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Glycoproteins are difficult to crystallize because they have
heterogeneous glycans composed of multiple monosaccharides
with considerable rotational freedom about their O-glycosidic
linkages. Crystallographers studying N-glycoproteins often
circumvent this problem by using β1,2-N-acetylglucosaminyl-
transferase I (MGAT1)–deficient mammalian cell lines, which
produce recombinant glycoproteins with immature N-glycans.
These glycans support protein folding and quality control but
can be removed using endo-β-N-acetylglucosaminidase H
(Endo H). Many crystallographers also use the baculovirus-
insect cell system (BICS) to produce recombinant proteins for
their work but have no access to an MGAT1-deficient insect
cell line to facilitate glycoprotein crystallization in this system.
Thus, we used BICS-specific CRISPR–Cas9 vectors to edit the
Mgat1 gene of a rhabdovirus-negative Spodoptera frugiperda
cell line (Sf-RVN) and isolated a subclone with multiple Mgat1
deletions, which we named Sf-RVNLec1. We found that Sf-RVN
and Sf-RVNLec1 cells had identical growth properties and
served equally well as hosts for baculovirus-mediated recom-
binant glycoprotein production. N-glycan profiling showed that
a total endogenous glycoprotein fraction isolated from
Sf-RVNLec1 cells had only immature and high mannose-type
N-glycans. Finally, N-glycan profiling and endoglycosidase an-
alyses showed that the vast majority of the N-glycans on three
recombinant glycoproteins produced by Sf-RVNLec1 cells were
Endo H-cleavable Man5GlcNAc2 structures. Thus, this study
yielded a new insect cell line for the BICS that can be used to
produce recombinant glycoproteins with Endo H-cleavable
N-glycans. This will enable researchers to combine the high
productivity of the BICS with the ability to deglycosylate re-
combinant glycoproteins, which will facilitate efforts to deter-
mine glycoprotein structures by X-ray crystallography.

N-glycoproteins are a subclass of proteins with one or more
oligosaccharide side chains, or glycans, covalently linked
through amide bonds to asparagine residues in the polypeptide
backbone. N-glycans can influence basic glycoprotein prop-
erties, including their folding, degradation, physical stability,
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and biological functions, as well as physiological behaviors
including their half-lives in the human circulatory system (1).
However, N-glycans usually have an adverse practical impact
on efforts to determine glycoprotein structures because they
can make it difficult or impossible to use X-ray crystallography
for this purpose (2–4). The main reason is that “an N-glycan”
linked to any given site on the polypeptide is actually
comprised of a structurally heterogeneous population of
multiple monosaccharide assemblies. In addition, each
monosaccharide in those assemblies has significant mobility
about its O-glycosidic linkage. Both the heterogeneity and
mobility of these glycans contribute to the difficulties associ-
ated with efforts to produce high-quality glycoprotein crystals
for downstream analysis.

Crystallographers can circumvent this problem by produc-
ing recombinant glycoproteins in mutant mammalian cell
lines lacking functional β1,2-N-acetylglucosaminyltransferase
I (MGAT1; (5)). MGAT1 adds a terminal N-acetylglucosamine
residue to the lower branch mannose of Man5GlcNAc2, which
produces the first endo-β-N-acetylglucosaminidase H (Endo
H)-resistant intermediate in the mammalian (Fig. 1A) and
insect (Fig. 1B) cell N-glycan processing pathways (6, 7). Thus,
MGAT1-deficient mammalian cell lines such as CHO Lec1 (8)
and human embryonic kidney 293S GnT1− (9) produce
immature and relatively minimally processed N-glycan pre-
cursors that can be removed from the polypeptide backbone
using Endo H (Fig. 1A). Endo H cleaves the O-glycosidic
linkage in the chitobiose core of all high-mannose precursors
in the N-glycan processing pathway from Man9GlcNAc2 to
Man5GlcNAc2 (Fig. 1, A and B). This releases the bulk of the
immature N-glycan structure from the polypeptide backbone,
leaving behind just a single N-linked N-acetylglucosamine
residue. This monosaccharide is homogeneous and contrib-
utes far less rotational mobility than the intact N-glycan, which
is why glycoproteins are much easier to crystallize after being
deglycosylated by Endo H. This is why many crystallographers
focused on determining that glycoprotein structures use
MGAT1-deficient mammalian cell lines to produce recombi-
nant glycoproteins, then deglycosylate the products with Endo
H, as this approach greatly facilitates their efforts to produce
high-quality crystals for X-ray crystallography.

Many crystallographers also use the baculovirus-insect cell
system (BICS) to produce recombinant proteins for their
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Figure 1. N-glycan processing pathways in mammalian and insect cells. A and B, initial steps in the N-glycan processing pathways of mammalian or
insect cells, respectively, with a horizontal line delineating Endo H-sensitive and Endo H-resistant structures. C and D, N-glycan processing pathways of
MGAT1-deficient mammalian (CHO Lec1 and HEK293S GnTI−) and insect (SfRVNLec1) cells, respectively. All N-glycans shown in panels C and D are Endo
H sensitive. For simplicity, core fucosylation is not shown. MGAT1, β1,2-N-acetylglucosaminyltransferase I; Sf-RVN, rhabdovirus-negative Spodoptera fru-
giperda cell line.
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work because this system can support high yields of at least
some proteins and multiprotein complexes (10). Moreover,
recombinant glycoproteins produced by insect cell lines used
as hosts in the BICS have smaller and less heterogeneous
N-glycans than their native mammalian cell counterparts
(11). In some cases, the reduced heterogeneity and mobility of
these smaller, simpler, and insect-type N-glycans enables
isolation of high-quality crystals without prior deglycosyla-
tion (12, 13). However, this is not always true. In addition,
because insect cells encode and express MGAT1 (14), they,
too, can produce recombinant glycoproteins with Endo
H-resistant N-glycans (Fig. 1B; (15)). Unfortunately, crystal-
lographers using the BICS for recombinant glycoprotein
production cannot utilize the Endo H deglycosylation
approach to circumvent this problem because there is no
MGAT1-deficient insect cell line available for use as an
2 J. Biol. Chem. (2022) 298(1) 101454
alternative host in this system. Thus, the overall purpose of
this study was to create and characterize an MGAT1-
deficient insect cell line that can be used as an alternative
host in the BICS for the production of recombinant glyco-
proteins with Endo H-cleavable N-glycans.

Our basic approach was to use a CRISPR–Cas9 vector
specifically developed for use in the BICS (16) to edit the
mgat1 gene of an insect cell line derived from the fall army-
worm, Spodoptera frugiperda (Sf). The parental cell line we
used for this purpose was rhabdovirus-negative Sf (Sf-RVN)
cell line, a derivative of Sf9 (17), which has been widely used as
a host in the BICS since this system was first described in the
literature nearly 40 years ago (18). As indicated by its name, Sf-
RVN cells have no detectable Sf-rhabdovirus, and these cells
also have no other detectable adventitious viral contaminants
(19, 20).
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In short, we used the CRISPR–Cas9 approach to edit the Sf-
RVN mgat1 (Sfmgat1) gene and isolated a clonal derivative
that can only produce recombinant N-glycoproteins with
immature and Endo H-sensitive N-glycans. We designated this
new cell line Sf-RVNLec1, in recognition of the mgat1-deficient
CHO cell lines isolated by Stanley et al. (8) nearly 50 years ago.
We expect that this new insect cell line will be useful as an
alternative host to enhance the utility of the BICS as a tool for
glycoprotein crystallography and structural biology.
Figure 2. Screening polyclonal edited/transformed cell populations
using an electrophoretic mobility shift assay. Sf-RVN cells were trans-
fected with eight distinct CRISPR–Cas9 vectors (SfMgat1t1–SfMgat1t8), then
selected for puromycin resistance to produce eight distinct CRISPR–Cas9
edited and transformed polyclonal cell populations. Samples of each were
infected with a baculovirus vector encoding hEPO, and then the secreted
products were purified and analyzed by SDS-PAGE with Coomassie blue
staining, as described in the Experimental procedures section. hEPO, human
erythropoietin; Sf-RVN, rhabdovirus-negative Spodoptera frugiperda cell line.
Results and discussion

Identifying an effective CRISPR–Cas9 targeting sequence for
the Sf-Mgat1 gene

The first step in our effort to knock out Sfmgat1 was to
identify an effective targeting sequence, or single-guide RNA
(sgRNA) “spacer,” for insertion into the Sf-specific CRISPR–
Cas9 vector, pIE1-Cas9-SfU6-sgRNA-Puro (16). This was
important because our overall goal was to create a clonal
Sfmgat1-deficient Sf-RVN cell derivative, and an effective
targeting sequence would drive efficient and specific genome
editing, which would produce a higher proportion of Sf-RVN
cells with Sfmgat1 indels. In practical terms, this would
enhance the probability that we could isolate single-cell clones
with disruptive Sfmgat1 indels from the polyclonal CRISPR–
Cas9 edited Sf-RVN cell population. We did not expect this to
be trivial, as most of the cells in this population would likely
have at least one copy of the Sfmgat1 gene with no indels or in-
frame indels that failed to knock out MGAT1 function.

Inspection of the Sfmgat1 gene sequence revealed multiple
PAM sequences that allowed us to design eight distinct tar-
geting sequences, designated SfMgat1t1 to SfMgat1t8, which
were distributed over five different exons (Fig. S1 and
Table S1). Eight Sfmgat1-specific CRISPR–Cas9 vectors
encoding each of these targeting sequences were produced by
inserting synthetic oligonucleotides into pIE1-Cas9-SfU6-
sgRNA-Puro, as described in the Experimental procedures
section. Each of these vectors encoded sgRNAs with a
different targeting sequence under the transcriptional control
of the endogenous Sf cell U6-3 promoter (16). These vectors
were used to transfect individual Sf-RVN cultures, and poly-
clonal transformed cell populations were selected by growth in
medium supplemented with puromycin. Finally, the gene-
editing efficiencies obtained using each CRISPR–Cas9 vector
were assessed, as described in the Experimental procedures
section.

Typically, gene-editing efficiencies can be quickly and easily
assessed by performing CEL-I nuclease assays and/or by
directly sequencing relevant genomic PCR fragments and us-
ing an algorithm to deconvolute the raw sequencing data.
However, in this case, we were unable to use either of these
standard approaches to analyze all eight targeted sequences
because the complete Sfmgat1 sequence was not available at
the time. Therefore, we invoked an alternative approach,
which circumvented the need for the full Sfmgat1 sequence
and provided some information, albeit preliminary and indi-
rect, on the phenotypic impact of each targeting sequence.
This approach involved infecting samples of the parental or
polyclonal CRISPR–Cas9 transformed Sf-RVN cell derivatives
with a baculovirus vector encoding human erythropoietin
(hEPO). When this human glycoprotein is produced in Sf-
RVN cells, it acquires three N-glycans with relatively small
paucimannosidic structures consisting mostly of Man3-
GlcNAc2±Fuc (Fig. 1B; (19)). In contrast, recombinant hEPO
produced in an MGAT1-deficient Sf-RVN cell derivative
would be expected to acquire larger and high-mannose
N-glycan structures consisting of Man5–9GlcNAc2. This
would increase the total mass of the hEPO produced in
MGAT1-deficient cells by an average of �1000 Da and reduce
its electrophoretic mobility upon analysis by SDS-PAGE.
Therefore, we hypothesized that we could qualitatively assess
the genome-editing efficiencies obtained using CRISPR–Cas9
vectors encoding the different targeting sequences by
comparing the electrophoretic mobilities of recombinant
hEPOs produced by the parental and CRISPR–Cas9 trans-
formed Sf-RVN cell derivatives. The most effective targeting
sequences would drive the most efficient CRISPR–Cas9 edit-
ing, which would produce Sf-RVN cell derivatives most likely
to contain disruptive Sfmgat1 indels, and those derivatives
would be the most likely to produce recombinant hEPO with a
reduced electrophoretic mobility.

We were able to use this screen to successfully identify
promising polyclonal Sf-RVN cell derivatives transformed with
the CRISPR–Cas9 vectors encoding targeting sequences
SfMgat1t3, SfMgat1t4, SfMgat1t6, SfMgat1t7, or SfMgat1t8, as
each produced recombinant hEPO with a reduced electro-
phoretic mobility relative to the parental control (Fig. 2). The
derivative transformed using the SfMgat1t4 vector produced
hEPO with the slowest or among the slowest electrophoretic
mobilities observed in this assay. This suggested that these
cells produced very little or no functional MGAT1 and indi-
cated SfMgat1t4 was likely the most or among the most
effective targeting sequences.

The identification of SfMgat1t4 as an effective targeting
sequence was not too surprising, considering it was designed
to target a region in the Sfmgat1 gene encoding several highly
conserved amino acids. These included a proline residue
conserved in all MGAT1 orthologs (P138 in Cricetulus gri-
seus), which was shown to be essential for MGAT1 function by
chemical mutagenesis and lectin selection of CHO-DUKX
cells, as this untargeted approach produced a mutant with a
P138L substitution and Lec1 phenotype (21). Molecular
J. Biol. Chem. (2022) 298(1) 101454 3



EDITORS’ PICK: Insect cell line for glycoprotein crystallography
modeling indicated that P138 connects two β-strands proximal
to the UDP-N-acetylglucosamine donor substrate–binding
pocket, which is probably why this proline residue is
required for catalysis (21). Other conserved amino acids
immediately downstream of P138 most likely contribute to the
structure of the donor substrate–binding pocket, as well (22).
Thus, SfMgat1t4 was likely to be a particularly effective tar-
geting sequence, as even in-frame indels in this region could
disrupt MGAT1 function. In addition, SfMgat1t4 was directed
against a sequenced region of the Sfmgat1 gene, which would
enable us to PCR amplify this region of Sfmgat1 in CRISPR–
Cas9 transformed derivatives for further analysis. Based on the
markedly reduced electrophoretic mobility of the hEPO pro-
duced by these cells, the presence of key and highly conserved
amino acids in the targeted region, and the practical value of
having the sequence of this region of the Sfmgat1 gene in hand,
we proceeded to isolate single-cell clones from the polyclonal
population of Sf-RVN cells transformed with the CRISPR–
Cas9 vector encoding the SfMgat1t4 targeting sequence,
henceforth designated “SfMgat1t4 cells.”
Isolating and genotyping SfMgat1t4 cell clones

Using a previously described end-point dilution method
(23), we isolated 11 single-cell clones from the polyclonal
SfMgat1t4 cell population and then expanded and genotyped
each one. Our initial genotyping approach involved PCR
amplifying the targeted Sfmgat1 sequence from each clone,
directly sequencing the PCR products using the Sanger
method (24), and deconvoluting the raw data using the TIDE
(Tracking of Indels by DEcomposition) algorithm (25), as
described in the Experimental procedures section.

The first conclusion derived from the results of the TIDE
analysis was that all 11 SfMgat1t4 clones had at least three
distinct indels (Fig. 3). Considering we genotyped clonally
derived Sf-RVN cell derivatives, this might be confusing.
However, the presence of multiple indels can be easily
explained by the fact that lepidopteran insect cell lines have
polyploid genomes. Established insect cell lines have numerous
fragmented “microchromosomes” (26–28), which have been
visualized in Sf9 cell nuclei as collections of propridium
iodine–stained foci averaging �350 per cell (29). These poly-
ploid karyotypes have been attributed to the fact that lepi-
dopteran insect cell chromosomes have no centromeres (30).
The presence of multiple indels in a single genetic target has
been observed in previous studies that included genotyping of
CRISPR–Cas9 edited subclones of several different insect cell
lines (16, 31–33).

Another conclusion from the results of the TIDE analysis
was one of the 11 clones isolated from the polyclonal
SfMgat1t4 cell population, which we designated SfMgat1t4#4,
had no detectable wildtype sequences or in-frame mutations,
but had three frame-shift mutations within the targeted
sequence (Fig. 3). This was exciting because the detection of
frame shift mutations in the apparent absence of wildtype
sequences or in-frame deletions in this polyploid cell line was
consistent with the possibility that it might not have a
4 J. Biol. Chem. (2022) 298(1) 101454
functional copy of the Sfmgat1 gene. Unfortunately, while
SfMgat1t4#4 had the most favorable genotype, it did not grow
well after being scaled up to the 50 ml shake flask level (data
not shown). Thus, we shifted our attention to other SfMgat1t4
clones, even though they all had one or more in-frame de-
letions (Fig. 3).

The potential significance of a CRISPR–Cas9–edited Sf-
RVN derivative with multiple frame-shift mutations and no
detectable wildtype sequences or in-frame deletions in the
targeted site was duly noted previously. However, a clone with
no detectable wildtype copies and one or more copies of
Sfmgat1 with an in-frame deletion in the targeted area could,
nevertheless, be a loss of function mutant. The retention or
loss of MGAT1 function would depend upon the specific
amino acid(s) eliminated by the in-frame deletion in the
nucleotide sequence. As noted previously, the SfMgat1t4 tar-
geting sequence was directed against a region of the Sfmgat1
gene that included several conserved amino acid residues
required for catalysis (21, 22). Thus, it seemed likely that even
an in-frame deletion in this region might be intolerable and
could knock out MGAT1 function.

Of the original 11 clones isolated and subjected to geno-
typing in this study, only SfMgat1t4#1 grew well after being
expanded to the 50 ml shake flask level. However, the TIDE
results showed that the targeted Sfmgat1 sequence in this
clone was heavily edited. A total of �41% of the deconvoluted
sequences included out-of-frame deletions, and another �17%
included a 9 bp in-frame deletion in the targeted region
(Fig. 3). To validate these results, we used a different approach
to genotype SfMgat1t4#1, which involved PCR amplifying the
targeted Sfmgat1 fragment, cloning the amplification products,
and sequencing the inserts in 30 independent clones. This
analysis confirmed the presence of the −2, −7, and −9 deletions
detected by TIDE analysis and revealed the additional presence
of −3, −5, and −28 deletions in the targeted Sfmgat1 sequence
(Fig. 4A). The most likely reason the PCR, cloning, and
sequencing approach did not reveal the −1, −4, and −8 de-
letions is that the TIDE analysis is inaccurate if the sequence is
comprised of a highly complex mixture, which was true in this
case. Overall, our results indicated that SfMgat1t4#1 cells
included four frame shift (−2, −5, −7, and −28) mutations and
not just one, but at least two potentially problematic in-frame
(−3 and −9) mutations in the targeted region of Sfmgat1.
However, closer inspection of the −3 deletion indicated it
could not be tolerated because it eliminates P138, which is
required for MGAT1 catalysis (Fig. 4). The impact of the −9
deletion was not as clear, as it starts immediately downstream
of the codon for P138 and does not eliminate this conserved
proline residue (Fig. 4). However, it eliminates a highly
conserved IIV motif located in the β-sheet adjacent to the
UDP-N-acetylglucosamine binding site (21, 22). Thus, it was
likely this in-frame deletion would be intolerable, as well.

Finally, our discussion of the SfMgat1t4#1 genotype also
should address an issue associated with the approach used to
isolate this cell line. Sf-RVN cells were transfected using a
CRISPR–Cas9 vector encoding the SfMgat1t4 targeting
sequence, a constitutively expressible Cas9 gene and a



Figure 3. Initial genotyping of SfMgat1t4 cell clones. Eleven single-cell clones were isolated from the polyclonal and transformed SfMgat1t4 population,
and the targeted region of the Sfmgat1 gene in each clone was PCR amplified. The amplification products were then purified, directly sequenced, and the
TIDE program was used to deconvolute the sequencing data, as described in the Experimental procedures section. A, summary of major indels observed
and B, frequencies of major indels identified in each SfMgat1t4 clone. Sfmgat1, Sf-RVN mgat1; TIDE, Tracking of Indels by DEcomposition.
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puromycin resistance marker, and then a puromycin-resistant
subpopulation was selected. Thus, SfMgat1t4#1 is a genetically
transformed Sf-RVN subclone designed to constitutively ex-
press the CRISPR–Cas9 machinery. This means that the
cellular gene can be continuously edited as the subclone is
passaged. The advantage of this approach is that any residual
wildtype or repaired copies of Sfmgat1 would be susceptible to
this additional editing and potential knockout. The disadvan-
tage is that continuous editing might also have off-target ef-
fects, which could compromise key features of the cell line,
including its growth and quality as a host for baculovirus
vectors, including its susceptibility to infection and its pro-
ductivity, among others. The expectation that the Sfmgat1
sequence will continue to evolve is supported by observations
from our previous efforts to edit Sf cell genomes using these
vectors, which showed that the proportion of indels in targeted
sequences increased with increasing passage number (16). We
have not yet observed any obvious or significant deleterious
effects potentially induced by off-target editing with increasing
passage number in any of these cell lines. Nevertheless, it is
possible that this problem could be encountered with higher
passages of SfMgat1t4#1 cells and, therefore, we note here,
that it will be prudent to use low-passage cultures for re-
combinant glycoprotein production.

Based on the high efficiency of gene editing observed in a
region of the Sfmgat1 gene that encodes highly conserved
amino acids in close proximity to the donor substrate–binding
site as well as the significantly reduced electrophoretic
J. Biol. Chem. (2022) 298(1) 101454 5



Figure 4. Extended analysis of Sf-RVNLec1 cell genotype. The targeted region of the Sfmgat1 gene in SfMgat1t4#1 (i.e., Sf-RVNLec1 cells) was PCR
amplified, and the amplification product was purified and inserted into pGEM-T Easy. Thirty independent Escherichia coli transformants were randomly
picked, and each insert was sequenced, as described in the Experimental procedures section. A, sequences of all 30 inserts showing the type and estimating
the frequency of indels in Sf-RVNLec1 cells. B, amino acid sequences and sequence conservation in the targeted region of MGAT1 from nine different species.
Sf-RVNLec1 cells have a 9 bp in-frame deletion, which eliminates the conserved IIV motif highlighted in purple and a 3 bp in-frame deletion, which eliminates
the key proline residue labeled P138L. MGAT1, β1,2-N-acetylglucosaminyltransferase I; sf-RVN, rhabdovirus-negative Spodoptera frugiperda cell line; Sfmgat1,
Sf-RVN mgat1.
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mobility of the hEPO produced by the polyclonal transformed
cells used as the source of this clone, we tentatively concluded
that SfMgat1t4#1 cells most likely produce no functional
MGAT1 and have the desired Lec1 phenotype. Thus, we
renamed this new cell line Sf-RVNLec1 and proceeded to
characterize it in more detail.
Figure 5. Growth properties of Sf-RVNLec1 cells. Three replicate 50 ml
shake flask cultures were seeded at a density of 5 × 105 cells/ml with either
Sf-RVN cells (black symbols) or Sf-RVNLec1 cells (red symbols). Samples were
taken from each flask at 24 h intervals each day for 1 week, and then viable
cell densities were measured, as described in the Experimental procedures
section. The densities measured in each individual shake flask were plotted
independently, with each flask represented by a different symbol. Sf-RVN,
rhabdovirus-negative Spodoptera frugiperda cell line.
Sf-RVNLec1 growth properties and recombinant protein
productivity

Our initial characterization of Sf-RVNLec1 focused on its
growth properties, including its growth rate and maximal cell
density in suspension culture, in comparison to the parental
Sf-RVN cell line (Fig. 5). We used replicate 50 ml shake flask
cultures of Sf-RVN or Sf-RVNLec1 cells in ESF-921 serum-free
growth medium to measure these parameters, as described in
the Experimental procedures section. The results showed that
the growth rates and cell densities of the two cell lines were
nearly identical up to 5 days after seeding. However, the Sf-
RVNLec1 culture achieved its maximal cell density of �5 ×
106 cells/ml after 4 to 5 days of growth, whereas the Sf-RVN
culture continued to grow and reached a slightly higher
maximal cell density of �6.5 × 106 cells/ml after 6 days of
growth. Overall, these results indicate that CRISPR–Cas9
6 J. Biol. Chem. (2022) 298(1) 101454
editing had no significant adverse impact on the growth
properties of Sf-RVNLec1 cells, as compared with the parental
line, at least not up to passage 15, which was the passage level
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of the Sf-RVNLec1 culture used for this experiment. It is rele-
vant to note that insect cell lines used as hosts in the BICS are
routinely maintained and/or used for recombinant protein
production at densities within the range of �0.5 to 5.0 ×
106 cells per ml, which can be accommodated by the growth
properties of Sf-RVNLec1 cells observed in this experiment.

We also examined the recombinant glycoprotein produc-
tivity of Sf-RVNLec1 cells, in comparison to the parental
Sf-RVN cells using hEPO as the model. Each cell line was
infected with a recombinant baculovirus encoding a HIS-
tagged version of hEPO, and the secreted hEPO products
were purified by immobilized metal affinity chromatography
(IMAC), as described in the Experimental procedures section.
Samples were taken from various fractions isolated during the
course of the purification scheme and analyzed by SDS-PAGE
with Coomassie blue staining. The results showed that both
cell lines produced approximately equal amounts of secreted
hEPO (Fig. S2, starting material), and approximately equal
yields of purified hEPO were obtained by IMAC (Fig. S2,
elutions 1 and 2). We also found that both cell lines produced
approximately equal amounts of human IgG1 Fc and mouse
IgG2a Fc, which were the two other model glycoproteins used
in this study (Figs. S4 and S5; data not shown). Thus, while it is
fair to say we did not comprehensively analyze Sf-RVNLec1

productivity using a broader selection of model glycoproteins,
the results of this limited analysis showed that Sf-RVNLec1 cells
can support about the same levels of recombinant hEPO
production as the parental cell line.
Sf-RVNLec1 N-glycosylation profile

The definitive characteristic of the new insect cell line we
hoped to isolate in this project would be its ability to produce
only high mannose-type, Endo H-cleavable N-glycans, by
analogy to mammalian mgat1 knockout cell lines, such as
CHO Lec1 (8) and human embryonic kidney 293S GnT1− (9).
Loss of MGAT1 function precludes N-glycan processing
beyond the Man5GlcNAc2 step and results in the accumula-
tion of this Endo H-sensitive intermediate (Fig. 1C). Interest-
ingly, however, knocking out Sfmgat1 would not necessarily be
expected to produce this same phenotype because Sf cells have
a novel class II processing α-mannosidase, which is called
Sf-mannosidase III (SfManIII; (34, 35)). This unusual Golgi-
localized enzyme can convert Man5GlcNAc2 directly to
Man3GlcNAc2 with no requirement for the prior addition of a
terminal N-acetylglucosamine residue by MGAT1 (Fig. 1D).
Therefore, an mgat1 knock out in Sf cells might be expected to
produce an accumulation of Man3GlcNAc2, rather than
Man5GlcNAc2, because of the action of SfManIII.

To directly examine the phenotypic impact of the Sfmgat1
knock out, we produced total protein fractions from Sf-RVN
and Sf-RVNLec1 cells, enzymatically released and purified
total N-glycans, and profiled their structures by MALDI-
TOF–MS, as described in the Experimental procedures
section. The results showed that the vast majority of the
N-glycans isolated from the parental Sf-RVN cell glycopro-
teins were fucosylated and nonfucosylated paucimannosidic
structures (Man3GlcNAc2±Fuc), as expected (Fig. 6A). In
contrast, the major N-glycan isolated from Sf-RVNLec1 cell
glycoproteins was the high mannose structure (Man5-
GlcNAc2; Fig. 6B), which normally serves as the acceptor
substrate for MGAT1. These results clearly demonstrated
that the Sfmgat1 gene was effectively knocked out in Sf-
RVNLec1 cells. However, it was surprising to find no detect-
able Man3GlcNAc2 in the Sf-RVNLec1 N-glycosylation profile,
considering Sf cells encode and express SfManIII, which
could convert Man5GlcNAc2 to this product (34, 35).
Perhaps, this can be explained by an unexpected and novel
sub-Golgi compartmentalization of SfManIII. Alternatively, it
is possible that the SfManIII gene was functionally inactivated
by off-target effects associated with our constitutive CRISPR–
Cas9 editing approach, as discussed previously.

We did not explore these possibilities because we consid-
ered that efforts to determine the reason(s) for the absence of
SfManIII processing were beyond the scope of this study. In
addition, we were happy to observe no evidence of SfManIII
processing because this would have produced glycoproteins
with mostly Man3GlcNAc2 N-glycans, which are Endo H
resistant (15). Thus, SfManIII would have thwarted our effort
to isolate an insect cell line designed to produce recombinant
glycoproteins with Endo H-cleavable N-glycans. Instead, we
found that Sf-RVNLec1 cells have a Lec1 phenotype analogous
to the Lec1 phenotype in mammalian cells, which means these
insect cells can theoretically be used to produce recombinant
glycoproteins with Endo H-cleavable N-glycans, just like their
mammalian counterparts.
N-glycosylation profile of recombinant glycoproteins
produced by Sf-RVNLec1 cells

Subsequently, we extended the results described in the
preceding section by assessing the ability of Sf-RVNLec1 cells to
produce recombinant glycoproteins with N-glycan structures
expected to be Endo H cleavable. First, we produced the HIS-
tagged form of recombinant hEPO in both Sf-RVN and Sf-
RVNLec1 cells and purified the secreted hEPO products by
IMAC, as described in the Experimental procedures section.
Analysis of the starting material, flow through, wash, and
eluted fractions by SDS-PAGE with Coomassie blue staining
indicated that the IMAC purification method was efficacious
(Fig. S2). We then enzymatically released the N-glycans from
samples of each purified hEPO preparation, purified the
products, and profiled their structures by MALDI-TOF–MS,
as described in the Experimental procedures section. We
should note that we chose to simplify N-glycan profiling in this
initial experiment by producing hEPO with AcRMD2-
p6.9hEPO, which is a glycoengineered baculovirus vector
designed to block glycan fucosylation (36). The N-glycan
profiling results showed that the major N-glycan on the hEPO
produced by Sf-RVN cells was the paucimannosidic structure
Man3GlcNAc2, and there was a minor N-glycan with the
hybrid structure GlcNAcMan3GlcNAc2 (Fig. 7A). In contrast,
the major N-glycan on the hEPO produced by Sf-RVNLec1 cells
was the high-mannose structure Man5GlcNAc2, with a minor
J. Biol. Chem. (2022) 298(1) 101454 7



Figure 7. N-glycosylation profiles of recombinant hEPO. Recombinant forms of nonfucosylated hEPO were isolated from the cell-free media of A, Sf-RVN
or B, Sf-RVNLec1 cells infected with a glycoengineered baculovirus vector (AcRMD-hEPO) designed to block glycan fucosylation, and then total N-glycans
were enzymatically released, purified, and analyzed by MALDI-TOF–MS, as described in the Experimental procedures section. hEPO, human erythropoietin;
Sf-RVN, rhabdovirus-negative Spodoptera frugiperda cell line.

Figure 6. N-glycosylation profiles of endogenous insect cellular glycoproteins. Total glycoproteins were isolated from uninfected A, Sf-RVN or B, Sf-
RVNLec1 cells, and then total N-glycans were enzymatically released, purified, and analyzed by MALDI-TOF–MS, as described in the Experimental procedures
section. All molecular ions were detected as [M + Na]+, peaks with signal-to-noise ratios of >3 were assigned and annotated with the standard cartoon
symbolic representations, and those were then presented as percentages of total annotated ion intensities. Sf-RVN, rhabdovirus-negative Spodoptera
frugiperda cell line.
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subpopulation of Man4GlcNAc2 and no detectable Man3-
GlcNAc2 (Fig. 7B). These results clearly showed that Sf-
RVNLec1 cells can be used as an alternative host to produce at
least one recombinant glycoprotein with high-mannose–type
N-glycans in the BICS.

To validate the theoretical prediction that the high-mannose
N-glycans on the recombinant hEPO expressed in Sf-RVNLec1

cells would be Endo H cleavable, we treated samples of the
purified hEPO preparations from both insect cell lines with
PNGase-F or Endo Hf, as described in the Experimental
procedures section. PNGase-F can cleave all N-glycans pro-
duced by Sf cells, as these cells produce no detectable core
α3-fucosylated structures (36, 37), and Endo Hf is simply a
commercially available recombinant form of Endo H. The
SDS-PAGE and Coomassie blue staining results showed that
Endo Hf treatment had no impact on the electrophoretic
mobility of the hEPO from Sf-RVN cells, indicating it had
Endo H-resistant N-glycans (Fig. 8A). In contrast, Endo Hf
treatment increased the electrophoretic mobility of the hEPO
from Sf-RVNLec1 cells, indicating it had Endo H-cleavable
N-glycans, as expected (Fig. 8A). The control PNGase-F
treatments increased the electrophoretic mobility of the
hEPO preparations from both cell lines (Fig. 8, A and B).
Finally, a more sensitive Western blotting assay produced the
same results, indicating the hEPO from Sf-RVNLec1 cells had
no detectable Endo H-resistant N-glycans (Fig. 8B). Thus,
these results verified that Sf-RVNLec1 can produce at least one
recombinant glycoprotein with Endo H-cleavable N-glycans.

As noted previously, the results shown in Figure 8 were
obtained using a HIS-tagged form of hEPO produced using a
glycoengineered baculovirus vector designed to block glycan
fucosylation in an effort to simplify the N-glycosylation pro-
files. In retrospect, we were concerned that blocking fucosy-
lation could have had some additional and unexpected impact
on the hEPO glycosylation patterns. Therefore, we repeated
Figure 8. Endo H susceptibility of recombinant hEPO. Recombinant forms of
RVNLec1 cells infected with AcRMD-hEPO, and then samples were treated with b
Coomassie blue staining or Western blotting, as described in the Experimen
negative Spodoptera frugiperda cell line.
these experiments with a conventional and non-
glycoengineered baculovirus vector to produce the HIS-tagged
form of hEPO in Sf-RVN and Sf-RVNLec1 cells. The results
showed that the major N-glycan on hEPO produced by Sf-
RVN cells was a fucosylated paucimannosidic structure
(Fig. S3A), and the major N-glycan on the hEPO produced by
Sf-RVNLec1 cells was Man5GlcNAc2, which was mostly non-
fucosylated, but accompanied by a small fucosylated subpop-
ulation (Fig. S3B). We also validated the results of our initial
endoglycosidase digestions using samples of the purified hEPO
preparations produced using the nonglycoengineered baculo-
virus vector. The results showed that the N-glycans on the
hEPO isolated from Sf-RVNLec1 cells were Endo H cleavable,
as expected (Fig. S3C). Thus, our initial use of the glyco-
engineered baculovirus vector to block hEPO fucosylation had
no relevant impact on our results.

Finally, we extended the analytical results obtained using
recombinant hEPO as a model glycoprotein by examining the
N-glycosylation profiles and Endo H cleavability of human
IgG1-Fc and mouse IgG2a-Fc produced in Sf-RVNLec1 cells. In
short, both these additional glycoproteins had N-glycosylation
profiles and Endo H susceptibilities analogous to those
observed with hEPO. That is, their major N-glycans had
paucimannosidic structures (Man3GlcNAc2±Fuc) when pro-
duced in Sf-RVN cells (Fig. S4, A and C) and Man5GlcNAc2
when produced in Sf-RVNLec1 cells (Fig. S4, B and D).
Accordingly, the N-glycans on both these proteins also were
Endo H cleavable when they were produced in Sf-RVNLec1

cells (Fig. S5).
Conclusions

The major purpose of this study was to isolate an insect cell
line with an SfMgat1 knock out and Lec1 phenotype to provide
crystallographers with a new tool to facilitate their ability to
nonfucosylated hEPO were isolated from the cell-free media of Sf-RVN or Sf-
uffer alone (N), Endo Hf (E), or PNGase F (P) and analyzed by SDS-PAGE with
tal procedures section. hEPO, human erythropoietin; Sf-RVN, rhabdovirus-
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produce high-quality glycoprotein crystals for structural
biology. While several mammalian cell lines with the Lec1
phenotype have been described (9, 21, 38–42) and used to
facilitate recombinant glycoprotein crystallization, there has
been no insect cell line that can be used for this purpose. The
new Sf-RVNLec1 cell line isolated in this study has multiple
indels in the SfMgat1 gene, grows and appears to produce
recombinant glycoproteins as well as the parental Sf-RVN line,
but it can only produce immature and high-mannose–type
N-glycans that can be removed using Endo H. We expect that
this new cell line will be a useful alternative host for re-
searchers using the BICS platform to produce recombinant
glycoproteins for structural biological work driven by X-ray
crystallography.

Experimental procedures

Insect cells and insect cell culture

The parental insect cell line used in this study was Sf-RVN,
which is an Sf-rhabdovirus–negative derivative of Sf9 cells
(19). Polyclonal and monoclonal CRISPR–Cas9–edited de-
rivatives were isolated as described later. Adherent insect cell
cultures were grown at 28 �C in tight-capped T-flasks in
TNM–FH medium supplemented with 10% fetal bovine serum
and 0.1% pluronic F68. Suspension cultures were grown at
28 �C in loose-capped shake flasks rotated at 125 rpm in
serum-free ESF 921 medium.

Plasmid constructions

Eight distinct derivatives of pIE1-Cas9-SfU6-sgRNA-Puro, a
BICS-specific CRISPR–Cas9 vector (16), were constructed for
this study. Each individual derivative had a different Sfmgat1-
specific targeting sequence encoded by synthetic DNA primer
pairs that were annealed, phosphorylated, and subcloned into
the SapI site of this vector, as described previously (16). The
sequences of the primers used to produce the eight different
Sfmgat1-specific targeting sequences are given in Table S1.

CRISPR–Cas9 editing of SfRVN cells

Eight individual Sf-RVN cell cultures were transfected with
one of the eight CRISPR–Cas9 constructs described previously
using a calcium phosphate transfection method, as described
previously (23). The transfected cells were selected in growth
medium supplemented with puromycin for 7 days to produce
eight distinct polyclonal transformed cell populations desig-
nated SfMgat1t1 to SfMgat1t8, which were passaged two times
prior to single-cell cloning by end-point dilution.

Screening polyclonal transformed cell populations by
electrophoretic mobility shift assays

Samples of each of the polyclonal transformed Sf-RVN cell
populations obtained after editing with the eight distinct
CRISPR–Cas9 vectors were infected with a previously
described recombinant baculovirus vector encoding an
N-terminally HIS-tagged version of hEPO (16). The cell-free
media from each culture were harvested at 48 h postinfection,
10 J. Biol. Chem. (2022) 298(1) 101454
and then the secreted hEPO products were purified by IMAC,
and samples were analyzed by SDS-PAGE with Coomassie
blue staining, as described previously (16).

Isolating single-cell clones from SfMgat1t4

We subsequently used an end-point dilution method to
isolate single-cell clones from the polyclonal SfMgat1t4 cell
population, as described previously (23). Briefly, after diluting
the cells to a level expected to produce one cell per well, on
average, samples were seeded into 96-well plates, and wells
containing single cells were identified by visual inspection
under a phase contrast microscope. These wells were marked,
the cells were allowed to grow in the 96-well plates for
�2 weeks, and then the expanded single-cell clones were
sequentially transferred to a 24-well plate, 6-well plate, 25 cm2

culture flasks, 75 cm2 culture flasks, and finally, the 75 cm2

flasks were split 1:3 and the cells from those three confluent
75 cm2

flasks were combined and used to seed 50 ml shake
flasks.

Genotyping SfMgat1t4 cell clones by PCR and TIDE

Our initial genotypic analysis of the single-cell clones iso-
lated from the SfMgat1t4 transformed polyclonal cell popu-
lation involved PCR amplifying and sequencing the targeted
region of the Sfmgat1 gene (Fig. S1) in the parental Sf-RVN or
SfMgat1t4 cell clones, and then using the TIDE program to
deconvolute the results. Briefly, genomic DNA preparations
were isolated from the parental cell line and samples from the
first passage of all 11 SfMgat1t4 cell clones using the
DirectPCR lysis reagent (Viagen Biotech). The approximate
locations of the primers used for PCR and the size of the
amplification product are shown in Fig. S1. The PCRs were
performed using 2 μl of genomic DNA lysate as the template,
Q5 DNA polymerase (New England Biolabs), and 0.2 mM
dNTPs. The PCRs included 30 cycles of denaturation at 98 �C
for 10 s, annealing at 60 �C for 10 s, and extension of 72 �C for
30 s. The amplification products were purified on Omega Bio-
Tek minispin columns, sequenced using the Sanger method
(24) (GENEWIZ, Inc), and the results were analyzed using the
TIDE algorithm (http://shinyapps.datacurators.nl/tide/) to
predict the genome-edited ratios obtained in each SfMgat1t4
cell clone, as described previously (16, 25).

Genotyping SfMgat1t4#1 by PCR and cloning and sequencing
amplimers

Additional genotyping of clone SfMgat1t4#1 was performed
by PCR amplifying the targeted region of the Sfmgat1 gene,
cloning the resulting amplification product, and sequencing
the inserts in 30 independent clones. Briefly, the targeted re-
gion of the genomic DNA isolated from passage 1
SfMgat1t4#1 cells was amplified as described in the preceding
paragraph. The amplification product was then purified, as
described previously, and cloned into the TA site of pGEM-T
Easy (Promega). Finally, the inserts in 30 randomly picked
independent clones were sequenced (GENEWIZ), and indels
were identified in comparison to wildtype. Upon completion of
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this genotyping analysis, we changed the name of this cell line
from SfMgat1t4#1 to Sf-RVNLec1.

Growth curves

Sf-RVN and Sf-RVNLec1 cells were seeded at 0.5 M cells/ml
in ESF 921 in a 50 ml shake flask, and then, viable cell densities
were measured at 24 h intervals for 1 week using a Countess
automated cell counter (Thermo Fisher Scientific).

Recombinant hEPO expression and purification

An N-terminally HIS-tagged form of hEPO was produced in
Sf-RVN and Sf-RVNLec1 cells and purified by IMAC, as
described previously (16). In this study, we actually used two
different baculovirus vectors to produce hEPO in these two
cell lines. One was Acp6.9-hEPO, which is a conventional
vector encoding hEPO under the control of the baculovirus
p6.9 promoter, and the other was AcRMD2p6.9-hEPO, which
is the same vector in addition glycoengineered to block glycan
fucosylation (36). The cell-free culture media from all hEPO
production runs were collected at 48 h postinfection for sub-
sequent IMAC, and fractions were examined for hEPO by
SDS-PAGE with either Coomassie blue staining or Western
blotting using polyclonal goat anti-hEPO (U-CyTech) as the
primary antibody and alkaline phosphatase–conjugated poly-
clonal mouse antigoat IgG (MilliporeSigma) as the secondary
antibody, as described previously (36).

Recombinant hIgG1-Fc and mIgG2a-Fc expression and
purification

N-terminally HIS-tagged hIgG1-Fc and mIgG2a-Fc were
produced in Sf-RVN and Sf-RVNLec1 cells and purified by
IMAC, as described previously (43). Briefly, the cells were
infected with Acp6.9-hIgG1-Fc or Acp6.9-mIgG2a-Fc, which
are conventional baculovirus vectors encoding the Fc frag-
ments of either human IgG1 or mouse IgG2a under the con-
trol of the viral p6.9 promoter. Again, the cell-free culture
media were collected at 48 h postinfection for subsequent
IMAC, and fractions were assayed for human IgG1 or mouse
IgG2a by SDS-PAGE with either Coomassie blue staining or
Western blotting using alkaline phosphatase–conjugated
polyclonal goat antimouse IgG or antihuman IgG Fc (Milli-
poreSigma), as described previously (43).

Endoglycosidase analyses

Samples of various purified glycoproteins were treated with
Endo Hf (New England Biolabs) or PNGase F (New England
Biolabs) at 37 �C overnight. The spent reactions were analyzed
by SDS-PAGE on a 12% polyacrylamide gel, and then either
stained with Coomassie blue or analyzed by Western blotting,
as described previously.

MALDI-TOF MS analyses

MALDI-TOF MS analysis was performed as described
previously (16). Briefly, 100 μg aliquots of a total cell protein
fraction or purified glycoprotein were digested with PNGase F,
then the enzymatically released N-glycans were purified and
analyzed using an Applied Biosystems SCIEX TOF/TOF 5800
with 500 shots accumulated in reflectron positive-ion mode.
The T2D raw data files produced by this instrument were
converted to ASCII files, which were then uploaded to Gly-
coWorkbench (44) for data analysis. Molecular ions were
detected as [M + Na]+, and the structures of nondeisotoped
peaks with signal-to-noise ratios of >3 were identified using
the profiler tool and a customized N-glycan database in Gly-
coWorkBench with an accuracy of 0.2 Da. These peaks were
annotated using the standard cartoon glycan symbolic repre-
sentations, and annotated spectra were exported to graphical
reports and finally opened in Adobe Illustrator to create our
final figures, in which each peak was plotted as the percentage
of total annotated ion intensities in the spectrum. Additional
details of the conditions used for MALDI-TOF–MS analysis in
this study are included with the raw data in the report
deposited on GlycoPOST (see Data availability section).

Data availability

All data are included within the article except the raw
MALDI-TOF–MS data, which were deposited to GlycoPOST
(45) as part of a full project report (accession number:
GPST000223).
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