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The Origin of Proteasome-inhibitor Resistant HLA
Class | Peptidomes: a Study With HLA-A*68:01*s

Noel Garcia-Medelt, Alejandro Sanz-Bravot, Eilon Barnea§, Arie Admons§,

and José A. Lopez de Castroit]

Some HLA class | molecules bind a significant fraction of
their constitutive peptidomes in the presence of protea-
some inhibitors. In this study, A*68:01-bound peptides,
and their parental proteins, were characterized through
massive mass spectrometry sequencing to refine its bind-
ing motif, including the nearly exclusive preference for
C-terminal basic residues. Stable isotope tagging was
used to distinguish proteasome-inhibitor sensitive and
resistant ligands. The latter accounted for less than 20%
of the peptidome and, like in HLA-B27, arose predomi-
nantly from small and basic proteins. Under the condi-
tions used for proteasome inhibition in vivo, epoxomicin
and MG-132 incompletely inhibited the hydrolysis of fluo-
rogenic substrates specific for the tryptic or for both the
tryptic and chymotryptic subspecificities, respectively.
This incomplete inhibition was also reflected in the cleav-
age of synthetic peptide precursors of A*68:01 ligands.
For these substrates, the inhibition of the proteasome
resulted in altered cleavage patterns. However these al-
terations did not upset the balance between cleavage at
peptide bonds resulting in epitope destruction and those
leading to their generation. The results indicate that in-
hibitor-resistant HLA class | ligands are not necessarily
produced by non-proteasomal pathways. However, their
generation is not simply explained by decreased epitope
destruction upon incomplete proteasomal inhibition and
may require additional proteolytic steps acting on incom-
pletely processed proteasomal products. Molecular &
Cellular Proteomics 11: 10.1074/mcp.M111.011486, 1-15,
2012.

Major Histocompatibility complex class | (MHC-I)' mole-
cules constitutively bind and present at the cell surface large
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peptide repertoires for recognition by CD8" T cells. These
peptides arise mainly from proteasomal degradation of en-
dogenous proteins (1). Alternative pathways seem to have a
limited contribution, although they generate some of these
ligands (2-12). The proteasome is a complex protease located
in the cytosol and nucleus. lts catalytic core, designated as
the 20S proteasome, consists of a four-ring barrel structure.
Each of the two external rings is formed by 7 noncatalytic «
subunits, whereas the two inner rings contain seven B sub-
units, three of which, 1, B2, and B5 are catalytic. These three
constitutive subunits can be replaced, upon y-interferon stim-
ulation, by homologous inducible subunits, to form the immu-
noproteasome (13). The 20S core binds the PA700 activator
to form the 26S proteasome, which carries out the ATP-de-
pendent degradation of ubiquitilated proteins, and can also
interact with the PA28 regulator, which increases dual cleav-
age (14, 15). Although the proteasome can cleave virtually any
peptide bond, three major subspecificities are distinguished:
tryptic-like, after basic residues, chymotryptic-like, after ali-
phatic/aromatic residues, and caspase-like, after acidic resi-
dues, which can be assigned to B2, 85, and B1, respectively
(16-20).

MHC-I molecules differ widely in their capacity to bind and
present self-derived ligands in the presence of proteasome-
inhibitors (21, 22). We previously reported that a significant
fraction of the HLA-B27-bound peptidome was efficiently pre-
sented in cells treated with epoxomicin and MG-132 in a way
essentially unaffected by the concentration of inhibitor. These
inhibitor-resistant peptides predominantly arose from small
basic proteins (23). This study was consistent with an unde-
fined proteasome-independent proteolytic pathway with pref-
erence for this type of proteins. However, there were several
problems with this interpretation. The inhibition of the protea-
some was not directly measured in our previous study. Total
inhibition of this enzyme is difficult to achieve (24), and deg-
radation of small basic proteins might be particularly unaf-
fected if the tryptic-like subspecificity is incompletely inhib-
ited. Moreover, incomplete inhibition of the proteasome may
lead to altered cleavage, because impairment of a catalytic
site may allosterically modulate the activity of other sites (25).
Because proteasomes not only produce MHC ligands and
their precursors, but also degrade them by hydrolyzing their
internal peptide bonds, altered cleavage by partially inhibited
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proteasomes may increase presentation of some ligands by
favoring their production and/or decreasing their degradation
(26).

To address these issues, we focused on the origin and
proteasome-dependence of the HLA-A'68:01-bound pep-
tidome. Like HLA-B27, the surface expression of HLA-AG8 is
relatively high in the presence of proteasome inhibitors (22). In
addition, this allotype binds almost exclusively peptides with
C-terminal basic residues, so that it might be particularly
susceptible to incomplete inhibition of the proteasomal tryp-
tic-like activity (24). Our study was designed as follows. First,
the peptide motif of A'68:01, currently based on a limited set
of ligands (http://www.syfpeithi.de), was refined through ex-
tensive sequencing of A'68:01-bound peptides, and their pre-
sumed parental proteins were identified. Second, by using
stable isotope tagging, the percentage of proteasome inhibi-
tor sensitive and resistant peptides was determined and mul-
tiple members of each subset, as well as their parental pro-
teins, were identified. Third, the inhibition of the tryptic and
chymotryptic-like proteasomal subspecificities in the condi-
tions used for the analysis of the A'68:01 peptidome was
quantified with fluorogenic substrates. Four, the effect of pro-
teasome inhibitors on the generation and destruction of spe-
cific A'68:01 ligands and on altering cleavage patterns was
analyzed with synthetic peptide substrates.

EXPERIMENTAL PROCEDURES

Cell Lines, Monoclonal Antibodies (mAb), and Inhibitors—C1R is a
human lymphoid cell line with low expression of its endogenous HLA
class | molecules (27). C1R-A68:01 transfectants (22) were a kind gift
of Dr. V. Engelhard (University of Virginia School of Medicine, USA).
Cells were cultured in Roswell Park Memorial Institute 1640 me-
dium supplemented with 10% fetal bovine serum (FBS) (both from
Invitrogen, Paisley, UK). The mAb W6/32 (IgG2a; specific for a
monomorphic HLA class | determinant) (28) was used. Epoxomicin,
an irreversible and specific inhibitor of the proteasome (29) and
carbobenzoxy-L-leucyl-L-leucyl-L-leucinal (MG-132) (1), a potent
reversible inhibitor of the proteasome and calpains, were from
Calbiochem (Schwalbach, Germany).

Electrospray-Orbitrap MS Analysis—Peptide mixtures were de-
salted and concentrated with Micro-Tip reverse-phase columns (C,g,
200 wl, Harvard Apparatus, Holliston, MA). Each C, tip was prepared
by washing with 80% acetonitrile in 0.1% trifluoroacetic acid (TFA)
followed by pre-equilibration with two washes with 150 ul of 0.1%
TFA and then loaded with the peptide mixture. The C,g tips were
washed twice again with 0.1% TFA, the peptides were eluted with
80% acetonitrile in 0.1% TFA, and concentrated to ~18 ul using
vacuum centrifugation.

The HLA class | peptides were analyzed by uLC-MS/MS using an
Orbitrap XL mass spectrometer (Thermo Fisher, San Jose, CA) fitted
with a capillary high-performance liquid chromatography (HPLC) (Ek-
sigent, Dublin, CA). The peptides were resolved on a C,g trap column
(0.3 X 5 mm, LC-Packings) connected on-line to a 75 micron I.D.
fused silica capillaries (J&W, Folsom, CA) self-packed with 3.5 micron
Reprosil C,g (Dr. Maisch, GmbH, Germany) as in (30), and eluted at
flow rates of 0.25 wl/min, with linear gradients of 7-40% acetonitrile
in 0.1% formic acid, during 90 min, followed by 15 min at 95%
acetonitrile in 0.1% formic acid. The spectra were collected in the
orbitrap mass analyzer using full ion scan mode over the mass-to-

charge (m/z) range 400-2,000, which was set to 60,000 resolutions.
The most intense seven masses from each full mass spectrum, with
single, double and triple charge states, were selected for fragmenta-
tion by collision-induced disintegration in the linear ion-trap

Database Searches—Pep-Miner (31) was used for generation of the
peak-lists based on the uLC-MS/MS data. The peptides were iden-
tified using multiple search engines: Pep-Miner, Sequest (Thermo-
Fisher) (32) and Mascot (server 2.2, Matrix Science Inc. Boston, MA)
(83) searched against the human part of the Uniprot database (http://
www.uniprot.org, Jan 2009) including 20,332 proteins. The Sequest
and Mascot search results were combined into one report by Pro-
teome Discoverer 1.0 SP1 (Thermo-Fisher). The search was not lim-
ited by enzymatic specificity, the peptide tolerance was set to 0.01
Da. and the fragment ion tolerance was set to 0.5 Da. Oxidized
methionine was searched as a variable modification.

Peptide identifications were accepted if their masses were below
1500 Da. and mass accuracy was better than 0.005 Da. Other re-
quired criteria were: Pep-Miner Score =80, Sequest Xcore =2.5,
Sequest Probability =5, Mascot ionScore/Mascot high score =0.6,
Mascot Expectation value =0.1, delta to next score = 0. Peptides
were filtered also according to their fitness to the HLA-AG8 consensus
and were accepted if their HLA-A68 score was =20 (according to
http://www-bimas.cit.nih.gov/molbio/hla_bind/) (34). Some peptides
were also observed with different charge-states and as overlapping,
longer or shorter peptides by one amino acid, listed in the table as
variants. The false discovery rate of the A68 peptides adhering to at
least three or more of these criteria was <3.9%. This was calculated
by running the same data against the corresponding randomized
database and calculating the ratio between the results from the
random and Uniprot databases.

Matrix-assisted Laser Desorption-lonization Time-of-Flight (MALDI-
TOF) MS—This was done in a MALDI-TOF/TOF instrument (4800
Proteomics Analyzer, Applied Biosystems, Foster City, CA) as previ-
ously described (35). MS data were acquired in the mass range
800-2000 Da (or 700—-4000 for synthetic substrate digests) in reflec-
tor positive mode at 25kV and analyzed using the Data Explorer
software version 4.9 (Applied Biosystems). Each spectrum was ex-
ternally calibrated with the Peptide Calibration Standard Mixture
(Brucker, Product # 206195) to reach a typical mass measurement
accuracy of <25 ppm.

MALDI-TOF/TOF MS/MS spectra were acquired with the same
software at 1Kv, using collision-induced dissociation with atmo-
spheric air, and a precursor mass window of 2.5 Da. A signal-to-
noise ratio of three was used for processing data. Interpretation of the
MS/MS spectra was done manually, but assisted by various tools as
follows. Manual inspection of the spectrum, which was facilitated by
using a simple tool implemented as an Excel macro, usually allowed
us to derive a tentative sequence. This was used to screen the human
proteome in the human protein entries of the Uniprot/Swiss-prot
database (Release 14.0: 2008/07/22, with 19329 entries), using a
window of 0.5 m/z units for both precursor and fragment ions, for a
possible match using the Mascot server 2.2 software. For those
sequences showing the highest scores in this preliminary search, the
MS-product tool (version 5.1.8) at http://prospector.ucsf.edu (Univer-
sity of California, San Francisco), which generates a list of theoretical
fragment ions from a given peptide sequence, was used to match the
candidate sequences to our experimental MS/MS spectra. Alterna-
tively, a new software (designated as MSgene) was used for de novo
generation of candidate sequences. This tool is based on a genetic
algorithm in which an initial population of random peptide sequences
encoded in 5-bit codon units, is subjected to an iterative process of
optimization, by means of recombination and mutation, leading to
convergence toward candidate sequences with improved fit to the
experimental MS/MS spectrum (supplemental Fig. S1). These candi-
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date sequences were subsequently analyzed with the MS-product
tool as above. Some of these sequences were confirmed with the
corresponding synthetic peptides.

Isotopic Labeling—This was done as previously described (23) with
minor modifications. Briefly, C1R-A'68:01 transfectants (about 5 X 108
cells per flask) were incubated for 4 h in Roswell Park Memorial
Institute 1640 medium without Arg or, in some experiments, Lys,
supplemented with 10% dialyzed FBS. One flask was then supple-
mented with standard ("*N) Arg or Lys (100 ug/ml), a second one with
100 pg/ml of L-Arg-guanido['®N,] ‘HCI (Cambridge Isotope Labora-
tories, Andover, MA), or L-Lys-['®N,]-HCI, both reagents containing
two "N atoms, and the third flask was treated with 20 um MG-132 for
30 min prior to the addition of the '>N-tagged amino acid, and left for
the entire labeling period. After 5 h, the cells were washed twice in 20
mm Tris-HCI, 150 mm NaCl, pH 7.5. Pellets were stored at —70 °C in
the presence of PMSF (50 wul of a 70 mg/ml solution) for further
processing. In other experiments 2.5 um epoxomicin was used in the
same conditions, except that starving of cells in the absence of Arg
before labeling was carried out for 12 h. All incubations were done at
37 °C. Peptide labeling was quantified by the labeling ratio, which was
defined as follows. Ratio = [("®N + inh.)- "*NJ/(*°N-"“N), where "*N,
®N, and (*°N + inh.) are the percent intensities of the relevant isotopic
peak, relative to the monoisotopic one, in the MALDI-TOF spectrum
of the peptide, in the absence of labeling, upon labeling in the ab-
sence of inhibitor, and in its presence, respectively.

Isolation of HLA-A"68:01-bound Peptides—This was carried out as
previously described (36). Briefly, cells were lysed in 1% Igepal CA-
630 (Sigma-Aldrich, St Louis, MO) in the presence of a mixture of
protease inhibitors. The soluble fraction was subjected to affinity
chromatography using the W6/32 mAb. HLA-A68 -bound peptides
were eluted with 0.1% TFA at room temperature, filtered through
Centricon 3 (Amicon, Beverly, MA), concentrated and either used as
a peptide pool for sequencing, or subjected to HPLC fractionation as
previously described (37). The peptides to be sequenced from indi-
vidual HPLC fractions were identified as those with the same
monoisotopic mass and retention time as the labeled peptides in a
parallel chromatography of an unlabeled peptide pool obtained from
10" cells, by comparing the MALDI-TOF spectra of correlative and
highly matched HPLC fractions from this peptide pool and those from
the labeling experiments (23).

Analysis of Residue Frequencies Among A'68:01 Ligands—This
was automatically done using an updated version of the previously
described MSearcher software (38).

Assignment and Analysis of the Parental Proteins of HLA-A68
Ligands—This was done on the basis of unambiguous matching with
a single human protein in the UniProtKB database release 14.0:
2008/07/22 using the Fasta 3 software (htpp://www.ebi.ac.uk/fasta),
after taking into account the database redundancy because of mul-
tiple entries for the same protein. When a peptide ligand matched
several closely related members of a protein family, a single entry for
a representative member was chosen, with the understanding that the
same ligand can arise from more than one member of such families.

The molecular mass (MW) and theoretical isoelectric point (pl) of
the assigned proteins was calculated with the Compute pl/Mw tool
(htpp://www.expasy.org/tools/pi_tool.html). Subcellular localization
of the proteins was obtained from the UniProtKB release 14.0:
2008/07/22 database using the Protein Information and Knowledge
Extractor software (39), available at http://proteo.cnb.csic.es:8080/
pike. Human proteome analysis was performed with the 19329
entries in the UniProtKB/Swiss-Prot database using the Compute
pl/Mw tool as above. Statistical analyses were carried out using the
X2 test.

Proteasome Purification and Hydrolysis of Fluorogenic Sub-
strates— Preparation of cell extracts containing 26S proteasome was

performed as previously described (40). Briefly, about 2 x 10° cells
were cultured for 1 h in phenol red-free lvecco’s modified eagle’s
medium (Invitrogen), supplemented with 10% FBS, in the presence or
absence of proteasome inhibitors. Cells were washed twice with
phosphate-buffered saline, permeabilized with 1.4 ml of 50 mm Tris-
HCI, pH 7.5, 250 mm sucrose, 5 mm MgCl,, 0.5 mm EDTA, 1 mm
dithiothreitol, 1 mm ATP, 0.025% digitonin (homogenization buffer),
for 5 min at 4 °C, and centrifuged (2 X 10* g, 10 min). Supernatants
containing the cytosol were further centrifuged (3 x 10° g, 2 h) to
separate large protein complexes, including the 26S proteasome, and
these pellets were resuspended in 1 ml of digitonin-free homogeni-
zation buffer. Analysis of the tryptic and chymotryptic activity was
performed with 100 uM Boc-LRR-amc or Suc-LLVY-amc (both from
Bachem, St. Helens, UK), respectively. The cell extracts were incu-
bated with the fluorogenic substrates at 37 °C for 1 h, and aliquots
were taken every 10 min. The reaction was stopped by adding 0.33%
TFA. Fluorescence was measured in an Aminco-Bowman series 2
fluorimeter (Sim-Aminco Spectronic Instruments, Rochester, NY) with
excitation and emission wavelengths of 380 and 460 nm, respectively.
The hydrolysis rate was calculated as the ratio between the slope of
the reaction progress curves in the presence and absence of inhibitor.
20S proteasomes were purified from C1R cells by ion exchange
chromatography and centrifugation in glycerol gradient as previously
described (37).

In-gel Digestion Assays— Cell extracts containing 26S proteasome
from 2 X 108 cells were loaded into a 3% polyacrylamide gel, in 90
mm Tris/90 mm boric acid pH 8.3, 5 mm MgCl,, 0.5 mm EDTA, 1 mm
ATP-MgCl, (resolving buffer), and run for 3 h at 110 V and 4 °C as
previously described (41). Other samples were run in a 3-14% gra-
dient gel in the same buffer. This process was also carried out
changing the electrophoretic polarity in some experiments. After elec-
trophoresis, the gels were washed with 50 mm Tris-HCI, pH 7.4, 5 mm
MgCl,, 1 mm ATP (developing buffer), and incubated in 1 ml of this
buffer with 50 um of the fluorogenic substrate for 30 min at 30 °C.
Gels were visualized in a UV Transiluminator.

In Vitro Digestions of Synthetic Precursors—Two synthetic peptide
substrates, a 31-mer and a 30-mer, were used. They were obtained
using N-(fluorenyl)-methocarbonyl chemistry and purified by reverse
phase HPLC. Their purity and correct molecular mass was estab-
lished by MALDI-TOF MS. About 20 ug of the substrate were incu-
bated for 8h at 37 °C with 2 pg of purified 20S proteasome with and
without inhibitors, in 25 mm HEPES buffer, pH 7.6. The proteasome
was incubated with the inhibitors for 2 h, previous to the addition of
the substrate. The reaction was stopped with 0.067% TFA. For the
31-mer the digestion products were separated from the proteasome
by molecular filtrating using 10 kDa pore size Centricon and fraction-
ated by HPLC as described (37). The HPLC fractions were analyzed
by MALDI-TOF/TOF MS. For the 30-mer the digestion mixture was
purified with OMIX C18 tips (Agilent technologies, Santa Clara. CA),
after washing with 0.2% TFA, then with 40% acetonitrile in 0.1% TFA,
and finally eluting the peptides with 70% acetonitrile in 0.1% TFA. The
digestion mixture was directly analyzed by MALDI-TOF MS/MS. The
digestion products were identified using a software tool, designated
as Digestor, developed as a Windows application. This tool assigns
each ion peak to possible internal sequences in the precursor sub-
strate on the basis of its molecular mass. If an ion peak matched
several possible internal sequences, the ambiguity was either re-
solved by sequencing or not taken into account. The yield of individ-
ual digestion products was estimated as follows. The percentage of
the total absorbance at 210 nm corresponding to a given chromato-
graphic peak was determined. When multiple digestion products
co-eluted in a same peak a percentage of its absorbance was as-
signed to each peptide on the basis of the relative intensity of the ion
peaks in the MALDI-TOF spectrum of the corresponding HPLC frac-
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A*68:01 ligands: size distribution (N: 816)
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Fic. 1. Size distribution among natural A’68:01 peptide ligands.
The total of 816 A'68:01 ligands, includes 35 previously available
(htpp://www.syfpeithi.de) and 781 newly determined sequences.

tions. Alternatively, the relative yields of individual digestion products
were calculated directly from the relative intensities of the ion peaks
in the MALDI-TOF MS of the unfractionated digestion mixture.

RESULTS

The A'68:01 Peptide Motif—This was determined from a
database of natural self-ligands, built from 3 sources. First, 35
sequences were available from the SYFPEITHI database of
MHC ligands (http://www.syfpeithi.de). Second, 772 se-
guences were obtained from the A'68:01-bound peptide pool
isolated from C1R transfectants by electrospray-Orbitrap MS/
MS. The false discovery rate of this data set was 3.9%. Third,
70 sequences were obtained from the same peptide pool by
MALDI-TOF/TOF MS/MS. Since some peptides were se-
quenced by more than one procedure, their total number was
816 (Table 1S), with a size range of 6 to 16 amino acid
residues (Fig. 1). The A'68:01 peptide motif was determined
from the 778 nonamer and longer peptides. The analysis was
performed with this total set for the 5 anchor positions (P)1,
P2, P3, PC-2, and PC (Fig. 2), because these can be properly
aligned among peptides with different sizes. In addition, res-
idue usage at all positions was analyzed separately for
9-mers, 10-mers, 11-mers and 12-mers (supplemental Fig. S2
and supplemental Table S2).

At all anchor positions some residues were predominant
(Fig. 2). At P1, acidic residues were found in 50.6% of the
ligands, followed by T and S. P2 was restricted by size rather
than polarity, since residues in the range of 71-103 Da ac-
counted for 84.4%, but both polar (T) and aliphatic residues
(A, V) were tolerated. At P3, aliphatic residues and F were
predominant. PC-2 showed preference for aliphatic residues
(54.4%), but uncharged polar ones were also frequent
(26.1%). At PC, K and R jointly accounted for 97.7% of the
ligands, with a minor allowance for nonpolar residues. When
residue frequencies were made relative to the human pro-
teome a good correlation was found between the frequency of
a given residue at any given anchor position and an increase

or decrease relative to the proteome, indicating positive or
negative selection of that residue among A68 ligands. The few
peptides with nonpolar C-terminal residues (2.3%) are unlikely
to be contaminant HLA-C 04 ligands, expressed on C1R cells,
since they have features typical of A'68:01, but not of C'04
ligands, such as acidic P1 residues, and lack the P2 F/Y motif
of C'04 (supplemental Table S1). Residue frequencies among
peptides of different length were small and not statistically
significant (supplemental Fig. S2). At non-anchor positions
residue restrictions were low (supplemental Table S2).

One hexamer, 21 heptamers and 16 octamers were se-
guenced from the A'68:01-bound pool. Residue usage among
these peptides deviated significantly from longer ones at P1-
P3, but not at PC or PC-2 (supplemental Fig. S3). Longer
variants, frequently consisting of N-terminal extensions, were
found for many of these ligands.

Parental Proteins of A'68:01 Ligands—The 816 A'68:01 li-
gands arose from 672 parental proteins whose MW and pl
distribution was similar as in HLA-B'27:05 (42) and showed,
relative to the human proteome, a higher percentage of large
(>30 Kp,) acidic proteins and a decreased percentage of small
(<30 Kp) acidic ones (Figs. 3A-3D). These differences were
statistically significant. The majority of proteins were from the
cytoplasm and nucleus and much lower percentages were
from other subcellular compartments (Fig. 3E). This was sim-
ilar to B27:05 (Fig. 3F) and other MHC class | molecules (43).

A total of 74 proteins were the source of both A'68:01 or
B'27:05 ligands (11% and 15.7%, respectively). This is about
fourfold higher than expected if each set of parental proteins
were independently selected in an unbiased way, suggesting
that the ligands of both MHC molecules arise from a subset of
the proteome. For example, membrane proteins were under-
represented, relative to the whole proteome, among the
sources of A68 and B27 ligands (Figs 3E-3H). Other factors
such as abundance, turnover rate, degree of cotranslational
degradation of defective ribosomal products, etc., may influ-
ence the contribution of a given protein to the MHC-I-bound
peptidomes. The parental proteins common to A68 and B27
showed similar distribution of MW and pl as the total sets,
except for a lower percentage of small acidic proteins
(Fig. 3C).

Susceptibility and Resistance of A'68:01 Ligands to Protea-
some Inhibitors—The expression of A'68:01 ligands was an-
alyzed by stable isotope labeling, using '®N-tagged Arg or
Lys, in the absence or presence of MG-132 or epoxomicin.
The A'68:01-bound peptide pool was fractionated by HPLC,
and each fraction was analyzed by MALDI-TOF MS. The
peptides isolated from cells treated with '®N-tagged amino
acids showed a different isotopic distribution compared with
the same unlabeled peptides. As the tagged residues are 2 Da
heavier than their nontagged counterpart, labeling was de-
tected as an increase of the intensity of the A+2, A+4, etc.
peaks (A being the monoisotopic peak), depending on the
number of tagged peptide residues. The labeling of inhibitor-
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resistant ligands should be unaltered or only slightly de-
creased in the presence of inhibitor, because their generation
would not be abrogated by inhibition of the proteasome. In
contrast, little or no labeling should be detected in inhibitor-
sensitive ligands isolated from cells treated with inhibitor plus
5N-tagged amino acids.

In a first set of experiments cells were labeled with '°N-
tagged Arg or Lys in the presence of 20 um MG-132. A total of
132 ion peaks (supplemental Table S3) were amenable to
analysis on the following basis: (1) they showed sufficient

intensity for good detection of the isotopic envelope, and (2)
the relevant isotopic peak increased at least 20% upon '°N
labeling in the absence of inhibitor, relative to unlabeled cells.
A given ligand was assigned as inhibitor-resistant if its label-
ing ratio was >0.6, that is, if the increased intensity of the
corresponding isotopic peak in the presence of the inhibitor
was more than 60% of the increase obtained in its absence.
This threshold was adopted because decreased label in the
presence of inhibitor may be because of indirect effects, such
as down-regulation of protein synthesis (44). The inhibitor-
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Fic. 3. Parental proteins of A'68:01 ligands and their relationship to those of HLA-B27 and to the human proteome. A-D, the molecular
mass (log Mw) was plotted versus the isoelectric point (pl) for (A) the parental proteins (n = 672) of A'68:01 ligands, (B) those of B27:05 ligands
(n = 471) (42), (C) parental proteins (n = 74) common to A'68:01 and B'27:05 ligands, and (D) the human proteome (UniProtKB database release
14.0: 2008/07/22). In each panel, the proteins are classified by size (using a 30KD threshold) and pl, and the percentage of each subset is
specified. E-H, subcellular distribution of (E) the parental proteins of A’68:01 ligands, (F) those of B'27:05 ligands, (G) parental proteins common
to A'68:01 and B"27:05 ligands, and (H) the human proteome. The analysis was carried out using the Protein Information and Knowledge
Extractor software (39) at http://proteo.cnb.csic.es/pike/analysis.html.
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Sensitive (N=31) MG-132 Epoxomicin
Fraction N. M+H" | Residues | Ratio | Residues | Ratio Sequence
92 969.42 R 0.02 R 0.20
125/ 124 986.43 R 0.19 R -0.08
125 991.41 R 0.09 R 0.23
110 992.42 N 015 R 0.10 | NAIGGKYNR
111 992.60 K -0.18
134/135 1000.48 R -0.13 R 0.29
112/ 114 1003.41 R 0.11 R -0.03 DTAAQITQR
120/ 118 1010.51 R -0.03 R 0.00
108 /109 1012.38 R 0.27 R -0.01 | TSETPQPPR
155 1021.51 R 0.27 R 0.18 | DVFVVGTER
113 /114 1025.53 R -0.13 R 0.06
144/ 144 1032.47 R 0.04 R . FPSEIVGKR
145 1032.56 K 0.19
152 il L R 0:15 R 0.09 | ELTAVVQKR
132 1043.60 K 0.15
152/ 153 1060.57 R 0.01 - 008 | 'DVFRDPALK
152 1060.58 K -0.09
145/ 146 1070.49 R 0.22 R 0.32 | EVAQLIQGGR
126 1075.63| 2R 0.18 2R 0.09 HPAVVIRQR
129 1077.42 R -0.06 R 0.20 ETNYGIPQR
150 /152 1089.64 R 0.01 R 0.30
101 /99 1108.50 R 0.12 R 0.12
123 /124 112249 | 2R 0.35 2R 0.1
204 /205 1123.63 R 0.14 R 0.13
158 / 159 1128.57 R 0.12 N 5,03 EVESHILKR
158 1128.64 K 0.08
181/182 1137.54 R 0.22 R 0.33 EFVDLYVPR
129 /130 1139.54| 2R 0.19 2R 0.07 DPEHKAIRR
130 1139.74 K 0.33
104 1140.50 3R 0.25 3R 0.13 [ EVNDRPVRR
125/124 1146.43 2R -0.05 2R 0.06
114 /113 1155.67 R 0.21 R 026 | TVKKGKPELR
114 1155.80 | 3K 0.04
154 1212.52 R -1.14 R 0.27 | FPHNPQFIGR
153 1245.71 R 0.08 R 0.25
153 1245.72 K 0.13
126 1246.62 R 0.00 R 0.03 | TAADTAAQITQR
152/ 154 1376.76 | 2R 0.13 2R 0.22 | NSFRYNGLIHR
142/ 144 1608.91 3R 0.28 3R 0.28
Resistant (N=5) MG-132 Epoxomicin
Fraction N. M+H" | Residues | Ratio | Residues | Ratio Sequence
167 1048.58 R 0.62 R 0.64 SVQGIIYR
127 1200.52 R 1.13 R 0.67
201/203 1207.73 R 1.76 R 0.66 | SAFATPFLVVR
129 1209.55| 2R 0.83 2R 0.73 | ETVQLRNPPR
136 LA R 258 R 0.82 | TVKDVNQQEFVR
136 1462.73 K 2.02
Not assigned (N=6) MG-132 Epoxomicin
Fraction N. M+H" | Residues | Ratio | Residues | Ratio Sequence
130 1023.5 2R 0.66 2R 0.53
153 /154 1103.54 2R 0.51 2R 0.53
173/ 174 1132.52 R 1.10 R 0.38
130 1187.53 R 0.70 R 0.37 | NVAEVDKVTGR
130 1187.74 K 0.48
144 1250.57 2R 0.51 2R 0.21
128 /127 1443.68 R 0.74 R 0.35 | TVINGTQKENLR
127 1443.88 K 0.47

Fi. 4. Isotopic labeling of HLA-A"68:01 ligands in the presence of
proteasome inhibitors. A total of 42 ion peaks were analyzed with
both 20 um MG-132 and 2.5 um epoxomicin. Their elution position in
HPLC (Fraction N), monoisotopic mass (M+H*), the number of Arg (R)
or Lys (K) residues, which was inferred from the isotopic peak that
increased upon '®N-labeling, and the labeling ratio (Ratio: see Exp

sensitive ligands were those showing labeling ratios <0.35.
This threshold was adopted to allow for residual proteasome
activity in the presence of inhibitors, as well as for inherent
experimental error. On this basis 95 peptides (71%) were
sensitive to proteasome inhibition, 24 (19%) were inhibitor-
resistant, and 13 (10%) were not assigned, either because
they showed intermediate labeling ratios, were more inhibited
with epoxomicin, or both.

In a second experiment the cells were labeled with '°N-
tagged Arg in the presence of 2.5 um epoxomicin. Of 63
peptides amenable to this analysis (supplemental Table S4),
46 (73%) were inhibitor-sensitive, 8 (13%) were inhibitor-
resistant and 9 (14%) were not assigned because of interme-
diate labeling ratios, less inhibition with MG-132 or both.

Of 42 peptides analyzed with both inhibitors 31 (74%) were
sensitive, 5 (12%) were resistant and 6 (14%) were not as-
signed (Fig. 4). In the latter subset, 5 of the 6 peptides showed
higher inhibition with epoxomicin.

These results indicate that both inhibitors have a similar
effect on most A'68:01 ligands. However, a higher inhibition
by epoxomicin was suggested by the smaller percentage of
resistant ligands, relative to MG-132, and by its more drastic
effect on some peptides (Fig. 4).

The average intensity of the monoisotopic (M+H") MALDI-
TOF ion peaks corresponding to the peptides in Fig. 4 was
significantly higher for inhibitor-sensitive than for inhibitor-
resistant ligands (Table I), indicating that the resistance was
not an artifact due to high peptide abundance. Indeed, many
inhibitor-sensitive peptides showed ion peak intensities much
higher than any of the resistant peptides. The lower intensity
values observed in the presence of inhibitors affected equally
to inhibitor-sensitive and -resistant peptides. It results from
nonspecific global effects affecting peptide yields, such as
decreased cell viability in the presence of inhibitors, and per-
haps also from down-regulation of multiple cell biological
processes following proteasome inhibition, including MHC-I
maturation and export.

Identification of Inhibitor-resistant and Inhibitor-sensitive
A’68:01 Ligands and Their Parental Proteins—The sequence
of 24 inhibitor-sensitive, seven inhibitor-resistant, and two
peptides showing different susceptibility with both inhibitors
was determined. All of the inhibitor-sensitive, the two nonas-
signed and five inhibitor-resistant peptides corresponded to
internal sequences of their presumed parental proteins. Two

erimental Procedures), are indicated. Peptides were classified as
inhibitor-sensitive or -resistant when the labeling ratio was <0.35 or
>0.6, respectively, with both inhibitors. Underlined labeling ratios for
some inhibitor-sensitive ligands indicate distorted values due to inhi-
bition of labeling close to background levels. When the labeling ratio
showed intermediate values or was significantly different with both
inhibitors, the peptides were not assigned. Within each set, the pep-
tides are ordered by their M+H™. lon peaks that were sequenced are
indicated (see Tables 3S and 4S for full labeling data).
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TABLE |
Mean intensity of the monoisotopic (M+H™) ion peaks of inhibitor-sensitive and resistant peptides. This analysis was performed for the peptides
in Figure 4
MG-132 Epoxomicin
14N 5N SN +Inh. 14N I\ SN +Inh.
Sensitive (n = 31) 13461 11092 7026 (63%)° 3001 2489 1644 (66%)°
Resistant (n = 5) 2818 23647 1657 (70%)° 551 356° 176 (49%)°
Ratio 4.8 4.7 4.2 5.4 7.0 9.3

@ Range: 537 to 5030. As many as 20 inhibitor-sensitive peptides (64.5%) had higher intensity.
b Range: 56 to 602. As many as 17 inhibitor-sensitive peptides (54.8%) had higher intensity.
¢ Percent values are relative to peptides labeled in the absence of inhibitor (*°N).

inhibitor-resistant peptides corresponded to N-terminal (ET-
VQLRNPPR) or C-terminal (DPAGVHPPR) protein sequences
(Fig. 5). There were no obvious differences between inhibitor-
sensitive and resistant peptides in size, sequence motifs, or
frequency of flanking residues (data not shown). In addition,
abundance of the source protein was unrelated to inhibitor-
resistance. For instance, abundant ribosomal proteins were
the source of both types of ligands (Fig. 5). However, all 5
inhibitor-resistant peptides corresponding to internal protein
sequences arose from small (30 kDa or smaller) and basic
proteins. The two peptides arising from N- or C-terminal pro-
tein ends did not follow this rule. For inhibitor-sensitive Ii-
gands the parental proteins with MW<30 kDa and pl>7 ac-
counted for 54.5% (Fig. 6).

We found two examples of ligands derived from the same
protein but showing differential sensitivity to proteasome
inhibitors. First, two peptides (EFVDLYVPR and NVAEVD-
KVTGR) arising from the 40S ribosomal protein S21 be-
haved as inhibitor-sensitive and not assigned, respectively.
A previously reported B27 ligand (GRFNGQFKTY) derived
from the same protein was inhibitor-resistant (23). Second,
ELTAVVQKR and ELYAEKVATR, from the 40S ribosomal
protein S3 were inhibitor-sensitive and -resistant, respec-
tively (Fig. 5).

Inhibition of the 26S Proteasome Subspecificities— The effect
of inhibitors on the chymotryptic- and tryptic-like activities of the
proteasome from C1R cells was tested with specific fluorogenic
substrates. When fractionated in native gels the 26S protea-
some samples (Fig. 7A) contained a mixture of 26S and 20S
proteasome, and some additional bands that were best ob-
served in gradient electrophoresis. Hydrolysis of both sub-
strates was observed in the 20S and 26S proteasome bands,
but not elsewhere. Upon inverting the electrophoretic polarity,
additional contaminants or hydrolytic activity were not observed
(data not shown). These results suggest that the hydrolysis of
the fluorogenic substrates is due to the proteasome. In the
presence of 2.5 um epoxomicin, all detectable hydrolysis of
both substrates was inhibited. In contrast, with MG-132 the
hydrolysis of the tryptic substrate was only partially inhibited
and residual chymotryptic activity was also observed (Fig. 7A).

In other experiments C1R-A'68:01 cells were incubated
with or without inhibitor at various concentrations. After 1h,

the cytosolic 26S proteasome was partially purified and its
hydrolytic activity for the tryptic and chymotryptic substrates
was determined by measuring the generation of fluorescence
as a function of time. In parallel experiments, the 26S protea-
some was purified from untreated C1R cells, incubated with
inhibitors and tested in the same way. The results in both
conditions were very similar, indicating that proteasomal in-
hibition was not significantly affected by incubating either
whole cells or purified proteasome with MG-132 or epoxomi-
cin (Figs. 7B-7C). The chymotryptic-like activity was totally
inhibited (94 = 5%) with 20 um epoxomicin. At the 2.5 um
concentration used for the analysis of A'68:01 ligands, the
inhibition of this subspecificity was high (72 += 7%), but in-
complete. The tryptic-like activity was inhibited to a maximum
of about 67% at 5 um or higher concentrations of epoxomicin,
and nearly as much (63 + 2%) at 2.5 um. With MG-132 the
maximal inhibition of the chymotryptic-and tryptic-like activi-
ties was obtained at 40 um (72 = 4% and 59 * 1%, respec-
tively), but similar values (68 = 5% and 56 = 2%, respectively)
were observed at 20 um, used for A'68:01 ligands.

These results indicate that: (1) inhibition of the tryptic- and
chymotryptic-like specificities of the proteasome was higher
with epoxomicin than with MG-132, (2) this inhibition was not
complete, but was close to 100% with epoxomicin for the
chymotryptic-like activity, (3) the residual hydrolysis of fluoro-
genic substrates is probably because of incomplete inhibition
of the proteasome, rather than to non-proteasomal activity
(Fig. 7A), and (4) in the conditions used for A'68:01 ligands
both the tryptic- and the chymotryptic-like activities of the
proteasome were incompletely inhibited.

Effect of Proteasome Inhibition on the Generation of Inhib-
itor-resistant Ligands In Vitro—Incomplete inhibition may alter
proteasomal cleavage patterns, resulting in decreased de-
struction and/or increased production of some MHC-I li-
gands, which might explain their resistance to inhibitors
(26). To explore this possibility, a synthetic 31-mer spanning
residues 29-59 from the 40S ribosomal protein S21 was
digested in vitro with purified 20S proteasome in the ab-
sence or presence of inhibitors (Fig. 8A, Table Il and
supplemental Table S5). This substrate includes two overlap-
ping sequences (NVAEVDKVTGR and GRFNGQFKTY) that
correspond to an A'68:01 ligand showing partial resistance to
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FR. N. M+H Sequence A.N Protein name Lel;\\Gth Sl_e&ua‘:i':;]e Mw pl
SENSITIVE
110 992.61 NAIGGKYNR P14324  Farnesyl pyrophosphate synthase 419 120-130 40507 5.1
113/114  1003.41 DTAAQITQR P30685 HLA class | histocompatibility antigen, B35 alpha chain 362 161-169 37804 5.9
108/109 1012.38 TSETPQPPR Q9UBU8  Mortality factor 4-like protein 1 362 169 177 26716 8.4
145 1018.45 DTPGFIVNR Q16836 Hydroxyacyl-coenzyme A dehydrogenase, mitochondrial 314 219-227 27842 8.0
154/155 1021.44 DVFVVGTER P78347  General transcription factor II-I 949 53-63 107163 5.5
142 1032.47 FPSEIVGKR P62081 40S ribosomal protein S7 194 135-143 8945 8.3
152 1038.41 DAFFNPATR Q4KMQ2 Anoctamin-6 910 200-208 106062 7.9
130 1043.53 ELTAVVQKR P23396 40S ribosomal protein S3 243 70-78 26688 9.7
150 1060.47 DVFRDPALK P61353 608 ribosomal protein L27 136 101-109 5058 10.8
143 1070.49 EVAQLIQGGR Q9Y5U8  Brain protein 44-like protein 109 90-99 6308 9.4
126 1075.63 HPAVVIRQR Q12870 Transcription factor 15 140 79-87 15026 10.8
126/127 1077.42 ETNYGIPQR P63244  Guanidine Nucleotide-binding protein subunit beta-2-like 817 49-57 35089 7.6
145 1089.49 EPSEVFINR Q8WXF1 Paraspeckle component 1 523 109-117 58706 6.3
157 1128.57 EVFSHILKR P33076 MHC class Il transactivator 1130 498-506 101512 5.3
181 1137.54 EFVDLYVPR P63220 40S ribosomal protein S21 83 7-15 9106 8.7
141 1139.48 ESFPGSFRGR Q9BWT1 Cell division cycle-associated protein 7 371 222-231 42629 9.6
128/129 1139.54 DPFHKAIRR Q9H6E4  Coiled-coil domain-containing protein 134 204 140-148 25646 11.8
104 1140.50 EVNDRPVRR Q9Y520 Protein BAT2-like 2 2897 1036-1044 316845 9.2
110/111  1155.59 TVKKGKPELR Q9BTD8 RNA-binding protein 42 140 66-75 15026 10.8
153 1212.52 FPHNPQFIGR Q9H9Y2 Ribosome production factor 1 349 275-284 29962 9.8
129 1221.53 DAAHPTNVQRL P35222 Catenin beta-1 781 114-124 85442 55
177 1244.63 LVFPSEIVGKR P62081 40S ribosomal protein S7 194 137-147 8945 8.3
123 1246.55 TAADTAAQITQR P30685 HLA class | histocompatibility antigen, B35 alpha chain 362 158-169 37804 5.9
152 1376.59 NSFRYNGLIHR P46779  60S ribosomal protein L28 137 36-46 10694 10.4
RESISTANT
86/87 969.34 EPAPGTNQR* Q9UBWS8 COP9 signalosome complex subunit 7a 275 244-252 30267 8.3
118 945.51 DPAGVHPPR* QO08J23 tRNA (cytosine-5-)-methyltransferase NSUN2 767 759-767 86471 6.3
166/167 1048.54 SVQGIIYR P05141  ADP/ATP translocase 2 298 184-194 29103 9.8
137 1179.61 ELYAEKVATR* P23396 40S ribosomal protein S3 243 87-96 26688 9.7
203 1207.65 SAFATPFLVVR P15954  Cytochrome c oxidase subunit 7C, mitochondrial 63 47-57 5356 9.0
129/130 1209.55 ETVQLRNPPR Q13043 Serine/threonine-protein kinase 4 487 2-11 45822 5.0
136 1462.68 TVKDVNQQEFVR P39019 40S ribosomal protein S19 145 5-16 16051 10.3
NOT ASSIGNED

130 1187.53 NVAEVDKVTGR P63220 40S ribosomal protein S21 83 35-45 9106 8.7
128 1443.68 TVINQTQKENLR P42766  60S ribosomal protein L35 128 59-70 14420 11.0

Fic. 5. Amino acid sequences of inhibitor-sensitive and inhibitor-resistant HLA-A"68:01 ligands. Peptides are classified as in Fig. 4 and
ordered by their monoisotopic mass (M+H™") within each set. The corresponding parental proteins, their accession numbers (A.N.) in the
Swiss-Prot database, amino acid (AA) length, location of the ligand in their sequence (sequence location), MW and theoretical pl are indicated.
Polypeptides giving rise to more than one ligand are indicated in boldface. Resistant peptides marked with an asterisk (*) were assigned only

on the basis of their lack of inhibition with MG-132.

proteasome inhibitors (Fig. 5) and to an inhibitor-resistant
HLA-B27 ligand (23), respectively. In the absence of inhibi-
tors, the substrate was totally degraded and cleavage oc-
curred at virtually all peptide bonds. A total of 80 peptides, 66
of them requiring dual cleavage, were recovered with yields =
0.1% (supplemental Table S5). Despite extensive cleavage
within their sequences, the A68 (residues 7-17) and B27
(residues 16-25) epitopes were generated by the proteasome
with 6.4 and 1% yield, respectively. Multiple N-terminally
extended species of these ligands were also found.

With MG-132 only 28.9% of the substrate was cleaved. The
number of digestion products, excluding the undigested sub-

strate, was reduced to 28 peptides (Table 5S), which arose
from cleavage at 22 peptide bonds. The A68 ligand was
generated in very low amounts (0.3% of the digested material)
and the B27 ligand was not produced, but N-terminally ex-
tended precursors of both ligands were observed
(supplemental Table S5). Yet the ratio between the relative
contribution of the cleavages implying epitope destruction
and potential production was increased for the A68 (from 2.9
to 4.8) and the B27 ligand (from 0.9 to 1.3) in the presence of
this inhibitor, relative to its absence (Table Il). With epoxomi-
cin 54.3% of the substrate was digested, and only 16 diges-
tion products (supplemental Table S5), arising from cleavage
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Fic. 6. Inhibitor-resistant A"68:01 ligands predominantly arise
from small and basic proteins. The molecular mass (log MW) of the
parental proteins from inhibitor-sensitive and -resistant A'68:01 li-
gands was plotted versus their theoretical pl. The value of 30 kDa
corresponds to the highest molecular mass (30267 Da) observed
among parental proteins of inhibitor-resistant ligands derived from
internal sequences. The two parental proteins of ligands matching N-
or C-terminal sequences were not included.

at 19 peptide bonds, were obtained. None of the natural
ligands was generated, but potential precursors with the right
C-terminal residues were observed. The ratio between the
relative yield of destructive and productive cleavages was
unaltered (from 2.9 to 3) or increased (from 0.9 to 2.7) for the
AB8 and B27 ligands, respectively.

These results indicate that: (1) the 20S proteasome generated
both natural ligands and their N-terminally extended precursors,
(2) neither inhibitor abolished the proteasomal activity on this
substrate or the generation of productive species, and (3) in-
complete proteasomal inhibition did not result in increased pro-
duction of the natural ligands or their precursors.

Both inhibitors showed a comparable global effect on the
various subspecificities, altering only slightly their relative
contribution to cleavage (Table lll). However, the effect on
individual peptide bonds within each subspecificity, was
inhibitor-dependent (supplemental Table S6). For instance,
MG-132 inhibited more efficiently cleavage after K13 than
after R17, whereas epoxomicin showed higher inhibition on
cleavage after K13 and R17 than after K23. For residues
assigned to the chymotryptic-like activity the relative inhi-
bition of cleavage after M6 was more efficient with epox-
omicin, whereas after F18 and F22 was more efficient with
MG-132. For residues not assigned to a particular subspeci-
ficity the inhibition was generally more efficient with epox-
omicin than with MG-132, but the opposite was true for
N19. Thus, incomplete inhibition of the proteasome resulted
in an inhibitor-dependent alteration of cleavage patterns.

The ligands analyzed above derived from the same protein
as an inhibitor-sensitive A68 ligand: EFVDLYVPR (Fig. 5).
Thus, we analyzed the effect of proteasome inhibitors on the
in vitro generation of this epitope from a synthetic 30-mer with
the sequence of its parental protein (residues 2-31) in this
region (Fig. 8B, Table IV, supplemental Table S7). The natural
ligand was not detected in the digest, but a productive cleav-

age, generating a single digestion product corresponding to
residues 1-14 of the substrate, occurred with a relative yield
of 16.8% in the absence of inhibitor, at lower yield (9%), with
MG-132, and not with epoxomicin. The joint relative yield of
cleavages implying epitope destruction was similar in the
absence or in the presence of inhibitors (Table 1V). Compared
with the non-assigned one, the inhibitor-sensitive A68 ligand
from the same protein showed a lower destruction/production
ratio without inhibitor and with MG-132 and was not gener-
ated in the presence of epoxomicin.

Alteration of cleavage patterns in the presence of inhibitors
was also observed with this substrate. Both MG-132 and
epoxomicin had a similar global effect, consisting in the pref-
erential inhibition of the tryptic and caspase subspecificities,
at the expense of the chymotryptic and non-assigned ones
(Table lll). However, inhibitor-dependent differences on
cleavage of individual peptide bonds were observed, most
notably after R14, but also at other positions (Fig. 8B and
supplemental Table S7).

Although extrapolating in vitro results to proteasomal proc-
essing and inhibition in vivo must be done with great caution,
the main differences between the non-assigned and the sen-
sitive AB8 ligand were that MG-132 had a larger inhibitory
effect on the generation of the productive species of the
second ligand and that epoxomicin abrogated its generation.
This is consistent with the sensitivity of this ligand to inhibitors
observed in vivo.

DISCUSSION

This study was undertaken to address whether the obser-
vation that proteasome inhibitor-resistant HLA-B27 ligands
predominantly arose from small and basic proteins (23) could
be generalized to other MHC-I molecules and whether this
results from proteasome-independent processing or incom-
plete proteasomal inhibition.

The canonical A'68:01 motif can be described by significant
restrictions at four anchor positions: a preference for acidic
residues, T and S at P1 (joint frequency: 70.1%), V, T, and A
at P2 (joint frequency: 71.7%), nonpolar residues, mainly A,
F, I, and V (joint frequency: 63%) at P3 and an almost
absolute restriction for C-terminal basic residues. Short
peptides deviated significantly from this pattern at P1-P3.
Some, especially 8-mers, are probably canonical ligands or
may be bound in noncanonic ways (45). Yet, we cannot rule
out that, despite the protease inhibitors used during purifi-
cation, some of the shortest species might result from re-
sidual amino peptidase activity.

The A'68:01 motif is very different from that of B'27:05,
where basic residues and G are favored, and acidic residues
are very rare at P1. The R2 motif of HLA-B27 is absent in
A68, and C-terminal basic residues account only for 42% of
B'27:05 ligands (42). Thus, the two molecules bind largely
divergent peptidomes. However, that 11% of the parental
proteins of A68 ligands were also the source of B27-bound
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Fic. 7. Activity of the 26S proteasome in the presence or absence of proteasome-inhibitors. A, In-gel hydrolysis of site-specific
fluorogenic substrates by partially purified 26S proteasomes, which include significant amounts of 20S proteasomes, incubated or not with 2.5
um epoxomicin or 20 um MG-132. The experiments were performed in 3% polyacrylamide gel or 3-15% polyacrylamide gradient gels for the
tryptic (Boc-LRR-amc) and chymotryptic (Suc-LLVY-amc) substrates, respectively. For each experiment the in-gel digestion analysis is shown
on the left side. The same gel, washed and stained with Coomassie blue, is shown at right. B, Inhibition of the hydrolysis of fluorogenic
substrates specific for the chymotryptic (left) or tryptic (right) activity by partially purified 26S proteasomes in the presence of various
concentrations of epoxomicin. Empty circles (0) show the results obtained with proteasome purified from cells treated with the inhibitor. Black
circles (@) show results obtained with proteasome treated with the inhibitor after its purification from cells. C, Inhibition of the hydrolysis of
fluorogenic substrates specific for the chymotryptic (left) or tryptic (right) activity by partially purified 26S proteasomes in the presence of

various concentrations of MG-132. Conventions are as in panel B.

peptides indicates that both MHC molecules sample for the
immune system both distinct subsets of the proteome and
distinct epitopes of the same protein.

The rationale to distinguish between proteasome inhibitor
sensitive and resistant A68 ligands was based on their
metabolic labeling and the quantization of its inhibition.
Since proteasomal inhibition severely impairs cell viability,

the labeling times were relatively short, precluding uniform
labeling. The observation that most of the inhibitor-resist-
ant-peptides arose from small and basic proteins suggests
that our previous observations on HLA-B27 (23) have a
more general significance. Yet, the following facts hinted at
an incomplete inhibition of the proteasome. First, the per-
centage of inhibitor-resistant ligands was smaller with ep-
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Fic. 8. Digestion of synthetic precursors of inhibitor-resistant A’68:01 and B"27:05 ligands by purified 20S proteasome. A, Cleavage
of a 31-mer substrate, including the overlapping sequences of an A68 and a B27 ligand (boxed) in the absence or in the presence of the
indicated inhibitors. Thin, medium and thick arrows indicate peptide bonds whose cleavage result in a joint yield of digestion products of 0.1
to 1%, 1.1 to 10% and >10%, respectively (see supplemental Table S6). B, Cleavage of a 30-mer substrate, containing the sequence of an
inhibitor sensitive A68 ligand. The arrows follow the same convention as in panel A (see supplemental Table S7).

TABLE Il
Effect of proteasome inhibitors on the digestion of the 31-mer substrate

No Inhibitor MG-132 Epoxomicin
Amount digested 100% 28.9% 54.3%
N. of digestion products 80 28 16
Peptides involving dual cleavage® 66 (82.5%) 20 (71.4%) 7 (43.8%)
N. of cleaved peptide bonds? 29 (96.7%) 22 (73.3%) 19 (63.3%)
N. of productive species for the A68 ligand® 4 (5.1%) 2 (7.1%) 1(6.3%)
Relative yield of productive cleavages® 6.9% 5.5% 2.6%
N. of destructive cleavages for the A68 ligand® 10 (34.5%) 8 (36.4%) 4 (21.1%)
Relative yield of the destructive cleavages® 20.3% 26.3% 7.8%
N. of productive species for the B27 ligand® 12 (15.2%) 2(7.1%) 2 (12.5%)
Relative yield of productive cleavages® 28.2% 14.6% 17.0%
N. of destructive cleavages for the B27 ligand® 9 (31%) 6 (27.3%) 7 (36.8%)
Relative yield of the destructive cleavages® 25.9% 18.3% 45.8%
Destruction/production ratio for the A68 ligand” 2.9 4.8 3.0
Destruction/production ratio for the B27 ligand” 0.9 1.3 2.7

@ Percent relative to the total number of digestion products.

© Percent relative to the total number of peptide bonds in the substrate.
¢ Peptides with the right C-terminus and right or extended N-terminus. Percent values are relative to the total number of digestion products

(see Table VS).

9 Added values from Table VIS. For productive cleavages the yields correspond to the relative contribution of cleavage after R17 or Y25 for

the A68 and B27 ligands, respectively.

¢ Cleaved peptide bonds implying destruction of the epitope. Percent values are relative to the total number of cleaved peptide bonds.
" Ratio between the joint relative yield of cleavages implying destruction of the natural ligand and that of the potentially productive peptides.

oxomicin than with MG-132. Second, inhibitor-resistant li-
gands from proteins other than small and basic ones
corresponded to N- or C-terminal protein ends, which do
not require dual cleavage. Third, five peptides were more
inhibited with epoxomicin than with MG-132. Fourth, the
intermediate inhibition of labeling observed on some A68
ligands might reflect down-regulation of protein synthesis
(44), but also incomplete proteasomal inhibition. Fifth, the
differential susceptibility to inhibitors of some peptides from
the same parental protein could be explained by two mech-
anisms. Altered cleavage by a partially inhibited proteasome
might result in increased production of only one of the
ligands. Alternatively, the inhibitor-resistant ligand might be
generated from protein fragments produced by a patrtially
inhibited proteasome by nardylisin and/or thimet oligopep-
tidase, as recently reported (46).

Because replicate isotope-labeling experiments were not
performed, we cannot rule out some inaccuracy in the as-
signments of inhibitor-sensitive and resistant ligands. How-
ever, the consistency in the assignment of most peptides
amenable to analysis with both inhibitors, or with the same
inhibitor upon K and R tagging, underlines the reliability of
our analysis.

Incomplete inhibition of the proteasome was directly dem-
onstrated both with fluorogenic substrates and synthetic pep-
tide precursors. At the concentrations used in vivo both in-
hibitors impaired the hydrolysis of the chymotryptic substrate
in vitro by about 70%. This value was lower than in HelLa cells
(47), and reflects incomplete inhibition of the proteasome in
C1R, because higher concentrations of epoxomicin, inhibited
the hydrolysis of this substrate by >90%. Epoxomicin inhib-
ited the tryptic activity by a maximum of about 67 %, also less
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TaBLE Il
Effect of inhibitors on the cleavage of synthetic peptide precursors by proteasome 20S

Activity No inhibitor MG-132 Epoxomicin
31-mer N. of Cleavages =~ % Contribution®  N. of Cleavages =~ % Contribution®  N. of Cleavages = % Contribution?
Tryptic 3 15.4 8.3 3 11.6
Chymotryptic 13 65.1 11 70.3 9 70.1
Caspase 2 1.2 0.9 0 0
Other 11 18.3 20.5 7 18.4
Total 29 100 23 100 20 100
30-mer N. of Cleavages % Contribution®  N. of Cleavages % Contribution®  N. of Cleavages =~ % Contribution®
Tryptic 4 27.6 17.3 3 12.7
Chymotryptic 8 25.4 35.2 6 37.5
Caspase 3 21.1 12.1 2 12.5
Other 7 25.9 35.4 7 37.2
Total 22 100 23 100 18 100
@ Added values from Table VIS.
b Added values from Table VIIS.
TABLE IV
Effect of proteasome inhibitors on the digestion of the 30-mer substrate

No Inhibitor MG-132 Epoxomicin
Amount digested 75.8% 56.8% 49.9%
N. of digestion products 18 13
Peptides involving dual cleavage® 13 (61.9%) 8 (44.4%) 8 (61.5%)
N. of cleaved peptide bonds? 22 (75.9%) 23 (79.3%) 18 (62.1%)
N. of productive species for the ligand® 1 0
Relative yield of productive cleavages” 16.8% 9.0% 0
N. of destructive cleavages for the ligand® 6 (27.3%) 6 (26.1%) 4 (22.2%)
Relative yield of the destructive cleavages® 19.8% 21.0% 25.9%
Destruction/production ratio for the ligand” 1.2 2.3 -

@ Percent relative to the total number of digestion products.

b Percent relative to the total number of peptide bonds in the substrate.

¢ Peptides with the right C-terminus and right or extended N-terminus. Percent values are relative to the total number of digestion products.
9 Added values from Table VIIS. Productive cleavages correspond to cleavage after R14.

¢ Cleaved peptide bonds implying destruction of the epitope. Percent values are relative to the total number of cleaved peptide bonds.

" Ratio between the joint relative yield of cleavages implying destruction of the natural ligand and that of the potentially productive peptides.

than in HelLa cells (47). With MG-132 the inhibition of the
tryptic activity was still lower and partial inhibition of the
proteasome was clear in gel experiments. The caspase activ-
ity was not tested with fluorogenic substrates, but it was
reported that epoxomicin and MG-262, a boronate analog of
MG-132, have lower effect on this than on the chymotryptic
and tryptic subspecificities (47). In the same study the efficacy
of inhibitors was protein substrate dependent, presumably as
a function of the amino acid composition. Thus, incomplete
inhibition of the proteasome might explain the predominance
of inhibitor-resistant ligands arising from small basic proteins,
because these are comparatively rich in basic residues and
might be particularly susceptible to a residual tryptic-like
activity.

That a C-terminal basic residue is not a pre-requisite for the
observed pattern of parental proteins among inhibitor-resis-
tant ligands was clear from our previous study on HLA-B27
(23) because a significant portion of B27 ligands lack a basic
C-terminal motif. However, B27 ligands have R2. Whether the
same pattern holds for allotypes lacking basic residues at any
anchor position is not known.

The digestion of synthetic peptide substrates addressed
the following issues. First, whether inhibitor-resistant li-
gands or their N-terminal precursors were directly produced
by the proteasome in vitro. Second, whether the inhibitors
abrogated cleavage and the generation of the MHC ligands
or their precursors. Third, whether incomplete inhibition of
the proteasome resulted in altered cleavage and, if so,
whether this would lead to increased production of the
natural ligand or their precursors. That significant amounts
of productive species for the A68 and B27 ligands were
generated from the 31-mer in the absence of inhibitors
suggests that they might be produced by the proteasome in
vivo. Incomplete inhibition of the proteasome altered the
cleavage patterns, but these alterations, although failing to
abrogate the generation of productive species for the 31-
mer, did not result in increased production of the inhibitor-
resistant or non-assigned ligands, in contrast to a previ-
ously reported example (26).

Some recent advances on the role of cytosolic peptidases
in the generation of MHC-bound peptides might provide a
plausible explanation for the presentation of inhibitor-resistant
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ligands under conditions of decreased proteasomal activity.
Bleomycin hydrolase and puromycine-sensitive amino pepti-
dase promote optimal peptide binding and enhanced surface
expression of some allotypes (48). In addition, it was recently
suggested that some inhibitor-resistant ligands, including
those from HLA-B27, could be generated by post-protea-
somal processing of protein fragments by the combined ac-
tion of nardilysin and thimet oligopeptidase, and that the
former enzyme could generate the basic C-terminal end of
HLA-A3 and -A11 ligands from synthetic precursors in vitro
(46). The cleavage specificity of nardilysin at dibasic se-
quences (49, 50) could be particularly suited to generate the C
terminus of peptides ending at basic residues. Of the A68
ligands reported in this study (supplemental Table S1) 168
(20.7%) had a basic C+1 residue in the corresponding pa-
rental protein (data not shown). However, only 1 of 7 (14.3%)
of the inhibitor-resistant ligands showed a dibasic C/C+1
motif (ETVQLRNPPR-RQL), as opposed to 8 of 24 (33.3%)
inhibitor-sensitive ligands. Yet this does not exclude a role of
nardilysin, because this enzyme can also cleave at monobasic
sites (51).

In conclusion, because of incomplete inhibition of the pro-
teasome, inhibitor-resistant ligands are not necessarily gen-
erated by non-proteasomal pathways. Yet, their presence is
not explained by decreased epitope destruction. It may
require further processing of intermediate proteasomal
products by other cytosolic enzymes, whose contribution
would become more prominent under conditions of protea-
some impairment.
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