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ABSTRACT The class II region of the human major
histocompatibility complex (MHC) may encode several genes
controlling the processing of endogenous antigen and the
presentation of peptide epitopes by MHC class I molecules to
cytotoxic T lymphocytes. A previously described peptide sup-
ply factor (PSF1) is a member of the multidrug-resistance
family of transporters and may pump cytosolic peptides into the
membrane-bound compartment where class I molecules as-
semble. A second transporter gene, PSF2, was identified 10
kilobases (kb) from PSF1, near the class II DOB gene. The
complete sequences of PSF1 and PSF2 were determined from
¢DNA clones. The translation products are closely related in
sequence and predicted secondary structure. Both contain a
highly conserved ATP-binding fold and share 25% homeology in
a hydrophobic domain with a tentative number of eight mem-
brane-spanning segments. Based on the principle dimeric
organization of these two domains in other transporters, PSF1
and PSF2 may function as complementary subunits, indepen-
dently as homodimers, or both. Taken together with previous
genetic evidence, the coregulation of PSF1 and PSF2 by y
interferon and the to-some-degree coordinate transcription of
these genes suggest a common role in peptide-loading of class
1 molecules, although a distinct function of PSF2 cannot be
ruled out.

Cytotoxic T lymphocytes recognize antigenic peptides bound
to major histocompatibility complex (MHC) class I mole-
cules, which consist of polymorphic HLA-A, -B, or -C chains
noncovalently associated with B,-microglobulin (1, 2). Pep-
tides are produced by cytosolic degradation of the endoge-
nous protein pool that may include viral antigen (3, 4). By
selective binding, they induce a stable conformation of na-
scent class I chains and pairing with B,-microglobulin in the
endoplasmic reticulum (ER) or in the pre-Golgi intermediate
compartment (5-7). In the assembled complex, peptides of
eight or nine amino acids are firmly integrated in a groove
formed by two polymorphic a-helices above a B-pleated sheet
of class I chains (8-10). Assembly and surface expression of
class I molecules are impaired in lymphoblastoid cell line
(LCL) mutants incapable of presenting endogenous viral
antigen (11-14). This phenotype is caused by lack of suitable
peptides in the ER (5, 13) and has been genetically linked in
one mutant to a peptide supply factor gene (PSFI; formerly
PSF)* in the MHC class II region (15). Structural and
functional evidence suggest that PSF1 is a pump mediating
entry of yet undefined precursor peptides into the ER (15,
16), consistent with the requirement of a signal sequence-
independent mechanism of peptide transport across lipid
membranes (17).

PSF1 is identical to RING4 (18) and is homologous to a
family of polytopic integral membrane proteins functioning in
ATP-dependent membrane translocation of a wide range of
substrates that include peptides. Members of this family are

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked *‘advertisement’”
in accordance with 18 U.S.C. §1734 solely to indicate this fact.

10094

the multidrug-resistance (MDR) P-glycoproteins (PGY) (19-
21); the cystic fibrosis transmembrane conductance regulator
(CFTR) (22); a peroxisomal membrane protein (PMP70) (23);
the yeast STE6 gene product, which exports the 12-amino
acid a-type mating pheromone (24, 25); and the bacterial
CyaB, HlyB, and LktB proteins, which mediate the secretion
of large polypeptide toxins (26). More distantly related are a
number of bacterial multicomponent dedicated import sys-
tems that are associated with periplasmic substrate-binding
proteins, such as the Opp oligopeptide permease (27, 28). All
of these transporters share a conserved cytoplasmic ATP-
binding fold. This domain is thought to couple energy to a
hydrophobic domain in which five to eight transmembrane
segments form part of a transport channel. Although the
hydrophobic domain shows little sequence homology among
different transporters, the tertiary structures may be quite
similar. In most eukaryotic transporters, these two domains
are tandemly duplicated in a single transcriptional unit. A
principle dimeric organization may be common to all trans-
porters, except that the two ATP-binding domains and the
two membrane-anchored domains are encoded by a variable
number of one to four genes (29). PSF1 contains a single copy
of each domain and thus may function as a homodimer or by
pairing with a complementary subunit.

Direct evidence for peptide transport has not yet been
obtained, but gene transfer of PSF1 restores normal surface
expression of class I molecules in a mutant LCL (721.134)
with a transcriptionally inactive single PSFI gene (16). More-
over, the demonstrated role of PSFI in peptide loading and
assembly of class I molecules is corroborated by the coor-
dinate transcriptional regulation with class I genes by inter-
ferons (18). However, in another mutant LCL (721.174), gene
transfer of PSF1 fails to reconstitute normal expression of
class I molecules (16). Presumably, this is related to the
homozygous deletion of PSFI together with several closely
linked genes (15), some of which may be required for prote-
olytic processing or transport of peptides, or both.

A second transporter gene inside the LCL 721.174 dele-
tion, PSF2,T was identified 10 kilobases (kb) from PSF1, near
the 5' end of the class II DOB gene. The ATP-binding
domains are highly conserved in PSF1 and PSF2, and the
transmembrane domains share an average 25% homology.
Evidently, PSFI and PSF2 may encode subunits associated
in a functional peptide pump, as the duplicated transmem-
brane domains in MDR proteins and STE6 are similarly
diverse. This is supported by the coregulation of PSFI and
PSF2 at least by IFN-y and by the somewhat coordinate
transcription of these genes in various cell lines, although it
remains an open possibility that the two transporter proteins
function independently.

Abbreviations: MHC, major histocompatibility complex; PSF, pep-

tide supply factor; ER, endoplasmic reticulum; IFN, interferon;

LCL, lymphoblastoid cell line; MDR, multidrug resistance; CFTR,

cystic fibrosis transmembrane conductance regulator.

*The current designation of this gene is D6S114E (52).

1The sequence for PSF2 reported in this paper has been deposited in
the GenBank data base (accession no. M74447).
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MATERIALS AND METHODS

DNA Sequence Analysis. Restriction fragments from cDNA
clones were subcloned into phage M13, and sequences were
obtained from both strands by using the dideoxynucleotide
chain-termination procedure (31), adenosine 5’-[a-(>*S)thio]-
triphosphate, and T7 polymerase (Sequenase; United States
Biochemical). Computer sequence analysis and homology
searches of GenBank used the programs EUGENE (Baylor
College of Medicine, Houston) and BLAST (32) of the Molec-
ular Biology Computer Research Resource (MBCRR) at
Dana-Farber Cancer Institute, respectively. Alignment of
amino acid sequences and hydropathy plotting were done as
described by Feng and Doolittle (33) and Kyte and Doolittle
(34), respectively.

RNA Blot Hybridization. Total-cell RN A preparations were
obtained by the guanidinium isothiocyanate method and
centrifugation in cushions of 5.7 M cesium chloride (31).
RNA samples (20 ug) were fractionated by electrophoresis in
agarose/formaldehyde gels before blot transfer (31). Hybrid-
ization was as cited (15). Recombinant IFN-vy (provided by
Biogen) was used at 250 units per ml of HeLa cell culture in
a 24-hr induction.

RESULTS AND DISCUSSION

PSFI (also designated Y3) is one among five genes (YI-Y5)
identified in the MHC class II region between DOB and DNA
by isolation of cDNA clones with cosmid probes (15). A
partial PSF1 cDNA sequence corresponds to RING4 (hu-
man) (18), Ham-1 (mouse) (35), and MTP1 (rat) cDNAs (36).
The full-length PSF1 sequence was derived from a cDNA
clone (Y3-1) shown to direct synthesis of functional protein
in a transfection assay (16). This sequence is 2667 base pairs
(bp) long, includes 72 bp upstream of a translation initiation
codon, and terminates 2 bp before the polyadenylylation site
in RING4 mRNA. The 5’ end of the PSF1 cDNA thus lacks
127 bp of RING4 genomic DN A sequence proposed to extend
the open reading frame to an upstream ATG and to encode a
putative leader peptide (18). However, the aligned PSF1 and
RING4 decoded amino acid sequences are identical, suggest-
ing that the 81-kilodalton (kDa) gene product may be invari-
ant, or at least not highly polymorphic, as the PSF1 and
RING4 cDNA clones have been isolated from different
MHC-heterozygous cell lines.

Low-stringency blot hybridization of cosmid DNA restric-
tion digests with a PSF1 cDNA probe revealed cross-
hybridization with the previously mapped Y7 gene (15), now
referred to as PSF2 (data not shown). These genes are
separated by a 10-kb interval containing an unrelated gene,
Y2 (ref. 15; unpublished data) and are in the same transcrip-
tional orientation as DOB 10-15 kb downstream of PSF2
(Fig. 1). The location of PSF2 corresponds to the mouse
Ham-2 and rat MTP2 genes, which by partial cDNA sequenc-
ing are related to Ham-1 and MTP1, respectively (35, 36). The
PSF2 cDNA sequence was determined from two incomplete
overlapping clones, Y1-7 and Y1-12. The total length of 2553
bp is close to the estimated 2.7-kb length of PSF2 mRNA
(Fig. 2) (15). The proposed initiator methionine at nucleotide
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Fi1G. 1. Arrangement of the PSFI and PSF2 transporter genes.
Arrows above the genes show the transcriptional direction. The
upper line gives the scale in kb. The diagram is adapted from ref. 15.
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Fi1G.2. Nucleotide sequence of PSF2 derived from cDNA clones.
Decoded amino acids in single-letter code are shown below codons.
Numbers on the left and on the right correspond to nucleotide and
amino acid positions, respectively. Transmembrane segments of 21
amino acids predicted by the Eisenberg algorithm (37) are under-
lined. Boxed residues 483-683 correspond to the hydrophilic ATP-
binding fold containing the underlined Walker A and B consensus
sequences.

position 97 complies sufficiently with a consensus for eu-
karyotic translation initiation sites (38) and is preceded by an
inframe termination codon. A single long open-reading frame
encodes a 77-kDa translation product of 703 amino acids (Fig.
2). The canonical AATAAA polyadenylylation signal and a
poly(A) tail are missing at the 3’ end of the Y1-12 cDNA.
Reverse transcription and amplification of PSF2 mRNA by
the polymerase chain reaction (PCR) with oligo(dT) together
with a primer corresponding to nucleotides 1805-1824
yielded a DNA fragment of about 750 bp (data not shown);
thus, PSF2 mRNA could have an uncommon polyadenyly-
lation signal, such as the TATAAA motif seven nucleotides
from the end of the truncated sequence, or the Y1-12 cDNA
could be short of the actual polyadenylylation signal by a few
nucleotides.
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The PSF2 translation product is similar to PSF1 in se-
quence, size, and domain structure and is equally related to
the MDR family of transporters (Fig. 3). Both lack a potential
leader peptide, in accord with all known eukaryotic trans-
porters, which may use an internal hydrophobic segment for
cotranslational ER membrane insertion. In PSF2, the N-ter-
minal hydrophobic domain (482 amino acids) is followed by
the highly conserved hydrophilic ATP-binding fold (200
amino acids) (Fig. 2) containing the universal motif A (also
called Walker A) [Gly-(Xaa),-Gly-Lys-(Ser or Thr)] derived
by Walker in ATP-binding proteins (27, 39). The more
degenerate motif B (Walker B) [(Arg or Lys)-(Xaa);-Gly-
(Xaa);-Leu-(hydrophobic)s-Asp] is not readily discernible
and was placed with reference to previous sequence align-
ments (Fig. 3) (29, 35). The ATP-binding domain shows the
highest degree of homology shared by PSF2 and PSF1, with
56 identical positions in a segment of 60 amino acids including
the Walker A motif and with 25 matches in a sequence of 35
amino acids containing the Walker B motif (Fig. 3). These
two regions correspond to the sequences most conserved
among all eukaryotic and bacterial transporters (for a recent
compilation of sequences, see ref. 35). The function of the
ATP-binding fold in hydrolysis of ATP is supported by direct
biochemical evidence and mutational analysis in several
systems (29, 40, 41). Deleterious mutations in CFTR are
clustered in the first ATP-binding fold (42). Moreover, a
tertiary structure model of a consensus transporter ATP-
binding fold is similar to the structure of adenylate kinase,
determined by crystallography, except for the presence of
two loops between Walker motifs A and B (29). The corre-
sponding conserved sequences in PSF1 and PSF2 are amino
acid residues 541-567 and 603-617 (PSF1 coordinates in Fig.
3). It has been suggested that these two loops might be
specifically involved in the transport mechanism by coupling
ATP-dependent conformation changes to the membrane-
anchored hydrophobic domain(s) (29).

Within the N-terminal hydrophobic domain, PSF1 and
PSF2 have 25% amino acid residues in common, indicating a
much greater sequence diversity than in the ATP-binding fold
(Fig. 3). Amino acid substitutions are randomly distributed.
Except for several gaps at the beginning and a single-residue
gap at position 160 of the PSF2 sequence (PSF1 coordinate),
all of the PSF1 and PSF2 amino acids are aligned, suggesting
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a high degree of secondary structure conservation. More-
over, the PSF1 and PSF2 hydropathy profiles resemble each
other more closely than those of other transporter proteins
(Fig. 4). It is evident, therefore, that PSFI and PSF2 evolved
by gene duplication and subsequent diversification. Accord-
ingly, the total amino acid sequence homology between PSF1
and PSF2 (33%) is lower than that between PSF1 and MTP1
(70%) and Ham-1 (57%) (Fig. 3). By comparison, the human
MDR proteins PGY1 and PGY3, which function indepen-
dently with as yet undefined natural substrate specificities,
share 80% identical amino acids in their corresponding hy-
drophobic domains (44). However, the two hydrophobic
subunits in PGY1 are only 23% homologous (19), which
parallels the sequence diversity between PSF1 and PSF2 in
these regions. When compared to other transporters, these
share significant homology only with the N- and C-terminal
hydrophobic domains of PGY1 (19-23%) (19) and STE6
(18-20%), the two last-named proteins being equally related
(20-22%) (29).

Although the general topological organization of PSF1 and
PSF2 is characteristic of all eukaryotic and prokaryotic
transporters, the hydropathy profiles can be best compared
to the PGY and bacterial HlyB proteins (Fig. 4). Each half of
PGY contains six putative transmembrane segments (19, 20)
that also may be present in PSF1 and PSF2, which relative to
PGY show N-terminal hydrophobic extensions of about 105
and 60 amino acids, respectively (Fig. 4). Thus, PSF1 and
PSF2 are more alike than HlyB, in which a total of eight
transmembrane segments has been experimentally demon-
strated, differing from an earlier calculated number of six
(43). Based on the algorithm by Eisenberg (37), PSF2 con-
tains six a-helical membrane-spanning regions at the amino
acid positions 11-31, 58-78, 100-120, 150-170, 186-206, and
278-298 (Figs. 1 and 4). However, as the PGY transmem-
brane segments V and VI are not matched, this prediction
may be inaccurate. A tentative number of eight transmem-
brane regions in both PSF1 and PSF2 is therefore proposed
with regard to their close resemblance to other proteins in this
family (Fig. 4). Functional analysis of chimeric PGY gene
constructs supports an involvement of the transmembrane
domains in drug efflux (45). Moreover, a single glycine-for-
valine substitution at position 185 in human PGY1 confers
preferential resistance to colchicine, and several allelic var-
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Fi1G.3. Comparison of PSF2 to PSF1 and the corresponding rat MTP1 and mouse Ham-1 amino acid sequences. Sequences as available were

aligned with PSF1 by using a program by Feng and Doolittle (33). Dashes and dots represent identical amino acids and gaps, respectively.
Residues shared by MTP1 and Ham-1 are indicated by a plus. Numbers at the right refer to sequence coordinates. See the text for references
and further explanation. WA and WB, Walker A and B motifs.
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Fi1G. 4. Comparison of hydropathy profiles of PSF2 and PSF1 to
HlyB and the C-terminal half of human MDR1. Plots were estab-
lished by using a program by Kyte and Doolittle (34) with a window
of 21 amino acids and were visually aligned. Of both PSF1 and PSF2,
residues 1-643 are shown. Solid bars indicate transmembrane seg-
ments, which in HlyB have been experimentally demonstrated (43)
and which in MDR1 (19) and PSF?2 are predicted by the Eisenberg
algorithm (37). Open bars above the PSF2 profile are proposed as
additional membrane-spanning segments based on the structural
similarities shared with HlyB and MDR1.

iants of pfimdrl in Plasmodium falciparum are specifically
associated with chloroquine resistance (46, 47). A role of the
putative transmembrane domains in PSF1 and PSF2 in sub-
strate selection and transport seems certain, although as in
other transporters, the underlying mechanisms are com-
pletely unknown.

Genetic evidence suggests that PSF1 and PSF2 may not
function individually but instead by association in a het-
erodimer (16). This would be equivalent to the composite
structure of PGY, pfmdr, CFTR, and STES6, in which two
homologous subunits are integral. Both hydrophobic do-
mains in PGY have been implicated in substrate binding and
may effect drug efflux in a cooperative manner (48). The
necessary functioning of both ATP-binding folds is likely to
be concerted, perhaps by alternate hydrolysis of ATP cou-
pled to sequential conformation changes (41). This organi-
zation may be universal in all transporter systems, except
that the four domains reside on different numbers of protein
subunits. For example, the mammalian peroximal membrane
protein PMP70, the Drosophila white and brown gene prod-
ucts, and the bacterial HlyB, CyaB, and LktB proteins carry
single transmembrane and ATP-binding domains, like PSF1
and PSF2, and may form homodimers; in the bacterial ribose
permease, two ATP-binding folds are fused in RbsA and in
the Opp oligopeptide permease, all four domains are on
distinct polypeptides (23, 26, 28, 29). In the absence of further
genetic and/or biochemical data, the possibility that PSF1
and PSF2 are complementary subunits is supported by their
similar transcriptional regulation. In a panel of 12 cell lines
representing several different lineages, the relative PSF1 and
PSF2 steady-state mRNA levels corresponded to some de-
gree to each other and in most samples also to those of
HLA-B (Fig. 5). Moreover, both the PSF1 and PSF2 mRNA
levels were strongly increased by IFN-y (Fig. 5 a and b).
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FiG.5. Expressionof PSF1, PSF2, and HLA-B mRNA in various
cell lines and up-regulation by IFN-y in HeLa cells. Blots of total
RNA samples were hybridized with cDNA probes for PSF2 (a),
PSF1 (b), and a locus-specific genomic probe for HLA-B (c). Filters
were exposed for 4 days in a and b and for 18 hr in ¢. The human cell
lines included B cells (721, Raji), T cells (MOLT-4, MOLT-13,
HPB-ALL), promyelocytes (HL-60), monocytes (U-937), and epi-
thelial or fibroblastic cells (HT-1080, G-292, INT-407, MCR-S5, and
HeLa). For further details, see text.

However, at present it cannot be ruled out that PSF1 and
PSF2 function independently, either in different cellular
compartments or with distinct substrate specificities, or both.

The probable location at least of PSF1 is in the ER
membrane, with the hydrophilic ATP-binding fold facing the
cytosol. Potential N-glycosylation sites likely to be exposed
to the ER lumen are present in PSF1 at the positions 250, 279,
and 302 but are missing in PSF2. In some transmembrane
proteins, such as the adenovirus E3/19-kDa protein and
UDP-glucuronyl transferase, two consecutive lysine residues
three to five positions from the C terminus confer retention
in the ER (49). This motif is absent in both PSF1 and PSF2,
in which the C-terminal 25 amino acids are entirely unrelated.

In summary, the available functional and genetic data and
the close evolutionary relationship between PSF1 and PSF2
suggest that both of these transport peptides, together as
heterodimers or independently as homodimers, or both.
Formally, PSF2 could be related to a defect in several LCL
mutants that are unable to process exogenous antigen and
express conformationally labile class II heterodimers (50),
but there is no current conceptual support for this role. It is
plausible that PSF2 may function complementary to PSF1 in
peptide-loading of class I molecules. Presumably, the sub-
strate peptides are of at least nine amino acids to bind
effectively to class I chains and might have a much greater
upper size limit to avoid constraining class 1 allele-specific
peptide selection (10). Peptide-loading could involve a direct
contact of class I chains with PSF1 and/or PSF2, as free
intracellular peptides appear to be extremely short-lived (ref.
10 and references therein). Finally, some variability may
exist in peptide transport, as suggested by the characteristics
of the as-yet-unidentified CIM locus in the rat MHC, which
determines the alloantigenicity of the RT1.A2? class I mole-
cule and maps to a class II region interval containing the
MTPI and MTP2 transporter genes (36, 51). Thus, some
allelic variants of PSFI and/or PSF2 could restrict antigen
presentation and be related to several autoimmune diseases
that are associated with genes in the MHC class II region (30).
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