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N-acetylglucosamine (GlcNAc) N-acetylgalactosamine (GalNAc) Fucose (Fuc)
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88%, !-anomer exclusively

DTBMP = 2,6-di-t-butyl-4-methylpyridine
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X = !-OMe

X = "-STol

1. cat. TMSOTf

2. RCHO, Et3SiH

3. TBAF

O

RCH2O

O
O
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OH X

1. cat. TMSOTf, ArCHO

2. RCHO, Et3SiH

3. (R1CO)2O

4. BH3•THF
O

RCH2O
R1COO

OH

ArCH2O

X

1. cat. TMSOTf, ArCHO

2. RCHO, Et3SiH

3. (R1CO)2O

4. HCl(g), NaCNBH3

O
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X
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OZ X

1. cat. TMSOTf, ArCHO
2. 4-OMePhCHO, Et3SiH
3. TBAF
4. base, electrophile
5. DDQ

OR

1. cat. TMSOTf, ArCHO
2. 2-C10H7CHO, Et3SiH
3. acid anhydride
4. DDQ

1. cat. TMSOTf, ArCHO
2. RCHO, Et3SiH
3. TBAF
4. base, electrophile
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1. cat. TMSOTf, ArCHO
2. RCHO, Et3SiH
3. acid anhydrideO
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Bz2O, BH3•THF
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O
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63%, !/" = 2.7:1 61%, !/" = 2.2:1 56%, !/" = 2.1:1
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TrisaccharideSA!2,6Gal"1,4GlcNHAc

-identified as a host-cell receptor for haemagglutinin 
binding during viral infection of the H5N1 avian 
influenza virus
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O
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BnO
BzO

OLev

O O
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CCl3

Coupling
with
TMSOTf

O
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BnO
BnO

OAc

O
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Deprotection
with
NaOMe/MeOH

O
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O

O
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O
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n = 3, 74% yield
n = 4, 42% yield
n = 8, 34% yield
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Ph
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PCy3

Cl

Cl

H2C CH2
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O
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NH

CCl3
(4.5 equiv)

1. TMSOTf (0.5 equiv)
toluene, CH2Cl2
2. NaOMe (10 equiv)
MeOH, CH2Cl2

O

TomO

O
O

Ph
OBn

OCB(5 equiv)

Tf2O (5 equiv) DTBMP (15 equiv)

CH2Cl2, -30 oC

TBAF (equiv)
THF

O
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O
O
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OBn
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(5 equiv)
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PCy3

PCy3
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ClH2C CH2

CH2Cl2, overnight

O
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O
O
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O

O

O
O
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O
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O

50% from resin
mixture of anomers 8:1:3:1 in favor of desired

Tom  =
OTIPS

CB  =

CO2H
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G$(1)iI@T'#$#4,1(%=)iI@Tb/$1(%=)iI@T2T#4%,/$'#$#4,1(#8.&%=)

iI@T'$040-1&.4)#4.*=)3I@T8#&&1(%=)3I@T2041(%=)!5@T(.#$.4)

#4.*)

n
O P
O

O
O

O

HO
OH
OH

HO
Dolichol-P-glucose

G$(1)I1$.4"1$T@T8#&&1(%W)I1$.4"1$T@T@T

M'$041(%QT8#&&1(%LT3$4BG4>W)i&*%4#7-%&/$T@T

@T2T#4%,/$80-#8.4)#4.*T7%&,#7%7,.*%T3$4BG4)

H<<,?7982=%9$.'1(#44"#-.*%(=)81&1(#44"#-.*%(=)7-1,%.&(=)$.7.*(=)IBG%

Glycosyl Donor +
Acceptor Glycosyltransferase

Acceptor

Glycosylated
+

Nucleotide or
isoprenoid-P



Y&N/8%()f&J1$J%*).&)3$/4#&)@-14%((.&')
H-%#V.&')3$/41(.*.4)H1&*(E)F"%)G4,.1&)12)3$/41(.*#(%(E)

Tf&".:.,1-()12)'$/41(.*#(%()*1)%b.(,W)'$/41(.*#(%()#-%)81-%)7-18.(4010(),"#&)

'$/41(/$,-#&(2%-#(%()

O
HO

O
H

H

OO

Enzyme

O O

Enzyme

H

OR

-ROH O
HO OH

U,<+3612@%9P%K6A,8716>%

/45<921:32,2=%

O
HO

OO

Enzyme

O O

Enzyme

-ROH

O
HO

H

OR
+ H2O

OO

Enzyme

O
H

H

OO

Enzyme

O
HO OH

O O

Enzyme

OHO

Enzyme

U,<+3612@%9P%Q,731616>%/45<921:32,2=%

M83RV3<W2%79%;2,%16%<+,@9,6T5@371<%2567+,212=%

Tj1^)/.%$*.&')M,"%-81*/&#8.4#$$/)0&2#J1-%*)*.-%4,.1&O)

T@-1*04,()#-%)12,%&)(0:(,-#,%(p)M@-1*04,)*%'-#*#,.1&O)

h.%(($.&'=)j6)j6W)+7$#.&=)X6)G6)B$$38)E#F8)

9&*.6#78)!"'"$%>G;)P;LTP<Q6)

H1$,d%=)F6)Z6W)H0(V#(=)F6W)H11&(=)36TZ6)2'%34#)

56#78)!""#$%?=)P;;TP>>6)
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O
HO

O
H

H

OO

Enzyme

O O

Enzyme

H

OR

O
HO

O
R

H

OO

Enzyme

CH3

Enzyme

F

O
HO OR

-F

OHO

Enzyme

CH3

Enzyme

.89V4,@=%X,,:%G1>+Y*+89;>+?;7%O<8,,62%P98%X9A,4%/45<92567+32,%F6T5@,%

h.%(($.&'=)j6)j6W)+7$#.&=)X6)G6)B$$38)E#F8)9&*.6#78)!"'"$%>G;)P;LTP<Q6)

H1$,d%=)F6)Z6W)H0(V#(=)F6W)H11&(=)36TZ6)2'%34#)56#78)!""#$%?=)P;;TP>>6)

B%^)'$/41(.*.*.4)

:1&*)

EndoM-N175A

phosphate buffer (pH 7.0)

23 oC, 8 h

GlcNAc-RNase B

i(%)12)#&)1b#N1$.&%T41&,#.&.&')(0:(,-#,%)21-)'$/41(.*.4)

:1&*)21-8#,.1&)F&')#)'$/41(/&,"#(%E)

A0#&')%,)#$6)A8)B78)56#78)C*.8)!""#$%?I?;)>>;ST>>>Q6)

A#&414V=)+6)56W)

U#0'"#&=)56)I6=)

\.,"%-(=)+6)36)53448)

HK&$8)56#78)9&*(8)

!""($%?D;)<?LT<;L6)



A.'")F"-10'"70,)3$/41(/&,"#(%)+4-%%&()
C4;98,2<,6<,YH<71A3716>%S,44%O98716>%

\.,"%-()%,)#$6)2'%34#)L#%6*M")!""($%I;)P?LTP;S6)

O

OH
HO O

OHHO

NH

O
N
B NF
FBodipy-galactose

Example fluorescent acceptor sugar

O OH

HO

HO
CO2HOH

H
NAc

OH

Neu5Ac
(sialic acid)

Neu5Ac-acceptor-dye

Neu5Ac

Acceptor-dye

Washing

unreacted

Acceptor-dye

Neu5Ac-acceptor-dyeFACS analysis
and sorting

CstII gene library

gene library transformed
and encoded in E. coli

Expressed in cytoplasm,
along with 
CMP-Neu5Ac synthetase

CstII

CMP-Neu5Ac 
synthetase gene

incubation with donor
sugars and fluorescent 
acceptor sugars
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O

HO

HO
OH

H
NAc

OH

O

O

O

P
O O

O

O

HO OH

N

N

O

NH2

CstII

CMP

O

HO

HO
OH

H
NAc

OH

O

OH
O O

OHHO

NH

O

N
B NF
F

O O

O

OH
HO O

OHHO

NH

O

N
B NF
F

CstII  = sialyltransferase from Campyobacter jejuni

!".0=)!6@6W)\#,,(=)G6)36W)j#.-(1&=)j6)j6W)3.$:%-,=)56W)

j.8=)I6W)\#V#-4"04V=)\6)\6W)\.,"%-(=)+6)36W)

+,-/&#*V#=)B6)!6)Z6)2'%8)C%43.%8)L*(8)9&*(8!""Z$%??;)

;PQT;R?6)))))
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O

HO
HO

HO

O

HO
O

HOF

OO

Enzyme

H

CH3

Mutated nucleophile (E335G)

O

HO
HO

HO

O

HO
O

HO

OHO

Enzyme

+ HF

H%&TI#J.*=)G6W)+"1"#8=)36W)+"1"#8=)k6)56#78)9&*(8)!"")$%?:;)<SPT<<;6)

gene library transformed
and encoded in E. coli

phosphate buffer (pH 6.4)

O

HO
HO

HOF(XylF)
N

N N
CO2Na

(methyl red)

Sort colonies that 
were fastest to 
turn red

collect similar
amount of cells; 
centrifuge,

suspend pellet 
in phosphate buffer,
incubate with XylF 
and methyl red;

look for enhanced reaction rate 
by absorbance at 535 nm
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h.%(($.&'=)j6)j6W)+7$#.&=)X6)G6)B$$38)E#F8)

9&*.6#78)!"'"$%>G;)P;LTP<Q6)
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7#-,&%-(6)

TF1):%)(044%((20$=)/10)&%%*);O)-%#*.$/)#J#.$#:$%)&#,0-#$)'$/4#&()#&*D1-)&1J%$)

'$/4#&()#&*)>O)#--#/():%#-.&')%.,"%-)'$/4141&d0'#,%()1-)$%4,.&()



H.1$1'.4#$)X1$%()12)3$/4#&()

•!@-1,%.&),-#2C.4V.&')
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(".%$*)

•!F#-'%,)4%$$)-%41'&.,.1&D%&,%-.&')

•!@-1,%.&T'$/4141&d0'#,%).&,%-#4,.1&()%&#:$%)

4%$$(),1)41880&.4#,%)^.,"),"%.-)%&J.-1&8%&,()

h.%(($.&'=)j6)j6W)+7$#.&=)X6)G6)B$$38)E#F8)

9&*.6#78)!"'"$%>G;)P;LTP<Q6)



3$/4#&Tj.'#&*)H.&*.&').()\%#V)

h.%(($.&'=)j6)j6W)

3%(,^.4V.=)Z6)Y6W)

+,-1&'=)j6)Y6)B$0#N8)

56#78)O$%8)!M8)!""($%

<:;)>QSKT>QPK6)

•!51&1J#$%&,)7-1,%.&T'$/4#&).&,%-#4,.1&()"#J%)$1^)

:.&*.&')*.((14.#,.1&)41&(,#&,()M;?TS),1);?TQ)5O)

•!92,%&=):.&*.&').()80$,.J#$%&,)M.&4-%#(%()#77#-%&,)

:.&*.&')41&(,#&,O)

•!Y&(0-%()1&$/)4%$$()^.,")41--%4,)-%4%7,1-T$.'#&*)

7#.-()21-8)(,#:$%).&,%-#4,.1&(6)

h.%(($.&'=)j6)j6W)+7$#.&=)X6)G6)B$$38)E#F8)

9&*.6#78)!"'"$%>G;)P;LTP<Q6)

5#V%()4"#-#4,%-.N#,.1&)12)

.&,%-#4,.1&()*.2C.40$,pp)

50$,.J#$%&,)$.'#&*()

"#J%):%%&)

%J#$0#,%*)Tq)
+%%E)51-,%$$=)h6)A6W)

\%#,"%-8#&=)X6)U6W)h.%(($.&'=)

j6)j6)A8)B78)56#78)C*.8)'##($%

??P;)>>LR=))3%(,^.4V.=)Z6)Y6W)

!#.-1=)!6)\6W)+,-1&'=)j6)Y6W)

9%,d%&=)h6)G6W)h.%(($.&'=)j6)j6)A8)

B78)56#78)C*.8)!""!$%?@<;)

;SL>>=)#&*),"%)B$0#N8)
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h-.("&#811-,"/=)j6W)5#"#$=)j6)h6)B5C)

56#78)9&*(8))!""#$%<;)R;<TRQ>6)j.8.,#,.1&E)+077$/)12)9$.'1(#44"#-.*%(p)

Probe with lectin
or glycan binding protein

1. Rinse
2. Scan

Look for specificities

U,7+9:2%P98%>45<36%1@@9V141T37196=% O

NAc
HO
O OH

OH

OH

NAc
HO
O O

OH

1. Ar-NH2

2. NaCNBH3

OH

NAc
HO
O

H
N

OH

Ar

CONH2 CO2H

N
H

O
NH3Ar  =

NH4CO3O

HO
HO
O OH

OH

O

HO
HO
O NH2

OH O

Cl O

HO
HO
O

H
N

OH

O

O3

then Me2S

O

HO
HO
O

H
N

OH

O

O

H

O

HO
HO
O

H
N

OH

O

N
H

H2N

N
H

O
NH2

NaCNBH3

O
HN

NH2

U9:1[1<37196%79%3<+1,A,%816>Y<492,:$%

[4;98,2<,6745%43V,4,:%>45<362=%

+1&'=)l6W)j#(#&#d#V=)k6W)m.#=)H6W)+8.,"=)I6)[6W)!088.&'(=)X6)I6)B5C)

56#78)9&*(8)!""#$%<;)RS;TR<?6)
!17.%*)2-18E)@#-V=)+6W)+0&'=)Z6T\6W)+".&=)f6)B5C)

56#78)9&*(8)!""#$%<;)PLLTR?;6)

9/%$#-#&=)96W)3.$*%-($%%J%=)Z6)!6)53448)HK&$8)56#78)

9&*(8)!""#$%?I;)S?PTS;Q6)



9&T!".7)Z1.&,)+/&,"%(.()#&*))G((#/)

O

FmocHN
AcO

AcO

OAc

O

NH

CCl3

O

R2OR3O
R4O

OR6

O

NH

CCl3

O

R2OR3O

OR6

O

NH

CCl3

R4O

R2 = Lev, Ac

R3 = Lev, Ac

R4 = Lev, Ac

R6 = Lev, Ac

R2 = Lev, Ac

R3 = Lev, Ac

R4 = Lev, Ac

R6 = Lev, Ac

Building Blocks

H#&=)j6W)5-V(.4"=)56)B$0#N8)56#78)O$%8)!M8)

!"")$%<>;)QQLPTQQLL6)

Lev  =

O

O

O

R2O
R3O
R4O

OR6

O

NH

CCl3

O

R2O
R3O
R4O

OR6

O SupportO

R2O
R3O
HO

OR6

O Support

I. Load Building Block onto
Support

II. Remove Levulinate 
group for addition of 
second carbohydrate

III., IV. Selective deprotection steps
to reveal desired disaccharides and glycosaminosides

III. IV.

O

HO
HO
O

OH

O Support
O

AcHN
HO
HO

OH

O

HO
HO
O

OH

O Support
O

HO
HO
HO

OH

Au

S

O

O

O

OH

S

O

O

O

O

S

O

O

O

OH

HN
O

HO

NaOMe/MeOH

H2NNH2•H2O

1. piperidine
2. Ac2O, pyr
3. NaOMe/MeOH

TMSOTf
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O
O

O

AcHN
HO

HO

OH

OR

variable 1st

monosaccharide

O

O
O

O

HO
HO

HO

OH

O

O
O

O

HO
HO

OH

O

HO

N

NH

O

O

O

OHHO

OP

O

OH

P

O

HO

O

O

OH
HO

OH

UDP-Galactose

HO

!-1,4-galactosyltransferase I (!-GalT)

O
O

O

AcHN
HO
O

OH

O

O

OH
HO

OHHO

Products observed 

in the absence of lactalbumin

O
O

O

HO
HO

OH

O

O

OH
HO

OHHO

O Products observed
in the prescence of lactalbumin

O
O

O

HO
HO

OH

O

HO

Galactose transfer
product not observed

G&#$/N%*)

H/)+%$2T#((%8:$%*)

81&1$#/%-()21-)

8#,-.bT#((.(,%*)

$#(%-)*%(1-7,.1&)

,.8%T12TC$.'",)

(7%4,-18%,-/)

M+G5IfTF9[)5+OE)

H#&=)j6W)5-V(.4"=)56)B$0#N8)56#78)O$%8)!M8)!"")$%<>;)QQLPTQQLL6)
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!17.%*)2-18Eh-.("&#811-,"/=)j6W)5#"#$=)

j6)h6)B5C)56#78)9&*(8))!""#$%<;)R;<TRQ>6)

•!H:A3673>,2%

•!G--#/).()80$,.J#$%&,)

•!j%4,.&()#-%)4"#-#4,%-.N%*)

0(.&')'$/4#&)#--#/(W)4#&)'%,)

$.&V#'%)(7%4.C.4).&21-8#,.1&)

•!!#&)1:(%-J%)8#&/),/7%()12)

'$/4#&)41&d0'#,%()

(.80$,#&%10($/)

•!M83RV3<W2%

•!9&$/)#77$.4#:$%),1)

81,.2()4187$.8%,#-/)

,1)$%4,.&()1&)#--#/)

•!+18%)7$#&,)$%4,.&()

#-%)'$/41(/$#,%*W)

7-1:$%8#,.4).2)

7-1:%*)^.,")(#87$%()

"#J.&')&#,.J%)$%4,.&()
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!"%8.(,-/)

Q,A1,R2=%+$%,,%&=)Y6)56W)H%-,1NN.=)!6X6)B$0#N8)56#78)O$%8)!M8)!""#$)<P;)PLRSTPLLK)

H1/4%=)56W)H%-,1NN.=)!6)X6)2'%34#)L#%6*M")!"''$%P;)PQKTPS>6)

G'#-*=)B6)Z6W)H%-,1NN.=)!6)X6)B..8)56#78)E#"8)!""#$%<@;RKKTRLR6)

/,6,834%.816<1?4,E))i(%)12)]8#&T8#*%`)4"%8.4#$),11$()#():.1$1'.4#$$/).&%-,)-%71-,%-()

,1)(,0*/):.14"%8.4#$)7-14%((%(6)

Chemical Reporter

Incorporation into 
biological system

Chemical Reporter

Modified protein,
monosaccharide, or nucleic
acid

Target

Reactive Partner

"Probe"

Chemical Reporter

Target

Reactive Partner

"Probe"

O OH
OH

HO
HO

N3

Yb#87$%)-%71-,%-E)

F

F

Yb#87$%)-%#4,.J%)7#-,&%-E)
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F3845%R98W=%2,4,<71A,%1@3>16>%9P%?897,162%;216>%C4H2G%LC4;98,2<,16%382,61<34%

+318?16%V16:,8N=%

3-.2C.&=)H6)G6W)G*#8(=)+6)X6W)F(.%&=)X6)k6)C.&#$.#)'##)$%@P?;)>PLT>R>6)

O

O

CO2H

H2N

Biosynthetic
Incorporation

O O

CO2H

HO

NH

O
S

O

H2NHN

aqueous buffer, pH 6.8

!1-&.("=)U6)\6W)A#"&=)h6)56W)+4"0$,N=)@6)36)A8)B78)56#78)C*.8)'##($%??P;)K;<?TK;<;6)

O17,%2?,<1[1<%?897,16%@9:1[1<37196%;216>%3%W,796,%73>=%

R

HS
HS SH

SH

O O

CO2

HO

As As
SS SS

helical CCXXCC domain

FlAsH-EDT2

R

O O

CO2

HO

As As
SS SS
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HO
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Cellular 

metabolism
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H
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OH
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O
Cell

O

NHNH2R
O O

HO

HO
CO2

OH

H
N

OH

O

N
Cell

HN
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S

NHHN

O

(CH2)4-C(O)NH(CH2)5
R =

!#&)*%,%4,)0(.&')[fF!T#J.*.&)

5#"#$=)j6)h6W)k#-%8#=)h6)Z6W)H%-,1NN.=)!6)X6)C.&#$.#)'##&$%@>=;));;><T;;>K6)
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N

O

PR
PhPh

R' H2O N
H

O

PR

R'

OPh
Ph
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O
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O
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O
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O2C-KDDDDKYD

Flag
1.) 2.)

FITC anti-Flag

O
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O

O2C-KDDDDKYD

Flag O O

HO
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H
N

O
N
H

OH
OHHO

O

I%,%4,.1&):/)C$1^)4/,18%,-/)
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OAc
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O
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injected soln for
7 days

isolated splenocytes
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H
N

O
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Glycosyltransferase

GlcNAc Kinase,
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N-acetylglucosamine-phosphate mutase

UDP-GlcNAc
pyrophosphorylase
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