Chapter 11
Mammalian Expression of Isotopically Labeled
Proteins for NMR Spectroscopy
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Abstract NMR spectroscopic characterization of biologically interesting proteins generally requires
the incorporation of 'SN/"*C and/or *H stable isotopes. While prokaryotic incorporation systems are
regularly used, mammalian ones are not: of the nearly 9,000 NMR macromolecular structures currently
deposited in the Protein Data Bank, only a handful (<0.5%) were solved with proteins expressed in
mammalian systems. This low number of structures is largely a reflection of the difficulty in producing
uniformly labeled, mammalian-expressed proteins. This is unfortunate, as many interesting proteins
require mammalian cofactors, chaperons, or post-translational modifications such as N-linked glyco-
sylation, and mammalian cells have the necessary machinery to produce them correctly. Here we describe
recent advances in mammalian expression, including an efficient adenoviral vector-based system, for
the production of isotopically enriched proteins. This system allows for the expression of mammalian
proteins and their complexes, including proteins that require post-translational modifications. We describe
how this system can produce isotopically labeled N and C post-translationally modified proteins,
such as the outer domain of HIV-1 gp120, which has 15 sites of N-linked glycosylation. Selective amino-
acid labeling is also described. These developments should reduce barriers to the determination of NMR
structures with isotopically labeled proteins from mammalian expression systems.
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BGHpA Bovine growth hormone polyadenylation signal
SPR Surface plasmon resonance

PBS Phosphate buffered saline

ATCC American Type Culture Collection

DMEM  Dubelco’s modified eagle media

FBS Dialyzed fetal bovine serum

CAR Coxsackie-and Adenovirus Receptor.

11.1 Introduction

NMR spectroscopic characterization of proteins generally requires the incorporation of N, *C, or ?H
stable isotopes. In most cases, full length proteins or their individual domains are expressed and
purified from prokaryotic expression systems, and a number of these methods are discussed in Chap. 1
of this book. An analysis of the macromolecular structures deposited in the PDB (December 2011
release) reveals that over 99% of proteins studied by NMR spectroscopy are expressed prokaryoti-
cally (Table 11.1). A large number of biologically interesting proteins, however, require eukaryotic
cofactors, chaperons or post-translational modifications such as glycosylation for proper folding and
activity, and bacterial expression systems may lack the necessary cellular machinery to produce correctly
folded functional proteins that are suitable for NMR spectroscopy. Why not express and purify post-
translationally modified proteins from eukaryotic sources? Traditionally, eukaryotic systems such as
insect, lower eukaryotes, and mammalian cells produce low yields of the desired protein, are time
consuming, and/or are prohibitively expensive. Recent advances in expression techniques, such as
multi-host vectors and the use of codon-optimized genes, have however reduced barriers to the evalu-
ation and optimization of gene expression in different hosts. Furthermore, use of bioreactors and
advances in cell culture techniques (such as the development of large scale mammalian transient
expression systems) have allowed milligram- to gram-scale production of proteins suitable for structural
analysis. Indeed, recombinant proteins produced from mammalian cells such as Chinese Hamster
Ovary (CHO) and Human Embryonic Kidney (HEK) cells are routinely used in cryo-EM and X-ray
crystallographic studies. An analysis of the PDB reveals that ~98% of the entries that used proteins
obtained from mammalian expression systems are for structures solved by X-ray crystallography.

Despite these advances the production of isotopically enriched proteins suitable for NMR spectros-
copy has been stymied by the absence of a suitable expression system as well as the cost of labeled
media. We recently reported the adaptation of an efficient adenoviral vector-based mammalian expres-
sion system for the production of isotopically enriched proteins [1]. The high yields obtained from the
adenoviral coupled mammalian expression system balanced the cost of labeled media and allowed for
the production of post-translationally modified proteins suitable for NMR.

This chapter provides a summary of different systems used for mammalian expression and explicit
details for the adenoviral vector-based expression system. We compare the adenoviral vector-based
expression system to other methods — through a case study of a variant of the HIV-1 gp120 outer domain
comprising 230 amino acids, 15 potential sites of N-linked glycosylation, and four disulfide bonds — and
extend our previous characterization of this expression system to include selective amino-acid labeling.

11.2  Overview of Mammalian Expression

Recent development of eukaryotic systems including yeast, insect, and mammalian cells and associated
vectors — which allows for the transient, inducible or constitutive expression of a target gene — has
allowed researchers to investigate the possibility of overexpressing proteins in eukaryotic systems [2—4].
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Table 11.1 Protein Data Bank® entries solved by solution NMR spectroscopy

Isotopically enriched
Experimental method Total Protein Mammalian expression mammalian expression

Solution NMR spectroscopy 9,210 8,052 8 4

“December 2011 release

Mammalian cells have the necessary co-factors, chaperons and cellular machinery to produce correctly
folded post-translationally modified functional proteins. These systems are currently used to produce
proteins for therapeutic purposes and use primarily Chinese Hamster Ovary (CHO), Human Embryonic
Kidney (HEK), Baby Hamster Kidney (BHK21), human fibrosarcoma (HT1080) and human lymphoma
(Namalwa) cells. We describe expression methods in the following sections and provide details for
production of isotopically enriched proteins using the HIV-1 gp120 outer domain as an example from
the adenoviral vector-based mammalian expression system.

11.2.1 Transient Expression in Mammalian Cells

Transient expression of a target gene is defined as the temporary production of a protein. Transfection
is achieved by well-established techniques wherein plasmid DNA containing the target gene is mixed
with calcium phosphate, a cationic lipid, or other reagents [5] such as Lipofectamine (Fig. 11.1a).
DNA of interest is introduced into the cells either by transiently opening pores or by fusion of lipo-
somes with the cell membrane. Transfection can also be achieved by electroporation [6]. The factors
governing gene expression in eukaryotes are similar to those in the prokaryotic systems discussed in
preceding chapters. A strong promoter such as the SV40 early promoter, the Rous Sarcoma Virus
(RSV) promoter or the cytomegalovirus (CMV) very early promoter can be used to increase protein
expression [7]. Transient transfection of HEK 293E cells with polyethyleneimine (PEI) mediated
transfections has been used to obtain milligram to gram quantities of secreted proteins [8, 9]. Transient
transfection can be achieved in adherent as well as suspension cells, with the possibility of scale up
[10, 11]. These proteins are functionally active and have been used in biophysical and crystallographic
studies [12—14]. This method is simple to implement and requires very little infrastructure. In principle,
protein expression from adherent cells using *N, "N/"*C labeled media is feasible although potentially
prohibitively expensive. Lack of suitable labeling media for suspension cells complicates production
of labeled proteins from transient expression. As a result a number of investigators have turned to
constitutive expression in mammalian cells.

11.2.2 Constitutive Expression in Mammalian Cells

Plasmid DNA containing the target gene and a strong promoter (SV40, RSV or CMV) is co-transfected
with another plasmid containing a selectable marker (e.g. hygromycin, tetracycline, neomycin or
G418) [15, 16]. The mammalian cells expressing the selectable marker are screened for drug resistance
and a clonal cell line that expresses the protein of interest is established (Fig. 11.1b). Protein expres-
sion is dependent on the toxicity of the heterologous protein, the promoter used and the position of
gene integration. A number of research groups have attempted to produce isotopically labeled proteins
from mouse or Chinese Hamster Ovary (CHO) cell lines using either a mixture of algal/bacterial
hydrolysates [17] or a mixture of labeled amino acids [18-21]. Unfortunately these methods result in
low yields and can be prohibitively expensive. There are only four reports in the protein data bank
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Fig. 11.1 Mammalian expression systems used for protein production. An overview of expression systems used to
obtain proteins from (a) transient, (b) stable cell line based mammalian expression and (¢) mammalian viral vectors
based transient expression

(1URK, IGYA, 1KLA, 1AH1) for structures obtained using heteronuclear NMR experiments from
mammalian cell lines (Table 11.1) [22-25]. Researchers have thus focused on partial [26] or amino-
acid type-specific labeling [27-29] of proteins from mammalian expression systems.

11.2.3 Transient Expression Using Mammalian Viruses

SV40, poxviruses, herpesviruses, papillomaviruses and adenoviruses have been used as expression
vectors [15, 30-33]. Viral vectors wherein nonessential genes are substituted for a foreign gene [34]
as well as vectors resulting in defective viral genomes can be used for transient protein expression by
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infecting a wide range of mammalian cells (Fig. 11.1c). Protein expression is driven by viral promoters
and, at the expense of production of cellular proteins, can increase the overall yield of the heterologous
protein. The following section focuses on the adenoviral expression system that we have adapted to
produce isotopically enriched glycoproteins.

11.3 Recombinant Adenoviruses as a Tool to Obtain Isotopically Labeled
Proteins

Adenoviruses are double-stranded DNA viruses. Their genome comprises ~36 kb of linear double-
stranded DNA [35]. Adenoviral genome that includes the E1-E4 region is transcribed early in the life
cycle and is involved in the replication of the virus. Deletion of the E1 region renders the virus replica-
tion incompetent and thus safe to use as a gene delivery vector. A further deletion of the E3 region
allows for insertion of up to 8-kilobases of recombinant transgenes into the E1 region [32, 36, 37].
An E1/E3 deleted virus can thus be used to deliver target genes with very high efficiency to many differ-
ent cell types. A very high efficiency of transfection and specific translational discrimination between
viral and cellular mRNA together facilitate the exceptional expression of adenovirus-vectored proteins
from mammalian cells [38, 39].

11.3.1 Design and Composition of Recombinant Adenoviral Vectors

A schematic outline of the design and composition of an adenoviral vector is shown in Fig. 11.2.
Specifically, the adenoviral cosmid (pVRC1194) consists of 9.2—100 m.u (map units) of the adenovi-
ral genome, along with a deletion in the E3 region and a loxP site at 9.2 m.u. The shuttle vector
(pVRC1290) into which the target gene is cloned, contains the adenoviral 5’ inverted terminal repeat
(ITR), a 0-1 m.u packaging signal followed by the target gene, the bovine growth hormone polyade-
nylation signal (BGHpA), a loxP site and 9.2-16.1 m.u of the adenoviral genome [40]. The shuttle
plasmid and the adenoviral cosmid are linearized and recombined in vitro using Cre recombinase
(Novagen-EMD Biosciences, Madison, Wisconsin) to obtain recombinant adenoviral genome.
Recombinant adenoviral DNA can be purified by standard methods [41, 42]. The recombinant adeno-
viral DNA obtained from the Cre-Lox recombination reaction contains the target gene flanked by
adenoviral sequences. These flanking sequences consist of DNA packaging signal as well as the
adenoviral genome to reconstitute defective adenoviruses. Since generation of recombinant adenovi-
rus can be a lengthy process, prior to embarking on recombinant adenoviral production, construct
design and functional properties of the target protein were tested using transient expression in either
HEK?293 adherent or suspension cells.

11.3.2 Generation of Adenoviruses Containing Gene of Interest

To produce recombinant adenovirus containing the target gene, recombinant Ad5 DNA obtained from
the Cre-Lox reaction is transfected into helper 293 cells (Fig. 11.2) using calcium phosphate transfec-
tion methodology. Since the El region of the adenoviral DNA is deleted, viral production can only
take place in mammalian cells such as HEK293 with endogenous E1 proteins that can complement
the defect in the recombinant adenovirus [44]. HEK293 cells transfected with recombinant adenoviral
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Fig. 11.2 Schematic overview of the adenoviral based mammalian expression system. The target gene is cloned
into a shuttle plasmid (pVRC1194) using the restriction sites present in the multiple cloning site (MCS); linearized
adenoviral cosmid DNA (pVRC1290) and shuttle plasmid are then recombined in vitro with Cre-Lox recombinase to
obtain recombinant adenoviral genome (Aoki and Nabel [40]). The recombined adenoviral type 5 DNA is transfected
into helper mammalian cells and recombinant adenovirus is isolated using well established methods [41, 42]. Target
protein production is achieved by infecting CAR* mammalian cells. There are reports in the literature that Ad3 entry
may be mediated by CD46 positive cells [43]

DNA are monitored for plaque formation for up to 10 days. Upon plaque formation, cells are harvested,
the recombinant virus is isolated and protein expression of the desired gene tested by infecting A549
lung carcinoma cells with the crude virus. Protein expression of the target gene can be monitored and
confirmed by western blots. Once protein expression is confirmed, the crude supernatant or cell lysate
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can be further evaluated for the presence of a correctly folded protein of interest by surface plasmon
resonance (SPR) analysis [45, 46] or equivalent technique. Once protein expression is confirmed, the
crude virus preparation is used to infect low passage HEK293 cells to produce recombinant adenovirus.
Specifically, HEK293 cells are seeded at 2.0 x 107cells per 15 cm plate 24 h prior to infection. The cells
should be ~90% confluent at the time of infection. Cells are harvested ~30 h post infection with the
crude virus. Harvested cells are spun down at 311 x g for 10 min, the cell pellet is washed twice with
phosphate buffered saline (PBS) and subsequently resuspended in 10 mM Tris—HCI pH 8.0.

11.3.3 Isolation and Purification of Recombinant Adenoviruses

Recombinant virus is released from the cells by three cycles of freezing in a dry ice/ethanol bath
and thawing at 37°C. The cell lysate is spun down at 552 x g for 10 min. The AdS5 virus present in the
supernatant is further purified twice using CsCl gradient centrifugation, followed by a desalting
column to remove the CsCl [41, 47-49]. The purified adenovirus is quantitated and aliquoted asepti-
cally; these aliquots can be stored at —20°C and used as needed for protein expression. The purified
adenovirus is an infectious agent and each researcher should consult their institution’s guidelines for
handling biohazardous material.

11.3.4 Growth Characteristics of Cell Lines

HEK?293 and A549 cells can be obtained from American Type Culture Collection (ATCC). Primary
HEK cells are the best hosts for the replication of human adenoviruses [50]. A549 cells are lung
carcinoma cells; these cells grow in monolayers and can grow in Dubelco’s modified eagle media
(DMEM) supplemented with 10% heat inactivated, dialyzed fetal bovine serum (FBS) and 1% peni-
cillin/streptomycin. Recombinant adenoviruses can infect a large number of cell types that express
the Coxsackie-and Adenovirus Receptor (CAR) protein. Because, adenoviruses also increase glyco-
lysis in continuous cell lines and thereby induce the cells to produce large quantities of acid [51] the
DMEM is buffered with 25 mM Hepes to maintain a neutral pH during cell culture. As in the case
of all eukaryotic cells, A549 cells require a sterile environment and must be kept from overgrowing
and losing viability.

Depending on the post-translational modifications present in a given target protein, a researcher
may need to investigate protein expression in different cell lines; each of these may have specific
requirements for growth media. As a result, understanding cell growth in the expression media to be
used is one of the first steps in obtaining isotopically labeled proteins. For our case study A549 lung
carcinoma cells are brought up in DMEM, N-CGM6000, or PN/*C-CGM6000 media supplemented
with 10% heat inactivated, dialyzed FBS and 1% penicillin/streptomycin and seeded in six well plates
at 0.2 x 10%ells/well and incubated at 37°C for 6 days. Aliquots are taken every 24 h and cells counted
for each media type. Perdeuteration or fractional deuteration of amino acid side chains is essential for
the study of large proteins [52]. This can be achieved in principal by the growth of mammalian cells
in deuterated media. A549 cells can be readily adapted to 20% D,O-containing DMEM, 10% heat
inactivated FBS and 1% penicillin/streptomycin [53]. The adapted cells are seeded at 1 x 10°
cells/10 cm plate in DMEM containing 20, 45 or 70% D,O. Viable cells are counted every 24 h for
6 days to obtain growth curves. Once it has been established that the cells are viable in the chosen
growth media for the necessary time period, the researcher may test protein expression in the chosen
cell line.
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11.3.5 Protein Expression

Once the growth characteristics and media requirements of the favored cell line have been established,
small scale protein expression can be initiated in six well plates. This is necessary prior to embarking
on large scale protein production to assess the expression conditions as well as proper folding and
activity of the desired protein. Expression of glycoproteins from mammalian cells can result in hetero-
geneous glycosylation due to variation in the occupancy as well as the nature of glycan. The glycosy-
lation pattern obtained from mammalian cells can be high-mannose, hybrid or complex in nature.
In our case study, we used a combination of kifunensine, a potent inhibitor of o.-mannosidase I [54],
as well as swainsonine, a potent inhibitor of a-mannosidase II [55], to obtain Endoglycosidase
H-sensitive high mannose glycans [56, 57].

For small scale protein expression using the adenoviral expression system in six-well plates, A549
adherent cells are routinely maintained in DMEM. Typically, cells are seeded at 0.8 x 10° cell/well on Day
1 in fresh DMEM containing 10% heat inactivated dialyzed FBS, 1% penicillin/streptomycin and allowed
to grow overnight at 37°C and 5% CO,. The following day (Day 2), media is replaced with labeled "N,
BN/BC CGM6000 or fresh DMEM containing 10% heat inactivated dialyzed FBS and 1% penicillin/
streptomycin. A549 cells are then infected with recombinant adenovirus (rAd) to a final concentration of
2,500 particles/cell. In general, a high multiplicity of infection is used so that all cells in the culture are
synchronously infected. Protein expression of a cytoplasmic or secreted protein is monitored 72-96 h
(Days 4-5) post infection either by harvesting cells or the culture media, respectively, and testing by a
method of choice such as surface plasmon resonance, immunoprecipitation or western blotting.

For large scale production of unlabeled or isotopically enriched glycoprotein, A549 cells are seeded
at 12-15 x 10° cells/15 cm plate on Day 1 in fresh DMEM containing 10% heat inactivated dialyzed
FBS, 1% penicillin-streptomycin and allowed to grow overnight at 37°C and 5% CO,. The following
day (Day 2), media is replaced with N, *N/C CGM6000 or fresh DMEM containing 10% heat
inactivated dialyzed FBS, 1% penicillin/streptomycin as well as the glycosidic inhibitors kifunensine
(12.5 mg/L) and swainsonine (5 mg/L). A549 cells are infected with recombinant adenovirus contain-
ing the gene for HIV-1 gp120 outer domain (rAdOD) 1-2 h later to a final concentration of 2,500
particles/cell. For secreted proteins, the culture supernatant is harvested 96—-108 h post infection; cell
debris is spun down at 365 x g. The culture supernatant is filtered aseptically through a 0.2 um filter
and, if necessary, the cell free supernatant can be concentrated five to tenfold by tangential flow
filtration [58] prior to protein purification. The expressed protein (HIV-1 gp120 outer domain) is
purified by immobilized nickel- and antibody b12-affinity chromatography. Fractions containing the
outer domain are pooled, concentrated, dialyzed against PBS and deglycosylated using EndoH, fol-
lowed by size-exclusion chromatography to obtain the deglycosylated protein [1]. For cytoplasmic
proteins; culture supernatant is removed and adherent A549 cells are harvested following treatment
with Trypsin-EDTA. Cells are pelleted at 300 x g, washed twice with PBS and subsequently lysed
with cell lysis buffer (Cell Signaling) and the protein of interest purified by the method of choice.

11.3.6 Selective Labeling of Specific Amino Acids

Mammalian expression systems as well as insect cells are currently used to obtain amino-acid type
specific labeling of proteins [27, 59, 60]. A similar approach is possible in the adenoviral mediated
expression system. The methodology to produce selectively labeled protein is similar to that described
in Sect. 11.3.5. CGM-6750 containing N labeled glycine with all other amino acids and media
components unlabeled can be used to produce protein specifically labeled with N glycine (Fig. 11.5a).
We did observe minor peaks in the glycine enriched sample possibly due to scrambling to serine or
cysteine residues. CGM-6750 containing N labeled valine with all other media components unlabeled
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can be used to produce protein selectively labeled with '*N valine (Fig. 11.5b) We did observe minor
peaks in valine enriched spectra possibly due to scrambling to isoleucine or leucine residues. We estimate
yields of 60 and 49 mg/l of pure glycosylated *N glycine and '*N valine enriched outer domain
proteins, respectively. These yields balance out the high cost of the labeled media and allow for the
production of selectively labeled proteins.

11.3.7 Quantification of Isotope Incorporation

Typically quantification of isotopic incorporation is obtained from MALDI TOF spectra of an enriched
protein. However for glycoproteins such as the HIV-1 gp120 outer domain the inherent heterogeneity
in glycosylation makes such an analysis very complicated. Thus, a glycoprotein is subjected to prote-
olytic digestion to identify peptide fragments devoid of N/O linked glycans followed by mass spectro-
metric analysis to obtain the isotope incorporation levels [1, 61].

11.4 NMR Characterization of Expressed Protein

Initially, the unlabeled full length or a target protein domain expressed either transiently or from the
adenoviral expression system can be characterized using 1D or 2D NMR spectroscopy. Thus, in our
example the HIV-1 gp120 outer domain obtained from adenovirus expression system exhibits a one
dimensional '"H NMR spectrum (Fig. 11.3a) that is well dispersed with resolved, upfield-shifted
methyl protons as well as a relatively well dispersed amide region, indicative of a well folded protein.
The 'H-5N HSQC spectra of the outer domain is also of very high quality and exhibits resolved back-
bone and side-chain amides (Fig. 11.3b). The 'H-"*C HSQC (Fig. 11.3¢) exhibits very good chemical
shift dispersion along with upfield shifted methyl resonances, indicative of a structured protein.

To assess uniform "N/BC incorporation necessary for assignment of backbone and side chain
atoms, two data sets were recorded. In Fig. 11.4a, a high quality 'H-'3C plane of a 3D HNCACB
spectrum acquired at 900 MHz and 25°C shows correlations from the amide protons to the C_and C[5
carbons and demonstrates the uniform enrichment of C[1 and C,, a critical experiment for structural
characterization of a protein by NMR spectroscopy. The 'H-*C projection of a 3D HNCO spectrum
(Fig. 11.4b) showing correlations between the amide NH protons and the backbone CO resonances
demonstrates conclusively that the adenoviral expression system provides sufficient isotope enrich-
ment to allow acquisition of triple resonance experiments to obtain full backbone and side chain reso-
nance assignments. In many instances, especially for large proteins, protein-protein complexes or
membrane proteins, selective labeling of specific amino acids along with perdeuteration or random
fractional deuteration becomes necessary to study specific interactions or complement assignments in
extremely crowded regions of 3D spectra. Selectively labeled outer domain spectra enriched with N
glycine and valine (Fig. 11.5a, b) provide further proof that the adenoviral expression system is suit-
able for obtaining isotopically enriched proteins for structural characterization of proteins and protein
complexes by NMR spectroscopy.

11.5 Conclusions

Characterization of the structural and dynamic properties of post-translationally modified proteins
by NMR spectroscopy has been hindered by the absence of suitable expression systems to obtain
isotopically enriched proteins. Recent advances in molecular biology and cell culture techniques
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Fig. 11.3 HIV-1 gp120 outer domain expressed and purified from the adenoviral expression system is a function-
ally active and well folded protein. One dimensional proton spectra of unlabeled deglycosylated HIV-1 gp120 outer
domain acquired at 600 MHz and 25°C is shown in panel A. 'H-"*N and 'H-"*C HSQC of "*N/"3C labeled outer domain
acquired at 900 MHz and 25°C are shown in (b) and (¢), respectively (Reproduced from Sastry et al. [1]. With permis-
sion from Springer)

have revolutionized recombinant protein production from mammalian expression systems. In this
chapter we have described an adenoviral based mammalian expression system that exploits the high
level of protein expression obtained from an adenoviral vector when coupled to lung carcinoma
cells. This system was developed for the expression of transgenes in the context of vaccines and gene
therapy [62] The methodology described in this chapter to obtain uniform as well as selective amino-acid
labeled proteins should reduce the barrier to structure determination of post-translationally modified
proteins and their complexes by NMR spectroscopy.
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the adenovirus-vectored mammalian expression system can provide the necessary isotopically enriched samples for
heteronuclear NMR spectroscopy (Adapted from Sastry et al. [1]. With permission from Springer)
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Fig. 11.5 Single amino acid labeling of HIV-1 gp120 outer domain from the adenoviral expression system is
feasible. (a) '"H-"N HSQC spectra of HIV-1 gp120 outer domain selectively labeled with ®N glycine acquired at
900 MHz and 25°C and (b) 'H-""N HSQC spectra of HIV-1 gp120 outer domain selectively labeled with *N valine
acquired at 700 MHz and 25°C. The 'H-"*N HSQC of selectively labeled outer domain spectra exhibit excellent signal
to noise and thus demonstrate that the adenoviral system can be used to obtain selectively labeled proteins
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11.6 Materials

We report materials used for selective amino-acid labeling. Materials for summarized experiments
can be found in the respective primary publications [1, 40].

Specifically labeled N Valine-CGM6750 and "N Glycine-CGM6750 with all other amino acids
and components unlabeled were obtained from Cambridge Isotope Laboratories, Inc (Andover, MA).
High glucose containing DMEM with Hepes and NaHCO, was obtained from Life Technologies.
Kifunensine and swainsonine were obtained from Enzo Life Sciences. Nickel-NTA was obtained
from Qiagen Inc.
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11.7 Appendix

A list of reagents used in the adenoviral based mammalian expression system

Reagents Source

DNA vectors

pVRC11%4 Available upon request from Dr. G. Nabel
pVRC1290 Available upon request from Dr. G. Nabel
Restriction enzymes

BamHI New England Biolabs Inc.

Xbal New England Biolabs Inc.

Sacl New England Biolabs Inc.

Clal New England Biolabs Inc.
Recombinases and proteases

Cre recombinase Novagen-EMD Biosciences Inc.
HRV3C protease Novagen-EMD Biosciences Inc.
Transfection Kits and reagents

Mammalian transfection system Promega

Lipofectamine Life Technologies

Cell lines

HEK293 ATCC

A549 ATCC

Cell culture reagents

DMEM with glucose, NaHCO,, Hepes Life Technologies

Fetal bovine serum Life Technologies

Dialyzed fetal bovine serum Life Technologies
Penicillin/Streptomycin Life Technologies

Trypsin/EDTA Life Technologies

Kifunensine Enzo Life Sciences

Swainsonine Enzo Life Sciences

Sodium pyruvate Sigma-Aldrich

BE6000 Cambridge Isotope Laboratories, Inc.
5N CGM6000 Cambridge Isotope Laboratories, Inc.

(continued)



11

Mammalian Expression of Isotopically Labeled Proteins for NMR Spectroscopy 209

(continued)

Reagents Source

N/BC CGM6000 Cambridge Isotope Laboratories, Inc.
5N Glycine-CGM6750 Cambridge Isotope Laboratories, Inc.
5N Valine-CGM6750 Cambridge Isotope Laboratories, Inc.
EDTA-d,, (98%) Cambridge Isotope Laboratories, Inc.
Tris-D11 (98 %) Cambridge Isotope Laboratories, Inc.
D,0 (99.8%) Cambridge Isotope Laboratories, Inc.
Protein purification

Nickel-NTA Qiagen Inc

Protease inhibitor cocktail-EDTA free Roche Diagnostics

Cell lysis buffer Cell Signaling
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