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ABSTRACT The solution conformation behavior of com-
plex oligosaccharides was studied by resonance energy trans-
fer, as measured by the time-resolved fluorescence method, to
determine the conformational heterogeneity of a triantennary
glycopeptide at various temperatures. Groups that acted as a
fluorescence donor (naphthyl-2-acetyl, Nap) or acceptor (dan-
sylethylenediamine, Dan) were selectively attached to the N
terminus of the peptide and a Gal residue [either 6' (shown
below), 6, or 8] of the oligosaccharide, respectively.
(6') Dan-G&P4GICNAcI2Mana6\W

Man.84GlcNAcp4GkcNAcJ-Asn-Ala-NH-Nap
(6) GaII4GlcNAcI32Mana37/
(8) GalI4GlcNAcI4"'

Time-resolved fluorescence energy-transfer measurements re-
vealed two populations of conformers when Dan was attached
to either Gal-6' or Gal-6. One conformer contained the antenna
folded back toward the core region, and a second was in an
extended conformation. The two conformations differed in
donor-acceptor distance by about 10 A. Systematically increas-
ing the temperature from 0C to 40°C increased the ratio of
extended to folded forms 2-fold for the Gal-6 isomer and 4-fold
for the Gal-6' isomer, whereas the Gal-8 isomer showed only a
single distance population throughout this temperature range.
From these data, AH and AS for the reversible conformational
change were calculated to be 3.1 kcal/mol and 10.8
cal/(mol.K) for the Gal-6 isomer and 7.1 kcal/mol and 25.8
cal/(mol-K) for the Gal-6' isomer. In addition to the structural
microheterogeneity commonly associated with glycoproteins,
the differential flexibilities of the different branches in the
oligosaccharides contribute conformational heterogeneity and
should be considered in conformational analysis. The data are
discussed in terms ofthe most probable linkages that contribute
to the observed flexibility of the individual triantennary
branches, and the biological significance of flexible linkages in
complex carbohydrates is considered.

The carbohydrates in glycoproteins are important in main-
taining protein stability, in protecting the protein from pro-
teolysis, and in targeting proteins by binding to endogenous
lectins (1, 2). Various physical methods have been used to
characterize solution conformations of complex glycopep-
tides or oligosaccharides. From these studies, models have
been proposed to account for solution behaviors of certain
glycans (3). For example, an umbrella model was suggested
based on the radius of gyration of a glycoprotein from
small-angle neutron scattering (4). T-shaped or Y-shaped
models of N-linked oligosaccharides were proposed accord-
ing to small-angle x-ray diffraction data (5). Implicit in these
models were flexibilities in one or more branches of the
oligosaccharides. However, the low resolution in these dif-

fraction techniques precluded a more detailed assignment of
the flexible linkages. Similarly, spin-labeled glycopeptides (6)
showed interactions between labels on neighboring branches,
implying the existence of flexibility; however, the exact site
of flexibility could not be located. Proton NMR has been
employed to elucidate solution conformations of many sugar
linkages (7-9). Results accumulated thus far have demon-
strated that the Mana6Man linkage is flexible, whereas
Man(34GlcNAc or Gal/84GlcNAc linkages are more rigid. The
flexibility of GlcNAc,82Man and Mana3Man linkages is less
certain (3, 7, 10). NMR measurements of the Mana3Man
linkage indicate that it is relatively rigid (7), while results from
energy minimization calculations show that it is flexible (10).
However, theoretical calculations generally do not account
for solvent conditions, which have been shown to be impor-
tant in the conformations of linkages by molecular dynamics
(11). In addition, the solution conformation of certain disac-
charides may depend on the environment when incorporated
into an oligosaccharide.

Energy-transfer measurements using time-resolved fluo-
rescence have been used to recover distance distributions
between two chromophores attached to distant sites along
polymer chains, as pioneered by Haas et al. (12). In a
previous study (13), we applied the fluorescence energy-
transfer method to determine distance distribution(s) within
a triantennary glycopeptide. The glycopeptide contains a
naphthyl-2-acetyl (Nap) group attached to the N terminus of
the Ala-Asn peptide as a fluorescence donor and a dansyl-
ethylenediamine (Dan) group coupled to a Gal residue (either
6, 6', or 8) as the acceptor. A single extended distance
population was found to separate the donor from the acceptor
on Gal-8. Extended and folded distance populations were
found to separate the donor from the acceptor either on Gal-6
or on Gal-6'. These results indicate that the linkages in the
Gal-8 isomer are relatively rigid and some of those in Gal-6
and -6' isomers are flexible. We assigned the site offlexibility
in the Gal-6 isomer to the GlcNAcf32Man linkage. By anal-
ogy, the same linkage is assumed to be flexible in the Gal-6'
isomer, which in addition contains Mana6Man; thus there are
two potential flexible sites in this isomer.
Here we wish to address the question of energetics or

temperature dependence of the flexibilities in each isomer.
This can be done using time-resolved fluorescence energy-
transfer measurements because this method is capable of
recovering both the shape of the distance distribution and the
relative concentration of each population. The types of
linkages in this glycopeptide include those most commonly
encountered in N-linked complex carbohydrates (14). Thus
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the rigidity/flexibility of the linkages found here should be
generally applicable to other N-linked glycopeptides.

MATERIALS AND METHODS
The preparation and characterization of the labeled trianten-
nary glycopeptides have been described (15, 16). The fluo-
rescence donor, Nap, attached to the N terminus of the
glycopeptide was used to obtain donor lifetimes and quantum
yield (13). A Dan group attached to either Gal-6, -6', or -8
served as the acceptor. The three glycopeptide isomers with
donor and acceptor are termed GP-6-DanNap, GP-6'-
DanNap, and GP-8-DanNap (13). These modified glycopep-
tides show comparable (nanomolar) or slightly reduced af-
finity for binding to the asialoglycoprotein receptor of rat
hepatocytes as compared with the unmodified triantennary
glycopeptides (13).
Time-resolved fluorescence measurements were per-

formed on a picosecond dye laser pumped by a mode-locked
yttrium/aluminum-garnet laser (Spectra-Physics 3000 se-
ries). Dye laser output at 580 nm was frequency-doubled to
290 nm to excite the donor. The fluorescence emission was
detected at 350 nm with a single-photon-counting apparatus
(17). With the addition of a Hamamatsu R1564U-06 micro-
channel plate photomultiplier tube as a detector, the overall
instrument response was about 70 ps. A scattering Ludox
solution was used to collect the instrument response. Dupli-
cate or triplicate fluorescence data were collected at each
temperature.
The details of the data analysis have been described (13).

Here we give only a brief description. The analysis at each
temperature involved two steps. In the first step, we analyzed
the fluorescence decay of donor alone in the glycopeptide by
a sum of exponentials,

ID(t)= E aiexp(-t/T,), [1]

where ai and Ti are the amplitude and lifetime of the ith
component. The large number of data points (typically more
than 500) from each single-photon-counting measurement
permits the judgment of quality of data fit beyond the simple
x2 statistics commonly used. Correlations among data points
can also be examined in detail. We used reduced x2, weighted
residuals, and autocorrelations ofthe residuals tojudge the fit
of Eq. 1 to experimental data.

In the second step, we analyzed the donor decay of the
donor-acceptor pair in the glycopeptides by using distance
distribution(s) according to

IDA(t)- akfPk(r)>aiexp - [1 + ( )]}dr, [21

where the first summation refers to the number of distance
populations, ak is the relative concentration of one distribu-
tion of distances, Pk(r) defines the shape of one distribution,
and the integral covers all donor-acceptor distances over
which energy transfer occurs. Each population is normalized
to 1. We used the Lorentzian form of Pk(r),

Pk(r) =
2

0l[1 (r-'k)2]'
[3]

where Tk is the average distance of the population and 0°k is
related to the full width at half maximum height (FWHM) by
FWHM = 2ok. Because of the narrow width of distribution
found for these glycopeptides (13), the exact shape is not very
important. However, the choice of this particular distance-
distribution form does not in any regard alter our conclusions

about the flexibilities of the three branches of the glycopep-
tide.
We used the known amplitude (a,) and lifetime (T,) of donor

decay in the absence of acceptors obtained from Eq. 1 as the
input to fit the data with Eq. 2 to determine the distance
distribution(s) and the relative concentration(s). The good-
ness of the fit wasjudged exactly as in the case of donor-only
decay. The reduced x2 of all data sets (over 40) ranged from
0.96 to 1.20 for good fit. The Forster distance (RO) was
calculated as described (13) and was scaled with changing
quantum yield at each temperature.

RESULTS
Temperature Dependence of Donor Decay for Each Isomer

Is Distinct. Fig. 1 shows the fluorescence decays of donor
alone and donor in the three donor-acceptor pairs (GP-8-
DanNap, GP-6-DanNap, and GP-6'-DanNap) at 0°C and
40°C. The decay ofthe donor itself increases slightly at higher
temperature, probably due to increased thermal deactivation
of its excited state. The decay of GP-8-DanNap at 40°C is
faster than that at 0°C, but it resembles the shape ofthe decay
at 0°C. In contrast, the decays of GP-6-DanNap and GP-6'-
DanNap show crossover at different temperatures. Exami-
nation of the early part of the decays in Fig. 1 C andD (lower
channel numbers) revealed slower decay of the donor at
higher temperature despite an increased thermal quenching
of the donor alone, as in Fig. LA. This can only be achieved
by reduction in acceptor quenching at higher temperature.
Since GP-8-DanNap does not show crossover as in Fig. 1B,
the changes in decays of the other two isomers indicate
structural changes as a function of temperature. We show
later that these changes are due to transition from the folded
form to the extended form.
GP-8-DanNap Has One Distance Population Whereas GP-

6-DanNap and GP-6'-DanNap Have Two Distance Populations
in the 0°40'C Temperature Range. To obtain more quanti-
tative data, we analyzed the decay curves at all temperatures.
The decay of donor alone could be described by a sum oftwo
exponentials. At 20°C, one component has a lifetime of about
27 ns with 94% ofthe total amplitude. The second component
has a lifetime of 2-4 ns. The amplitude of the minor cempo-
nent varies from 4% to 8% in the temperature range used.
Since the first component contributes about 99% of the
detected signal, it basically defines the shape of the decay.
The contribution from the second component is very small.

B

CD

0~~~~~~~~~0
0 200 400 600 800 1000 0 200 400 600 800 1000

Channel no.

FIG. 1. Fluorescence decays of donor alone (A) and donor-
acceptor pairs in GP-8-DanNap (B), GP-6'-DanNap (C), and GP-6-
DanNap (D) at 0°C and 40°C. Excitation was at 290 nm and emission
at 350 nm. Each channel corresponds to 0.042 ns.
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Nonetheless we included both components in the data anal-
ysis of energy-transfer measurements.
The decay of GP-8-DanNap was analyzed by one popula-

tion of distances at all temperatures. The results at 30'C are
shown in Fig. 2A and the fits at other temperatures are
similar. Clearly one population fit is adequate for this isomer
as judged from the randomness of the weighted residuals and
the autocorrelation of the residuals.

Analysis of the decay of GP-6-DanNap with one distance
population resulted in a very poor fit (Fig. 2B). As we have
discussed earlier (13), the fit cannot be improved to a
satisfactory degree by choosing an alternative unimodal
distance-distribution function or by skewing one distance
distribution. A satisfactory fit is obtained when a double
distance distribution is used, resulting in the two populations
separated by about 10 A. Similarly the decay of GP-6'-
DanNap cannot be fitted with one population (similar to Fig.
2B), while a two-population fit gives very good results
(similar to Fig. 2A).
Temperature Dependence ofEach Isomer Is Different. Each

of the glycopeptide isomers displays a distinctive tempera-
ture dependence of distance distribution(s). For GP-8-
DanNap the donor-acceptor distance is not very sensitive to
temperature in the range 0-40'C (Fig. 3). The slight shift to
shorter distance at higher temperature and the narrowing of
the distribution width are probably due to some increased
local diffusion of the linker arms of donor and acceptor. The
average distance is shortened by <2 A, which indicates no
large-scale interchromophore diffusion or large deformation
of the branch occurring within the temperature range. As
demonstrated previously (13), the tail of the distribution is
due to the modeling procedure. Thus it appears that there is
no folded population observable for GP-8-DanNap, suggest-
ing that the Mana3Man linkage in the core region is not
sensitive to temperature perturbation.
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FIG. 2. (A) Measured and fitted fluorescence decays of GP-8-
DanNap at 30TC. The two curves are indistinguishable. The weighted
residuals are shown below the curves. The autocorrelation of the
residuals is also shown (Inset). (B) One distance population fit to the
decay of GP-6-DanNap at 300C. Both the weighted residuals and
autocorrelation function show systematic deviation between the fit
and measured data.
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FIG. 3. Distance distribution of GP-8-DanNap at various tem-
peratures. The fit at each temperature was obtained by a Lorentzian
distance distribution.

Two distance populations were required to fit the donor
decay of GP-6-DanNap between 0C and 40TC. Fig. 4 shows
the change of relative concentration of each distance popu-
lation. At lower temperature, the folded form is larger than
the extended form. As temperature increases, the popula-
tions gradually shift to the extended form. At 400C, the
extended form is about twice as abundant as the folded form.
We also measured the distance distributions after the sample
was cooled down to room temperature, and we got back the
same two distance populations. Thus the conversion between
the folded and the extended form is reversible and can be
regarded as an equilibrium. Since we can obtain the relative
concentration of each population (Eq. 2), we are able to
extract thermodynamic parameters that govern the conver-
sion. If the equilibrium constant K is defined as the ratio of
the extended form to the folded form, then the enthalpy AH
and entropy AS can be obtained (Fig. 5). The enthalpy
associated with the conversion of GP-6-DanNap from the
folded to the extended form is 3.1 kcal/mol and the entropy
is 10.8 cal/(mol.K).
The temperature dependence of GP-6'-DanNap is similar

to that of GP-6-DanNap (Fig. 6). At 0(, the folded form
dominates the equilibrium and at 400( the extended form

1.0.1

0.8
40"C

300C
0.6- ,OC ,C
-0~~~~~~~~~~~~~~~ *

0.0
5 7 9 1 13 15 17 lb 21 23 25

Donor-acceptor distance, A

FIG. 4. Distance distribution of GP-6-DanNap at various tem-
peratures. Two distance populations were used to fit the data. The
data were plotted to show the relative concentrations of each
population by the peak at each temperature and for the same
population (extended or folded) at different temperatures.
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FIG. 5. Temperature dependence of conversion equilibrium con-
stant from folded form to extended form for GP-6-DanNap (A) and
GP-6'-DanNap (e).

dominates over the folded form at a ratio of 4:1, which is
twice that observed for GP-6-DanNap in the same tempera-
ture range. The conversion likewise is reversible, allowing
the calculation of the thermodynamic parameters for unfold-
ing this isomer, which gave AH of 7.1 kcal/mol and AS of25.8
cal/(mol-K).
The separation distance determined for the extended form

is determined quite accurately, since its average distance is
comparable with the Foster distance (Ro) of the donor-
acceptor pair used. The folded form is determined with less
accuracy due to the large quenching of the donor at shorter
donor-acceptor distance and the presence of the extended
form. The exact shape of the folded form should be regarded
as a rough estimate. Nonetheless, the qualitative features of
GP-6-DanNap are such that the folded form remains at about
the same separation distance (Fig. 4), while in GP-6'-DanNap
it appears that the average separation distance of the folded
form increases slightly as the temperature is raised.

DISCUSSION
Differential Flexibilities of the Three Isomers. By time-

resolved fluorescence energy-transfer measurements we
found that there is only one distance population in GP-8-
DanNap and there are two distance populations in GP-6-
DanNap and GP-6'-DanNap. A single distance population in
GP-8-DanNap indicates that the glycosidic linkages that
separate the donor from the acceptor in this glycopeptide
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FIG. 6. Distance distribution of GP-6'-DanNap at various tem-
peratures. Two distance populations were used to fit the data. The
data were plotted to show the relative concentrations of each
population by the peak at each temperature and for the same

population (extended or folded) at different temperatures.

isomer are essentially rigid as far as large folded-back defor-
mations are concerned. These include the Galf34GlcNAc,
Man(34GlcNAc, and GlcNAc(34GlcNAc linkages, which are
already known to be rigid, and the linkage Mana3Man. In the
temperature range studied (0-40TC), we found only one
distance population, suggesting that the latter linkage is also
rigid enough to sustain some thermal fluctuations to be in one
conformation (or one cluster of conformations) instead of in
multiple conformations. Although this linkage may poten-
tially lead to a folded structure, there seem to be some
restrictions for this to occur. The rotation about Mana3Man
may, to some degree, be viewed as motion in a cone, which
may change inter-Gal distances but not the Gal to N-terminal
distance. Preliminary work shows that once the Gal-6,
GlcNAc-5, Gal-6', GlcNAc-6', and Man-4' residues are re-
moved, the separation distance between the donor and the
acceptor can still be described by one population. The
distribution is slightly broader, probably reflecting the fact
that there is less steric hindrance for rotation in this straight-
chain analogue.
The appearance of two distance populations in both GP-

6-DanNap and GP-6'-DanNap between 0WC and 400C sug-
gests that flexible glycosidic linkage(s) exist in these two
branches. In a previous study (13), we assigned the
GlcNAc,82Man linkage as the site of flexibility by comparing
GP-6-DanNap with GP-8-DanNap, since this is the only
distinct linkage in the two isomers. As a result, there are two
potential flexible sites in GP-6'-DanNap. By varying the
solution temperature in the present study, we have obtained
strong evidence that the appearance of two distance popu-
lations in GP-6'-DanNap is indeed due to two flexible link-
ages.
The temperature dependence of population interconver-

sion in GP-6'-DanNap is twice as high as that in GP-6-
DanNap (Fig. 5). This is expected if there are two flexible
sites, since it is more difficult in terms ofenergetics to convert
from the folded form to the extended form. The positive
entropy is consistent with the notion that the folded form is
more compact. Clearly the free energy of conversion at all
temperatures is very small, so that as solution conditions
change, the concentration of each population may shift.
Although the free energy of conversion between folded and
extended forms is small for both GP-6-DanNap and GP-6'-
DanNap, this does not mean that there is a continuum of
uniform distance distributions between the two forms. As we
pointed out earlier (13), the intermediate distances should be
much easier to detect than the folded distance(s). Clearly, the
conversion kinetics are not controlled by random diffusion,
which would predict apparent higher folded forms at higher
temperature. It is likely that the bulky size of the sugars
results in a quite high potential barrier for the conversion,
thus slowing down the kinetics on the time scale of fluores-
cence measurements.
The folded and extended structures in complex carbohy-

drates can explain in more detail some of the earlier obser-
vations. The change from one conformation to another can
change interterminal distance by about 10 A. Gervais and
Gallot (5) observed two types of lamellar structures in an
amphipathic liposaccharide system: T shape and Y shape of
the N-linked carbohydrates. The change from T to Y shape
resulted in an increase of layer thickness of about 20 A with
two layers of liposaccharides composing one layer of lamellar
structure. This is consistent with a change from folded (T) to
extended (Y) form. When Gal residues are sialylated the
negative charges tend to repel individual branches so that the
folded form is preferred in low-ionic-strength solutions. As
the ionic strength increases, electrostatic repulsion is grad-
ually shielded and as a result, there is an increase in the
extended form and an increase in the apparent size of the
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glycoprotein. This explains the dependence of radius of
gyration on salts, obtained by Li et al. (4).

Biological Significance of Branch Flexibility. The signifi-
cance of flexible branches in complex carbohydrates remains
to be elucidated. Here we discuss the possible roles of
flexibility in maintaining glycoprotein structure and in facil-
itating binding of glycoproteins to lectins.
Complex carbohydrate branch flexibility can function to

protect the protein by reducing strains in the linkage between
carbohydrate and peptide chain. Modeling has shown that the
GlcNAc-Asn linkage is relatively rigid (18). If all branches are
maintained in an extended form, collisions with other parts of
the molecule and with other molecules may be enough to
fracture the glycosidic linkages or cause protein denatur-
ation. In this regard, flexible linkages may act as a shock
absorber for the glycoprotein and the flexibility may reduce
the total energy of the molecule.
The N-linked oligosaccharides of glycoproteins form a

protective barrier against proteolysis. In this regard, the
extended branch conformation may actually occupy a smaller
surface area whereas the folded conformation may lie along
the protein surface, providing greater protection.
The nonreducing terminal residues of complex oligosac-

charides are often the recognition determinant that binds to
endogenous lectins. Not only is a specific residue(s) recog-
nized (e.g., Gal binding to the asialoglycoprotein receptor)
but also the three-dimensional presentation of the target
residues is critical as demonstrated for lectin binding of a
triantennary glycopeptide (15). The flexible branches of a
triantennary glycopeptide might allow a more productive
alignment of the trivalent ligand with the three receptor sites.
If, for example, Gal-8 were to bind first to the receptor, Gal-6
and -6' might be able to align faster, due to their attachment
to flexible branches, than if simultaneous proper alignment of
all three branches were required for binding to occur. The
data presented here indicate that at physiological tempera-
ture (370C) virtually all of the branches exist in an extended
conformation. However, we cannot discern in this study
whether one or more of the branches undergo a conforma-
tional change to the folded form upon binding to the receptor.
If such a conformational change did occur, it would be
accompanied by a release of energy to the system and could
perhaps be part of the driving force for binding or lectin
internalization. The temperature dependence of the popula-
tion distribution raises an intriguing question on the "opti-
mal" conformation for binding. Most of the hepatocyte
binding studies (e.g., ref. 15) were performed at 0-40C to
avoid internalization. The thermodynamically most favor-
able conformation was often regarded as the optimal confor-
mation for binding. Obviously, interpretation of the binding
data at higher temperature will require additional caution
because of our present results.
The large swing of carbohydrate branches due to flexible

linkage(s) on protein surface can, in principle, bring two
branches on different glycosylation sites very close so that
there may be some interactions between glycosylation sites.
The swing of one branch at different orientations can cause
apparent changes in the molecular weight of a glycoprotein,
since the effective size of the carbohydrate is quite large.
From the small value of free energy of rotation it is clear that
a slight change in solution condition can shift the population
of folded or extended form. The conformational heterogene-
ity may be one of the problems one will encounter in
crystallization of glycoproteins. While most manipulation of
proteins occurs at low temperature, it appears that to get
more uniform carbohydrate structure, one needs to go to
higher temperature, which tends to destabilize proteins.

Our previous (13) and present studies show that complex
carbohydrates with flexible linkage(s) can adopt different
conformations depending on solution conditions. The
N-linked oligosaccharides attached to the same glycosylation
site in glycoproteins from various sources are generally
heterogeneous in structure (14). The structural heterogene-
ity, together with the conformational heterogeneity, projects
extreme complexity to the shape of N-linked oligosaccha-
rides in glycoproteins. It is not clear whether conformational
heterogeneity is important in determining structural hetero-
geneity, but it may contribute to structural heterogeneity
since the biosynthesis of complex carbohydrates is a vecto-
rial process and their processing by enzymes depends on
physical accessibility (1), which can be altered by changing
the orientation of flexible linkage(s).

In this report, we have demonstrated the utility of time-
resolved fluorescence energy transfer measurements for
studying the solution conformation of a complex oligosac-
charide. Especially important is its application at various
temperatures, allowing the observation ofaltered equilibrium
states in oligosaccharide conformation. Both the methods
and results from this study should be useful in further
deciphering the biological roles that complex carbohydrate
moieties serve in glycoproteins.
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