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ABSTRACT. Fluorescence energy transfer was used to study the conformation of each antenna of a complex
biantennary oligosaccharide. A core fucosylated biantennary oligosaccharide was converted to a
glycosylamine which allowed coupling of a naphthyl donor fluorophore directly to the reducing-end GIcNAc

1. After generating an aldehyde at C-6 of residue 6 arség galactose oxidase, a dansyl ethylenediamine
acceptor fluorophore was coupled to either antenna of the oligosaccharide resulting in twoatmegmtor

pairs.
’
! 5 ! Fuc ot
Dansyl-Galp1-4GIcNACB1-2 Manad -« 6
or 3ManB1-4G|cNAcB1-4 GlIcNAcB-Naphthyl
Dansyl-Galp1-4GIcNACB1-2 Mano1 * ~ 3 2 1
6 5 4

The fluorescence properties of the naphthyl group allowed determination of the end-to-endatmsutor
distance and antenna flexibility of each isomer by steady-state and time-resolved fluorescence energy
transfer at temperatures ranging from 0 to°@ Extended (20.6 A) and folded (11.4 A) dorarcceptor
distance populations were identified for the isomer containing dansyl attached to6, @aleeas only a

single extended population (19.7 A) was determined when dansyl was attached to Gal 6. The presence
of Fuc 1 had a dramatic effect on the conformation of th@ltenna. Temperature modulation failed to

alter the ratio of extended/folded populations when fucose was present. However, following the removal
of fucose, the ratio of the extended/folded populations foreghibited a temperature dependent
conformational equilibrium allowing calculation of the enthalpy and entropy of unfolding. These results
established a unique conformational property for tharienna of a biantennary oligosaccharide that is
influenced by core fucosylation. Comparison of the results obtained for the 6 antenna of biantennary
with previous fluorescence energy transfer studies on a triantennary glycopeptide also established
conformational differences in this antenna which are dependent on oligosaccharide structure.

N-linked oligosaccharides found on glycoproteins are less specific roles in protecting a glycoprotein from pro-
ligands for plant and animal lectins (Lee, 1992; Sharon, teolysis or modifying protein conformation and function
1993). Due to the potential for flexibility about glycosidic  (Sharon, 1984).
linkages the conformational requirements for efficient bind- Of the methods that have been used to investigate

ing of an oligosaccharide ligand to a lectin are difficult to . : .
analyze. Presumably, the underlying pentasaccharide Coreollgosaccharlde conformation, only X-ray crystallography has

structure found in all eukaryotic N-linked oligosaccharides pr.owded h|gh—resolut|on conformations of receptor-bound
serves as a scaffolding. Flexible glycosidic linkages within °ligosaccharides (Cygler et al., 1991; Bourne et al., 1992,
the core position the terminal sugar residues on the antennad-294)- In general, the conformation of receptor-bound
into the proper orientation for binding to multiple, spatially °ligosaccharides diverge slightly from the global minimum

resolved, binding sites on separate subunits of C-type lectinsdétérmined by molecular modeling (Cheetum et al., 1992;
in mammals (Rice & Lee, 1990; Childs et al., 1990). Weis et al., 1992). This induced fit is the result of flexible

Therefore, antenna flexibility could serve a specific role in glycosidic linkages often found in the pentasaccharide core

directing precise recognition in carbohydrafeotein binding ~ region of the oligosaccharide (Rice et al., 1994).
interactions. Alternatively, antenna flexibility may also serve Computational methods applied to oligosaccharides predict
the existence of multiple low-energy conformations which
" This work was supported by NIH Grants DK45742 and GM48048 can interconvert rapidly (Imberty et al., 1989; Koet al.,
(K.G. R.) and instrumentation support by NSF (CHE-9108384). 1995). However, computational limitations often preclude
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puted for di- or trisaccharides may not be relevant to the
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oligosaccharide. This is evident from studies which show fluorimeter (Hitachi Instruments Inc., San Jose, CA). Ana-
that the conformation about a single glycosidic linkage is lytical RPHPLC C-8 and C-18 columns (0.4% 25 cm)
influenced by the conformation about nearby or adjacent were purchased from Rainin (Woburn, MA). Preparative
linkages (Mazurier et al., 1991). C-18 RPHPLC columns (S5 ODS2, 251 cm and 25x 2

Of the methods available to directly analyze the conforma- ¢m) were purchased from Phase Separations (Norwalk, CT)
tion of N-linked oligosaccharides in solution, nuclear mag- and a PRP-1 polymeric reverse-phase column (30G.7
netic resonance spectroscopy (NMR) has been used mose€m) was purchased from Hamilton (Reno, NV). HPAEC
extensively (Brisson & Carver, 1983; Homans et al., 1983; chromatography was performed on a PA1 column (0«47
Homans & Rutherford, 1993; Rutherford et al., 1993). 25 cm) with pulsed amperometric detection (PAD) using a
Distances between protons on nearby sugar residues can bPionex carbohydrate analyzer (Sunnyvale, CA). Precoated
determined from NOE measurements (Carver, 1991). How- Silica gel TLC plates were purchased from Alltech (Deerfield,
ever, the time scale of the NOE experiment only allows the IL). Deuterium oxide and deuterated chloroform were
calculation of an average interproton distance. Thereby, thepurchased from Isotech Inc. (Miamisburg, OH).
conformation of flexible oligosaccharides deduced by NOE  Synthesis of 2-Naphthyl-N-Hydroxysuccinimide Esfr.
data may not bear any resemblance to the most favorablecyclohexylcarbodiimide (DCC, 4.0 g, 20 mmol) was added
conformation in solution (Jardetsky, 1980). to a solution ofN-hydroxysuccinimide (2.3 g, 20 mmol) in

Fluorescence energy transfer is an alternative method t0220 ML of ethyl acetate. The reaction was initiated by the
NMR for measuring long range distances {1®0 A) in addltlt_)n of 2-naphthylacetic acid (3.6 g, 20 mmol) and stirred
biomolecules such as proteins, oligonucleotides, and oli- Overnight at room temperature. The ethyl acetate was
gosaccharides (Wu & Brand, 1994). The nanosecond timefémoved by rotary evaporation, and the product was dis-
resolution afforded by time-resolved fluorescence energy Solved in chloroform and washed three times with water.
transfer provides the unique opportunity to directly measure The organic phase was dried over anhydrous magnesium
the population distribution of conformers arising from Sulfate and the chloroform was removed by rotary evapora-
flexible glycosidic linkages in complex carbohydrates (Rice tion. A white solid was obtained in 94% yield. Thin layer
et al., 1991, 1993; Wu et al., 1991). Chrﬁm%tﬂgraphy of thﬁ prodtl)J_Ict a{]\d 2—napf|1thé/:_ac?tlc acid

One of the limitations in applying fluorescence energy with ethyl acetate as the mobiie pnase resu teR malues .
transfer is the difficulty in introducing two fluorophores into of _0'58 and 0'17; respectlvel_y. Th_e product had a melt|_ng
precise locations in oligosaccharides. In the present study,po_Int of 133-136°C and was identified as 2-naphthylacetic
we have developed a new fluorophore-labeling strategy to acid N-hyd_roxysuccmlmlde ester b)}H-NMR a”?'ys's. '
derivatize oligosaccharides at the reducing end with a donorperformed in deuterated chloroform. Signals were |dent|f|ed
and the nonreducing end with an acceptor fluorophore. This at 7.3-7.9 (7H), 4.104 (2H), and 2.785 (4H) representing

approach was applied to generate fluorescent oligosaccha-naphthyl’ methylene, andli-hydroxysuccinyl protons, re-

rides that were used to study the flexibility of each antenna spectively.. . .
of a core fucosylated biantennary oligosaccharide using = SYnthesis of 2-Naphthylfucosylated Biantennary (Nap-Bi).

fluorescence energy transfer. The results demonstrate thaf\Sialyl core fucosylated biantennary oligosaccharides were
a core fucose influences the conformational flexibility of one 'S0lated from porcine fibrinogen and the reducing ends (5
antennae of this biantennary oligosaccharide and illustrateMOl) were converted to an oligosaccharide-glycosylamine

how energy transfer can be used to decipher subtle difference?y "éaction with ammonium bicarbonate as described previ-
in the flexibility of N-linked oligosaccharides. This study ©usly (Silva et al., 1994). The oligosaccharide-glycosyl-

adds to a growing data base of oligosaccharide conformations®Mine reacted with 2-naphthylacetic ablenydroxysuccin-
determined by fluorescence energy transfer. imide ester (283 mg, 1 mmol) in 1 mL of DMF containing
5 uL of triethylamine. The reaction proceeded for 3 h at 50

°C and was terminated by the addition of 4 mL of 1 M
sodium hydroxide and then stirred for 1 h. The excess
2-naphthylacetic acid was extracted four times with 4 mL
catalase (EC 1.11.1.6), andfucosidase (EC 3.2.1.51) were  of chloroform and the aqueous phase was applied to a
purchased from Sigma (St. Louis, MOp-Galactosidase (EC ~ Sephadex G-25 column (2:650 cm) eluted with pyridine
3.2.1.23) was purchased from Boehringer Mannheim (In- acetic acid buffer (0.5:0.5 v/v%) while monitorinso nm
dianapolis, IN), ang-acetyl hexosaminidase (EC 3.2.1.52) (0.2 aufs). The naphthyl-derivatized oligosaccharides eluted
and a-mannosidase (EC 3.2.1.24) were purchased from between 98 and 154 mL and were pooled and freeze dried.
V-Labs (Covington, LA). Dicyclohexylcarbodiimide was A coupling yield of 80% was estimated by resolving the
purchased from Eastman Kodak Co. (Rochester, NY). product peak from reducing oligosaccharides on HPAEC
2-Naphthylacetic acid was purchased from Aldrich (Mil- eluted isocratically with 20 mM sodium acetate in 100 mM
waukee, WI), and dansyl ethylenediamine was purchasedsodium hydroxide detecting electrochemically with PAD. The
from Molecular Probes (Eugene, OR). Trifluoroacetic acid major oligosaccharide product (Nap-Bi) was purified to
(TFA) was purchased from Pierce (Rockford, IL). Prepara- homogeneity by injecting 500 nmol portions onto a PRP-1
tive reverse-phase chromatography was performed using a

CompUter"nterface_d HPLC equipped with t‘_NO pumps (Model . Abbreviations: RPHPLC, reverse-phase high-pressure liquid chro-
2350) and a variable wavelength UV/vis detector (V4) matography; FABMS, fast atom bombardment mass spectroscopy;
(ISCO, Lincoln, NE). Analytical reverse-phase chromatog- DCC, dicyclohexylcarbodiimide!H-NMR, proton nuclear magnetic

MATERIALS AND METHODS

N-Hydroxysuccinimide, galactose oxidase (EC 1.1.3.9),

; ; - resonance; TFA, trifluoroacetic acid; HPAEC, high-pressure anion
raphy was performed using a single pump (Model 2350) with exchange chromatography; PAD, pulsed amperometric detection;

FWHM, full width at half-maximum height; aufs, absorbance units at
full scale.

a gradient programmer (Model 2360) (ISCO, Lincoln, NE).
Detection was by fluorescence using an F1050 HPLC
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column (305x 7.0 mm) eluted isocratically at 3 mL/min  oligosaccharides were purified on a polymer PRP-1 column
with 0.1% acetic acid and 14% acetonitrile while monitoring as described above and analyzed'HyNMR.
Ages nm(0.5 aufs). Nap-Bi eluted at 23 min and was collected, 'H-NMR and FABMS Characterization of Fluorescent
freeze dried, and analyzed ByM-NMR and FABMS. The Oligosaccharides.Each oligosaccharide {10.2 umol) was
isolated yield of Nap-Bi was 2.bmol (50%) as determined  buffered with 10uL of 100 mM sodium phosphate, pH 7.0,
by quantitative glucosamine analysis (Hardy et al., 1988). and freeze dried. The sample was then exchanged three
Synthesis of Dansyl-Naphthyl-Biantennary (Dan-Nap-Bi). imes with deuterium oxide and finally dissolved in 0.5 mL
Nap-Bi (1xmol) was dissolved in 100L of 100 mM sodium of 99.96% deuterium oxide containing 0.01% acetone as an
phosphate buffer pH 7.0, and incubated with galactose internal standard (2.225 ppm). Spectra were acquired on a
oxidase (6QuL, 60 units) and catalase (4L, 40 units) at Bru.ker 500 MHz spectrometer at 3G and processed using
37°C. The reaction was monitored by RPHPLC on a C-8 Felix software (Hare Research, Eugene, OR).
column eluting at 1 mL/min with 0.1% acetic acid and 12%  FABMS was performed by adding AL of a-mono-
acetonitrile while detecting naphthy! fluorescence (excitation thioglycerol to the oligosaccharide (2 nmol in 2D of water)
270 nm and emission 335 nm). At 2.5 h the reaction followed by Speed-Vac evaporation of the water. The
contained approximately 66% mono-oxidized, 33% dioxi- Sample was applied to the probe of a Finnigan Matt 900

dized, and 33% unoxidzed Nap-Bi at which time the reaction FABMS operated in the positive mode. _
was terminated by heating at 160G for 15 min. Steady-State Energy Transfer Measuremenlap-Bi and

monodansylated Nap-Bi oligosaccharides (40 nmol) were
dissolved in 3 mL of 5 mM sodium phosphate buffer, pH
7.0. The samples were analyzed for equimolarity by
gquantitative glucosamine analysis (Hardy et al., 1988).
amination was performed with pyridine borane &) Steady-state fluorescence energy transfer measurements were
made on a Perkin Elmer LS-50B luminescence spectrometer

followed by incubation at 37C for 18 h. Three Jumol by exciting naphthyl at 272 nm while monitoring emission
reactions were combined and applied to a Sephadex G'25a¥335 nmg Th% stgady-state efficienciB} Were cglculated
column (50x 1.5 cm) eluted with 100 mM acetic acid while .

monitoring Ase nm (2 aufs). The first peak (5085 mL) from the quench of naphthyl at 335 nm according to eq 1,

contained Nap-Bi and monodansylated Nap-Bi oligosaccha- Foa
rides and the second peak (000 mL) consisted of the E=|1-
didansylated Nap-Bi. The first G-25 fraction was resolved

into three peaks on a C18 RPHPLC column (2% ¢m) \ hereF,, was the fluorescence intensity of monodansylated
eluting at 10 mL/min with 0.1% TFA and a step gradient of Nap-Bi andFp was the fluorescence intensity of Nap-Bi at
acetonitrile (18% for 15 min, 22% for 55 min, and 50% for 335 nm. The Fuster distance of 50% energy transfer

5 min) while monitoringAzes nm(0.1 aufs). The second G-25 efficiency determined by eq 2

fraction was purified from a C18 RPHPLC column (251

cm) eluted at 3 mL/min with 0.1% TFA and a gradient of R,° =78 x 10 %%pIn* 2)

20%—40% acetonitrile over 40 min while monitoring

Ases nm(0.2 aufs). Each purified Dan-Nap-Bi oligosaccharide used an orientation factok3) of 2/3 assuming the donor and

was analyzed byH-NMR and FABMS. Prior to energy  acceptor pair are randomly orientated (Englert & Leclerc,

transfer experiments oligosaccharides were prepared to 1009%4978; Haas et al., 1978). The refractive index=f 1.4),

purity by isolation from a PRP-1 RPHPLC column eluting donor quantum yieldg = 0.095), and overlap integral &

at 3 mL/min with 0.1% acetic acid and an acetonitrile 5.61 x 10 cm~* M~! nm) were the same as determined

gradient (15%-30% over 20 min). previously resulting in amR, value of 20.8 A (Rice et al.,
Exoglycosidase Trimming and Periodate Oxidation of 1991). The steady-state distancebetween donor and

Fluorescent OligosaccharidedNap-Bi and monodansylated ~acceptor was determined by thérgier eq 3.

Nap-Bi oligosaccharides (50 nmol in 0.1 M sodium citrate 1— E\U6

phosphate buffer, pH 4.3) were treated witfucosidase = RO(?) 3)

(50 uL, 0.06 units) for 2 h at 37C. The defucosylated

oligosaccharides were purified on a PRP-1 RPHPLC column  Time-Resaled Energy Transfer MeasurementsThe

as described above. The purified products were analyzedfjyorescence decay of Nap-Bi and monodansylated Nap-Bi
for monosaccharides to verify the complete loss of fucose gjigosaccharides were measured using a time-correlated

Dansyl was directly coupled to the oxidized Nap-Bi
products by adding dansyl ethylenediamine 200l in 1
mL of 200 mM sodium phosphate buffer, pH 6.0) tarhol
of oligosaccharide. After 1 h at room temperature reductive

5 &)

(Hardy et al., 1988). single-photon counting apparatus. A cavity-dumped
The underivatized antenna was trimmed enzymatically Rhodamine 6-G dye laser was the excitation source that was
from each monodansylated Nap-Bi oligosaccharigeGa- synchronously pumped by a mode-locked, frequency-doubled

lactosidase (3@L, 0.05 units),5-acetyl hexosaminidase (2 Nd:YAG laser. The 570 nm wavelength from Rhodamine

uL, 0.8 units) anda-mannosidase (ZL, 2.8 units) were 6G dye laser was amplified at megahertz repetition rates by
added sequentially at 2 h intervals to 200 of monodan- a six-pass amplifier pumped by a argon ion laser and then
sylated Nap-Bi (250 nmol) in 100 mM sodium phosphate frequency doubled by an angle-tuned KDP crystal (Weaver
citrate buffer, pH 4.3, and incubated at 3Z. The reaction et al., 1993). The resulting 285 nm excitation wavelength

was monitored by RPHPLC on C18 eluted isocratically with was the exciting source. The emission was monitored at
19% acetonitrile and 0.1% TFA while detecting the fluo- 355 nm and was dispersed by a subtractive mode double
rescence of naphthyl. The retention time increased-b 1  monochromator with an extremely small temporal dispersion
min as Gal, GIcNAc, and Man were removed. The trimmed and a spectral resolution of 2 nm. Signals were detected by
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a Hama_matsu R-2809U-07 microchannel plate .PMT with an Table 1: Mass SpectraRnalysis of Fluorescent Oligosaccharides
overall instrument response of 55 ps at full width at half-
maximum height (FWHM). A scattering dry milk solution
was used to collect the instrument response function. 19767 19766 GaManGlcNAGFUcNap
Measurements were made from O to“4Dwith increments f 22312 2220.6 DanGMamGlcﬁlAC‘lFucNap
of 10 °C. Duplicate decays were performed at each I 22312  2230.6 DanGaVlansGIcNAcFucNap
temperature. Because of the increased power of the excita- IV 2506.6  2505.8 DaGabMarsGIcNAc,FucNap
tion only a short data collection time was needed. The — aperformed by FABMSPSee Figure 3 for structures—VI.
average acquisition time for each decay was around 10 min¢ Predicted average magdl 4+ 1). ¢ Major ion was M+ Na.
with the peak channel reaching 20 000 counts at a time
resolution of 60 ps/channel. Due to some photosensitivity,
the decay curves initially obtained for monodansylated Nap-
Bi oligosaccharides could not be fitted to the energy transfer
model. This problem was solved by stirring samples with a ResULTS
magnetic stirring bar during data acquisition.

Data Analysis. The fluorescence decay of Nap-Bi and  Synthesis of Fluorescent Oligosaccharides.new syn-
monodansylated-Nap-Bi were analyzed in terms of the sum thetic approach to prepare fluorescent biantennary oligosac-

calcd. obsd
structuré mas$ mass calcd composition

increments, which virtually covers the whole range of the
possible energy transfer distance.

of the exponential, which is defined by charides is outlined in Figure 1. Asialyl biantennary
oligosaccharides obtained from porcine fibrinogen were
15(t) = Z o ex;{— L) (4) converted to the oligosaccharide-glycosylamine. These were

D ! T; coupled to 2-naphthylacetic acid to form a glycosylamide

linkage between naphthyl and GIcNAc 1 (Figure 1A). The
where then; andz; are the amplitude and the lifetime of the coupling of naphthyl proceeded with high yield (80%) and
ith component, respectively. The goodness of the fits was anomeric purity £ 95%), as determined B{H-NMR analysis
judged by the value of reduced, the weighted residuals, of the isolated product. This result was identical to that
and the autocorrelation of the residuals (Bevington, 1969; determined previously when coupling tyrosine to an oli-
Grinvald & Steinberg, 1974; O’Conner & Phillips, 1984). gosaccharide-glycosylamine (Tamura et al, 1994; Silva et
For time-correlated single-photon counting, the probability al., 1994a,b). Therefore, the steric bulk of naphthyl did not
of observing any photon emission was given by the Poissoninfluence the reaction as previously noted for dansyl chloride
probability function (Bevington, 1969). Therefoyé,should coupling to a glycosylamine of GIcNAc (Manger et al.,
be close to 1.0 for a good fit. The steady-state distances1992). The desired Nap-Bi oligosaccharitlewas purified
were determined from time-resolved measurements byfrom RPHPLC (Figure 2A) with an acceptable isolation yield
calculatingE according to eq 1 after substituting the average (50%) and was used as a synthon for generating mono-
lifetime of Nap-Bi (@pJ for Fp and that of the mono- dansylated Nap-Bi energy transfer probes.

dansylated Nap-Bil¢pal) for Fpa. Galactose oxidase was used to introduce an aldehyde at
To determine the distribution of doneacceptor distances, the C-6 hydroxyl on the terminal Gal residuesl ofFigure
the fluorescence decay can be described as 1B). Monitoring the reaction by RPHPLC allowed termina-

. R\ tion when the monoaldehyde peak was the major product
_ _ 1 o (Figure 2B). The partially oxidized oligosaccharides were
'oa(t) Zakak(r)ZOLi ex;{ ri[l + ( r ) ]} dr () reductively aminated with dansyl ethylenediamine resulting
in a mixture consisting of four products which could be
where Ipa(t) is the decay of donor in the presence of an resolved by RPHPLC (Figure 2C).
intramolecular acceptor and the first summation indicates the  On the basis of the relative elution order, fluorescence and
number of the distance populationB(r) is the population  absorbance spectra, and molecular weight determined by
function, anday is the amplitude of théth population. A mass spectrometry (Table 1), the four products were tenta-
Lorentzian function, eq 6, was used as a probability distribu- tively identified as Nap-Bi Ij, isomeric monodansylated

tion in our study Nap-Bi (I andlll) , and didansylated Nap-BI\() (Figure
3). Starting with 6 umol of | the synthesis yielded
P(r) = 1 Okz 2 (6) approximately 0.5umol of the desired oligosaccharidds
7T (r — M + o, andlll .

Proton NMR was used to verify these structures and to
where oy is the standard deviation for the function and distinguish between isomelks andlll . The anomeric and
FWHM equals 2. In eq 5,05 andz; are the amplitude and  N-acetyl signals of oligosaccharidés-IV are shown in
the lifetime, respectively, of the donor in the absence of Figure 4, and chemical shifts are listed in Table 2. Oli-
acceptor, which were obtained by fitting the decays to gosaccharides—IV gave rise to a doublet at5.012-4.996
exponentials as described in eq 4 and were fixed in the with a coupling constantl{(—,) of 9.7 Hz which is consistent
analysis. The fits were performed on a VAX station M76 with a S-glycosylamide linkage between GIcNAc 1 and
computer and judged as described above such that all finalnaphthyl. The structural reporter group signals for GIcNAc
¥ values fell between 0.99 and 1.22. The floating param- 1, 2, and Fuc 1of | were shifted due to the influence of the
eters were, ] ands, which define the relative intensity, ring anisotropy of naphthyl, but other reporter group signals
distance, and shape of thih population, respectively. The were in close agreement with those reported for a core-
amplitude of the distribution was normalized to 1, and the fucosylated biantennary oligosaccharide (Spellman et al.,
fitted distance was integrated from R4to 2.2R, in 0.1R, 1991; Silva et al., 1994a).
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A

Reducing-Oligosaccharide Oligosaccharide-Glycosylamine

: §°" : % NH,HCO, : §°": % o
R1 o OH R1 OMNH
H HNAc H H H H 2

l E}@~
TR0,

Nap-Bi
B
" Nap-Bi (cus) 2
CH,OH .
% Dan-Nap-Bi
R
OH Galactose " N(CH,), 302 NH- (CH2>2 NH

Oxidase ’ ‘E” cin
Oz NH-{CH3); -NH,

Ficure 1: Derivatization of N-linked biantennary with donor and acceptor fluorophores. (A) Reducing ollgosaccharldes reacted with
ammonium bicarbonate to form oligosaccharide-glycosylamines. These coupled with 2-naphthylacdtichgdidxysuccinimide ester

resulting in the covalent attachment of naphthyl to GIcNAc 1 vixglycosylamide linkage. (B) Following RPHPLC purification of Nap-

Bi (Figure 2), galactose oxidase acted on the nonreducing end Gal residues of Nap-Bi resulting in the formation of an aldehyde at position
C-6. Dansyl ethylenediamine coupled to C-6 by reductive amination using pyridine borane as the reducing agent, and the isomers were
resolved by HPLC. Ris the nonreducing portion of the biantennary oligosaccharidés Ricose, and Ris the reducing-end portion of

the biantennary oligosaccharide.

Attachment of dansyl ethylenediamine to the C-6 of Gal of Il andlll . A number of new signals also appear in the
onll andlll caused a single Gal anomeric proton signal to spectra ofl —IV which may belong to Gal or GIcNAc ring

shift upfield into the bulk region of the spectrum (34 protons that are shifted downfield from the bulk region due
ppm) precluding its assignment B-NMR. Comparison to the strong ring current of dansyl (Figure 4).
of the remaining Gal anomeric proton on eitHeror Il However, the anomeric protons for Man 4 andwkre

with those ofl allowed their tentative assignment as Gal 6 readily discernable il andlll and were selected as markers
and 6 despite the finding that these signals were also shiftedin the following experiments aimed at distinguishing between
slightly (0.004 ppm) upfield (Figure 4). The absence of Gal isomers. Exoglycosidase trimming of the underivatized
anomeric signals for oligosaccharid¥ supported the  antenna ofl andlll was used to differentiate between the
proposal that attachment of dansyl to a Gal causes a dramatiéGsomers. Trimming was successful for oligosacchatitle
shift in the anomeric protons. resulting in a product having an NMR spectra that demon-
The anomeric protons of GIcNAc 5 and ere also strated the loss of anomeric proton associated with Man 4
shifted upfield (0.009 ppm il and 0.040 ppm inll ) due as well as those proposed for GIcNAc 5 and Gal 6 (data not
to the attachment of dansyl to an adjacent Gal residue (Figureshown). However, the exoglycosidase trimming of isomer
4). Due to the coincident chemical shift of the anomeric Il failed to remove the final Man despite repeated attempts

protons of GIcNAc 5 and 'Ssignals in the spectrum of it using an excess ef-mannosidase. This was circumvented

was not possible to assign these signals in the spectra ofby trimming Fuc 1 prior to removing Gal § GIcNAc 5,

oligosaccharidedl andlll . and Man 4. The NMR spectra of the trimmed product of
The spectra fotl andlll also demonstrated an upfield Il verified the complete loss of the Man anomeric signal

shift for one of theN-acetyl protons of GIcNAc 5 and'5  associated with'4and the retention of the signal for 4. These
(0.052-0.072 ppm) (Table 2). However, due to chemical results allowed assignment of isomerandlll as shown in
shift perturbations (0.0020.004) observed for the remaining Figure 3 and also confirmed the tentative assignments of
signal, the unambiguous assignment of these resonances agsonances for GIcNAc and Gal as shown in Figure 4.
either 5 or 5in oligosaccharided andlll was not possible OligosaccharideB andlll were defucosylated to generate
and could not be used as criteria for the structural assignmenisomersV andVI (Figure 3). These were characterized by
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Table 2: Proton NMR Chemical Shifts for Fluorescent 0301 A )
Oligosaccharides 8 "
protor? I I Il v ol
H-1 of 0.20 é
1 5.012 5.015 4.996 5.009 =
1 4.852 4.850 4.829 4.838 I Elution Time (min)
2 4.656 4.644 4.620 4.641
4 5.116 5.112 5.108 5.100
4 4917 4.902 4.905 4.901 0.10
5 4.576 4.576 4.572 4.587
5 4.576 4.576 4.536 4.574 €
6 4.465 nd 4.459 nd c _ﬂ
6 4.469 4.465 nd nd 8
& oo
H-2 of o 5 10 15 20 25 30 35
3 4.236 4.209 4.218 4211 = C
4 4.186 4.178 4.180 4.178 £ v 40D
4 4.099 4.092 4.083 4.092 2 orol 3
H-6 of 2 1
1 1.097 1.098 1.080 1.091 o>
N-Ac of g'
1 1.639 1.639 1.635 1.639 005 w0
2 2.080 2.080 2.049 2.057 - I =
5 2.046 1.994 2.042 1.999 —
5 2.042 2.038 1.970 1.994 L0 !
aValues are the chemical shift in ppm relative to acetone (2.225 -
ppm) at 30°C.  See Figure 3 for structure and residue nomenclature. 0.00+
¢nd indicates the signal was not detected. 3 T % % I R

0 4 ]
Elution Time (min)
monosaccharide analysis which verified the loss of a fucose Ficure 2: RPHPLC separation of fluorescent oligosaccharides. (A)
residue. The resulting fluorescently labeled biantennary The PdellJCtdOf napggx}g foupllmg tORfllDbl_r:SE%en ?llgosalcctharld'tes
: ; : was resolved on a -1 polymer column eluting at a
O“gosaCCha”qes were analyzed in fluorescence .energyﬂow rate of 3 mL/min with 0.1% acetic acid and 14% acetonitrile
transfer experiments and compareditandlll to determine  \yhile monitoring Ases nm (0.5 aufs). The major product)(was

the influence of core fucosylation on conformation. isolated and identified as thglycosylamide of Nap-Bi. (B) The

b } galactose oxidase reaction was monitored by RPHPLC eluted
Fluorescence Energy Transfer Measureme ores isocratically at 1 mL/min with 0.1% acetic acid and 12% acetonitrile

cence energy transfer was used to determine both the averaggiie detecting Nap-Bi fluorescence. The chromatogram illustrates
(steady-state) and distribution of distances (time-resolved) the product ratio at 2.5 h where S is starting material, M is mono-

separating the two fluorophoresiinandlil . The average  oxidized Nap-Bi, and D is dioxidized Nap-Bi. (C) Following
donor-acceptor distances were determined using both reductive amination with dansyl ethylenediamine, products were

: resolved on C-18 RPHPLC (& 25 cm) eluting at 3 mL/min with
steady-state and time-resolved measurements. Donor quenchy’jo, " TEA and a step gradient of acetonitrile (18% for 10 min,

ing established that naphthyl was quenched to a greater extent295 for 40 min, 22%-35% for 5 min, and 35% for 30 min) while

in 1l relative to that ofll. This resulted in an average monitoring Azssnm (0.2 aufs). The major peaks were identified as
donor-acceptor distance of 21.6 and 18.9 A fbrandlll , oligosaccharide$—IV as shown in Figure 3.

respectively. Furthermore, steady-state distances determined ) .

by either donor quenching or time-resolved energy transfer ©"€ ©Of two donoracceptor distance populations. An
were within 0.5 A. example of the measured fluorescence decay curve and the

Ti ved ¢ fer dat d to furth nonlinear least squares fit is shown in Figure 5. The decay
Ime-resolved energy transter data was used 10 Turther ., o5 \yere first fitted using a single Lorentzian distribution
explore the distribution of doneracceptor distances df

dil . The fi d fthe d ) d(Figure 5A). Analysis of the autocorrelation, residuals, and
andlll . The fluorescence decay of the donor was monitored , > “5iowed an assessment of the goodness of the fit

at temperatures ranging from 0 to 40. Both 2-n_aphthy|-_ (Bevington, 1969; Grinvald & Steinberg, 1974; O’Conner
acetic acid andioproduced a fluorescent decay with a Maor & Phillips, 1984). In cases where a single distribution gave
component (95%) of 36 ns and a minor component (5./0.) of an unsatisfactory fit, the decay curve was fitted using two
3 ns. The removal of the core fucose had a negligible | 5antzian distributions (Figure 5B).

influence on the lifetime of the donor_. These results WEere A single Lorentzian distribution was sufficient to fit the
comparable to those reported previously when studying decay curves ofl over the temperature range-80 °C
triantennary glycopeptide, except the lifetimes of the major (Figure 6A, Table 3). When the temperature was changed
and minor components were 27 ns (95%) and 5 ns (5%), trom 0 to 40°C, the population shifted to a shorter mean
respectively (Rice etal., 1991). Both corn_ponents were takengistance by nearly 2 A. This minor change in distance may
into account when the decays were fitted to a distance gise from either an increased rotation of the fluorophores
population. at an elevated temperature, resulting in a further randomiza-
The presence of a single acceptor fluorophordl imnd tion of k? or an actual shortening of the doreacceptor
Il resulted in a decrease in the donor’s lifetime and its distance by 2 A.
conversion to a multiexponential decay. Nonlinear least In contrast, two distribution populations were required to
squares fitting was used to analyze the decay curve and solvdit the decay curves folll (Figure 6B, Table 3). At each
for the distancé&, amplitude A), and FWHM @) for either temperature between 0 and 4C a minor (25%) short
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Ficure 3: Structures of fluorescent oligosaccharides. The structures of Nap,Bsgmeric monodansylated Nap-Bi (andlll ), and
didansylated Nap-Bil¥') are shown. The attachment of dansyl ethylenediamine to either Gal 6 of @®dl Gandlll was established by
NMR and FABMS. Oligosaccharides andVI were derived froml andlll by trimming with a-fucosidase. The residue nomenclature
discussed in the text is presented on structure

donor-acceptor distance population (11.5 A) and a major modulation, but the mean distance shifted slightly (2 A) to
(75%) long donotacceptor distance population (20.5 A) a shorter distance with increasing temperature.

were determined (Figure 6B, Table 3). The amplitudes of To explore further the influence of core fucosylation on
these two populations were not influenced by temperature oligosaccharides conformatiotl, and Ill were compared
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FiGURE 4: Partial’lH-NMR spectra of oligosaccharidés-1V. The structural reporter group regions for GIcNAc 1 and Man anomeric
protons (5.2-4.8 ppm), GIcNAc 2, 5, 5 and Gal anomeric protons (4.68.44 ppm), and thé&l-acetyl protons (2.21.6 ppm) are shown.
Resonances identified with an asterisk denote signals of the oligosaccharide that were shifted downfield due to the ring anisotropy effect
of dansyl.

VI were unaffected by the removal of fucose. Furthermore,
time-resolved measurements established that isoihersd

V shared a nearly identical donesicceptor distance distribu-

0 0 20 3 tions at each temperature, illustrating that the absence of core
fucose did not cause the Gal 6 antenna to fold to a shorter
distance population (Figure 6A,C, Table 3).

N 20 40 0 o 20 40 60 However, the trimming of fucose had a dramatic effect
5 — ‘ on oligosaccharid&/| (Figure 6D, Table 3). This isomer
°1 WWWWJ — A )| still exhibited two donoracceptor populations, but following
e 20 40 6 o 20 40 60 removal of fucose the amplitudes of the two populations were
Time (nsec) strongly modulated by temperature. At 4Q the longer
Ficure 5: Time-resolved fluorescence energy transfer. (A) The population had an amplitude of nearly 70% and the shorter

fluorescence decay curve bf acquired at 20C and the nonlinear nearly 30%, whereas at TC the populations had nearly
least squares fit of the data using a single Lorentzian population is equivalent amplitudes.

shown. Both the autocorrelation and plot of the residuals indicate ] o
a poor fit to the experimental data. (B) The result of fitting the =~ The temperature dependent conformational equilibrium of

same decay curve using two Lorentzian distributions, resulting in \/| allowed estimation of the values associated with the
an autocorrelation and a plot of residuals that indicated a good fit thermodynamics of antenna flexibility. The ratio of the
of the experimental datg/{ = 1.1). . :

amplitude of the longer versus the shorter deraeceptor
to V andVI. Steady-state energy transfer measurementsdistance was plotted versus the inverse temperature which
indicated that the average don@cceptor distance &f and gave a regression line where the slope-iAH/R and the

A Autocorrelation B Autocorrelation

10000 -
[V A R,

5000 -

Intensity (counts)

Residuals
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Ficure 6: Time-resolved donefracceptor distance distributions.

35

Deconvoluted time-resolved decay of naphthyl in oligosaccharides

I, 1, VvV, and VI at 0-40 °C are shown in panels AD,
respectively. Oligosaccharide (A) displayed a single population

of donoracceptor distances (22 A) at all temperatures, whereas

Il (B) displayed two populations representing extended (20.5 A)
and folded (11.5 A) conformers. Following the removal of fucose,
oligosaccharide/ (C) displayed the same population distribution
as determined foH in panel A. However, on removal of fucose
from Il to form oligosaccharid®I (D), the ratio of extended and
folded conformations was modulated by temperature. AC@he
ratio was nearly 1:1, whereas at 4G the extended conformer
represented 70% and the folded conformer represented 30%.

Table 3: Time-Resolved Energy Transfer Measurement of
Oligosaccharided , 11l , V, andVI

meart mean
temp distance FWHM? distance FWHM
cc) (A amplitud¢ (A) (A  amplitude (A)
Oligosaccharidél ¢ Oligosaccharidell

0 22.3 1.00 5.22 21.0 0.74 1.50
11.8 0.26 7.43

10 21.8 1.00 50.4 20.6 0.76 1.46
11.7 0.24 7.08

20 21.8 1.00 4.64 20.6 0.72 1.42
11.4 0.28 6.24

30 214 1.00 3.86 19.6 0.76 1.33
11.0 0.24 5.63

40 20.6 1.00 3.56 19.0 0.74 1.35
10.8 0.26 5.15

Oligosaccharide&/ Oligosaccharide/I

0 22.4 1.00 4.34 20.8 0.45 0.80
12.4 0.55 5.79

10 22.0 1.00 4.16 20.3 0.48 0.76
12.1 0.52 5.42

20 21.6 1.00 3.84 19.7 0.52 0.70
11.8 0.48 4.70

30 215 1.00 3.88 195 0.65 0.66
10.9 0.35 4.04

40 20.7 1.00 2.66 18.7 0.67 0.62
10.7 0.33 3.97

aCalculated from eq 1 using averag®alues from eq 4° Value is
the a determined from eq 5.Value is 2 determined from eq 6! See
Figure 3 for structures.

intercept iSASR (Figure 7). By comparison, the slope was
close to zero folll , whereas the calculated enthalpy and
entropy of the conformational change ¥k were 4.25 kcal/
mol and 14.99 cal/mekK, respectively.

DISCUSSION

A. Synthesis and Characterization of Fluorescent Oli-
gosaccharides.Fluorescence energy transfer was used to
analyze the solution conformations of an N-linked bianten-
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Ficure 7: Thermodynamic analysis of antenna flexibility. The ratio
of amplitude of the extended/folded conformations was plotted
versus the inverse temperature to obtain the slepg&H/R) and
intercept ASR) for oligosaccharid&/| (®). This is compared with
the inflexibility of Ill containing core fucosel). The results
establish @AH of 4.25 kcal/mol and aS of 14.99 cal/molxd7K

for VI.

nary oligosaccharide. This technique has been frequently
applied to study distances in proteins and nucleic acids but
has only recently found application in examining the flex-
ibility of N-linked oligosaccharides (Rice et al., 1991; Wu
& Brand, 1994). One of the challenges in using energy
transfer to examine oligosaccharide conformations is in
developing efficient synthetic strategies that incorporate two
extrinsic fluorophores into defined locations in the molecule.
Previously, this was accomplished with a triantennary
glycopeptide using the amine terminus as a site for attaching
a donor fluorophore. However, because of the variation in
peptide sequence of glycopeptides isolated from different
glycoproteins, the direct comparison of the conformational
properties of different N-linked oligosaccharides attached to
different peptides may introduce ambiguity into the experi-
ment. The present study has improved on the fluorophore-
labeling scheme by attaching the donor directly to the
reducing end, allowing direct comparison of energy transfer
data on N-linked oligosaccharides derived from different
glycoprotein sources.

The synthetic scheme employed successfully coupled
2-naphthylacetic acid to the glycosylamine of GIcNAc 1,
resulting in a stablg-glycosylamide linkage. This coupling
reaction proceeded with high yields despite the presence of
a core fucose residue which potentially could sterically block
the reactive center. Therefore, the glycosylamine-coupling
chemistry described here appears to be advantageous for
introducing a fluorophore into N-linked oligosaccharides
despite previous reports of its complications (Manger et al.,
1992).

A second improvement in the derivatization strategy was
to couple dansyl ethylenediamine directly to partially oxi-
dized oligosaccharidé. This modification shortened the
synthesis of dilabeled oligosaccharides by avoiding the
purification and characterization of individual oligosaccha-
ride-hydrazones as previously performed for triantennary
glycopeptides (Rice & Lee, 1990). This proved to be an
efficient process that resulted in the chromatographic resolu-
tion of oligosaccharidel andlll , each of which contains
a single uniquely located dansyl fluorophore.

However, direct NMR assignment was complicated due
to overlapping signals creating ambiguity in the assignment
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of isomerdl andlll . Many signals were shifted due to the The modulation of extended and folded conformation in
influence of the ring anisotropy of the dansyl group attached VI allowed estimation of thermodynamic parameters associ-
to a terminal galactose. ldentification of the dansyl-labeling ated with antenna folding. The positive entropy of unfolding
site was only possible after enzymatically trimming the indicates a loss of order when the oligosaccharide extends.
underivatized antenna. However, even this approach wasLikewise, a positive enthalpy indicated that thermal energy
met with difficulty due to theo-mannosidase resistance of allows the antenna to occupy a higher energy conformation
Man 4 on isomerll. Only following removal of Fuc 1 when extended. The magnitudes AH (4.25 kcal/mol
was this residue was susceptiblestanannosidase cleavage. versus 7.1 kcal/mol) andS were comparable (14.9 cal/
B. Distance Measurements by Fluorescence Energ mol-K versus 25.8 cal/meK) but not identical to the values

Transfer. The fluorescence energy transfer properties of detérmined for the Gal'@ntenna in a triantennary glyco-
oligosaccharidei andlll were readily distinguished even ~ Peptide (Wuetal., 1991). The differences may reflect subtle
by steady-state analysis. Isomér produced a longer alterations in this antenna depending on the presence or
donoracceptor distance (21.6 A) compared to the shorter absence of the third antenna or may result from the difference
average distance (18.9 A) determinedifor(Table 3). These 1N Synthetic design between these two experiments.

data compare favorably with the steady-state measurements 1h€ importance of core fucose in the binding of an
on similar antenna found in a triantennary glycopeptide, N-linked biantennary oligosaccharide to a plant lectin has
thereby indicating that the attachment of naphthyl directly "€c€ntly been demonstrated (Bourne et al., 1994). It was

to GIcNAc 1 still provides distances that are clos®¢20.8  Shown that Fuc 'lhad a high contact area with the lectin
A) for this donor-acceptor pair (Rice et al., 1991). (Bourne et al., 1994) and that the absence of fucose led to

binding of the oligosaccharide in such a way that the &an
3Man linkage was in a high-energy conformation (Bourne
et al., 1992). The results presented here also reveal a role
for core fucosylation in stabilizing the extended conformation
of the Gal 6 antenna, presumably by sterically blocking the

Time-resolved energy transfer was used to investigate the
flexibility of Il andlll . A single donofr-acceptor distance
population was sufficient to fit the decay curve Ibf and
temperature modulation failed to perturb the conformation
of the Gal 6 antenna Wh'ch was apparently fixed in an folded conformation, making it less energetically favorable.
extended conformation. This is in contrast to the results

b d for th | d . Admittedly, the attachment of the fluorophores to oli-
0 Is'elivfj lor the s_zme g.”tﬁ”df.‘a locageb OE a trlar‘te':jn"Z‘jrygosaccharides required for fluorescent energy transfer mea-
N-lin ed glycopeptide which displayed both an extended g, .ements could potentially create artifactual conformations.
population at 23 A and a folded population at 10 A in which

he relati litud dulated b .. _However, the results presented here and in previous studies
the relative amplitudes were modulated by temperature (Riceg g qaqt the contribution from the fluorophore is negligible
etal., 1991; Wu et al 1993). Thus it can be concluded that

h ; . fth I , W inf q in that the major differences in conformation are dependent
the conformation of the Gal 6 antenna is strongly influenced o, 16 jndividual antenna under investigation. Also, no other

by the presence or absence of a third antenna. Thetechniques currently in use can provide long-range distance
GlcNAcf1-2Man linkage of the Maml-3Man antenna has  ytormation, report on antenna flexibility, and allow estima-
beer_1 identified as a potential site of flexibility in modelmg tion of the thermodynamics of the conformational equilib-
studies of core-fucosylated biantennary (Mazurier et al., j,m ~These attributes make fluorescence energy transfer a

1991). On the basis of results presented here, it is hypoth-pq\yerfy and attractive approach to study N-linked oligosac-
esized that this GICNA&L-2Man linkage in a biantennary  -haride conformations.

projects the antenna in an extended conformation. Whereas
the additional presence of a GIcNAL-4 linkage to Man 4, ACKNOWLEDGMENT
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