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Summary
Tapasin is a key molecule in the major histocompatibility complex (MHC) class I peptide-
loading complex, interacting with several other proteins in the complex. An amino acid
substitution at a free cysteine position in tapasin has been shown to disrupt the covalent
association of tapasin with ERp57. In this study, we mutated the free cysteine in mouse tapasin,
and analyzed the effects on the cell surface expression of the mouse MHC class I molecules
Kd and Kb. The C95S substitution in mouse tapasin increased the proportion of open forms
relative to folded forms for both types of MHC class I molecules at the cell surface.
Furthermore, the C95S substitution resulted in increased association of folded Kd with tapasin.
Overall, our studies with these mouse MHC class I allotypes have revealed that the free cysteine
95 in mouse tapasin influences stable expression at the plasma membrane for both MHC class
I allotypes, and have shown that tapasin's interaction with folded Kd is elevated by the C95S
substitution in tapasin.

Tapasin is one of a group of proteins referred to jointly as the peptide-loading complex, which
is required for the normal assembly of MHC class I heavy chains with antigenic peptides in
the endoplasmic reticulum (Pamer & Cresswell, 1998; Farmery et al., 2000; Harris et al.,
2001a). Tapasin has been proven to be important to MHC class I assembly by the deletion of
the tapasin gene in mice and examination of the resultant phenotype. Mice with a tapasin gene
knockout have a reduced number of MHC class I molecules at the plasma membrane and the
MHC molecules reaching the surface are unstable, which results in poor T cell responses
(Grandea et al., 2000; Garbi et al., 2000).

Thus it is known that tapasin is essential to MHC class I assembly, but the means by which
tapasin assists the peptide loading of MHC class I heavy chains are not fully comprehended.
Structurally, tapasin is a type I transmembrane protein, and the C-terminus binds to TAP (Li
et al., 1997; Ortmann et al., 1997; Lehner et al., 1998; Li et al. 1999; Grandea et al. 1998;
Deverson et al., 2001; Tan et al., 2002; Petersen et al., 2005). Tapasin acts as a physical link
between TAP and the MHC class I heavy chain (Sadasivan et al., 1996). At position 95 in
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tapasin there is a conserved free cysteine that is not required for an internal disulfide bond (Li
et al., 1997; Li et al., 1999; Deverson et al., 2001; Dick et al., 2002). In addition to interacting
with TAP and the MHC class I heavy chain, human tapasin has been shown to associate with
another protein, ERp57, in the peptide-loading complex, forming a disulfide bond that includes
tapasin's cysteine at position C95 (Dick et al., 2002; Peaper et al., 2005; Garbi et al., 2007).

The principal questions that we sought to address in this study were whether mouse tapasin
C95 influences the proportion of open (peptide-free), compared to folded, mouse MHC class
I molecules, and whether the impact of this tapasin cysteine varies among mouse MHC class
I molecules. We found that both Kd and Kb exhibited a higher ratio of open/folded cell surface
forms after assembly in cells expressing mouse tapasin C95S. Furthermore, more mouse
tapasin C95S than wild type tapasin remained associated with folded Kd molecules. Overall,
these studies suggest that mouse MHC class I allotypes are dependent on the presence of the
mouse tapasin cysteine at position 95 for normal, stable cell surface expression.

For these studies, we utilized a mouse fibroblast cell line (MF) generated from tapasin−/− mice
(Grandea et al., 2000) that were made by Drs. A. Grandea and L. Van Kaer and colleagues
(Vanderbilt University, Nashville, TN). A tapasin-positive control cell line was also made
using a mouse wild type tapasin cDNA (Li et al., 1999), a kind gift from Dr. P. Wang (Barts
and London School of Medicine). The tapasin cDNA was cloned into the pMIN vector,
packaged using 293E cells, and transduced into mouse tapasin MFs. MF cell lines were created
expressing no tapasin, wild type tapasin, or tapasin C95S, along with epitope-tagged Kd or
Kb in the pLXSN retroviral vector (Clontech, Mountain View, CA, USA). The Kd and Kb had
an epitope tag for the 64-3-7 antibody (Ab), so that open, peptide-free Kd and Kb could be
recognized by 64-3-7 in flow cytometry, and so that Kd and Kb could be recognized by 64-3-7
on Western blots. This epitope tag has been shown not to affect peptide binding and trafficking
of MHC class I molecules (Yu et al., 1999; Myers et al., 2000; Harris et al., 2001b; Lybarger
et al., 2001). Mouse tapasin C95S was made by site-directed mutagenesis using the
QuikChange kit (Stratagene, La Jolla, CA, USA) with the wild type mouse tapasin cDNA (Li
et al., 1999) as a template. All cells were maintained at 37°C in 5% CO2 in DMEM containing
10% fetal bovine serum, 4 mM HEPES, 2 mM L-glutamine, 1X sodium pyruvate, 1X non-
essential amino acids, penicillin (100 U/ml), streptomycin (100 μg/ml), 3 × 10−6 vol/vol β-
mercaptoethanol, and 400 μg/ml G418. The media reagents were purchased from Invitrogen
with the exception of the fetal bovine serum, which was obtained from Atlanta Biologicals
(Lawrenceville, GA, USA). Prior to some flow cytometry procedures, cells were cultured in
medium containing Nutridoma-SP serum substitute (Roche Applied Science, Indianapolis, IN)
instead of fetal bovine serum and containing 300 rather than 400 μg/ml G418. For brefeldin A
assays, the brefeldin A was added to the medium at a concentration of 2 μg/ml for varied time
periods before the cells were harvested for flow cytometry.

The 64-3-7 monoclonal Ab binds to the α1 domain of open, peptide-free Ld (Smith et al.,
1993), and, as mentioned above, the 64-3-7 mAb can also detect open forms of MHC class I
molecules such as Kd and Kb into which the 64-3-7 epitope has been incorporated by site-
directed mutagenesis (Yu et al., 1999; Myers et al., 2000; Harris et al., 2001b; Lybarger et
al., 2001). The 34-1-2 Ab binds to folded Kd on the α1 domain (Ozato et al., 1983). Additional
information supporting 34-1-2 Ab recognition of the peptide-binding region is that weak cross-
reactive binding of 34-1-2 to Ld is strongly increased by Ld association with human β2m or
particular peptide ligands, or by mutation of Ld at positions in the peptide-binding region
(Nieto et al., 1989; Solheim et al., 1995). The B8-24-3 Ab recognizes folded Kb molecules
(American Type Culture Collection). A hamster anti-mouse tapasin mAb (provided by Dr. T.
Hansen) was used to probe Western blots (Harris et al., 2001a). Immunoprecipitations, Western
blotting, and flow cytometry were performed as previously described (Turnquist et al., 2001;
Solheim et al., 1995).
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To compare the phenotypes of intracellular Kd and Kb assembled in the presence of tapasin
C95S, we utilized the cell lines described above which expressed Kd or Kb together with wild
type tapasin or tapasin C95S. The tapasin expression of these transfectants was assessed by
Western blotting and the expression of wild type and mutant tapasin C95S was confirmed to
be similar, as shown in Figure 1A. We have previously noted that some folded Kd molecules
remain associated with wild type tapasin (Simone et al., submitted), and Li et al. (1999)
reported that anti-tapasin Ab co-precipitated TAP and peptide-occupied MHC class I from
mouse RMA cells. In this study, we found that immunoprecipitation of folded Kd molecules
results in co-immunoprecipitation of even more mouse tapasin C95S than wild type tapasin
molecules (Figure 1B). (Note that these studies were performed with iodoacetamide, rather
than with N-ethylmaleimide or S-methyl methanethiosulfonate; therefore, all the tapasin
molecules associated with folded Kd are non-covalently bound and there are no higher
molecular weight disulfide-bonded complexes that include tapasin.) The C95S mutation in
tapasin may result in slower assembly of Kd molecules, and thereby lead to the accumulation
of more folded intermediates that maintain interaction with the peptide-loading complex.
However, an alternative theory could be that the C95S mutation causes the Kd molecules to
associate more tightly and/or for a longer time with tapasin.

To assess the effect of mouse tapasin C95S on the stability of cell surface MHC class I
molecules, we analyzed the cell surface expression of folded Kb molecules by flow cytometry
after the arrival of additional Kb molecules had been blocked by brefeldin A. Brefeldin A has
been previously shown to prevent protein transport from the Golgi to the plasma membrane
(Yewdell and Bennink, 1989). After culture in brefeldin A, the cells exhibited a rate of surface
Kb turnover that was about 10% more rapid if they expressed mouse tapasin C95S rather than
wild type tapasin (Figure 1C). In previous experiments, we have monitored the rate of loss of
folded Kd from the cell surface after brefeldin A treatment, and found it to be about 20% more
rapid for cells expressing mouse tapasin C95S instead of wild type mouse tapasin (Simone et
al., submitted).

We also compared the ratios of open to folded Kb and Kd molecules on the cells expressing
mouse wild type tapasin versus C95S tapasin, both after culture in regular medium and after
culture in serum-free medium (Figure 2). (Because the Kd and Kb heavy chains expressed in
our cell lines included an epitope tag for the 64-3-7 monoclonal Ab, we were able to monitor
the surface expression of the open forms of these mouse MHC class I heavy chains with the
64-3-7 Ab.) In complete medium containing fetal bovine serum, the expression of the mouse
tapasin C95S mutation resulted in an increased proportion of open forms at the cell surface for
both Kb and Kd (Figure 2A,B). The difference between cells expressing tapasin C95S and wild
type tapasin was slightly greater for Kd than for Kb, consistent with our results with the brefeldin
A assay (Figure 2A,B, Figure 1C and Simone et al., submitted). In cells cultured in medium
containing a serum substitute instead of fetal bovine serum, the mouse tapasin C95S mutation
also increased the ratio of open to folded Kb and Kd molecules (Figure 2C,D), but the difference
was substantially narrowed for Kd relative to the result obtained in serum-containing medium
(compare Figure 2D to 2B). Evidently the availability of exogenous β2m and/or other factors
in bovine serum have a greater effect on the stable cell surface expression of Kd than Kb.

Previously, effects of mutations at this position had been studied in the context of human tapasin
(Dick et al., 2002; Howarth et al., 2004; Turnquist et al., 2004; Stepensky et al., 2007; Kienast
et al., 2007; Peaper & Cresswell, 2008). In our study, we have found that the mouse MHC
class I allotypes Kd and Kb are also affected by the mutation of the cysteine at position 95 of
mouse tapasin. Our demonstration that mouse tapasin C95S expression leads to an increase in
the ratio of open to folded mouse MHC class I molecules at the cell surface is consistent with
the finding that human tapasin C95A expression resulted in an increased turnover rate and
decreased thermostability for folded forms of B44 (Dick et al., 2002).
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The cell surface ratio of open/folded Kb and Kd at the cell surface was altered by the presence
of tapasin C95S. Our results suggest that, relative to Kb, Kd may have somewhat more
dependency on wild type tapasin structure and function, which could relate to the structure of
Kd itself and/or to the pool of Kd peptide ligands available in the endoplasmic reticulum. The
peptide-binding groove of Kd is unusual in that it possesses five deep pockets, and the anchor
residue for Kd peptide ligands is a large amino acid (tyrosine) at the P2 position (43-47:
Maryanski et al., 1991; Romero et al., 1991; Quesnel et al., 1995; Mitaksov & Fremont,
2006; Suri et al., 2006); these features presumably allow very tight binding of peptide ligands
to folded Kd.

Our findings suggest that mutation of mouse tapasin C95 affects the association of the MHC
class I molecule with tapasin and the ultimate stability of the assembled mouse MHC class I
molecules. The expression of tapasin C95S, in comparison with wild type tapasin, caused an
increase in the open/folded ratio for the cell surface forms of both Kd and Kb (Figure 2). A
high level of tapasin is associated with folded Kd, as we have previously observed (Simone et
al., submitted and Figure 1B), and this association was further increased by the C95S mutation
(Figure 1B). Human tapasin C95 interacts with ERp57 via a disulfide bond (Dick et al.,
2002;Peaper et al., 2005;Garbi et al., 2007), and additional studies in our laboratory are
specifically addressing the effect of the C95 position in mouse tapasin on tapasin's biochemical
interactions with ERp57 and the relationship of those biochemical interactions to the effects
we have noted in this report on mouse MHC class I molecule surface stability. Overall, our
findings show that extension of tapasin analysis to additional species and additional types of
MHC class I molecules can provide broader understanding of the complexity and variability
in tapasin's ability to regulate antigen presentation by MHC class I molecules.
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Figure 1.
(A) Wild type and mutant tapasin expression levels were matched among paired transfectants
expressing each type of MHC class I heavy chain (Kd or Kb). Aliquots of whole cell lysates
were electrophoresed on a 10% acrylamide Tris-glycine gel. The proteins were subsequently
transferred from the gel to a blot and probed with a mAb specific for mouse tapasin (Tsn). (B)
More folded Kd was associated with tapasin C95S than with wild type tapasin.
Immunoprecipitations were performed with monoclonal Ab 34-1-2 on lysates of the indicated
cell types. The immunoprecipitated proteins were electrophoresed on a 10% acrylamide Tris-
glycine gel, transferred to a membrane, and probed with anti-tapasin Ab (indicated as Tsn).
(C) Cell surface Kb molecules on cells expressing mouse tapasin C95S had a slightly faster
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turnover rate, relative to cell surface Kb molecules on cells expressing wild type tapasin. MF
cells that expressed mouse wild type tapasin or tapasin C95S were cultured in medium
containing 2 μg/ml brefeldin A for 0, 3, 6, 9, 12, or 15 hours. Following incubation in the
brefeldin A-containing medium, the cells were stained with anti-Kb mAb B8-24-3 and
phycoerythrin-labeled secondary antibody, and analyzed on a FACS Calibur.
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Figure 2.
Flow cytometric analysis was performed with the 64-3-7 mAb (for open forms) and either mAb
B8-24-3 (for Kb folded forms) or mAb 34-1-2 (for Kd folded forms) and a phycoerythrin-
conjugated secondary Ab on MF cells expressing wild type tapasin or tapasin C95S. Samples
were assayed on a FACS Calibur flow cytometer (BD Biosciences). The ratios of the mean
fluorescence intensity values for Kb and Kd were calculated and are shown on the graphs.
Background staining with secondary Ab only was <10 channels for all the cell types included
in the analysis. The results shown in A and B were obtained with cells cultured in medium
containing fetal bovine serum, and the results shown in C and D were obtained with cells
cultured in medium containing a serum substitute.
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