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Abstract

Preparation of samples for nuclear magnetic resonance (NMR) characterization of larger proteins

requires enrichment with less abundant, NMR-active, isotopes such as 13C and 15N. This is

routine for proteins that can be expressed in bacterial culture where low-cost isotopically enriched

metabolic substrates can be used. However, it can be expensive for glycosylated proteins expressed

in mammalian culture where more costly isotopically enriched amino acids are usually used.

We describe a simple, relatively inexpensive procedure in which standard commercial media is

supplemented with 13C-enriched glucose to achieve labeling of all glycans plus all alanines of the

N-terminal domain of the highly glycosylated protein, CEACAM1. We demonstrate an ability to

detect partially occupied N-glycan sites, sites less susceptible to processing by an endoglycosidase,

and some unexpected truncation of the amino acid sequence. The labeling of both the protein

(through alanines) and the glycans in a single culture requiring no additional technical expertise

past standard mammalian expression requirements is anticipated to have several applications,

including structural and functional screening of the many glycosylated proteins important to

human health.
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Introduction

Glycans are thought to decorate more than half of all mammalian
proteins, making the biology of glycoproteins of particular concern
to human health (Apweiler et al. 1999). The glycans on these proteins
play important roles in protein folding (Varki and Gagneux 2015;
Xu et al. 2018), in modulating protein interactions (Sheikh et al.
2015) and in propagating cell signals (Takeuchi and Haltiwanger
2014). They also provide sites for initial attachment of invading
pathogens (Lu et al. 2015). While significant progress has been made
in the development of methodology for the study of glycoproteins,
structural and functional characterization remains difficult. Nuclear

magnetic resonance (NMR) offers some advantages in that it can be
applied in a native aqueous environment, can return information on
both structural and dynamic aspects and can target particular parts
of complex systems, including glycans. Targeting is typically done
through labeling with isotopes that have useful magnetic properties
(13C, 15N). When proteins can be expressed in Escherichia coli, this
is straightforward; inexpensive substrates like15N-ammonium sulfate
and 13C-glucose are commonly used to produce proteins uniformly
labeled with high percentages of 13C and 15N.

Expressing uniformly labeled proteins in cells that are capable
of producing native mammalian glycosylation proves expensive,
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because the isotopically labeled amino acids usually used as sub-
strates are costly. There are ongoing efforts to develop less expensive
media, primarily with uniform labeling of all amino acids in mind
(Skelton et al. 2010; Sastry et al. 2011); progress in this area has
been reviewed recently (Yanaka et al. 2018). However, labeling with
a single or select set of amino acids (sparse labeling, sometimes
called selective labeling; Kato et al. 1991) is far less expensive, and
it returns adequate structural information for many applications
(Prestegard et al. 2014; Minato et al. 2016). Among the applica-
tions are screens for ligand binding and assessment of interdomain
geometry in multidomain proteins or protein–protein geometry in
multiprotein complexes (Gao et al. 2016; Minato et al. 2016).

Here, we focus on achieving sparse labeling of glycans as well as
a single amino acid by the simple addition of 13C-enriched glucose
to a commonly used mammalian cell expression medium. Labeling
of glycans with 13C-labeled sugars is not new; in fact there is an
early demonstration (Yamaguchi et al. 1998), and since that time
substantial effort has gone into minimizing metabolism of labeled
sugars and using a select subset of sugars to improve sensitivity and
facilitate resonance assignment (Kato et al. 2010). The labeling of the
glycans by the simple addition of 13C-enriched glucose also continues
to be practiced (Subedi et al. 2017). Here we show that, in addition
to labeling ring structures in glucose and other sugars produced by
epimerization (mannose and galactose), certain methyl groups are
efficiently labeled, namely acetyl groups in acetylated sugars and
alanines in the protein itself. The simple addition of 13C-glucose to
a standard mammalian cell culture medium thus provides, in one
preparation, simplified spectra that allow simultaneous monitoring
of both the protein and attached glycans.

13C-labeling of methyl groups is particularly advantageous for
NMR observation, because of the enhanced signal intensity result-
ing from three equivalent protons and altered relaxation properties
that lead to very sharp resonances (Ollerenshaw et al. 2003). This
has led to the widespread use of ILV labeling (methyl labeling in
isoleucine, leucine and valine amino acids using media supplemented
with labeled α-keto precursors) (Goto et al. 1999; Kerfah et al.
2015). There have been extensions to methyl labeling of alanine
(Ayala et al. 2009) and stereo array isotope labeling of these groups
(Kainosho et al. 2006). While full advantage requires perdeuteration
of nonmethyl protons, some advantage will extend to 13C alanine
and N-acetyl methyls labeled by addition of 13C-glucose to standard
culture media. While the distribution of labeled sites will be sparse,
and direct structural information locally concentrated, the range
can be extended using long-range perturbations by paramagnetic
moieties that produce relaxation enhancements (Clore 2015), pseudo
contact shifts (Nitsche and Otting 2017) or residual dipolar couplings
(Prestegard et al. 2004; Bax and Grishaev 2005).

The 13C-labeling of alanine and acetyl methyls is not surprising.
For acetyl groups, the production of pyruvate by glycolysis of glucose
followed by a single decarboxylation step leads to isotopically labeled
acetyls of acetyl-CoA; this in turn adds to an amino sugar to produce
a methyl-labeled N-acetylated sugar (Brockhausen et al. 2016). For
alanine, pyruvate is transaminated to yield labeled alanine (Franke
et al. 2018; McNeill et al. 2020). What is unknown is the level to
which N-acetyl groups of acetylated sugars and alanines are labeled
under conditions of simple glucose addition to a mammalian cell
culture medium and whether that level will be adequate for routine
NMR observation.

We choose to investigate the above issues using the 12.5 kDa N-
terminal Ig-like V-type (IgV) domain of CEACAM1, which contains
three N-X-S/T N-glycosylation sequons. Expression in MGAT1-

deficient HEK293 cells produces high levels of Man5GlcNAc2 N-
glycan structures at these sites. The limited number of glycans and
the well-resolved crosspeaks seen in heteronuclear single quantum
coherence (HSQC) spectra for anomeric 1H–13C pairs and N-acetyl
methyl 1H–13C pairs allow a qualitative analysis of site occupancy
and the level of isotopic labeling in the sugar rings and acetyl methyls.
When combined with additional mass spectrometry data, a more
quantitative assessment of occupancy and incorporation results. We
had previously produced the samples of 13C-methyl alanine-labeled
CEACAM1-IgV by supplementing media with isotopically labeled
alanine and knew the expected seven alanine methyl resonances to
be well resolved and fall in spectral regions relatively unobstructed
by natural abundance background. In this new work, 13C-glucose
addition produced easily observed alanine methyl resonances, allow-
ing analysis of labeling levels. However, observation of an extra
alanine resonance suggested some heterogeneity in the sample. Mass
spectrometry data showed this to be the result of unanticipated
protein proteolysis. In short, we show that metabolic labeling by
the simple addition of 13C-glucose to expression media can provide
simultaneous monitoring of protein and glycan properties when
conducting NMR studies of glycoproteins.

Results

Figure 1 presents sections of a 600 MHz 1H–13C HSQC spectrum
of a 470 μM sample of CEACAM1-IgV. The sample was produced
by expression in 1 L of defined commercial medium to which
uniformly labeled 13C-labeled glucose had been added in an amount
that equals the amount of unlabeled glucose originally present. The
expression vector, which includes a His-tagged GFP moiety and TEV
cleavage site ahead of the CEACAM1-IgV coding region, along with
purification procedures has been described in previous publications
(Subedi et al. 2015; Zhuo et al. 2016; Moremen et al. 2018).

Figure 1A shows a full spectrum with clusters of peaks (crosspeak
multiplets due to scalar coupling) in five distinct regions. Region
1 is centered on 5.0 ppm for 1H and 90.4 ppm for 13C. Based
on expected chemical shifts, peaks in this region clearly arise from
protons directly attached to anomeric carbons of glycans. Region 2,
centered on 3.7 and 65 ppm, arises primarily from the remaining
proton–carbon pairs in pyranose sugar rings. Peaks in region 3,
centered on 2.1 and 31 ppm, are decidedly weaker than peaks from
other regions. Chemical shifts are consistent with methylene peaks
from amino acids such as glutamate and glutamine, suggesting that
under our protein expression conditions there is metabolic labeling
of some amino acids. Both glutamate and glutamine are abundant in
CEACAM1-IgV (6.2 and 8.9%, respectively) and both are produced
from α-ketoglutarate, an early intermediate of the citric acid cycle
which utilizes pyruvate, the end product of glycolysis. So, some
labeling is expected, but it is clearly at a much lower level than that of
the glycans. Region 4, centered on 2.0 and 22.3 ppm, has a set of very
intense peaks. The chemical shifts of these peaks are consistent with
N-acetyl methyl groups. Region 5, centered on 1.3 and 17 ppm, again
has a set of fairly intense peaks. The proton shifts are consistent with
amino acid side-chain methyl groups, but further downfield than one
would expect for longer chain amino acids such as valine, leucine and
isoleucine. They clearly belong to alanine methyls. All of the peaks in
these regions must result from metabolic labeling that begins with
u-13C-glucose. Signals from amino acids having natural abundance
13C or near natural abundance 13C are minimal, as can be seen in
expansions of the aromatic region and region 3, respectively, of the
HSQC plotted at a much lower threshold (Supplementary Figure S1).

https://academic.oup.com/glycob/article-lookup/doi/10.1093/glycob/cwaa071#supplementary-data
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Fig. 1. 1H–13C HSQC of CEACAM1-IgV labeled metabolically through supplementation with u-13C-glucose. (A) Full spectrum with regions marked by boxes as

well as a diagram of Man5GlcNAc2. (B) Close-up of GlcNAcs attached to Asn. (C) Close-up of anomeric region for the O-linked GlcNAcs and mannose residues.

(D) Close-up focusing on the region of the spectrum associated with the sugar carbons 2–6.

Figure 1B and C shows a two-part expansion of the anomeric
region (region 1). In Figure 1B, we can clearly identify two crosspeak
clusters, each with four peaks due to scalar coupling in both the
proton and carbon dimensions; these belong to GlcNAcs that are
β-linked to the nitrogen of Asn side chains. Both the large pro-
ton–proton coupling and their unique chemical shifts (∼78.5 and
∼5.05 ppm) support this assignment. The cluster expected for the
third Asn-linked GlcNAc overlaps one of the other clusters. The
pattern of connectivities from these crosspeaks to other ring protons,
as established by HSQC-total correlated spectroscopy (TOCSY) and
13C–13C correlation spectroscopy (COSY) spectra (Supplementary
Figures S2 and S3), adds support to this conclusion. Figure 1C shows
two anomeric crosspeak clusters near 100 and 4.9 ppm that have
large coupling constants in the proton dimension consistent with
β1-4-O-linked GlcNAcs. The third expected peak cannot be seen
in Figure 1 as it is considerably weaker and lies largely under the
water peak. The number of β-O-linked GlcNAc residues is consistent
with all three consensus sites, N104, N111 and N115 (based on
UniProt P13688 numbering) having some level of glycosylation. The
variation in intensity most likely indicates that one of the sites is under
occupied. Additional anomeric peaks with small, unresolved, proton
couplings (Supplementary Figure S2) belong to mannose residues
of Man5GlcNAc2 type glycans. There are some assignments of
Man5GlcNAc2 resonances in the literature suggesting that the two
resolved clusters with splitting only in the carbon dimension near
102 and 5.0 ppm belong to the α1,3-Man residues linked to the core
β-1,4-Man and those near 100 and 5.1 ppm belong to the α1,6-
Man residues. These are remote from the protein attachment sites,
and crosspeaks from the different attachment sites are likely to be
degenerated. Anomeric crosspeaks from β-O-linked mannoses fall
close to the water resonance in the proton dimension and are often
obscured. However, one can be seen in a plot at a lower threshold.

Figure 1D shows an expansion of region 2 with crosspeaks for the
remaining glycan 1H–13C pairs. Many of these can be connected to
anomeric peaks using COSY and TOCSY experiments. All anomeric
peaks, as well as many additional peaks resolved in TOCSY and
COSY spectra, have been assigned to a residue type and pyranose
ring position; these assignments are reported in Table I.

Region 4 is particularly interesting, in which the peaks are quite
intense and well resolved. Expansions of this region are shown in
Figure 2, one before treatment with Endoglycosidase-F1 (Endo-F)
(2a), which cleaves between the two core GlcNAc residues at each
glycosylation site, and one after treatment (2b). The chemical shifts
are consistent with N-acetyl methyl groups. Note that all peaks
occur in pairs separated in the carbon dimension by about 50 Hz.
This is typical of scalar coupling to a single 13C-enriched carbonyl
carbon. An 1H–13C heteronuclear multiple bond correlation (HMBC)
spectrum (not depicted) also shows connectivities of carbonyls to
the methyl protons. Before Endo-F treatment (Figure 2A) at least
four 13C-coupled pairs can be counted. The expectation for two
GlcNAcs (one N-linked and one O-linked) at each of the three N-
glycosylation sites in CEACAM1-IgV would be six, but spectral
overlap and variation in intensity due to differences in site occupancy
or mobility can easily account for the lack of resolved peaks.

The spectrum is simplified after Endo-F treatment (Figure 2B).
There are now two intense doublets, one moderately intense doublet
(2.04 ppm in the proton dimension) and one weak doublet (1.95 ppm
in the proton dimension). The most intense doublets in the Endo-F-
treated sample do not actually line up with the most intense doublets
in the untreated sample; these were partially obscured in Figure 2A
by overlap with the more intense O-GlcNAc signals. The difference
in N-linked and O-linked intensities becomes clear by comparing
projections of Figure 2A (dotted line) and Figure 2B (solid line)
along their vertical 13C axes (Figure 2D). Therefore, the most intense

https://academic.oup.com/glycob/article-lookup/doi/10.1093/glycob/cwaa071#supplementary-data
https://academic.oup.com/glycob/article-lookup/doi/10.1093/glycob/cwaa071#supplementary-data
https://academic.oup.com/glycob/article-lookup/doi/10.1093/glycob/cwaa071#supplementary-data
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Table I. Chemical shifts of types of resonances of glycans attached to native CEACAM1-IgV

Attached to: Name H1, C1 H2, C2 H3, C3 H4, C4 H5, C5 H6, C6

Asn β-GlcNAc 5.06, 78.61 3.82, 54.19 3.62, 74.35 3.49, 77.42 3.48, 69.46 3.76, 61.11
β-GlcNAc 5.03, 78.25 3.77, 54.19 ND 3.53, 77.53 3.52, 69.48 3.75, 60.51

1-4 GlcNAc β-GlcNAc 4.79, 100.42 ND ND ND ND ND
β-GlcNAc 5.04, 102.29 ND ND ND ND ND
β-GlcNAc 4.71, 95.09 3.74, 56.32 71.97 ND ND ND

1-4 GlcNAc β-Man 4.91, 99.40 3.89, 69.92 ND ND ND ND
β-Man 4.87, 100.02 4.14, 69.66 78.48 ND ND ND
α-Man 5.10, 102.6 4.08, 70.24 ND ND ND ND
α-Man 5.08, 102.36 4.07, 70.16 ND ND ND ND
α-Man 5.05, 102.27 4.06, 69.99 ND ND ND ND

Unspecified/overlap α-Man ND ND 3.85, 70.59 3.68, 66.78 3.66, 72.84 3.74, 60.44

ND, not determined. Italics represents shifts of clusters representing multiple nuclei.

Fig. 2. 1H–13C HSQCs of acetyl methyl region of CEACAM1-IgV. (A) Supplemented with u-13C-glucose and grown in HEK293S (GnTI-) cells leading to a dominant

Man5GlcNAc2 glycan population. (B) Similarly prepared CEACAM1-IgV with an additional Endo-F treatment to trim the glycans to a single GlcNAc. (C) Analogous

to A, but a CEACAM1-IgV S96C mutant collected with a constant time HSQC. (D) Projections of a slice of A (−o-) and B (−), normalized to the noise.

doublets in the untreated sample come from the second GlcNAcs
in the Man5GlcNAc2 structure (the O-GlcNAcs), which are further
from the protein surface and are more mobile. The two intense
doublets in the treated sample clearly belong to N-GlcNAcs at highly
occupied sites; a third lower intensity doublet is expected for the
lower occupancy site of the WT CEACAM1-IgV sample, but a second
low-intensity doublet is unexpected. This additional doublet appears
to result from incomplete Endo-F cleavage at one of the sites. In
fact, examination of the anomeric region of an HSQC spectrum
for the Endo-F-treated sample, similar to that shown in Figure 1B
for the untreated sample, shows residual mannose and O-linked
GlcNAc crosspeaks; the single well-resolved O-linked GlcNAc cluster
integrates to ∼25% of that seen in the Man5GlcNAc2 spectrum.

In principle, the N-acetyl region could be greatly simplified by the
use of a constant time HSQC (CT-HSQC) in which 13C–13C couplings
in the indirect (13C) dimension are removed. In Figure 2C, we show
an enlargement from a CT-HSQC run on a very similar protein
construct, which had not been Endo-F processed but had a much
higher and more uniform level of glycosylation (a S96C mutant with
90% glycosylation at all three sites). There are now clearly just three

intense noncoupled crosspeaks, two close to one another at 2.04 ppm
and one shifted more upfield in the proton dimension (1.96 ppm).
Unfortunately, the use of a constant time experiment causes loss
of sensitivity, selectively for resonances broadened due to lack of
internal motion; the three crosspeaks clearly belong to the three more
mobile O-linked GlcNAcs. Identifying these allows a more definitive
assignment of the two weaker doublets seen in Figure 2A. One of the
two crosspeaks at 2.04 ppm corresponds to the intense doublet at
2.03 in Figure 2A, and the one at 1.96 corresponds to the intense
doublet at 1.96 ppm. The weak doublet near 2.04 in Figure 2A,
therefore, comes from an O-GlcNAc at an under glycosylated site
in the WT sample as it resides at the chemical shift of the second
intense peak at 2.04 ppm in the spectrum of the mutant sample. The
weak doublet at 1.95 ppm in Figure 2A then comes from the third
N-GlcNAc, and the one remaining peak in Figure 2B must be from
an O-GlcNAc that is under processed by Endo-F, possibly the same
site that is under occupied in WT CEACAM1-IgV.

The fact that we can analyze the N-acetyl region in such detail
comes from the generally high-peak intensity and resolution in this
region. The overall high intensity of peaks is partly due to the three
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Fig. 3. 1H–13C HSQC spectra of the methyl region of CEACAM1-IgV. (A) WT CEACAM1 labeled using u-13C-glucose; plotted at a high threshold. (B) Same as A, but

plotted at a threshold where natural abundance methyls are visible. (C) A constant time HSQC of S96C mutant labeled with u-13C-glucose and dimethyl-13C-valine.

equivalent protons on acetyl methyls and partly due to a high level of
labeling. A high level of labeling is not unexpected, given the single
metabolic step from pyruvate to acetyl-CoA. Isotopomer analysis of
oxonium ions, from released GlcNAcs in MS2 spectra, shows isotopic
labeling to be 42 ± 12% in the acetyl group. This is actually very
near the level of labeling observed for carbons in all sugar rings
(43 ± 14%). This, in turn, is near the maximum labeling expected due
to the 50:50 mix of labeled and unlabeled glucose in our expression
medium.

Figure 3A and B shows expansions of region 5 at different thresh-
olds. The intense crosspeaks in Figure 3A belong to alanines and
the weak peaks that appear at lower threshold levels in Figure 3B
belong to natural abundance methyl groups of other amino acids.
The alanine peaks are centered about the average chemical shifts of
alanine methyl protons and carbons at 1.35 and 19.06 ppm, respec-
tively, as reported in the Biological Magnetic Resonance Data Bank
(Ulrich et al. 2008). There are eight intense peaks, one more than
expected for the seven alanine residues in our construct. These intense
peaks are unlikely to be from any other methyl containing amino
acid, as those are all essential amino acids and would be unlikely to
be synthesized from 13C-labeled glucose. Sample heterogeneity is a
more likely cause. Some of the alanine methyl crosspeaks had been
previously assigned using data from a uniformly labeled nonglyco-
sylated sample expressed in E. coli (Zhuo et al. 2016); assignments
have been transferred as shown in Figure 3A. In addition, we have
assigned the two very narrow peaks to A34 (UniProt numbering), a
residue just four amino acids from the N-terminus of our CEACAM1-
IgV construct and one that was absent in E. coli construct. The four
N-terminal amino acids are the glycine left following TEV cleavage
and three linker amino acids (SGG) that were inserted to make the
TEV cleavage site more accessible. These residues are likely to be
disordered and can contribute to the enhanced mobility and narrow
resonances for A34. All alanine peaks are intense, again partly due

to the three equivalent protons on a methyl group and partly due to
efficient labeling via the one-step conversion of pyruvate to alanine
by alanine transaminase. The issue of the extra peak for A34 will be
addressed in mass spectrometry data presented below.

Many of the peaks seen when spectra are plotted at a lower
contour (Figure 3B) come from natural abundance valine methyls.
The constant time experiment mentioned in our discussion of acetyl
methyls (Figure 2C) actually provides a means of assigning these
peaks, as the sample for the constant time experiment was labeled
using both 13C-glucose and dimethyl-13C-valine. A section of the
constant time experiment showing alanine and valine methyl cross-
peaks is shown in Figure 3C. The valine peaks are more intense than
the alanine peaks, as expected given the upwards of 96% labeling
(mass spectrometry [MS] confirmation) that results from using a
combination of valine dropout media and addition of dimethyl-13C-
valine. Moreover, these peaks are of opposite sign (red vs. blue). The
sign change comes from that fact that the valine methyls have only
a very small two-bond 13C–13C coupling. With the constant time
interval selected for our experiment (13.3 ms), alanine peaks with
a large one-bond coupling evolve to have the opposite phase of the
valine peaks with a very small two-bond coupling. We can now use
the natural abundance valine peaks in Figure 3B as a reference in
estimating the % alanine labeling. Intensities are in general affected
by internal motion, but both alanine and valine methyls are close to
the backbone and, except for those in mobile segments at the protein
termini, are likely to be quite rigid. By excluding the sharpest ∼ 25%
of crosspeaks for each amino acid type to avoid the effect of backbone
flexibility, we can compare intensities. We find the alanine methyls to
be isotopically labeled to 23 ± 3%. This is high given the maximum
of 50% labeling expected from the glucose in the medium, and the
additional natural abundance alanine available from the GlutaMAX
(L-Ala-L-Gln) that was used to provide a controlled level of glutamine
in the medium.
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Fig. 4. Deconvoluted mass spectrum of u-13C-Ala-labeled CEACAM1-IgV, Endo-F treated. Peaks labeled with black circles have an amino acid sequence beginning

with GGA, while the peaks labeled with squares begin with GSGGA. In each case, the number within the label indicates the number of GlcNAc modifications.

The suggested partial occupancy of one or more of the putative
N-glycosylation sites in CEACAM1-IgV is easily confirmed using
electrospray mass spectrometry of the intact protein. Ideally, this
would be applied to the actual samples used in the NMR analysis.
However, the presence of 13C at variable percentages of enrichment
in both glycans and amino acids can complicate analysis. Hence, a
sample with only alanine carbons enriched with 13C was treated with
Endo-F. As shown in Figure 4, two series of peaks, each with peaks
differing in mass by that expected for the presence of one, two or
three GlcNAc residues, were observed. No mass peaks were observed
for a completely nonglycosylated species. Assuming equal ionization
tendencies for these species, the intensities do not fit a pattern of
partial, but equal, occupancy of all three sites. They are consistent
with two high occupancy sites and one lower occupancy site.

The presence of two series of peaks in Figure 4 suggests additional
sample heterogeneity. The separation in mass does not correspond
to any deletion or addition of a glycan residue. Instead, the lighter
of the two series, which is 145 Da less than expected according
to the construct design, corresponds to the mass of glycine plus
serine, the two residues expected at the N-terminus of our TEV-
cleaved construct. If these residues were absent, the alanine closest
to the N-terminus would be preceded by just a GG sequence and
not the GSGG sequence expected for TEV cleavage. This change
in termination could easily account for the shifted extra alanine
methyl peak in our NMR spectra. There appear to be no reports of
TEV cleavage at a noncanonical site (Kapust et al. 2002); however,
it is interesting that cleavage between S and G would mimic the
hydrophilic neutral (Q), followed by G, found in the canonical
ENLYFQ/G TEV recognition site. It is also possible that the alternate
truncation is the product of other contaminating proteases during
purification.

To identify the site with low N-glycosylation occupancy and deter-
mine the relative occupancy more accurately, we employed top–down
electron capture dissociation (ECD) tandem mass spectrometry (MS2)
on an Endo-F-treated wild-type sample having no isotopic labeling.
Representative results are shown in Figure 5 for the protein isomer
showing glycosylation at all three consensus sites. The term “top–
down” means that no previous proteolytic digestion step is used and
that the intact protein is subjected to fragmentation and MS2 analysis
(Kelleher 2004). This is especially convenient for a high purity protein
where the chromatographic separation typically used in a bottom-up
analysis is not necessary. The fragmentation method, ECD, produces
widespread cleavage of N–Cα bonds along the polypeptide backbone
while preserving labile post-translational modifications such as glyco-
sylation (Zubarev et al. 2000), thus allowing site-specific assessment
of GlcNAc occupancy. As indicated in Figure 5, fragment ions were
produced between each of the glycosylation sites confirming their
localization and allowing assessment of their relative occupancy. By
comparing the top–down fragmentation data for the mono-, di- and
triglycoforms, it is observed that N115 is clearly the low occupancy
site, with relatively high levels of occupancy at the other two sites,
more specifically 75, 78 and 51% for the N104, N111 and N115
sites.

Discussion

With the increased interest in the characterization of glycoproteins,
whether it be for biophysical studies (Sakae et al. 2017; Arda and
Jimenez-Barbero 2018; Flugge and Peters 2019) or characterization
of the biologics that now dominate products of the pharmaceutical
industry (Anish et al. 2014; Yang et al. 2015; O’Flaherty et al. 2018),
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Fig. 5. Top–down ECD MS2 determination of glycan occupancy. (A) Example of the ECD MS2 spectrum of the proteoform having three GlcNAcs. The vertical scale

was chosen to emphasize the large number of low-intensity fragment ions. Three intense peaks corresponding to the precursor ion and two charge-reduced ions

are observed. (B) Construct sequence showing observed c and z fragment ions. The highlighted Asn residues indicate the glycosylation sites.

it is clearly important to have methodology that can rapidly and
effectively assess protein structure and the nature of glycosylation.
Mass spectrometry provides rapid and effective characterization of
glycoforms and peptide sequence, but it is much less effective at
assessing preservation of protein tertiary structure, characterizing
interactions between glycans and the protein to which they are
attached, or characterizing interactions between a specific glycopro-
tein and its ligands. NMR is better suited to this type of structural and
functional characterization, but applications are inhibited by the need
to isotopically labeled, particularly when expression in eukaryotic
hosts is required. Here we have illustrated the successful labeling of
both protein and glycans in a single inexpensive culture by the simple
addition of 13C-labeled glucose to an existing, chemically defined
expression medium at a level that doubles the glucose content. Under
these expression conditions, sugar residues of the Man5GlcNAc2
glycans produced in HEK293S (GnTI-) cells are labeled to near
the maximum level expected based on the ratio of labeled glucose
added to unlabeled glucose originally present in the medium (for
GlcNAc, 43 ± 14% compared to the expected 50%). Similar levels
are expected for both galactose and sialic acids found on glycans
of proteins expressed in wild-type cells, as they are produced in
single enzyme steps from glucose and mannose, respectively. N-acetyl
methyls are also labeled to a similar percentage (42 ± 12%); alanine
methyls of the protein are labeled to a useful level (23 ± 3%) despite

dilution by natural abundance alanine inherent in the medium. Elim-
inating unlabeled glucose from the expression medium and replacing
it with 99% u-13C-labeled glucose would raise these percentages by
nearly a factor of two. However, effective labeling by simple addition
to existing media is sufficient for screening structure changes and
protein interactions and may extend NMR observation to a range
of proteins expressed in eukaryotic cell media for other applications.

Isotope labeling of single amino acid types (sparse labeling), and
even uniform isotope labeling of carbohydrates at less than 90%,
does impose limits on the type of NMR experiments that can be
performed. For proteins, the normal triple resonance experiments
used for resonance assignment become inefficient. However, we and
other groups have been working on methods to replace this approach
(Prestegard et al. 2014; Kerfah et al. 2015; Kainosho et al. 2018;
Yanaka et al. 2018). For glycans, even labeling at 50%, compared
to 90%, results in nearly a 4-fold loss of sensitivity when HMBC
experiments are used as a method to establish trans-glycosidic con-
nectivities. Using NOE (nuclear Overhauser effect) experiments as
an alternative method may provide higher sensitivity, but analysis
suffers from ambiguities due to sampling of multiple conformations
and from poor proton resolution. Even without assignment, properly
processed glycan crosspeaks can allow a qualitative assessment of
glycoform composition and differential site occupancy for multiply
glycosylated proteins. Appearance of shifted peaks and additional
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peaks for either glycan or protein components can signal conforma-
tion changes or heterogeneities in sample preparation.

When assignments can be made, chemical shift perturbations
can be indicators of site-specific interaction. Other methods based
on distance constraints on sparsely labeled sites using paramagnetic
tags provide an alternative strategy for more complete structure
determination (Yagi et al. 2013). These structural methods can also
be extended to association of glycan resonances with particular
glycosylation sites and glycan conformational analysis (Kato and
Yamaguchi 2015; Gao et al. 2016).

Methyl groups found on alanine, valine, leucine, isoleucine or
methionine prove particularly useful in screening for protein stabil-
ity and interactions (Tugarinov and Kay 2003; Flugge and Peters
2018). The crosspeak positions in HSQC or heteronuclear multiple
quantum coherence spectra vary significantly with perturbations to
both secondary and tertiary structures. Positions are also perturbed
on binding of ligands or other proteins. The fact that the alanine
crosspeaks we detect in proteins expressed in 13C-glucose-containing
cultures are well separated from crosspeaks coming from dimethyl-
13C-valine supplemented cultures means that simultaneous labeling
of valines, alanine and glycans is an option, giving a more complete
mapping of structure preservation and glycoprotein interaction.

For the current application, the methods described have proven
particularly valuable in uncovering heterogeneities in samples pre-
viously assumed to be homogeneous. The observation of an extra
alanine crosspeak in the spectrum of our CEACAM1-IgV construct
led to the mass spectrometric identification of a species missing two
residues at the N-terminus and association of the extra peak with A34
in the truncated product. The fraction of this species was large and
unexpected. Whether this is due to some proteolytic activity in our
expression medium or some lack of specificity in the TEV enzyme
will require further investigation. The incomplete occupancy of N-
glycosylation sites was also suggested by the intensity variation in
anomeric and N-acetyl crosspeaks for the N-glycans. Top–down mass
spectrometry then identified the low occupancy site as N115. Partial
occupancy of this site may be associated with the central residue
of the sequon, an aspartic acid. The presence of aspartic acid has
been suggested to decrease glycosylation at the preceding asparagine
(Mellquist et al. 1998). Enhanced occupancy of the N104 and N111
sites may be associated with the central residue as well. The presence
of alanine and valine, as found in these sites, has been suggested to
promote glycosylation (Petrescu et al. 2004). Also, N115 is the last
position in a sequence of two closely spaced N-glycan sequons. Under
occupancy at this position may also be a result of a local depletion
of glycan donors on glycosylation of the upstream glycosylation
site. Further investigation of the origin of these variations is clearly
justified.

The origin of a fourth N-acetyl methyl peak in our spectra of
Endo-F-processed protein appears to be the result of incomplete
removal of Man5GlcNAc2 groups by this enzyme. This could be asso-
ciated with some steric hindrance to approach of the Endo-F enzyme
at the site. These heterogeneities may have some consequences. For
example, our previous observation of inhibition of CEACAM1-IgV
dimer formation by the presence of even minimal glycosylation has
been difficult to reproduce (Zhuo et al. 2016). This may have been
a consequence of more extensive proteolysis, abnormal glycosylation
of a particular sample or chemical modification on long-term storage.

For future applications, close monitoring of glycosylation pat-
terns and protein integrity will be very important. The sparse labeling
strategy described here can play a role. While overall costs are less
than is typical of uniform labeling with isotope enriched amino acids,

cost remains a consideration. In the present work, we grew 1 L
cultures, something required for the production of the >10 mg of
protein typically used in complete NMR structural characterization
of proteins. Adding 5 g of uniformly 13C-labeled glucose to this
culture cost nearly $1000. However, for screening applications that
use methyl groups (N-acetyl or Alanine methyls), <250 μg of 25%
labeled protein proves adequate for 1 h HSQC screening applications
using modern cryogenic, small volume, probes. This would reduce
isotope costs to ∼$25 per sample. It may also be possible to use
media with lower levels of glucose. Common media, such as Basal
Medium Eagle or Minimum Essential Medium Eagle contain as low
as 1 g/L glucose, an amount approaching normal serum levels (Weil
et al. 2009), and a chemically defined medium lacking all natural
abundance glucose could be used.

There is obviously more work to do to optimize the above strategy
to the protein production strategies of individual labs. However, the
simplicity of adding 13C-glucose to standard culture media used for
the expression of mammalian proteins has a great deal of appeal.
It can certainly provide an assessment of the structural and glyco-
sylation homogeneity of a preparation. It may also provide useful
information comparing structural characteristics of closely related
proteins, such as those differing due to a mutation, differing due to
glycoform or differing due to culture conditions. In these cases, small
cultures can be grown in parallel with 13C-glucose additions to each.
Spectra can then be compared to detect structural perturbations of
the protein or variation in glycoform production.

Materials and methods

Cell growth
13C-labeled versions of the CEACAM1-IgV domain were prepared
by overexpression in HEK293S (GnTI-) (MGAT1 knockout)
cells (ATCC), which produce proteins primarily labeled with
Man5GlcNAc2 glycans, using an expression vector and purification
procedures previously described for preparation of unlabeled and
labeled samples (Zhuo et al. 2016; Moremen et al. 2018). Briefly, a
construct containing a secretion signal sequence, 6xHis-tag, AviTag,
GFP, a TEV protease cleavage site and CEACAM1-IgV domain in the
pGEn2 vector was transfected into HEK293S (GnTI-) cells (Reeves
et al. 2002; Subedi et al. 2015). The transcript for the CEACAM1-
IgV domain comprised residues 34–141 (UniProt P13688) and
used codon optimization for mammalian expression. It was also
preceded by codons for a short linker (SGG), which was added
to minimize steric interactions between the GFP and CEACAM1-
IgV and provide greater accessibility for TEV protease cleavage.
For 13C-labeling of glycans, cells were maintained in shake flask
cultures using 1 L FreeStyle 293 expression media at 37◦C in a
humidified CO2 platform shaker. U-13C-glucose (5 g/L, Cambridge
Isotope Labs, Tewksbury, MA) was added to the cells 24 h after
transfection and the culture was maintained at 37 ◦C for 5 days. The
protein was harvested by removing the cells via centrifugation and
recovering the media, which contained the expressed protein. The
protein was collected using a Ni2+-NTA superflow column (Qiagen,
Germantown, MD) and eluted using 25 mM HEPES, 300 mM NaCl,
300 mM imidazole, pH 7.0. All buffer components used for this study
were purchased from Sigma-Aldrich. The eluted fusion protein was
concentrated to 1 mg/mL and mixed with recombinant TEV protease
at ratio of 1:10 relative to GFP-CEACAM1-IgV and incubated at 4◦C
for 24 h. The sample was applied to a second Ni2+-NTA column and
the flow-through, containing cleaved CEACAM1-IgV, was collected.
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The cleavage event should leave a four amino acid (GSGG) scar.
The purified protein was run over a Superdex-75 (GE Healthcare
Life Sciences, Chicago, IL) column and exchanged into a buffer
containing 50 mM sodium phosphate, 100 mM NaCl, 1 mM TCEP,
pH 6.5. The yield was ∼11 mg. All NMR experiments presented
here employed a further buffer exchange into the D2O version of the
same buffer, supplemented with 5 mM NaN3 and 50 μM DSS (as an
NMR internal reference).

A sample of CEACAM1-IgV was also labeled with u-13C-Ala
(Cambridge Isotope Labs) to verify the chemical shifts of alanine
and compare the labeling levels using MS. This was prepared as
above with the following modifications. A custom dropout FreeStyle
Expression medium without GlutaMAX (L-Ala-L-Gln) was supple-
mented with 100 mg/L u-13C-Ala and unlabeled Gln. After the protein
was collected from the media using Ni2+-NTA resin, the protein
was treated with both TEV protease and Endo-F, which cleaves
between the first and second GlcNAc of Man5GlcNAc2, generating
a protein that contains a single GlcNAc at the glycosylation site, but
is otherwise structurally identical (based on NMR) to versions with
more complete glycosylation. Mass spectrometry was used to verify
enrichment of alanine as well as determine if there was any other
unexpected enrichment (Ala ∼ 40%, other labeling minimal). For
analysis of site occupancy by mass spectrometry, a similar procedure
was followed except cultures of ∼100 mL were used and no labeled
glucose or isotopically enriched amino was added.

In addition, a sample of a CEACAM1-IgV mutant (S96C) was
metabolically labeled with dimethyl-13C-Val (Cambridge Isotope
Labs) and u-13C-glucose to identify valine resonances. Labeling was
achieved using a culture medium depleted in a subset of essential
amino acids deemed useful for NMR experiments (Val, Phe, Tyr,
and Lys). Dimethyl-13C-Val (150 mg/L, CIL) and u-13C-glucose
were added to the media along with unlabeled forms of Phe, Tyr
and Lys. The media also contained the normal concentration of
GlutaMAX found in the FreeStyle Expression medium formulation.
The S96C mutation resulted in a protein in which the major species
was glycosylated at all three sites (MS verification). All samples were
quantified using a Nanodrop 2000c spectrophotometer using an
extinction coefficient of 14,400 M−1 cm−1.

Nuclear magnetic resonance

All experiments were carried out on 600 MHz Bruker AVANCE NEO
spectrometers with TCI or TXO (13C-optimized) cryoprobes using
5 mm samples at 298 K. All samples were in 50 mM sodium phos-
phate buffer, pH 6.5, with 100 mM NaCl and 5 mM NaN3. The 1H–
13C HSQCs utilized the Bruker pulse sequence hsqcetgpsisp2, which
uses gradient pulses as well as sensitivity enhancement to reduce arti-
facts and optimize signals. The u-13C-glucose supplemented sample
was 470 μM. Spectra were taken over a spectral width of 13 ppm
in the proton dimension and 120 ppm in the carbon dimension
with offsets of 4.7 and 60 ppm, respectively. The size of the fid was
6248 × 1024 and the relaxation delay was 1.5 s. For the sample made
with both dimethyl-13C-valine labeling and supplemented with u-13C-
glucose, the concentration was 420 μM and the fid size was 1024 ×
140. The other parameters remained. All data were processed using a
combination of TOPSPIN (version 4.0) and Mnova (V14). All NMR
figures were made in Mnova.

Top–down mass spectrometry

For top–down site occupancy analysis, CEACAM1-IgV was prepared
at a concentration of 20 μM in a solution of 49.5/49.5/1 (v/v/v)

% water/methanol/formic acid and introduced into the mass spec-
trometer via direct infusion electrospray ionization at a flow rate
of 2 μL/min. Mass spectrometry was performed using a 12T Bruker
Solarix FT-ICR-MS. ECD MS2 spectra were collected using a 20 ms
electron pulse, 1.0 V bias voltage and 15.0 V lens voltage. Peak
picking and deconvolution were performed in Bruker DataAnalysis.
Initial fragment assignments were determined using Protein Prospec-
tor MS-Product (prospector.ucsf.edu/prospector/mshome.htm) with
a 50 ppm tolerance. A subsequent internal calibration was applied
with a 2 ppm mass tolerance. All ions used for glycosylation site
mapping were verified manually.

Glycopeptide analysis of isotope enrichment of sugars

For isotopic enrichment analysis of the CEACAM1-IgV glycans
prepared with u-13C-glucose, 100 μg of the glycoprotein in 17 mM
NH4HCO3 was carbamidomethylated with 30 mM iodoacetamide
(IAA). Excess IAA was removed via centrifugal filtration (Amicon
Ultra with a 10 kDa cut-off). The sample was digested with 5 μg of
sequencing grade trypsin (Promega, Madison, WI) for 12 h at 37◦C
followed by digestion with 5 μg of elastase (Promega, Madison,
WI) overnight at 37◦C. The digest was analyzed on an Orbitrap
Fusion Tribrid mass spectrometer equipped with a nanospray ion
source and connected to a Dionex nano-LC system. A prepacked
reverse phase column (C18 from Dionex) was used to separate
peptides. Parent peaks for the peptides ETIYPN(HexNAc)AS and
TQN(HexNAc)DTGFYT were subjected to higher-energy collisional
dissociation and collision-induced dissociation MS2 to evaluate
isotope peaks corresponding to oxonium ions from the HexNAc
as either completely 12C-labeled (m/z 204.0874), 13C-acetate/12C-
hexose (m/z 206.0930), 12C-acetate/13C-hexose (m/z 210.1061) or
completely 13C-labeled (m/z 212.1027). Data analysis was performed
using Data Xcalibur 3.0 and Byonic software as well as manual
verification. Errors are standard deviations from four independent
measures of isotope incorporation.

Supplementary data

Supplementary data for this article are available online at http://
glycob.oxfordjournals.org/.
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