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Abstract

Large DNA viruses of the herpesvirus family produce proteins that mimic host MHC-I molecules as
part of theirimmunoevasive strategy. The m144 glycoprotein, expressed by murine cytomegalovirus,
is thought to be an MHC-1 homolog whose expression prolongs viral survival in vivo by preventing
natural killer cell activation. To explore the structural basis of this m144 function, we have determined
the three-dimensional structure of an m144/p2-microglobulin (32m) complex at 1.9 A resolution.
This structure reveals the canonical features of MHC-I molecules including readily identifiable a1,
a2, and a3 domains. A unique disulfide bond links the a1 helix to the b-sheet floor, explaining the
known thermal stability of m144. Close juxtaposition of the a1 and a2 helices and the lack of critical
residues that normally contribute to anchoring the peptide N and C termini eliminates peptide binding.
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A region of 13 amino acid residues, corresponding to the amino-terminal portion of the a2 helix, is
missing in the electron density map, suggesting an area of structural flexibility that may be involved
in ligand binding.
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Introduction

The dynamic interactions between molecules expressed by various infectious organisms and
the immune systems of the host illustrate not only the power of vertebrate immunity but also
the creative variations, both genetic and epigenetic, that microorganisms employ for their
survival. Many mechanisms have evolved to allow infectious agents to avoid the immune
response of their hosts, ranging from the rapid mutation of surface antigens to avoid recognition
by host antibodies to the triggering of subtle molecular and cellular pathways that lead to viral
latent states poised for reactivation under opportune conditions. Among the microorganisms
that have achieved great success in inventing strategies for immune evasion are the
herpesviruses and poxviruses,lv2 which, because of their large genomes, are capable of
encoding many non-essential functions that can subvert recognition by innate and adaptive
immune receptors.

Of particular interest are the cytomegaloviruses (CMV), members of the b-herpesvirus family,
that are found in a wide range of vertebrate hosts, where they establish acute, latent, and
persistent infections.3 Latent infection in the human may become associated with severe and
even life-threatening disease in the clinical scenario of immunosuppression. The immune
response to CMV infection in the mouse and human is mediated by natural Killer (NK) cells,
4aswell as CD8* T cells®and antlbodles and the genomes of human and murine CMV encode
a range of proteins that subvert the host’s immune response by interfering with both NK and
T cell recognition as well as cruual steps in the pathways of antigen processing and presentation
(reviewed by Tortorella et al. ) As part of this strategy to interfere with immune recognition,
human and mouse CMV genomes encode proteins that are predicted, based on amino acid
sequence comparisons and three-dimensional structure prediction algorithms, to be structural
homologs of host major histocompatibility complex class | (MHC-I) molecules.”~9

Although scrutiny of the cytomegalovirus genomes has permitted the identification of a set of
genes that might be expected to encode MHC-like molecules, only a few of these have been
characterized functionally or biochemically, and to date, no MHC-I-like molecule encoded by
a virus has been characterized structurally.

CMV-encoded putative MHC-I structural homologs potentially modulate host immunity, thus
promoting viral survival and latency. The best-studied viral MHC-1 homologs (which we shall
refer to here in after as MHC-lv (for “viral™)) are the human CMV (HCMV) UL18 protein,
and murine CMV (MCMV) proteins m144, m145, m152, m155, and m157. At least two distinct
mechanisms permit these CMV molecules to modulate immune recognition: UL18 and m157
directly interact, at the infected cell surface, with activating or inhibitory NK cell receptors;
m145, m152 and m155 each down-regulate the surface expression of a stress-induced ligand
for activating NK receptors. UL18 engages the inhibitory receptor LIR-1, widely expressed on
lymphoid and myeloid cells.10-1 (Recently, another MHC-1-like moIecuIe encoded ina
clinical isolate of HCMV, UL142, has been shown to inhibit NK cell Iy3|s ) m157 tar%ets
the inhibitory NK receptor Ly49l, leading to reduced immunity and greater viral load.8
Conversely, mouse strains expressing Ly49H, an NK activating receptor that also binds
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m157, are protected from MCMV infection. Viruses with m157 mutations escape Ly49H-
dependent immune surveillance.18m152, which encodes the gp40 glycoprotein, specifically
down-regulates cell surface expression of RAE-1 proteins (another set of host MHC-Ib
molecules), which are ligands for the NKG2D activating receptor.19 m145 reduces expression
of the stress-induced MULT1 molecule, 20 and m155 similarly down-regulates another
NKG2D ligand, H60.21

Amino acid sequence similarity and structure prediction algorithms suggest that UL18, UL142,
m144, m145, m152, m155, and m157 are true MHC-1 homologs. However, their three-
dimensional structures have not yet been reported. m144 is of particular interest, since both
biochemical and functional studies, as well as amino acid sequence identity of 29% to classical
MHC-I molecules throughout the putative extracellular region, suggest that it may interact with
MHC-I sensing NK receptors. Fundamental questions concerning the function and evolution
of m144 and other MHC-Iv molecules, and their potential for interactions with peptide, p2m,
and ligand, may be addressed with knowledge of their structure. With this goal, we expressed,
purified, crystallized, and determined, by X-ray diffraction at 1.9 A resolution, the structure
of the soluble extracellular domains of the MCMV protein m144 in complex with mouse p2-
microglobulin (82m). This first structure of an MHC-Iv molecule reveals that m144 has features
indicative of the MHC-I family in addition to those unique to this particular molecule. We
argue that a flexible region in the a2 domain may interact with, and be structurally stabilized
by, host receptors targeted by m144.

Peptide-independent expression of m144

Although considerable functional data indicating the role of m144 expression in resistance to
NK-mediated cytolysis have been reported, and the analysis of m144 molecules expressed in
a CHO expression system failed to indicate the presence of any bound peptide,22 we asked
whether delivery of peptide via the transporter associated with antigen presentation, TAP, was
required for cell surface expression of m144. We transfected both TAP deficient (RMA-S)
23 and TAP sufficient (RMA) cells with a vector encoding the full length m144 as well the
green fluorescent protein (GFP) (see Experimental Procedures). As shown in Figure 1, cell
surface expression of m144 in transiently transfected cells represented the same proportion of
cells when both RMA and RMA-S cells were transfected. In contrast, transfection of the
classical MHC-1 encoding gene, H-2DY, revealed a profound effect of availability of peptide
as conferred by TAP (Figure 1). This experiment confirms and extends previous studies
revealing the surface expression of m144 in stable RMA-S transfectants. 4 These experiments
provided an experimental basis for our efforts to express m144 in Escherichia coli and to refold
the protein from inclusion bodies in the absence of added peptide.

Overall structure of m144

A fragment of the murine cytomegalovirus m144 protein encompassing the extracellular
domain, residues 2-249, was expressed in E. coli as inclusion bodies, denatured in guanidine
and refolded in vitro together with similarly expressed mouse 2m. The m144/32m preparation
was purified by gel filtration and ion exchange chromatography, which revealed two peaks of
protein, one containing the m144/p2m heterodimer, the other the m144 heavy chain alone (see
Supplementary Data, Figure 1). We screened crystallization conditions with material from both
peaks, but only succeeded with that from the heterodimer-containing fraction. Synchrotron
diffraction data to 1.9 A were collected, the structure of m144 was solved by molecular
replacement, and refined using all the available diffraction data (see Table 1). The 2F KF. map
of the m144 heavy chain shows continuous electron density from Glu8 to Lys242 except for
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a stretch of 13 residues (Asp115 to Asp127) in the amino-terminal portion of what would be
expected to be the a2 helix.

The structure of m144 reveals a remarkable similarity to MHC-1 molecules with readily
identifiable al; a2 and a3 domains and association with 2m (Figure 2). No extraneous electron
density was observed in the potential groove region between the a1 and o2 helices. The relative
dispositions of the ala2 domain unit, the a3 domain, and the noncovalently associated p2m
subunit are similar to those of MHC-1 molecules. However, the angle between the alo2
platform domain and the a3 immunoglobulin (Ig)-like domain, the hinge, is greater in m144
than in other MHC-1I molecules (as summarized in Table 2). For m144, this is 988 as compared
with 648 to 848 for a selection of both MHC-la and MHC-1b molecules, which includes f2m-
complexed, peptide-free molecules (Hfe, T22, rFcRn, and CD1a), B2m-complexed, peptide-
containing molecules (H-2KP, H-2D9, HLA-A*0201, HLA-B*3501, and HLA-Cw4), and
B2m-free, peptide-free molecules (MICA and Zn-a2 glycoprotein, ZAG). Only MICA has a
larger hinge angle at 1148. Scrutiny of the amino acid sequence alignment (Figure 3) and the
superposed structures of m144 and H-2KP backbones (not shown) suggest that the lack of three
amino acids corresponding to residues 173 to 175 of H-2KP accounts in part for the relative
domain displacement. Whether the wider hinge angles of m144 and MICA reflect any unique
function or merely represent extreme possibilities available for MHC-I molecules as a group
is not clear.

As in MHC-la and MHC-1b molecules, the Ig-like domains B2m and a3 are stabilized by
conserved disulfide bonds. The conserved a3 domain disulfide links cysteine residues 165 and
225 in m144 spanning 60 residues, which is easily aligned with the structurally similar
canonical disulfide bond of H-2KP, linking residues 203 and 259 (spanning 56 residues) (see
Figures 2 and 3). The o2 disulfide, linking Cys98 and Cys128, can easily be superposed on the
canonical H-2KP o2 disulfide (Cys101 to Cys164). Unlike MHC-la molecules and most MHC-
Ib molecules, m144 stabilizes its a1 domain with an al helix to $2 strand disulfide, linking
Cys28 and Cys70 (Figures 2 and 3). This likely contributes to the observed thermal stability
of this peptide-free MHC-1v molecule.22 The homologous rat CMV molecule r144 preserves
cysteine residues 28 and 70, almost certainly possesses the same disulfide bond, and thus would
be expected to exhibit similar peptide-free thermal stability. The only other example of an al
intradomain disulfide bond in an MHC-la or MHC-Ib molecule is that between Cys36 and
Cys41 of MICA (corresponding to residues 36 and 43 of H-2KP; see Figure 3), which stabilizes
the B3 to B4 loop of MICA.25

Association with B2m

Examination of the interaction of the m144 heavy chain with 2m, based on buried surface
area, number of hydrogen bonds, and number of atomic contacts and salt bridges (see
Supplementary Data, Table 1), suggests a relatively loose association between the two subunits.
The m144/p2m interface buries 2094 A2 of molecular surface, the lowest among MHC-I-like
molecules, which range from 2300 A2 for T22 to 2800 A2 for the neonatal rat Fc receptor. The
H-2L9/B2m interface, representative of a weak heavy chain/p2m interalction,26 is 2480 A2,
The number of interchain hydrogen bonds, eight, is also small in the m144/2m complex and
is comparable to the nine found in H-2LY9 and significantly fewer than the 14 recognized for
H-2KP. (Amino acid residues of m144 and of H-2KP that form close contacts with p2m are
indicated in the alignment shown in Figure 3.) When m144 heavy chain and 2m are refolded
in vitro, the soluble molecules in native buffers are a mixture of the free m144 heavy chain and
the heterodimeric m144/p2m complex that can be resolved by anion exchange chromatography
(see Supplementary Data, Figure 1). Association of p2m with m144 or with H-2KP is focused
mainly on two regions of the MHC heavy chain: the b-strand floor of the a1a.2 domain unit
(including contacts from b-strands b1, 2, 3, p5, and p6) and contacts to the a3 domain, largely
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through strand E. Clearly, H-2KP contacts in both locations are more extensive (Figure 3 and
Supplementary Data, Table 1).

Secondary structure

The extracellular portion of the m144 heavy chain is 31 amino acid residues shorter than that
of H-2KP (see Figure 3). Relative to H-2KP, the shorter length is due to deletions in the o1 and
a2 domains. m144 has a tight turn connecting its B3 and p4 strands and includes four residues
in the p4 strand, while H-2KP uses eight residues to connect p3 with its two residue p4 strand.
Unlike H-2KP, which connects p4 to the a1 helix with two turns of 31 helix, m144 has several
bend residues connecting B4 to its straight a1 helix. The a1 domain helix of m144 extends for
23 residues, while that of H-2KP is 28 residues long. Deletions in the a2 domain, however,
seem to have a greater impact on the MHC-like fold of m144. They lead to truncation of the
36 and B7 strands and deletion of b8, resulting in a platform consisting of only seven b strands
in contrast to the eight found in H-2KP and other MHC-I molecules. However, due to lack of
electron density in this region, it was not possible to trace the polypeptide chain from Asp115
to Aspl27, i.e. from the end of the truncated 7 strand to the beginning of the a2 helix. The
missing 13 residues of electron density can be modeled if these are inserted between Asp115
and Asp127 in a relaxed helical conformation (see below). Electron density for m144 resumes
with Cys128 and residues 129 to 140 are clearly in an a-helical configuration. This part of the
a2 helix superposes quite well on the homologous stretch of H-2KP, although three residues
are missing in m144 as compared to H-2KP in this region (Figure 3). The Ig-like a3 domain
can be described as a b-sandwich, with a core of six extended strands, A, B, and F, packed
against C, G, and H. m144 has two short b-strands, D and E. Strand D pairs with the carboxy-
terminal portion of strand C, and strand E with the amino-terminal portion of strand F. The
region of greatest difference in the a3 domains is that between the carboxyl-terminal end of
strand C and the short strand E, where m144 has an insertion of four amino acid residues
(Figures 2 and 3). A search of the CATH database? for proteins with similar structural folds
revealed close alignment of the structure of the m144 o3 domain with the 2 domain of the
human MHC-11 molecule, HLA-DM (see Supplementary Data, Figure 2).

Lack of peptide binding groove

m144 possesses a putative peptide binding groove formed by the apposition of two antiparallel
a-helices supported by a platform of B-strands. However, we observed no additional electron
density in this groove, an observation consistent with biochemical studies on m144 that failed
to identify peptide associated with the purified molecule.?2 In this respect, m144 shows a
greater resemblance to those MHC-1b molecules that lack bound peptide (such as Hfe and
MICA) than to those MHC-la and MHC-Ib molecules that complex with peptides (e.g. HLA
and H2-M3). Figure 4 shows a comparison of the groove of m144 with those of selected MHC-
la and -Ib molecules. The m144 groove resembles those of peptide-lacking MHC-I-like
molecules, such as Hfe, in being narrower than those of peptide-binding molecules. As an
indication of the width of the different grooves, distances were measured between selected
C®atoms of the a1 and a2 helices. At the far left-hand side of the groove, m144 juxtaposes the
two helices more closely than the peptide-complexed H-2KP (Figure 4(a) and (g)), while the
other peptide-free molecules also show a narrower groove at this end (Figure 4(c) and (e)). At
the center and the far right-hand side of the cleft, our analysis is limited by a lack of structural
information for residues Asp115 to Asp127 in the m144 a2 helix. Therefore we measured inter-
helical distances in this region of the groove from the C* of the conserved cysteine in the a2
helix (Cys128 in m144) to the C* of Glu62 (in m144) or analogous residue for the other MHCs
of the al helix. At this near-central location also, the inter-helical distance in m144 is smaller
than that of H-2KP (11.5 A and 14.0 A, respectively) and is similar to the inter-helical distances
in non peptide-binding MHC-1b molecules (Figure 4(c) and (€)). The superposition of the m144
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alo2 backbone with those of Hfe, MICA, and H-2KP(Figure 4) emphasizes the similarities
and differences of these related molecules.

In addition to size constraints, the particular amino acid residues lining the groove of the m144
molecule are a further impediment to peptide binding. The electron density map of m144 at
the left-hand side of the potential groove shows no bound ligand (Figure 5(a)). In peptide-
complexed MHC molecules, peptides are anchored to the groove of the MHC through hydrogen
bonding networks among conserved residues lining the groove, main-chain atoms at the termini
of the bound peptide, and water molecules. These interactions serve both to bind peptide and
enhance the stability of the MHC-1 molecule. A set of tyrosine residues, Tyr7, Tyr59, Tyr159
and Tyr171 (see Figure 5(b)), conserved in both mouse and human MHC-la molecules, is
oriented with each side-chain directed into the groove to form hydrogen bonds between their
hydroxyl groups and main-chain atoms at the amino terminus of the bound peptide. Tyr7 is
located in the platform strand b1, Tyr59 is in the al helix, and the remaining two are located
in the o2 helix (Figure 5(b)). m144, however, conserves only two tyrosine residues from this
cluster: Tyr13, situated in a position analogous to Tyr7 (H-2KP) on platform strand b1, and
Tyr135, analogous to Tyr171 (H-2KP) towards the C-terminal region of the a2 helix. However,
close juxtaposition of the al and a2 helices of m144 in this region results in hydrogen bonding
of these two tyrosine residues to the side-chain of Glu62 of the al helix effectively closing off
the groove. The bulky side-chain of Lys131 further constricts the groove (Figure 5(c)). Peptide-
binding MHC-la molecules preserve Trpl67 to accommodate the N terminus of the bound
peptide.

In the region where classical MHC-la molecules bind the C terminus of the peptide, conserved
residues of the F pocket include Tyr84, Thr143, Lys146, and Trp147.28'30 These four residues
are deleted in m144 (Figure 3). The equivalent to Tyr84 is part of a two residue deletion at the
C-terminal region of the al helix (between m144 residues 82 and 83), and the equivalents of
143, 146, and 147 are contained within the large deletion including the end of the b8 strand
and extending through the amino-terminal half of the a2 helix. The lack of these crucial
conserved residues of the F pocket establishes a structural basis for the failure of m144 to bind
peptides. (The location of these residues crucial for binding peptides in H-2KP as compared to
this region in m144 is illustrated in Figure 5(d) and (e).)

The understanding of the structural basis by which MHC-I molecules bind peptide is illustrated
most clearly by the presence of pockets on the surface of the molecule that accommodate the
amino acid side-chains of anchor residues of the peptide.28’31 In contrast to peptide-binding
MHC-1 molecules, members of the CD1 family that bind various lipids have a distinct binding
cleft structure.32 In Figure 6, we compare the surface representation of m144 with that of
H-2KP and of CD1d. m144 lacks any well-defined pockets or channels that are clearly seen in
the other two molecules.

Another characteristic of the classical MHC-la molecules is the conservation of a number of
salt bridges that stabilize the MHC-I structure.28 The most important of these stabilize the
interactions between strand and helix, and between the heavy chain and p2m. The conserved
salt bridge stabilizing the al helix to the B4 strand, between Arg44 and Asp61 of classical
MHC-1 molecules (see Figure 3, H-2KP) is missing in m144. Perhaps this is compensated for
by the unique a1 helix to B2 strand disulfide bond (Cys70 to Cys28) found in m144.

Clues to ligand interaction: carbohydrate addition sites, CD8 binding site, NK recognition

sites

Clues to the site where a ligand might interact with the m144 molecule, though speculative,
maybe gathered from analysis of the location and conservation of predicted aspariginyl-
carbohydrate addition sites. Classical human MHC-1 molecules have a conserved carbohydrate
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addition site at position 86, at the carboxyl-terminal end of the a1 helix, and most murine
classical MHC-1 molecules have an additional site at the symmetrical position at the carboxyl-
terminal part of the a2 helix at position 176. m144, by contrast, has N-linked carbohydrate
addition sites at positions 45 (at the beginning of strand 4), 55 (at the beginning of the al
helix), at position 82, past the end of the a1 helix (a site close to the conserved site, position
86, of MHC-I molecules), and at the beginning of strand 37 residue 111. The locations of the
m144 N-linked carbohydrate addition sites, illustrated in Figure 7, do not appear to be in
position to interfere sterically with interactions with a molecule that might bind m144 across
the a1 and a2 helices in a manner similar to that of either an o T cell receptor (TCR),33to that
of an 1g-like NK receptor such as a KIR2D molecule, 34 or to that of a C-type lectin-like NK
activating receptor such as NKG2D.3° Either of these modes of interaction would seem to be
permissible for m144. However, the carbohydrate addition site at position 111 would appear
to provide a degree of steric hindrance to interactions in the region that serves as the CD8
binding site of MHC-la and MHC-Ib molecules,36-38 or that serves as the binding site for NK
receptors of the Ly49 family, such as Ly49A and Ly49C, which interact with MHC-1 in this
region.34v397

MHC-Ila and some MHC-Ib molecules (notably TL) interact with the CD8 coreceptor largely
through a3 domain interactions.36-38:41 | particular, the region from H-2KP 220 to 227
(NGEELIQD) and the highly conserved sequence in TL are structurally important in the CD8
interaction. It is notable, then, that m144 introduces an additional four residues in this extended
loop, providing a structural suggestion that this molecule does not interact with CD8.

Does m144 conserve the amino acid residues of the classical MHC-1 molecules, H-2D9 and
H-2KDP that interact with their respective Ly49A and Ly49C ligands, as determined
crystallographically and confirmed by mutational analysis? The major residues of the MHC-
lamolecules shown to contact Ly49 ligands and confirmed by mutagenesis and binding studies
are: Arg6, Asp122, Lys243, and f2m residues GIn29 and Lys58 for the H-2D9/Ly49A
interaction.42-44 For Ly49C, the H-2KP interaction has been analyzed structurally, implicating
Aspl122 and Lys243 as well as a number of other residues.39It is interesting to note that these
most crucial residues for Ly49 interaction, Arg6, Aspl122, Lys243 are conserved in the m144
residues Arg12, Glul12, and Lys209 (Figure 3).

Discussion

The classical description of MHC molecules as cell surface receptors that bind peptide ligands
to generate complexes detected by TCR and NK receptors has steadily given way to a more
general view that the MHC fold may serve as a structural scaffold for a number of different
functions, some immunological and some not. The identification of MHC-like genes in the
DNA viruses and the demonstration that several of these encode molecules that behave as
immunoevasins has provided the impetus for a more complete biochemical and structural
analysis. Although ligands for some of the MHC-Iv molecules have been identified, detailed
structural studies have been lacking. The description of the m144 structure reported here offers
a tangible view of the evolution of an MHC-Iv molecule that contributes to viral virulence.

Molecules that contain an MHC fold serve a wide variety of functions, and their ligands belong
to a number of different molecular families. Although no ligand for m144 has yet been
identified, the known function of this molecule with respect to recognition by NK cells suggests
that its primary molecular mechanism may be one of two: to be expressed at the cell surface
of the MCMV infected cell to serve directly as a ligand for a NK cell inhibitory molecule; or
to be expressed intracellularly in the infected cell to bind and sequester molecules, induced by
the stress of viral infection, that would serve as ligands for NK activating receptors. It has been

J Mol Biol. Author manuscript; available in PMC 2006 June 8.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Natarajan et al.

Page 8

shown that the MHC-lv molecule, m157, functions by the first mechanism,8:16 and m145,
m152 and m155 function by the second.19-21,45

m144 can be detected at the surface of MCMV infected cells shortly after infection,46 and
functional data suggest that it interferes with NK recognition.z"'*‘”’48 A viral mutant bearing
an m144 deletion is cleared more efficiently in vivo than its wild-type counterpart.47 This
phenotype is dependent upon NK cells of the host, and can be reversed by treating the host
with NK cell-depleting anti-GM1 antibodies. In addition, the tumorigenicity of the RMA-S
cell line can be enhanced by transfected expression of m144,24 and m144 transfection of target
cells partially blocks antibody-dependent cellular cytoxicity by mouse NK cells.48 Cultured
myoblasts, normally acutely rejected upon transplantation into normal syngeneic mice, can be
tolerated if expressing transfected m144.49

The structure of m144 reveals several features that were predicted by amino acid sequence
alignment and three-dimensional structure prediction programs: m144 preserves the MHC fold
and it associates with the light chain p2m in a manner similar to other MHC-I molecules. Our
biochemical analysis of the in vitro refolded m144 indicates that its assembly with $2m is weak.
The structure also confirms the experimental observation that no peptides copurify with the
recombinant molecule.22TAP function, which provides peptides for stable assembly of MHC-
I molecules, was not required for cell surface expression of m144. Also, no peptide addition
was required for proper refolding of the E. coli expressed molecules. The lack of electron
density in the putative peptide binding cleft, and the substitution of several amino acid residues
that structurally are required for binding the amino and carboxyl termini of the peptide are
further evidence for the lack of peptide ligands. We cannot formally rule out the possibility
that other non-peptide ligands such as lipids or carbohydrate might be bound by m144. The
lack of electron density in the cleft region and the lack of well defined pockets or channels in
the molecule argue against this possibility.

Additional unexpected features of m144 have been elucidated by the determination of its three-
dimensional structure. The unique intradomain disulfide bond linking the al helix with the
B2 strand adds structural stability, and almost certainly explains the observed peptide-free
thermal stability of m144.22 Our efforts to directly assess the importance of this unique
disulfide bond using in vitro mutagenesis have been thwarted by the decreased solubility of
mutants lacking either or both a1 domain cysteine residues. A large deletion encompassing
what would be the b8 strand and the amino-terminal end of the region that would be the a2
helix, a unique characteristic of m144, eliminates residues that contribute to the F pocket (which
anchors the peptide carboxyl terminus in MHC-1 molecules). The lack of bound peptide might
suggest that m144 has no physiological requirement to interact with com?onents of the peptide
loading complex that facilitate this process for MHC-la molecules.50:21 A crucial step in the
loading of peptide into MHC-I and the selection of peptide ligands is the bridging of unfolded
MHC-1 with the peptide transporter, TAP, by tapasin. Amino acid residues of MHC-I that
influence the interaction of the peptide-free MHC-I molecule in the endoplasmic reticulum
with tapasin include residues 70, 86, 115, 116, 122, 128-136, and 151 in the ala2 domain, and,
in the 0.3 domain, 219-233.52 Although m144 conserves residues equivalent to MHC-I 70, 86,
116, and 122, its deletion of the b8 strand (133-135 in H-2KP) would appear to significantly
impair tapasin interaction. In addition, the insertion in m144 of four residues into the region
equivalent to the MHC-la a3 domain 219-233 loop would also be expected to impede tapasin
interaction.

Lack of similarity of m144 in its a3 domain to the CD8 binding site of MHC-1 molecules leads
to the prediction that this viral molecule cannot bind the CD8 coreceptor. Consideration of the
location of the four carbohydrate addition sites of m144, in particular the lack of positions that
might block interaction across the ol and a2 helices, and the presence of the carbohydrate at
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position 111, suggest that NK receptors of either the Ig or C-type lectin-like families might
bind through the a1 and a2 helices. The possibility of an interaction involving the b-sheet floor,
the a3 domain, and p2m, similar to the site of the Ly49/H-2 interaction, cannot be eliminated,
though we would consider this unlikely.

The region of m144 not visualized in the electron density map, extending from amino acid
residues Asp115 to Asp127, most likely represents a region of structural flexibility, and thus
would be a candidate for the site of NK receptor interaction. Lack of electron density reveals
the absence of a canonical structure in the repeating asymmetric units as propagated in the
crystal, and suggests that, despite being tethered at both ends by amino acid residues of well-
defined structure, this part of the molecule differs from one instance to another. The best
example of an MHC-Ib molecule that has a specific region lacking electron density is that of
MICA, which, remarkably, shows no density in a similar region of its a2 helix.>3 However,
in the complex of MICA with the NKG2D activating receptor, this region of the molecule
tightens up, presumably as a result of this interaction, and is then revealed in electron density.
25 We suggest that the undefined region between residues 115 and 127 is a flexible region,
primarily a-helical, that in the absence of the m144 ligand explores a variety of positions in
conformational space, and in the presence of its ligand favors one of these.

Another line of evidence is also consistent with the involvement of this flexible region with a
host ligand. Comparison of the amino acid sequence of m144 with its rat viral homolog, r144
(Figure 3), indicates that this molecule, with 36% identity to m144 over the extracellular
domains, preserves the novel disulfide bond between the a1-helix and B2-strand, but has unique
predicted N-asparaginyl carbohydrate addition sites (r144 has lost sites at 45, 55, and 111,
preserved the one at 82, and has a new site at 121 (m144 numbering)). Strikingly, m144 and
r144 differ the most in the region from residue 100 to 132 (only 13% identical, with two residues
deleted in r144), the same region that lacks electron density in m144. Because of the apparent
rai:)id evolution of these MHC-Iv molecules, in the context of rapidly evolving host responses,
54 such variability further supports the view that this region may be involved in interaction
with host NK receptors.

In summary, we describe the X-ray structure of an MHC-lv molecule, m144, encoded by the
murine CMV. Despite low (29%) amino acid sequence identity with MHC-la molecules, m144
preserves the MHC-I fold and 2m association, but lacks bound peptide or other identifiable
small molecule ligand. A unique disulfide bond between the al-helix and the f2-strand
stabilizes the molecule. Further efforts to identify murine host ligand(s) for m144, and the
comparative structure of other MHC-1lv molecules will be helpful in revealing not only the
mechanism of action of these molecules, but also the nature of the evolutionary forces that
have molded their structure.

Experimental Procedures

Tansfection and analysis of m144 cell surface expression

RMA and RMA-S cell lines,23 maintained in RPMI medium supplemented with heat
inactivated fetal calf serum (10%, v/v) were transfected with pIRES-hr-GFP |1 vector
(Strategene) encoding either H-2D% or N-terminally FLAG-tagged m144 using the Amaxa
nucleofector (3x10° cells were transfected with 5 mg DNA in solution T, using program A30).
Cells were incubated at 37 8C in RPMI without serum for 18 h. Surface expression of m144
was detected by staining with the anti-FLAG antibody M2 (Sigma) and anti-mouse 1gG1-PE
(Southern Biotech). H-2D expression was detected by staining with anti-mouse H-2Dd
monoclonal antibody 34-5-8S conjugated to PE (BD Pharmingen). The cells were analyzed by
flow cytometry in a FACScan (Becton Dickinson). Cells transfected with the parental vector
were used as a control for background staining. As a positive control for peptide dependence,
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H-2D4 transfected cells were incubated with or without H-2D9-specific peptide P18-110
(RGPGRAFVTI). Dead cells were excluded from the analysis using propidium iodide gating.

Bacterial expression, in vitro folding, and purification of the m144/82m complex

DNA encoding the full-length m144 protein was obtained by polymerase chain reaction (PCR)
amplification performed directly on supernatants derived from mouse salivary gland cultures
infected with the Smith strain of MCMV (obtained from the American Type Culture Collection,
Manassas, VA, catalog no. VR-1399). The forward and reverse primers were: 5’-
ATGGACTCGGCGAGACGAAACACGTCTCCAGG and 5’-
AATGCTGGGATCCGGGACCGTGACGATCGGACC, respectively, and were based on the
m144 sequence of the Smith strain in GenBank, accession no. U68299.5° The amplified
fragment was cloned into pCR4-TOPO (Invitrogen, Carlsbad, CA) for sequence verification
and to serve as template for sub-cloning. DNA encoding the extracellular portion of m144
encompassing Gly2 to Gly249 (numbering according to Chapman et aI.22), was obtained by
PCR amplification with forward and reverse primers incorporating Ndel and Xhol sites,
respectively, and cloned into the corresponding sites of pET21b (Novagen, Madison, WI) in
frame with the C-terminal hexahistidine tag. Although the histidine tag was included to provide
flexibility in purification and concentration, it was not utilized in the steps described below.
The bacterial expression vector encoding mouse p2m has been described.>®

Exponentially growing bacterial cultures harboring m144 and p2m plasmids were induced with
0.5 mM isopropyl-thio-D-galactoside (IPTG) for 3 h at 37 8C, and inclusion bodies were
prepared by overnight lysis of bacterial pellets with lysozyme, sonication, and repeated washes
with buffer containing 100 mM Tris (pH 8), 2 MM EDTA, 0.1% (w/v) sodium deoxycholate.
Inclusion bodies containing m144 and f2m protein were denatured separately in 6 M
guanidine-HCI, 0.1 mM DTT in the above Tris buffer lacking deoxycholate for 2 h at room
temperature, and insoluble debris was removed by centrifugation. Denatured p2m was first
added to chilled refolding buffer (0.4 M arginine-HCI, 100 mM Tris (pH 8), 2 MM EDTA, 3
mM reduced glutathione, 0.3 mM oxidized glutathione) at a final concentration of
approximately 50 mg/ml and placed at 4 8C overnight. After 24 h, denatured m144 was added
and left at 4 8C for an additional four days. The refolding mixture was dialyzed against eight
volumes of TBS (25 mM Tris (pH 8), 150 mM NacCl), purified by gel-filtration chromatography
on a Superdex 75 HR10/30 column (Amersham Biosciences, Uppsala) equilibrated in TBS,
followed by anion exchange chromatography on a mono Q HR 5/5 column (Amersham
Biosciences), eluted with a linear gradient of 0 to 0.5 M NaCl in 25 mM Tris (pH 8). Peak
fractions were pooled, concentrated, and brought to Tris buffer containing 100 MM NaCl. Two
major peaks were identified and analyzed further by SDS-PAGE, the first consisted only of
the m144 heavy chain, the second of a non-covalent complex of equimolar amounts of m144
and p2m (Supplementary Data, Figure 1). For both peaks, binding to the m144 specific antibody
15C622 was confirmed by surface plasmon resonance on a BIAcore™ 2000 (data not shown).
Successful crystallization was accomplished with protein from the peak containing both chains.

Crystallization and X-ray data collection

Selected solutions from the Crystal Screen 1 and 2 kits from Hampton Research (Aliso Viejo,
CA) were screened for initial crystallization conditions in hanging drops at 4 8C by mixing 0.5
ml of m144/82m at 12 mg/ml with an equal volume of reservoir buffer. Crystals grew in two
days in solution 22 of the Hampton Crystal Screen 2 kit, 12% (w/v) PEG 20,000 in 0.1 M
morpholinoethanesulfonic acid (Mes) (pH 6.5). Reduction of the PEG 20,000 concentration to
10% vyielded larger crystals suitable for diffraction analyses. Crystals were cryoprotected in
reservoir solution containing 15% ethylene glycol, flash-frozen in liquid nitrogen, and shipped
to NSLS, Brookhaven. Data were collected at beamline X26C equipped with an ADSC
Quantum 4 Detector. Crystals belong to space group C12; with unit cell dimensions a=133.5
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A, b=51.2 A, c=71.8 A, a=y=90.08, and b=105.78 and contain one m144/32m molecule per
asymmetric unit. Data from a single crystal were indexed, integrated, and scaled with
HKL2000,57 yielding a dataset that was 95.3% complete at 1.91 A (see Table 1). Data were
not collected to a higher resolution due to the orientation of the long axis, which required a re-
orientation of the crystal, a maneuver not feasible at the time.

Structure determination and refinement

The structure of m144 was solved by molecular replacement using AMOoRe®8 as implemented
in the CCP4 suite.5® The search model was the human hemochromatosis protein er,60 Protein
Data Bank (PDB61) accession code 1A6Z, which was modified by replacing amino acids of
the human B2m subunit with those of mouse f2m. Additionally, the Hfe heavy chain was
deleted of those residues absent in alignment with m144 and was substituted with alanine at
those positions where the equivalent amino acid was not identical. Amino acid replacements
were performed in XtalView.82 The search with this modified Hfe probe using data from 8-4
A yielded a solution with a correlation coefficient (CC)Z23.6 and RZ51.1. The second best
solution had Cc=18.4. Rigid body refinement carried out in REFMAC563 using data from 20-3
A and splitting the molecule into three domains (0.1a2, a3, and f2m) dropped Ryee t0 46.6%
(Rfree Was calculated using 5% of the data). The rigid-body refined solution served as the
starting point for automatic model building in ARP/WARP,64 yielding a model in which 307
of 347 residues were successfully traced. This model was then subjected to 100 cycles of energy
minimization in CNS8° which resulted in RZ29.6% and Rfree Z232.9%. Further rounds of
manual building in XtalView, alternating with standard crystallographic refinement protocols
such as energy minimization, simulated annealing, and group B-factor refinement in CNS,
provided the final model of m144 which has RZ20.5% and R¢eeZ23.0% for all data to 1.9 A
with no s cutoff applied. Amide flips of Asn, Gln, and His were chosen following addition of
hydrogen atoms with REDUCE and analysis with MOLPROBITY.66 Rotamers were selected
based on the library available™. The model geometry was examined with PROCHECK.87 No
electron density was observed for residues Asp115 to Asp127 of the m144 heavy chain and
these were omitted from the crystallographic model. The carboxyl-terminal Met99 of 32m was
also not visualized. (In an effort to visualize additional electron density, TLS refinement68
was also used. Although modest improvement in Rcryst and Reee Was achieved, geometrical
parameters as assessed with PROCHECK®6 were somewhat less favorable, so we report the
final model without TLS refinement. No additional electron density was seen.) Model
refinement statistics are listed in Table 1. Analysis of structural features was performed with
programs from CCP4 and CNS, as well as HINGE*. HINGE calculates an ellipsoid (defined
by axes a, b, and c) for each indicated domain, and reports the angle between the long axes of
the adjacent domains as the hinge angle. This is illustrated schematically in Figure 2(c). Graphic
displays were generated with PYMOLS. Computational prediction of protein secondary
structure was accomplished with Predict Protein.69

Protein Data Bank accession codes

Atomic coordinates have been deposited in the RCSB Protein Data Bank®L under accession
code 1U58. (Following completion of the refinement of our structure, a similar structure of the
same molecule, determined to 2.1 A, was released from the PDB as 1PQZ.)

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Thttp://kinemage.biochem.duke.edu/databases/rotamer.php
http://red.niaid.nih.gov/programs/hinge.html
§http://www.pymol.org
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Figure 1.

Cell surface expression of m144 is unaffected by TAP2 deficiency. RMA (TAP2*) or RMA-
S (TAP2") cells were transfected with a vector encoding m144 or H-2D4 as control as described
in Experimental Procedures. Cell surface expression of FLAG-TAG or 34-5-8S (anti-H-2D9)
was evaluated by indirect immunofluorescence as described in Experimental Procedures.
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Figure 2.

Overall structure of m144. Ribbon diagram of the m144 structure is shown in an MHC
“standard view” (a) and rotated approximately 908 (b). m144 heavy chain is shown in cyan,
and the B2m light chain in magenta. Disulfide bonds of the heavy chain are shown in yellow.
Individual domains, al; a2, a3, and p2m, and the polypeptide N and C termini are labelled.
(c) A schematic illustrating the definition of the hinge angle between the ala2 domain unit
and a3 is shown.
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Figure 3.

Structure-based alignment of m144 and representative human, rat, and mouse MHC-Ia,

and -lv molecules. Extracellular sequences of the indicated proteins were aligned with
ClustalW (v1.4) as a first gmde and those molecules for which X-ray structures are available
were aligned with ESPript 1.9. 70,71 Citations are r144 (rat homolog of m144, from the rat
cytomegalovirus complete sequence, NC_002512) and UL18 (from human cytomegalovirus
(Herpesvirus 6) complete sequence, NC_001664). HFE, MICA, T22, rFcRn, ZAG, and HLA-
B27, represent PDB structures: 1A6Z, 1B3J, 1C16, 3FRU, 1ZAG, 1K5N, respectively.
Secondary structure elements for m144 and H-2KP are indicated above and below the
sequences, respectively. Cysteine residues involved in disulfide bonds are indicated by colored
ovals, and contact residues to the f2m subunit are indicated for m144 by upward pointing
magenta arrows and for H-2KP by downward pointing blue arrows. Similarity scores, as

indicated by the boxed and colored aligned residues, were calculated using the Risler/2

-Ib,

matrix.

Important salt bridges, for both m144 and H-2KP, are also indicated. Carbohydrate addition
sites for m144 are indicated by blue squares, and the region of m144 for which we observed
no electron density, residues 115 to 127, is enclosed in a box.
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@ (b) m144

Figure 4.

Comparison of the groove region of MHC-la, MHC-Ib, and MHC-Iv molecules. Structures of
m144 (a), Hfe (c), MICA (), and H-2KP (g) see PDB designations in the legend to Figure 3)
were displayed in PYMOL, and measurements were made as described in the text.
Superposition of each of the molecules on to m144 was based on b-strands. Stereo views of
m144 (b), and of m144 superposed onto HFE (d), MICA (f), and H-2KP (h) are shown.
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Figure 5.

Region analogous to MHC-I “A” pocket shows loss of conserved peptide binding residues and
no extraneous electron density. The region surrounding Tyr13 of m144 is shown in stereo,
including the final 2F,KF electron density map, contoured at 1.25s, is displayed (a). Residues
lining the putative peptide binding cleft of m144 (b) and H-2KP (c) are shown. The region
around the H-2KP F pocket is also illustrated (d). In (e), the m144/H-2KP superposition, without
the H-2KP-bound peptide, is shown.
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Figure 6.

m144 shows no apparent binding groove. Ribbon illustrations of the ala2 region are shown
for: (a) m144, (b) H-2KP, (c) murine CD1d (PDB designation 2AKR). Electrostatic surface
representations (built with PYMOL, see Experimental Procedures), are shown in
corresponding panels (d), (e), and (f).
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Figure 7.

Location of N-asparaginyl carbohydrate addition sites. Location of asparagine residues
expected to be glycosylated in the mature m144 and H-2KP proteins are indicated as red
spheres. No sites exist in the a3 domain of these molecules.
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Table 1.

Data collection and refinement statistics
Data collection
Space group C12,
Unit cell dimensions
a, b, c(A) 133.5,51.2,71.8
a, B, vy (deg.) 90.0, 105.7, 90.0
Molecules per asymmetric unit 1
Resolution (A) 1.87
Total observations 136,195
Unique reflections 39,028
Completeness (%)"‘1 96.7 (95.3)
1ol 41.7 (10.07)
Reym (%)20 5.6 (17.1)
Refinement
Resolution range (A) 41.7-1.9
Reflections
Working set 38,443
Test set 1922
Reryst (%)° 205
Riree (%)° 23.0
Number of non-H protein atoms 2554
Number of water molecules 290
r.m.s. deviations from ideality
Bond lengths (A) 0.005
Bond angles (deg.) 1.26
Average B values (A%
Main-chain 30.6
Side-chain 34.7
Ramachandran plot statistics (%)
Most favored 88.7
Allowed 10.2
Generous 0.7
Disallowed 0

aVaIues in parentheses are statistics for the highest resolution shell (1.94-1.87 A).

bRSym(I) =3 | [J Dl /Y [f where lj is the intensity of the jth observation of a reflection and (I} is the mean intensity from multiple
measurements of that reflection.
CRcryst =3 |1 F0 | — 1 Fc /31 FO |, where Fg and F are the observed and calculated structure factor amplitudes, respectively.

Rfree isas for Reryst but calculated for a randomly selected 5.0% of reflections not included in the refinement.
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Hinge angle between ala2 and a3 domains in MHC-la, -1b, and -lv molecules

Table 2.

Page 24

Protein PDB code Angle (degrees) Associated subunits
ml44 1U58 98 B2m, no peptide
Hfe 1A6Z 80 2m, no peptide
T22 1C16 71 B2m, no peptide
RFcRn 3FRU 74 B2m, no peptide
CDla 10NQ 77 p2m, glycolipid

Zn o2 glycoprotein 1ZAG 72 p2m, lipid
H-2K"/OVA 1VAC 72 2m, peptide
H-2DY/P18-110 1DDH 64 B2m, peptide
HLA-A"0201 1DUY 76 p2m, peptide
HLA-B 3501 1AIN 75 2m, peptide
HLA-Cw4 1QQD 84 B2m, peptide
MICA 1B3J 114 No p2m, no peptide

Hinge angles were calculated with the HINGE program as described in Experimental Procedures.

J Mol Biol. Author manuscript; available in PMC 2006 June 8.



