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Abstract
The predominant protein expression host for NMR spectroscopy is Escherichia coli, however, it does not synthesize appropri-
ate post-translation modifications required for mammalian protein function and is not ideal for expressing naturally secreted 
proteins that occupy an oxidative environment. Mammalian expression platforms can address these limitations; however, 
these are not amenable to cost-effective uniform 15 N labeling resulting from highly complex growth media requirements. 
Yeast expression platforms combine the simplicity of bacterial expression with the capabilities of mammalian platforms, 
however yeasts require optimization prior to isotope labeling. Yeast expression will benefit from methods to boost protein 
expression levels and developing labeling conditions to facilitate growth and high isotope incorporation within the target 
protein. In this work, we describe a novel platform based on the yeast Saccharomyces cerevisiae that simultaneously expresses 
the Kar2p chaperone and protein disulfide isomerase in the ER to facilitate the expression of secreted proteins. Furthermore, 
we developed a growth medium for uniform 15 N labeling. We recovered 2.2 mg/L of uniformly 15 N-labeled human immu-
noglobulin (Ig)G1 Fc domain with 90.6% 15 N labeling. NMR spectroscopy revealed a high degree of similarity between 
the yeast and mammalian-expressed IgG1 Fc domains. Furthermore, we were able to map the binding interaction between 
IgG1 Fc and the Z domain through chemical shift perturbations. This platform represents a novel cost-effective strategy for 
15 N-labeled immunoglobulin fragments.
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Introduction

Nuclear magnetic resonance (NMR) spectroscopy is a pow-
erful technique to characterize protein function, structure and 
motion that provides atomic-level resolution (Boehr et al. 
2006; Neudecker et al. 2009; Kleckner and Foster 2011). 
High efficiency incorporation of stable isotopes is essential 
for assigning individual atoms to peaks in spectra. Protein 
expression for NMR experiments has mostly been limited 
to prokaryotic or mammalian expression systems (Yanaka 
et al. 2018). Prokaryotic systems offer several advantages 

including rapid growth, low cost, and isotope incorporation 
using metabolic precursors added to the growth medium. 
However, prokaryotes are not suitable for expressing many 
eukaryotic proteins, leading to misfolding and formation 
of insoluble aggregates (inclusion bodies). Furthermore, 
standard prokaryotic expression systems are not capable of 
adding mammalian post-translational modifications which 
confer many functional properties to the target protein. In 
contrast, mammalian expression platforms synthesize appro-
priate modifications, however they have substantial limita-
tions including additional equipment requirements, complex 
medium formulations that preclude metabolic incorpora-
tion of protein labeling precursors from a single nitrogen 
or carbon source, and a BSL2 requirement (Yao et al. 2002; 
Yamaguchi et al. 2006; Yagi et al. 2015; Yanaka et al. 2017). 
Unicellular yeasts are microbes with the advantages of both 
prokaryotic and mammalian expression platforms including 
simple growth media, rapid growth, an oxidizing ER lumen 
for disulfide bond formation, machinery for eukaryotic 
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post-translational modifications (N-glycosylation) and chap-
erones (Yao et al. 2002, Cereghino et al. 2000).

The majority of yeast labeling protocols, however, have 
been developed in the methylotrophic yeast Pichia pasto-
ris, which has widely been used to express heterologous 
proteins in contrast to other commercially relevant spe-
cies including Kluyveromyces lactis and Saccharomyces 
cerevisiae(Rodriguez and Rama Krishna 2001; Yao et al. 
2002; Sugiki et al. 2012; Fan et al. 2015; Elkins et al. 2018; 
Munro et al. 2020). A number of techniques for express-
ing proteins using P. pastoris are available. In most cases, 
expression of heterologous proteins in P. pastoris was driven 
by the strong AOX1 promotor which is induced by metha-
nol (Cereghino et al. 2000). The amount of methanol in the 
medium must be optimized to allow for sufficient protein 
expression but prevent cell lysis (Fan et al. 2015). Genetic 
manipulation in P. pastoris is typically achieved through 
integration of a plasmid into the genome through homolo-
gous recombination (Cereghino et al. 2000), therefore limit-
ing DNA copy number that would be expected to increase 
protein expression levels (Yao et al. 2002; Fan et al. 2015). 
Several groups also addressed medium optimization through 
supplementation during labeling to boost cell growth and 
protein expression without negatively affecting isotope-
incorporation efficiency (Wood and Komives 1999; Wood 
et al. 2000; Rodriguez and Rama Krishna 2001; Yao et al. 
2002; Sugiki et al. 2012; Fan et al. 2015). Despite the avail-
ability of several deletion strains, proteolysis, improper fold-
ing, and protein degradation limit labeling and purifying pro-
tein from P. pastoris. This appears to be a greater problem 
when using minimal medium to supply a single carbon and 
nitrogen source for cost-effective isotope labeling (Munro 
et al. 2020). Optimizing the construct design to allow for 
proper secretion from P. pastoris and addition of sorbitol in 
the labeling medium were observed to reduce the amount of 
proteolytic degradation without depleting gene expression 
(Yao et al. 2002; Munro et al. 2020). Multiple studies have 
successfully purified several milligrams of isotope labeled 
target proteins from Pichia pastoris by using fermenters and 
other specialized equipment which boosted the yield above 
the 3–4 mg/L found using shake flasks (Kjaergaard et al. 
2007; Ali et al. 2019).

As an alternative, S. cerevisiae is heavily utilized for 
bread and beer making, as a model organism in the labora-
tory (Xie et al. 2018; Parapouli et al. 2020) and has been 
used for the expression of several therapeutics (Kulagina 
et al. 2021). However, despite the wide application of Sac-
charomyces cerevisiae, there have been few reports of iso-
tope labeling. Hong and coworkers genetically engineered S. 
cerevisiae to produce cholesterol with selective 13C labeling 
to study interactions with an exogenous viral protein (Elkins 
et al. 2018). Similarly, adding  [13C]-glucose to the growth 
medium labeled N-glycans. In this example, a knockout 

strain accumulated glycoproteins in the E.R., and N-glycans 
were hydrolyzed following protein purification for further 
study (Chiba et al. 1998; Kamiya et al. 2011). Recently, Wall 
and Hough reported 15 N labeling of a cytosolic S. cerevi-
siae protein fragment Nsp1 using a mixture of yeast nitro-
gen base, supplemented with  [15 N]-ammonium chloride to 
study hydrophobic interactions using in-cell NMR (Wall and 
Hough 2018). A S. cerevisiae growth medium formulation 
for 15 N-labeling secreted glycoproteins using a simple meta-
bolic precursor is not available to our knowledge.

In this work, we describe an approach utilizing a novel 
engineered S. cerevisiae strain to express  [15 N]-labeled pro-
teins. We developed an expression and labeling strategy to 
produce proteins that are naturally secreted by the native 
host cell. Many proteins are targeted to the lumen of the 
E.R. during translation, whereupon E.R.-resident modifica-
tion machinery and chaperones fold and modify proteins in 
an oxidative environment. Of particular interest are antibod-
ies secreted into the blood that are a critical product of the 
adaptive immune system. Fully active antibodies, particu-
larly of the immunoglobulin G (IgG) class, require disulfide 
bond formation and N-glycosylation for activity (Fig. 1a) 
(Wigzell 1983; Subedi and Barb 2015). Here we apply novel 
expression and labeling technologies to IgG1 and the IgG1 
Fc domain from humans.

15  N-labeling of the IgG Fc domain was previously 
reported by Kato and co-workers using mammalian cells. 
IgG1 Fc is a 50 kDa homodimer formed by two C-termi-
nal halves of the IgG1 two heavy chains, is glycosylated 
at Asn297, and mediates interactions between the antibody 
and cell surface receptors (Huber et al 1976). This truly 
heroic expression and labeling effort was labor intensive 
and required supplementing the growth medium with mul-
tiple isotope-labeled compounds including 15 N-labeled algal 
lysate and seven amino acids (Sawada et al., 1987; Yama-
guchi et al. 1995, 2006; Yagi et al. 2015). A very recent 
contribution reports a modified mammalian cell line and a 
somewhat simplified medium for this same purpose (Yanaka 
et al. 2022). Here we describe a novel approach to achieve 
 [15 N]-labeling from a single metabolic precursor using an 
engineered S. cerevisiae strain.

Materials and methods

All materials were purchased from Millipore Sigma unless 
otherwise noted.

Strain

The S. cerevisiae strain EBY100 (GAL1-AGA1:URA3 
ura3-52 trp1 leu2Δ1 his3 Δ200 pep4: HIS2 prb1 Δ1.6R 
can1 GAL) was purchased from the American Type 
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Culture Collection (ATCC-MYA4941). DNA cloning 
experiments used Escherichia coli DH5α cells.

Construct design

Gene fragments for app8 and human IgG1 Fc were codon 
optimized for expression in Saccharomyces cerevisiae and 
synthesized by IDT (Rakestraw et al. 2009). These two 
fragments were amplified by PCR. The PCR fragments 
were gel extracted and used for a fusion PCR reaction to 
append the app8 fragment at the 5’ end of the Fc-encod-
ing fragment. DNA encoding app8-Fc was then cloned 
into the Sal1 and Nhe1 site of the pESC-TRP1 vector 
(Agilent). The app8-Fc expression was driven by the 
GAL1 promotor. The pESC-RTX plasmid was described 
previously (Shenoy et al. 2021).

Codon-optimized gene fragments encoding Kar2p, 
PDI and Kar2p-F2A-PDI were synthesized by IDT. These 
fragments were then cloned into the XbaI and HindIII 
restriction sites of pAG305-GPD vector (Addgene) to pro-
duce vectors: pAG305-PDI, pAG305-Kar2p and pAG305-
Kar2p-F2A-PDI. DNA sequence was verified by Sanger 
sequencing (Eurofins).

Creating the EBY100‑Kar2p, EBY100‑PDI 
and EBY100‑F2A‑PDI yeast strains

Each vector was linearized with a BstEII digestion (Pro-
mega). The linearized plasmid was purified on a 1% aga-
rose gel and the DNA fragment was gel extracted using a 
Qiagen Gel Extraction kit. Roughly 200 ng of the linearized 
DNA was used to transform EBY100 yeast cells using the 
Lithium Acetate (LiAc) method to create EBY100-PDI; 
EBY100-Kar2p and EBY100-Kar2p-F2A-PDI strains, 
respectively(Gietz and Woods 2002). Transformants were 
selected on YNB-Dropout + Trp plates. The integrations 
were verified with PCR. We then transformed each of these 
strains with the pESC-TRP1-RTX plasmid or the pESC-
TRP1-app8-Fc plasmid, selected transformants with YNB-
Dropout medium + agar and identified for positive transfor-
mants using yeast colony PCR.

Rituximab expression from the EBY100‑PDI/Kar2p/
Kar2p‑F2A‑PDI strains

Media conditions used for growth and induction of differ-
ent yeast strains described in Table 1.Overnight cultures 
(5 mL) were used to start a 50 mL induction culture at 
an  OD600 = 0.5, followed by incubation with shaking for 
24 h at 30 ºC. Cells were pelleted at 3000 g for 10 min. 

Fig. 1  a. Immunoglobulin G1 
b. The EBY100-Kar2p-F2A-
PDI yeast strain developed 
herein allows for the simultane-
ous expression of both yeast 
chaperone Kar2p and yeast 
Protein Disulphide Isomerase 
(PDI) from a single transcript. 
These proteins aid protein 
folding within the endoplasmic 
reticulum

Table 1  Media conditions for rituximab production

YNB-Dropout = 6.7 g/L Yeast Nitrogen Base (YNB; without Amino Acids and Ammonium Sulphate) and 1.5 g/L Yeast Synthetic Drop Out 
Medium Supplements (without uracil, tryptophan, and leucine); YNB-CAA: 6.7 g/L Yeast Nitrogen Base (YNB; without Amino Acids) and 
5 g/L Casamino acids; YPD/YPGal: 10 g/L yeast extract + 20 g/L peptone + 2% (glucose or galactose; w/v); Trp: 2 mg/mL

Yeast strain Growth media (Prior to 
transformation)

Media conditions (Post transformation 
with pESC-TRP1)

Induction media for RTX production

EBY100-(PDI/Kar2p/Kar2p-
F2A-PDI)

YNB-Dropout + Trp + 2% 
Glucose

YNB + Dropout + 2% Glucose 0-24 h: YNB-Dropout + 2% Gal
24-96 h: YPGal

EBY100 YPD YNB-CAA + 2% Glucose 0-24 h: YNB-CAA + 2% Gal 24 96 h: YPGal
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The supernatant was discarded and cells were used to start 
another induction culture in 50 mL in YPGal. We incubated 
this culture for an additional 72 h at 20 ºC. The culture was 
centrifuged twice at 3000 g for 10 min. The supernatant was 
collected, and its pH was adjusted to 6.5 to allow for bind-
ing with Protein A. The entire supernatant was applied to a 
Protein A column. The column was then washed with 5 mL 
Buffer A (20 mM MOPS and 100 mM sodium chloride, pH 
7.4). The column was eluted with 100 mM Glycine pH 3 as 
1 mL fractions into tubes containing 500 μl 1 M TRIS pH 
8.0. All elution fractions were pooled, frozen, then lyophi-
lized. The protein was then resuspended in 200 μl 1 M Tris 
pH 8. 10 μl of each sample was then resuspended in 10 μl 
2 × SDS Sample buffer, boiled at 95 ºC for 5 min and cen-
trifuged in a microcentrifuge at 3000 rpm for 1 min. This 
sample was then loaded onto a 12% SDS polyacrylamide 
gel. The protein was transferred onto a polyvinylidene dif-
luoride (PVDF) membrane using an Invitrogen Power Blot-
ter (PB0010). After transfer, the membrane was blocked 
in TBS + Tween20 (TBST) with 5% powdered milk (w/v) 
for 1 h at RT on an orbital shaker. This was followed by 
incubation with rabbit anti-hIgG primary antibody (RRID: 
AB_228410, ThermoFisher) in 5% dry milk in TBST over-
night at 4  ºC on an orbital shaker.  The membrane was 
washed three times for 10 min with TBST buffer. Followed 
by incubation with secondary Goat Anti-Rabbit IgG (H + L) 
Alexa Fluor Plus 680 (RRID: AB_2633283, Fisher Scien-
tific, dilution: 1:2000) in 5% powdered milk in 1 × TBST 
buffer for 2 h at RT on an orbital shaker. The membrane was 
washed three times with 1 × TBST buffer for 10 min and then 
imaged using LiCOR (LiCor Odyssey CLx). Western blot 
intensities were quantified using ImageJ.

15N labeling and purifying app8‑Fc

The S. cerevisiae EBY100-Kar2p-F2A-PDI strain was trans-
formed with the pESC-TRP1-app8-Fc plasmid and grown 
overnight in a 5 ml culture in YNB-Dropout medium at 30 
ºC. This culture was used to inoculate a 100 mL culture, in 
medium containing 1.7 g/L YNB (without amino acids and 
ammonium sulphate), 91.8 mM 15NH4Cl, 38 mM  Na2HPO4, 
71.7 mM  NaH2PO4 and 2% glucose. The medium was steri-
lized by autoclaving prior to use. This culture was incubated 
at 30 ºC for 24 h with shaking. A portion of these cells were 
centrifuged to remove spent medium and used to inoculate a 
1 l culture at a final  OD600 = 0.5 in NMR induction medium 
(with 2% YPGal) containing 1.7 g/L YNB (w/o amino 
acids and ammonium sulphate), 37.2 mM 15NH4Cl, 38 mM 
 Na2HPO4, 71.7 mM  NaH2PO4, 2% galactose, 0.2 g/L Yeast 
Extract, 0.4 g/L Peptone, 1 g/L of a powdered multivitamin 
(Green Wise Men’s Multivitamin, Publix Grocery). Simi-
larly, to induce cells in an NMR induction media with 5% 
YPGal (same as the previous medium except with 0.5 g/L 

Yeast Extract, 1 g/L Peptone). Media were mixed under 
gentle warming to dissolve soluble components, then cen-
trifuged at 3000 g for 10 min to remove insoluble debris, 
and sterilized by passage through a 0.2 μm filter prior to 
use. The induction cultures were incubated at 30 ºC for 48 h 
with orbital shaking. Culture supernatant was clarified by 
centrifugation (2 × 3000g for 10 min), then adjusted to pH 
6.5 with dropwise addition of 10 M sodium hydroxide.

The pH-adjusted culture supernatant was diluted 1:1 
with 25 mM sodium phosphate, 150 mM sodium chloride 
pH 7.2, then applied to a 5 mL Protein A column (Cytiva) 
preequilibrated with 15 mL of the same buffer. The flow rate 
was 4.5 mL/min. The protein was eluted with Elution buffer 
(100 mM glycine, pH 3). Elution fractions (2 mL) were col-
lected in tubes containing 1 mL of 1 M Tris pH 8.0. The 
column was then washed once again with Buffer A.

Endo F1 digestion

EndoF1 was expressed and purified as described (Meng 
et al. 2013). EndoF1 was then coupled to AminoLink Cou-
pling Resin according to the manufacturer protocol (Thermo 
Scientific) at a final concentration at 6 mg/mL. The resin was 
then exchanged into 25 mM MOPS, 100 mM sodium chlo-
ride, pH 7.4. The resin was then used to digest the IgG Fc 
N-glycans. For this digestion, we used approximately 150 μl 
of the 50% EndoF1-resin slurry (v/v) with approximately 
2 mg of Fc. The EndoF1 protein resin and Fc were incu-
bated overnight at RT on an inverting rotator. The resin was 
removed with a MicroBio spin column (BioRad).

Mass spectrometry of 15N‑labeled app8‑Fc

Lyophilized protein samples were reconstituted in HPLC-
grade water at 1 mg/mL. Each sample (1 µL) was diluted 
to 500 µL in 50:50:0.1 methanol: water: formic acid. To 
observe the IgG1 Fc monomers, 5 µL of each solution was 
treated with 380 µM TCEP at 37 °C for 30 min. Then, 
the reduced Fc solutions (1 µL) were diluted to 500 µL in 
50:50:0.1 methanol: water: formic acid.

Mass spectra were collected using a SolariX XR 12 T 
Fourier transform ion cyclotron resonance mass spectrom-
eter (Bruker). Samples were introduced by direct infusion 
into an electrospray ionization source at a rate of 120 µL/h 
using a capillary inlet voltage of 4500 V. Mass spectra were 
collected in positive mode in the range of m/z 250–3000. 
The transient length was 1.3 s and 2 M points were collected. 
For every spectrum, 100 scans were averaged. In some cases, 
the large number of ions present in the cell made it difficult 
to obtain a signal transient of sufficient quality, and so a 
300–400 m/z quadrupole isolation window was set to only 
allow 5–8 charge states of the protein into the analyzer cell. 
Mass spectra were processed using Data Analysis (Bruker 
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Scientific), and protein monoisotopic masses were deter-
mined using the SNAP™ algorithm.

The SNAP™ algorithm is designed to determine the 
monoisotopic masses for natural abundance proteins, and 
therefore was unable to determine the monoisotopic molecu-
lar weight of the 15 N labeled Fc. Instead, the average mass 
of the 15 N labeled was used to determine the percent 15 N 
incorporation. A smoothing function was applied to the 
high-resolution mass spectrum for the labeled and unlabeled 
protein. The average mass for both proteins was determined 
using the charge deconvolution software in Data Analysis. 
The difference in average mass between the unlabeled and 
labeled proteins provided the degree of 15 N enrichment.

Solution NMR spectroscopy

The Z domain was expressed in LB medium as previously 
described (Barb and Subedi 2016). Protein concentrations 
were determined by absorbency at 280 nm using a Nan-
oDrop spectrophotometer. EndoF1-digested IgG1 Fc was 
exchanged into a buffer containing 20 mM sodium phos-
phate, 100 mM potassium chloride, 50 μM trimethylsilyl-
propanesulfonate (DSS), pH 7.2 using a 10 kDa MWCO 
centrifugal filter. NMR spectra were collected at a 50  C 
sample temperature on a 21.1 T spectrometer equipped 
with a Bruker NEO console and 5 mm TXO cryoprobe. The 
Bruker trosyetf3gpsi pulse sequence was used with 512 and 
128 complex points in the direct and indirect dimensions, 
respectively, and 8—64 scans. Spectra were processed with 
a sine-squared line broadening function applied in the direct 
dimension and a sine function with linear prediction to 128 
points in the indirect dimension. Spectra were processed 
in NMRPipe (Delaglio et al., 1995) and analyzed in NMR-
ViewJ (Johnson BA 2004).

Results

Engineering the EBY100 strain with ER‑targeted 
chaperones

Though targeted for secretion, we observed a high abun-
dance of protein retained in cells following expression of the 
antibody rituximab (not shown). To improve secretion, we 
explored expressing constitutive ER-localized proteins that 
promote folding. Co-expression of the intrinsic Kar2p chap-
erone and protein disulphide isomerase (PDI) was previously 
shown to exhibit variable effects on the level of heterologous 
protein expression; in some cases there is a significant boost 
in expression (Shusta et al. 1998), but in some cases there 
was only a minor increase (Hou et al. 2012). There have also 
been reports of increased ER stress in yeast cells expressing 
multiple heterologous proteins simultaneously (Rakestraw 

and Wittrup 2006; Mei et al. 2019). We engineered S. cer-
evisiae to simultaneously co-express the Kar2p and PDI 
in the ER lumen. To reduce ER stress, we incorporated a 
F2A ribosome skip site and combined the Kar2P and PDI 
open-reading-frames into a single transcript (de Felipe et al. 
2003). F2A was previously used to successfully produce 
multiple proteins simultaneously in mammalian expression 
systems (de Felipe et al. 2003; Yu et al. 2012; Cruz-Teran 
et al. 2017). The cleavage efficiencies of these 2A peptides 
have been estimated to be around 60–70% in mammalian 
cells but can be increased by placing two of these peptides 
in tandem (Liu et al. 2017). The functionality of these pep-
tides can also be modulated through changes in amino acid 
sequence (Yu et al. 2012). Thus, protein expression with 
the 2A peptide provides options for further fine-tuning, if 
needed. Lastly, we integrated the Kar2p-F2A-PDI construct 
into the yeast genome to allow for better retention of the con-
struct during culture as compared to plasmids which require 
continual selection (Fig. 1b) (Mei et al. 2019).

Yeast engineering increased antibody production

We next determined the effect of yeast strain engineering 
on heterologous antibody production. Antibodies, including 
IgG1, are challenging targets for heterologous expression 
in yeast due to the heterotetrametic assembly (two heavy 
chains, two light chains), formation of ten disulfide bonds 
and N-glycosylation of each heavy chain. We transformed 
each yeast strain with the pESC-TRP-RTX plasmid that 
encodes the heavy and light chains for rituximab expres-
sion (Shenoy et al. 2021). We observed increased rituximab 
protein expression in the yeast strain containing both Kar2p 
and PDI, compared to the original strain, EBY100, and the 
strain with only Kar2P (Fig. 2, 100%, 72.6%, 72.6% relative 

Fig. 2  Comparison between antibody production with the engineered 
S. cerevisiae strains. Each of the lanes in the Western blot represent 
the production of Rituximab (RTX). Rituximab is a heterotetramer 
composed of two (N-glycosylated) heavy chains > 50  kDa and two 
light chains (~ 25 kDa). Cleavage of the heavy chain is evident by the 
appearance of the Fc domain and is expected for an antibody secreted 
by yeast
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intensity, respectively). Curiously, the EBY100-PDI strain 
failed to produce protein in multiple repeated experiments 
despite showing comparable culture growth.

The pattern of IgG1 bands observed in the anti-IgG1 
western blot are similar in all cases, indicating that the 
secreted antibody, purified from the culture supernatant, is 
comparable in all samples. However, the amount of protein 
differed between these cultures. In all cases, we observed 
a smearing in the heavy chain likely due to varying levels 
of N-glycan remodeling. We also observed IgG1 Fc, likely 
resulting from heavy chain proteolysis in the hinge region 
following secretion. We were encouraged by the EBY100-
Kar2p-F2A-PDI strain to express and label app8-Fc for 
NMR.

15N‑labeling of Fc using an engineered yeast strain

We applied the engineered yeast strain to express the IgG1 
crystallizable fragment (Fc). In contrast to prior reports uti-
lizing mammalian expression and highly complex media 

formulations, we explored expressing uniform  [15 N]-labeled 
IgG1 Fc in yeast using a minimal growth medium.

Our goal was to identify a minimal medium to facilitate 
cell growth and protein expression that supported a high 
level of isotope incorporation. Minimal media is designed 
to supply simple carbon and nitrogen sources in contrast 
to complex undefined growth medium based on peptone or 
yeast extracts. Unfortunately, minimal media often reduces 
yeast growth and protein production. Our base medium was 
yeast nitrogen base (YNB), which despite the name con-
tains mostly vitamins and metals, and is combined with 
ammonium sulfate and a carbon source to make a complete 
growth medium. We explored using YNB supplementa-
tion with  [15 N]-ammonium chloride, additional biotin, an 
over-the-counter multivitamin, and low percentages of rich 
medium (YPGal). We determined that YNB with  [15 N]-
ammonium chloride, supplemented with a multivitamin and 
2–5% rich medium provided suitable yield with predicted 
low levels of 14 N contamination from the (unlabeled) rich 
medium (Fig. 3a). Interestingly, expression yields improved 

Fig. 3  Expression and purification of IgG1 Fc from the EBY100-
Kar2p-F2A-PDI strain. a. Optimization of culture medium conditions 
by adding rich medium (YP-Gal). IgG1 Fc detected in an anti-IgG 
western blot of the spent medium, cell pellet and as eluted from a 

Protein A column. b. IgG1 Fc domain purified using a Protein A col-
umn. c. Endo F1 digestion of purified Fc, using samples purified from 
two different media condition and stained with Coomassie
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dramatically from 0 to 5% rich medium, indicating that the 
minimal medium still lacks at least one key component that 
is in abundance at levels greater than 5%. Also, the cell pel-
let showed clear retention of the app8-Fc fusion protein, with 
the secreted protein detected in the spent culture medium 
and the elution fractions appeared highly processed to 
remove the app8 secretion tag.

Growth in the minimal medium reduced the pH of the 
culture supernatant to 2.7–3.0, introducing the additional 
challenge to protein stability during expression as well as 
an acidic pH which prevented purification. Adding sodium 
phosphate to the medium alleviated acidification, resulting 
in final cultures ranging from pH 5.5–6. These optimization 
steps improved expression yields and purification. Inter-
estingly, it is important to note that expression was highly 
repeatable in Erlenmeyer flasks, but never observed in baf-
fled Fernbach flasks.

We recovered 4.5 mg of  [15 N]-IgG1 Fc from a 2.0  l 
culture using the engineered EBY100-Kar2p-F2A-PDI S. 
cerevisiae strain and  [15 N]-minimal medium supplemented 
with 5% rich medium (Fig. 3b). A comparable 2.7 l cul-
ture supplemented with 2% rich medium yielded 1.9 mg. 
One limitation of yeast is the extensive mannosylation of 

N-glycans that can extend to hundreds of residues (Hamil-
ton et al., 2006). This extensive modification is visible as a 
dark, high molecular weight smear in a reducing SDS–poly-
acrylamide gel with the purified protein (Fig. 3c). We can 
achieve N-glycan homogeneity by treating the sample with 
endoglycosidase (Endo)F1 to trim the N-glycan back to a 
single N-acetylglucosamine residue. This glycoform retains 
binding affinity for a critical Fc receptor, Fc γ receptor IIIa 
(Subedi and Barb 2015; Kao et al. 2015). EndoF1 treatment 
eliminated the smearing, producing a single band. This result 
also indicated the expressed material is N-glycosylated to a 
high percentage, as no digested or smaller bands appeared in 
the untreated samples. Importantly, we also did not observe 
smaller protein degradation products in this Fc sample indi-
cating negligible proteolysis of the purified protein.

Analysis of  [15  N]-IgG1 Fc expressed with 5% rich 
medium using intact protein MS revealed an increased 
molecular mass relative to IgG1 Fc expressed in unlabeled 
medium (Fig. 4). The observed mass for the unlabeled 
protein differed slightly from the molecular mass calcu-
lated using the protein sequence with a mass difference of 
0.13–0.20 Da (Table 2). Comparing the labeled and unla-
beled proteins revealed that 15 N is present at 90.55% of the 

Fig. 4  FT-ICR-MS spectrum of intact IgG1 Fc. Charge states and m/z values are shown. Average molecular masses are reported in Table 2. “a” 
corresponds to an increased molecular mass of 163.057 Da, and “b” is an additional 162.164 Da
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sites. Furthermore, we observed no evidence of proteolysis 
in either preparation, consistent with the SDS-PAGE analy-
sis (Fig. 3c).

NMR of the  [15N]‑IgG1 Fc expressed in S. cerevisiae

An 15 N-1H HSQC-TROSY spectrum of the  [15 N]-IgG1 Fc 
showed well dispersed peaks consistent with this mainly 
beta-sheet and loop protein (Fig. 5). These peaks super-
imposed very well with a spectrum assigned by Kato and 
co-workers using mammalian expressed IgG1 Fc (Yagi 
et al. 2015)(Fig. 5b). We quantified the difference in peak 
positions by calculating the average of the absolute differ-
ences in peak position, resulting in an average difference 
of 0.02 ppm and 0.15 ppm (1H and 15 N, respectively). The 
similarity between these NMR spectra, combined with the 
high N-glycosylation of the yeast-expressed IgG1 and the 
ability to purify through a protein–protein affinity interac-
tion (Protein A) supports the conclusion that yeast expressed 
properly folded  [15 N]-IgG1 Fc.

We next analyzed Fc binding to the IgG-binding three-
helix Z domain (Nilsson et al. 1987). The location of the 
binding interaction is known; however, it is not known if 
binding only affects IgG residues proximal to the interac-
tion site or throughout the protein (Tashiro et al.; Idusogie 
et al. 2000). Adding increasing amounts of the Z domain to 
 [15 N]-IgG1 Fc showed substantial chemical shift perturba-
tions throughout the 2d NMR spectra (Fig. 6). Most peaks 

exhibited intermediate to slow chemical exchange kinetics, 
though a few with small chemical shift perturbations showed 
intermediate to rapid exchange (Fig. 6b/c), consistent with 
an expected affinity of 10–50 nM (Cedergren L 1993). Map-
ping the shifted residues to a structural model of the IgG1 
Fc domain revealed the sites most impacted by binding, 
including those in slow exchange, are found predominantly 
near the Z domain binding site (Fig. 6d). Interestingly, the 
A strand was also affected by titration; this strand normally 
interacts with distal portions of the IgG1 Fc N-glycan (Barb 
and Prestegard 2011; Subedi et al. 2014). Unaffected peaks 
are primarily located far from the binding site and at the 
dimer interface formed by the C γ 3 domains. These spectra 
demonstrate clear binding of the Z domain and chemical 
shift perturbations throughout the IgG1 Fc domain.

Discussion

Here we describe two advances in protein production for 
NMR spectroscopy. First, we developed a S. cerevisiae strain 
with increased capacity to secrete a complex glycosylated 
and disulfide-bonded heterooligomeric antibody, rituximab. 
Although antibodies have been purified in P. pastoris, no 
attempt has focused on isotope labeling antibodies using this 
expression platform thus far (Schaefer and Plückthun 2012). 
It is important to note that overexpression of PDI and Kar2p 
may not always boost expression levels, and the expression 
of each protein will likely require some optimization to pro-
duce maximal yields.

Second, we also report the application of this strain 
to express IgG1 Fc using a minimal medium formulation 
that incorporated 15 N from a single metabolic precur-
sor. It is possible that this approach will be applicable 
to the expression and labeling of other proteins, particu-
larly naturally secreted proteins. It is also notable that the 
medium formulation does provide the capability to incor-
porate 13C labels using  [13C]-galactose. Unfortunately, 

Table 2  Average IgG1 Fc masses from FT-ICR-MS

IgG1 Fc Calc. mass (Da) Obs. mass (Da) error (ppm)

[unlabeled] mono-
mer

26695.91000 26695.70355 7.73

[15 N] monomer 27008.97899 26980.04891 n/a
[unlabeled] dimer 53379.71360 53379.84824 2.52
[15 N] dimer 54005.85158 53952.17020 n/a

Fig. 5  Solution NMR of 
the  [15 N]-labeled IgG1 Fc 
expressed from the engineered 
EBY100-Kar2p-F2A-PDI yeast 
strain (5% YP-Gal). a. 1H-15 N 
HSQC-TROSY of Fc at 21.1 T 
and 50 ºC. b. The enlarged sec-
tion shows similarity between 
the observed peaks and those 
assigned by Kato and coworkers 
(BMRB – 27,453). Labels indi-
cate amino acid residue position 
and type



103Journal of Biomolecular NMR (2022) 76:95–105 

1 3

 [13C]-galactose is prohibitively expensive for large cul-
tures and other strategies will be required for inexpensive 
metabolic 13C labeling in this system.

Heterologous protein expression in yeast usually uti-
lizes P. pastoris that can produce large quantities of pro-
tein, though limitations as noted above are well described. 
Accordingly, several groups developed labeling conditions 
for NMR spectroscopy. In most cases, protein expression 
levels were significantly boosted by the use of ferment-
ers and other specialized equipment in comparison to the 
shake flask method which yield amounts comparable to 
the amount obtained in this study (~ 3–4 mg/L)(Kjaer-
gaard et al. 2007; Ali et al. 2019). In comparison, there 
are fewer labeling protocols and examples using S. cerevi-
siae, despite the wide adoption of this yeast for biological 
research and relative ease of genetic manipulation. Fur-
thermore, S. cerevisiae is easily transformed and readily 
expresses proteins from plasmids into growth medium 
with neutral pH, unlike P. pastoris. These data suggest S. 
cerevisiae has the potential to be an important expression 
host for NMR spectroscopy with the capability to perform 
essential post-translational modifications and an ability to 
produce properly folded mammalian proteins. This work 

represents an advance in an underdeveloped application 
of S. cerevisiae.

In recent years, state legislatures in the United States have 
considered bills that would block the use of fetal tissue for 
any purpose, including HEK293 cells that are of fetal origin. 
HEK293 cells are a vital resource for glycoprotein expres-
sion, and though limited, for isotope labeled proteins. The 
development of novel scientific resources, including yeast 
platforms to express and label glycoproteins, may provide 
an important alternative should one of these bills be made 
into law.
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