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Abstract

Pulse-chase analysis is a commonly used technique for studying the synthesis, processing and

transport of proteins. Cultured cells expressing proteins of interest are allowed to take up

radioactively labeled amino acids for a brief interval (“pulse”), during which all newly synthesized

proteins incorporate the label. The cells are then returned to non-radioactive culture medium for

various times (“chase”), during which proteins may undergo conformational changes, trafficking,

or degradation. Proteins of interest are isolated (usually by immunoprecipitation) and resolved by

sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), and the fate of

radiolabeled molecules is examined by autoradiography. This chapter describes a pulse-chase

protocol suitable for studies of major histocompatibility complex (MHC) class II biosynthesis and

maturation. We discuss how results are affected by the recognition by certain anti-class II

antibodies of distinct class II conformations associated with particular biosynthetic states. Our

protocol can be adapted to follow the fate of many other endogenously synthesized proteins,

including viral or transfected gene products, in cultured cells.
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1. Introduction

In the 1960s, Palade et al. devised pulse-chase labeling of secreted proteins in pancreatic

tissue slices in order to investigate the role of subcellular compartments in protein

trafficking [1–2]. These experiments showed that secretory proteins were sequentially

transported from the rough endoplasmic reticulum (ER) to the Golgi complex and then to

zymogen granules via small vesicles located in the periphery of the Golgi [1–2]. Since then,
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pulse-chase labeling has become a widely adopted tool for studying the post-translational

fate of proteins.

In a typical experiment, cells of interest are first cultured for a short period (the “pulse”) in

the presence of radioactively labeled essential amino acids. This is often a mixture of 35S-

labeled cysteine and methionine (Cys/Met). Other essential amino acids may be labeled

with 3H or 14C and used in a similar way; this may be useful for proteins with a low

Cys/Met content. Nonessential amino acids are not suitable, as their endogenous synthesis

would compete with labeling. During the pulse, all proteins synthesized de novo become

radiolabeled in proportion to their rate of biosynthesis and their content of amino acids

carrying the label. Competition with preexisting pools of unlabeled amino acids in the cells

may be reduced, and labeling efficiency increased, by starving the cells of these amino acids

prior to pulse-labeling. In order to track the fate of proteins labeled during the pulse, the

cells are washed and re-cultured (“chased”) for varying amounts of time in the presence of

normal media, containing excess unlabeled amino acids. This ensures that only those

proteins that were made during the pulse are radiolabeled; their fate can then be traced

during the chase.

The proteomes of mammalian cells are exceedingly complex, so for most purposes, proteins

of interest must be enriched by, for example, selective extraction, subcellular fractionation,

and/or chromatography. A versatile and specific method uses detergent extraction and small-

scale affinity chromatography (i.e., immunoprecipitation; IP) with antibodies (Abs) specific

for the protein of interest. The Abs are coupled directly to sepharose beads or are recognized

by Ab-binding proteins, such as staphylococcal protein A or G, coupled to sepharose.

Monoclonal Abs are often selective for particular protein conformations, and this property

must be considered during data interpretation. Such Abs can provide information on the fate

of conformationally distinct molecular subsets of the same protein. Ab-bound radiolabeled

proteins may be quantified by scintillation counting or visualized after separation on SDS-

PAGE gels by autoradiography. The latter method allows quantification by densitometric

analysis of gel bands and improves the discrimination between specifically bound proteins

of interest and background radioactivity from nonspecific binding. It also reveals

intracellular processing steps that alter the molecular weight of proteins of interest (e.g.,

proteolytic cleavage, modification of carbohydrates, oxidation of disulfide bonds) or their

association with other proteins. These capabilities continue to justify the use of radioactivity

in the pulse/chase approach, even though non-radioactive techniques for measuring protein

synthesis and turnover have become available (for recent a application to MHC proteins, see

[3]).

Our laboratories have had a long-standing interest in the analysis of MHC class II (MHC II)

glycoproteins, which bind heterogeneous mixtures of peptides in endosomes and present

them on the surface of antigen-presenting cells for inspection by CD4+ T helper

lymphocytes. Pulse-chase analysis has been invaluable in tracing the complex processes of

MHC II protein synthesis, maturation, trafficking, and peptide loading. Newly synthesized

MHC II αβ heterodimers are assembled with the invariant chain (Ii) polypeptide in the ER

[4–5]. This association aids the correct folding of nascent MHC II molecules and prevents

premature binding of misfolded polypeptides [6]. The assembled (αβ)3Ii3 complexes travel
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through the Golgi apparatus and, targeted by sequence motifs in the cytoplasmic tail of Ii,

are directed to late endosomal and pre-lysosomal compartments, which are called MHC

class II compartments (MIIC) [7–11]. In these compartments, Ii is progressively degraded

by aspartyl and cysteine proteases, including cathepsin S [12–15], via intermediates (p21,

p10/12) termed “LIP” (“leupeptin-induced polypeptides”) and “SLIP” (small LIP),

respectively, until only small Ii fragments called CLIP (class-II-associated invariant chain

peptide) remain bound in the peptide-binding groove of MHC II [16–17]. The subsequent

release of CLIP from MHC II and exchange for antigenic peptide are both mediated by

HLA-DM [18–20]. The catalytic action of DM also selects for peptides that form kinetically

stable complexes with MHC II, and may influence the conformation of MHC II molecules

[21]. One unusual biochemical consequence of loading with high-affinity peptides is that the

resultant MHC α/β-peptide complexes become resistant to denaturation with SDS in vitro;

this feature can be used to track peptide loading in pulse/chase experiments [22]. Some

variations in the migration of SDS-stable complexes have been noted, which relate to

peptide occupancy and/or conformation (“compact” vs. more slowly migrating “floppy”

dimers [23–24]). Peptide-loaded MHC II molecules are transported to the cell surface.

MHC II molecules are encoded at several genetic loci (generating class II isotypes), most of

which exhibit extensive allelic polymorphism. The details of the maturational steps

described above depend to some extent on the MHC II variant being studied. For example,

allelic and isotypic variation in the affinity of MHC II molecules for CLIP results in varying

degrees of spontaneous CLIP release in DM-deficient cells, and in varying levels of SDS

stability of MHC II complexes with CLIP; this, in turn, affects peptide loading and turnover

of MHC II molecules (reviewed in [25]).

Here, we describe a protocol for pulse-chase analysis of MHC class II molecules in human

Epstein-Barr virus-transformed B-lymphoblastoid cell lines (B-LCL). We show

experimental results for HLA-DR and -DQ molecules (two isotypes of human MHC II),

after pulse/chase labeling of B-LCL with defined mutations in DM. These results illustrate

what information may be obtained by tracking changes in the molecular associations and

abundance of radiolabeled proteins, as well as by use of conformation-sensitive mAbs.

2. Materials

2.1. Cell Culture and Media

1. Cell culture plasticware and culture media suitable for cells of interest. B-LCL

grow well in RPMI1640 medium supplemented with 2 mM L-glutamine and either

10% fetal bovine serum or 10% newborn calf serum.

2. Complete Cys/Met-free medium: Cell growth medium deficient in Cys/Met (e.g.,

Cys/Met-free RPMI1640, CellGro; or DMEM, Gibco) supplemented with 2 mM L-

glutamine and 10% dialyzed FBS (Invitrogen). Sterile filter (unless prepared from

sterile ingredients), store at 4 ° C, warm to 37 °C before use.

3. Chase medium: Complete growth medium (from 10.2.1.1, above) supplemented

with 1 mM each nonradioactive Cys and Met (Sigma). Sterile filter, store at 4 °C,

warm to 37 °C before use.
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2.2. Radioactive Reagents

1. Radioactive labeling reagent: [35S] Cys/Met labeling mix (Perkin Elmer) should be

stored in a −80°C freezer. Thaw at room temperature before use. Ensure handling

with appropriate safety precautions (see Current Protocols in Molecular Biology,

Appendix, A.1F for safe use of radioisotopes and specific precautions with 35S-

labeled materials).

2. Radioactive markers: 14C-labeled rainbow protein molecular weight markers (GE

Healthcare).

2.3. Preparation and Analysis of Lysates

1. Lysis Buffer: 50 mM Tris-HCl, 150 mM NaCl, 1% v/v NP-40 (now commercially

available as IGEPAL CA-630; see Note 1), pH 8.0. Add 1 mM

phenylmethylsulfonyl fluoride (PMSF; from 100 mM stock in dry 100% ethanol,

kept at −20 °C; toxic) and 1/50th volume of protease inhibitor cocktail (Roche) into

lysis buffer immediately before use. To prepare a 50× stock of the inhibitor

cocktail, dissolve a protease inhibitor tablet in 1 ml water. Aliquot and store at −20

°C.

2. Beads for immunoprecipitation (IP) and pre-clearing:

a. Protein A (Sigma) or protein G (GE Healthcare) sepharose beads: If the

beads are supplied as a lyophilized powder, incubate 100 mg of beads in 1

ml PBS at 4 °C for at least one hour to allow swelling. The rehydrated

beads may then be washed three times with at least 10 volumes PBS on a

sintered glass funnel; alternatively, the washes can be performed by

diluting the bead suspension to 50 ml in a conical polypropylene tube,

centrifuging for 30 minutes at 920–1430× g in a refrigerated benchtop

centrifuge, and carefully aspirating the supernatant. Thereafter, adjust the

final volume with PBS to obtain a 50% slurry (i.e., 50 % settled beads by

volume) and add sodium azide (toxic) from 10% w/v stock to a final

concentration of 0.02%. Store at 4°C. If beads are supplied as a slurry in

preservative (e.g., 20% ethanol), the rehydration step may be omitted.

However, the washes are recommended to minimize carry-over of

preservative into immunoprecipitations.

b. (Optional) Pansorbin cells (Calbiochem): protein A-bearing S. aureus cells

with IgG-binding capacity. Pansorbin cells may be used for pre-clearing.

They are stored as a 10% v/v suspension in PBS with 0.02% sodium azide

at 4 °C. Transfer desired amount of Pansorbin cells to a microfuge tube.

Centrifuge for 5 min in a benchtop microfuge at 3000 × g or at maximum

speed for 1 min at 4°C. Aspirate the supernatant. Resuspend in 1.0 ml of

cold lysis buffer and mix gently. Centrifuge again and remove the lysis

buffer. Repeat wash.

3. Pre-immune normal serum with the same animal source as antiserum used for IP,

or, for mAbs, a species- and isotype-matched control Ab.
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4. Antibodies: The choice of mAbs for IP experiments will be dictated by the

experimental goals. Owing to polymorphism and isotypy of the MHC, one

important consideration is the selectivity of the mAbs for particular MHC alleles

and isotypes. Antibodies raised in mice against human MHC molecules are often,

but not invariably, monomorphic (i.e., their binding is relatively unaffected by

allelic polymorphism), whereas murine antibodies raised against murine MHC

molecules from another strain generally bind to only a subset of alleles. Moreover,

mAbs may exhibit conformational preferences, and these preferences often relate to

biosynthetic states of class II. See Tables 1 and 2 below for examples of antibodies

(anti-human and murine MHC class II proteins, respectively) that have been used

successfully and/or frequently in these types of experiments. The specificities of

mAbs often become evident in the course of pulse/chase experiments (see Figs. 1

and 2). Antibodies to the cytoplasmic tails of MHC class II α or β chains provide

conformation-independent reagents for denatured proteins, and sometimes, but not

always, for native proteins (see Ab DA6.147 below).

Monooclonal Abs may be purchased commercially or purified from hybridoma

culture supernatants by protein A- or G-sepharose affinity chromatography, using

commercial kits. Stock solutions (≈ 1 mg/ml in PBS, quantified by UV absorption

spectrophotometry, assuming A280 = 1.4 for a 1 mg/ml solution) can be stored

indefinitely at or below −20 °C in aliquots. Thawed aliquots may be kept at 4 °C

with addition of sodium azide to 0.05% (from 10% w/v stock) for several weeks.

5. IP wash buffer: PBS supplemented with 1 mM PMSF (added fresh), 0.05% NP-40,

and 0.05% sodium azide.

6. SDS Polyacrylamide Gel Components:

a. See Current Protocols in Molecular Biology, Chapter 10, Section II, 10.2

for directions on making gels and required buffers, including Laemmli

sample loading buffer (SLB), both reducing and non-reducing.

b. Equipment and supplies for SDS-PAGE (gel plates, combs, spacers, e.g.,

BioRad).

7. Amplify solution (GE Healthcare).

8. Heated vacuum gel dryer, e.g. BioRad.

9. Kodak Biomax MR Film (Scientific Imaging film, 20.3 × 25.4 cm, 8 × 10 inches).

10. Equipment for developing X-ray film.

11. (Optional) Equipment for film densitometry or phosphorimager system.

2.4. Laboratory accommodations for working with radioactivity

1. Decontamination agent, e.g., Count-Off (PerkinElmer). Obtain appropriate training

for dealing with a radioactive spill, in accordance with institutional regulations/

standards.
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2. Lab work area equipped with safety equipment for radioactive work (waste

containers, disposable absorbent covering, secondary containment, hand-held

Geiger counter). Equipment for disposal of radioactive waste sholud be in

accordance with institutional regulations/standards.

3. Refrigerated benchtop centrifuge and microcentrifuge, dedicated for radioactive

work.

4. Tissue culture incubator with dedicated space for radioactive work.

5. Tissue culture hood that can be reserved for radioactive work.

3. Methods

3.1. Prepare cells for the experiment

1. Cells should be highly viable and screened for microbial contamination, including

mycoplasma. Proliferating cell lines should be in logarithmic growth.

2. The protocol used here is suitable for suspension cells, such as B-LCL; alternative

procedures for adherent cells are in Note 2.

3. Cells and media are kept as close to 37 °C as possible to minimize interference of

the labeling protocol with normal cell metabolism.

4. Collect sufficient cells for the experiment (typically 106-107 cells per time point;

see Note 3) in 50 ml conical polypropylene tubes by centrifuging for 5–10 min at

330–520 × g in a benchtop centrifuge (e.g., 514 × g equivalent to 1500 rpm for 5

min. in a Beckman GS-6R centrifuge) kept at room temperature. Use the same

centrifugation conditions in subsequent steps.

3.2. Wash and starve

1. Wash cells once in at least 5 ml pre-warmed, unsupplemented Cys/Met-free media.

The cell density after dilution should be < 1 × 107/ml.

2. Suspend cells in Cys/Met-free media plus glutamine and dialyzed FBS at a density

of 5 × 106 cells/ml (see Note 3) and incubate (starve) at 37 °C in a 50 ml conical

tube for 1 hr to deplete endogenous Cys/Met. During this time, place cells in a

humidified CO2 incubator and leave the cap partially unscrewed to allow gas

exchange. Mix occasionally (see Note 3).

3.3. Pulse labeling

1. Perform this and subsequent steps with safety precautions for radioactive work (see

Current Protocols in Molecular Biology, Appendix, A.1F).

2. Add 100 to 150 μCi 35S-Cys/Met per ml of starved cell suspension and mix well.

Alternatively, cells may be centrifuged after step 3 and suspended in an equal

volume of Cys/Met-free media supplemented with glutamine, 10% dialyzed FBS,

and 100–150 μCi/ml 35S-Cys/Met. Place the 50 ml conical tube, with the cap

partially unscrewed, inside a secondary container inside the CO2 incubator.
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Incubate at 37°C, mixing occasionally (see Note 3). The duration of pulse-labeling

may be varied to suit specific experimental purposes (see Note 4).

3.4. Chase

1. Collect cells by centrifugation at room temperature. Remove radioactive culture

supernatant and dispose using a liquid waste conversion kit or other disposal

method, as indicated by institutional regulations. It is preferable to aspirate, rather

than decant, radioactive supernatants, to avoid contaminating the outside surfaces

or cap thread of the conical tube during decanting.

2. Wash cells once with 5 ml pre-warmed chase media. Record the time of adding

chase media as the start time of the chase.

3. Resuspend cells in chase media at up to 5× 106 cells/ml. Distribute cells to

individual 15 ml or 50 ml conical tubes. Place tubes into a secondary container with

caps partially opened. Incubate in a tissue culture incubator at 37°C with occasional

mixing (see Note 3). For longer chase times (≥ 8 hours), cells should be diluted to

1× 106 cells/ml in chase media (or lower still, to allow for cell growth, if the chase

is continued beyond 24 hours), and appropriately sized tissue culture flasks should

be used. Meanwhile, set the temperature of the benchtop centrifuge to 4 °C.

3.5. Harvest

1. Harvest cells at the end of the pulse and after each time of chase. The timing of

sampling should match the time scales of the processes to be investigated;

intracellular trafficking, maturation, and peptide loading of MHC class II molecules

can be sampled on time scales of hours (see Figs 1 and 2 and Notes 4 and 5).

2. During collection, keep cells on ice and centrifuge at 4°C. Spin down cells and

dispose of media as radioactive waste.

3. Wash cells once with ice-cold PBS containing 1 mM PMSF (added fresh). Record

the time of PBS addition as the time of harvest. Remove the supernatant as

completely as possible after spinning down, especially when samples will be lysed

in a small volume.

4. Store the cell pellets from all time points in 15 ml (or 50 ml) tubes in designated

boxes (with radioactive hazard warning label) at −20°C (short-term) or −80°C

(long-term).

3.6. Detergent extraction

1. Supplement ice-cold lysis buffer with 1 mM PMSF and Roche Complete protease

inhibitors (toxic).

2. Add lysis buffer (1 ml for up to 108 cells per sample) to frozen cell pellets and mix

until cell pellets are dispersed as a turbid but homogenous suspension. Avoid

thawing frozen cell pellets before addition of lysis buffer, as this releases active

proteases.
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3. Continue lysis by rotating the microcentrifuge tubes at 4°C for 20–60 min or

leaving them on ice with occasional vortexing.

4. Spin down non-solubilized material for 20 min at top speed in a microcentrifuge

(13,000 rpm or 10,000 × g) at 4°C.

5. Transfer the cleared supernatant, which contains the extracted radiolabeled

proteins, to a clean tube, or directly to the first pre-clear tube (below).

3.7. Pre-clearing

This step depletes any radiolabeled proteins that bind nonspecifically to the beads and/or

antibody used for IP. In the case of B cell lines, pre-clearing also depletes endogenous Ig.

Depending on Ab to be used for immunoprecipitation, pre-clearing can be done using

Protein A (PAS) or protein G sepharose (PGS) beads (see Note 6). The pre-clearing step

may be repeated several times (see Note 7).

1. For each sample, add to a fresh, labeled tube 30–60 μl 50% slurry of PAS or PGS

and 3–5 μl pre-immune normal serum or 10 μg purified, isotype-matched Ig from

the same species as the antibody to be used for IP.

2. Add radiolabeled cell extract (plus any additional lysis buffer) to a final volume of

750-1000 μl and rotate tubes at 4°C for at least one hour.

3. Spin down beads (full speed in a microfuge, 1–2 min., 4 °C) and transfer

supernatant to fresh 1.5 ml Eppendorf tubes.

4. In some experiments, it may be useful to quantify the amount of radioactivity

incorporated into the pre-cleared cell extract and to adjust volumes to match the

amount of input radioactivity between samples (for details, see Note 8).

3.8. Immunoprecipitation (IP)

1. Add PAS or PGS beads (40–100 μl 50% v/v slurry) and desired antibody to each

tube (see Note 9). A typical amount of mAb to use is 10 μg = 10 μl of a 1 mg/ml

stock in PBS, or a few μl of a polyclonal antiserum; titrating these amounts may

improve results.

2. Rotate tubes for at least 1 hr at 4°C.

3. Spin down beads. Remove the supernatant (extract depleted of the protein of

interest) and transfer to a fresh microfuge tube (see Note 10).

3.9. Washing beads

Wash beads 3–5 times with 1 ml cold IP wash buffer. Each time, remove the supernatant by

pipetting or aspiration, without disturbing the pellet (see Note 11). The number of washes

may be optimized, and lysis buffer may be used instead of wash buffer. The last wash may

be performed in PBS or water to reduce carry-over of nonionic detergent into the elution

step.
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3.10. Preparation of SDS-PAGE gels

1. Select the percentage acrylamide of the gel so as to maximize resolution of proteins

of interest; gradient gels can be useful if a wide range of molecular weights needs

to be analyzed. For MHC class II molecules, 12% gels generally are suitable.

2. Prepare SDS-PAGE acrylamide gels as described in detail in Current Protocols in

Molecular Biology, Chapter 10, Section II, 10.2, or use commercially available pre-

cast gels. The best molecular weight resolution is achieved on large gels

(14×16×0.15cm), but standard minigels may also be used.

3. Set up gels in an electrophoresis chamber as per manufacturer's instructions, and

add 1× SDS-PAGE running buffer to the buffer compartments.

3.11. SDS-PAGE sample preparation and separation

The conditions for elution of radiolabeled material from beads may be varied for specific

purposes. Here, we describe alternative procedures for analysis of dissociated dimers

(10.3.11.1) and non-dissociated dimers (for assessment of SDS-stability, 10.3.11.2). Other

alternatives not described here include elution in non-reducing conditions to visualize inter-

chain disulfide bonding; denaturation followed by re-IP of individual chains, to identify co-

precipitated polypeptides within a larger complex [73]; or enzymatic digestion prior to SDS-

PAGE separation, for example, using endoglycosaminidase H to remove high-mannose

forms of N-linked glycans, which may be used to track intracellular transport through the

Golgi apparatus [74].

1. Elution of dissociated dimers:

a. Resuspend beads in an appropriate amount (limited by the size of gel

wells, e.g. 30 μl for a BioRad minigel) of reducing SLB. If buffer volume

is large compared to bead volume, 1× SLB may be used, but 1.5× or more

concentrated SLB may be used for small elution volumes. This is to

compensate for dilution by residual wash buffer in the bead pellet.

b. Heat the samples for 10 min to 90–100°C in a heat block to elute protein

from beads. Vortex and spin down beads.

c. Proceed to step 3.

2. Alternative procedure for elution of non-dissociated dimers:

a. For visualization of SDS-stable (compact or floppy, see Note 12) dimers,

suspend beads in SLB and incubate at room temperature for 10 to 60 min

[24]. (Do not boil.) Vortex and spin down beads.

b. Elution conditions are required that release immune complexes and

dissociate the immunoprecipitating antibody from class II molecules,

without also dissociating class II αβ heterodimers associated with peptide.

Conditions (SDS concentration, addition of reducing agent, elution time)

may need to be varied to optimize this step.
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c. Note that some mAbs fail to dissociate from SDS-stable class II molecules

under typical non-boiled elution conditions and cause super-shifting of

bands (see Table 1).

3.12. Sample loading and electrophoresis

1. Using a Hamilton syringe (dedicated for radioactive work, and rinsed thoroughly

between samples) or disposable gel loading tips, load the supernatants from each

sample into wells of the SDS-PAGE gel. One well is set aside for radiolabeled

molecular weight markers (Amersham/GE Healthcare 14C-labeled rainbow

markers), applied as per manufacturer's instructions (see Note 13).

2. Electrophorese samples until the loading dye front has reached the bottom of the

gel (see Note 14).

3.13. Gel fixation and exposure to scintillation cocktail

Although gel fixation is recommended, we have found that it may be skipped. Transfer gel

into enough Amplify solution to cover the gel. Incubate gel with gentle rocking for 15–30

min at room temp in the dark (covered with aluminum foil). We have found that the Amplify

solution may be reused several times.

3.14. Gel drying

1. Cut a piece of Whatman 3M filter paper slightly larger than the surface area of the

gels. Wet Whatman paper with water. Gently place the gel onto the filter paper and

cover it with clear plastic wrap (Saran Wrap). Avoid introducing air bubbles

between the layers of this sandwich.

2. Using a gel dryer according to the manufacturer's instructions, dry the gel for 1.5 hr

at 80°C with slow ramp and good vacuum seal. Breaking the seal early or heating

the gel too fast will crack the gel.

3.15. Visualize radioactive bands

1. Remove plastic wrap from the dried gel.

2. For a high-resolution, publication-quality image, expose autoradiography film to

the gel in a film cassette at −80°C, adjusting the exposure time between a few hours

and several weeks, depending on the amount of radioactivity being visualized. The

exposure time should be varied to achieve detection of radioactive bands of interest

whilst minimizing nonspecific background and avoiding overexposure of abundant

bands. Allow the frozen film cassettes to return to room temperature before

opening them, or the gel and film may stick together and separating them may

cause sparks that will leave black spots on the film when developed. Develop the

film using an automatic film developer, according to manufacturer's instructions.

3. Semiquantitative analysis of band intensities may be achieved by film

densitometry.
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4. If a phosphorimager is available, a “snapshot” may be obtained by placing the gel

on the light-blanked detector screen of a phosphorimager system overnight at room

temperature. Phosphorimagers can be more sensitive than film and linear over a

wider range of exposures. The data are immediately available for quantitation, but

the images obtained are grainier than film and less suitable for publication.

4. Notes

1. In order to maintain protein-protein interactions that are sensitive to NP-40, or for

specific class II alleles thought to have reduced stability (such as I-Ag7), digitonin

(1 %) or CHAPS (6 mM) can be used to replace NP-40. Alternative buffer systems

may be required, for example, to maintain pH-dependent interactions, such as those

between MHC II and DM [75]; note, however, that interactions of antibodies with

their antigens and with protein A/G-sepharose may also be pH-dependent.

2. Steps 1–6 apply to suspension cells. Adherent cells should be split one day before

the experiment and allowed to grow in 10-cm or 60-mm tissue-culture dishes

overnight. Depending on the abundance of proteins of interest, each chase time

point may require one or more dishes of cells. The cells can be washed without

centrifugation (by gentle aspiration and addition of media or buffers, as appropriate

at each step) and harvested by scraping off cells using disposable cell scrapers, or

by detaching with PBS/EDTA, with or without trypsin (unless the protein of

interest is sensitive to trypsinization). Detached cells may then be centrifuged and

further processed as described in the main protocol (step 6). Alternatively, adherent

cells may be extracted without being detached, by washing in PBS followed by

addition of ice-cold lysis buffer to culture dishes. After thorough dispersion of cells

in lysis buffer, transfer the extract to 1.5 ml microcentrifuge tubes for further

processing.

3. Cell density during starvation and subsequent pulse-labeling and chase may be

adjusted according to the metabolism of the cell type under study and the particular

experiment. The cell density during starvation and chase should be low enough to

avoid nutrient depletion of media, but volumes of radiolabeled media should be

minimized to limit disposal cost. Mixing of cells kept in conical tubes is important

to avoid depletion of nutrients and oxygen after cells settle under gravity.

Moreover, to allow oxygen diffusion and for effective CO2 exchange for

appropriate buffering of media, tubes should not be filled with media to a height of

more than 2–3 cm. The total cell number per time point may be increased to isolate

less abundant or poorly labeled proteins.

4. The pulse-labeling time varies depending on the experiment and should be adjusted

based on the desired time resolution. To track subsequent intracellular trafficking

of MHC II molecules on time scales of 2 to 24 hrs, a 30 min to 1 hr pulse is

suitable. Very brief pulses (on the order of a minute or even shorter) may be used to

track early stages of MHC II assembly in the ER; however, this requires further

modifications to this protocol to allow precise timing of the pulse and chase [76–
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77]. Proteins synthesized at a low rate, or proteins with a low content of Cys/Met,

may require longer labeling times to become detectable.

5. The spin/wash steps between the pulse and chase and the same steps at collection

can each take up to 30 min. When using a long (≥ 30 min) pulse with chase time

points at intervals of an hour or longer, the time for spinning/washing is not critical,

because metabolism slows substantially once cell suspensions are handled in the

cold. However, for experiments performed on shorter time scales, the time for

manipulation can introduce error to estimated times for particular processing

events. In order to ensure accurate timing in these experiments, the pulse may be

terminated using protein synthesis inhibitors; labeled and chased cells may be

rapidly diluted into a large excess of ice-cold PBS and kept rigorously in the cold

thereafter. Centrifugation times may be shortened and g forces increased to reduce

processing time.

6. Protein A and G bind differentially to the different immunoglobulin isotypes, and

the choice of protein A- or G-sepharose will be dictated by the mAb(s) used. For

binding affinities of protein A and G for various IgG subclasses, see Current

Protocols in Molecular Biology, Chapter 10, section VI, Table 10.16.1. A cheaper

alternative is to use a 10% suspension of Pansorbin cells (fixed, heat-killed

Staphylococcus aureus, bearing protein A) for preclearing. The desired amount of

Pansorbin cells (100 ul for each time point) is washed twice before use (see

Materials). Add cell lysate and normal pre-clearing serum (plus any additional lysis

buffer) directly to the Pansorbin cell pellet to a final volume of 750-1000 μl. Mix

thoroughly by pipetting or vortexing. Otherwise proceed as described above.

7. Additional rounds of pre-clearing may further reduce nonspecific background

radioactivity, but each step slightly dilutes the cell extracts and very unstable

proteins may gradually denature or degrade, so this step may need to be optimized.

When stable proteins are being isolated, one of the pre-clearing steps may be

extended overnight. The final preclearing step may be performed with PAS or PGS

alone, in order to remove any residual irrelevant antibody before the specific IP.

8. To quantify cell-associated radioactivity, mix a small aliquot of the extract (e.g., 5

μl) with 1 ml scintillation fluid in a disposable scintillation vial, and count in a

scintillation counter. Alternatively, protein-associated radioactivity may be

quantified. Spot a small aliquot of the cell extract onto glass filter membranes, soak

in 100% w/v aqueous trichloroacetic acid, wash, transfer to scintillation vials, add

scintillant, and count. Before proceeding to IP, the volumes of cell extracts may be

adjusted to match for equal counts of radioactivity, and lysis buffer added to

equalize total volumes. This method can compensate for differences in labeling

efficiency between different cell lines for comparison of relative rates of

biosynthesis, but is poorly suited for normalizing total radioactivity during an

extended chase. This is because radiolabeled proteins will be degraded at very

different rates during the chase, so a gradual loss of total radiolabeled proteins over

time is expected.
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9. When handling multiple samples, it is simpler to dispense protein A/G sepharose

and antibodies into tubes first, before adding the radiolabeled, pre-cleared extract.

Further variations of this step may be used. The antibody may be pre-incubated

with the pre-cleared extract for an hour and captured by subsequent incubation with

protein A/G beads. Alternatively, if hybridoma culture supernatants are to be used

as a source of mAbs for IP, the supernatants (0.5–1 ml per sample) may be pre-

incubated with protein A or G-sepharose beads for 1 hr in the cold, and washed

once in PBS, before addition of radiolabeled cell extracts.

10. The recovered cell extracts may be disposed of as radioactive waste or recovered

into fresh tubes, stored at −80 °C, and used for sequential IPs of other molecules.

For sequential IPs, thaw extracts at 4 °C with thorough mixing, spin out any

precipitated proteins at ≥ 10,000× g in a microfuge, and preclear at least once with

PAS or PGS to minimize any carry-over of antibody or immune complexes into

subsequent IPs.

11. The initial washes contain most of the radiolabeled unbound proteins, and need to

be disposed of and accounted for as radioactive waste. Later washes will contain

far less radioactivity; as a result, drain disposal may be permissible in some

jurisdictions. Processing of multiple samples is streamlined if the later washes are

removed by vacuum aspiration, using an aspirator dedicated for radioactive work,

fitted with filter traps that prevent escape of radioactivity into house vacuum

systems or vacuum pumps.

12. Floppy dimers (apparent relative molecular mass [Mr] ~63–67K) and compact

dimers (Mr, ~56K ) were initially defined in vitro by studies of purified molecules

[78]. Size heterogeneity of SDS-stable class II molecules has also been observed in

naturally occurring biosynthetic intermediates. Some MHC class II alleles form

floppy-sized dimers when loaded with CLIP; others form SDS-unstable complexes.

In contrast, DM-edited forms of MHC II loaded with stable peptides generally

migrate as compact dimers [24,79,10], but the percentage of SDS-stable complexes

varies between alleles and isotypes.

13. Molecular weight calibration will be most accurate if the markers are diluted in a

buffer matched in composition to that of the samples. For immunoprecipitates, a

mixture of loading buffer and IP wash buffer, in similar ratios as in samples, works

well.

14. Depending on the type and amount of detergent used in the IP wash buffer, the

loading dye front may be broadened. Note that CLIP and other low-molecular

weight peptides migrate ahead of the dye front. Their detection therefore requires

electrophoresis to be stopped when the dye front is a few mm above the bottom of

the gel. Note that such peptides can also be lost during standard gel fixation with

methanol/acetic acid.
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Abbreviations

(MHC) Major histocompatibility complex

(ER) endoplasmic reticulum

(Abs) antibodies

(Ii) invariant chain

(B-LCL) EBV-transformed B-lymphoblastoid cell lines

(SDS-PAGE) sodium dodecyl sulfate polyacrylamide gel electrophoresis

(MIIC) MHC class II compartments

LIP (leupeptin-induced polypeptides)

CLIP (class-II-associated invariant chain peptides)

(Cys/Met) cysteine/methionine

(PAS) protein A Sepharose

(PGS) protein G Sepharose

(IP) immunoprecipitation

(APCs) antigen presenting cells

(SLB) standard Laemmli sample loading buffer

(PMSF) phenylmethylsulfonyl fluoride
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Fig.1. Pulse/chase analysis of DR molecules in DM-expressing and non-expressing B-LCL
The DM-deficient cell line, 9.5.3, its wild-type progenitor, 8.1.6, and 9.5.3 cells transfected

with DM (9.5.3-DM) were pulse-labeled for 1 hr with [35S]-Cys/Met and chased for 0, 2, or

8 hrs. NP-40 cell extracts (3×106 cell equivalents/lane) were immunoprecipitated with the

anti-DR mAb L243 and analyzed by 12% SDS-PAGE. The positions of DR α and β chains

and of a 10 kDa SLIP fragment of Ii are indicated. Levels of DR-associated CLIP are

substantially diminished in DM-expressing 8.1.6 cells at 2 hr and 8 hr of chase, and even

further reduced when DM levels are increased by DM transfection of 9.5.3 cells. Also note

inefficient IP of immature DR (mostly Ii-associated) in pulse-labeled cells with L243, which

accounts for the weak bands at 0 hr chase [53].
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Fig.2. Pulse/chase analysis of DQ1 molecules in DM-expressing and non-expressing B-LCL
2.2.93 and 2.2.93-DM cells were pulsed for 1 hr with [35S]-Cys/Met and chased for the

indicated time periods. Aliquots of cell lysates, normalized for counts, were

immunoprecipitated with SPVL-3 for DQ1 and then analysed by SDS-PAGE [44]. This

figure illustrates the preferential recognition of a mature confirmation of DQ1 by SPVL3,

which is likely peptide-dependent and is significantly increased in the presence of DM.
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Table 1

Selected antibodies used to study biosynthesis and maturation of human MHC class II molecules.

Antibody Isotype (murine) Specificity in immunoprecipitation Reference
(original and
application)

PIN 1.1 IgG1 Anti-Ii: Recognizes a cytoplasmic, N-terminal epitope of human Ii and co-
immunoprecipitates any Ii-associated HLA class II αβ heterodimer. It also reacts with C-
terminally truncated Ii fragments that retain the N terminus (Leupeptin-induced peptides,
LIP, but not CLIP). Does not allow detection of Ii on the surface of intact cells by flow
cytometry.

[26]

BU45 IgG1 Anti-Ii: Recognizes the C-terminal lumenal domain of Ii. Co-immunoprecipitates free
and class II-associated Ii. Does not react with C-terminally truncated Ii fragments (LIP).
Allows detection of Ii on the surface of intact antigen presenting cells (APCs) by flow
cytometry.

[27–28]

CerCLIP.1 IgG1 Anti-CLIP: Recognizes the N-terminus of CLIP (Ii residues 81–105).
Immunoprecipitates CLIP-loaded class II αβ heterodimers. Also allows detection of
MHC class II-CLIP complexes on intact APC by flow cytometry. Staining intensity,
relative to that with anti-class II mAbs, is inversely correlated with DM-catalysed CLIP
release. CLIP levels also depend on the affinity of any given MHC allele(s) for CLIP.

[29–30]

6–39 IgG1 Recognizes DR3/CLIP complexes, but not free CLIP. [31]

I-5 IgG1 Recognizes DR3/CLIP complexes, but not free CLIP. [32]

DA6.147 IgG1 Anti-HLA-DR α chain: Recognizes a monomorphic (DR specific) determinant on the C-
terminal cytoplasmic tail of DRα. The epitope is accessible for IP in Ii-associated DR but
less so for mature DR molecules. It can also be used to immunoprecipitate DRα chain
from denatured lysates. Also reacts with dissociated HLA-DR α chains on Western
Blots. Not suitable for detection of DR on intact APCs by flow cytometry.

[33–34,30,35]

L243 IgG2a Anti-HLA-DR: Recognizes a monomorphic, conformational determinant on the α chain
of DR αβ heterodimers. DR molecules associated with intact Ii are immunoprecipitated
poorly (presumably due to steric masking of the epitope by the Ii C terminus), but DR
molecules associated with LIP, CLIP, or endosomal peptides are immunoprecipitated
well (see Fig.10.1). The strength of the residual interaction with DR/Ii complexes may be
dependent on the allele and the exact conditions for IP.
L243 is poorly suited to the IP of SDS-stable DR/peptide complexes under non-
denaturing conditions (without boiling), because these complexes are supershifted by
L243, which fails to dissociate in SDS at room temperature. Such complexes (but not
dissociated DR chains) are, however, detected by L243 on Western blots. Also detects
DR molecules on the surface of intact APCs by flow cytometry and has been used for
large-scale affinity chromatography to purify DR.

[12,34,36–37]

ISCR3 IgG2b Anti-HLA-DR β chain: immunoprecipitates HLA-DR αβ dimers and is relatively
insensitive to conformational maturation. Allows visualization of immunoprecipitated
SDS-stable peptide-loaded DR αβ dimers, as it dissociates from antigen in reducing
SDS-PAGE sample buffer at room temperature. Also, cross-reacts with MHC II
molecules from other species.

[6,38–39]

LB3.1 IgG2a Anti-HLA-DR α chain: Recognizes both empty and peptide-loaded HLA-DR 1 αβ
heterodimer (monomorphic). Has been used for large-scale affinity chromatography of
DR.

[40–43,38]

MEM-264 IgG2b Anti-empty HLA-DR β chain: Recognizes an epitope on the β chain of empty HLA-DR1
αβ heterodimers. Binding of the antibody is abolished by association with CLIP,
antigenic peptides, or truncated model peptides.

[40,44,43]

16.23 IgG3 Anti-HLA-DR3: Recognizes an allele-specific, DM-dependent epitope present on a
subset of DR3 molecules. Empty DR3/DM complexes and DR3/peptide complexes have
been reported to bind, but only after DM-mediated CLIP release and not after the
alternative self-release exchange mechanism. CLIP-associated DR3 molecules are not
recognised.

[45–48,32,49]

NFLD.D11 IgM Anti-HLA-DR4: Recognizes an allele-specific, DM-dependent determinant on the HLA-
DR0401 β chain.

[50]

SPVL3 IgG2a Anti-HLA-DQ: Recognizes a monomorphic epitope on DQ αβ dimers, but not the
denatured individual α or β chains. The epitope is maturation- and DM-dependent (see
Fig. 10.2).

[51–53]
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Antibody Isotype (murine) Specificity in immunoprecipitation Reference
(original and
application)

2.12.E11 IgG1 Anti-HLA-DQ2: Recognizes a conformation-dependent, polymorphic epitope on DQ αβ
dimers, but not the denatured individual α or β chains. It is specific for DQB1*0201 or
0202 alleles.

[51,54–55]

Ia3 IgG2a Anti-HLA-DQ: Recognizes a monomorphic epitope on DQ αβ dimers, but not the
denatured individual α or β chains.

[51,56]

B7/21.2 IgG3 Anti-HLA-DP: Recognizes a monomorphic epitope on HLA-DP α and
immunoprecipitates immature and mature DP heterodimers.

[57]

XD5.A11 IgG1 Anti-MHC class II β chain: Recognizes both intact and denatured DR, DP and DQ β
chains and therefore all MHC class II αβ heterodimers.

[58]

Note that the studies cited here may describe the original derivation or informative uses of these antibodies, or both.
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Table 2

Selected antibodies used to study biosynthesis and maturation of mouse MHC class II molecules

Antibody Reactivity Isotype (murine
unless indicated)

Specificity in immunoprecipitation Reference
(Original and

application)

In-1 Ii Rat IgG2b Recognizes cytoplasmic epitope near N terminus of Ii.
Immunoprecipitates free Ii and Ii/class II complexes.
Recognizes denatured or non-denatured, full-length
and C-terminally truncated Ii fragments, but not
CLIP.

[23,59]

P4H5 Ii Armenian Hamster Recognizes residues 99–116 of Ii, a lumenal epitope
immediately C-terminal of CLIP.

[60–62]

M5/114 I-A/I-E β I-Ab,d,q, I-Ed,k (Not
reactive with I-Ak,s,f,g7)

Rat IgG2b Recognizes β chain epitope (β1 domain = β chain
binding groove domain). Competes with MK-D6, but
no detectable preference for immature/mature class II.

[60,63,23,61]

Y3P I-Ab,f,p,q,r,s,u,v weakly with I-
Ak, also cross-reacts with all
rat I-A-like molecules

IgG2a Recognizes peptide binding domain of mature αβ
dimers and αβ/Ii complexes.

[23,61,64]

10-2.16 I-Ak,r,f,s,g7 β but not reactive
with I-Ab,d,p,q

Mouse IgG2b Recognizes β1 domain. [65,61,66,24]

K24-199 I-Aα, including I-Ad,k,g7 IgG2a Does not recognize newly synthesized class II in
presence or absence of Ii, prefers a more mature
conformation.

[65,61,67]

MKD6 I-Adβ (not reactive withI-
Ak,b,s,f,a)

IgG2a Recognizes extracellular β chain epitope (β1 domain,
competes with M5/114). Prefers more mature (e.g.,
DM-edited) conformations of I-Ad (IP is poor at early
time points, more efficient after ~1 hr chase, and more
efficient from DM-expressing than DM-negative
cells).

[60,65,68–69]

B21-2 I-Ab,d,g7 β Rat IgG2b Recognizes β chain of properly folded αβ dimers. No
detectable preference for mature/immature/DM-edited
class II.

[68,70]

14-4-4S Common I-Eα chain (N.B. not
all haplotypes express I-E.)

IgG2a Recognizes α chain of properly folded αβ dimers. [65,61,71–72]
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