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Abstract
Activated natural killer (NK) cells mediate potent cytolytic and secretory effector functions, and are
vital components of the early antiviral immune response. NK cell activities are regulated by the
assortment of inhibitory receptors that recognize major histocompatibility class I ligands expressed
on healthy cells and activating receptors that recognize inducible host ligands or ligands that are not
well characterized. The activating Ly49H receptor of mouse NK cells is unique in that it specifically
recognizes a virally encoded ligand, the m157 glycoprotein of murine cytomegalovirus (MCMV).
The Ly49H-m157 interaction underlies a potent resistance mechanism (Cmv1) in C57BL/6 mice,
and serves as an excellent model in which to understand how NK cells are specifically activated in
vivo, as similar receptor systems are operative for human NK cells. For transduced cells expressing
m157 in isolation and for MCMV-infected cells, we show that m157 is expressed in multiple isoforms
with marked differences in abundance between infected fibroblasts (high) and macrophages (low).
At the cell surface m157 is exclusively a glycosylphosphatidylinositol-associated protein in MCMV-
infected cells. Through random and site-directed mutagenesis of m157 we identify unique residues
that provide for efficient cell surface expression of m157, but fail to activate Ly49H-expressing
reporter cells. These m157 mutations are predicted to alter the conformation of a putative m157
interface with Ly49H, one that relies on the position of a critical α0-helix of m157. These findings
support an emerging model for a novel interaction between this important NK cell receptor and its
viral ligand.

Introduction
The vital role for NK cells in defense against certain viral infections is well established for
human infections and in mouse models, and requires both cytotoxic and cytokine/chemokine
effector functions of activated NK cells (1-5). NK cell activation by appropriate targets involves
the integration of both inhibitory and stimulatory input. Inhibitory NK cell receptors such as
those of the human killer immunoglobulin-like receptor (KIR) and mouse Ly49 receptor
families recognize specific major histocompatibility complex (MHC) class I ligands. As MHC
I molecules are ubiquitously expressed, KIR and Ly49 receptors constitute a major mechanism
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for self-tolerance among NK cells (6-9). Peripheral NK cells may be activated en masse by a
variety of stimuli, including inducible host ligands for the NKG2D receptor and IgG-coated
targets recognized by the low-affinity FcγR-IIIA/CD16 receptor (reviewed in (10-12)). In
addition, subset-specific NK cell activation has been demonstrated in mice for NK cells bearing
the Ly49H activation receptor in the context of MCMV infection (13-15). Ly49H-mediated
recognition of the MCMV-encoded protein, m157, underlies the dominant MCMV resistance
trait, Cmv1, expressed by the C57BL/6 and related inbred mouse strains (16,17). In part, allelic
differences in the ly49 gene cluster explains the strain-to-strain differences in resistance to
MCMV. BALB/c and other strains lacking ly49h are much more susceptible to MCMV
infection, relying primarily upon NKG2D-mediated activation (18-20). More recently,
additional MCMV resistance loci have been described (Cmv2-4) (21-24), although the precise
receptor-ligand interactions are not completely understood. Thus, among these NK cell-
mediated responses the Ly49H-m157 interaction represents a unique model in which
physiologically relevant parameters regulating NK cell activation may be dissected.

Curiously, although m157 is not recognized by any other Ly49 receptor in the C57BL/6 strain,
it is a specific ligand for the inhibitory Ly49I receptor in the 129 strain, prompting speculation
that m157 has been maintained in the MCMV genome for its ability to function as a MHC I
decoy ligand (14,25). In support of this, the putative m157 polypeptide was predicted to fold
with MHC I-like topology (15), and a recently reported crystal structure for m157 indicates
strong homology to mouse T22, a beta-2-microglobulin (β2m)-associated MHC class Ib protein
(26). MCMV m157 does not require β2m for surface expression or Ly49H activation (14,15,
27); indeed the absence of a β2m association for the α3 domain of m157 is predicted to impart
an interaction with Ly49H that is significantly different from that observed between inhibitory
Ly49 receptors and their MHC I ligands (26). This interaction is also unique in that m157 is
predicted to be a glycosylphosphatidylinositol-associated protein (GPI-AP), a rare cell surface
linkage for virally encoded glycoproteins. While GPI-association has been reported for cells
transduced with m157 alone (27), GPI-linkage for m157 in MCMV-infected cells has not been
demonstrated.

Deletion of ly49h locus in BxD8 mice (inbred recombinant congenic strain containing the
Nkc region derived from the C57BL/6 parental strain), or in vivo blockade of the m157-Ly49H
interaction abrogates MCMV resistance (28). Conversely, transgenic expression of Ly49 in
BALB/c or FVB mice converts these animals from a susceptible to a resistant phenotype with
regard to MCMV infection (29). The importance of this NK mediated immune mechanism is
highlighted further by the observation that serial passage of MCMV in C57BL/6 mice lacking
adaptive immunity quickly results in the selection of MCMV escape viruses that have acquired
novel mutations in m157 (30-32). Infection of wild-type C57BL/6 mice with plaque-purified
MCMV harboring m157 mutations results in loss of NK cell control and exacerbated disease
(32). However, the majority of these m157 variants are null mutants predicted to result in no
surface expression of m157; the expression of m157 on the surface of variant MCMV-infected
cells was not examined. Thus the specific role for Ly49H-mediated recognition of MCMV-
infected cells expressing variant m157 could not be addressed.

In this study we demonstrate that m157 is a GPI-AP on MCMV-infected fibroblasts and
macrophages, and that infected cells express multiple m157 isoforms ranging from ∼42-50
kDa. Random and site-directed mutagenesis of m157 and selection for novel mutants stably
expressed at the cell surface revealed the identity of critical m157 residues required for
functional activation of Ly49H. The m157 mutants that fail to activate Ly49H impart a reduced
stability of the Ly49H-m157 interaction over time, suggesting that duration of binding may be
a significant determining factor for delivery of an activating signal. These findings advance
the current understanding of a successful herpesvirus immune evasion mechanism and how
NK cells recognize these viral infections.
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Materials and Methods
Antibodies

Monoclonal antibodies (mAb) specific for native m157 were generated (with the assistance of
the University of Iowa Hybridoma Core) by immunizing BALB/c mice with m157-transduced
BaF3 cells. Supernatants from pooled hybridoma clones were initially screened for the ability
to block activation mediated by Ly49H-expressing reporter cells stimulated by BaF3-m157
cells (CPRG assay for β-galactosidase activity). Pooled hybridomas showing >80% inhibition
of Ly49H activation were then cloned by limiting dilution, expanded and re-screened for
blocking activity. Supernatants from clones showing blocking activity were then tested for
staining of both BaF3-m157 and C1498-m157 cells (and the parental controls) prior to
subcloning and tertiary screening. We verified specific cell surface staining for multiple m157-
transduced cell types by flow cytometry and identified two clones that were purified for further
analyses: 6D5 (mouse IgG2a) and 1F2 (mouse IgG1). Another m157-specific mAb, clone
6H121, (27) was a generous gift from W. Yokoyama (Washington University, St. Louis, MO).
All monoclonal antibodies were affinity-purified on Protein-G columns (Amersham
Biosciences, Piscataway, NJ). Allophycocyanin-conjugated streptavidin was obtained from
BD Pharmingen and FITC-conjugated goat anti mouse was obtained from Southern
Biotechnology Associates, Inc. Anti-HSA (clone M1/69) and anti-Thy1 (clone H013.4) were
kindly provided T. Waldschmidt (University of Iowa). Control mAb against β-actin and
caspase 3 were obtained from Sigma-Aldrich (Saint Louis, MO) and Upstate Biologicals (Lake
Placid, NY) respectively.

Cell Lines, Transfections, and Flow Cytometry
The pMX-based retroviral vectors and retroviral packaging cell line, Platinum-E (PLAT-E;
kindly provided by T. Kitamura, University of Tokyo, Tokyo, Japan), BWZ.36 cells expressing
an inducible lacZ reporter cassette (kindly provided by Nilabh Shastri, University of California,
Berkeley, CA), and the derivative reporter line expressing Ly49H + DAP12 (HD12 cells) have
been previously described (15). BWZ.36 and HD12 cells were maintained in RPMI 1640
supplemented with 10% fetal bovine serum (FBS; Hyclone, Logan, UT) and 2 mM L-glutamine
(“R10”). NIH-3T3 fibroblasts and transduced derivative lines were maintained in complete
Dulbeco's Modified Eagle's Medium (DMEM/high glucose, GIBCO/Invitrogen, Carlsbad,
CA) supplemented with 10% bovine calf serum (BCS) and 2 mM L-glutamine (“D10”). C1498
(C57BL/6J myeloid leukemia) cells and transduced derivatives were maintained in D10 plus
1 mM sodium pyruvate and 50 μM 2-mercaptoethanol. BaF3 (BALB/c pre-B) cells and
derivative lines were maintained in HEPES buffered R10 supplemented with 10% X63-
Ag8-653 cell culture supernatant as a source of IL-3. IC-21 (C57BL/6J peritoneal macrophage
line) and DC2.4 (C57BL/6 dendritic cells, kindly provided by Kenneth Rock, University of
Massachusetts Medical School, Worcester, Massachusetts and the Dana-Farber Cancer
Institute, Boston, MA) were cultured in HEPES buffered R10 plus 1 mM sodium pyruvate.

Wild-type (wt) and mutant m157 cDNA constructs were directionally subcloned into the
Bam HI and Not I sites of the pMX-Puro retroviral vector. Transduced cells were selected in
puromycin (2.0-3.0 μg/mL) for at least one week prior to use. Transduced cells were surface
stained with either unconjugated or biotinylated anti-m157 mAbs 6D5, 1F2, and/or 6H121
followed by the appropriate secondary detection reagent. Fluorescently labeled cells were
analyzed on a FACSCalibur flow cytometer (BD, Mountain View, CA) and the data were
processed using FlowJo software (version 8.4.6, Treestar, Ashland, OR).

MCMV infection
NIH-3T3 fibroblasts, IC-21 macrophages and DC2.4 dendritic cells were infected with wild-
type Smith strain or the K181-derived green fluorescent protein (GFP)-expressing RM4503.3
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strain (33) (kindly provided by L. Geist, University of Iowa, Iowa City, IA) of MCMV at a
multiplicity-of-infection (MOI) of five. Mock-infected controls were treated with the cell
lysates from uninfected fibroblast equivalents prepared in parallel to MCMV viral stocks.
Infected cells were rocked gently every 10 minutes for one hour at 37°C (adsorption time) and
subsequently harvested between 12 and 24 hours post-infection.

Immunoprecipitation, Western blot analysis, and PI-PLC treatment
For immunoprecipitation, cells were lysed in IP buffer (30 mM Tris-HCl (pH.7.5), 150 mM
NaCl, 1% Triton X-100, 10% (v/v) glycerol, 1 mM PMSF, and protease inhibitors 1:100
(Sigma-Aldrich, St. Louis, MO) on ice for 30 minutes followed by 20 minutes of centrifugation
at 10,000×g. Supernatants (1 mg of protein) were incubated with 2 μg of specific mAb
overnight at 4°C. 20 μl of Protein G-Sepharose (Amersham Biosciences, Piscataway, NJ) were
then added to cell lysates and incubated for two hours at room temperature. Beads were washed
seven times with IP buffer and proteins were eluted by the addition of 50 μl 2x Laemmli
reducing sample buffer and analyzed by Western blotting using anti-m157 mAb 6H121. For
Co-IP experiments, transduced C1498 cells expressing different m157 mutants were
coincubated with HD12 cells (2:1) for 10, 40 or 180 minutes (37°C, 5% CO2). Cell lysates
were then prepared as described above. 3D10 antibodies were used for Ly49H
immunoprecipitation and co-immunoprecipitated m157 was developed with 6H121 antibodies
by Western blot. Initial amount of m157 and total protein (β-actin) in each IP sample were
controlled by Western blotting. Since available anti-Ly49H reagents (including mAb 3D10)
do not recognize denatured Ly49H in Western analyses, we verified comparable cell surface
Ly49H expression on HD12 cells for each sample by FACS analysis for each analysis.

For Western blot analysis of cell lysates, cells were washed in PBS and lysed in 1% Triton
X-100 buffer (20mM Tris-HCl pH 7.5, 1% Triton X-100 (v/v) in Versene). 20 μg of proteins
were separated on 10% or 12% SDS–PAGE, and blotted onto a nitrocellulose membrane
(BioRad, Hercules, CA). Equal loading was controlled by reversible staining of the membrane
with Ponceau S solution and with mAb to β-actin (Sigma, St Louis, MO). Membranes were
blocked with 5% nonfat dry milk in PBS containing 0.1% Tween-20 and then incubated
overnight with specific mAb at 4°C. The blots were counterstained with anti-mouse IgG
conjugated with HRP (Pierce, Rockford, IL) or with anti-mouse IgG TrueBlot™ conjugated
with HRP (eBioscience, San Diego, CA) for analysis of IP samples. Mouse IgG TrueBlot™
preferentially detects the non-reduced form of mouse IgG (IgG1, IgG2a, IgG2b, IgG3) over
the reduced, SDS-denatured form of IgG thereby eliminating interference by the heavy and
light chains of the immunoprecipitating antibody in IP/immunoblotting applications.

For Triton X-114 phase separation 1×107 cells were lysed in buffer A (2% Triton X-114, 20
mM Tris pH 7.4, 2mM EDTA, protease inhibitors 1:100) for 15 min on ice. Lysates were
incubated at 37°C for 2 min and subjected to centrifugation (600×g). Aqueous and detergent
phases were separated and analyzed by Western blotting. For phosphatidylinositol-specific
phospholipase C (PI-PLC) treatment, detergent phases were prepared from C1498-m157 cells
or MCMV-infected IC-21 and NIH-3T3 cells and divided in half. Both halves were diluted
with buffer A without Triton X-114 to a final detergent concentration of 2%. One aliquot was
incubated in buffer alone while 1 unit of PI-PLC (Invitrogen; Carlsbad, CA) was added to the
other aliquot. The lysates were incubated in enzymes at 30°C for 1 hour and analyzed by
Western blotting as above.

CPRG Assay for β-galactosidase activity
BWZ.36 cells (34) transduced with Ly49H and the signaling adapter protein, DAP12 (HD12
cells) (15), were co-incubated with either m157-transfectants or MCMV-infected cells (or their
appropriate parental and mock-infected controls) for 6-16 hours (37°C, 5% CO2) in a 96-well
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plate to induce β-galactosidase production within the HD12 reporter cells. The amount of β-
galactosidase activity on chlorophenol red β-D-galactopyranoside (CPRG, 0.15M;
Calbiochem, San Diego, CA) substrate was quantitatively determined at several points during
the linear phase of enzymatic activity by measuring the absorbance at 575 nm (635 nm
reference) using the μ–Quant plate reader and K.C.-Jr. software package (Bio-tek Instruments,
Inc., Winooski, VT). Results are shown as a percentage of maximal stimulation obtained upon
culturing HD12 reporter cells with 5 ng/mL phorbol-myristate acetate (PMA) and 1 μM
ionomycin.

Construction, screening and sequencing of m157 mutant library
Random mutations in m157 were generated using the Genemorph II Random Mutagenesis kit
(Stratagene; La Jolla, CA). Optimizing the PCR cycle number and amount of input template
DNA yielded a library of m157 molecules averaging 1-2 amino acid substitutions per cDNA
copy (verified by sequencing individual clones from 6 independent libraries). This library was
directionally subcloned into the Bam HI and Not I sites of the pMX-Puro retroviral vector and
then transduced into 5×106 C1498 cells. Four days after transduction, puromycin-resistant
C1498 cells were dually stained with 6D5 + goat anti-mouse FITC and biotinylated 1F2 +
streptavidin-allophycocyanin to detect cell surface expression of m157. Transduced C1498
cells were sorted into two distinct m157-expressing populations—6D5/1F2 double-positives
and a smaller 6D5lo/1F2+ subset in order to maximize the number of surface-expressed m157
variants that could be assessed for Ly49H activation. Sorted m157-expressing cells were cloned
by limiting dilution in 96 well plates at a density of 0.5 cells per well. Six hundred and fifty
clones were initially screened using the HD12 reporter cells and the CPRG assay described
above. Clones were tested in duplicate and those that failed to activate Ly49H (low or no
induction of β-galactosidase) in both samples were subsequently expanded and re-stained for
the surface expression of m157 as detected by 6D5 and/or 1F2. Those demonstrating a stable
surface m157 phenotype were then retested for HD12 activation. Total RNA was isolated using
TRIzol reagent (Invitrogen; Carlsbad, CA) from all non-HD12 activating clones expressing
detectable surface m157. Copy DNA was then reverse-transcribed using random hexamers and
Superscript II polymerase (Invitrogen; Carlsbad, CA) and amplified with high-fidelity DNA
polymerase (Phusion; Finnzymes distributed by New England Biolabs, Ipswich, MA) prior to
sequencing. All clones showing reduced or absent HD12-stimulating capacity (defined as
<20% maximal stimulation by C1498 cells expressing wt-m157) were shown to harbor at least
one m157 mutation. All mutations and their corresponding Ala-substitution variants were
regenerated using PCR-mediated site-directed mutagenesis, and then transduced
independently into C1498 cells as above. The resulting puromycin-resistant clones and
regenerated single-mutant m157-expressing cell lines were FACS-sorted for high-level m157
expression using 6H121 mAb in order to normalize m157 expression levels compared to
C1498-m157 (wt) cells.

Computer-assisted analysis and modeling of m157
Numbering of m157 residues follows that reported for the native protein (26), beginning at
Ile22 of the full-length predicted amino acid sequence. Protein analysis and predictions for
m157 sequences were carried out using the following algorithms available at the ExPASy
Proteomics Tools server (http://ca.expasy.org/tools/) (35) and the Biological Information
Resource server at the University of Washington
(http://courses.washington.edu/bioinfo/BIR/): including ScanProsite
(http://au.expasy.org/tools/scanprosite/), NetNGly glycosylation predictor
(http://www.cbs.dtu.dk/services/NetNGlyc/), DGPI online GPI predictor
(http://129.194.185.165/dgpi/DGPI_demo_en.html), and big-PI Predictor
(http://mendel.imp.ac.at/sat/gpi/gpi_server.html). Structural analyses were performed using
the 3D-PSSM algorithm (36) (http://www.sbg.bio.ic.ac.uk/∼3dpssm/index2.html). Mapping
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of m157 mutations was carried out using the deposited m157 structural data file (PDB ID code:
2NYK) and the PyMOL modeling program (http://www.pymol.org) (37).

Results
Generation of functionally distinct anti-m157-specific monoclonal antibodies

In order to more fully characterize the MCMV-encoded ligand for the activating NK cell
receptor Ly49H, we generated mAb specific for m157 by immunizing BALB/c mice with
m157-transduced BaF3 cells. We purified two clones, 6D5 and 1F2, which specifically stained
BaF3-m157 and C1498-m157 cells but not their GFP-expressing parental counterparts (Figure
1A). In addition, dual staining of C1498-m157 cells using both purified mAb indicated that
6D5 and 1F2 bind distinct epitopes of m157 (Figure 1B). Isotyping analysis identified 6D5 as
an IgG2a-kappa and 1F2 as an IgG1-kappa (not shown).

Next, we tested the inhibitory activity of each m157-specific mAb in our in vitro reporter assay
for Ly49H-mediated activation (15). When pre-incubated with BaF3-m157 cells mAb 6D5 and
1F2 show strikingly different blocking capacity on induction of HD12 reporter activity—6D5
potently blocked HD12 activation by BaF3-m157 stimulators (>90% inhibition at 0.5 μg/mL),
whereas 1F2 showed only ∼50% inhibition even at very high concentrations (e.g., 50 μg/mL,
Figure 1C). Similar results were obtained with C1498-m157 stimulators and MCMV-infected
targets (not shown). Taken together, these data indicate that the m157-specific mAbs 6D5 and
1F2 bind distinct epitopes and that the 6D5-specific epitope may be proximal to a critical
Ly49H recognition site on m157.

Using a similar strategy, Tripathy et al. generated anti-m157 mAb clone 6H121 and
demonstrated specific staining of surface-expressed m157 by flow cytometry on transduced
BaF3-m157 cells and MCMV-infected primary bone marrow macrophages by
immunofluorescence microscopy (27). Using this reagent, we were able to further characterize
m157 by immunoprecipitation with 6D5 or 1F2 followed by Western blotting with 6H121. As
shown in Figure 1D, m157 is detected as an amorphous band at 42-48 kDa, expressed in
transduced C1498 cells. Note that 6D5 and 1F2 immunoprecipitate m157 proteins of similar
size, but that 6D5 is more efficient than 1F2, consistent with its higher mean fluorescence
intensity surface staining capacity in flow cytometry (Fig. 1A).

Distinct m157 isoforms among m157-transduced and MCMV-infected cells
To characterize m157 expressed in MCMV-infected cells, we performed Western blot analysis
on lysates from NIH-3T3 fibroblasts and IC-21 macrophages infected with either wt-Smith
strain or the GFP-expressing strain RM4503.3 of MCMV (derived from strain K181, (33)),
comparing them to lysates obtained from C1498 or 3T3 cells transduced with m157-only
(Figure 2). Interestingly, the pattern of detected m157 isoforms differs between cell types for
transduced cells (Fig. 2A) and MCMV-infected cells (Fig. 2B). For example, in MCMV-
infected cells there is a shared m157 isoform at ∼42 kDa (low abundance, but present in
MCMVSmith-infected IC-21 cells), whereas a larger species of ∼50 kDa present in macrophages
is not detected in fibroblasts, and the most abundant m157 species in MCMV-infected
fibroblasts (∼46 kDa) is absent in infected macrophages. There is also a striking difference in
relative abundance of m157 present in MCMV-infected fibroblasts (high) compared to
macrophages (low). Densitometric analysis of a summation of all m157 species for each
infected cell line indicated that NIH-3T3 fibroblasts contain 10-fold more m157 than IC-21
macrophages. There is little difference in the isoforms or abundance of m157 between the
different strains of MCMV; this is not surprising given the high degree of conservation of
m157 and flanking sequences in the Smith vs. K181 strains (Fig. 2B). We have also observed
a consistently low level of m157 expression in MCMV-infected DC2.4 dendritic cells, similar
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to IC-21 macrophages (data not shown), suggesting that m157 expression may be differentially
regulated in these infected cell types.

MCMV m157 is expressed as a GPI-associated protein on the surface of transduced and
MCMV-infected cells

Protein analysis software predicts m157 to be a glycosylphosphatidylinositol-associated
protein (GPI-AP) with potential GPI-linkages at Ser 269 (native m157 numbering (26); DGPI
online GPI predictor: http://129.194.185.165/dgpi/DGPI_demo_en.html) or Ser 286 (DGPI
online GPI predictor and I.M.P. big-PI Predictor:
http://mendel.imp.ac.at/sat/gpi/gpi_server.html). Tripathy et al. recently demonstrated that
m157 is expressed as a GPI-AP on the surface of transduced RMA-m157 cells (27). However,
we wanted to verify the cell surface linkage in other cell types and, more importantly, in
MCMV-infected cells. First, we examined C1498 (H2b myeloid leukemia) cells transduced
with m157. Triton X-114 lysates of C1498 and C1498-m157 cells were separated into a soluble
fraction containing cytoplasmic proteins and a detergent fraction containing membrane-
associated proteins, and then analyzed by Western blotting using anti-m157 mAb 6H121. As
shown in Fig. 3A, m157 is found almost exclusively in the membrane fraction (fraction II,
along with the HSA internal control). However, following treatment with PI-PLC, a majority
of m157 moved into the soluble (aqueous) fraction, consistent with GPI-cleavage (Fig. 3B).
Similar results were observed in Triton X-114 lysates prepared from MCMV-infected
fibroblasts and macrophages, indicating that m157 is expressed as a GPI-AP following
infection of these cells (Fig. 3C). At least 3 PI-PLC-sensitive m157 isoforms were detected in
MCMV-infected NIH-3T3 fibroblasts, but only a single predominant isoform of ∼45 kDa was
detected in MCMV-infected IC-21 macrophages. Note that the slower migration of m157 in
fraction II is artifactual, due to the high concentration of detergent.

These results were corroborated by flow cytometric analysis of intact C1498-m157 cells
following PI-PLC treatment; a >95% reduction in cell surface m157 is observed as compared
to mock-treated controls (Fig. 4A). Importantly, PI-PLC- treatment of C1498-m157 cells
abrogated Ly49H-mediated activation of HD12 reporter cells (Fig. 4B). This reduction in β-
galactosidase induction was not due to blocking activity of cleaved m157, since PI-PLC-treated
cells were washed prior to co-incubation with HD12 reporters. De novo regeneration of cell
surface m157 occurring during the 6 hour co-incubation period accounts for the minimal
residual β-galactosidase activity as determined by flow cytometry of cells immediately
following PI-PLC and at the end of the co-incubation period (data not shown). In addition,
treatment of MCMV-infected IC-21 or DC2.4 cells with PI-PLC prior to co-incubation with
HD12 reporter cells also abrogates their Ly49H stimulation capacity (Fig. 4C); in these
experiments, residual β-galactosidase activity is not apparent, reflecting a lower level of m157
expression (Fig. 2) and perhaps a concomitantly diminished capacity for regeneration of cell
surface m157 in MCMV-infected (vs. transduced; Fig. 4B) host cells. These data are consistent
with essentially exclusive expression of m157 as a GPI-AP in both retrovirally-transduced and
MCMV-infected cells.

Random mutagenesis of m157 and selection of expressed m157 variants
Recent reports describe the rapid emergence of MCMV ‘escape’ viruses in vivo in C57BL/6
mice lacking adaptive immunity, but retaining NK cell-mediated selective pressure exerted
through Ly49H recognition of m157. The majority of the escape viruses harbor null mutations
in m157 (deletions or frameshifts); other mutations predicting expression of a mutant cell
surface m157 glycoprotein were detected as FLAG-tagged surface proteins (30) or were not
evaluated for the capacity to produce detectable surface m157 (31,32). We sought to determine
key residues in m157 required for activation of Ly49H; that is, mutations that result in
detectable expression of cell surface m157, but fail to activate Ly49H. We optimized the
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parameters for PCR-mediated random mutagenesis in order to generate m157 cDNA
containing 1-2 nonconservative mutations per copy, as verified by sequence analysis of at least
10 clones per library (data not shown). This m157 cDNA library was subcloned into the pMX-
Puro retroviral vector and transduced into C1498 cells. We chose C1498 as the host cell line
because m157 is expressed as a GPI-AP at a high level in C1498 cells, resulting in a consistently
potent stimulation of HD12 reporters compared to other m157-transduced cell lines (AHD and
JWH, unpublished observations). This strategy allowed us to have a higher degree of
confidence in identifying key m157 mutations expressed in C1498 cells that fail to activate
Ly49H. Flow cytometric analysis of C1498 cells transduced with the mutant m157 library
revealed that at least 30% of the clones were expressing m157 to a similar level as control
C1498-m157 cells previously transduced with wt-m157 (Fig. 5A). In order to maximize the
number of surface-expressed m157 mutants in our screen, we sorted approximately one-half
of the total mutant library-transduced C1498 cells for m157 expression based on dual staining
with both 6D5 and 1F2. Two sorted groups of dual-positive cells (6D5+/1F2+ and 6D5lo/
1F2+) were then cloned by limiting dilution and 630 surviving clones were tested in duplicate
for activation of HD12 reporter cells. All clones showing <20% maximal induction of β-
galactosidase activity (CPRG assay) were expanded and retested for surface m157 expression.
Clones that stained with either 6D5 or 1F2 were then tested again for Ly49H activation (CPRG
assay, secondary screen) and those failing to achieve 20% maximal β-galactosidase induction
were analyzed further as candidate clones harboring m157 mutations critical for activation of
Ly49H.

Total RNA from clones expressing m157 but failing to activate Ly49H was harvested, reverse-
transcribed, and sequenced to determine the identity of underlying m157 mutations. In some
cases a clone had more than one mutation, and several clones contained the same mutation in
combination with a second unique mutation. In addition, the density of m157 expression among
the clones was not consistent (data not shown). For these m157-low (mean fluorescence
intensity) clones, it was possible that suboptimal Ly49H activation was simply a reflection of
low ligand density. Thus, in order to resolve informative mutations from confounding
mutations resulting in low-level cell surface m157 expression, we reconstructed each identified
random mutation as a single, isolated mutant by site-directed PCR mutagenesis. In parallel,
we created alanine substitutions for each novel, non-alanine mutation (Table I).

C1498 cells were then independently transduced with the single-mutation m157 cDNA,
selected and sorted by flow cytometry for high-level m157 expression. Subsequent flow
cytometric analysis of each mutant m157 cell line using three different anti-m157 reagents
indicated a consistent level of m157 expression among the mutant lines, although not all of the
m157 mutants are recognized by all anti-m157 mAbs. In particular, the mutant line harboring
a mutation at Ile153 retains binding by 6H121 and, to a lesser extent 1F2, but shows no binding
to 6D5, suggesting that these mAbs discriminate an epitope containing or affected by Ile153

(Fig. 5B and Table I). We also tested each variant m157-expressing cell line for sensitivity to
PI-PLC treatment, and observed that, like wt-m157, all m157 mutants were expressed
exclusively as GPI-AP in C1498 cells (data not shown). Finally, we mapped each mutated
m157 residue onto the published structure for m157 (26) and found that residues at mutated
positions 9 (Thr), 43 (Asn), 67 (Ser), 170 (Lys) and 261 (Thr) are solvent exposed and scattered
across the entire m157 structure, whereas mutant residues at positions 153 (Ile) and 161 (Lys)
are buried on either side of the bend within the long α2-helix (Table I).

Identification of m157 residues mediating a functional interaction with Ly49H
Next, with comparable surface expression of individual m157 mutants, we were able to assess
the capacity of each for Ly49H activation using our HD12 reporter assay for β-galactosidase
induction. Fig. 5C shows a CPRG assay for β-galactosidase activity in HD12 cells following
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co-incubation with each of the cell lines expressing site-directed m157 mutations at positions
identified above. In multiple CPRG assays, the individual activating capacity of each m157-
expressing line varies modestly, but the hierarchy of activating potency is remarkably
consistent from experiment-to-experiment (n = 4). Importantly, a mutation at either position
153 (Ile→Thr), or 161 (Lys→Asn) completely abrogates activation mediated by Ly49H. The
alanine-substitution mutants at these positions are also significantly deficient, but retain partial
activity (12% and 21% of wt-m157, respectively). Further, the HD12-mediated activation by
all m157 variants was completely blocked by preincubation of the stimulator cells with anti-
m157 mAb 6D5 or 6H121 (not shown). Thus, despite robust cell surface expression of m157
as a GPI-AP and in a conformation recognized by at least two anti-m157 mAbs, the m157
I153T/A and K161N/A variants fail to activate Ly49H, consistent with their proximity to a
critical Ly49H recognition site (or sites). Mutations at other positions, including Tyr261,
resulted in robust or only moderately reduced Ly49H activation, suggesting that individually
these residues contribute little or no influence upon the functional interaction with Ly49H. It
is noteworthy that the majority of these ‘irrelevant’ mutations were initially identified in
combination with at least one other m157 mutation (e.g., N43K, T67A, T261A), most likely
reflecting a combined effect of partially deleterious mutations. The conservative mutation at
Lys170 (K170R) has a modest, but reproducibly negative impact on Ly49H activation, one that
is partially rescued by replacement with an even less conserved Ala at this position (K170A,
Fig. 5C). It is likely that the reduced density of cell surface m157 expression (not shown)
combined with the modulating effect of the K170R mutation in the original clone (5B3) resulted
in an overall Ly49H activating capacity that fell below our screening threshold (meeting our
criteria for a clone of interest).

One striking feature of the m157 variants that fail to activate Ly49H is that both contain
mutations at buried residues within the m157 structure. The absence of m157 mutations at
solvent-exposed residues identified from our random mutagenesis and screening strategy led
us to generate additional site-directed mutations at exposed residues predicted to interact with
Ly49H. These surface-exposed sites form two clusters: Asp109, Ile111 and Arg158 are
positioned at the amino terminus of the α1 helix, along the opposite face to that lying just above
the buried Lys161 (analogous to ‘Site 1’ for Ly49 receptor interactions with MHC I ligands),
while Thr117 and Asp119 form a second site along the outer edge of the β-stranded platform
lying between the α1 and α2 helicies (26). Using our retroviral transduction system, we were
able to generate C1498 cell lines expressing m157 at the surface with mutations at D109N or
R158Q, mutations predicted to affect Ly49H binding based upon the m157 structure (26) and
originally described for strains of MCMV that fail to activate Ly49H (30). As shown in Fig.
6A, both D109N and R158Q single-mutation m157 variants show robust cell surface
expression as detected by all three anti-m157 mAbs, similar to that of the wt-m157-expressing
control. When co-incubated with HD12 reporter cells, both the D109N- and R158Q-expressing
cells stimulated Ly49H-mediated induction of β-galactosidase with comparable potency to wt-
m157 (85% and 102% of wt-m157 activity, respectively) that was completely abrogated by
addition of blocking mAb 6D5 (Fig. 6B). These results are in stark contrast for what was found
for the I153T and K161N mutations above (Fig. 5C), and indicate that either the D109 and
R158 residues are not critical for Ly49H recognition of m157, or that as isolated mutations
these positions are tolerant to significant substitutions (polar uncharged residues replacing an
acidic Asp or basic Arg residue).

m157 variants that fail to activate Ly49H show reduced stability of the Ly49H-m157 complex
The failure of I153T/A and K161N/A to activate Ly49H reporters could be due to reduced
binding to Ly49H, or a failure to induce a conformational change in Ly49H required for ITAM-
dependent signaling. To resolve these possibilities, we incubated C1498 cells expressing wt-
m157 or each of the four single-mutant variants with Ly49H-expressing HD12 cells at 37°C /
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5% CO2 for 10-to-180 minutes and then performed immunoprecipitation of Ly49 using the
anti-Ly49H mAb 3D10. The immunoprecipitates were visualized by Western blot using anti-
m157 mAb 6H121. As shown in Figure 7, wt-m157 forms a stable interaction with Ly49H that
remains detectable even after 180 minutes of co-incubation, whereas the I153T and K161N
variants show significantly reduced interaction with Ly49H after only 10 minutes. At 40
minutes there is no detectable m157 in the Ly49H immunoprecipitates, despite comparable
expression of m157 in these cell lines (Fig. 5B and Fig. 7 immunoblot inset showing actin and
m157 lysate input controls). Since available Ly49H-specific reagents do not recognize
denatured Ly49H in Western blotting, we verified essentially equivalent Ly49H content in
each mixture by flow cytometry (data not shown). Furthermore, while the activating m157
variants D109N and R158Q show a stable interaction with Ly49H at 10 minutes, there is a
marked reduction (R158Q) or complete absence (D109N) of m157 after 40 minutes, indicating
that these residues may be important in maintaining a durable m157-Ly49H complex. These
results indicate that isolated mutations in m157 have a variable effect on the overall affinity of
Ly49H for m157, and that Ly49H-dependent signaling in HD12 cells requires a stable
interaction with m157 lasting at least 10 minutes.

Discussion
MCMV infection in mice is a robust animal model for understanding the complex biology of
this unique family of highly successful and pathogenic DNA viruses, as well as the integrated
anti-viral immune response of the host. The observation that MCMV encodes a potent
activating ligand for NK cells was striking, and serves as an opportunity to dissect the molecular
parameters regulating NK cell activation. Our findings advance the understanding of how NK
cells recognize and respond to MCMV-infected cells at the molecular interface between Ly49H
and m157. Although this unique interaction has vital consequences for the host (28) and is
capable of exerting potent selective force upon MCMV (30-32), it is clear that m157 is evolving
in response to additional selective pressures, including those exerted by other Ly49 receptors
(38). Thus, our findings are important for understanding the activation of a critical lymphocyte
subset in antiviral defense, but also have implications for understanding the mechanism of
m157-mediated immune evasion.

We utilized three distinct anti-m157 mAbs to characterize m157 expression. These reagents
recognize unique epitopes and manifest dramatically different blocking activity in our Ly49H
reporter assay: mAbs 6D5 and 6H121 potently block Ly49H activation, whereas 1F2 does not
(Figures 1 and 6). Although we have not mapped the m157 epitopes recognized by each mAb
in detail, these results suggest that 6D5 and 6H121 recognize closely approximated regions
overlapping a single Ly49H recognition site, or identify distinct sites required for Ly49H
binding and/or activation. This conclusion is supported by the observation that mutation at
Ile153 abrogates binding by 6D5, but not 6H121 (Figure 5B). Although immunoprecipitation
with either 6D5 or 1F2 followed by Western blotting with 6H121 identifies a single m157
species (Figure 1D), more detailed analyses are underway to determine whether m157 interacts
with other host cell or virally-encoded factors in transduced or MCMV-infected cells. The
markedly lower level of m157 protein detected in macrophages compared to fibroblasts (Figure
2B) may reflect reduced transcription, processing, or ‘accessibility’ of m157 in these cells. In
addition, the relative sizes of m157 isoforms vary between infected cell types, sharing only the
∼42 kDa band (Figure 2 and data not shown). There are at least five predicted N-linked
glycosylation sites in the full-length m157 polypeptide, four of which are retained in fully
processed, GPI-linked m157 at the cell surface (Asn178, Asn187, Asn213, and Asn267). Analysis
of site-directed m157 mutants at each site indicates that differences in Mw for the m157
isoforms expressed in transduced and MCMV-infected cells are due to differential
glycosylation (N.V. Guseva, C. Fullenkamp, P. Naumann, and J. W. Heusel, manuscript in
preparation).
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We show that MCMV-infected cells express m157 exclusively as a GPI-AP (Figs. 3C and 4C).
In addition, we and others have successfully transduced m157 into a variety of murine cell
lines including BaF3 (15), C1498, NIH-3T3, R1.1 and RMA (27); m157 is expressed as a GPI-
AP in all of these cells. The utilization of a GPI linkage for virally encoded proteins is relatively
rare; the Dengue virus non-structural protein 1 (NS1) was reported as the first such example
(39). Since Dengue NS1 and other GPI-AP are capable of signaling, a similar signaling capacity
for m157 potentially exists (40-42). The GPI-linkage of m157 may also provide a clue as to
its origin. In this regard, it is noteworthy that other GPI-AP in the extended MHC I family are
ligands for inhibitory receptors expressed on NK cells, including human HLA-G (43,44) and
murine Qa-2 (45). We are currently investigating the biologic significance of GPI-linkage for
m157 in the context of Ly49 receptor interactions (both inhibitory and activating) and overall
host resistance to MCMV.

Under the direct selection of Ly49H, MCMV rapidly evolves escape mutants in m157 when
serially passaged in C57BL/6 and derivative strains, the majority of which are deletions,
frameshift or nonsense mutations precluding expression of m157 protein (30-32). However,
selected m157 escape mutants and variant sequences from wild MCMV strains have been
reported that are predicted to result in m157 protein at the cell surface, including delThr111,
D119Y, a small deletion near the predicted GPI-addition site (Thr261-Arg263), D109N, I111L,
and R158Q (30,31). Cell surface expression was demonstrated only for a subset of m157
variants (as FLAG-tagged versions), and although the MCMV strains from which these
mutations were derived failed to activate Ly49H reporters, these strains also harbored
numerous other nonconservative m157 substitutions (30), suggesting that a combination of
m157 polymorphisms is required to escape detection by Ly49H. This idea is also supported
by our identification of C1498-m157 clones harboring multiple m157 mutations that together
fail to activate Ly49H, but as isolated mutations retain full activating capacity (Table I, clones
CF5 and DA10). In our analyses, the m157 mutations D109N, R158Q and T261A result in
abundant cell surface expression detected by all three anti-m157 mAbs (Figure 6A and Table
I) and all three of these m157 variants retain the capacity to activate Ly49H reporters (Figs.
5B and 6B). While one or more of these sites may contribute to Ly49H binding affinity (Fig.
7), none is absolutely required for the activating Ly49H-m157 interaction.

The co-immunoprecipitation of m157 variants with Ly49H revealed at clear hierarchy of
stability in the Ly49H-m157 interactions between HD12 cells and the m157 variants that has
important functional consequences (Fig. 7). Mutations that show reduced Ly49H-m157
interaction as early as 10 minutes fail to activate Ly49H (I153T and K161N), while other
mutations that show reduced Ly49H-m157 interactions only after 40 minutes provide for full
Ly49H activation (D109N and R158Q). This is the first demonstration of a minimal interaction
requirement for signaling between an isolated NK cell receptor and its ligand. These data may
reflect both a minimum affinity and a minimum duration of interaction between Ly49H and
m157 in order to achieve an activation threshold in the BWZ.36 reporter cell line, and are
reminiscent of the well documented effect of signal sustainability for TCR-MHC/peptide
interactions on T cell responses (reviewed in (46,47). More detailed studies are needed to
determine the magnitude of individual affinities of these m157 variants for Ly49H, and whether
lower affinity interactions may be compensated by accessory molecular interactions in
Ly49H+ NK cells. Similarly, the effect of affinity and duration of receptor engagement between
m157 variants and relevant inhibitory Ly49 receptors (e.g., Ly49I129) should be addressed,
since the rules for Ly49 receptor activation and inhibition may differ (48-50).

The recent solution of a crystal structure for m157 allows for predictions about how it may
engage not only Ly49H, but other Ly49 receptors as well. When mapped onto this m157
structure, the activation-deficient mutations at Ile153 and Lys161 were striking in that both are
buried residues (Fig. 8A). In particular, the buried Lys161 occupies a unique position near the
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bend in the long α2 helix: through hydrogen bonding this residue anchors adjacent residues in
the amino-terminal α0 helix (Asp16, Phe17 and Phe19) and in the β-stranded floor of the α1/
α2 platform (Gly107; Fig. 8B). Replacement of lysine with the bulkier asparagine would likely
disrupt these hydrogen bonds and result in the destabilization the amino-terminal α0 helix in
particular. Replacement of Lys161 with alanine would be expected to have a less deleterious
effect, since the smaller alanine residue would permit access of water molecules to provide
some stabilization of the structure. Indeed, the K161A mutation retains some partial Ly49H
activating capacity (Fig. 5C). In this regard, the T9S mutation is notable for its exposed position
in the α0-helix. Interestingly, this mutation does not inhibit Ly49H activation, and may even
enhance it (Fig. 5C). Interpretation of the Ile153 mutation is not straightforward. The failure of
the alanine substitution at Ile153 suggests that there are strict size constraints at this buried
position that impact Ly49H recognition. Finally, the observation that mutations in the exposed
Asp109 or Arg158 residues of m157 did not affect Ly49H activation was unexpected (Fig. 6),
and suggests that additional polymorphisms must also contribute to the loss of Ly49H
recognition of the m157 variants from which these isolated mutations were derived (30).
Regardless, the Lys161 mutations are informative, supporting a critical role for this residue in
securing the amino-terminal α0 helix to the larger m157 superstructure. A more rigidly fixed
α0 helix may be contribute directly (e.g., key Ly49H binding site residues) or indirectly
(allowing access to a site that is blocked by an untethered α0 helix) toward Ly49H-mediated
activation.

Our findings advance the understanding of how NK cells recognize MCMV-infected cells at
the molecular interface between Ly49H and m157. While the overall theme is similar, in that
NK cell receptors recognize ligands with MHC I-like structure, the individual receptor-ligand
interactions are much more diverse than previously appreciated. The dual nature of m157 as
both decoy (for inhibitory Ly49 receptors) and danger signal (for activating Ly49 receptors)
will allow for the comparison of molecular features that govern both immune evasion and
activation. Considering the recent m157 atomic structure and Ly49H mutagenesis data, a novel
structural interaction between Ly49H and its MCMV-encoded ligand is emerging that will help
to explain how competing mechanisms of immune evasion and NK cell activation are operating
during the earliest phases of viral infection.
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Abbreviations used in this paper
β2m  

beta-2-microglobulin

CPRG  
chlorophenolred-β-D-galactopyranoside

DC  
dendritic cell(s)

GPI-AP  
glycosylphosphatidylinositol-associated protein

MCMV  
murine cytomegalovirus

MOI  
multiplicity of infection

PI-PLC  
phosphatidylinositol-specific phospholipase C

Davis et al. Page 15

J Immunol. Author manuscript; available in PMC 2009 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FIGURE 1.
Specificity and differential functional activity of m157-specific monoclonal antibodies. A,
Flow cytometric analysis of BaF3 and C1498 cells transduced with control GFP (top row of
histograms) or m157 (bottom row) retroviral expression vectors after staining with biotinylated
anti-m157 monoclonal antibody 6D5 (left set of four histograms) or 1F2 (right set of four
histograms). Histograms stained with secondary streptavidin-APC reagent alone are depicted
in thin dashed lines. B, Flow cytometric analysis of parental and m157-transduced C1498 cells
(left and right panels, respectively) following dual staining with mAbs 6D5 (secondary = goat
anti-mouse FITC, x-axis) and biotinylated 1F2 (secondary = streptavidin APC, y-axis). C, β-
galactosidase activity (CPRG assay) of Ly49H-expressing HD12 reporter cells following 16
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hour co-culture with BaF3-m157 cells (4×104 each) in the absence (open inverted triangles)
or presence of increasing concentrations of anti-m157 mAbs 6D5 (black squares), 1F2 (black
triangles), or isotype control (open diamonds). D, Lysates of C1498-m157 cells were
immunoprecipitated with 6D5 or 1F2 conjugated to protein G-agarose beads and detected by
Western blot analysis with 6H121 antibody. Top panels (I) show blots counterstained with
HRP-conjugated IgG (H: IgG heavy chain; L: IgG light chain). Bottom panels (II) show blots
counterstained with HRP-conjugated IgG TrueBlot™, which detects native antibody, but not
denatured IgG heavy (H) and light (L) chains. The residual signal is specific for m157.
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FIGURE 2.
Western blot analysis of m157 reveals multiple isoforms differentially expressed in m157-
transduced and MCMV-infected cells. A, Triton X-100 lysates prepared from parental and
m157-transduced C1498 or NIH-3T3 cells were analyzed by Western blotting with anti-m157
mAb 6H121; multiple m157 isoforms ranging between 42-48 kDa are detected (β-actin loading
control shown below). B, NIH-3T3 fibroblasts and IC-21 macrophages were infected with
MCMV (Smith strain or the K181-derived GFP-expressing RM4503.3 strain, as indicated) at
a MOI of 5 for 24 hours. Triton X-100 lysates were subjected to Western blotting as in A,
including the actin loading control. Note that 10-fold less m157 is produced in MCMV-infected
IC-21 macrophages (digital image analysis), and that the m157 isoforms above 42 kDa migrate
with a different relative molecular mass compared to either m157-transduced cells or to
MCMV-infected fibroblasts.
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FIGURE 3.
The m157 protein is expressed exclusively as a glycosylphosphatidylinositol-associated
protein (GPI-AP) in m157-transduced and MCMV-infected cells. A, Triton X-114 lysates from
parental and m157-transduced C1498 cells were separated into aqueous (I) and membrane (II)
fractions and subjected to Western blotting as described above. Antibodies against heat-stable
antigen (HSA) and caspase-3 serve as membrane-associated and cytoplasmic controls,
respectively. B, Aqueous and membrane fractions of Triton X-114 lysates prepared from
C1498-m157 cells were treated with PI-PLC and subsequently analyzed by Western blot as
above. Prior to PI-PLC treatment, the majority of m157 is associated with the membrane
fraction (as in A), but following treatment with PI-PLC, m157 is released from the membrane
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fraction (II) into the aqueous fraction (I). C, NIH-3T3 and IC-21 cells were infected with
MCMVSmith (MOI=5; 20 hours) after which Triton X-114 lysates were separated into
membrane and aqueous fraction, subjected to PI-PLC treatment and analyzed by Western
blotting as in A and B above. Note that m157 is expressed exclusively as a GPI-AP in infected
fibroblasts and macrophages. The slightly slower migration of m157 in the membrane fraction
(II) is artifactual due to the presence of detergent.
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FIGURE 4.
PI-PLC treatment abrogates activation of Ly49H by m157-transduced and MCMV-infected
cells. A, C1498-m157 cells (1×106) were treated with 1 unit of PI-PLC for one hour at 37°C
and then stained for surface expression of m157 (mAb 6D5) or heat-stable antigen (HSA; clone
M1/69). Dashed and solid histograms represent PI-PLC-treated and mock-treated samples,
respectively. Note that >95% of surface m157 is lost following PI-PLC treatment. B, Mock-
or PI-PLC treated parental and m157-expressing C1498 cells were co-incubated with HD12
reporter cells at a 1:1 (4×104 each) for 16 hours after which β-galactosidase activity was
determined by CPRG assay. Data are expressed as a percent of the maximal β-galactosidase
induction obtained with PMA and ionomycin. Note that a majority of Ly49H activation is lost
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following PI-PLC treatment. C, IC-21 macrophages and DC2.4 dendritic cells were mock-
(white bars) or MCMVSmith -infected (MOI = 5; hatched bars) and plated in 96 well plates at
1×105 cells/well for 12 hours after which they were treated with 0.1 units (IC-21) or 0.2 units
(DC2.4) of PI-PLC for 1 hour at 37°C. Following PI-PLC treatment HD12 reporter cells
(5×104) were added for an additional 6 hours co-incubation. Brefeldin A (5 ng/ml) was included
during the PI-PLC treatment and the length of the co-incubation for the DC2.4 cells to inhibit
regeneration of cell surface m157. Induction of β-galactosidase was quantitatively measured
as in B above.
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FIGURE 5.
Generation and characterization of m157 mutants in C1498 cells. A, Flow cytometric analysis
of C1498 cells transduced with the m157 cDNA library generated with the Genemorph II
Random Mutagenesis kit (GENEMORPH) as compared to control C1498-m157 cells stained with
mAb 6D5 (dashed histogram). Approximately 30% of the transduced C1498 cells are
expressing m157 at the surface. Mutant m157-transduced C1498 cells were then dually stained
with 6D5 and 1F2, sorted, and sub-cloned as described in materials and methods. B, Flow
cytometric analysis of C1498 cells transduced with selected m157 mutants generated by site-
directed mutagenesis. Expression of m157 as detected by three anti-m157 mAb (6D5, 6H121,
and 1F2) is shown for the parental C1498, C1498-m157 wild-type control, and clones
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expressing m157 with mutations at positions Ile153 or Lys161 (I153T, K161N). Note that both
m157 mutants are detected by mAb 6H121, but are differentially recognized by mAbs 6D5
and 1F2. Grey histograms with dashed lines represent staining with secondary reagent alone.
C, Activation of Ly49H reporter cells by C1498 cells expressing single mutations in m157.
C1498 cells expressing m157 variants were co-incubated with HD12 reporter cells (4×104

each) for 16 hours at 37°C. β-galactosidase induction was measured 2 hours after the addition
of CPRG and expressed as a percentage of maximal induction obtained by using PMA and
ionomycin.

Davis et al. Page 24

J Immunol. Author manuscript; available in PMC 2009 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FIGURE 6.
Characterization of m157 variants with putative Ly49H contact site mutations expressed in
C1498 cells. A, Flow cytometric analysis of C1498 cells transduced with m157 mutations
Asp109 or Arg158 generated by site-directed mutagenesis. Cell surface expression of m157 as
detected by three anti-m157 mAbs (6D5, 6H121, and 1F2) is shown for the parental C1498,
C1498-m157 (wt) control, C1498-m157 D109N and C1498-m157 R158Q. Note that
expression of m157 for both mutants is essentially equivalent to that for wt-m157. B, Activation
of Ly49H reporter cells by C1498 cells expressing single mutations in m157. C1498 cells
expressing m157 variants were co-incubated with HD12 reporter cells (4×104 each) for 16
hours at 37°C. β-galactosidase induction was measured 5 hours after the addition of CPRG and
expressed as a percentage of maximal induction obtained by using PMA and ionomycin.
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Duplicate aliquots of stimulator cells were preincubated without (black bars) or with (white
bars) blocking anti-m157 mAb 6D5 (20 μg/mL) prior to coincubation with HD12 reporters.
Note that the variant D109N and R158Q m157-expressing cells activate Ly49H with essentially
equal potency as wt-m157.
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FIGURE 7.
Assessment of Ly49H-m157 interactions by co-immunoprecipitation reveals a hierarchy of
stability for m157 variants containing single mutations compared to wt-m157. C1498 cells
expressing different m157 mutants were incubated with HD12 cells expressing Ly49H (ratio
= 2:1) for the indicated time periods. Cell mixtures were lysed in IP buffer and
immunoprecipitated with anti-Ly49H mAb 3D10 and resolved on 10% SDS-PAGE. To detect
co-immunoprecipitated m157, Western blot analysis was performed with mAb 6H121. “Lysate
input” inset shows m157 and total protein (actin) loading controls for each sample.
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FIGURE 8.
Mapping of m157 mutations onto the existing m157 structure reveals an unanticipated role for
buried residues Ile153 and Lys161 in mediating Ly49H recognition. A, The positions of selected
m157 mutations (described in Table I) are depicted according to the published structure for
m157, which is rendered in color from amino (blue) to carboxyl (red) termini (PDB ID code
2NYK (26)). Only residues Ile153 and Lys161 (in bold) are buried and lie on either side of the
bend in the long α2 helix (yellow). The dashed box indicates the enlarged area of interest
surrounding Lys161 in B. B, Lys161 forms hydrogen bonds with four other residues: Gly107

located in a small loop of the β-stranded region (green) forming the floor of the α1/α2 platform,
and Asp16, Phe17, and Phe19 of the amino-terminal α0 helix (blue). Thus, Lys161 anchors the
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α0 helix in position relative to the m157 superstructure. Figure generated using PyMOL
software (37).
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