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Summary
Natural killer (NK) cell-mediated resistance to murine cytomegalovirus (MCMV) is controlled by
allelic Ly49 receptors, including activating Ly49H (C57BL/6 strain) and inhibitory Ly49I (129
strain), which specifically recognize MCMV m157, a glycosylphosphatidylinositol-linked protein
with homology to MHC class I. Although the Ly49 receptors retain significant homology to
classic carbohydrate-binding lectins, the role of glycosylation in ligand binding is unclear. Herein
we show that m157 is expressed in multiple, differentially N-glycosylated isoforms in m157-
transduced or MCMV-infected cells. We used site-directed mutagenesis to express single and
combinatorial asparagine (N)-to-glutamine (Q) mutations at N178, N187, N213, and N267 in
myeloid and fibroblast cell lines. Progressive loss of N-linked glycans leads to a significant
reduction of total cellular m157 abundance, although all variably glycosylated m157 isoforms are
expressed at the cell surface and retain the capacity to activate Ly49HB6 and Ly49I129 reporter
cells and Ly49H+ NK cells. However, the complete lack of N-linked glycans on m157 destabilized
the m157-Ly49H interaction and prevented physical transfer of m157 to Ly49H-expressing cells.
Thus, glycosylation on m157 enhances expression and binding to Ly49H, factors that may impact
the interaction between NK cells and MCMV in vivo where receptor-ligand interactions are more
limiting.
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Introduction
Natural killer (NK) cells are vital components of the integrated immune response to a wide
variety of pathogens; their responses during herpesvirus infections are particularly well
characterized [1–4]. The activation of individual NK cells depend upon the integration of
stimulatory and inhibitory signals mediated through multiple receptor systems, including
members of the C-type lectin receptor (CLR) superfamily. The CLRs are defined by the
presence of a highly conserved extracellular carbohydrate recognition domain (CRD) found
in over 1,000 diverse proteins, including the prototypical mannose binding receptor (MBP-
A) [5]. The group V CLRs include NKR-P1, CD94, and NKG2 receptors that are conserved
in rodents and primates, and the Ly49 receptors in rodents. The loci encoding the group V
CLR are organized as conserved gene clusters in syntenic regions of mouse chromosome 6
and human chromosome 12. Each CLR gene cluster encodes activating receptors such as
Ly49H and NKG2D that mediate potent antimicrobial and antitumor responses, as well as
inhibitory receptors such as Ly49A, C, and I and CD94/NKG2A that bind that bind
constitutively expressed cell surface ‘self’ ligands providing for tonic inhibition in a healthy
(non-stressed) environment (reviewed in ref. [6,7]).

As regulators of potent lymphocyte effector functions, it is not surprising that the group V
CLRs are targets for immune evasion mechanisms such as those described for
cytomegalovirus infections in humans and rodents involving NKG2D, CD94/NKG2A,
NKR-P1B, and inhibitory Ly49 receptors [1,8–13]. Among these, MCMV m157 is unique in
that it is also a specific ligand for an activating receptor in the Ly49 family, Ly49H [8,14].
The presence of Ly49H in the C57BL/6 (B6) strain confers a dominant resistance
mechanism for control of acute MCMV infection known as Cmv-1 [15–18]. Given that
m157 may interact with additional inhibitory Ly49 receptors [9] and that the activating Ly49
receptor genes likely evolved after their highly homologous inhibitory ‘clustermates’ [19], it
would appear that ly49h represents a dynamic murine host response to selective pressure
exerted by MCMV [1,20,21]. As such, the interaction between m157 and its cognate Ly49
receptors represents an opportunity to understand the molecular parameters governing both
NK cell tolerance and activation.

Unlike the true calcium-dependent (C-type) lectins, the group V CLRs do not require
calcium for binding of their ligands, which are primarily MHC class I and related cell
surface glycoproteins [7,11,22,23]. Furthermore, cognate interactions involving Ly49 (and
NKG2D) receptors result in a significant degree of physcial ligand transfer (trogocytosis)
[24–28], which may occur for many, if not all, of the receptors in this class. However, the
role for carbohydrates in determining ligand specificity or other aspects of lectin-like
receptor function is not clear. To investigate the contribution of potential N-linked
glycosylation toward m157 heterogeneity and recognition by Ly49 receptors, we undertook
site-directed mutagenesis of four N-linked glycosylation sites in m157 (N178, N187, N213
and N267) and expressed single and combinatorial N-glycosylation mutants of m157 in cell
lines representing myeloid and fibroblast lineages. These m157-transduced cell lines were
used to evaluate the role of N-linked glycosylation of m157 in its functional and physical
interactions with cognate Ly49 receptors expressed on reporter cells and NK cells.
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Results
Differential expression of MCMV m157 isoforms among m157-transduced cells

We previously observed expression of multiple m157 isoforms in MCMV-infected
fibroblasts, macrophages, and dendritic cells that differed in both abundance and relative
molecular mass [29]. To better characterize m157 expression in different cell types, we
transduced C1498 myeloid leukemia cells, P815 mastocytoma cells, and the two fibroblast
lines NIH-3T3 and BALB-3T12 with wt-m157 using retroviral transduction. As shown in
Fig. 1A, each of these cell types is able to support robust cell surface expression of m157 as
assessed by flow cytometry. Western blot analysis of cell lysates revealed multiple m157
isoforms expressed in all transduced lines ranging from ~42–55 kDa (Fig. 1B), sizes in
excess of the predicted Mw of ~32 kDa for the putative mature m157 polypeptide (residues
Ile22-Arg306 [30]). As was observed for MCMV-infected cells [29], expression of m157
isoforms differs in abundance and apparent mass between the transduced cell types.
Together with our previous findings [29], these data suggest that m157 undergoes
posttranslational modification that is differentially regulated among transduced (or MCMV-
infected) cell types.

MCMV m157 isoforms are differentially N-glycosylated
The m157 open reading frame encodes a 329 amino acid polypeptide that is predicted to
undergo amino terminal processing of 21 amino acids (signal peptide) and cleavage of the
last 22 residues at the carboxyl terminus in conjunction with the addition of a GPI
membrane linkage [8,14,29,31]. Within the mature m157 polypeptide of 286 residues are
four putative sites for asparagine-linked glycosylation (NxT/S): N178, N187, N213, and
N267 (a fifth site at N284 is not considered since it coincides with the predicted omega (ω)-
site for GPI modification at Ser286) (Fig. 2A). To directly evaluate whether m157 is
glycosylated, lysates from m157-transduced cells were incubated with endoglycosidase H
(Endo H), which removes only high mannose and some hybrid types of N-linked
carbohydrates (resistance to Endo H indicates glycosylation has progressed beyond the cis-
Golgi), or with peptide N-glycosidase F (PNGase F) which removes all types of N-linked
glycans. As shown in Fig. 2B, Endo H treatment of m157-transduced cells resulted in a new
band of 32 kDa being detected in low abundance for C1498 and P815 cells (Fig. 2B, lanes 2
and 5) and higher abundance in the 3T3 and 3T12 fibroblasts (lanes 8 and 11). This suggests
that in fibroblasts more m157 accumulates in the ER and/or cis-Golgi during glycosylation
as compared to the myeloid cell lines. Endo H treatment did not alter significantly the higher
Mw m157 isoforms; however, treatment with PNGase F resulted in a similar reduction of all
m157 isoforms to a single band at ~32 kDa for all m157-expressing cell lines.

In MCMV infected cells, m157 is also differentially N-glycosylated. Fibroblasts express at
least three m157 isoforms (42–50 kDa), while IC-21 macrophages and DC2.4 dendritic cells
express isoforms of similar size at 42 and 48 kDa plus a larger species at >50 kDa, but lack
the predominant species at ~45 kDa seen in fibroblasts (Fig. 2C). Treatment of virally
infected cells with Endo H led to visible disappearance of the low Mw band (42kDa)
suggesting this band represents m157 modified only by high mannose. As was observed for
m157-transduced cells, all m157 isoforms are reduced to ~32 kDa following PNGase F
treatment of the MCMV-infected cell lysates. These results indicate that despite differential
N-glycosylation patterns among transduced and MCMV-infected cells, m157 protein is
otherwise similarly posttranslationally processed. The observed mass of fully deglycosylated
m157 species in all cells (a single species of ~32 kDa) is consistent with utilization of the ω-
site at Ser286 for GPI addition, and a mature m157 polypeptide of 286 residues.
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Site-directed mutagenesis of m157 reveals utilization of four N-glycosylation sites—the
progressive loss of N-linked glycans results in reduced abundance of total cellular m157

To determine which of four putative N-glycosylation sites in the mature m157 protein are
modified, we undertook PCR-mediated site-directed mutagenesis at positions N178, N187,
N213, and N267, converting each asparagine to glutamine (N→Q). In addition, we
generated a double glutamine substitution mutant at positions N178 and N187 (N178,187Q),
a triple mutant at the additional N213 position (N178,187,213Q), and the quadruple mutant
(N178,187,213,267Q). Using retroviral transduction, each of these m157 mutant cDNA
cassettes was introduced into C1498, P815 and 3T12 cells. Flow cytometry of each
transduced cell line revealed that each of the seven m157 N-glycosylation site variants
shows surface m157 expression, although the triple- and quadruple-mutants have reduced
mean fluorescence intensity (MFI), indicating a lower m157 density (Fig. 3A). We noted a
similar expression pattern for the seven m157 N-glycosylation mutants in transduced P815
and 3T12 cells (data not shown). The reduced level of cell surface unglycosyalted m157 in
m157-N178,187,213,267Q-transduced cells is not due to intracellular retention, and does not
result in altered subcellular distribution of m157 as assessed by confocal microscopy;
indeed, very little intracellular staining is observed for either wt- or unglycosylated m157,
including the Golgi (as determined by colocalization with giantin [32]; data not shown).

In order to verify the glycosylation status of each mutant, cell lysates were treated with
PNGase F and analyzed by western blotting. As shown in Fig. 3B, there was a demonstrable
decrease in m157 mass for untreated lysates prepared from each of the four single N-
glycosylation mutants (N178Q, N187Q, N213Q, and N267Q) compared to wt-m157. The
double and triple mutants (N178, 187Q and N178,187,213Q) showed even greater reduction
in size, reflecting the cumulative loss of N-linked glycans. The quadruple mutant showed no
difference in mass compared to the fully deglycosylated wt-m157 following PNGase F
treatment, indicating that N-linked glycosylation is responsible for the observed differences
in molecular mass for all m157 isoforms expressed in the m157-transduced lines. Among
the four single N-glycosylation site mutants, m157 protein was readily detectable; however,
the abundance of m157 in lysates from the double, triple and quadruple mutants was
dramatically reduced. As expected, the reduced abundance of m157 protein was not due to
transcriptional differences among the m157-transduced cell lines, as determined by RT-PCR
using primers specific for m157 and GAPDH mRNA (data not shown). In addition, the
reduced total cellular abundance of unglycosylated m157 is not due to accelerated
proteasomal or lysosomal degradation, or altered ubiquitination (Suppl Fig. 1). However,
treatment of the wt-and N178,187,213,267Q mutant-m157-expressing cell lines with
cyclohexamide revealed that the unglycosylated m157 has a shorter half-life compared to
the wt-m157 (23% vs. 99% remaining after 24 hr, respectively; Suppl Fig. 2).

We also verified that all the variably glycosylated m157 mutants remain GPI-linked by
treatment of C1498 cells expressing wt- or mutant m157 variants with phosphatidylinositol-
specific phospholipase C (PI-PLC). As shown in Fig. 3C for wt-m157 and all N-
glycosylation mutants, soluble m157 was detected in supernatants after PI-PLC treatment.
These data also indicate that the reduction in apparent m157 abundance observed for the
double, triple, and quadruple N-glycosylation site mutants is most likely not due to secretion
or shedding, since no significant m157 is detected in the supernatants of untreated samples
for these mutant m157-expressing cell lines.

N-linked glycosylation of m157 is dispensable for activation of Ly49H and Ly49I129

reporter cells, as well as Ly49H+ NK cells, in vitro
To assess functional consequences of individual and multiple N-glycosylation site mutations
in m157, we compared the capacity of each of the seven m157 mutants with wt-m157 to
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activate Ly49H-expressing HD12 reporter cells (quantitatively measured by conversion of
the colorimetric substrate chlorphenol red β-D-galactopyranoside, CPRG) [14]. As shown in
Fig. 4A, all of the N-glycosylation mutants retained significant Ly49H- activating capacity
during the 16–20 hr coincubation; only the fully unglycosylated N178,187,213,267Q mutant
showed a moderate reduction in β-galactosidase activity. Similar results were observed for
both P815 and 3T12 cells transduced with wt-m157 or each of the seven N-glycosylation
mutants (data not shown). The specificity of Ly49H activation by each mutant was verified
by pre-incubation with anti-m157 mAb 6D5, which completely blocks activation of the
HD12 reporters ([29] and data not shown). However, addition of anti-Ly49H mAb 3D10 (1
or 10 µg/mL) at the beginning of coincubation led to complete blockade of HD12 reporter
activity when stimulated by fully unglycosylated m157-N178,187,213,267Q, compared to
~50% reduction of activity when stimulated by wt-m157 (Fig.4A, right panel). This
interesting result suggests that although anti-Ly49H mAb 3D10 is able to bind Ly49H in
complex with m157 (as is evident from our previous [29] and current 3D10
immunoprecipitations), this binding is more competitive for unglycosylated m157, perhaps
reflecting a lower stability of the Ly49H-unglycosylated m157 complex.

We also tested whether the panel of C1498 cells expressing m157 N-glycosylation mutants
could activate reporter cells expressing Ly49I from the 129 strain. Since Ly49I is an
inhibitory receptor, the extracellular domain Ly49I was fused in-frame to the
transmembrane domain of Ly49H to generate a chimeric Ly49HI129 receptor capable of
activating the lacZ reporter (HI-129 cells). As a control, BWZ.36 reporters expressing a
chimeric Ly49I receptor from C57BL/6 mice (HI-B6 cells) were also tested (the allelic
Ly49IB6 does not bind m157 [8]). As for HD12 cells, all N-glycosylation mutants of m157
retained the capacity to activate Ly49HI129 reporters, and this activation was blocked
specifically by mAb 6D5. As expected, neither wt-m157 nor any of the N-glycosylation
mutants activated Ly49HIB6 reporters (Suppl. Fig. 3). Thus, both Ly49H and Ly49I129

receptors are able to recognize variably N-glycosylated isoforms of m157 expressed on
transduced cells.

Next, we tested freshly prepared splenic NK cells from RAG1−/− mice (B6 genetic
background) for activation in response to stimulation by transduced cells expressing wt-
m157 or each of the seven N-glycosylation mutants as measured by intracellular IFN-γ and
MIP-1α production, which are secreted in parallel by activated NK cells [33]. Ly49H is
expressed on ~50% of NK cells in the C57BL/6 strain [34], and the Ly49H+ NK cell subset
is specifically activated during MCMV infection [35] and by transduced cells expressing
m157 [8,10,14,29]. NK cell production of MIP-1α in response to stimulation by wt-m157
and each of the N-glycosylation variants is shown in Fig. 4B; similar results were obtained
for NK cell IFN-γ production stimulated by all seven glycosylation mutants (Fig. 4C and
data not shown). It is clear that lack of N-linked glycans at any and all positions for m157
expressed by transduced cells has no significant effect on the capacity to activate Ly49H+

NK cells. Note that cytokine production is confined to the Ly49H+ NK cell subset (detected
by mAb 3D10), which typically shows marked downregulation of cell surface Ly49H at the
relatively high effector:stimulator ratio of 1:1 used in these assays [14]. Interestingly, among
the cytokine-producing NK cells, we observed consistently reduced Ly49H downregulation
on NK cells following interactions with transduced cells expressing unglycosylated m157
(e.g., Fig. 4C). This may reflect fewer Ly49H interactions with unglycosylated m157 (due to
the lower surface density of m157 on C1498-m157-N178,187,213,267Q cells) and/or a
lower stability of the receptor-ligand complexes. Since MCMV-infected cells also promote
robust Ly49H downregulation [14], yet express very low levels of m157 ([31] and data not
shown), a qualitative effect provided by m157 glycosylation cannot be ruled out.
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We also tested the capacity of unglycosylated m157 to activate NK cell cytotoxicity. As
shown in Fig. 4D, the C1498-m157-N178,187,213,267Q targets were lysed nearly as
effectively as C1498-m157wt targets, and this killing was specifically blocked by anti-m157
mAb 6D5. As we observed for the HD12 reporters, Ly49H-mediated killing of the
unglycosylated m157-expressing targets was slightly lower compared to C1498-m157wt
targets, most likely reflecting the difference in surface density of m157 (e.g., Fig. 3A).
Curiously, this difference was not evident for cytokine secretion by Ly49H+ NK cells (Fig.
4C). These data indicate that although Ly49H-mediated activation of cytokine production
and cytotoxicity are not prevented by a partial or complete lack of N-glycosylation on m157
expressed at high level on transduced cells, the complete lack of glycosylation may
qualitatively affect the Ly49H-m157 interaction, as measured by Ly49H receptor
downregulation.

Lack of N-linked glycosylation decreases the stability of Ly49H-m157 interactions
measured by coimmunoprecipitation or live cell conjugate dissociation

The increased sensitivity of HD12 reporters to mAb 3D10-mediated blockade during
interaction with fully unglycosylated m157 (Fig. 4A), and the reduced capacity of this
quadruple mutant to mediate Ly49H receptor downregulation on NK cells (Fig. 4B, C)
prompted us to investigate the stability of interaction between Ly49H and unglycosylted
m157. Previously, we demonstrated a reduced Ly49H-binding capacity for m157 variants
harboring nonconservative mutations at positions Ile153 and Lys161, as assessed by
immunoprecipitation following coincubation of C1498 cells expressing these m157 variants
together with HD12 cells [29]. First we verified that 3D10 could specifically
coimmunoprecipitate wt-m157 and fully unglycosylated m157 (quadruple
N178,187,213,267Q mutant) following 10 min of coincubation and that the vast majority of
m157 coimmunoprecipitated by 3D10 requires interaction of intact cells (minimal m157-
Ly49H interaction in a simple mixture of lysates, Suppl. Fig. 4). This result is in agreement
with our observation that anti-Ly49H mAb 3D10 does not completely disrupt the Ly49H-
m157 interaction ([29] and Fig. 4A). Next, mixtures of HD12 cells and C1498 cells
expressing wt-m157 or each of the seven N-glycosylation mutants were incubated for 10 or
40 min (37 °C/5% CO2) prior to Ly49H immunoprecipitation (mAb 3D10).
Coimmunoprecipitated m157 was detected by anti-m157 mAb 6H121 in the subsequent
western blot. As shown in Fig. 5A, wt-m157 and all of the N-glycosylation mutants bind to
Ly49H after 10 min of coincubation; however, following 40 min of coincubation there is
marked reduction of coimmunoprecipitated unglycosylated m157 (N178,187,213,267Q
mutant), consistent with a significant reduction of binding to Ly49H at this time point.
Loading controls for β-actin and the relative abundance of m157 in each sample before
Ly49H immunoprecipitation are shown (bottom panel, lysate input), indicating that 3D10-
mediated coimmunoprecipitation concentrates m157 at the cell surface relative to the total
lysate (as expected), and that the loss of fully unglycosylated m157 after 40 min is not due
simply to a reduced overall abundance, since the double- and triple-mutant m157 isoforms
are clearly detected despite a similarly reduced overall abundance (see also Fig. 3B).

Since cell surface expression of unglycosylated m157 was consistently lower than for wt-
m157 across all cell lines, we generated soluble m157-Fc fusion proteins to more
quantitatively measure differences in stability of Ly49H-m157 binding attributable to
glycosylation. DNA cassettes encoding the extracellular domain of wt-m157 [8], or the
quadruple N178,187,213,267Q mutant, fused in-frame to human immunoglobulin Fc were
transfected into COS-7 cells. Culture supernatants were collected and tested directly, or
purified over protein-G mini-columns. Although the purity of these reagents was
comparably high, we found that COS-7 cell production of soluble unglycosylated m157-Fc
proteins was lower than that of wt-m157-Fc (Suppl. Fig. 5), as was observed for m157
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expression in C1498 cells. When an equal mass of each purified m157-Fc protein was
fluorescently labeled and then used to stain HD12 cells, we found that the unglycosylated
m157-Fc showed considerably lower binding to HD12 cells at equilibrium (Suppl. Fig. 6).
Since the total amount of unglycosylated m157-Fc was limiting, we tested the strength of
Ly49H binding by measuring the decay of fluorescent-m157-Fc staining of HD12 cells in
the presence of cold competitors to Ly49H (mAb 3D10) or m157 (mAb 6D5) binding. The
amounts of wt- and unglycosylated m157-Fc supernatants were adjusted to produce
equivalent staining of HD12 cells (Fig. 5B). We then added an excess of either 3D10 or 6D5
and measured the decrease in fluorescence over the following 40 min. As shown in Fig. 5C,
the loss of fluorescence from HD12 cells stained with unglycosylated m157-Fc was more
rapid and greater in magnitude, regardless of whether we were blocking the ligand or the
receptor. Similar results were obtained when we measured the dissociation of viable cellular
conjugates formed between PKH26-labeled HD12 cells and CFSE-labeled C1498 cells
expressing either wt-m157 or the unglycosylated N178,187,213,267Q mutant over the same
time period (data not shown). These results show that N-linked glycans on m157 stabilize
binding to Ly49H at the cell surface, and suggest that the enhanced stability afforded by
glycosylation contributes to the strength of cell-cell contacts.

Glycosylation of m157 facilitates transient physical interaction with Ly49H
The inability to coimmunoprecipitate m157-N178,187,213,267Q with Ly49H at 40 min of
coincubation was similar to what we previously observed for m157-I153T, -K161N, -
D109N and -R158Q variants [29]. In order to verify that both receptor and ligand were
available for interaction at time points longer than 10 min, we assessed the cell mixtures by
flow cytometry for surface expression of m157 and Ly49H at times ranging from 5 to 185
min of coincubation (earliest 5 min time point reflects processing for surface marker staining
immediately after mixing the cells). In addition to expression of Ly49H, we established the
identity of HD12 cells by CFSE-labeling prior to coincubation. The results for HD12
coincubations with parental C1498, C1498-m157wt and C1498-m157-N178,187,213,267Q
are shown in Fig. 6A. For the mixture containing parental C1498 cells, only Ly49H staining
is detected on the CFSE+ subset as expected (Fig 6A, left column; CFSE+ gate not shown).
However, even at the earliest assessable time point, Ly49H and wt-m157 show a clear
interaction as detected by the presence of mAb 6D5 reactivity on the Ly49H-expressing
(CFSE+) HD12 cells, most likely reflecting transfer of m157 since the gating reflects only
single-cell events in this analysis. By 185 min, the m157 staining on HD12 cells in this
mixture is lost (Fig. 6A, middle column). In contrast, despite abundant surface expression
for both m157 and Ly49H in the mixture containing C1498-m157-N178,187,213,267Q, the
HD12 cells show reduced staining for m157 with mAb 6D5 to a near background level (Fig.
6A, right column). Graphical depiction of the mean fluorescence intensity (MFI) for anti-
m157 staining on CFSE+ HD12 cells shows that over the initial 45 min of coincubation,
Ly49H and wt-m157 are physically associated to a greater degree than occurs for Ly49H
and unglycosylated m157 (Fig. 6B). It is also noteworthy that the decrease in MFI for wt-
m157 on C1498 cells (58.6% reduction) is greater than that observed for the unglycosylated
variant (2.3% reduction), reflecting either the greater physical loss of the wt-m157 due to
Ly49H binding/transfer, or a faster rate of recovery for the unglycosylated m157 variant
displayed at the surface. However, previous experiments assessing the PI-PLC susceptibility
of all the glycosylation variants of m157 did not reveal significant differences in cell surface
recovery of m157 following treatment (data not shown). Together with the finding above
that m157-N178,187,213,267Q cannot be coimmunoprecipitated after 40 min coincubation
with Ly49H, these results further indicate that the lack of glycosylation on m157 leads to a
reduced stability of interaction with Ly49H.
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Confocal microscopy reveals physical transfer of wt-m157, but not unglycosylated m157,
to Ly49H-expressing cells

It is well established that cell surface proteins and membrane fragments may be transferred
between immune cells following contact (trogocytosis) [24,36,37]. Human and mouse NK
cells acquire cognate MHC class I molecules in vitro and in vivo [26,38]. To verify that the
flow cytometry results depicted in Fig. 6A reflected the physical transfer of m157 to
Ly49H+ HD12 cells, we examined dual-labeled cell mixtures by confocal microscopy.
Initially, CFSE-labeled HD12 cells were coincubated with C1498-m157wt or C1498-m157-
N178,187,213,267Q cells labeled with Cy-5-6D5 (anti-m157), and examined over 30 min at
2-min intervals. As shown in Fig. 6C for HD12-C1498-m157wt cells, there is clear transfer
of m157 staining to the HD12 cells during 25 minutes of coincubation. We detected little or
no m157 staining of HD12 cells when coincubated with C1498 cells expressing
unglycosylated m157 at any time point. Coincubation of C1498-m157wt cells with control
BWZ cells, which do not express Ly49H receptor, did not reveal m157 ligand transfer; also,
Cy-5-labeled isotype control mAb did not stain HD12 cells (or C1498-m157wt cells),
indicating specificity for Ly49H and m157, respectively (data not shown).

Next we incubated CFSE-labeled HD12 cells with a mixture of C1498-m157wt cells and
C1498-m157-N178,187,213,267Q cells in the same sample. The C1498 cells expressing
unglycosylated m157 were labeled with PKH-26 to distinguish them during microscopy
(dark pink-stained cells, Fig. 6D). The cells were allowed to interact for 15 min prior to the
addition of Cy-labeled 6D5 and then imaged every 2 min, maintaining the temperature at 37
°C. Only the conjugates involving C1498-m157wt cells (red) show clear transfer of m157
staining to HD12 cells; transfer of unglycosylated m157 was not observed over the duration
of coincubation (Fig. 6D). These data show that m157 is physically transferred to Ly49H-
expressing cells following cellular interaction, as has been described for the MHC class I
ligands of other members of the Ly49 receptor family [25,26]. Moreover, as was observed
for optimal Ly49H-m157 coimmunoprecipitation, glycosylation of m157 is required for
Ly49H-mediated trogocytosis at a level that is detectable by confocal microscopy.

Discussion
For classical lectins, N-linked glycans are critical determinants for receptor recognition [5].
For some proteins, N-linked glycans are important for folding and/or exit from the ER, but
not for their biological function [39,40]. For other protein ligands, glycosylation may
stabilize discrete conformations, as has been postulated for one or more N-linked glycans of
m157 (e.g., N178) [41]. We observed that the pattern of expression for m157 in transduced
or MCMV-infected cells differs among host cell types, both in the molecular mass and in the
relative abundance of individual m157 isoforms (Figs. 1B and 2C). We determined that the
majority, if not all, of this molecular variability is due to N-linked glycosylation.

All N-glycosylation variants of m157 were expressed at the surface and recognized by
multiple m157-specific reagents in both myeloid and fibroblast cell types (Figs. 3A, 3B,
Suppl. Fig.1 and data not shown). However, progressive loss of N-linked glycans had a
dramatic effect on overall cellular abundance of m157, particularly for the triple and
quadruple (completely unglycosylated) mutants (Fig. 3B). Variably glycosylated m157
isoforms are not differentially secreted/shed into culture supernatants (Fig. 3C). It has been
reported that incorrect or incomplete N-glycosylation of some proteins targets them for
degradation in a process requiring poly-ubiquitination [42, 43]. However, we determined
that N-glycosylation does not grossly alter subcellular localization, ubiquitination
(ubiquitinated m157 is not detected in transduced cells) or proteasomal/lysosomal
degradation of m157 (Suppl. Fig. 1 and data not shown). Lack of all N-linked glycans
decreases the half-life of m157 expressed in C1498 cells following cyclohexamide treatment
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(Suppl Fig. 2), a finding that may partially explain why we were unable to detect significant
differences in m157 turnover, since measurements of m157 degradation in the presence of
proteasome inhibition and m157-ubiquitination were made prior to 24 hrs. Even considering
this decreased half-life, we cannot rule out another effect of cumulative N-glycosylation of
m157 that regulates the rate of posttranslational processing (synthesis) or conformational
stability. A similar reduction in overall protein abundance associated with the loss of N-
linked glycosylation has been reported for the NMDA receptor NR1 [44] and TTYH2, a
member of Tweety family of Cl− channels [45]. It is clear that differential N-glycosylation
accounts for the multiplicity of m157 isoforms across all transduced or MCMV-infected cell
types, since treatment with PNGase F collapses all isoforms to a common species at ~32
kDa (Figs. 2B, 2C and 3B).

A published crystal structure for m157 produced in Sf9 insect cells shows that all four
predicted N-glycosylation sites are found within the membrane-proximal α3 domain, but
that only N178 and N187 were glycosylated. The glycans at position N178 were predicted to
provide stabilization for the overall m157 structure through contacts with the α1/α2 platform
[41]. Our data clearly show that all four putative N-glycosylation sites are utilized in mouse
cells (Fig. 3B), and no single site appears to be critical for cell surface expression, stability,
or function of m157. Thus, assuming that all four sites are utilized in all cells, the
differential pattern of m157 isoforms observed in transduced and MCMV-infected cells may
arise from the particular oligosaccharide moieties at each site. More detailed studies are
required to determine whether differentially glycosylated m157 isoforms are displayed at the
cell surface among cell types, or differentially recognized by Ly49H+ (or Ly49I129+) NK
cells—analyses complicated by the low abundance of surface m157 among MCMV-infected
cells (C.A.F. and J.W.H., unpublished observation and [31]). Potentially, differential
glycosylation at these four sites may impact viral fitness and/or the host immune response
among MCMV-infected tissues, as has been clearly shown for influenza virus, HIV, and
other pathogenic viruses (reviewed in [46]).

For transduced BWZ.36 reporters expressing Ly49H (HD12 cells) or Ly49I129 (HI-129
cells), functional recognition of m157 expressed on transduced C1498, P815, or 3T3
fibroblast cells occurs independently of N-glycosylation (Fig. 4A and Suppl. Fig. 3).
Similarly, Ly49H+ NK cells are activated by all of these m157 N-glycosylation variants
(Fig. 4B–D), although the extent of Ly49H receptor downregulation was consistently lower
for interactions with fully unglycosylated m157 (Fig. 4B, C). This likely reflected a
diminished stability of binding, similar to previous observations for selected m157 mutants
that fail to activate HD12 cells [29]. Consistent with this interpretation was the finding that
3D10-mediated coimmunoprecipitation of unglycosylated m157 was dramatically reduced
between 10 and 40 min coincubation of HD12 cells with C1498-m157-N178,187,213,267Q
cells (Fig. 5A), suggesting that even minimal glycosylation of m157 (e.g. only at position
N267 for the triple mutant) affords enhanced stability of binding in this receptor-ligand
interaction. Although it is possible that the loss of glycosylation at multiple sites reduces the
conformational stability of m157, and thus the proportion of ligand that is available for
binding to Ly49H, the kinetic data suggest that Ly49H interaction with unglycosylated
m157 has a reduced overall stability, most consistent with a faster off-rate (Fig. 5B, 5C),
although more formal binding studies are required to verify this possibility. This is
consistent with the observation that isolated mutation of N178, alone or in combination with
N187Q, has no detectable effect on the conformational stability of m157 as predicted from
the crystal structure [41]. Among the m157 sequences reported to GenBank, N187, N213,
and N267 all are conserved in all m157 variants, whereas N187 is not, and there is no
correlation between the presence of N187 and binding to Ly49H among the m157 variants
with known Ly49H-binding capacity [10]. Furthermore, it is apparent that, like the
promiscuity with which NKG2D binds its ligands, Ly49H is tolerant to mutations in m157
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that would be predicted to compromise an induced fit structural interaction [29,41]. For
m157 variants that are expressed at the cell surface, loss of Ly49H binding and/or activation
is seen only after accumulation of multiple nonconservative mutations [10], or for isolated
mutations in buried residues that may dramatically alter its Ly49H-binding conformation
[29]. Thus, the ‘rigid adaptation’ model proposed for NKG2D-ligand interactions may be
generally applicable for the group V NK cell lectin-like receptors [47].

The finding that Ly49H-expressing HD12 cells become transiently m157+ when
coincubated with C1498-m157wt cells is consistent with what has been reported for
inhibitory Ly49 receptors (and human KIR) binding MHC I ligands, whereby the physical
transfer of ligand onto receptor-expressing NK cells occurs [24–26,38,48]. Trogosytosis has
also been described for the activating NKG2D receptor [27,28]. Our results in Fig. 6 indicate
that N-glycosylation of m157 is required for efficient transfer of m157 onto HD12 cells.
Importantly, for both HD12 cells and Ly49H+ NK cells, physical transfer of m157 at levels
detectable by flow cytometry, or co-immunoprecipitation followed by western blotting, is
not required for signaling, since all N-glycosylation mutants were capable of activating
Ly49H-expressing cells as efficiently as wt-m157 (Fig. 4 and data not shown). However,
considering that C1498 cells expressing unglycosylated m157 also are less efficient in
driving Ly49H receptor downregulation, we are interested to determine whether Ly49H
signaling may be uncoupled from both m157 transfer and Ly49H receptor internalization.
Thus, glycosylation of Ly49 receptor ligands expressed at low density, such as m157 on
MCMV-infected cells, may assist in promoting efficient receptor aggregation, which may in
turn afford sustained receptor signaling. Future studies using recombinant MCMV encoding
the m157-N178,187,213,267Q variant will be required to address this hypothesis.

Consistent with other group V CLR-ligand interactions, Ly49H is able to bind m157 with
reduced or no N-linked carbohydrates, and this interaction results in robust NK cell
activation. This observation is striking, given that fully unglycosylated m157 shows a
reduced stability of interaction with Ly49H as assessed biochemically and on live cells.
Glycosylation is also important for physical transfer of m157 to Ly49H-expressing cells.
While this large group of immune cell receptors appear to be lectins only in name, they may
retain some carbohydrate-recognition capacity that serves a more subtle contribution to
specificity, as was found for Ly49A [49], and/or overall avidity. It is evident that the
functional interactions of Ly49 receptors and their ligands are remarkably tolerant to
multiple amino acid substitutions and post-translational modifications. This manifests as
ligand promiscuity for these lectin-like receptors, and likely reflects not only the need to
keep pace with ongoing dynamic evolution of MHC class I and related structures, but also
the need for cooperation among them in regulating the activation threshold for potent
immune cells.

Materials and methods
Mice

BALB/c, C57BL/6, (NCI-Frederick, Frederick, MD) and B6.129S7-Rag1tmMom/J (RAG1-
deficient) mice used for propagation of virulent MCMV virus or as a source for fresh NK
cells were maintained in the University of Iowa Animal Care Unit barrier facility.
Experiments using mice were conducted according to protocols approved by the University
of Iowa Animal Care and Use Committee.

Cell Lines, MCMV infection, Retroviral transduction, and Flow Cytometry
The retroviral transduction system including the pMX vectors, Platinum-E (PLAT-E)
packaging cell line, BWZ.36 cells harboring an inducible NFAT-lacZ reporter cassette, and
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the derivative Ly49H reporter line (HD12 cells) have been described previously [14]. The
Ly49HI129 and Ly49HIB6 cell lines were generously provided by Wayne Yokoyama (HHMI
at Washington University, St. Louis, MO). All BWZ.36-derived cell lines and P815 (DBA/2
mastocytoma)-derived cell lines were maintained in RPMI 1640 (GIBCO/Invitrogen,
Carlsbad, CA) supplemented with 10% fetal bovine serum (FBS; Hyclone, Logan, UT), 2
mM L-glutamine, and 10 mM Hepes (“R10”). NIH-3T3, 3T12 fibroblasts and C1498
(C57BL/6J myeloid leukemia) cells and transduced derivatives were maintained in complete
Dulbeco’s Modified Eagle’s Medium (DMEM/high glucose, GIBCO/Invitrogen, Carlsbad,
CA) supplemented with 10% FBS, 1 mM (sodium) pyruvate, 2 mM L-glutamine, and 10
mM Hepes (“D10”) plus 50 µM 2-mercaptoethanol. The DC2.4 dendritic cell line (kindly
provided by Kenneth Rock, University of Massachusetts Medical School, Worcester, MA
and the Dana-Farber Cancer Institute, Boston, MA) was cultured in Hepes-buffered R10
plus sodium pyrvutate.

MCMV (Smith or K181-derived RM4503.3 [50] strains) passaged in vivo (BALB/c mice)
and prepared from salivary gland was used to infect 3T12 fibroblasts at a low multiplicity of
infection (m.o.i.) to expand viral stocks for use in in vitro infections. This fibroblast single-
passage MCMV was mixed with the indicated host cell lines at a m.o.i = 10 in a low
volume. After 90 minutes adsorption in complete medium supplemented with 2% FCS,
complete medium (e.g., R10 or D10) was added and the infections were incubated for 12–24
hr at 37 °C/5% CO2.

Wild-type (wt) and mutant m157 cDNA constructs were directionally subcloned into the
BamHI and NotI sites of the pMX-Puro retroviral vector (pMX vectors and PLAT-E cells
kindly provided by T. Kitamura, University of Tokyo). Transduced cells were surface
stained with Cy5-conjugated monoclonal antibodies (mAbs) specific for m157: 6D5 [29] or
6H121[31]. Fluorescently labeled cells were analyzed on a FACSCalibur flow cytometer
(BD Biosciences, San Jose, CA, USA) and the data processed using FlowJo software
(version 8.4.6, Tree Star Inc., Ashland, OR, USA).

Site-directed mutagenesis
PCR mutagenesis of m157 was performed using a site-directed mutagenesis kit according to
the manufacture’s standard protocol (Stratagene, Cedar Creek, TX). Asparagine in the
consensus sequence for N-glycosylation, Asn-X-Ser/Thr, was mutated to glutamine by
altering the Asn codon (bold type) in the following primers: N178Q, 5’-
CAACTCGCATACATGCAGGCGACCGAAGTCGAG; N187Q, 5’-
GTCGAGTTCTGGTAC CAGACGACCGGCTTGACC; N213Q, 5’-
GAATTATCCTTGAACACTCAGAGCTCTGCGATC GTTACTG; N267Q, 5’-
CGAAACGCGTGCCTGTCCAGATCAGCTCTTCGAAATG.

CPRG Assay for β-galactosidase activity
Activation of the inducible lacZ reporter line, BWZ.36 [51], and the derivative lines HD12
(expressing Ly49H), HI129 and HIB6 (expressing chimeric Ly49H-Ly49I receptors)
coupled to the DAP12 signaling adaptor was assessed as previously described [29].
Conversion of the colorimetric chlorophenol red β-D-galactopyranoside (CPRG) 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 a 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 each reporter cell line alone
with 5 ng/mL phorbol-myristate acetate (PMA) and 1 µM ionomycin.
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Western blot analysis and coimmunoprecipitation
Western blot analysis was performed as previously described using m157-specific mAb
6H121 [29,31]. Equal loading was controlled by reversible staining of the membrane with
Ponceau S solution and with antibodies to actin (Sigma-Aldrich, St. Louis, MO). For
Ly49H-m157 coimmunoprecipitation analysis, HD12 cells expressing Ly49H receptor were
incubated with stimulator cells expressing m157 (wt-m157 or one of the seven N-
glycosylation mutants; reporter:stimulator = 1:2) for 10 and 40 min; immunoprecipitation
using anti-Ly49H mAb 3D10 and detection by western blotting for m157 with mAb
6H121were performed as described [29]. Note that in the absence of a reagent to detect
Ly49H in western blot analysis, we verified Ly49H expression on HD12 cells by flow
cytometry before each experiment.

Analysis of N-linked Glycosylation and GPI-linkage
The extent of N-linked oligosaccharide modification for m157 was determined by treatment
of cellular lysates with peptide N-glycosidase F (PNGase F) or Endoglycosidase H (Endo H)
(New England BioLabs, Ipswich, MA) according to the manufacturer's instructions. Samples
were incubated for 1 hr at 37°C and then analyzed by western blotting for detection of m157
as described above.

GPI linkage of m157 mutants was assessed by treatment of 2×106 cells with 2U of
phosphatidylinositol-specific phospholipase C (PI-PLC; Invitrogen; Eugene, OR) in 0.5 ml
of complete medium. After 1 hr of incubation at 37 °C, cells were pelleted by centrifugation
at 600×g for 5 min and 10 µl of supernatant were diluted in sample buffer and analyzed by
western blot.

Flow cytometric analysis of the Ly49H-m157 interactions in HD12-C1498 cell mixtures
Ly49H-expressing HD12 cells were stained with 1 µM carboxyfluorescein succinamidyl
ester (CFSE; Sigma-Aldrich, St. Louis, MO) for 5 min at 37 °C prior to coincubation with
stimulator C1498 cell lines. CFSE labeling was terminated by addition of an equal volume
of FBS followed by washing in PBS + 5% FBS. Labeled HD12 cells were incubated with
stimulator cells expressing wt-m157 or the fully unglycosylated mutant, m157-N178, 187,
213, 267N (reporter:stimulator = 1:1) in R10 medium for times ranging from 5 to 185 min.
The 5 min time point represents cells mixed together and then immediately centrifuged and
processed for staining. Other samples were harvested after an additional 10, 40, or 180 min
at 37 °C and 5% CO2. At the indicated times for coincubation, cell mixtures were
transferred into PBS/5% FBS/0.2% sodium azide, centrifuged and then stained for Ly49H
(mAb 3D10-R-phycoerythrin) and m157 (mAb 6D5-allophycocyanin) for 5 min at room
temperature then washed and fixed with BD FACS™ Lysing Solution (BD Biosciences, San
Jose CA) according to package directions. Samples were analyzed by flow cytometry as
described above.

Intracellular cytokine staining of fresh NK cells
Intracellular staining was performed as in [14] with modification. Freshly isolated
B6.RAG1−/− splenocytes were co-cultured for 6 hr with m157-transduced C1498, P815 or
3T12 cells (1:1 for MIP-1α or 8:1 for INF-γ) in a 48-well plate (106 total cells/well;
brefeldin A (10 µg/ml) was added for the final 5 hr to allow for accumulation of intracellular
cytokines. Cells were collected with Versene and stained with anti-NK1.1-FITC (mAb
PK136), and Cy5-conjugated anti-Ly49H mAb 3D10 (GE Healthcare Piscataway, NJ, USA)
along with unlabeled mAb 2.4G2 to block non-specific Fc receptor binding. Following
fixation and permeablization, cells were incubated with anti-MIP-1α-PE (R&D Systems
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clone 39624), or anti IFN-γ-PE-Cy7 (BD PharMingen, San Diego, CA, USA; clone
XMG1.2), washed and then analyzed on a FACSCalibur flow cytometer as above.

Chromium release assay for NK cell cytotoxicity
NK cell cytotoxicity in vitro was assessed by standard 51Cr-release assay as described [52].
Fresh B6.RAG1−/− splenocytes were used as a source for NK cells; the Ly49H+ subset was
~63% of the NK1.1+ splenocytes. Parental C1498, m157-expressing C1498 cells, or YAC-1
cellular targets (5×103) were labeled with 10 µCi of 51Cr (NEN, Boston, Mass.), washed and
mixed with NK cells at effector to target (E:T) ratios ranging from 3:1-to100:1(in triplicate).
Killing activity is expressed as the percentage of specific 51Cr release: % cytotoxicity =
[(experimental 51Cr release− spontaneous 51Cr release)/(maximum 51Cr release
−spontaneous 51Cr release)]×100. For the control experiments, the target cells were
incubated either in the culture medium alone to determine the spontaneous release or in 1%
acetic acid to define the maximum 51Cr release. The spontaneous release was always <10%
of the maximum release. Anti-m157 mAb 6D5 (1 µg/mL or 10 µg/mL) was added to control
for specificity of Ly49H-mediated killing.

Generation of soluble m157-Fc proteins and use in flow cytometric binding assays
The CP197 construct containing the Smith m157-Fc behind the CD150L sequence cloned in
the CDM8 vector [8] was kindly provided by Dr L. Lanier (University of California, San
Francisco, CA USA). Soluble unglycosylated m157-Fc fusion proteins were generated
similarly, replacing the wt-m157 cDNA sequence with a PCR fragment amplified from the
pMX-Puro-m157-N178,187,213,267Q construct (minus the predicted leader sequence and
truncated before the GPI anchor motif) using the following primers containing the XhoI
recognition sequence (m157FcF11: TATATCTCGAGATTTTCAATCCTGATCCTGA; and
m157FcR1: ATTCTCGAGACGGTTGACATTCCCTTTCC). Both wt-m157 and
unglycosylated m157 are fused at the same junction to the human Fc portion of IgG. Soluble
fusion proteins were expressed by transient transfection in COS-7 cells using FuGene 6
transfection reagent (Roche Diagnostics). In some experiments, soluble m157-Fc proteins
were used as concentrated (~10x) COS-7 cell supernatants. Secreted proteins were also
purified from supernatants using protein G Nunc ProPur™ kit with mini spin columns
(Thermo Fisher Scientific Inc, Rochester, NY).

Purified m157-Fc proteins or concentrated supernatants were labeled using the Zenon™
Human IgG labeling reagents that are goat, Alexa-Fluor-647–labeled, Fab fragments
directed against the Fc portion of human IgG. Ly49H-expressing HD12 cells were incubated
with 100 µl of Alexa-fluor 647-labeled m157wt-Fc or m157-N178,187,213,267Q–Fc protein
containing supernatants for 15 min at room temperature. For kinetic dissociation
experiments, the volume of COS-7 cell supernatants containing m157-Fc proteins that
provided equivalent and maximal staining of HD12 cells was initially determined
empirically (ratio for wt-m157-Fc:m157-N178,187,213,267Q-Fc ~1:2). Samples were
washed with BSA containing PBS and after gentle resuspension anti-m157 6D5 (400µg/ml)
or anti-Ly49H 3D10 (400µg/ml) was added and cells were incubated at room temperature
for the duration of the experiment. Samples were analyzed every 10 min by FACSCalibur
flow cytometer as described above.

Confocal Microscopy
Parental and m157-expressing C1498 cells were grown on glass coverslips covered with 1%
poly-lysine. Cells were fixed in 4% paraformaldehyde in PBS for 20 min at room
temperature, washed twice with PBS and incubated in ice-cold digitonin permeablization
buffer (0.005% digitonin, 0.3 M sucrose, 0.1M KCl, 2.5 mM MgCl2, 1mM EDTA, 10mM
HEPES pH 6.9) for 20 min at 4 °C. Cells were washed and blocked with PBS containing 2%
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bovine serum + 10% goat serum at room temperature for 30 min and then incubated with
6D5 (50 µg/ml) or anti-giantin (1:1000; Covance; Berkeley, CA) antibodies for 30 min at
room temperature. After washing in PBS 4 times, cells were incubated with a mixture of
secondary anti-mouse conjugated with Alexa-488 (1:500) and anti-rabbit conjugated with
Alexa-556 (1:500) for 1 hour at room temperature, and then washed again with PBS.

For confocal imaging of live cells, HD12 cells were labeled with 1 µM CFSE for 5 min at
37°C. In some experiments, C1498-m157-N178,187,213,267N cells were labeled with 2 µM
PKH-26 for 5 min at room temperature. Ligand expressing cells were mixed with receptor
expressing cells (1:1) in final concentration of 2×106/mL on a glass bottom culture dish and
cell mixture was incubated for 5 min at 37°C. A Zeiss Heating Stage was used to maintain
cells at a constant 37°C during incubation periods and imaging. 6D5-Cy5 antibodies were
added (1:100) and live cell imaging was performed by confocal laser scanning microscopy
using a Zeiss LSCM 510 (Carl Zeiss, Inc., Thornwood, NY) and ×63 oil immersion
objective.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.

Abbreviations

CLR C-type lectin receptor

CPRG chlorophenol red-β-D-galactopyranoside

MCMV murine cytomegalovirus

MIP-1α macrophage inflammatory protein type 1a, [also, CCL3]
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Figure 1. Expression of m157 among different transduced cell types
(A) C1498 (myeloid leukemia), P815 (mastocytoma), NIH-3T3 and 3T12 fibroblast lines
(parental and m157-transduced) were evaluated for cell surface expression of m157 by flow
cytometry using Cy-5-labeled mAb 6H121 (grey shaded histograms) or isotype control
(open histograms). (B) Triton X-100 lysates were prepared from the indicated parental and
m157-transduced cell lines and assessed for m157 content by western blotting using mAb
6H121.
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Figure 2. MCMV m157 isoforms result from differential N-linked glycosylation
(A) Schematic depiction of mature m157 protein, residues Ile01 through Ser286. The
positions of four predicted N-linked glycosylation sites at N178, N187, N213, and N267 are
indicated; a fifth site at N284 is not a candidate due to its proximity to the GPI cleavage site
at Ser286. (B) Triton X-100 lysates were prepared from the indicated m157-transduced cell
lines and aliquots (20 µg proteins) were digested with Endo H or PNGase F to remove N-
linked carbohydrates. (C) NIH-3T12 fibroblasts, IC-21 macrophages and DC2.4 dendritic
cells were infected with MCMV (K181-derived, GFP-expressing RM4503.3 strain [49]).
Triton X-100 lysates from infected cells were subjected to Endo H or PNGase F treatment
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followed by western blotting. Note that an ~42 kDa isoform present in all cell lines is Endo
H sensitive, but isoforms of higher molecular weight are variable and resistant to Endo H.

Guseva et al. Page 20

Eur J Immunol. Author manuscript; available in PMC 2011 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3. Generation and characterization of single and combinatorial N-glycosylation site
mutants of m157 in C1498 cells
(A) Site-directed mutagenesis of asparagine (N)-to-glutamine (Q) was performed to alter
each of the four predicted N-glycosylation sites at N178, N187, N213, and N267 in isolation
and in double-N178,187Q, triple-N178,187,213Q, and quadruple-N178, 187, 213, 267Q
combinations. Each m157 N-glycosylation site mutant was retrovirally expressed in C1498
cells and evaluated for cell surface expression by flow cytometry using mAb 6H121 (shaded
histograms) and compared to isotype control (open histograms). (B) Triton X-100 lysates
from each of the m157-expressing C1498 lines were subjected to PNGase F treatment and
analyzed by western blotting as in Fig. 2. Untreated samples (−) show m157 species of
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predictably different sizes, consistent with N-linked glycosylation at the remaining
(unmutated) sites, but following PNGase F digestion (+), all m157 species are reduced to
~32 kDa, the predicted size of the unmodified mature polypeptide. (C) C1498 cells lines
expressing m157 mutants were treated with PI-PLC or left untreated. 10µl of supernatants
were diluted in sample buffer and analyzed by western blotting (thus the relative amount of
m157 present in each sample is concentrated compared to the cell lysates depicted in B).

Guseva et al. Page 22

Eur J Immunol. Author manuscript; available in PMC 2011 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4. N-glycosylation-deficient m157 retains the capacity to activate Ly49H reporter cells
and fresh Ly49H+ NK cells
(A) C1498 cells expressing wt-m157 or m157 N-glycosylation site mutants were incubated
with Ly49H-expressing HD12 cells and induction of β-galactosidase activity in HD12 cells
was measured by CPRG assay and plotted as a percentage of the maximal induction using
PMA + ionomycin (all samples assayed in triplicate). Right panel shows not only specificity
of the HD12 reporter activity, but also the increased sensitivity of Ly49H-mediated
activation by the quadruple-N178,N187,N213,N267 mutant to mAb 3D10 (anti- Ly49H)-
mediated blockade. (B) MIP-1α and (C) IFN- γ production by NK cells after incubation with
the C1498-m157 panel of cell lines. Freshly isolated B6.RAG1−/− splenocytes were co-
cultured for 6 hr with parental C1498, or C1498 cells expressing wt-m157 or each of the N-
glycosylation site m157 mutants. For each dot plot, cells were gated on the NK1.1+

population. Note that there is comparable intracellular MIP-1α or IFN-γ production in
response to all m157-expressing cell lines that correlates with Ly49H receptor
downregulation. (D) A representative 51Cr-release assay showing comparable NK cell
killing of C1498-m157wt (filled squares) and C1498-m157-N178,187,213,267Q targets
(filled triangles), but not parental C1498 cells (filled circles). Preincubation with anti-m157
specific antibodies (6D5, 10 µg/ml, open symbols) specifically blocks killing of m157-
expressing targets, but not YAC-1 targets (not shown). Data area representative of 5 (part A)
or 3 (part B–D) experiments.
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Figure 5. N-glycosylation of m157 enhances the stability of Ly49H-m157 binding
(A) C1498 cells expressing wt-m157 or each of the indicated m157 N-glycosylation site
mutants were incubated with Ly49H-expressing HD12 cells for 10–40 min. at 37°C. Cell
mixtures were lysed in IP buffer and Ly49H was immunoprecipitated with mAb 3D10.
3D10 precipitates following 10 or 40 min coincubation (top panels) and whole cell lysates
(bottom panel) were then analyzed by western blotting using mAb 6H121 to detect
coimmunoprecipitated m157 as in Figs. 2 and 3. Note that the blots are intentionally
overexposed to clearly show interactions between Ly49H and the combinatorial N-
glycosylation mutants, which are expressed at an apparent lower abundance. The m157-
Ly49H interactions are uniformly stable with the exception of the quadruple-
N178,187,213,267Q mutant, which loses its interaction with Ly49H after 40 min of
coincubation. (B) HD12 cells were incubated with Alexa-fluor 647-labeled soluble m157wt-
Fc or N178,187,213,267Q-Fc reagents for 15 min at room temperature, washed and analysis
by flow cytometry. Note MFI of HD12 stained with m157wt-Fc and N178,187,213,267Q-Fc
are nearly identical. (C) Kinetic dissociation of Alexa Fluor-647-labeled m157-Fc from
HD12 cells. Ly49H-expressing HD12 cells were incubated with labeled m157wt-Fc or
N178,187,213,267Q-Fc as in (B); at time 0, blocking mAbs 6D5 or 3D10 (unlabeled) were
added at room temperature and individual samples were analyzed sequentially by flow
cytometry after 10, 20, 30 and 40 min incubation. Data are expressed as the percentage of
the maximum MFI (time 0 = 100%; see part B). Data are representative of 4 experiments.
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Figure 6. N-glycosylation of m157 enhances trogocytosis by Ly49H-expressing cells
(A) Flow cytometric analysis of Ly49H-expressing HD12 cells mixed (1:1) with parental
C1498 cells (left column), C1498-m157wt cells (middle column), or C1498-m157-
N178,187,213,267N cells expressing unglycosylated m157 (right column) at the indicated
times of coincubation. Cell mixtures were stained for surface expression of Ly49H (3D10-
PE) and m157 (6D5-APC); HD12 cells were prelabeled with CFSE (not shown) to facilitate
discrimination within the cell mixtures. Only single cell events were collected by means of
scatter gating. (B) Graphical depiction of density of m157 (MFI of APC-6D5) on Ly49H-
expressing HD12 cells in each cell mixture at the indicated times of coincubation. The lack
of N-glycosylation on m157 dramatically reduces this parameter of the receptor-ligand
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interaction at all time points up to 3 hr. (C) Representative live cell images of C1498-
m157wt (left panel) or C1498-m157-N178,187,213,267N mutant (right panel) coincubated
with HD12 cells (labeled with CFSE). Cells were mixed (1:1) on glass bottom culture dish
and incubated for 5 min at 37 °C. Addition of Cy5-6D5 stained m157-expressing cells in
red. Images were taken every 2 min; the images at 5 and 25 min are shown. Arrows indicate
points at the surface of HD12 cells (red spots) where transfer of wt-m157 has occurred (left
panel). No transfer of unglycosylated m157 to HD12 cells was observed (right panel). (D)
CFSE-labeled HD12 cells (green) were mixed with PKH-26-labeled C1498-m157-
N178,187,213,267N mutant cells (blue) together with unlabeled C1498-m157wt cells
(1:1:1) and incubated for 15 min at 37 °C. Addition of Cy5-6D5 (anti-m157) to cell mixture
stains C1498-m157wt cells red, whereas C1498-m157-N178,187,213,267N mutant cells
appear pink. Images were taken every 2 min for 10 min; the final image is shown. Arrows
indicate a transfer of wt-m157 from C1498-m157wt (red) to HD12 (green) cells that was not
observed for HD12 cells contacting C1498 cells expressing unglycosylated m157. Data are
representative of 3 (parts A, B) and 5 (parts C, D) experiments, respectively.
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