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Summary

A large proportion of human proteins contain post-translational modifications that cannot 

be synthesized by prokaryotes. Thus, mammalian expression systems are often employed 

to characterize structure/function relationships using NMR spectroscopy. Here we define the 

selective isotope labeling of secreted, post-translationally modified proteins using human 

embryonic kidney (HEK)293 cells. We determined that alpha-[15N]- atoms from 10 amino acids 

experience minimal metabolic scrambling (C,F,H,K,M,N,R,T,W,Y). Two more interconvert to 

each other (G,S). Six others experience significant scrambling (A,D,E,I,L,V). We also demonstrate 

that tuning culture conditions suppressed V and I scrambling. These results define expectations for 
15N-labeling in HEK293 cells.
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Protein NMR spectroscopy was previously highly focused on structure determination 
1. However, with the rapid increase in high-resolution structures determined by X-ray 

crystallography, cryogenic electron microscopy, and computational predictions 2,3, NMR 

is poised to capitalize on these models and provide measurements to define how proteins 

function in solution without the need to determine all atom structural models. The advent 

of techniques over the past 25 years to promote data collection on large, slowly tumbling 

systems likewise promote the application of NMR to large, complex systems 4–6.
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With this fortuitous coalescence of supporting techniques, expanding NMR capabilities 

to investigate previously inaccessible proteins requires significant methods development 

efforts. For example, protein NMR studies have largely utilized proteins expressed in 

prokaryotic systems due to the ease of isotope labeling from simple metabolic precursors 7. 

One significant limitation of this expression technology is an inability to produce proteins 

with often essential mammalian post-translation modifications including glycosylation. For 

example, glycoproteins are found in the ER and Golgi, at the cell surface, and secreted 

outside the cell. A large fraction of the human proteome, 22% or 4,512 proteins, contain 

at least one N-glycosylation site (average = 3.6). Often, proper glycans are essential 

for protein function (including, but not limited to ref. 8–10). Glycoproteins, and other 

post-translationally modified proteins represent important drugs, including monoclonal 

antibodies, cytokines, and blood clotting factors, to name just a few. Thus, there is a clear 

need to improve the protein expression capabilities to define structure/function relationships 

in this cohort of dynamic and important proteins.

Post-translationally modified proteins, including glycoproteins, are often expressed in 

mammalian cells, including human embryonic kidney (HEK)293 cells. HEK293 cells grow 

in complex medium, though chemically defined media are available 11. Appending an 

appropriate signal peptide to the N-terminus of the protein directs it to the ER translocon 

complex for import in the ER, providing an oxidative folding environment and a host of 

processing machinery including glycosyltransferases 12. The disadvantage of mammalian 

cells, in contrast to Escherichia coli, is an inability to introduce 15N and 13C labels 

from inexpensive metabolic precursors like ammonium chloride and glucose. Furthermore, 

mammalian cells do not tolerate deuterium oxide and thus 2H labeling is prohibited. 

Mammalian cell growth medium often contains a mixture of many (if not all) amino acids, 

thus uniform labeling requires supplementation with a labeled version of each amino acid.

Commercial media for HEK293 labeling are available, but are very expensive 13. Labeling 

in HEK293 cells is described 14–17, however, a thorough evaluation of selective amino acid 

labeling is not known. Such a description is expected to provide a compendium for the 

behavior of individual 15N labels during protein expression as well as provide guidance for 

labeling strategies. It is important to note that Prestegard and coworkers described multiple 

strategies to assign selectively-labeled amino acids, thus peaks can be assigned in a manner 

that avoids expensive uniform labeling or onerous single site mutagenesis 18–21. Here we 

investigate the labeling of proteins using HEK293F cells grown in suspension.

The protein expression system investigated here was developed by Dr. Kelley Moremen, 

and utilizes transient transfection that permits proteins to be rapidly expressed without the 

weeks of time required to isolate stably-transfected cell lines 22,23. Furthermore, commercial 

chemically-defined medium can be prepared without amino acids and sugars, allowing for 

medium to be reconstituted with a single labeled amino acid. This approach dramatically 

reduces costs compared to existing commercial products or uniform labeling. Here we 

investigated methods to generate amino acid labeling during protein expression with 

HEK293F cells and identified conditions for reducing metabolic scrambling and multiple 

amino acid labeling to increase the number of observable signals.
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We expressed proteins using a culture medium supplemented with selective 15N-labeled 

amino acids to determine how HEK293 cells metabolize the 15N atoms, using 18 different 

amino acid types. Glutamine was excluded from the analysis due to the high concentration 

required for HEK cell growth and viability which thus introduces a significant expense. 

Proline was likewise excluded due to the absence of an amide proton leading to invisibility 

in standard1H-detected 1H-15N correlation experiments. Culture medium contained each 

labeled and unlabeled amino acid at a concentration of 100 mg/L (except Q as noted; Kato 

and coworkers also recently developed a method to label glutamine 24). NMR spectra of 

each protein, following purification, revealed a characteristic spectrum as shown in Figure 

1. We evaluated whether the alpha amine of each amino acid was removed and incorporated 

into other amino acids, a process termed “scrambling,” by comparing the number of peaks 

in a 2d HSQC spectrum to the number of that type expected for the protein. Labeling with 

amino acids that experience minimal scrambling are expected to produce a spectrum with 

the same number of peaks compared to count of residues of that type found in the protein 

sequence, with few if any additional peaks for these well-behaved proteins.

Ten amino acids showed minimal metabolic scrambling (Figure 1), including six of the nine 

amino acids essential to human nutrition (F,H,K,M,T,W) as well as four additional residues 

(C,N,R,Y). Two amino acids, G and S, converted only to each other. Thus, a total of twelve 

amino acids exhibited limited or no observable scrambling (C,F,G,H,K,M,N,R,S,T,W,Y). Six 

amino acids exhibited a high degree of scrambling, including A,D,E,I,L and V. Interestingly, 

I,L and V are the three remaining essential amino acids, and show similar spectra indicating 

similar scrambling pathways. The metabolism of the alpha amine from P and Q in this 

system remain undefined.

We examined whether reducing the concentration of the labeled amino acid while keeping 

the unlabeled amino acids at 100 mg/L would decrease scrambling. This approach is 

expected to increase the percentage of the exogenous labeled amino acid that is incorporated 

into the protein and decrease the amount available for metabolism into other amino acid 

types. We examined the labeling of both V and I at 100 mg/L, 50 mg/L and 25 mg/L. 

Protein expressed from culture medium containing 100 mg/L of each amino acid showed 

a high degree of scrambling as expected, though labeling with 25 mg/L showed minimal 

scrambling with clear enrichment of intense peaks corresponding to the labeled amino 

acid type (Figure 2). The intermediate condition with 50 mg/L showed a spectrum of 

intermediate quality with substantial contribution from additional peaks, though at a reduced 

intensity compared to the strongest peaks in the spectrum also found with the 25 mg/L 

concentration.

It is likewise of interest to identify cost-effective labeling strategies that provide a great 

number of peaks than is available from single amino acid labeling. Combining multiple 

labeled amino acids into a single expression medium is expected to preserve the benefits 

of selective labeling, notably isolated peaks with minimal overlap. We first attempted 

supplementing the medium with 100 mg/L K and S plus 25 mg/L V with no labeled or 

unlabeled glycine. Based on the previous experiments, this condition is expected to reduce 

scrambling and provide signal for K,V,G and S residues. This strategy failed to produce 

protein and the cells showed reduced viability. We next explored supplementing the medium 
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with 100 mg/L K,G and S and recovered a high yield of protein. The spectrum revealed 

minimal scrambling with 38 peaks observed of 38 expected (Figure 3A).

We next evaluated V, I and L labeling, with the expectation that these likely interconverted 

with one another, and supplementing all three at 100 mg/L will increase observable signals 

in a single sample. Indeed, a spectrum of the 15N-VIL CD16a sample showed 42 strong 

peaks with 32 weaker peaks, compared to 35 expected VIL peaks (Figure 3B). This number 

would increase to 43 if A is likewise labeled through metabolic scrambling. Thus, this 

labeling strategy provided strong labeling of VIL and A residues, with weaker labeling of 

other amino acids. Here we demonstrated that VIL labeling provides a low-cost labeling 

option.

Lastly, we quantified the percentage of 15N incorporation for the 15N-VIL and the 15N-KGS 

labeled samples. Though we established metabolic scrambling of the 15N atoms with the 

NMR experiments, it is possible, in fact probable for some residues, that 14N incorporation 

into the target amino acids occurs using other 14N sources in the medium as it is only 

selectively 15N labeled. MALDI-FTICR-MS spectra of trypsinized peptides recovered from 

secreted proteins revealed clear shifts in the peak multiplet, indicating isotope incorporation 

(Figure 3CD). The abundances of the isotope peaks in the MS data from four peptides 

for each sample was fitted to statistically calculated values to determine the amount of 

peptide that contained at least one additional heavy isotope label. This analysis provides an 

estimate of isotope incorporation of 52 ±4% and 30 ±14% for the 15N-KGS and 15N-VIL 

samples, respectively. The labeling percentage is significantly below 100%, indicating that 

even though the amino acids of residues like Lys, Gly and Ser are not scrambled into other 

amino acids, it is likely that a significant pool of 14N amino acids exist. This pool could arise 

from multiple sources. Grzesiek and coworkers recently noted that Gln is scrambled to Ala, 

Asp and Glu in insect cells, and the high unlabeled Gln concentration may contribute 14N 

incorporation we observed 25. One additional source may be the residual pool of amino acids 

present prior to transferring the expressing cells into the labeling medium. It is also possible 

that the alpha amino groups of these residues are being added from unlabeled sources 

present in the growth medium. Despite this reduced labeling efficiency, it is important to 

note that HEK293 cells support robust labeling and provide high quality NMR spectra.

It is interesting to note that the 15N-lysine included both 15N-alpha and 15N-epsilon atoms, 

but the detected peptides contained predominantly one 15N atom. It is notable that we 

observed minimal scrambling of the 15N alpha atom by NMR spectroscopy, suggesting the 

sidechain epsilon 15N was exchanged. Saccharopine dehydrogenase catalyzed deamination 

is the first step in lysine catabolism in humans but is reversible and can exchange the 

epsilon nitrogen with the alpha nitrogen from glutamate26, which would not be labeled in the 
15N-KGS labeling medium and readily exchanging with other 14N-amino acids.

In conclusion, these experiments demonstrate selective amino acid 15N labeling using the 

HEK293F protein expression system for 18 amino acid types. The availability of amino 

acid selective labeling provides identity information to each peak, and here we showed 

minimal metabolic scrambling for 12 residues, along with feasible strategies to reduce 

scrambling for two more. Selective amino acid labeling represents an accessible strategy 
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to introduce NMR-observable nuclei into heavily post-translationally modified proteins, 

including glycoproteins, for study by NMR spectroscopy.

Experimental Procedures

Materials.

All materials were purchased from Sigma unless otherwise noted.

Protein expression.

We expressed both IgG1 Fc and GFP-CD16a from the pGen2 vector 22. Both vectors 

include a signal sequence to import the nascent polypeptide into the ER, at which point 

N-glycosylation and folding occurs. These peptides are then secreted into the medium. The 

sequences of the secreted proteins are:

GFP-CD16a (“//**//” denotes the TEV cleavage site):

MHHHHHHHHMSGLNDIFEAQKIEWHEMSKGEELFTGVVPILVELDGDVNGHKFSV

RGEGEGDATNGKLTLKFICTTGKLPVPWPTLVTTLTYGVQCFSRYPDHMKRHDFFKS

AMPEGYVQERTISFKDDGTYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEY

NFNSHNVYITADKQKNGIKANFKIRHNVEDGSVQLADHYQQNTPIGDGPVLLPDNH

YLSTQSVLSKDPNEKRDHMVLLEFVTAAGITHGEFSSENLYFQ//**//

GRTEDLPKAVVFLEPQWYRVLEKDSVTLKCQGAYSPEDNSTQWFHNESLISSQASSY

FIDAATVDDSGEYRCQTNLSTLSDPVQLEVHIGWLLLQAPRWVFKEEDPIHLRCHSW

KNTALHKVTYLQNGKGRKYFHHNSDFYIPKATLKDSGSYFCRGLVGSKNVSSETVN

ITITQG

IgG1 Fc: 

AKSEPKSCDKTHTCPPCPAPELLGGPSVFLFPPKPKDTLMISRTPEVTCVVVDVSHED

PEVKFNWYVDGVEVHNAKTKPREEQYNSTYRVVSVLTVLHQDWLNGKEYKCKVS

NKALPAPIEKTISKAKGQPREPQVYTLPPSRDELTKNQVSLTCLVKGFYPSDIAVEWE

SNGQPENNYKTTPPVLDSDGSFFLYSKLTVDKSRWQQGNVFSCSVMHEALHNHYTQ

KSLSLSPGK

pGen2 vectors encoding these two proteins were used to transiently transfect HEK293F 

cells according to a previously published method 23, except that the medium used during 

the transfection and the dilution (24h after transfection) differed. The custom Freestyle293 

culture medium utilized here was purchased from Life Technologies, and did not include 

any amino acids (including Glutamax) or carbohydrates. Furthermore, the osmolarity of 

this medium was not adjusted by the manufacturer. For each expression, one or more 

[15N]-labeled amino acids (Isotec) were added to the medium followed by every remaining 

amino acid at a concentration of 100 mg/L; these remaining amino acids did not contain 

[15N] enrichment. The only exception was glutamine, which was added at 1 g/L. Unlabeled 

glucose was added at a final concentration of 3 g/L. After these additions, osmolarity was 

adjusted to 260-280 mOsm/kg using a 5004 Micro Osmette machine (Precision Systems), 

the volume adjected by adding distilled/deionized water, and the medium was passed 

through a sterile 0.20 μm filter (VWR). Following the culture incubation (4-6 d), cells 
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and cell debris were removed by centrifugation (2x 5 min 1000 x g) and the used medium 

filtered before protein purification.

Protein Purification.

Clarified spent culture medium containing IgG1 Fc was diluted 1:1 with 20 mM sodium 

phosphate, 150 mM sodium chloride, pH 7.2, then applied to a Protein A Sepharose column 

on an Åkta Go system (Cytiva). IgG1 Fc was eluted with a 100 mM glycine, pH 3.0, in 2 

mL fractions into tubes containing 1 mL of 1.0 M Tris, pH 8.0. IgG1 Fc was then exchanged 

into a buffer containing 20 mM sodium phosphate, 100 mM potassium chloride, and 0.1 

mM 2,2-dimethyl-2-silapentane-5-sulfonic acid (DSS), 5% D2O, pH 7.2 using an Amicon 

centrifugal concentration unit with a 10 kDa molecular weight cutoff. Protein samples were 

analyzed at a 100-400 μM concentration.

Spent culture medium containing GFP-CD16a was diluted 1:1 with 50 mM MOPS, 200 

mM potassium chloride, 25 mM imidazole, pH 7.2, then passed over a Ni-NTA column 

(Qiagen). GFP-CD16a was eluted with 50 mM MOPS, 200 mM potassium chloride, 250 

mM imidazole, pH 7.2. GFP-CD16a was then exchanged into a buffer containing 20 mM 

sodium phosphate, 100 mM potassium chloride, and 0.5 mM 2,2-dimethyl-2-silapentane-5-

sulfonic acid (DSS), 5% D2O, pH 7.2 using an Amicon centrifugal concentration unit with a 

10 kDa molecular weight cutoff.

CD16a was cleaved from GFP using tobacco etch virus protease (TEV). First, GFP-CD16a 

was exchanged into a buffer containing 50 mM Tris, 0.5 mM EDTA, 1 mM dithiothreitol, 

pH 8.0. One gram of TEV was added for every 50 grams of GFP-CD16a, and the reaction 

was incubated at 23 °C for 24 h in the dark without mixing. The TEV mixture was next 

diluted 1:10 with buffer A containing 25 mM Tris, pH 7.4, then applied to a QFF column 

on an Åkta Go FPLC (Cytiva). The column was eluted stepwise with 10%, 11%, 12% 

of buffer B (25 mM Tris, 1 M potassium chloride, pH 7.4) in buffer A. CD16a eluted in 

fractions corresponding to 10% buffer B. GFP is then eluted at 25% buffer B in buffer A. 

CD16a or GFP were then exchanged into a buffer containing 20 mM sodium phosphate, 

100 mM potassium chloride, and 0.5 mM 2,2-dimethyl-2-silapentane-5-sulfonic acid (DSS), 

5% D2O, pH 7.2, using an Amicon centrifugal concentration unit with a 10 kDa molecular 

weight cutoff

NMR spectroscopy.

NMR spectra were collected at a 30 °C (GFP, CD16a) or 50 °C (IgG1 Fc) sample 

temperature on one of three solution NMR systems, including: 1) 18.8 T spectrometer 

equipped with a Bruker NEO console and 1.7 mm TXO cryoprobe, 2) 18.8 T spectrometer 

equipped with a Bruker Avance III console and 5 mm TXO cryoprobe, and 3) 16.4 T 

spectrometer equipped with a Bruker Avance II console and 5 mm TXO cryoprobe. HSQC-

TROSY spectra were processed with NMRPipe 27 and analyzed in NMRViewJ 28.

FT-ICR Mass Spectrometry Data Collection and Analysis: CD16a and GFP were 

trypsinized, then desalted using a C18 Zip-tip. Mass spectra were collected on a Bruker 

SolariX XR 12 T Fourier Transform Ion Cyclotron Resonance (FT-ICR) mass spectrometer 
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equipped with a dual ESI/MALDI source. Calibration used electrospray ionization of a 

5 mg/mL solution of Cesium Iodide (Aldrich 99.9999%) in positive mode. Mass spectra 

for peptides were acquired using the MALDI source equipped with a SmartBeam II laser. 

The laser power was set to between 50 – 60% and between 5 – 50 laser shots were used. 

Mass spectra were collected between 500 – 5000 m/z. 512 k data points were collected 

with a transient length of 0.70 s which gave a resolution of 155,000 at 500 m/z. Initial 

analysis of mass spectra was performed using Bruker Data Analysis 5.3. Isotopic enrichment 

levels were determined by calculating the best fit to the observed intensity data for two 

isotopologue patterns: one with the standard natural isotope abundance, and a second with 

one 15N label, by varying the coefficient for each distribution. Best-fit values representing 

the most probably isotope incorporation were those with the lowest Root-means squared 

error values.
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Figure 1. Metabolic scrambling of 15N amino acids in HEK293 cells.
Cells grown in suspension cultures were transiently transfected with an expression plasmid 

and grown in medium containing 100 mg/L of the 15N-labeled amino acid. Remaining 

unlabeled amino acids were added at 100 mg/L, except glutamine (1 g/L). *The 15N 

lysine sample was expressed along with 15N tyrosine and 15N phenylalanine which are 

indicated with red boxes. **The 15N arginine sample was labeled simultaneously with 15N 

methionine; the methionine peaks identified separately are indicated with four red boxes. 

***The 15N tryptophan sample also contains sidechain 15N labeling, as indicated with a 
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red box. Spectra are scaled to the height of the noise level to show the weakest identifiable 

peaks. Protein identities as well as the expected and observed number of peaks are reported 

in the table at the bottom of the figure. N.D. – not determined.
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Figure 2. Scrambling of Isoleucine and Valine in GFP-CD16a is reduced by adjusting culture 
conditions.
Spectra on the left (A,C) are identical to those in Figure 1. Spectra on the right (B,D) were 

prepared by reducing the levels of the [15N]-labeled amino acid to 25 mg/L. This fusion 

protein has 20 Ile and 30 Val residues.
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Figure 3. Combining selectively-labeled amino acids increases the number of peaks but retains 
high sensitivity and resolution with the 20 kDa CD16a.
A. 15N-HSQC-TROSY spectrum collected at 800 MHz. B. Val, Ile and Leu interconverted 

but when simultaneously labeled provide a high quality 15N-HSQC-TROSY spectrum. C. 

and D. Example MS spectra (left) with observed (blue line) and calculated (red dot) isotope 

distribution for best fit, and calculated root mean square error (right) between the observed 

signal and calculated isotope distribution as a function of 15N incorporation, corresponding 

to the peptide mass including one 15N atom per labeled amino acid.
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