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ABSTRACT: Glycans attached to glycoproteins can contribute to
stability, mediate interactions with other proteins, and initiate
signal transduction. Glycan conformation, which is critical to these
processes, is highly variable and often depicted as sampling a
multitude of conformers. These conformers can be generated by
molecular dynamics simulations, and more inclusively by
accelerated molecular dynamics, as well as other extended sampling
methods. However, experimental assessments of the contribution
that various conformers make to a native ensemble are rare. Here,
we use long-range pseudo-contact shifts (PCSs) of NMR
resonances from an isotopically labeled glycoprotein to identify
preferred conformations of its glycans. The N-terminal domain
from human Carcinoembryonic Antigen Cell Adhesion Molecule 1, hCEACAM1-Ig1, was used as the model glycoprotein in this
study. It has been engineered to include a lanthanide-ion-binding loop that generates PCSs, as well as a homogeneous set of three
13C-labeled N-glycans. Analysis of the PCSs indicates that preferred glycan conformers have extensive contacts with the protein
surface. Factors leading to this preference appear to include interactions between N-acetyl methyls of GlcNAc residues and
hydrophobic surface pockets on the protein surface.

■ INTRODUCTION
Glycans adorn the surface of nearly all cells in nature, and most
secreted and membrane-anchored proteins in humans carry
covalently attached glycans.1 They play roles that include
control of the protein folding in the endoplasmic reticulum
(ER), regulation of serum protein lifetimes, modulation of
interactions between cells, and initiation of signals that alter
cell function.2 Pathogens have also adopted glycosylation as a
means of evading our immune defenses either by mimicking
host glycosylation or simply shielding antigenic surfaces.3,4

Much research has been directed at determining the
composition and primary structure of free glycans.5,6 While
conformations of free glycans in solution are also well studied,7

defining their dynamics and the multiple conformations they
sample remains a challenge. Much less research has been
directed at glycan conformation in the context of covalent
attachment to a protein surface. What does exist has come
from computer simulations, including long molecular dynamics
(MD) trajectories.8−10 The prevailing view is that, here too,
the glycans are quite flexible, sampling significant ranges of the
phi and psi torsion angles that link individual residues of the
glycans. In larger glycans (7 to more than 12 residues), the
accumulated variations of phi and psi angles make accessible
conformational space very large. Some recent depictions of this
space can be seen in superpositions of sampled conformations
meant to depict the glycan shield of viruses.11,12 But, are all
conformations sampled equally, or are there preferred

conformations that may govern the functional properties of
glycans? It is our intent to experimentally explore conforma-
tional preferences as they exist in the context of covalent
attachment to a glycoprotein surface.
The methods we choose for this exploration begin with the

generation of a probable set of conformers using a special type
of molecular dynamics simulation, accelerated MD
(aMD).13,14 This is followed by conformer evaluation using
paramagnetic effects on nuclear magnetic resonances
(NMRs).15,16 Conventional MD (cMD) simulations running
for a few microseconds may provide effective exploration of
glycan conformations when they have just a few glycosidic
torsion angles, but without access to very specialized computer
resources,17 cMD simulations long enough to sample
conformational space for larger glycans, and those attached
to protein surfaces, become impractical. Accelerated MD
overcomes this limitation by boosting the minima of potential
energy wells and allowing more frequent transitions to
adjoining conformational states. A microsecond simulation
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appears to sample conformations similar to those found in a
millisecond simulation using cMD.13 This comes with the
expense of having an unrealistic energy landscape and an
inability to directly assign probabilities to representative
conformers. Procedures to remove boost energies exist, and
refinement of procedures is progressing. A recent advance
imposes a Gaussian restriction on boosted energies, allowing a
more reliable return to normal energies and estimation of
conformer populations. The resulting package, called Gaussian
accelerated MD (GaMD), will be used in our application.14 It
allows us to select a few highly probable conformations for
screening with experimental data.
We chose solution NMR as a means of experimental

validation because glycans are not conformationally restricted
in solution as they might be in crystal or low-temperature cryo-
EM work. Normally, solution NMR structural data on glycans
would come from a combination of nuclear Overhauser effects
(NOEs) and scalar couplings.7 However, both are short-range
observations (<5 Å or a few bonds), with ambiguities that are
compounded by propagation across several glycosidic linkages.
Also, the accurate measurement of trans-glycosidic scalar
couplings is limited by the additional broadening of resonances
when glycans are attached to a protein. We instead opt for the
use of pseudo-contact shifts (PCSs) and paramagnetic
relaxation enhancements (PREs), which are longer range
(5−40 Å) and more appropriate for positioning glycans
relative to a protein surface.15 Both are distance-dependent, as
shown in eqs 1 and 2, where R is the length of a vector
connecting a paramagnetic entity and the NMR nucleus
observed. PCSs have additional angular dependencies through
the polar angles, ϕ and φ, which relate the R vector to the
principal frame of the anisotropic part of the entity′s magnetic
susceptibility tensor, ″Δχ′′. Both have parameters (ΔXax, ΔXrh,
and R0) that must be determined from effects on known
structures (in our case, the structure of the protein as opposed
to glycans). The effects are easily measured from changes in
two-dimensional heteronuclear single quantum coherence
(HSQC) spectra, loss of cross-peak intensity (I) compared
to that of a reference spectrum carrying a diamagnetic entity
(I0) for PREs, and change in chemical shift compared to that
seen in the same reference spectrum for PCSs

(1)

(2)

Most proteins do not carry a native paramagnetic entity; so,
in these cases, a suitable entity must be introduced. Options
include reacting a surface cysteine with a functionalized
nitroxide (for PREs) or a lanthanide-binding chelate for PREs
and PCSs.15 Inserting a lanthanide-ion-binding peptide loop in
the protein sequence is also an option that provides PREs and
PCSs.18,19 We choose the latter option, which has some
advantages. Proteins frequently have native cysteines that are
part of active sites or participate in structurally important
disulfide bonds, and selectively reacting a newly introduced
cysteine is often problematic. Peptide loop insertion is
straightforward as expression constructs are often synthesized
by commercial laboratories from provided sequences, and
addition of a peptide loop to these sequences adds little to the
process. However, choosing sites for the addition that neither
distorts native protein structure nor reduces binding affinities
of the loop must be done carefully. Our approach for the target
discussed here has recently been described, along with a
resonance assignment strategy for proteins sparsely labeled
with NMR-active isotopes.20

The protein target we select for glycan conformational
analysis is the N-terminal domain of human Carcinoembryonic
Antigen Cell Adhesion Molecule 1, hCEACAM1. hCEACAM1
is a highly glycosylated extracellular protein receptor, which
has been implicated in gastrointestinal autoimmune disorders,
cancer, and host−pathogen interactions.21 The N-terminal
domain (hCEACAM1-Ig1) is an immunoglobulin (Ig-like)
domain made up of two β sheets composed of strands ABED
and GFCC′, respectively (see Figure 1A). It has three
glycosylation sites where the reducing end of a glycan can be
linked to the sidechain nitrogen of asparagine residues (N-
glycosylation). Our construct, illustrated in Figure 1B, carries a
lanthanide-binding peptide inserted between native residues 83
and 87, raising the effective molecular weight to ∼18 kDa. For
this study, expression is carried out in mammalian cells that
lack the MGAT1 enzyme. This stops N-glycan processing at
the Man5GlcNAc2 stage, yielding a homogeneous complement
of glycoforms.22,23 This falls short of the longer glycans
natively present, but it would be much more difficult to achieve
homogeneity of these complex glycans, and the shorter glycans
will provide some insight into the nature of glycan−protein
interactions. The disulfide bond included in the lanthanide-
binding peptide both stabilizes the structure and raises
occupancy of the three N-glycan sites to ∼90%.20

Figure 1. hCEACAM1-Ig1-LBP4 structure (A) and sequence (B). (A) Isotopically labeled sites (Ala and Val) are colored blue, the bound Tb3+ ion
is in cyan, and glycans are colored by element. (B) Inserted LBP is in red, glycosylation sites are in green, and the scar left by TEV cleavage is in
blue.
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The native hCEACAM1-Ig1 domain has a strong tendency
to homodimerize, and the conformations of glycans may be of
some interest because of their possible effect on dimerization.
It is now well-established that the dominant mode of
homodimerization is through the GFCC′ face and glycans
do not affect this dimerization.24,25 However, homodimer
interactions through the ABED face of nonglycosylated forms
have been reported, both in the original crystal structure26 and
subsequent electron tomography studies.27 There also remain
good arguments for continued interest in possible hetero-
dimerization and the effect of glycans because of the range of
other molecules with which CEACAM1 interacts.28 We will
not investigate dimerization directly in the following studies as
interpretation of PREs and PCSs is complex when effects come
from two lanthanide ions. The position of the lanthanide-
binding loop depicted in Figure 1, in fact, inhibits dimerization
while minimizing direct contact with the glycans. However, we
anticipate that the conformational information generated will
show positional preferences for glycans useful in assessing
interactions through the ABED face.

■ RESULTS
Generation of Glycan Conformers. The initial model for

the protein carrying the lanthanide-binding loop (hCEACA-
M1_Ig1_LBP4) was produced using the computational tool,
AlphaFold.29 A lanthanide ion (Tb3+) was added and the
coordinating ligands adjusted to mimic the geometry seen in
the crystal structure of the initially designed loop (1TJB).30

Man5GlcNAc2 glycans were added using tools available in the
GLYCAM website (https://glycam.org/). This initial structure
was solvated in TIP5P water and subjected to a 1 μs GaMD
trajectory as described generally in the AMBER20 manual31

and more specifically in our previously submitted publica-
tion.20 The TIP5P water model, as opposed to the more
computationally efficient TIP3P model, was chosen to avoid an
overemphasis of protein−glycan interactions that had been
noted previously.8,10

To extract a set of glycan conformers small enough to test
against experimental observation, we clustered the GaMD
frames based on a root mean square deviation (rmsd) of the
position of central ring atoms (C1, C2, C4, C5) of all of the
glycan residues on proteins aligned pairwise frame by frame for
every tenth frame. In total, 31 clusters containing more than
500 members and separated by an inconsistency measure of
2.2 were produced and a structure with the minimum energy
for each cluster was selected for examination. Because boost
energies are added to facilitate a broad exploration of
conformational space, populations of clusters do not reflect
populations expected in solution. The effects of boost energies
can be removed by a reweighting process.32 The results of this
process (described more fully in our Methods section) are
presented in Figure 2A. There are three clusters identified as
highly probable and two more with significantly lower
probability. Structures for the representative frames of the
three most probable clusters are shown in Figure 2B. The
surface representations in Figure 2B make it clear that the
glycans in these structures are not extended but fold near the
protein surface. The representative frames of the lower
probability clusters, in particular, that of cluster 16, do have
more extended glycans.
Experimental Evaluation of Glycan Conformers.

Pseudo-contact shifts prove to be the best probe of
conformational preferences. Their 1/r3 dependence on the
distance between the paramagnetic ion (Tb3+) and an
isotopically labeled site has effects at longer ranges than the
1/r6 dependent paramagnetic relaxation enhancements
(PREs), and they are easily measured as displacements of
cross-peaks for isotopically labeled sites in two-dimensional
HSQC or HETCOR spectra. The first step is to use PCSs of
sites in the protein to calculate the anisotropic part of the ion′s
susceptibility tensor (Δχ). Supplementation of the expression
media with a combination of valine (13C-labeled at both
methyl groups) and glucose (13C-labeled at the C1 position)
provides the necessary labeled sites. Valines are incorporated

Figure 2. Glycan structures from a GaMD simulation are clustered based on pairwise rmsd’s. (A) Probabilities for various clusters. (B) Structures
for representative frames. Surfaces for the protein and glycans are shown in green and yellow, respectively.
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directly, and glucose undergoes glycolysis to pyruvate, some of
which is converted to alanine 13C-labeled at its methyl group.
The resulting cross-peaks were assigned to specific sites in our
previously submitted publication using a combination of
predicted chemical shifts, NOEs, PREs, and PCSs, along
with a structure for hCEACAM_Ig1_LBP4 generated using a
combination of AlphaFold structure prediction and a GaMD
conformational search.20 PCSs were measured for sites
spanning distances of 5−44 Å between a Tb3+ ion in the
lanthanide-binding loop and the isotopically labeled carbons of
alanines or valines. In Figure 3A, these are plotted versus back-
calculated values using an optimized Δχ tensor. Agreement
between calculated and experimental values is excellent. The
principal elements of this tensor, derived using REDCAT
software,33 are ΔXxx = 0.3 × 10−32, ΔXyy = 75.2 × 10−32, and
ΔXzz = −75.5 × 10−32. Surfaces at points having a PCS of
±0.13 ppm are shown in Figure 3B (red −0.13 ppm; blue
+0.13 ppm). Concentric surfaces at larger and smaller
distances (r) from the ion would have PCSs decreasing and
increasing with 1/r3, respectively.
Figure 4 shows PCS surface depictions identical to those in

Figure 3B, but now with glycans shown. On the left is the

representative frame from the cluster predicted to be most
probable (cluster 23) and on the right is the representative
frame from a cluster predicted to have low probability, cluster
16. The glycans of the cluster 23 representative fall largely
within the red surface, indicating that large negative PCSs
would be observed if conformers from this cluster dominated.

Many of the glycans of the cluster 16 representative fall outside
the red surface, suggesting smaller PCSs would be observed if
conformers from this cluster dominated. Some glycan residues
also fall within the blue surface, indicating that large positive
PCSs would be observed along with smaller negative PCSs if
conformers from this cluster dominated.
The C1-13C-labeled glucose supplied in the expression

medium results in isotopic labeling of the anomeric carbons of
all glycan residues.34,35 In addition to labeling alanine, the
portion degraded to pyruvate goes to acetyl-CoA, and the 13C
ends up in the methyls of acetyl groups of the GlcNAc
residues. Regions of a 13C−1H HETCOR spectrum showing
cross-peaks from anomeric and acetyl methyls are shown in
Figure 5A,B, respectively. The black contours are for a sample
prepared with a diamagnetic Lu3+ ion. The red contours are for
a sample prepared with a paramagnetic Tb3+ ion. Black
contours for residues on the three hCEACAM-Ig1-LBP4
glycans often overlap (there are 21 sites and just 11 resolved
cross-peaks). Fortunately, chemical shifts for various residues
and linkages are sufficiently different to allow grouping of
cross-peaks by residue and linkage type. The annotations in
Figure 5B come from a database/prediction tool on the
CASPER site.36 Cross-peaks defined by red contours are better
resolved leading to discrete cross-peaks and a measurable
number of PCSs approximating the total number of labeled
glycan sites. Breaking the degeneracies of cross-peaks from
similar or identical glycans is an added benefit of PCSs that has
been previously noted.37 The diagonal arrows connecting black
and red contours have lengths representing PCSs. These are
also reported in Table S1. Strikingly, all shifts are upfield
(negative ppm). This suggests that, indeed, conformers
contained in cluster 23 are better descriptors for conformers
populated in solution than those contained in cluster 16. On
examining additional clusters, we also find that all three highly
probable clusters (18, 23, and 27) have representative frames
with glycans primarily within the red surface of Figure 4,
strengthening the argument for conformers with close protein
contacts being favored.

■ DISCUSSION
An obvious question arises as to why close contacts may be
favored. A close look at the structure of the representative
frames from the most probable clusters provides some answers.
All three show very similar contact to that depicted in Figure
6A for the glycan attached to asparagine 104 of hCEACAM-
Ig1-LBP4. There are close contacts between the N-acetyl

Figure 3. (A) Pseudo-Contact shifts (PCSs) can be fit to extract susceptibility tensors (ΔX). (B) Surfaces for a shift of 0.13 ppm; red, negative and
blue, positive.

Figure 4. PCS surfaces overlaid on representative frames from clusters
23 (A) and 16 (B). (A) All glycans are predicted to have negative
shifts. (B) Many glycans are predicted to have smaller PCSs and some
to have positive shifts.
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methyl of the first GlcNAc and methyl protons of leucine 25
and a ring proton of histidine 27, which form a hydrophobic
pocket on the surface of the protein. This interaction is
supported by a hydrogen bond between the sidechain oxygen
of serine 89 and the amide proton of the N-acetyl group. The
existence of the hydrophobic interaction is not without
additional support. NOEs were collected in the process of
making the previously reported protein resonance assign-
ments.20 Along with protein-specific NOEs came NOEs
involving the N-acetyl methyl of glycans. The peak list for
the glycan showing the largest N-acetyl PCS (consistent with it
being that attached to N104) is shown in Figure 6B (a
complete set of strip plots for acetyl groups is included in
Figure S1). Among the chemical shifts for donating protons
(w1 column) are two that are consistent with leucine methyls
(0.82 and 0.72 ppm) and a shift that is consistent with either a
dramatically shifted amide resonance (6.78 ppm) or the HD2
proton of a histidine. Other hydrophobic and hydrogen-
bonding interactions can be found for other glycans, often
involving mannose residues that are farther from the point of
attachment. Hence, we have the beginning of an understanding
of forces that can influence conformations of glycans attached
to the surface of glycoproteins. With respect to potential
protein−protein interactions through the ABED interface, four
of the five most probable clusters position the glycan attached
to N104 in a manner similar to that depicted in Figure 6A and
one that would protect this interface. The representative
structure for cluster 16 has the N104 glycan more extended but
in a direction that would still interfere with interactions

through the ABED face. Glycans attached to N111 and N115
are in all cases positioned well away from the ABED face and
the dimerization surfaces of the CFCC′ face.
Of course, a more quantitative description of glycan

conformations would be desirable. It is possible to
quantitatively predict PCSs using the ΔX tensor we have
determined and the representative frames of the various
clusters. We have done this for a selection of glycan sites and
the three most probable clusters (Figure S2). Comparison to
measured PCSs requires assignment to specific sites. We find
that we can do this with reasonable agreement for some, but
not all, sites. There is also a tendency for predicted PCSs to be
larger than observed PCSs. This lack of complete agreement
indicates that, while conformers with close protein contacts are
favored, considerable conformational averaging with more
extended forms still occurs. Also, the accuracy of probabilities
predicted for various clusters is still in question. Those shown
are based on boosting and correcting total energies, including
those for the protein, solvent, and all three glycans. This was
dictated by the energy boost and correction routine available at
the start of our research. It would be desirable to treat glycans
separately from the protein and separately from one another.
GaMD techniques that allow boosting of energies for separate
parts of a system are now available,38 and application to
selective boosting of glycan energies may well be possible in
the future. Once we have an improved selection of probable
clusters, we could undertake fitting of observed PCSs to
averages over predicted PCSs for representative frames. Water
models are also still in question. TIP5P does produce less
glycan−glycan clustering than TIP3P, but these models
continue to evolve,39 and experimental testing of theoretical
predictions will be important. Nevertheless, we have the
beginning of an understanding of forces that may influence
glycan conformations as they exist on the surface of
glycoproteins, and we have the experimental procedures to
test this understanding.

■ METHODS
Sample Preparation. The amino acid sequence of the

hCEACAM1-Ig1_LBP4 construct is presented in Figure 1. The
lanthanide-binding tag sequence is derived from the initial work of the
Imperiali Laboratory,19 and the rationale behind the introduction of
the disulfide bond and its placement in the native hCEACAM1
sequence is described in our prior publication.20 Procedures for
expression and purification of protein are also described in that

Figure 5. Overlaid HETCOR spectra of a Lu3+ (black contours) and a Tb3+ (red contours) containing samples. (A) Anomeric region. (B) N-acetyl
region. Blue arrows connecting contours show magnitudes of PCSs. All shifts are negative.

Figure 6. Hydrophobic interactions between N-acetyl methyl and L25
and H27 at the protein surface. (A) Structure showing close contacts.
(B) NOE data supporting interaction.
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publication. But briefly, the synthesized gene was inserted into a
pGEn2 expression vector. HEK293S (MGAT1 knockout) cells, which
produce primarily Man5GlcNAc2N-glycans, were transfected and
expression occurred in 1 L of a custom version of FreeStyle 293 media
(Gibco, ThermoFisher Scientific). This medium, which lacked both
glucose and amino acids, was supplemented with 5 g of 13C1-glucose,
and 150 mg of 13C-dimethyl-valine (Cambridge Isotope Labs,
Tewksbury, MA) along with other amino acids normally present in
the medium. The glycoprotein that was secreted into the medium was
purified by metal affinity chromatography to remove media
components and treated with TEV protease to remove the His tag
and GFP fusion sequences. Further purification by metal affinity
chromatography and Superose 75 gel filtration led to a final yield of
∼10 mg. The protein sequence and glycosylation level (90%) were
verified by mass spectrometry. For NMR spectroscopy, the protein
was exchanged into a buffer composed of 25 mM Tris, 100 mM NaCl,
pH 7.4, 0.02% NaN3, 10 μM DSS, 90/10% H2O/D2O at a final
protein concentration of 300 μM. Near-molar equivalents (∼0.9) of
TbCl3 and LuCl3 were added to PCS and control samples,
respectively.
Generation of Structural Models. An initial structural model for

hCEACAM1-Ig1-LBP4 was prepared using AlphaFold software29

installed on the high-performance cluster at the University of Georgia
Advanced Computing Resource Center. As ion-binding motifs are not
well reproduced, a lanthanide-binding loop with ion coordination
observed in prior structures was manually added and minimized using
the UCSF Chimera molecular modeling system.40 In addition, three
Man5GlcNAc2 glycans were added to the three asparagines found in
N-glycosylation sequons, N104, N111, and N115, using the tools
available at the Glycam website (https://glycam.org/). The model
was subjected to a further structural search using a 1 μs Gaussian
accelerated molecular dynamics simulation.41 This structure was
solvated in TIP5P water in a rectangular box with a minimum
distance between the solute and edge of the box of 8 Å following the
protocols in AMBER20. The ff14SB forcefield was used for amino
acids, and the Glycam06j forcefield was used for glycans. After
minimization and a short (100ns) conventional MD run, the system
was subjected to 1 μs of Gaussian-accelerated MD (GaMD) using a
dual boost protocol as implemented in AMBER20. Steps of 2 fs were
used in the simulation and frames were saved every 2 ps.
Clustering, as well as energy adjustment, was accomplished using

the Matlab scripts described in our previously submitted publica-
tion.20 Clustering was based on an rmsd pairwise comparison of the
spatial positions of C1, C2, C4, and C5 atoms of all glycan residues in
every tenth saved frame. The resulting agglomerative hierarchical
clusters were produced using the Ward-Linkage Algorithm.42 Clusters
having more than 500 members and an inconsistency measure of 2.0
were selected. Probabilities were assigned to these clusters based on
adjusted dihedral energies,32 and the frame having the minimum
energy within each cluster was designated as the representative frame.
Collection of Experimental Data. NMR spectra were acquired

at 25 °C on a Bruker AVANCE NEO 900 MHz spectrometer using a
triple-resonance 5 mm TXO cryogenic probe optimized for 13C and
15N observations. 13C-detected 2D HETCOR spectra were recorded
for hCEACAM1-Ig1-LBP4 samples containing Tb3+ and Lu3+ with
1024 × 64 complex points and 48 scans per increment using a version
of standard Bruker hxinepph pulse sequence modified for semi-
constant time evolution in the indirect (1H) dimension. Sweep widths
of 61.4 and 4.0 ppm were used for the 13C and 1H dimensions,
respectively. The forward INEPT delay was set to 1/(2J) (4.0 ms),
while the refocusing INEPT delays were set to 1/(6J) (1.3 ms), where
J was assumed to be 125 Hz. Processing was done in TOPSPIN 4.1
using Gaussian weighting in both dimensions. Cross-peaks in the Tb3+

and Lu3+ samples were paired using diagonal lines and PCSs
measured from the length of these lines.
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