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Conformational Flexibility of Glycosylated Peptides

Stefan Bollmann,”® Anne Burgert,””’ Carolin Plattner,"

Markus Sauer,® and Séren Doose*

Glycosylation adds carbohydrate moieties to proteins and func-
tional peptides. Glycans, highly branched carbohydrate hetero-
polymers that can be attached to amino acids either through
N- or O-glycosylation, serve as coding entity, providing specific-
ity for carbohydrate-protein interactions, or modifying dynam-
ic and structural behaviour of proteins. Glycoconjugates pres-
ent glycans of extraordinary large structural variety, enabling
information coding by steering molecular recognition.”” Glyco-
sylated proteins and lipids usually present their glycan moiet-
ies solvent-exposed at the surface where they can serve as
highly specific binding partners. Specific protein—-glycan inter-
actions generally are enthalpically driven through hydrogen
bonding and van der Waals interactions. Strong interactions
only come about through cooperative formation of many hy-
drogen bonds or hydrophobic interactions. Glycoproteins and
-lipids contribute to a range of signaling interactions mostly in
eukaryotic cells, help regulate cell-cell communication and
immune response,? or control protein folding and turnover.”!
Often a protein’s functional state or specific complex is stabi-
lized by glycosylation analogous to the effects of molecular
crowding.®”? Glycoproteins also serve as antifreeze reagent
when interacting with ice crystals.”

Since glycoproteins often are partially or fully disordered
and glycans themselves are highly flexible structures,” the
question arises how conjugated glycans influence protein and
peptide conformational dynamics. Extensive O-glycosylation of
mucin-like glycopeptides seems to rigidify the peptide back-
bone and increase the overall radius of gyration.” The unfold-
ed state in a dynamic folding/unfolding protein equilibrium is
influenced by glycosylation, t00.%” However, various and partly
contradictory effects of N/O-glycosylation on peptide confor-
mations were observed experimentally and in computer simu-
lations.””! Overall, there is no comprehensive understanding
on the molecular scale how glycoconjugate conformational dy-
namics are shaped by glycans and we seek to address this
issue by studying well-defined synthetic model peptides.
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Herein we give an account of the influence that (3-galactose
O-conjugated to serine residues impose on peptide conforma-
tional dynamics. We compare intramolecular dynamics of un-
structured peptides made of either glycine—serine repeats [Gly-
Ser] or made of glycosylated serine-glycine repeats [Ser(3-Gal)-
Gly)] and characterize influences from attached glycans on
peptide dynamics. Conformational dynamics are monitored
and analyzed by fluorescence correlation spectroscopy (FCS).®!
As reporter system for dynamic processes we introduce a fluo-
rophore-quencher pair on opposite ends of the unstructured
peptides that report on end-to-end contacts by on/off changes
in the fluorescence emission. We use the oxazine fluorophore
MR121 (Figure 1), attached via site-specific labeling chemistry
to the N-terminus, and the fluorescence-quenching amino acid
tryptophan (Trp), incorporated as last residue on the C-termi-
nus. Fluorescence quenching occurs due to photoinduced
electron transfer (PET) and was shown to be an ideal reporter
system for monitoring conformational dynamics of biopoly-
mers at low (nanomolar) concentrations and on short (nano-
to microsecond) time scales.” We compared end-to-end con-
tact kinetics side by side as function of temperature and sol-
vent viscosity. The study reveals that O-glycosylated (-galac-
tose on each serine residue significantly reduces end-to-end
contact rates.

As model compounds we synthesized MR121-[Ser(3-Gal)-Gly-
1sTrp peptides in which each serine residue was modified by a
single P-galactose unit (Figure 1). Peptides were synthesized
by solid-phase synthesis with glycosylated dipeptides as build-
ing blocks. Dipeptides were prepared by coupling of Fmoc-
Ser-OH to H-Gly-OtBu-HCl using HBTU and HOBt. The reaction
resulted in the protected dipeptide Fmoc-Ser-Gly-OtBu. Subse-
quently the hydroxyl function in the side chain of the serine
residue was glycosylated with penta-O-acetyl-f3-p-galactose in
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Figure 1. Chemical structure of fluorescence-labeled glycopeptide MR121-
[Ser(B-Gal)-Gly-lgTrp. The fluorescent oxazine dye MR121 is quenched upon
contact with the tryptophan side chain. Each serine is O-glycosylated with -
galactose.
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a BF;-OEt,-mediated reaction, giving exclusively the -anomer
of the glycosylated dipeptide with a free C-terminus. Peptide
synthesis was accomplished by fragment condensation on
solid phase using Fmoc-Ser(3-Ac,Gal)-Gly-OH as the building
block followed by purification by HPLC (see Supporting Infor-
mation for details). All peptides were characterized by reverse-
phase liquid chromatography and mass spectrometry.

For direct comparison of glycosylated and non-glycosylated
peptides, we investigated MR121-[Ser(3-Gal)-Gly-]sTrp and
compared the results to previous studies and new control
measurements of MR121-[Gly-Ser-]gTrp. We measured an over-
all steady-state fluorescence quantum yield QY [that is the
ratio of fluorescence emission from a peptide with (I) and with-
out (I quencher involved] of QY,=1/1,=0.54+0.04 for
MR121-[Ser(B-Gal)-Gly-lgTrp (at 20°C) as compared to QY=
0.44+0.05 for MR121-[Gly-Ser-];Trp (interpolated from two
measurements for MR121-[Gly-Ser-];Trp and MR121-[Gly-Ser-
1oTrp). Fluorescence lifetime measurements by time-correlated
single-photon counting (TCSPC) were performed to estimate
the dynamic quantum yield QYq,,, which reports on collision-
induced fluorescence quenching,"” and the static quantum
yield QY,,=QY,/QY,,, which reports on fluorescence quench-
ing due to complex formation. The dynamic quantum yield
QY4 =7/7,=0.96£0.02 for MR121-[Ser(-Gal)-Gly-]gTrp s
much larger than QY,=0.56+0.06 and similar to those mea-
sured for MR121-[Gly-Ser-]gTrp (QY4,,=0.88+0.02 and QY=
0.50+0.06), thus confirming that quenching is mostly due to
static quenching from formation of stacked complexes as de-
scribed previously.**?!

Fluorescence fluctuations due to translational diffusion
through the confocal observation volume (on millisecond time
scales) and due to contact formation and opening processes of
the reporter system (on nano- to microsecond time scales)
were recorded and analyzed by FCS (Figure 2). FCS data could
all be fitted with a simple diffusion model and a single or
double exponential decay function for the fast phase of the
correlation decay [Eq. (52), Supporting Information]. A small-
amplitude phase on microsecond time scales with an ampli-
tude of <0.05 that results from intersystem crossing of MR121
does not have a significant influence on all other fit parame-
ters.

Focusing on the millisecond phase of the correlation decay
we estimated the translational diffusion constant D of MR121-
[Gly-Ser-1sTrp and MR121-[Ser(B-Gal)-Gly-lgTrp from FCS meas-
urements in a temperature range from 5 to 40°C and found
significant smaller D values for glycosylated peptides. Accord-
ing to the Stokes-Einstein equation D is related to an average
hydrodynamic radius Ry, as D=kgT/6 tyR,, (with Boltzmann con-
stant kg, temperature T, viscosity #). In Figure 3 diffusion con-
stants for MR121-[Ser(3-Gal)-Gly-]gTrp and MR121-[Gly-Ser-]¢Trp
are plotted as function of T/5(T) and fitted by linear regression
confirming the Stokes-Einstein relation. From the fit we esti-
mated the relation of R, of non-glycosylated to glycosylated
peptides R,(—Gal)/R,(+Gal) to be 0.74+£0.03. The number con-
firms that the glycopeptide is slightly expanded spending less
time in the closed conformation with the reporter system in
contact.
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Figure 2. a) FCS data for MR121-[Ser(3-Gal)-Gly-]sTrp measured at 20°C in
aqueous solution. The data fits well to a single-exponential decay on ns
times and a diffusion decay on ms times [Eq. (52), Supporting Information].
Residuals are shown as inset. b) FCS data measured at temperatures of 10,
20, 30, and 40°C plotted after normalization to the same diffusion-term am-
plitude.

The amplitude of the fast phase of the correlation decay K=
c/c, (with concentration ¢, of peptides in their closed/open
state) results from formation of quenched MR121-Trp com-
plexes reporting on the end-to-end contact formation and is a
measure of the static quantum yield QY,=1/(K+1). For exam-
ple, at 20°C we measure K=0.61+0.01, which corresponds to
an ensemble estimate of QY,=0.62+0.01. The complex forms
due to short-range hydrophobic interactions and is not rate-
limiting for end-to-end contact formation rates, as was demon-
strated before with unmodified MR121-[Gly-Ser-],Trp.4 ™"

In aqueous solution all fast correlation decays are well de-
scribed by a single exponential decay corresponding to a two-
state system (Figure 2). We derived end-to-end contact forma-
tion and opening rate constants k. and k, from amplitude K
and relaxation time t, according to K=k/k, and t,=
1/(k-+k,). Assuming the power law dependence of contact
rates as described previously,*" we estimated contact rate
constants for MR121-[Gly-Ser-1;Trp of k.=(2.940.5)x 10" s™' at
20°C (which were confirmed on the current setup). For
MR121-[Ser(B-Gal)-Gly-]sTrp we measured a contact rate con-
stant of k.=(0.840.1)x 10" s' which is smaller by a factor be-
tween three and four. In order to illuminate how glycans slow
down end-to-end contact formation, we performed tempera-
ture- and viscosity-dependent measurements.
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Figure 3. a) Translational diffusion constants are plotted as function of T/5(T)
according to the Stokes-Einstein relation [Eq. (S3), Supporting Information]
for MR121-[Gly-Ser-]sTrp (m) and MR121-[Ser(B-Gal)-Gly-1sTrp (o). Straight
lines represent the linear regression curve. b) Arrhenius plots of contact for-
mation rate constants k. (m) and opening rate constants k, (o) for MR121-
[Ser(B-Gal)-Gly-]¢Trp. The data is measured in aqueous solution and slopes
reveal enthalpic activation barriers of (26 + 1) kymol™' and (36 +2) kJmol ™",
respectively. Error bars represent standard deviations of two measurements.

Monitoring k. and k, as function of temperature (5-40°C) by
FCS revealed Arrhenius temperature dependence for both the
closing and opening processes (Figure 3). The contact forma-
tion rate constants k. for MR121-[Ser(3-Gal)-Gly-]¢Trp reveal an
enthalpic activation barrier of 26+1kJmol™", significantly
larger than the mostly viscosity-related activation barrier of
18 +3 kJmol™" measured for poly-GS.*¥ A mere increase of
~8 kJmol™" in activation enthalpy would induce a ~26 fold de-
crease of contact formation rates at 20°C. Since we observe
changes in rate constants of a factor between 3 and 4 only, a
variation in the temperature-independent preexponential
factor, including all entropy changes must induce some com-
pensation and reduce the overall activation barrier.

Activation enthalpies for the opening process amount to
36+2 kImol ™" and are only slightly larger than those previous-
ly observed for MR121-[Gly-Ser-],Trp (on the order of
30 ki mol ). |n bimolecular interaction studies such opening
enthalpies were found to reflect van der Waals interactions be-
tween fluorophore and Trp.* It is likely that in the peptide
similar interactions stabilize the closed stacked complex and
need to be overcome before the polymer stretches out again.
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In order to unravel how rates are reduced by glycosylation,
we next studied the viscosity dependence of rate constants.
After measuring end-to-end contact formation rate constants
for MR121-[Ser(-Gal)-Gly-15Trp in solutions with a sucrose con-
centration between 0% and 50% (w/v), we plotted the inverse
rate constants as function of viscosity in the range of ~1 to
~15 cP and for 20 and 40°C (Figure 4). At viscosities above ap-
proximately 5cP, at which the main correlation decay ap-
proaches microsecond times scales, a second exponential com-
ponent on time scales around 10 ns appeared albeit with
smaller amplitudes. This fast decay component is independent
of the quenching interactions and originates from rotational
diffusion of the molecule. Whenever the fluorophore dipole is
oriented parallel to the optical axis no excitation occurs and
the fluorescence is effectively switched off.

The inverse contact formation and opening rate constants
derived from the slower component follow a viscosity depend-
ence that is linear up to approximately 5 cP. For higher viscosi-
ties a deviation towards higher rate constants (smaller time
constants) was observed. The reason for this deviation from
linearity, which is larger than previously observed for Gly-Ser
peptides,® ' is not known. Fitting the data between 0 and
5 cP with a linear function revealed a y-intercept (& standard
error) for 7.=1/k, (v,=1/k,) of (—3.641.2)x107%5s [(2.340.5)%
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Figure 4. a) FCS data of MR121-[Ser(3-Gal)-Gly-IsTrp recorded at various vis-
cosities and shown for 20°C. The inset shows the fast correlation decay on
nanosecond time scales from which contact formation and opening rate
constants (k. and k,, respectively) are derived. Data curves are offset by 0.2.
At larger viscosities the decay is composed of two exponential components
of which the slower component represents loop closure and the faster com-
ponent rotational diffusion of the whole molecule. b), c) Inverse rate con-
stants (1/k. in b and 1/k, in c) are shown as derived from the slower decay
component for various viscosities at 20°C (m) and 40°C (0).
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107%s] at 20°C and of (—3.7+£25)x107%s [(0.8+£0.6)x 1078 ¢]
at 40°C. The precise values depend on the upper limit for the
fitting range and are for all four data curves consistent with a
zero y-intercept. This observation resembles previous results
for MR121-[Gly-Ser-1,Trp®" and proves that no viscosity-inde-
pendent energy-dissipating effects from intramolecular interac-
tions resembling internal friction™™ slow down conformational
dynamics. The data provides strong evidence that end-to-end
contact formation rates of glycopeptides are fully controlled
by the frictional drag between solvent and peptide.

Our data reveal that glycosylation reduces end-to-end con-
tact formation rates partly by increasing the viscosity-inde-
pendent contribution to the activation barrier. Formally this is
expressed by an equation that consists of a viscosity-independ-
ent exponential term representing the activation enthalpy AH
and a pre-exponential factor that is the product of a tempera-
ture-independent term and the inverse solvent viscosity: k.=
C/n(T) x exp(AH/k,T). This relation is consistent with purely dif-
fusive motion as described by Kramers's theory."> '

Interactions between the fluorophore and attached sugar
residues are negligible as was confirmed by time-resolved ani-
sotropy measurements. We found identical rotation times of a
few hundred picoseconds in non-glycosylated and glycosylat-
ed Ser-Gly peptides, indicating that the fluorophore revolves
around its molecular linker with the same degrees of freedom
in both peptides. Thus the additional interactions slowing
down conformational dynamics and increasing the hydrody-
namic radius must be due to glycans interacting with each
other or with the peptide backbone.

Enthalpic contributions to the activation barrier might have
its origin in the rotation of glycan chains together with dihe-
dral angle rotation of the peptide backbone during conforma-
tional dynamics of the peptide. Entropic contributions might
be introduced by steric constraints from the glycan chains at-
tached to the peptide backbone. If attractive intramolecular
hydrogen bonding between glycans or between glycan and
backbone atoms slowed down conformational dynamics they
would have had to be sufficiently strong in comparison to hy-
drogen bonding interactions between glycans and water or
dissolved sucrose. Such interactions would then have had to
resemble a contribution of intramolecular internal friction that
would have been visible as viscosity-independent (offset) com-
ponent in the viscosity plots (Figure 4), contrary to our obser-
vation.

According to theoretical treatments [for instance in the
Svabo-Schulten-Schulten (SSS) theory™] contact formation
rate constants depend on chain dynamics as expressed by an
intramolecular diffusion constant and on the equilibrium distri-
bution of end-to-end distances. Assuming that R, is propor-
tional to the root mean square end-to-end distance SSS theory
predicts that rate constants scale with one over the third
power of R,. Our estimate of R,(—Gal)/R,(+Gal)=0.74 £ 0.03 re-
sults in a change of rate constants by no more than 2.5 at
20°C. This estimate confirms that the observed 3- to 4-fold
slowdown is not only due to equilibrium properties but also
influences the intramolecular diffusion constant.
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It was previously suggested by computer simulations that
glycosylation of a denatured protein increases both enthalpy
and entropy of the unfolded state.'® The increase in enthalpy
was larger than the increase in entropy and this was interpret-
ed as a hindrance of intramolecular interactions (or in other
words as limiting residual structure formation) in the unfolded
state due to the attached glycans and resulting in more ex-
tended conformations. Qualitatively we now observe a similar
effect in fully unstructured peptides for the transition state en-
semble. There is computational and experimental evidence
that conformational dynamics of unstructured non-glycosylat-
ed peptides are mediated by transient hydrogen bonding be-
tween backbone atoms.""'! Our results might indicate that
the bonding dynamics between peptide backbone atoms are
modified by attached carbohydrates through shielding of back-
bone-backbone hydrogen bond interactions.

Overall we found that 3-galactosyl residues attached across
an O-glycosidic bond to serine residues in Ser-Gly peptides
slow down intramolecular conformational dynamics. The
change in dynamics is accompanied by an increase of the hy-
drodynamic radius consistent with observations for unfolded
glycoproteins."™® Arrhenius temperature dependence reveals
increased activation enthalpies accompanied by a certain
degree of enthalpy-entropy compensation. Rate constants at
20 and 40°C were viscosity-controlled and did not show any
signature of internal friction. The data suggests that attached
glycans have a strong impact on the dynamic properties of un-
structured and unfolded proteins.
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