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NMR Studies of Glycopeptides

I'"HMBC: An NMR Experiment for the
Conformational Analysis of the o-Glycosidic
Linkage in Glycopeptides**

Sergey Ilin, Carlos Bosques, Christopher Turner, and
Harald Schwalbe*

Carbohydrates play a major role in many processes, such as
the immunological response, and in cellular recognition
events in general.! The structural characterization of carbo-
hydrates by NMR spectroscopy has been a challenge because
of the lack of experimental parameters and the intrinsic high
mobility and resulting conformational averaging of oligosac-
charides in solution. For example, the conformation around
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Figure 1. {{GIcNAc-B(1-4)-GlcNAc-0-]Asn}2¢  -hemagglutinin peptide 1 used as a model
substance for a glycopeptide. The nomenclature follows IUPAC recommendations for carbo-
hydrates, where ¢ and v are the O5-C1-OX-CX and C3-C4-OX-CX torsion angles, respectively;

three-letter codes are used for amino acids.

the exocyclic glycosidic bonds cannot unambiguously be
determined from measurement of inter-residue 'H-'H NOE
measurements.’! For oligosaccharides in solution, residual
dipolar couplings that are partially oriented in bicelles Pl are
not very sensitive to conformational averaging, as shown by
NOE experiments. Only two */(C,H) coupling constants can
be observed as a result of varying the exocyclic torsion angles,
and current methods for their measurement are insensitive for
larger molecules.

We have therefore developed a new experiment, the I~
HMBC (HMBC = heteronuclear multiple-bond correlation),
in which four NMR parameters, 3J(C,H) couplings, and cross-
correlated relaxation rates I’y oy, are measured that can
describe the conformation of the glycosidic torsion angles ¢
and y in oligosaccharides.!! It relies on a correlation
developed by Vincent et al.! in which coherence transfer
between hydrogen and carbon atoms across the glycosidic
linkage is achieved by C—H-dipolar cross-correlated relaxa-
tion. In the experiment, an initial antiphase operator 2H1.CI,
(representing the annotated atoms in Figure 1) evolves into
the operator 2H4,C1! during a constant time delay CT
(Figure S1 in Supporting Information). Correlation peaks in
the experiment are generated through cross-correlated relax-
ationl! between two dipoles centered on the same carbon
atom. The cross-correlated relaxation rate is given by
Equation (1):

Foan, = 2T (10 o ()7 (3005 0,71, )
CHCH 5r3CHr2‘,H 4r Y 2 ¢

In this equation, y. and yy are the gyromagnetic ratios, y&,
is the susceptibility of the vacuum, rcy, and rcy, are the
carbon-proton separations, / is the Planck constant, 57, is the
order parameter, and 7. is the overall correlation time. This
variable depends on the projection angle (6;) between the two
dipole tensors which, in turn, depends on the torsion angles ¢
and .
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The operator 2H4,C1’ generated prior
to t, can be detected by NMR and is
modulated by the 3J(C1',H4) coupling.
Therefore, 3/(C,H) coupling constants can
be determined from the spectra shown in
Figure 2a—d by fitting spectral peaks with
TH simulated multiplets with Lorentzian line

NH,
2

shapes. This approach is related to the
Keeler—Neuhaus-Titman approach for the
determination of 3/(C,H) coupling con-
stants from w,-coupled HMBC-spectra.!”)
However, in the original HMBC experi-
ment, cross-peaks are phase-modulated by
evolution of homonuclear 3/(H,H) cou-
plings during a fixed delay, which causes a
complex line shape. The phase distortion in
the HMBC requires the acquisition of two
separate experiments to simulate the line
shape of the target multiplet.

In contrast, in the experiments descri-
bed here, the signal detected in ¢, is not
phase distorted and split only by a single J(H,C) coupling in
antiphase.! Experimental and simulated multiplets for
H1'C1" and H1'C4 cross-peaks in the glycopeptide 1
(Figure 1) are shown in Figure 2. The cross-peak H1'C4
(Figure 2b) is modulated by the same */(H,H) couplings and
transverse relaxation rate as either the upfield or downfield
part of the related, direct cross-peak (H1'C1’) (Figure 2a); it
differs only by its magnitude and by convolution with an
antiphase long-range 3/(C,H) coupling. Homonuclear
3J(H,H) coupling constants and proton transverse relaxation
rates were determined by fitting to both the upfield and
downfield components of the cross-peak H1'C1l’ that is
observed with a high signal-to-noise ratio. These parameters
were kept fixed in the simulation for the long-range 3/(C,H)
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Figure 2. Experimental (-----) and simulated (-++++) multiplets.

a) H1'C1’; b) H1'C4, 3J(C,H) =3.34+0.2 Hz; c) H4C4; d) H4CT',
3)(C,H)=1.2+0.2 Hz. The measurement time was 48 h, and the
sample concentration was 4 mm. Experimental parameters are given in
Figure S1 of the Supporting Information.
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Table 1: Experimental transverse relaxation rates R, */(H,C) and */(H,H)
coupling constants, and regression coefficient R? fit to the multiplets
shown in Figure 2a—d.

H4C1’ H1'C4 H1C5
R, [s7] 6.9 6.5 6.7
3(H,H) [H2] 83,104 8.2 5.1
3(H,C) [Hz]® 12402 33402 6.5:+0.2
R 0.97 0.93 0.97

[a] Active heteronuclear */(C,H) coupling constant leading to the
indicated cross-peak.

couplings in the H1'C4 cross-peak, as shown in Figure 2b
and d for the fits with the lowest %?value. The complete
statistics on the calculations of cross-peak parameters are
given in Table 1. The torsion angles ¢ and y were calculated
using the Karplus equation for 3/(C,H) in oligosaccharides,
polysaccharides, and glycoconjugates;® the results are listed
in Table2. The angles determined by this method are
ambiguous because each coupling (J) can arise from up to
four different torsion angles, and the conformation around
the glycosidic bond is described by the two torsion angles ¢
and 1. This ambiguity can be resolved by calculating the
cross-correlated relaxation rates from the experimental
intensities of the multiplets (Figure 2) according to Equa-
tion (2).

Sinh(ri‘,’,ﬂq.c’,mCT) e
Sinh(rCCgHs.CSHICT) IC5H5‘C5H1

)

The cross-correlated relaxation rate measured for cross-
peaks across the glycosidic bond was internally referenced to
the known cross-correlated relaxation rate I, y_.yy, observed
within the sugar ring.'¥! Variation of the relaxation rates, as a
function of the torsion angles ¢ and v, is shown in Figure 3
using standard parameters (bond lengths: C—H 1.09 A, C-O
1.42 A; bond angles: H-C-O 109.7°, glycosidic C-O-C 115.5°,
internal C-O-C 112.0°). The H1CS5 cross-peak was used as a
reference (torsion angle of —175°).

Out of sixteen possible combinations of ¢ and vy angles
based on coupling data, the cross-correlated relaxation data
support two pairs of angles, where ¢ =10° or 110°, and y =
12° (Figure 3). Molecular dynamics (MD) simulations and an
X-ray crystal structure are available for an analogue
(GlcNACc-B(1-4)-GleNAc) of the sugar moiety in the glyco-
peptide 1 investigated here. The MD simulation shows
considerable flexibility (with 0°<¢ <70° and —-75°<y <
15°) and average torsion angles of ¢=46+13° and y =
—10£16°." In the crystal structure, ¢ and v assume values

Table 2: A summary of coupling constants, torsion angles, and relaxation times.
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Figure 3. Overlay of simulated cross-correlated relaxation rates

D,DD 4 : D.DD o :
e, (horizontal line) and I—?QHA.C’IH; (vertical line) as a function of

@ and 1. Crossover indicates experimentally allowed combinations.
Single points with error bars indicate torsion angles derived from
}J(C,H) coupling constants; “X-ray” and and “MD average” indicate
angles derived from the crystal structure and MD simulations, respec-
tively.

of 36.3° and 11.7°, respectively.'”). NMR data of the species in
solution supports a similar region of preferred conformation
(¢ =10+£20° and y =12+420°). While identical values are
found for y in the crystal and in solution, the torsion angle ¢ is
shifted both in the MD and in the NMR data. Values of angle
¢ of approximately 40° are in agreement with predictions
based on the exo-anomeric effect.

In conclusion, a novel method is introduced to determine
the conformation around glycosidic bonds based on 3J(C,H)
couplings and C—H-dipolar cross-correlated relaxation by
solution NMR spectroscopy. Using conventional NMR
probes, the data can be obtained for glycopeptides without
3C labeling at a concentration of 5 mm. The experiment is
shorter than normal HMBC experiments as long periods with
transverse proton magnetization are avoided. Extension of
the method to the study of large polysaccharides is expected
to add to a structural understanding of the role of carbohy-
drates in cell recognition!* and may aid in the design of novel
carbohydrate-based drugs.!'"¥

Experimental Section
Sample preparation: Glycopeptide 1 {[GlcNAc-
B(1-4)-GlcNAc-a-]Asn}2¢  -hemagglutinin  was

3J(H1',C4)
3)(H4,C1")
3J(H1,C5)

J [Hz]" @y 1
3.3+02 $:10£20,110420,79+20,-162+ 20
12402 :12420,554+20,-132£20,-175+ 20
6.5+0.2 +£175£5

synthesized using standard 9-fluorenyl methoxy-
carbonyl (Fmoc) chemistry and solid-phase pep-
tide synthesis techniques. The a-linked chitobiose
moiety was introduced as the Fmoc-Asn
(TBDMS-chitobiose)-OH building block. The

PP [5-1]id

F(]H’,.C,,H,,, =-14
=—44
-1.5

CiH, CH,
CsHy,CsHs —

[a] ¥J(H,C) coupling constants. [b] Torsion angles from 3/(H,C) coupling constants based on Karplus
equation: 3J(H,C) =5.7cos?0-0.6cosa+0.5. Estimated torsion angle uncertainties are given. [c] Cross-

correlated
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relaxation rates.
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predicted mass for glycopeptide 1 (1421.5) was
confirmed by ESI-MS. Although GlcNAc-3(1-4)-
GIcNAc is the natural core in N-linked glycopro-
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teins, the anomeric center on the first sugar moiety in glycopeptide 1
investigated here was in the a conformation. All data were acquired
on Bruker DRX 600 and Homebuilt 600 spectrometers with a 5 mm
Bruker TXI 'H {’N/*3C} z-grad probe and Nalorac triple resonance
probes, respectively. Information about the pulse sequence shown is
given in the Supporting Information. The concentration of glycopep-
tide 1 was 4.5 mMm (6 mgmL~!) in a volume of 300 pL using a Shigemi
tube. The sample temperature was 278 K.
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