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The CD38 molecule (CD38) catalyzes biogenesis of the calci-
um-mobilizing messenger cyclic ADP-ribose (cADPR). CD38
has dual membrane orientations, and type III CD38, with its
catalytic domain facing the cytosol, has low abundance but is
efficient in cyclizing cytosolic NAD to produce cADPR. The role
of cell surface type II CD38 in cellular cADPR production is
unknown. Here we modulated type II CD38 expression and
assessed the effects of this modulation on cADPR levels. We
developed a photoactivatable cross-linking probe based on a
CD38 nanobody, and, combining it with MS analysis, we discov-
ered that cell surface CD38 interacts with CD71. CD71 knock-
down increased CD38 levels, and CD38 knockout reciprocally
increased CD71, and both could be cocapped and coimmuno-
precipitated. We constructed a chimera comprising the N-ter-
minal segment of CD71 and a CD38 nanobody to mimic CD71’s
ligand property. Overexpression of this chimera induced a dra-
matically large decrease in CD38 via lysosomes. Remarkably,
cellular cADPR levels did not decrease correspondingly. Bafilo-
mycin-mediated blockade of lysosomal degradation greatly ele-
vated active type II CD38 by trapping it in the lysosomes but also
did not increase cADPR levels. Retention of type II CD38 in the
endoplasmic reticulum (ER) by expressing an ER construct that
prevented its transport to the cell surface likewise did not
change cADPR levels. These results provide first and direct evi-
dence that cADPR biogenesis occurs in the cytosol and is cata-
lyzed mainly by type III CD38 and that type II CD38, compart-
mentalized in the ER or lysosomes or on the cell surface,
contributes only minimally to cADPR biogenesis.

CD38 is a signaling enzyme with multiple forms and func-
tions. It regulates various physiopathological processes, includ-
ing insulin secretion (1), HIV infection (2), malignancies like
leukemia (3) and myeloma (4), as well as dysfunction of tumor-
infiltrating CD8� T cells (5).

CD38 was first identified on the surface of lymphocytes by
monoclonal typing (6). It has long been accepted that it is a type
II membrane protein with its carboxyl domain (C-domain)3

facing out. It has been considered to function only as a surface
antigen. In T lymphocytes, it has been suggested to interact
with CD4 and, in doing so, protect the cells from infection by
HIV (2). In monocytes, surface CD38 has been reported to asso-
ciate with proteins of the major histocompatibility complexes
(MHCs) (7) and has also been shown to act as the receptor for
ligands such as CD31 (8).

Since the subsequent discovery that CD38 is an NAD-utiliz-
ing enzyme responsible for producing a second messenger for
calcium mobilization, cyclic ADP-ribose (cADPR), more than
two decades ago (9), its membrane topology has been an unre-
solved paradox. It is puzzling how a type II protein, with its
catalytic domain facing out, can use cytosolic NAD to produce
cADPR, which targets the calcium stores in the endoplasmic
reticulum (ER). Recently, we showed that it also naturally exists
in an opposite orientation as a type III membrane protein, with
its catalytic domain facing the cytosol (10, 11). This form of
CD38 is highly efficient in using cytosolic NAD as a substrate
and producing cellular cADPR (11). The activity is regulated by
a cytosolic protein, CIB1, that binds to the catalytic domain of
CD38 (11).

The question that remains unanswered is the role of type II
CD38 in the production of cellular cADPR. In this study, we
aimed to modulate type II CD38 in cells and assess the effects on
cellular cADPR production. We first developed a versatile tech-
nique to identify and map out the interacting partners of sur-
face CD38 in myeloma cells, LP-1, which express high levels of
CD38 in both type II and type III orientations (11). We designed
and synthesized a nanobody-based photoaffinity cross-linker
(NPC). Using it, we identified CD71 as a so far unknown and
specific interaction partner of surface type II CD38. We further
elucidated the functional consequences of the interaction for
expression of CD38 and intracellular cADPR levels.
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Results

Development of the nanobody-based photoaffinity labeling
approach

A common approach for mapping the interacting molecules
of a surface protein is to immunopurify its associated complex
after solubilization, followed by identification with MS. This
approach normally generates a large number of candidates. The
majority of these may not interact directly with the protein of
interest but are only secondarily and peripherally associated in
the complex. For proteins that are known to be in lipid rafts,
highly stringent solubilization can disrupt weaker interactions
and lead to false negative results. Indeed, CD38 has been found
in lipid rafts in various cells, such as T cells (12), monocytes (7),
and B cells (13). A better profiling method is needed.

Here we designed and developed a nanobody-based photoaf-
finity labeling (NPL) approach to identify the interacting mem-
brane proteins of CD38. We recently produced a series of nano-
bodies targeting three different epitopes on the C-domain of
CD38, which is also its catalytic domain (14). The design of the

NPC is shown in Fig. 1A. Its cross-linker portion (sulfo-SBED)
has three functional groups. The NHS group (Fig. 1A, light
green square) is used to conjugate the probe to the primary
amine groups of the four lysines at the surface of the CD38
nanobody, Nb-1053 (Fig. 1A, red) (14). The UV-activatable
phenyl azide group (Fig. 1A, blue square) is used to cross-link to
the interacting candidates. The biotin group (Fig. 1A, light red
square) is for purification of the cross-linked candidates using
streptavidin (Strep) beads. The disulfide linkage in the middle
(Fig. 1A, yellow square) allows release of Nb-1053 from the con-
struct by reduction.

The purity of Nb-1053 used in the construct is shown in Fig.
S1A. The resulting NPC was validated by SDS-PAGE and West-
ern blots, which showed that NPC could bind streptavidin (Fig.
S1B). The analysis procedure is diagrammed in Fig. 1B. NPC
(Fig. 1B, green and yellow, cartoon mode) is incubated with live
cells, and its Nb-1053 directs specific binding of the probe to
the surface type II CD38 (Fig. 1B, beige, in surface mode). UV
irradiation activates the azido groups (Fig. 1B, red stars) into

Figure 1. Design of NPL. A, the chemical structure of sulfo-SBED and the partners of the three functional groups. The NHS group (green box) is for covalent
linkage with nanobodies (Nb-1053, surface structure). The p-azido benzamido group (blue box) is for photosensitive linkage with the candidate interaction
proteins (IPs), and biotin (red box) is for affinity purification with streptavidin beads. The distance between the succinimidyl group and azido group is around
14.3 Å. In the crystal structure of Nb-1053 (PDB code 5F1K), the CDRs are colored yellow, and the four lysines are colored red. B, protocol and schematic of the
NPL approach. The CD38/Nb-1053 complex is the actual crystal structure (PDB code 5F1K) we solved previously. The four red stars represent the biotins in
sulfo-SBED, which were transferred from Nb-1053 to CD38, and its interaction proteins.
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highly reactive nitrenes (Fig. 1B, red lines), which then cross-
link NPC to CD38 as well as its interacting proteins (Fig. 1B,
light blue, labeled with a question mark). Subsequent treatment
with the reductive reagent DTT releases Nb-1053 from CD38
and the candidate, which are linked with biotin (Fig. 1A, red
square) and can be pulled down by Strep beads for Western
blots or MS identification (Fig. 1B). The release of the nanobody
is to avoid its interference in subsequent MS analysis. The the-
oretical distance between Nb-1053 and the azido group is
around 14.3 Å. The allosteric constraint of NPC ensures that it
can only cross-link to candidates that bind directly and closely
to CD38. Using the crystal structure of the CD38/Nb-1053
complex (PDB code 5F1K, Fig. 1B), we determined that the four
lysines of Nb-1053 in the NPC should preferentially cross-link
to candidates that bind to the opposite side of the catalytic
pocket of CD38.

The methodology was first validated in vitro on recombinant
CD38 (reCD38) (15) using Nb-5512 as a model CD38-binding
protein and a positive control. BSA was used as a negative con-
trol. Nb-5512 (the purity is shown in Fig. S1A) is a tandem dimer
of another nanobody of CD38, Nb-551, which binds to CD38 at
an epitope distinct from that of Nb-1053, and they can form a
triplex (16). The size of Nb-5512 is twice that of Nb-1053, allow-
ing its easy identification in gels and blots. As shown in Fig. 2A,
top panel (visualized with HRP-conjugated streptavidin), the
biotin labeling could be detected in reCD38 and Nb-5512 but
not in BSA, even though 2-fold more BSA than reCD38 was
used (Fig. 2A, bottom panel, Coomassie Blue staining), indicat-
ing that the labeling was highly specific. It should be noted that
the biotin signal of Nb-5512 was much stronger than that of
reCD38, indicating that the NPC probe preferentially cross-
linked to the CD38-binding proteins than to CD38 itself. This is

expected because, from the crystal structure of the CD38/Nb-
1053 complex, only one of the NPC-conjugating lysines on
Nb-1053 is close to the CD38 binding interface (Fig. 1B,
Nb-1053, yellow).

Profiling the CD38-interacting membrane proteins

We next applied the NPC to a multiple myeloma cell line,
LP-1, which expresses high levels of surface type II CD38. A
CD38 knockout LP-1 cell line (CD38-KO) (11) was used as a
negative control to test CD38 dependence. As shown in Fig. 2B,
CD38 was detected in the input of LP-1 samples, but it could be
pulled down by Strep beads only when NPC was applied, which
indicated that NPC could label CD38 in LP-1 cells. Nb-5512 was
added as a reference binding protein. The biotin labeling of
Nb-5512 was much stronger than CD38 itself (Fig. 2B, third blot
with Strep-HRP, the indicated bands in the second lane versus
the third lane) and was CD38-dependent because CD38-KO
cells did not develop any signal. Addition of Nb-5512 competed
the signal of CD38, indicating preferential cross-linking of NPC
on CD38-binding proteins than CD38 itself and was consistent
with what was seen with reCD38 described above.

To further verify that NPC can bind to and label surface
CD38 in LP-1 cells, the experiments were repeated with the
following modifications. First, to further demonstrate specific-
ity, 1053-biotin, the biotin-conjugated Nb-1053, was included,
which should bind to surface CD38 but not transfer biotin to
CD38 or its partners. Second, the probe-associated complexes
were precipitated by anti-FLAG beads without DTT pretreat-
ment. As shown in Fig. S2A, CD38 could be pulled down by
incubation of either NPC or 1053-biotin (second blot, lanes 3
and 4). On the contrary, biotinylation of CD38, Nb-5512, or the
complex was only detected in the NPC-treated sample (Fig.

Figure 2. NPC efficiently captures the interaction proteins of CD38 in vitro and in cellulo. A, the proteins, including Nb-5512, a known CD38 binder serving
as a positive control, and BSA, a negative control, were used to test the efficiency and specificity of NPL in vitro. The indicated proteins were incubated at 4 °C
for 1 h, UV-irradiated for 8 min on ice, treated with 100 mM DTT for 15 min, and analyzed by Western blotting and Coomassie Blue staining. The molar ratio of
NPC probe:reCD38:Nb-5512:BSA is 5:1:1:2. All protein markers are indicated on the left of the gels or blots in kilodaltons. B, the indicated proteins were
incubated with LP-1 cells on ice for 1 h, followed by exposure to UV light for 20 min on ice. The lysates were treated with 100 mM DTT, and the biotinylated
proteins were precipitated by the Strep beads and analyzed by Western blotting. IB, immunoblot. C, schematic of the semiquantitative chemical proteomics
workflow. D, dot plots of the enriched proteins in NPC-labeled LP-1 cells versus those in CD38-KO LP-1 cells identified by MS. The numbers (�2) of unique
peptides of candidate proteins were plotted. CD71, MHCs, and CD38 are highlighted in red, purple, and green, respectively. The MS experiments were done
twice.
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S2A, third blot, lane 3), which was consistent with the results in
Fig. 2B.

The Strep-HRP blot (Fig. 2B, first lane) shows that there were
abundant endogenous biotinylated proteins, obscuring the very
low amounts of the CD38 binding partners. We then turned to
high-resolution MS to identify unique peptides in the NPC-
labeled pulldowns prepared from LP-1 cells. Samples were pre-
pared as depicted in the scheme in Fig. 2C from NPC-labeled
LP-1 cells and three controls, including nontreated LP-1 cells,
NPC-labeled CD38-KO/LP-1 cells, and 1053-biotin incubated
LP-1 cells. The numbers of unique peptides identified by MS of
the samples from LP-1 and CD38-KO LP-1 cells are plotted in
Fig. 2D; peptides found in both samples fall along the dotted
diagonal line (black dots). Peptides corresponding to CD38
(Fig. 2D, green dot) were seen only in the LP-1 samples. Like-
wise, peptides corresponding to CD71 (Fig. 2D, red dot) and six
MHC proteins (Fig. 2D, purple dots) were also enriched in
NPC-treated WT LP-1 cells but not in CD38-KO LP-1 cells.
These peptides were also absent in the other controls shown in
Fig. S2B, plotting peptides in NPC-labeled LP-1 (NPC/LP-1)
versus LP-1 cells not treated with NPC (vehicle/LP-1), nor were
they found in LP-1 cells incubated with 1053-biotin (Fig. S2C,
1053-biotin/LP-1).

The MS results indicated that CD71 and MHCs are CD38
binding partners on the surface of LP-1 cells. MHCs have been
reported previously to be associated with CD38 (7). We con-

firmed that NPC could label one of the MHCs, HLA-A, by
Western blotting. As shown in Fig. S3A, HLA-A and CD38 were
present in the immunoprecipitants either by anti-FLAG (on
NPC) beads (fifth blot) or by Strep beads (eighth blot) in NPC-
treated LP-1 cells (lane 3) but not in the controls (lanes 1, 2,
and 4).

CD71 interacted with CD38 and regulated its protein levels

The MS results above documented that at least six peptides
corresponding to CD71 were present only in samples from
NPC-cross-linked LP-1 cells, more than that of MHCs, a known
CD38-associated protein (7). This strongly suggests that CD71
is a more abundant CD38 binding partner than MHCs in LP-1
cells, which has never been reported before. We next validated
the MS result by probing the Western blots of Strep pulldown
samples from NPC-cross-linked LP-1 cells using anti-CD71
instead of the Strep-HRP in Fig. 2B. Indeed, both CD38 (Fig. 3A,
third blot) and CD71 (Fig. 3A, fourth blot) were detected in the
precipitates by Strep beads in NPC-treated LP-1 cells but not in
the two controls, NPC-treated CD38-KO (Fig. 3A, lane 1, 3rd

and 4th blots) or nontreated LP-1 cells (Fig. 3A, second lane,
third and fourth blots). The inputs shown also in Fig. 3A, first
and second blots, indicated equal loading for all samples. The
Western blot results confirm that CD71 is naturally associated
with endogenous CD38 in LP-1 cells.

Figure 3. CD71 interacts with CD38 and regulates its protein level and cellular cADPR production. A, the interaction between CD71 and CD38 was
validated by NPL-immunoprecipitation-Western blotting. Sample preparation is shown in Fig. 2B. The proteins CD71 and CD38 in the lysate (Input) or
immunoprecipitants were analyzed by anti-CD71 and anti-CD38, respectively. B, WT (center panel) or CD38-KO (top panel) LP-1 cells were incubated with
anti-CD38 at 4 °C for 1 h, followed by 37 °C for 20 min to induce capping of CD38. Cocapping (arrows) of CD71 was observed by immunostaining with anti-CD71.
Green, CD38; purple, CD71. Negative DAPI staining was used to ensure cell integrity. The low-temperature control (bottom panel) was done as above, except
that the cells were not moved to 37 °C but maintained in 4 °C for 20 min. C, the lysates of WT and CD38-KO/LP-1 cells were subjected to Western blotting (top
panel). Bottom panel, the band intensities were analyzed by ImageLab (Bio-Rad), normalized by those of WT LP-1, and plotted with GraphPad software. D, the
same experiments as in C were done with LP-1 cells stably knocking down CD71 with lentiviral vectors. E, the same experiments as in D were done with HEK293
cells transiently knocking down CD71 with siRNAs. F, the total activities of CD38 were measured by �NAD assay with the lysates from D and E. G, the cellular
cADPR contents were measured by cycling assay. All experiments were repeated at least three times (mean � SD; n � 3; Student’s t test; *, p � 0.05; **, p � 0.01;
***, p � 0.001; ****, p � 0.0001).
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Because both CD38 and CD71 are present on the cell surface,
a cocapping assay was used to further substantiate the interac-
tion. As shown in Fig. 3B, the antibody against CD38 could
induce capping of surface CD38 and formation of the clusters,
as we have shown before (10). Fig. 3B shows that the capping of
CD38 (second row, green, indicated by arrows) in WT LP-1 cells
and CD71 appeared in the same clusters (Fig. 3B, second row,
purple, indicated by arrows). The same treatment did not
induce clustering of CD71 in CD38-KO LP-1 cells (Fig. 3B, first
row) or in controls incubated on ice to inhibit capping (Fig. 3B,
third row). All of these data indicate that CD71 is strongly asso-
ciated with CD38, either naturally in LP-1 cells or when trans-
fected into HEK293 cells.

We next determined the functional consequences of the
association between CD38 and CD71. Fig. 3C shows that LP-1
cells with CD38 knocked out expressed significant higher levels
of CD71 compared with normal LP-1 cells (top panel, represen-
tative blots; bottom panel, statistical analysis of band intensities
from three independent experiments). Because knockout of
CD71 severely impaired cell viability, we used knockdown with
shRNA or siRNA instead in LP-1 cells (Fig. 3D) or in HEK293
cells overexpressing CD38 (Fig. 3E, CD38/HEK-293), respec-
tively. Both showed that knocking down CD71 could signifi-
cantly increase the protein levels of CD38. The increased CD38
was active, as measured by its NADase activities in the cell
lysates, which showed a corresponding increase in enzymatic
activity after CD71 knockdown (Fig. 3F).

Surprisingly, CD71 knockdown in LP-1 and CD38/HEK293,
causing increases in both total protein and activity of CD38
(Fig. 3, C–F), did not result in changing the cellular cADPR
levels (Fig. 3G). In fact, slight decreases were actually seen in
both HEK293 and LP-1 cells. This was the first indication that
cellular levels of surface type II CD38 (cf. Fig. 3F) do not corre-
late with cADPR.

Chimeric CD71N-551 decreased CD38 levels but did not alter
cellular cADPR

It is generally known that ligand binding to surface proteins
can induce endocytic degradation of the proteins. This mecha-
nism underlies the ligand-induced desensitization of many sur-
face receptors. The effects of CD71 on CD38 levels suggest that
it could function as a natural ligand for surface CD38.

To test this hypothesis, we constructed a binding chimera to
see whether it can mimic the effects of CD71. The construct
was composed with the N terminus of CD71 (amino acids 1–96)
fused to a CD38 nanobody (Fig. 4A), Nb-551 (CD71N-551).
Nb-551 was used because it is a good model ligand for type II
CD38 (cf. Fig. 2, A and B). Indeed, we have shown previously
that surface CD38 possesses an intrinsic endocytic mechanism
that can be potently activated by binding to its nanobody as an
exogenous ligand (17). CD71 may well be a natural ligand for
activating this endocytic mechanism.

As nonbinder controls, chimeras CD71N-NbGFP with an Nb
against GFP (18) and CD71N-NbEGFR with an Nb against epi-

Figure 4. The chimeric CD71N-551 significantly decreased CD38 protein levels but did not decrease intracellular cADPR production. A, schematic of
the construction of chimeric CD71N-551, with CD71N-NbGFP and CD71-NbEGFR as the CD38-unrelated controls. B, the expression and subcellular localization
of CD38 and the chimeric Nbs. HEK293 cells stably expressing CD38 (CD38/HEK-293) were infected with a lentivirus carrying the expression cassettes for the
chimeric Nbs. The cells were stained with anti-CD38 and anti-FLAG (for the chimeric Nbs) with the protocol described under “Experimental procedures.” Green,
CD38; purple, chimeric Nbs; blue, DAPI for the nucleus. C, the levels of CD38/CD71N-Nbs and cellular cADPR in HEK293 cells coexpressing CD38 and the
indicated CD71-Nbs were analyzed by Western blotting (center panel, representative blots; top panel, quantification of band intensities) and cycling assay
(bottom panel). D, the cyclase activities of the above lysates were analyzed by NGD assay. E and F, HEK293/CD38 cells were infected with a lentivirus carrying the
inducible expression cassettes for the chimeric Nbs. The proteins (E) and cADPR (F) levels were analyzed at the indicated time points with treatment of 2 �g/ml
doxycycline. G, the levels of mutCD38/CD71N-Nbs in HEK293 cells coexpressing mutCD38 and the indicated CD71-Nbs were analyzed by Western blotting
(bottom panel, representative blots; top panel, quantification of band intensities). All experiments were repeated at least three times (mean � SD; n � 3;
Student’s t test; *, p � 0.05; **, p � 0.01; ****, p � 0.0001; ns, not significant).
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dermal growth factor receptor (19), were also prepared. All Nbs
were also FLAG-tagged.

Fig. 4B shows that CD38/HEK-293 cells expressed CD38
mainly in the cell membrane (CD38, control, green). Coexpres-
sion with CD71N-551 showed similar membrane localization
as CD38 (Fig. 4B, anti-FLAG, CD71N-551, purple) and dramat-
ically reduced CD38 expression (Fig. 4B, CD38, CD71N-551).
Controls cotransfected with a nonbinder, CD71N-NbGFP or
CD71N-NbEGFR (Fig. 4B, third and fourth rows, respectively),
showed no reduction in CD38, and both were colocalized on
the cell surface.

Western blot analyses confirmed the results from the immu-
nostaining experiments. Expression of the chimeras was veri-
fied by anti-FLAG blots (Fig. 4C, center panel, second blot). The
CD38 blot (Fig. 4C, center panel, first blot) shows that CD71N-
551 could induce a dramatic reduction in CD38 levels by 80% �
5% (Fig. 4C, top panel and center panel, first blot). Nonbinding
chimeras (Fig. 4C, top panel and center panel, fourth and fifth
lanes) did not alter CD38 levels, which remained similar to the
control without the chimera (Fig. 4C, top panel and center
panel, third lane). The results show that the binding chimeras
can reproduce the reducing effect of CD71 on CD38 levels and
are consistent with the hypothesis that binding to surface CD38
can activate its intrinsic mechanism of endocytic degradation.
In fact, the CD38 reduction induced by the binding chimeras
was even more dramatic than that of CD71, which may be
related to the higher affinity of Nb-551 for CD38 (14). Consis-
tently, the association of the MHCs is much weaker than that of
CD71, as indicated by the MS results (Fig. 2D), and knockdown
of HLA A produced no change in CD38 levels (Fig. S3B).

Strikingly, the cellular levels of cADPR showed no decrease
(Fig. 4C, bottom panel, last column), even with the dramatic
decrease of the CD38 protein induced by the CD38 targeting
chimera. Measurements of the cyclase activity of CD38 in cell
lysates (Fig. 4D) showed a reduction similar to the protein
levels.

Because CD38 is responsible for synthesizing cellular cADPR,
and the great majority is type II on the cell surface, that the large
reduction in its level is not reflected in cADPR content is a big
surprise. It does, however, strongly suggest that the type II
CD38 is not contributing to cellular cADPR production. We
have documented previously that CD38 naturally coexists in
cells in two opposite membrane orientations (10, 11). The great
majority of CD38 is type II CD38, expressed on the cell surface,
whereas type III, a very minor portion, is present intracellularly,
with its catalytic carboxyl domain facing the cytosol. We have
also shown that type III CD38 is enzymatically active and can
elevate cellular cADPR levels using cytosolic NAD as a sub-
strate (10, 20). We have further documented a direct correla-
tion of type III CD38 levels with cADPR content even though
type III CD38 is of very low abundance compared with total
CD38 (11), which is in direct contrast with the noncorrelation
of type II CD38 levels described above.

This truly remarkable dichotomy of the type II CD38 and
cADPR levels affected by CD71 and the binding chimeras was
further substantiated by constructing tetracycline-responsive
vectors to control the expression of the chimeras. As shown in
Fig. 4E, treatment with doxycycline gradually induced time-de-

pendent expression of the chimeras in CD38/HEK293 cells
(center blot in each set). Correlating with expression of the
binding chimera CD71N-551, the CD38 levels (Fig. 4E, first blot
in the first set) showed a concomitant decrease. Induction of
nonbinder chimeras produced no such change. The time
courses in Fig. 4F show that the cellular cADPR levels remained
essentially constant, and no decreases were observed.

In striking contrast, CD71N-551 had no effect on the
expression level of type III CD38, as shown in Fig. 4G. We
have shown previously that type II CD38 can be switched to
type III by mutating the positively charged residues in the
N-terminal tail (10). Type III CD38 expression in cells
expressing CD71N-551 remained the same as that of those
expressing the nonbinder or no chimeras (Fig. 4G). This was
fully expected because the epitope in the C-domain of type
III CD38 is facing the cytosol and is separated from the
Nb-551 of the binding chimera.

Type II CD38 has its catalytic domain facing out, and it is
unclear whether it can produce cellular cADPR; the results
described above strongly suggest that it cannot. The binding
chimera thus unexpectedly provides a way to resolve the long-
standing and unanswered question of whether type II contrib-
utes to the production of intracellular cADPR.

The degradation of CD38 was partially through lysosomes,
and the lysosomal inhibitor did not alter cADPR production

If the chimera effect is indeed due to the reduction of type II
CD38, then it is expected to be via endocytic degradation
through lysosomes. To test this, we treated CD38/HEK293 cells
coexpressing CD38 and CD71N-551 with Bafilomycin A1 (Baf-
A1) or MG132, inhibitors of lysosomes or proteasomes, respec-
tively, the two best-known protein degradation machineries. As
shown in Fig. 5A, Baf-A1 significantly increased the levels of
CD38 but MG132 did not, consistent with CD71N-551 induc-
ing degradation of CD38 through lysosomes. The increased
CD38 was active, as measured by its ADP-ribosyl cyclase activ-
ity in cell lysates that showed increases correlating with the
protein levels (Fig. 5B).

The immunostaining and confocal images confirmed the
expression increase of CD38 following the Baf-A1 treatment
(Fig. 5C, CD38, DMSO, and Baf-A1). Also shown is colocaliza-
tion of CD71N-551 (Fig. 5C, purple) with lysosomes (Fig. 5C,
LAMP1, red). Fig. 5D shows that the quantitative Pearson cor-
relation coefficient (PCC) of CD38 overlapping CD71N-551
was around 0.6, indicating that most of the CD38 and CD71N-
1053 formed complexes, whereas the PCC of CD38 overlapping
LAMP1 was also around 0.6, which statistically reflected the
significant localization of CD38 in lysosomes. The lower PCC
value is due to a portion of CD38 remaining in the plasma mem-
brane, as shown in Fig. 5C.

Although the amount of CD38 was increased more than
4-fold after Baf-A1 treatment (Fig. 5A), cellular cADPR did not
change at all (Fig. 5E). These results provide strong evidence
that type II CD38, either on the surface or endocytically deliv-
ered to the lysosomes (cf. Fig. 5C) contributes minimally to
intracellular cADPR production, as proposed above.

Type II CD38 minimally contributes to cADPR production
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CD38 retained in the ER could not elevate cellular cADPR levels

As a surface protein, type II CD38 is expected to be translated
in the ER with its catalytic carboxyl domain facing the lumen. It
is topologically equivalent to type II CD38 endocytically deliv-
ered to lysosomes, as described above. It is thus similarly
expected not to contribute to cellular cADPR production.
To test this expectation, we made an ER retention construct
(erNbGFP) consisting of NbGFP fused with the signal peptide
and ER retention signal of calreticulin (21) (Fig. 6A). erNbGFP
was expressed in HEK293 cells stably expressing CD38 with an
EGFP tag in its C terminus (see “Experimental procedures”).

As shown in Fig. 6B, the expression of erNbGFP (purple)
induced retention of CD38 to the ER (green for CD38, red for
the ER marker) instead of expression in the plasma membrane.
As shown in Fig. 6C, erNbGFP or CD38 overlapping with the
ER marker, GRP-78, showed a PCC around 0.8 compared with
0.3 in control cells, indicating ER retention of CD38 by erNb-
GFP as expected. Concomitant with the expression of erNbGFP
(Fig. 6D, second blot), the levels of CD38 (Fig. 6D, first blot and
top panel) and total cyclase activity in the cell lysates (Fig. 6E)
increased significantly, indicating that the ER-retained CD38
remained active. Again, the cellular cADPR levels did not

change (Fig. 6F). The results document that type II CD38 com-
partmented in the ER does not contribute to the production of
cellular cADPR, which indicates that there might not be an
available NAD pool in the ER lumen.

Discussion

In this study, we developed a new methodology, NPL, to pro-
file the extracellular interactome of the plasma membrane pro-
tein CD38. The key innovation was the use of the nanobody of
CD38, which was coupled with a cross-linker, sulfo-SBED. The
high specificity of the nanobody allows direct targeting of sur-
face CD38 in live cells. The small size of the nanobody also
ensures that only proteins that bind closely and directly to
CD38 are cross-linked. The three functional groups of sulfo-
SBED (Fig. 1) provide easy attachment to the nanobody and can
transfer a biotin group to the cross-linked proteins, facilitating
subsequent purification. These advantages of NPL resolve the
clear shortcomings of the conventional immunoprecipitation
approach, which cannot distinguish secondary and nonspecific
binders even with elaborate solubilization procedures.

Adopting high-resolution MS to identify unique peptides
that were present only in the Strep pulldown samples but not in

Figure 5. CD38 was degraded in lysosomes, and lysosomal CD38 did not contribute to cADPR production. A, HEK293 cells coexpressing CD38 and
CD71N-551 were treated with 5 �M MG132 for 6 h or 0.4 �M Baf-A1 for 15 h, and the cell lysates were analyzed by Western blotting with the indicated antibodies.
The band intensities of CD38 were normalized by those of tubulin, plotted, and statistically analyzed by GraphPad software. B, the same cells as in A were
treated with 0.4 �M Baf-A1 or DMSO as a vehicle control for 15 h, and the cell lysates were subjected to an NGD assay. The activities were normalized with those
from the DMSO group. C, the same cells as in A were treated with Baf-A1 or DMSO as a control and stained with the indicated antibodies, followed by confocal
imaging. Green, CD38; red, LAMP1 as an indicator of lysosomes; purple, anti-FLAG for CD71N-551; blue, DAPI for the nucleus. D, PCCs were calculated by
overlapping the signals of CD38 with those of CD71N-551 (blue dots) or LAMP1 (red squares) in the presence of Baf-A1 from the experiments in C. E, the cellular
cADPR contents were measured after Baf-A1 treatment. All experiments were repeated at least three times (mean � SD; n � 3; Student’s t test; ***, p � 0.001;
****, p � 0.0001; ns, not significant).
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the CD38 knockout controls, we documented CD71 and MHCs
as specific binding partners of the endogenous CD38 on the
surface of LP-1 cells. MHCs are known to associate with
CD38 and serve to validate the NPL. CD71, a receptor for
transferrin (22) and several viruses (23, 24), has not been
reported as a specific ligand for CD38. We documented the
specific association of CD38 and CD71 by immunoprecipi-
tation and cocapping.

Elucidation of the ligand properties of CD71 unexpectedly
revealed valuable clues regarding the mechanism of CD38 sig-
naling and prompted us to develop probes to address a long-
standing and unresolved question regarding the functional role
of type II CD38 in cellular cADPR synthesis. We then engi-
neered a binding chimera to simulate the effects of CD71 on
CD38, and the results, summarized in Fig. 7, provide the first
direct evidence documenting the distinct roles of type II and
type III CD38 in cellular cADPR production.

As depicted in Fig. 7, type II CD38 is translated in the ER
(ribosome, blue double ovals) and transported to the cell sur-
face, similarly as CD71 and the chimera, CD71N-551, as both
are also expressed on cell surface (Figs. 3B and 4B). Binding of
the chimera to surface CD38 activates endocytosis and subse-

quent lysosomal degradation (Fig. 5), resulting in a dramatic
decrease in CD38 content (Fig. 4, C and E). No change in cellu-
lar cADPR (Fig. 4, C and F) was seen, indicating that surface
type II CD38 does not contribute to cADPR synthesis. Blocking
lysosomal degradation led to a large accumulation of CD38 in
lysosomes (Fig. 5), and, again, no change in cADPR was
observed (Fig. 5E). Likewise, retaining the type II CD38 in the
ER using the erNb construct does not elevate cADPR content
(Fig. 6). It is clear that type II CD38 compartmented in the ER,
on the surface, and in lysosomes contributes minimally to cel-
lular cADPR production.

Type III CD38 is thus mainly responsible for cellular cADPR.
Indeed, we have shown previously that it is efficient in doing so
(11). Type III CD38 is also translated in the ER (Fig. 7), and the
membrane orientation is determined by the charges in the
N-terminal tail of CD38, according to the “positive-inside rule”
(25). For CD38, the two sides of the transmembrane segment
differ only by one positive charge (10), making type II more
favorable, but type III is also translated. This is consistent with
our observation that transfection of CD38 to cells leads to pro-
duction of type II predominantly but type III as well (11). Type
III CD38, with its C-domain facing the cytosol, was not affected

Figure 6. CD38, retained in the ER, could not elevate cellular cADPR levels. A, schematic of erNbGFP, the ER-retained NbGFP with a His6 tag. SP, signal
peptide of calreticulin; KEDL, an ER retention signal motif. B, CD38-EGFP/HEK293 cells were infected with a lentivirus encoding erNbGFP. The resulting cell line
was stained with anti-GRP78, an ER marker, anti-His6 for erNbGFP, and DAPI. The fluorescence developed by antibody and dyes, together with that from the
EGFP tag of CD38, was imaged under a Nikon A1 confocal microscope. Green, CD38; red, GRP78; purple, erNbGFP; blue, DAPI for the nucleus. C, PCCs were
calculated by overlapping the signals of CD38 or erNbGFP with those of GRP78 from the experiment in B. D, the total expression levels of CD38 were analyzed
by Western blotting, together with erNbGFP, blotted by anti-CD38 and anti-His6, respectively. E, the ADP-ribosyl cyclase activities of the lysates were measured
with an NGD assay. F, the cellular cADPR levels were measured by a cycling assay. All experiments were repeated at least three times (mean � SD; n � 3;
Student’s t test; **, p � 0.01, 0.0001; ns, not significant).
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by the chimera CD71N-551 and erNb. This is because the Nb
epitopes are on the C-domain, and, for type III CD38, they are
topologically separated from the Nb constructs.

It is also possible that CD71 or the chimera CD71N-551 can
interact with type II CD38 in the ER before they reach the
plasma membrane. The binding could trigger direct delivery to
lysosomes for degradation (Fig. 7, dashed lines, pathway 2),
resulting in a decrease in CD38.

The type II CD38 in the extracytosolic compartment is enzy-
matically active (Figs. 5B and 6E). That it is inhibited from pro-
ducing cADPR is likely due to the acidic environment of the
endolysosomal compartment as well as the absence of sub-
strate. Indeed, treatments that import exogenous substrate,
such as nicotinic acid, can result in production of the base
exchange product NAADP, another calcium messenger pro-
duced by CD38 (26). This is, in fact, the main evidence for the
substrate-limited signaling mechanism of CD38 we proposed
previously (26).

In summary, we developed a new NPL method in this study
and identified CD71 as an endogenous interaction protein of
CD38. Our investigation of the ligand properties of CD71 pro-
vide the first direct evidence of the topological compartmenta-
tion of type II and type III CD38 and their cADPR production
and completes a comprehensive view of the signaling mecha-
nism of CD38. In a broader view, the NPL method can be easily
applied to profile the extracellular interactome of other mem-
brane proteins. The strategy of using a membrane-bound nano-
body chimera is a tool for selective knockdown of type II mem-
brane proteins, which is especially important for membrane
proteins with dual orientations.

Experimental procedures

Chemicals

FBS, DMEM, Iscove’s modified Dulbecco’s medium, penicil-
lin/streptomycin solution, trypsin, sulfo-SBED (33033), and
Alexa Fluor– conjugated donkey anti-mouse or anti-rabbit IgG
were purchased from Thermo Fisher Scientific. MG132, Baf-
A1, 4�,6-diamidino-2-phenylindole (DAPI), anti-FLAG M2
magnetic beads, 3�FLAG peptide, anti-FLAG M2 (F3165), and
reagents for the cycling assay and εNAD assay were obtained
from Sigma-Aldrich. Anti-LAMP1 (9091) was obtained from
Cell Signaling Technology. Anti-CD71 (66180-1-lg) and anti-
HLA A (66013-1-lg) were obtained from Proteintech. Anti-
CD38 (AF2404) was obtained from R&D Systems. Anti-GRP 78
(C-20) was obtained from Santa Cruz Biotechnology.

Cell culture

HEK293 and HEK293T cells were purchased from the Amer-
ican Type Culture Collection, and the myeloma cell line LP-1
was kindly provided by Annie An (Peking University, Beijing,
China). Cell line authentication was achieved by genetic profil-
ing using polymorphic short tandem repeat loci. The cells were
cultured in DMEM (HEK293 and HEK293T) or Iscove’s modi-
fied Dulbecco’s medium (LP-1 and CD38-KO/LP-1) supple-
mented with 10% FBS and 1% penicillin/streptomycin solution.
The cultures were maintained at 37 °C in a humidified atmo-
sphere with 5% CO2.

Expression and purification of the recombinant proteins

ReCD38 and nanobodies (Nb-1053 and Nb-551) were
expressed and purified as described previously (14). To make
the expression vector for Nb-5512, one copy of the DNA
sequence encoding Nb-551 without a stop codon was first sub-
cloned to pET-28a (�) by EcoRI and HindIII, resulting in pET-
28a-551, and the sequence encoding a 10-amino acid flexible
polypeptide linker (Gly-Gly-Gly-Gly-Ser)2 followed by another
copy of Nb-551, with a stop codon, was subcloned to pET-28a-
551 by HindIII and NotI. The recombinant protein Nb-5512
was expressed and purified as Nb-551 (14).

Plasmids for CD71N-Nb chimeras

To construct the constitutive expression vectors for CD71N-Nb
chimeras, the genes encoding Nb-551/EGFR/GFP were fused
to the C terminus of the CD71 fragment (amino acids 1–96) by
overlapping PCR (27). The resulted genes with a FLAG tag in
the C terminus were subcloned to pCDH-neo. To make the
inducible expression vector for the CD71N-Nb chimeras, the
corresponding genes were subcloned to the lentivector
pInducer20 (Addgene, 44012).

Plasmids for erNbGFP and CD38-EGFP

The DNA encoding erNbGFP was synthesized and contained
a signal peptide of calreticulin in the N terminus and subse-
quent NbGFP and KDEL motif (21), which was subcloned to
pLenti-puro to make the expression vector. To make the
expression vector for CD38-EGFP, pEGFPN1-CD38 (28) was
used as a template and subcloned into pCDH-neo by NheI and
NotI.

Figure 7. A working model of CD38 signaling. Type II CD38 is synthesized in
the ER and sorted to the plasma membrane, where it interacts with the
endogenous or chimeric CD71 (1). The interaction induces endocytosis, and
more than 80% of CD38 is degraded in the lysosomes. Possible aberrant pro-
tein sorting (2) may also deliver type II CD38 directly to the lysosomes. The
cellular levels of cADPR, however, remains unchanged. Retention of type II
CD38, either in the lysosomes via Baf-A1 treatment or in the ER by expressing
an ER retention protein for CD38, erNbGFP, greatly increases the type II CD38
levels in the cells but does not increase cellular cADPR levels. The results
indicate that type II CD38 contributes minimally to cellular cADPR levels. This
is consistent with our previously published findings documenting that it is
mainly type III CD38, and not type II, that catalyzes the biosynthesis of cADPR
and mediates Ca2� signaling.
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Transfection and infection

The siRNAs were transfected to CD38/HEK293 cells using
Lipofectamine RNAi MAX (Thermo Fisher Scientific). Lentivi-
ral particles were prepared by transfecting HEK293T cells with
pLenti or pCDH lentivectors, pMD2.G and psPAX2, with Lipo-
fectamine 2000 (Thermo Fisher Scientific). Cell infection was
performed as described previously (28), followed by G418 or
puromycin selection.

siRNAs were synthesized in GenePharma. The sequences
were 5�-UUCUCCGAACGUGUCACGUtt-3� (for scramble),
5�-AGGAGACACGGAAUGUGAAtt-3� (for HLA A), and 5�-
CUCCUGUGAAUGGAUCUAUtt-3� (for CD71).

Preparation and in vitro characterization of NPC

Recombinant Nb-1053 was labeled with sulfo-SBED accord-
ing to the manufacturer’s instructions. Briefly, 200 �g of
Nb-1053 was mixed with a 5-fold molar excess of sulfo-SBED,
incubated at 4 °C for 3 h, and stopped by hydroxylammonium
chloride. The resulting NPC was desalted and stored in aliquots
at �80 °C, protected from light.

To test cross-linking of NPC with reCD38 or Nb-5512, NPC
was mixed with reCD38 with or without Nb-5512 or BSA (neg-
ative control) and incubated on ice for 1 h, followed by exposure
to UV irradiation in the UVP CL-1000L UV Cross-linker (254
nm) at a distance of 	8 cm on ice for 8 min. The mixtures were
then treated with 100 mM DTT and applied to SDS-PAGE.

Cross-linking and pulldown of CD38 and its interaction
proteins on the LP-1 cell surface

NPC (2 �g) or the control probes were incubated with 1 �
107 LP-1 cells for 1 h at 4 °C with end-over-end rotation. Then
the cells were subjected to UV irradiation in the UVP CL-1000
UV Cross-linker (254 nm) at a distance of 	8 cm on ice for 20
min. The cells were lysed at room temperature in 1 ml of lysis
buffer (buffer A: 50 mM Tris (pH 7.4), 500 mM NaCl, 0.4% SDS,
5 mM EDTA, and 1 mM DTT; buffer B: 50 mM Tris (pH 7.4) and
4% Triton X-100; buffer A and B were mixed at equal volumes
before use) containing a protease inhibitor mixture (EDTA-
Free Complete, Roche). The lysates were applied to sonication
(two 5-s pulses, 8-s pause in between). After centrifugation at
13,000 rpm at 4 °C, the supernatants were incubated with 25 �l
of Dynabeads (MyOne Streptavidin C1, Thermo) overnight. At
room temperature, the beads were collected and washed twice
for 8 min in 1 ml of wash buffer I (2% SDS in distilled H2O). This
was repeated once with wash buffer II (0.1% deoxycholate, 1%
Triton X-100, 500 mM NaCl, 1 mM EDTA, and 50 mM Hepes
(pH 7.5)) and twice with wash buffer III (50 mM Tris (pH 7.4),
and 50 mM NaCl). One fraction (10%) of the samples was
applied to Western blots, and the remaining samples were sep-
arated on SDS-PAGE, followed by MS-compatible Coomassie
Brilliant Blue staining, in-gel digestion by trypsin, and MS
analysis.

MS analysis

MS data acquisition was performed by LC-MS/MS using a
nanoLC.2D (Eksigent Technologies) coupled with a TripleTOF
5600� system (AB Sciex, Concord, ON, Canada). The details

were similar to a previous protocol (29). Briefly, samples were
separated in a nanoLC column with an acetonitrile gradient
((v/v) 2%– 80%) in 0.1% (v/v) formic acid. MS1 spectra were
collected in the range of 350 –1,500 m/z for 250 ms. The 50
most intense precursors with charge state 2–5 were selected for
fragmentation, and MS2 spectra were collected in the range of
100 –2,000 m/z for 100 ms; precursor ions were excluded from
reselection for 15 s. The original MS data were analyzed by
ProteinPilot software (version 4.5, AB Sciex) as described pre-
viously (29). The endogenous biotinylated proteins were
excluded before plotting the unique peptide numbers of the
candidate proteins from NPC-treated LP-1 samples versus
those from control samples by GraphPad software.

Cocapping assay

Cocapping experiments were conducted in a 1.5-ml eppen-
dorf tube. 1 � 106 LP-1 or CD38 KO cells were incubated with
2 �g of homemade rabbit polyclonal antibody (anti-CD38) in
200 �l of PBS with 1% BSA for 1 h on ice. Then cells were
divided into two aliquots. One aliquot (I) was incubated at 37 °C
for 40 min to induce capping of CD38. Another aliquot (II) was
incubated on ice. Both aliquots were stained with Alexa
FluorTM 488 – conjugated anti-rabbit and Allophycocyanin-
conjugated anti-CD71 in PBS with 0.5% BSA on ice for 1 h. The
cells were stained with DAPI for 5 min, fixed with 4% parafor-
maldehyde on ice for 15 min, mounted on a coverslip, and visu-
alized by confocal microscopy. Cells were washed twice with
ice-cold PBS between steps.

SDS-PAGE and Western blots

The expression levels of CD38 and CD71 in different cell
lines were measured by Western blotting as described previ-
ously (29). The primary antibodies used in this study were
anti-CD38 (homemade), anti-CD71(Proteintech), anti-FLAG
(Sigma), and anti-tubulin (Transgen). Images were acquired by
Chemidoc MP (Bio-Rad) and analyzed by ImageLab (Bio-Rad).

Measurement of cellular cADPR

The cells were lysed with 0.6 M perchloric acid. After centrif-
ugation, cADPR in the supernatant was measured by a cycling
assay (30). The protein pellets were redissolved in 1 M NaOH
and quantified by Bradford assay (Quick Start Bradford Kit,
Bio-Rad). The results were presented as picomoles of cADPR
per milligram of total protein or further normalized to control
samples, as indicated in the main text.

Measurement of the activities of CD38

The cells were lysed with ice-cold lysis buffer (50 mM Tris
(pH 8.0), 150 mM NaCl, 1 mM EDTA, and 0.5% Triton X-100)
containing a protease inhibitor mixture (EDTA-Free Com-
plete, Roche). The activities of CD38 in the lysates were mea-
sured by fluorimetric reactions (excitation 300 nm/emission
410 nm), utilizing εNAD as the substrate for NADase activity or
NGD for ADP-ribosyl cyclase activity (31). The activities were
calculated as nanomoles of εNAD or cGDPR per minute per
microgram of lysate and normalized by the control samples.
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Statistical analysis

Quantification of the Western blots was performed with
ImageLab software. NIS Elements software was used for colo-
calization analysis of the confocal signals. Statistical analysis
was done with GraphPad Prism software, and the significance
of differences was analyzed by unpaired Student’s t test. The
data shown in the figures are mean � SD from at least three
repeats.
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