubation of the new protein with libraries of 

possible substrates that are inert to high background hydrolysis rates. 

To test the feasibility of this strategy, small libraries of substrates were designed and 

synthesized. Although glycosidases are commonly assayed with bulky phenols as leaving 

groups, smaller anomeric leaving groups were desirable to avoid possible steric conflicts in 

the many potential active sites. Common sugars that would target the bulk of known 

glycosidases were chosen for an initial library and linkers were chosen for their stability as 

well as ease of synthesis. 
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The ~3-linked substrates were synthesized under Koenigs-Knorr conditions (Melvin 1999, 

Utille 2000, McGeary 2001, Davis 2000, Kikuchi 2001). First, the sugars were acylated by 

acetic anhydride and pyridine. Second, the acylated precursors were converted to the 

glycosyl bromide or chloride. Third, different alcohols were used to substitute the bromide or 

chloride groups at C-1 by using organometallic catalysts. Neighboring group participation 

assured high yields of the desired ~-anomers (Figure 8). 

OH pH OH ,OH 
OH 

OCH3 
HO~'~ \~~ HOH~ 

~O 

OH OH 
CI 

methyl f3-D-gluco- 2'-chloroethyl Q-D-
pyranoside ~I 

OH 

O. 

i 

propyl R-D-manno-
galactopyranoside 2 pyranoside 3 

HO 

OCH3 O OCH3
OH HO 

HO HO 

methyl f3-D-xylo-
pyranoside 4 

OH 

methyl R-~-fuco-
pyranoside 5 

OH OH OH 

O O HO 
~ Hp OCHg

NH H~ O 

O 

O 

OH 

OCH3

methyl R-D-gluc-
uronic acid 6 

ethyl 1V-acetyl R-
D-glucosamine 7 

~o 
methyl !IJ acetyl R-
D-galactosamine 8 

O 

HN 

propyl !V acetyl R-
D-mannosamine 9 

Figure 8. (3-linked saccharides that are common known glycosidase substrates with various 

linkers to avoid any mass redundancy. 

Fischer-Helferich conditions (Robyt 1998) were used and monosaccharides were heated 

with a variety of alcohols in presence of acidic resin, which served as a catalyst, to produce 

the mixture of a- and (3-anomers. The a-pyranoside form is the predominant product can be 
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explained by the anomeric effect and the reaction is a thermodynamically controlled reaction 

While the furanose forms of the sugar react most rapidly and form the initial kinetic product, 

as the reaction progresses, the thermodynamically stable pyranosides are formed in which the 

a-pyranoside usually is the main product. This makes Fischer-Helferich method particularly 

useful in preparing the a-pyranoside anomer, which is difficult to synthesize by other 

methods. High yields of the a-pyranoside can be obtained by crystallization. 

off OH 
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~~ Ho 
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glucopyranoside 1 ~ 
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methyl a-D-xylo-
pyranosidee 13 
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H~~H~ 
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~~ OCH3

methyl 11T-acetyl-a-

off 
~CH3

methyl oc-D-galacto-
pyranoside 11 
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OGH3

off OH H _ 
°Ho , oCH3 Ho off DH oCH 3 

methyl a-L-fuco- methyl oc-D-gluc-
pyranoside 14 uronic acid 15 

o~-
propyl oc-D-manno-
pyranoside 12 

off OH 

0 
Ho 

O 

HO HN 0 

NH ' 'MHO 
p~ O~i 

ethyl N-acetyl-a,- propyl N-acetyl-a-
D-glucosamine 16 D-galactosamine 17 D-mannosamine 18 

Figure 9. a-linked saccharides that are common known glycosidase substrates with various 

linkers to avoid any mass redundancy. 
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For several substrates, the a- and ~3-anomers can be separated by crystallization from 

different solvents. For example, the methyl a-D-xylopyranoside was crystallized from ethyl 

methyl ketone and methyl ~-D-xylopyranoside was crystallized from ethyl acetate. For other 

substrates, such as D-glucose, D-galactose, and D-mannose substrates, their a- and ~i-anomers 

could not be separated directly by crystallization. Acetylation of all hydroxyl groups in the 

alkylated monosaccharides was accomplished by acetic anhydride and pyridine in order to 

dissolve them in organic solvents. After acetylation, the mixture of a- and ~i-anomers was 

separated using silica gel chromatography. Deacylation with sodium methoxide provided the 

desired a-linked saccharides (Figure 9). 

With small libraries of both a- and ~i-linked carbohydrates in hand, we needed to discover 

conditions amenable for buffered enzymatic reactions to ionize compounds via electrospray 

for identification. Unfortunately, neutral carbohydrates are difficult to ionize (Sheeley 1998). 

The analysis of reaction aliquots diluted in aqueous trifluoroacetic acid was feasible in 

positive-ion mode; however, the N-acetylated sugars dominated the mass spectra. The amine-

containing sugars (m/.z = 258, 272, 286) were easily ionized and produced large peaks which 

dwarfed the peaks of neutral sugars (m/z = 187, 203, 217, 231, 245, 265) (Figure 10, a). Due 

to this signal suppression, we could not easily observe the change of the peaks by the MS 

spectrum. 
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Figure 10. ESI-MS spectra in selected ion-monitoring positive-ion mode with ~i-linked library after 

quenching: (a) without 3-APBA; (b) with 3-APBA. Small neutral sugars are difficult to 

be ionized and their peaks were suppressed by the peaks ofamine-containing sugars. 
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To solve the ionization problem, 3-aminophenylboronic acid (3-APBA) was added to the 

quench solution prior to analysis, 3-APBA which provides an easily ionizable amine for mass 

spectral analysis forms complexes with neutral sugars at low pH (Figure 11), This method 

improved the spectral readout of the sugar library dissolved in water as previously reported 

(Williams 2000) but worked poorly when the substrates were in typical enzyme reaction 

phosphate buffers. Even if we tried various quenching conditions, such as different 

concentrations of 3-APBA, different buffers, and different quenching solvents, the results 

were same (Figure 10, b). 

NH3
O 

R = H, alkyl group 

O 

NH3
O 

H~ ~ 
\ r~~^ VB 

off 

0 

0 
NH3

oR 

Figure 11. The 3-Aminophenyl boronic acid (3-APBA) forms complexes with small neutral sugars at 

low pH (1 % acetic acid/acetonitrile/water 1:50:50). 

Interestingly, when (3-N-acetyl glucosaminidase (from jack beans) was used in the 

enzymatic reaction, a very clear MS spectrum was obtained that showed all of the substrates 

at similar intensities. Comparison of the enzymatic reaction and quenching conditions of (3-

N-acetyl glucosaminidase with that of other glycosidases uncovered that the ~3-N-acetyl 

glucosaminidase was stored in an ammonium sulfate buffer. 
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To determine if ammonium sulfate buffer affects the ionization property of different 

carbohydrates, similar concentrations of ammonium sulfate buffer were added to the 3-

APBA quenched enzymatic reactions. Both the amine-containing and neutral sugars were 

then found to be ionized at comparable magnitudes in positive-ion mode (Figure 12, a). In 

fact, altering the concentration of ammonium sulfate buffer changed the relative ratios of 

amine-containing to neutral sugars in the mass spectra. Peaks for sugars lacking a primary 

hydroxyl group such as xylose (4) and fucose (5) and negatively charged sugars such as 

glucuronic acid (6) ionize to a lesser degree as expected, but were still in the range of the 

other sugars for easy analysis. First, we used the positive-ion scan mode, which showed all 

ions of the compounds in the reaction mixtures, to detect the substrates in the library (Figure 

12, b). After identifiing each of the substrates in the MS spectrum, we used selected ion-

monitoring (SIM) positive-ion mode to monitor the enzymatic reactions (Figure 11, a). 
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Figure 12. ESI-MS spectra with the (3-linked library after quenching with 3-APBA and ammonium 

sulfate: (a) selected ion-monitoring positive-ion mode; (b) positive-ion scan mode. 

We found there were three peaks for each of the substrates. The two smaller peaks 

besides the main peak are caused by isotopes of boron (Figure 12, b) as would be expected. 

Carbohydrate libraries subsequently were tested for their ability to identify glycosidase 

enzymes by which substrates) they cleaved using the above method to consistently ionize 

the library components (Figure 13). 
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Mass-differentiated 
library of possible 
carbohydrate structure 

HO OH 

~o ° of 

putative 
glycosidase 

Unchanged library 

HO OH 

HO ~ 
off 

Figure 13. The glycosidase only selectively cleaves the specific substrate and leaves the other 

substrates in the library untouched. 

The libraries were incubated with known glycosidases to probe four scenarios: (1) 

glycosidases with one known substrate (~3-galactosidase from Aspergillus oryzae, a-

glucosidase from rice, a-mannosidase from jack beans); (2) glycosidases with multiple 

known substrates or secondary activities ((3-N-acetyl glucosaminidase from jack beans and 

the enzymes used in subsequent scenarios); (3) a glycosidase from crude versus pure sources 

((3-glucosidase from almond meal and chromatographically pure); and (4) a glycosidase from 

high-temperature sources ((3-glucosidase from Pyroccocus furious). In each case, substrates 

for the enzymes significantly diminished after several hours of incubation with the libraries 

when compared to control reactions containing either no enzyme or heat-denatured enzyme, 

which were heated at 95 °C for 10 min to denature all of the glycosidases. At longer reaction 

times, secondary activities of the enzymes could be distinguished. Although not diagnostic, 

the cleaved sugar product could also be identified as both the mono- and diadduct of 3-

APBA. 

The structure of mono-adduct products are similar with the complexes formed between 

3-APBA and alkylated monosaccharide (Figure 11), except the alkyl group was cleaved. The 

diadduct products are formed when one mole of monosaccharide forms complexes with two 

moles of 3-APBA (Figure 14) 
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OH3 

NHg ~ j 
1 \

O 3

OH 

~H3 

Figure 14. One mole of monosaccharide products forms complexes with two moles of 3-aminophenyl 

boronic acids (3-APBA) at low pH (1% acetic acid/acetonitrile/water 1:50:50). 

More surprisingly, contaminating (3-galactosidase activities and secondary activities of 

the enzymes could be distinguished easily from a chromatographically pure ~3-glucosidase, if 

the incubation was long enough, thereby providing aone-shot assessment of protein purity 

(Figure 15). 
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Figure 15. ESI-MS spectra in selected ion monitoring positive-ion mode of reaction after 10 h at 25 

°C of (3-glucosidase from almond with (3-linked library after quenching with 3-APBA: (a) 

heat-killed control; (b) with enzyme. Glucose (1) is the specific substrate of this enzyme, 

but galactose (2) is cleaved, because of contaminated ~i-galactosidase impurity. 
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Mannosamine (9) also shows some change over time because of secondary activities of 

the enzymes. 

We also measured a hyperthermophilic glycosidase, (3-glycosidase I from Pyrococcus 

furiosus. In contrast to p-nitrophenol-linked sugar substrates (Figure 16), the libraries were 

stable for hours at 80 °C. The clear result using crude (3-glucosidase from almond suggested 

that this library approach should also work with crude mixtures of glycosidases from cell 

extracts (See appendices for more results of enzymatic reactions). 
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Figure 16. ESI-MS spectra in selected ion monitoring positive-ion mode of reaction after 3 h 

at 80" C of a glycosidase from P. furiosus with (3-linked library after quenching 

with 3-APBA: (a) without enzyme; (b) with enzyme. Glucose (1) and galactose 

(2) are the primary substrates of this enzyme as seen by the significant 

diminishment of those peaks. N-Acetylmannosamine (9) also shows some change 

over time. 

III. Conclusion 

The new chemical proteomics approach can clearly identify specific substrates for 

glycosidases and thereby identify and name these newly sequenced putative glycosidases. In 

addition, these libraries are relatively stable even at high temperatures (80 °C - 90 °C) for 

several hours, which allow chemical function identification without requiring the optimal 

full-length substrate or buffer conditions of a glycosidase and to allow identification of 
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functions of proteins from hyperthermophilic sources. Once the cleaved glycosidic linkage is 

discovered for a particular enzyme, libraries containing that sugar linked to a wide variety of 

compounds can be used to further narrow down the substrate specificity of that enzyme. 

Protein mutants could also be screened for altered substrate specificities. Although the 

current libraries contain many of the sugars commonly found in mammals, the libraries can 

be expanded to include common plant and bacterial sugars. This chemical proteomics 

approach also can clearly identify glycosidase activity from cell extracts (almonds). All of 

these results encourage us to apply this strategy to the identification of bacteria. Because four 

bacterial strains previously have been differentiated only by their aminopeptidase activity 

profile (Basile 2002), a larger library of glycosidase substrates promises a mechanism to 

rapidly diagnose various species of cells by profiling their glycosidase activity. In addition, a 

mass-differentiated library approach suggests the application for the study of a wide range of 

other enzyme classes. 

IV. Experimental Section 

1. General methods: 

Dichloromethane was distilled from calcium hydride after refluxing for more than 24 h 

under N2. Diethyl ether was distilled from sodium metal and benzophenone under N2. 

Nitromethane was distilled from calcium chloride under N2. The alcohols were refluxed over 

magnesium metal and a catalytic amount of iodine before distillation. Amberlyst 15 ion-

exchange resin, Dowex-SOW X-8H+-400 and Dowex WGR-2 ion exchange resin were 

washed repeatedly with methanol before use. All other commercial reagents and solvents 

were used as received without further purification except where noted. The reactions were 

monitored and the Rf values determined by analytical thin layer chromatography (TLC) with 

0.25 mm EMScience silica gel plates (60-254). The developed TLC plates were visualized by 

immersion in p-anisaldehydelEtOH/HZSO4 solution following by heating on a hot plate. 

Flash chromatography was performed with Selecto Scientific silica gel, 32-63 µM particle 

size. 
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All moisture-sensitive reactions were performed in flame or oven dried glassware under 

nitrogen atmosphere. Bath temperatures were used to record the reaction temperatures in all 

cases. All reactions were stirred magnetically at ambient temperature unless indicated 

otherwise. 1H NMR and 13C NMR spectra were obtained with a Bruker DRX300 at 300 

MHz. All commercially available glycosidases—(3-N-acetyl glucosaminidase (from jack 

beans), crude (3-glucosidase and chromatographically pure (3-glucosidase (both from almond 

meal), (3-galactosidase (from Aspergillus oryzae), a-mannosidase (from jack beans), and a-

glucosidase (from rice)—were purchased from Sigma (St. Louis, MO), except the (3-

glycosidase Ifrom P. furiosus, which came from Calbiochem (La Jolla, CA). 

Synthesis of 2'-chloroethyl a-D-glucopyranoside (10) 

BF3•Et2~, CICH2CH2~H 

70°C-75°C, 94% 

Compound 10 was synthesized by a modification of a related procedure. BF3•Et20 (0.4 

mmol, 58 µL) was added dropwise to a suspension of D-glucose (500 mg, 2.78 mmol) in 

CICHZCH2OH (5 mL, >5 equiv) under N2. The reaction mixture was heated to 70-75 °C for 4 

h. The reaction solution was cooled and the solvent was removed under reduced pressure. 

The residue was subjected to flash chromatography (5:1 chloroform methanol) to obtain a 

mixture of anomers (572 mg, 2.36 mmol, 85%). The residue was dissolved in Ac20: pyridine 

(5 mL / 5 mL). After stirring for 15 h, the solvent was removed under reduced pressure to 

leave a white solid (940 mg, 2.27 mmol, 97%). The solid was recrystallized from 

methanol/H20 to yield 2-chloroethyl-2,3,4,6-tetra-O-acetyl-a-D-glucopyranoside (440 mg, 

1.06 mmol, 47°Io). A solution of this compound (440 mg, 1.06 mmol) in anhydrous methanol 

(10 mL) was treated with sodium methoxide (4 mg) and the mixture was stirred for 3 h at 

ambient temperature, made neutral with Amberlite IR-120 (H+) resin, and filtered. The 

filtrate was concentrated under reduced pressure and the resulting residue was subjected to 
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flash chromatography (5:1 chloroform methanol) to yield 10 as a white solid (242 mg, 1.00 

mmol, 94°Io). 

iH NMR (300 MHz, D20) b 4.82 (d, J1,2 = 3.6Hz, 1H), 3.82 (dt, Jt = 6.3 Hz, Jd = 10.8 

Hz, 1H), 3.62-3.72 (m, 6H), 3.56 (t, J = 9.3 Hz, 1H), 3.41 (dd, J1,2 = 3.9 Hz, J2,3 = 9.9 Hz, 

1H), 3.25 (t, J = 9.5 Hz, 1H). 

13C NMR (100 MHz, D20) b 98.5, 73.2, 72.1, 71.4, 69.7, 68.4, 60.7, 43.5 

MS (ES I-MS) m/z 265 [M+Na] +. 

Synthesis of 2'-chloroethyl ~-D-galactopyranoside (2) 

HO 
HO 

OH 
O Py, Ac20 

OH r.t., 3 h, 98% 
OH 

OAc 
McOH, McONa 

Ac0' ~' °  '' H O 0 Ac0 r.t., 3 h, 99% HO 
OAc 

CI 

Ac0 
Ac0 

OAc 
O BF3•Et20, CICH2CH2OH 

~Ac~'OAc 0°C-r.t., 6 h, 86% 

OH 

0 
moo\
OH J 

2 CI" 

2'-chloroethyl-(3-D-galactopyranoside (2) was synthesized as previously reported (Lee 

1974). 

iH NMR (300 MHz, D20) b 4.1 (dt, Jd = 11.4 Hz, Jt = 5.6 Hz, 1 H), 3.82 (dt, Jd = 11.0 

Hz, Jt = 6.2 Hz, 1H), 3.76 (dd, J3,4 = 3.3 Hz, J4,5 = 0.9 Hz, 1H), 3.64-3.55 (m, 4H), 3.54 (m, 

1 H), 3.49 (dd, J2,3 = 10.2 Hz, J3,4 = 3.3 Hz, 1 H), 3.3 8 (dd, J1,2 = 7.7 Hz, J2,3 = 10.2 Hz, 1 H). 

13C NMR (100 MHz, D20) b 103.3, 75.4, 72.8, 70.8, 70.3, 68.7, 61.1, 43.4 

MS (ESI-MS) m/.z 265 [M+Na]+. 
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Synthesis of propyl (3-D-mannopyranoside (3) and propyl a-D-mannopyranoside (12) 

Ho off Ho 
~O Dowex 8H+ resin 

Refluxi ng, 12 h 
OH O ~--/ 

HO OH HO 

Separation Deacetylation 
~ ,► HO + HD 

O HO 

~2 0

off 
-o 

HO 
Ho 

-o 

Acetyl ati o n 

OH 

3 

These two compounds were synthesized by a modification of a related procedure. A 

suspension of D-mannose (1.00 g, 5.56 mmol) in anhydrous 1-propanol (10 mL) containing 

0.3 g Dowex-50 X-8H+ resin was refluxed for 12 h. The resin was removed by filtration and 

washed with methanol. The filtrate and washings were combined and evaporated to yield 1-

propyl-a/(3-D-mannopyranoside as syrup (1.2 g, 5.4 mmol, 97%). The mixture was treated 

with excess acetic anhydride (5 mL) in pyridine (5 mL). After 6 h, the mixture was poured 

into O.1M hydrochloric acid (20 mL) and extracted with ethyl acetate (3 x 15 mI.). The 

organic layer was washed with saturated sodium bicarbonate solution (20 mI.), water (20 

mL), and brine (20 mL), dried over anhydrous magnesium sulfate, and concentrated under 

reduced pressure. The residue was purified by flash chromatography (3:2 hexane/EtOAc) to 

separate 1-propyl-2,3,4,6-O-tetra-acetyl-a-D-mannopyranoside and 1-propyl 2,3,4,6-O-tetra-

acetyl-(3-D-mannopyranoside. A solution of propyl 2,3,4,6-O-tetra-acetyl-~3-D-

mannopyranoside in anhydrous methanol (10 mL) was treated with sodium methoxide (3 mg) 

and the mixture was stirred for 3 h at ambient temperature, made neutral with Amberlite IR-

120(H+) resin, and filtered. The filtrate was concentrated under reduced pressure and the 

resulting residue was subjected to flash chromatography (7:1 chloroform methanol) to yield 

compound 3 (790 mg, 3.56 mmol, 64% over two steps). The other anomer was subjected to 

the same deprotection conditions as compound 3 to yield compound 12 (123 mg, 0.55 mmol, 

10°Io over two steps). 
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Propyl-(3-D-mannopyranoside (3). 

iH NMR (300 MHz, D20) b 4.71 (d, J1,2 = 1.5 Hz , 1H), 3.78 (dd, J1,2 = 1.8 Hz, J2,3 = 3.6 

Hz, 1H), 3.73 (dd, Js,6, = 1.2 Hz, J6, 6~ = 11.5 Hz), 3.65-3.56 (m, 2H, H-3), 3.54 (dd, Js,6 = 

5.7Hz, J6,6, = 11.5 Hz, 1 H), 3.51-3.47 (m, 2H), 3.36 (dt, Jd = 9.6 Hz, Jt = 5.6 Hz, 1 H), 1.46 

(m, J = 7.5 Hz, 5.7 Hz, 2H), 0.76 (t, J = 7.5 Hz, 3H). 

13C NMR (100 MHz, D20) b 99.7, 72.8, 70.8, 70.2, 69.6, 66.9, 61.1, 22.1, 10.1. 

MS (ESI-MS) m1z 245 [M+Na]+. 

Propyl-a-D-mannopyranoside (12). 

iH NMR (300 MHz, D20) b 4.55 (dd, J1,2 = 0.9 Hz, 1H), 3.82 (dd, J1,2 = 0.9Hz, J2,3 = 3.2 

Hz, 1 H), 3.76 (dd, Js,6, = 2.1 Hz , J6,6, = 12.2 Hz, 1 H), 3.67 (m, 1 H), 3.5 6 (dd, Js,6 = 6.4 Hz, 

J6,6, = 12.2 Hz, 1 H), 3.50-3.41 (m, 2H), 3.40 (t, J4,s = 9.6 Hz, 1 H), 3.20 (ddd, J4,s = 9.6 Hz, 

Js,6 = 6.3 Hz, Js,6, = 2.1 Hz, 1H), 1.44 (m, 2H), 0.74 (t, J = 7.5 Hz, 3H). 

13C NMR (100 MHz, D20) b 99.9, 76.4, 73.2, 71.8, 70.7, 67.0, 61.2, 22.3, 9.8. 

MS (ESI-MS) m/z 245 [M+Na] +. 

Synthesis of methyl ~3-D-xylopyranoside (4) and methyl a-D-xylopyranoside (13) 

HO 
HO 

OH 

Dowex resin, McOH
  HO 

HO 
H Refluxing, 12 h, 76% 

4 OH 
OMe 

O Crystallization 

OH ~OMe 
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After D-xylose (1.00 g, 6.67 mmol) was refluxed with methanol (10 mL) and Dowex-50 

X-8H+ resin (0.5 g) for 10 h, fractional crystallization allowed separation of the resulting 

anomeric mixture. The (3-anomer (367 mg, 2.24 mmol, 34°Io) was crystallized from ethyl 

acetate and the a-anomer (464 mg, 2.83 mmol, 42°Io) was crystallized from ethyl methyl 

ketone (Kvasnovsky 1998). NMR data matched those previously reported (Pouchert 1993). 

MS (ESI-MS) m/z = 187 [M+Na]+. 

Synthesis of methyl (3-Ufucopyranoside (5) and methyl a-L-fucopyranoside (14) 

OMe 

H~ 
~H 

~H  
Dowex Resin, M ec~H 

H ~ 
+Me 

~H + 
Refluxin~,1 ~h, 8~~~fi H~ ~Ht~ ~H ~ ~H 14 

These two compounds were synthesized by a modification of a related procedure 

(Pouchert 1993, Zehavi 1972). After L-fucose (500 mg, 3.05 mmol) was refluxed with 

methanol (7 mL) and Dowex-50 X-8H+ resin (0.25 g) for 12 h, compound 14 (277 mg, 1.28 

mmol, 42°Io) was obtained by crystallization from ethanol. The mother liquid was 

concentrated under reduced pressure and the resulting residue was subjected to flash 

chromatography (7:1 chloroform/methanol) to yield methyl (3-L-fucopyranoside 5 (70 mg, 

0.39 mmol, 13%). 

NMR data matched those previously reported (Knapp 1996, Thf6gersen 1982). 

MS (ESI-MS) m/z 201 [M+Na]+. 

Synthesis of methyl ~3-D-glucuronic acid (6) methyl a-D-glucuronic acid (15) 

Methyl (3-D-glucuronic acid (6) and methyl a-D-glucuronic acid (15) were synthesized as 

previously reported (Davis 1993, Melvin 1999). 
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HO 
Ho 

OH 
O TEM Po, Naar, NaOCI 

off CH2C12/H2o, 2h, 72% 
OMe 

TEMPO, Naar, NaoCl 
Ho 

 '~ HO OMe CH2C12/H2O, 2h, 62% HO 

O 

fi off 

NMR data matched those previously reported (Gorin 1975). 

MS (ESI-MS) m/z 231 [M+Na]+. 

Synthesis of methyl N-acetyl-a-D-glucosamine (16) 

OH 

O Dowex resin, McOH 
HO ~ HO 
HO HO 

NH OH Refluxing, 12 h, 91 % IVH 
1fi  ~ OMe 

~o \\ O 

OMe 

\~ O 

OMe 

Compound 16 was synthesized as previously reported (Galemmo 1983). The residue was 

subjected to flash chromatography (2:1 chloroform/methanol) to yield 16 (97 mg, 0.42 mmol, 

91°Io). The'H NMR and 13C NMR data of compound 16 matched those previously reported 

(Izumi 1987). 

Synthesis of ethyl N-acetyl-a-D-galactosamine (17) 

off ,oH 

Ho 
p Dowex resin, EtOH 

NH ~oH Refluxing, 12 h, 91 

O 

off off oH~oH 
0 

HO HO 
N NH 

17 OOCH3 
O 

ocH3 
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A solution of 2-acetamido-2-deoxy-D-galactose (100 mg, 0.46 mmol) in anhydrous 

ethanol (3 mL) was refluxed for 12 h with Dowex-50 X-8H+ resin (230 mg). The resin was 

filtered and washed with ethanol (2 x 1 mL). The filtrate was evaporated and the residue was 

subjected to flash chromatography (3:1 EtOAcBtOH) to yield 17 (71 mg, 0.29 mmol, 62°Io). 

iH NMR (300 MHz, D2O) b 4.75 (d, J 1, 2 = 3.6 Hz, 1H), 4.00 (dd, J 2, 3 = 10.6 Hz, J 3, 4 = 

3.6 Hz, 1H), 3.85-3.80 (m, 2H), 3.75 (dd, J5, 6 = 3.3 Hz, J6, 6~ = 11.8 Hz, 1H), 3.65-3.55 (m, 

3H), 3.37 (m, 1H), 1.89 (s, 3H), 1.04 (t, J = 7.2 Hz, 3H). 

13C NMR (100 MHz, D2O) b 172.9, 100.2, 76.7, 74.4, 71.2, 62.8, 62.6, 54.4, 23.3, 15.2. 

MS (ES I-MS) m/,z 27 2 [M+Na] +. 

Synthesis of ethyl N-acetyl-~3-D-glucosamine (7) 

NH 

\~ 
O 

excess acetyl chloride 

r.t., 19 h 

~ McOH, Me~Na H 1 ~ 
r.t., 3 h, 97% 

Ac~cO 

~Ac 
~ Et{JH, Hg(CN}2

NH 
  CI 

O 

r.t., 24 h 

Compound 7 was synthesized by a modification of a related procedure. A mixture of 2-

acetamido-3,4,6-tri-O-acetyl-2-deoxy-a-D-glucopyranosyl chloride (496 mg, 1.35 mmol) 

was dissolved in anhydrous ethanol (8 mL). The solution was treated with mercuric cyanide 

(1.2 equiv, 1.63 mmol, 413 mg) for 24 h at ambient temperature. The solvent was removed 

under reduced pressure. The resulting residue was taken up in chloroform (5 mL) and the 
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solid was removed by filtration. The filtrate was added chloroform (10 mL) and washed with 

water (5 mL). The organic layer was dried over anhydrous magnesium sulfate. The mixture 

was filtered and the solvent was removed under reduced pressure. The resulting residue was 

purified by flash chromatography (5:1 EtOAc/hexane) to yield ethyl2-acetamido-3,4,6-tri-O-

acetyl-2-deoxy-~3-D-glucopyranoside as a syrup (480 mg, 1.27 mmol, 94°Io). A solution of 

this compound (480 mg, 1.27 mmol) in anhydrous methanol (10 mL) was treated with 

sodium methoxide (3 mg) and stirred for 3 h at ambient temperature, neutralized with 

Amberlite IR-120(H+) resin, and filtered. The filtrate was concentrated under reduced 

pressure and the resulting residue was subjected to flash chromatography (3:1 

chloroform/methanol) to yield 7 (270 mg, 1.08 mmol, 85%). 

iH NMR (300 MHz, D2O) b 4.38 (d, J1,2 = 8.4 Hz, 1H), 3.80-3.70 (m, 2H), 3.59 (dd, J1,2 

= 8.4Hz, J2,3 = 9.6, 1H), 3.53 (m, 2H), 3.38 (t, J3,4 = 10.5Hz, 1H,), 3.30-3.24 (m, 2H), 1.88 

(s, 3H), 1.00 (t, J = 7.1 Hz, 3H). 

13C NMR (100 MHz, D2O) b 174.7, 100.8, 76.0, 74.1, 70.0, 66.3, 60.9, 55.7, 22.3, 14.4. 

MS (ESI-MS) m/.z 272 [M+Na]+

Synthesis of methyl N-acetyl- (3-D-galactosamine (8) 

NH 

\\ O 
OAc,OAc 

O 
Aco 

NH 

0 

Ac 30% HBr/HOAc, CH2C12
 '' Ac0 

0°C~ r.t., 14h, 98% 

oCH3 MeoH, MeoNa 

r.t., 3h, 100% 

Br 
0 

oH,oH 
0 

Ho 

\\ 

NH 

$ O 

24h, 100% 

oCH3 
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Compound 8 was synthesized by a modification of a related procedure. 2-Acetamido-

1,3,4,6-tetra-O-acetyl-2-deoxy-a-D-galactopyranoside (200 mg, 0.51 mmol) in CH2C12 (8 

mL) was treated dropwise with 30% HBr/HOAc (0.51 mL, 5 equiv) at 0 °C for 1 h. The 

reaction mixture was stirred for 14 h as it warmed to ambient temperature. The reaction 

mixture was poured into ice water (10 mL). The organic layer was washed with saturated 

aqueous sodium bicarbonate (10 mL) and dried over anhydrous magnesium sulfate. Workup 

processes need to be finished within 15 min and all of the reagents and glassware were 

cooled to 4 °C prior to use to prevent decomposition. After filtration and solvent removed, 

the 2-acetamido-3,4,6-tri-O-acetyl-2-deoxy-a-D-galactopyranosyl bromide was stirred with 

anhydrous McOH (5 mL) for 24 h. The reaction was neutralized with Dowex WGR-2 resin 

and filtrated; the filtrate was concentrated under reduced pressure to yield 8 as a white solid 

(118 mg, 0.50 mmol, 98%). 

NMR data matched those previously reported (Gronberg 1994). 

MS (ESI-MS) m/z = 258 [M+Na]+. 

Synthesis of propyl N-acetyl-~3-D-mannosamine (9) 

This compound was synthesized by a modification of a related procedure. 2-Acetamido-

1,3,4,6-tetra-O-acetyl-2-deoxy-D-mannose (19)20 (600 mg, 1.53 mmol) was dissolved in 1-

propanol (5 mL) and sulfuric acid (0.1 mL) was added dropwise to this solution. After being 

heated to 70 °C for 3 h, the mixture was treated with Dowex WGR-2(OH-) resin until the pH 

reached ~ 10. The solvent was removed under reduced pressure and the resulting syrup was 

treated with excess acetic anhydride (3 mL) in pyridine (3 mL), since the acetyl groups were 

cleaved by the sulfuric acid. After 6 h, the mixture was poured into O.1M hydrochloric acid 

(20 mL) and extracted three times with ethyl acetate (15 mL). The organic layer was washed 

with saturated aqueous sodium bicarbonate (25 mL), water (25 mL), and brine (25 mL), and 

then dried over anhydrous magnesium sulfate. The crude product was subjected to flash 

chromatography (gradient elution: 0 to 1% methanol/chloroform) to yield propyl 2-
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acetamide-3,4,6-tri-O-acetyl-2-deoxy-a-D-mannopyranoside (324 mg, 0.83 mmol, 54%) and 

propyl 2-acetamido-3,4,6-tri-O-acetyl-2-deoxy-~3-D-mannopyranoside (216 mg, 0.55 mmol, 

36%). 

OAc 

O 

DA~,~ 
OAc 

1} NaN3, (NH4)2Ce(NO3)s 

° AcAcO 2) NaOAc, HOAC, 100 C, 
51% 

OAc 
NH2

5% Pd/C, McOH, H2 AcO -O Acetic anhydride, pyridine 
 ' AcO 

OAc 

0 Separation 

OAc 

90% 

McONa, McOH 

r.t. , 92 

1} Chloroform: McOH=100:1 

2} McOH, McONa, r.t., 25°C 

0 

HO 
HO 

OAc r.t., 97% 

1} H2SO4, n-propanol, refluxing 

OH 2} Ac2O, Py, R.T., 92% 

52% 

+ HO 
HO 

O 
OH 
HND

9 
36% 

O 

A AcO 

OAc 
O 

OAc ll
NH'\ 
-O 

OAc 

These two compounds were deacetylated individually by treatment with sodium 

methoxide (3 mg) in anhydrous methanol (10 mL) for 6 h at ambient temperature and 

neutralized with Amberlite IR-120(H+) resin. The resin was removed by filtration and the 

solvent was removed under reduced pressure to yield 18 (197 mg, 0.75 mmol, 90°Io) and 9 

(126 mg, 0.48 mmol, 87%). 

Propyl N-acetyl-~3-D-mannosamine (9). 

iH NMR (300 MHz, D20) b 4.95 (d, Jl, 2 = 4.5 Hz, 1H), 4.22 (dd, Jl , 2 = 4.5 Hz, J2, 3 = 
2.7 Hz, 1 H), 4.14 (t, J = 5.2 Hz, 1 H), 3.97 (dd, J2, 3 = 2.7 Hz, J3, 4 = 8.7 Hz, 1 H), 3.75 (ddd, 
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S 10 1 H), 3.66 (dd, J5, 6~ = 2.8 Hz, J6, 6' = 11.8 Hz, 1 H), 3.56 (m, 1 H), 3.47 (dd, J5,6 = 4.8 Hz, 

J6,6~ = 0.8 Hz, 1H), 3.36 (m, 1H), 1.90 (s, 3H), 1.42 (m, 1H), 0.72 (t, J = 7.5 Hz, 3H). 

9.7 

13C NMR (100 MHz, D20) b 174.5, 106.4, 80.1, 80.1, 71.6, 69.1, 63.3, 59.2, 22.3, 21.9, 

MS (ESI-MS) m/z 286 [M+Na]+. 

Synthesis of propyl N-acetyl- a-D-mannosamine (18) 

Aco 
Aco 

0 oar ~ 
NH 
-o 1-Propanol, CH3CN 

o ~ AcAO 
O B F3• Et20, 80 C OAc 

0 
OH j~ 

NH/\ 

18 
J 

0 
OAc ll

NH'\ McOH, McONa 
-O 

o~ 
r.t., 3 h, 92% 

This compound can also be synthesized by a modification of a related procedure.l9 A 

solution of compound 19 (200 mg, 0.51 mmol) in CH3NO2 (1.5 mL), BF3.OEt2 (8 µL), and 

1-propanol (200 µL) was heated to 80 °C for 10 h. The mixture was cooled to ambient 

temperature and treated with CHZC12 (50 mL). The solution was washed with saturated 

aqueous sodium bicarbonate (20 mI.) and water (20 mL). The organic layer was dried over 

anhydrous magnesium sulfate, filtered, and concentrated under reduced pressure. The residue 

was subjected to flash chromatography (4:1 EtOAc/hexane) to yield propyl 2-acetamide-

3,4,6-tri-O-acetyl-2-deoxy-a-D-mannopyranoside (148 mg, 0.38 mmol, 74%). This 

compound was treated with sodium methoxide (3 mg) in anhydrous methanol (4 mL) for 4 h 

at ambient temperature and neutralized with Amberlite IR-120(H+) resin. The resin was 

removed by filtration and the solvent was removed by reduced pressure to yield compound 

18 as a solid (92 mg, 0.35 mmol, 92°Io). 



www.manaraa.com

32 

Propyl N-acetyl-a-D-mannosamine (18). 

iH Nf1VIR (300 MHz, D20) b 4.63 (d, J1,2 = 0.9 Hz, 1H), 4.17 (dd, J1.2 < 1, J2,3 = 4.8 Hz, 

1H), 3.84 (dd, J2,3 = 4.8, J3,4 = 9.0, 1H), 3.72-3.61 (m, 2H), 3.54-3.42 (m, 3H, H-4), 3.34 (m, 

1 H), 1.8 8 (s, 3H), 1.45 (m, 2H), 0.76 (t, J = 7.5Hz, 3H). 

13C NMR (100 MHz, D20) b 174.8, 98.6, 72.4, 69.7, 69.3, 66.8, 60.5, 52.8, 22.1, 22.0, 

10.0 

MS (ESI-MS) m/.z 286 [M+Na]+. 

2. Mass Spectrometry Analysis 

A Shimadzu LCMS 2010 quadrupole mass spectrometer (Shimadzu Scientific 

Instruments, Columbia, NID) equipped with an electrospray ionization (ESI) source was used 

in positive ion mode. The capillary temperature and the spray voltage were kept at 250 °C 

and 1.8 kV, respectively. The instrument was calibrated by direct infusion of polyethylene 

glycol (PEG) 200, 600, 1000 (1.5 µLL, 2 µL/L, and 15 µL/L, respectively) and raffinose (50 

mg/L) in water/methanol (1:1, v:v) containing ammonium acetate (0.19 mM), 0.1% fornuc 

acid, and 0.1% acetonitrile. For sample analysis, the solvent (50% water/acetonitrile) was 

constantly infused into the ion source at 250 µL/min by the attached Shimadzu HPLC pump 

and the samples were injected (5 µL). A preliminary MS chromatogram was obtained by 

scanning from 50-700 m/z. After analysis of the spectrum, the instrument was set for selected 

ion monitoring (SIM) in positive ion mode to increase the signal/noise ratio and all relevant 

m/z ions were monitored for analysis of the enzymatic reactions. Postrun software (LCMS 

Postrun version 2.02, Shimadzu Scientific Instrument, Columbia NID) was used to analyze 

the data from the ESI-MS chromatogram. Peaks were integrated to determine the relative 

intensity of each ion species. 

For the (3-glycosidase, such as (3-N-acetylglucosaminidase (from jack bean), (3-

glucosidase and chromatography pure (3-glucosidase (both from almonds), (3-

galactosidase (from Aspergillus oryzae), each enzymatic reaction mixture contained: 
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ocH3

oH,oH 
0 

HOy \~~ O 
HO 

O 
OH 

CI 

methyl R-D-gluco- 2'-Chloroethyl R-D-
pyranoside 1 

OCH3
OH 

methyl R-D-xylo-
pyranoside 4 

O -, 

i 

propyl R-D-manno-
galactopyranoside 2 pyranoside 3 

HO 
O OCH3

OH HO 
HO HO 
OH 

methyl R-~-fuco-
pyranoside 5 

OH OH OH 

O O HO 
~ Hp OCH3

NH H HO 

O 

O 

OH 

OCH3

methyl R-D-gluc-
uronic acid 6 

ethyl N-acetyl R-
D-glucosamine 7 

~o 

methyl N-acetyl R-
D-galactosamine 8 

0 

HNC ` 

propyl N acetyl R-
D-mannosamine 9 

a) ~3-Library containing nine substrates 7µL (50 mM) for each substrate. 

1) Methyl (3-D-glucopyranoside, MW=194.18 m/z= 296 (M+3-APBA-2H2O) 

2) 2'-Chloroethyl (3-D-galactopyranoside, MW=242.18 m/z=344 (M+102) 

3) Propyl (3-D-mannopyranoside, MW=222.25 m/z=324 (M+102) 

4) Methyl ~3-D-xylopyranoside, MW=164.16 m/z=266 (M+102) 

5) Methyl (3-L-fucopyranoside, MW=178.18 m1z=280 (M+102) 

6) Methyl (3-D-glucuronic acid, MW=208.17 m/z=310 (M+102) 

7) Ethyl N-acetyl (3-D-glucosamine, MW=249.26 m/z=373 (M+102+Na-H) 

8) Methyl N-acetyl (3-D-galactosamine, MW=235.23 m/z=359 (M+124) 

9) Propyl N-acetyl (3-D-mannosamine, MW=263.29 m/z=387 (M+124) 

b) Nanopure water 2µL. 

c) (3-glycosidase 10 µL (0.5 U) in water. 
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d) Phosphate buffer 25 µL, 250 mM; the pH value is approximated based on the 

requirement of similar enzymes from that organism. 

For the a-glycosidases, such as a-mannosidase (from jack jeans) and a-glucosidase (from 

rice), each enzymatic reaction included the a-library. This library contained: 

ci 

2'-chloroethyl oc-D-
glucopyranoside lU 

methyl oc-D-xylo-
pyranosidee 13 

methyl N-acetyl-a-
D-glucosamine 16 

off off 
0 

Ho 
off ocH3

methyl a-D-galacto-
pyranoside 11 

0 
HO 
OH 

ocH3

off 

methyl a-L-fuco-
pyranoside 14 

OH OH 

~~ ~ O 
HO 

o~ 
Propyl a-D-manno-
pyranoside 12 

Ho ~° 

H~I-10 
OH 

OCH3
methyl a-D-gluc-
uronic acid 15 

0 
HO HN 0 

NH ' 'MHO 
p~ O,i 

ethyl N-acetyl-a- Propyl N-acetyl-a-
D-galactosamine 17 D-mannosamine 18 

a) a-Library containing nine substrates 7µL (50 mM) for each substrate. 

1) 2'-Chloroethyl a-D-glucopyranoside, MW= 242.18 m1z=344 (M+3-APBA-2H2O) 

2) Methyl a-D-galactopyranoside, MW=194.18 m/z = 296 (M+102) 

3) Propyl a-D-mannopyranoside, MW=222.25 m/z =324 (M+102) 

4) Methyl a-D-xylopyranoside, MW=164.16 =266 (M+102) 

5) Methyl a-L-fucopyranoside, MW=178.18 m/z =280 (M+102) 

6) Methyl a-D-glucuronic acid, MW=208.17 m1z =310 (M+102) 

7) Methyl N-acetyl-a-D-glucosamine, MW=235.23 m1z =359 (M+102+Na-H) 



www.manaraa.com

35 

8) Ethyl N-acetyl-a-D-galactosamine, MW=249.26 m/z =373 (M+124) 

9) Propyl N-acetyl-a-D-mannosamine, MW=263.29 m1z =387 (M+124) 

b) a-glycosidase, 10 µL (0.5 U) in water. 

All other conditions mimicked those of the (3-substrate library. 

For the blank control sample, water (10 µL) was added instead of the glycosidase 

solution (10 µL). For the heat-killed control sample, the glycosidase was heated at 95°C for 

10 min to denature the enzyme before addition to the reaction mixture. For the enzyme 

reaction sample, 0.5 units of enzyme were added. The reaction mixture was incubated at 25 

°C for 5 min before it was initiated by the addition of the glycosidase. The reactions were 

incubated at a temperature normal for enzymes isolated from the particular organism and 

samples were quenched at 30 min, 1 h, 3 h, 6 h, or as noted. The mass spectrometry signal of 

the neutral sugars was small—only 2% as strong as that of the amine-containing sugars. The 

change of the intensity of neutral sugars could not be detected except by expansion of the 

mass spectrum peaks. Addition of 3-aminophenyl boronic acid (3-APBA, MW = 137 g/mol, 

Aldrich) to the quenched solution helped alleviate these ionization difficulties somewhat. The 

3-APBA can form complexes with neutral sugars at low pH (1°Io acetic acid/acetonitrile) 

(Willams 2000). However, conditions as previously reported still resulted in weak ionization 

for the neutral sugars. We discovered that with addition of an ammonium sulfate (NH4)2SO4

solution along with the 3-APBA to the quenched reaction solution the neutral sugars and 

amine sugars are ionized to the same extent 

Furthermore, if the concentration of ammonium sulfate was changed from 20 mM to 100 

mM, the degree of ionization of the neutral sugars relative to the aminosugars could be tuned. 

For example, when the concentration of ammonium sulfate is 100 rr~1VI, the peaks of neutral 

sugars are several folds higher than those of the amino-sugars. When the concentration of the 

ammonium sulfate is 20 rr~1VI, the peaks of the amino sugars are much higher than those of 

the neutral sugars. A concentration of ammonium sulfate from 50 mM to 70 rriM allowed 

peaks of the different sugars to appear in the mass spectra at similar intensities. The peaks for 

the fucose, xylose and glucuronic acid library members usually still had weaker ionization 

intensities, however, because these sugars lack a hydroxyl group in position 5 or 6 and 
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cannot form strong complexes with 3-APBA. To quench the reaction mixtures, a 15 µL 

aliquot of the reaction mixture was added to 1% AcOH/acetonitrile (15 µL). After addition of 

3-aminophenylboronic acid (15 µL, 50 mM stock solution in water), 2µL aqueous 

ammonium sulfate (2.5 M) was added to the solution. The samples were centrifuged at 

10,000 x g for 10 min to precipitate the protein before direct injection (5 µL) of the 

supernatant on the mass spectrometer as described above. 

Due to the systemic variation of different batches of enzymatic reactions, we have set the 

threshold necessary to determine primary glycosidase activity to be a 50% reduction of the 

peak intensity. Secondary glycosidase activity can be detected by increasing the enzymatic 

reaction time or adding more glycosidase to the reactions. 



www.manaraa.com

37 

Chapter 2 

Glycosidase Activity Profiling by a Chemical Proteomics Approach for 
Bacterial Identification 

I. Introduction 

1. The importance of bacterial identification 

Microorganisms play important roles in the field of agriculture, nutrition and food, 

biotechnology, and medicinal discovery (Okabe 2003, Personne 2004, Smith 2004). The 

detection of biological hazards in drinking water, food, and the environment; the medical 

diagnosis of pathogens; and the study of metabolic pathways require rapid, sensitive, and 

accurate methods to identify and characterize microorganisms. The requirement of building 

up an easy, fast and reliable method to identify the harmful bacteria or pathogens is very 

necessary, because the traditional method, which involves microscopy, serology, molecular 

tools and culture (Houpikian 2002), is time consuming and tedious. 

2. The new microarray technologies of bacterial identification 

To improve the efficiency and sensitive of microorganism identification and 

characterization, scientists have developed several new techniques, such as DNA and protein 

microarray technologies (Behr 1999, Call 2001, Harrington 2000), phenotype microarray 

methods (Hood 1996, Strauss 1997), and infrared spectroscopy (Al-Khaldi 2004). The most 

successful example of DNA microarray method uses universal primers to amplify highly 

conservative gene sequence, such as 16S rDNA encoding gene, to identify bacterial genotype 

(Reiman 1999). This broad-range PCR technique has disclosed two novel bacteria to identify 

bacillary angiomatosis and Whipple disease (Kerkhoff 1999). Although these new 

technologies provide alternative methods to identify the bacteria, some limitations, such as 

high background interference (noise), differences in labeling of nucleic acid with different 

fluorescent dyes and controversial and irreproducible results still exist with these methods. 
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3. The MS-biomarker method of bacterial identification 

Mass spectrometry (MS) offers another efficient approach to characterize and identify the 

bacteria pathogens by detecting chemotaxonomic biomarkers (Black 1994, Cole 1991), such 

as phospholipids, lipopolysaccharides, oligosaccharides, and proteins (Fang 1998, 

Krishnamurthy 1999, Liu 1998) in different strains of cells. Different MS equipment, such 

as fast atom bombardment (FAB), matrix-assisted laser adsorption ionization (MALDI) 

(Krishnamurthy 2000), and electrospray (ESI) (Goodacre 1999, Vaidyanathan 2001) were 

used to pursue optimized methodology which could identify different species of bacteria 

efficiently, but generated limited success, because of the shortcomings of FAB and MALDI-

MS. For example, there are still spectral reproducibility problems in MALDI-MS from 

sample preparation errors (Domin 1999, Wang 1998). Liquid-Chromatography-Electrospray-

Mass Spectrometry (LC-ESI-MS) was finally chosen to generate chromatographic profiles of 

specific protein biomarkers in a bacteria sample; this method is more applicable, stable and 

reproducible (Vaidyanathan 2001). The results of this system clearly demonstrate that 

LC/ESI-MS bacteria identification and analysis can be performed rapidly with high 

resolution and provide a promising on-line sample preparation and totally automatic 

analytical process in the future (Krishnamurthy 1999). However, the quantity and number of 

protein biomarker components change greatly when different cell extraction conditions are 

used and the protein profiles obtained from cell suspensions also changed significantly 

depending on freeze-thaw and lyophilization operations. The standard cell extraction and 

disruption methods are necessary for this system to prevent inhomogeneous results in 

different research groups and equipment and increase the reproducibility of the experimental 

data (Vaidyanathan 2001). 

4. The enzyme activity profiles method of bacterial identification 

Rapid identification of bacteria by investigating microbial enzyme activity profiles 

appeared more than twenty year ago (Bascomb 1975) by using enzyme activities such as 

phosphatases, esterases, aminopeptidases and glycosidases to identify bacteria and fungi 

(Basile 1993, Kilian 1976, Lee 1975, Maddocks 1975). The potential specific enzymes in the 



www.manaraa.com

39 

bacteria can serve as another promising target besides the protein biomarkers. The main idea 

is to investigate the activity of the enzyme instead of enzymes molecule themselves to 

identify bacteria by incubating the bacteria extract or whole bacteria, which contain the 

corresponding specific enzymes, with chromogenic or fluorogenic substrates and monitor the 

enzymatic reactions by UV or fluorescence spectroscopy. This method assumes all of the 

cleavage or change of the specific substrates are caused by corresponding enzymes instead of 

any other factors. 

In fact, this method provides a rapid, sensitive, and automated system for bacteria 

detection and identification. The results of enzymatic reactions are reliable and reproducible. 

Even if the amount of enzymes is not very high in cells, enzymes still can amplify their 

functions by cleaving a large number of specific substrates within a short time and generate 

the same homogenous results. All of these characteristics make the activity of enzymes 

sensitive and easy to be detected and this system is convenient to be developed for a kit or 

automated system. Nevertheless, there is little work using enzyme activity profiles to detect 

bacteria in recent years, because this method usually needs more than ten chromogenic or 

fluorogenic substrates of the enzymes to incubate with the cell suspension individually. 

Although each of the enzymatic reactions only needs a small amount of bacteria, all of the 

tests with the potential substrates increases the amount of bacteria the same fold as the 

number of substrates which need be tested. This disadvantage increases the cost and time of 

this method. 

In order to overcome the current shortcoming of enzyme activity profiling, we decided to 

try a chemical proteomics approach to identify bacteria. Glycosidases are the enzymes which 

hydrolyze carbohydrate chains and they are an extremely large class of hydrolases that 

widely exist from prokaryotes to eukaryotes. (More background is in chapter 1). For 

example, E. coli and Bacillus cereus contain gene sequences for (3-glucosidase, (3-

galactosidase and (3-mannosidase (Carbohydrate-active enzyme database, http://afmb.cnrs-

mrs.fr/LAZY). Glycosidases enzyme profiles have been used in the identification and 

differentiation of the different species of bacteria. Several experiments which used around 

ten p-nitrophenyl substrates (chromogenic Substrates) or 4-methylumbelliferone substrates 



www.manaraa.com

40 

(fluorogenic substrates) to study the glycosidases activity profiles and rapidly identify 

different species or subspecies of bacteria have been published (Kilian 1976, Kilian 1978, 

Godsey 1981). In these studies, the bacterial were suspended directly with the respective p-

nitrophenyl substrates or 4-MeU substrates at optimized temperature and pH. The enzyme 

activity was monitored by detection of the color produced by p-nitrophenol or fluorescence 

of 4-methylumbelliferone. This method is fast, convenient and reproducible but labor-

intensive. 

II. Results and Discussion 

To improve the enzyme activity profile method, we present an alternative chemical 

proteomics approach using a synthetic mass-differentiated substrate library with mass 

spectrometry to readout the glycosidase activity present in a cellular extract. Escherichia coli 

K12, Bacillus cereus, and Psuudomonas aeruginosa were chosen as the target bacteria, 

because they could be easily identified and differentiated by profiling with aminopeptidase 

activity (Basile 2002). E. coli is a type of bacteria that normally lives in the digestive tract of 

humans and animals (Todar 2002). Some strains of E. coli can cause diarrhea and 

gastrointestinal problems. Bacillus cereus causes two types of food-borne intoxications 

which are characterized by nausea, vomiting, abdominal cramps and diarrhea. Pseudomonas 

aeruginosa causes many various infections, such as respiratory system infections, soft tissue 

infections, bone and joint infections, and gastrointestinal infections. Pseudomonas 

aeruginosa infection is a serious problem in patients hospitalized with fatality rate up to 50 

percent in cancer, cystic fibrosis, and burn patients (Todar 2002). 

In chapter 1, a small a- and ~i-substrate library for glycosidases containing eighteen 

monosaccharides with different molecular weight was designed and synthesized. Millimolar 

concentrations of each substrate were used to incubate with 0.20.5 Unit of known 

glycosidases in the same reaction vial at optimized temperature and pH in buffer. ESI-MS 

was used to monitor the enzymatic reactions at specified time intervals (Yu, 2004). In each 

case, substrates for the enzymes significantly diminished after several hours of incubation 

with the libraries when compared to control reactions. More surprisingly, contaminating 
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glycosidase activities could be identified from a crude protein mixture and different 

glycosidase activities involved in a crude cell extract (almond) could be detected clearly (See 

the details in chapter 1). All of the promising results encourage us to try this strategy for the 

identification of different types of bacteria by studying their glycosidase activities. 

The enzyme activity profiling experiments were set up and the reaction mixture was 

incubated at optimized conditions for 24 h in total, but there were no further changes after 6 h 

or 12 h. The mass spectrums of enzyme activity profiles for E. coli K12, Bacillus cereus are 

shown in Figure 1 and 2 (See page 32-34 for mass assignment). 
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Figure 1. ESI-MS spectrum in selected ion-monitoring positive-ion mode of ~3-linked substrates after 

12 h at 37 °C incubation with cell extract of E. coli K12 or Bacillus cereus: (a) heat-killed 

control of E. coli K12; (b) with cell extract of E. coli K12. (c) heat-killing control of 

Bacillus cereus; (b) with cell extract of Bacillus cereus. The cell extract of E. coli K12 

selectively cleaved ~-D-glucose, ~-D-galactose, ~i-D-glucosamine, and R-D-mannosamine 

substrates in different intensities; in addition to these four substrates, the cell extract of 

Bacillus cereus also selectively cleaved ~i-D-glucuronic acid and ~i-D-mannose substrates. 
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Since different alkyl groups were introduced in the substrates to eliminate mass 

redundancies, there is no signal overlap for all of the substrates. After each signal of the 

substrates was identified by ESI-MS scanning positive mode, we used the selected ion 

monitoring positive-ion mode to detect the reduction of substrate concentrations as the 

indication of the enzymatic activity for the cell extract. Same molecular weight of 

monosaccharides and corresponding alcohols are the products after the cleavage of each 

different substrate. The alcohol products did not be detected because of their low molecular 

weights and boiling points. The monosaccharide product showed two peaks (m/,z = 282, 383) 

in the mass spectrum and were identified as both the mono- and diadduct of 3-APBA. 
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Figure 2. ESI-MS spectrum in selected ion-monitoring positive-ion mode of a-linked substrates after 

6 h at 37 °C incubation with cell extract of E. coli K 12 or Bacillus cereus: (a) heat-killed 

control of E. coli K 12; (b) with cell extract of E. coli K 12. (c) heat-killing control of 

Bacillus cereus; (b) with cell extract of Bacillus cereus. The cell extract of E. coli K 12 

only cleaved a-D-glucose substrates; the cell extract of Bacillus cereus selectively 

cleaved a-D-glucose, a-D-galactose, a-D-mannose, a-D-glucosamine, and a-D-

mannosamine substrates in different intensities. 
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There are also m/z = 282, 383 peaks in the mass spectrum of heat-killed control group, 

because the cell extract contains a large number of diverse molecules. The signals of some 

other chemicals overlapped with the peaks of monosaccharide product/3-APBA complex. 

We still can observe the intensity increasing of the product peaks in the enzymatic reaction 

groups. 

The enzyme activity profiling monitored by ESI-MS method can not only identify which 

substrates are cleaved but also show the change of the signal intensities of each of the 

cleaved substrates. Figure 3 shows the percentage decreasing of the signal intensity of 

cleaved substrates. The substrates which were not cleaved by the enzymes served as the 

internal references. 

s r 

L• .~ 
a 

.5 
0 
GG 
:3 

a 

100 
90 

so -
70 

60 

50 

40 

30 

i~ 

10 

0 

a} 8acilfuscereus 

■ E. soli 

Psuedomonas 
aeruginosa 

(3DGk (i-6Gal (iaMan ~iD~Gk (i6 ~rD 
acid G~NAc MantJAc 

SuFastrates 

'o 

60 -

s 
50 - 

~.. 40 - 

30 .s 
`~ 
pa ~} 
:6 
a 
~ 10- 

0  

b} 
Baa!!us cereus 

■ E soli 

Psuedomonas 
aeruginosa 

o-aG~ o-6Gal o-6Man o-aGk o-Q o-Q 
acid Glct~tAc tvtanNAc 

S ul~sh ates 

Figure 3. Enzyme activity profiles of Bacillus cereus and E. coli K12. a) The percentage decrease of 

the peak intensities of cleaved ~i-linkage substrates. B) The percentage decrease of the peak 

intensities of cleaved a-linkage substrates. There is no substrate cleavage in both the ~3- and 

a-library for Psuedomonas aeruginosa cell extract. The unchanged substrates served as the 

standard. 

Clear identification among these three bacteria already has been obtained only by their 

glycosidases activity. The change of the substrate signal intensity could potentially be used 

to differentiate the subspecies of the different bacteria which hydrolyze the same substrates. 

The difference of intensity changes of the same substrate makes it possible to use less 
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substrate to identify and differentiate bacteria. This method improved the accuracy and 

sensitivity of the qualitative positive/negative enzyme activity profile test. 

We also used traditional method (p-nitrophenyl substrates) to compare with the ESI-MS 

data and reliability of our method and obtained homogenous results. Table 1 and 2 compare 

the results between traditional p-nitrophenyl substrates enzyme activity profile test and the 

new ESI-MS monitoring enzyme activity profile method. 

Table 1. The results of p-nitrophenyl substrates enzyme activity profile test and ESI-MS 
monitoring enzyme activity profile method of (3-library. 

~i-substrates Glc Gal Man Xyl L-Fuc Glc 
acid 

Glc 
NAc 

Gal 
NAc 

Man 
NAc 

E. coli 
ESI + 

+ 

+ 

+ 

- 

- 

- 

- 

- 

- 

- 

N/A 

+ 

+ 

- 

- 

+ 

N/A UV 

Bacillus 
ESI + 

+ 

+ 

+ 

+ 

- 

- 

- 

- 

- 

+ 

N/A 

+ 

+ 

- 

- 

+ 

N/A UV 

Psued 

monas 

ESI - 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

N/A 

- 

+ 

- 

- 

-

N/A UV 

Table 2. The results of p-nitrophenyl substrates enzyme activity profile test and ESI-MS 
monitoring enzyme activity profile method of a-library. 

a-substrates Glc Gal Man Xyl L-~.ic Glc 
acid 

Glc 
NAc 

Gal 
NAc 

Man 
NAc 

E. coli ESI + 

+ 

- 

+ 

- 

- 

- 

- 

- 

- 

- 

N/A 

- 

- 

- 

- 

- 

N/A UV 

Bacillus ESI + 

+ 

+ 

+ 

+ 

- 

- 

- 

- 

- 

+ 

N/A 

- 

- 

- 

- 

+ 

N/A UV 

Psued 

monas 

ESI - 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

N/A 

- 

- 

- 

- 

-

N/A UV 

Most of the results match each other in this comparison, but a few of substrates are 

different. The main reason we regard is that the interaction between the high hydrophobic p-

nitrophenyl group and some glycosidases, such as ~i-glucosaminidase in Psuedomonas 
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aeruginosa, is different with that of the small alkyl groups. The linkage between p-nitrophenyl 

group and the monosaccharides is more labile compared with the corresponding linkage of 

the small alkyl groups with the monosaccharides. The condition and substrates in our method 

are closer to the "real" situation of substrate-enzyme interaction, because DMF were not used 

and a strong glycosidic bond was introduced. Furthermore, the multiple substrates in the 

same reaction vial and slight pH variation between our library method and p-nitrophenyl test 

also affect the activities of different glycosidases. 

III. Conclusion 

ESI-MS combined with our enzyme activity profiling chemical proteomics method 

provides a way to monitor enzyme activity in bacteria directly instead of by chromogenic or 

fluorogenic methods, thereby improving the efficiency and sensitivity of the traditional 

enzyme activity test for the identification of bacteria. This technique does not require enzyme 

purification and immobilization by using the cell extract directly to detect the intracellular 

glycosidase activities and successfully differentiate bacteria. Moreover, this method suggests 

a more efficient and accurate assay by applying it to detect multiple enzyme activities 

together. It is easier to avoid the mass redundancy of the substrates for various enzymes, but 

the substrates of different enzymes should not inhibit each other. Expansion of the substrate 

pool can potentially allow differentiation of even greater numbers of bacteria. 

IV. Experimental Section 

Chemicals. All of the substrates in a- and (3-library were designed and synthesized by our 

lab (the synthesis procedures were described in chapter 1). The p-nitrophenyl substrates and 

other compounds were purchased from Sigma-Aldrich (Milwaukee, WI). 

Bacterial Sample Preparation. All of the bacteria, E. coli K12, Bacillus cereus 

(ATCC14579), and Psuedomonas aeruginosa (ATCC47085) were grown on LB agar plate at 

37 °C for 18 h and transferred from the plate into 4 mL LB Broth in two test tubes by a 
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sterilized platinum loop and incubated at 37 °C in a shaker for 12 h. The cultured solution 

was transferred into 200 mL LB broth in 1 L Erlenmeyer flasks and cultured for another 18 h 

at 37 °C in a shaker. The bacteria were collected by centrifuging at 1, 0000 X g for 10 min. 

The precipitate was stored at -80 °C at least 30 min before analysis. The cell pellet (from 50 

mL cell culture OD600 = 1.2) was thawed on ice-bath and 500 µL Tris buffer (50 mM, pH = 

7.5) and 2µL PMSF (1 mg/mL) in ethanol were added. The cells were disrupted by 

sonication. After the unbroken cells and debris were removed by centrifugation at 10,000 X g 

at 4 °C for 30 min, the supernatant was stored at 0 °C as the cell extract for enzymatic 

reactions. 250 µL cell extract solution was transferred to another 1 mL microcentrifuge tube 

and heated at 95 °C for 5 min. The suspension was centrifuged under 10,000 X g for 10 min 

and the supernatant was stored as the heat-killed sample for the control reactions. 

ESI-MS Detection. A Shimadzu LCMS 2010 quadrupole mass spectrometer (Shimadzu 

Scientific Instruments, Columbia, NID) equipped with an electrospray ionization (ESI) source 

was used in positive ion mode. Other details are described in chapter 1. 

Enzymatic activity monitored by ESI-MS. The enzymatic reaction: 7 µL of each a or (3 

substrate (50 mM in nanopure water), 10 µL phosphate buffer (500 mM, pH = 7.5), 30 µL of 

cell extract (10 µL DMF and 20 µL of cell extract were used for the groups which compared 

with p-nitrophenyl substrates tests to obtain the exactly same reaction condition.) were 

loaded in a 1 mI. microcentrifuge tube. The reaction mixture was incubated at 37 °C and 

monitored by ESI-MS at 1 h, 3 h, 6 h, and 12 h. The same number and quantity of reagents 

were loaded in the control reactions, but heat-killed sample was added instead of cell extract. 

To quench the reaction mixtures, a 15 µL aliquot of the reaction mixture was added to 1°Io 

AcOH/acetonitrile (15 µL). After addition of 3-aminophenylboronic acid (15 µL, 50 mM 

stock solution in water), 2µL aqueous ammonium sulfate (2.5 M) was added to the solution 

(the reason and details are explained in chapter 1). The samples were centrifuged at 10,000 x 

g for 10 min to precipitate the protein and other impurity before direct injection (5 µL) of the 

supernatant in the mass spectrometer as described above and obtained the enzyme activity 

profiling. The a- and (3-linkage substrates and their ion (m/z) generated in the ESI-MS 

spectrum were listed in chapter 1. 
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Figure 4. The procedure of the enzyme activity profiling measurement monitored by ESI-MS 

Tests with p-nitrophenyl derivatives. The enzymatic reaction conditions: 7 µL of each 

p-nitrophenyl substrates (SOmM in 15% DMF/H20 solution), 73 µL of phosphate buffer (SO 

mM pH = 7.5), 20 µL cell extract were loaded in a 750 µL microcentrifuge tube and the 

reaction mixture was incubated at 37 °C for 6 h and monitored them by UV scanning plate 

under 400 nm. The control group was prepared and analyzed by a same manner, but heat-

killed sample (95 °C, 5 min) was added instead of cell extract. 
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