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Abstract

There is growing interest in the use of non-model microorganisms as hosts for biopharmaceutical
manufacturing. These hosts require genomic engineering to meet clinically relevant product
qualities and titers, but the adaptation of tools for editing genomes, like CRISPR-Cas9, has been
slow for poorly characterized hosts. Specifically, a lack of biochemical characterization of RNA
polymerase 111 transcription has hindered reliable expression of guide RNAs in new hosts. Here,
we present a sequencing-based strategy for the design of host-specific cassettes for modular,
reliable, expression of guide RNAs. Using this strategy, we achieved up to 95% gene editing
efficiency in the methylotrophic yeast Komagataella phaffii. We applied this approach for the
rapid, multiplexed engineering of a complex phenotype, achieving humanized product
glycosylation in two sequential steps of engineering. Reliable extension of simple gene editing
tools to non-model manufacturing hosts will enable rapid engineering of manufacturing strains
tuned for specific product profiles, and potentially decrease the costs and timelines for process
development.
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Model microorganisms like Escherichia coliand Saccharomyces cerevisiae are commonly
used for manufacturing complex molecules. Recently, interest has risen in the development
of non-model microorganisms, including bacteria, yeast, and filamentous fungi as hosts for
biomanufacturing and chemical processing, owing to specialized phenotypes like unique
metabolic chemistries or high capacity for pathway engineering.! The lack of broad gene
editing tools, however, impedes the agile development of new potential hosts for producing
high-value molecules.? To date, efforts to elucidate and engineer complex phenotypes have
required excessive trial and error using slow, inefficient methods of genetic disruption.
Examples include the engineering of cyanobacteria to produce high-value chemicals from
CO,,3 and the humanization of glycoproteins in Komagataella phaffii*

CRISPR-Cas9 has emerged as the technique of choice for both functional genetics and
genome engineering in microbial hosts, enabling parallel, targeted genomic disruptions
without the use of selection markers.> Cas9 is often expressed using common designs for
genomic vectors, but single guide RNAs (SgRNAS) require nuclear localization and 5’3’
trimming. These features are characteristic of RNA polymerase-111 (Pol-111) mediated
transcription. Model organisms boast reliable, well-characterized RNA Pol-I11 promoters,
like the U6 promoter in mammalian cells® and the snr52 promoter in S. cerevisiae’. The
small size and modularity of RNA Pol-111 cassettes allow parallel cloning for sgRNAs to
enable multiplexed engineering®-19 and genome-wide phenotypic screens. RNA Pol-I11
promoters, however, are often intragenic and unique to the host’s genome with few
conserved motifs,11 making transfer of designs and strategies for expression sgRNAS
difficult among species.1?

Microorganisms’ small genomes are highly amenable to sequencing-based analysis.13 In
model microorganisms, sequencing paired with robust genetic manipulation techniques has
enabled nearly complete functional characterization and annotation of genes.14-16 Here, we
present a simple strategy for development of Cas9-mediated gene editing in microorganisms
that uses sequencing for the identification of RNA Pol-I11 expression cassettes. We
demonstrated this strategy in K. phaffii (Pichia pastoris), a non-model yeast of interest as a
cellular factory for biopharmaceuticals and vaccines.1” In this host, engineering complex
phenotypes like secretion and post-translational modification would benefit from simplified
genetic tools and functional genetics.® To date, editing with CRISPR-Cas9 in K. phaffii has
relied on RNA Pol-I1 based expression of sgRNAs, which increases the difficulty of
multiplexed and batched cloning and expression of sgRNAs.1® RNA Pol-111 activity in trans
has been observed with substantial variance in efficiency and only with substantial copies of
the encoding plasmid.29 Using small RNA sequencing, we identified native promoters for
RNA Pol-I11 and tested candidates with three sgRNASs to knockout a gene with a clear
phenotypic effect. We found that precise fusion of sgRNA to the 3’ end of several native
tRNAs provided efficiencies in gene knockout of up to 95%. These efficient, orthogonal
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tRNA-sgRNA cassettes allowed multiplexed integration of a three gene pathway to remodel
and homogenize glycoforms appended on expressed proteins.

Results and Discussion

Current methods for editing genes in K. phaffii with CRISPR-Cas9 rely on sgRNAs
expressed using an RNA Pol-11 cassette, with self-cleaving ribozyme sequences appended to
the 5’ and 3’ ends.1® This cassette produces a functional sgRNA, but homology
requirements of the 5 hammerhead ribozyme extend the variable region for a SgRNA from
20 bp to 69 bp.2 These long variable regions increase the cost of large-scale synthesis of
sgRNAs (~10° for genome wide screens), and preclude the expression of multiple sgRNAs
on a single cassette for multiplexed editing. Several strategies exist from other organisms
that could circumvent the lack of a consensus promoter if deployed in K. phaffii. A recently
reported T7 bacterial polymerase cassette performs effectively across several yeasts, but
requires expression of an additional polymerase and modification of SgRNAS to achieve
robust 5’ trimming.22 Another simple strategy uses native RNA Pol-I11 transcripts by fusing
a sgRNA to a native tRNA. Fusion to native tRNA is effective and sequence independent,
but requires accurate annotation of the host’s endogenous tRNA, often obtained through
biochemical knowledge of RNA processing.23 Among organisms, tRNAs are highly
conserved in structure, and sequences are identified by homology. Exact annotation of
tRNAs and other small RNAs requires, however, thorough biochemical knowledge of RNA
processing. This strategy has been commonly used in plants,?4 but in few microorganisms.2®
Here, we instead obtained exact RNA annotation from transcriptomic and genomic data,
which can be easily collected in microbial hosts like K. phaffii.26

Sequencing and characterization of native RNA Pol-lll transcripts

We assayed the RNA Pol-111 transcriptome in K. phaffii using small RNA sequencing
(Figure 1A). We cultivated wild type K. phaffifNRRL Y-11430 in common laboratory
conditions, collected total RNA, and sequenced RNA less than ~250 bp long, resulting in a
dataset of 577 small RNAs. Most small RNAs were <100 bp, with an average length of
87+61 bp (Figure 1B). We performed a BLAST search against the RNA Central Small RNA
dataset to classify RNA types including transfer RNAs (tRNAs), small nucleolar RNAs
(snoRNAs), and ribosomal RNAs (rRNAs) (Figure 1C). We detected 5 of the 6 conserved
small nuclear RNAs (snRNAs),27 and both the RNAse for mitochondrial RNA processing
(mrpRNA) and the signal recognition particle RNA (srpRNA). We observed a broad range of
small RNA expression over five orders of magnitude (Figure 1D), with snoRNAs and tRNAs
comprising the most highly expressed genes (Figure 1E). As expected, few small RNAs
exhibit sequence homology to common yeasts (Figure 1F), further motivating an unbiased
de novo search for a platform for expression of SgRNA.

Next, we hypothesized that we could identify the 3* end of an active RNA Pol-111 promoter
region by identifying the 5’ edge of a RNA Pol-IlI transcribed small RNA. We created a
metric we call “edge resolution” to systematically identify individual small RNAs that were
clearly defined by the sequencing reads (Methods). High edge resolution indicated
sequencing reads that created a clean RNA footprint with clearly defined 5’ and 3’ edges
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(Figure 1H). Both snoRNAs and tRNAs had high edge resolution, while rRNAS, which are
likely fragments of larger molecules, had lower edge resolution (Figure 1G). After sorting
for highly resolved small RNAs, we inspected the 5’ ends of mapped sequencing reads to
identify the 3’ ends of potential RNA Pol-I1l promoters. This annotation was used to inform
the construction of cassettes for expression of guide RNAs.

A promoter-tRNA-sgRNA fusion cassette yields highly efficient knockout of genes

We constructed four cassettes using two tRNA promoters, one snoRNA promoter, and the
srpRNA promoter for expressing single guide RNAs (Figure 2A). Promoters were placed
directly in front of a reporter sgRNA and poly T termination sequence. Because the 5 edge
of the corresponding small RNA was used to predict the transcription start site, these
promoters were chosen based on RNA class diversity, and high 5’ edge resolution. RNA Pol-
I11 promoters are often intragenic, meaning the small RNA sequence is essential to promoter
function, so we created an additional cassette with the first tRNA promoter that included the
native tRNA sequence directly fused to the sgRNA. In this case, the 3’ edge of the
sequencing footprint was used to place the sgRNA instead of the 5° edge. All five RNA Pol-
I11 cassettes C1-C5 (Table 1) were tested in an autonomously replicating plasmid in K.
phaffii. We expressed Streptococcus pyogenes Cas9 using the K. phaffii enol promoter after
determining that promoter strength had little effect on Cas9 activity (Figure S1). We used
SgRNAs targeting gutl, a glycerol kinase that results in limited growth on glycerol media
when knocked out (Figure S2). Cells were transformed with circular plasmid and plated on a
glycerol agar plate to screen for growth deficiency (Figure S2).

Cassette C2 (promoter-tRNA-sgRNA) enabled knockout activity with up to 93% efficiency,
with all other cassettes exhibiting essentially no observed knockouts. Interestingly, C1
exhibited no knockout activity despite containing the same RNA Pol-I11 promoter as C2, but
without the tRNA sequence. This result suggests that tRNA promoter activity indeed
depends on the presence of the tRNA gene. A similar strategy for expression using a
promoter-tRNA-sgRNA cassette has been demonstrated in organisms spanning kingdoms.
23,25,28-30 processing of the 5” end of the sgRNA is only dependent on proper identification
of the 3’ end of the tRNA, as the protein complex RNase Z recognizes folded tRNA
structures, releasing any appended sequence indiscriminately.3! Since tRNA processing
occurs in the nucleus, efficiency may be improved over the ribozyme cassette by confining
SgRNA to the nucleus. tRNA fusion provided robust gene knockout across several SgRNAS,
so efforts to identify an extragenic RNA Pol-I11 promoter were not pursued further.

Identification of tRNA edge location determines sgRNA efficiency

After establishing a reliable design principle for expression of sgRNAs, we explored the
generality of using small RNA sequencing to identify RNase Z cut sites, and subsequently
sgRNA fusions. We visualized the expression and edge resolution of all small RNAs in our
dataset (Figure 3A). As expected from our analyses, tRNA1 from cassette C2 is both highly
expressed and has well-defined 5° and 3’ edges. We then selected tRNA3—a tRNA that is
highly expressed but has poorly resolved edges from sequencing (reads shown in Figure
1H). Upon inspection of the 3’ end, it was unclear where the tRNA is trimmed by RNase Z
(Figure 3B). We created 13 variants of cassette C6, where the sgRNA is fused at different
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locations at the 3’ end of tRNA3. The knockout efficiency was highest at a specific 3’
location, presumably the RNase Z cut site (Figure 3C). When the sgRNA is fused too distant
from the tRNA structure, efficiency likely decreases due to excess sequence attached to the
5’ end of the sgRNA. When fused too close, RNase Z may cleave the sgRNA, reducing
targeting specificity. The low efficiency of sgRNAs with only one or two appended base
pairs may be specific to the sequences of this tRNA-sgRNA fusion, and is mitigated when
the sgRNA is properly cleaved. We therefore hypothesized that accurate tRNA annotation is
necessary to create an efficient SgRNA expression cassette from any native tRNA.

To test this idea, we selected four additional tRNAs, tRNA4 - tRNA?7, that exhibited a wide
range of both expression level and edge resolution (Figure 3A). By manual inspection of
sequencing read edges, we intuited locations of RNase Z cut sites and generated promoter-
tRNA-sgRNA cassettes based on our best interpretation of sequencing-derived annotations.
All four additional cassettes (C7-C10) yielded highly efficient gene knockout (Figure 3D). It
is unclear why sgRNA B is not functional on cassette 7; this is currently under investigation.
Interestingly, the native level of expression for each tRNA promoter did not correlate with
the efficiency of gene knockout, perhaps due to high plasmid copy number and lack of ¢/is
regulation. Our success in creating expression cassettes for sgRNAs from multiple promoter-
tRNA pairs suggests that small RNA sequencing can provide a useful small transcriptome
annotation for accurate identification of tRNA 3’ edges. Edge resolution can be used to
quickly identify the 3’ edges of tRNAs for assembly of sgRNA cassettes. Fusions of tRNA
and sgRNA have been demonstrated in a range of organisms, and given the ease of
sequencing microorganisms, we posit this algorithm can also facilitate developing elements
to express sgRNA in previously uncharacterized hosts.

Efficient, multiplexed engineering of glycosylation

To demonstrate the efficiency of our platform for sgRNA expression, we next sought to
engineer a strain with modified glycosylation with minimal rounds of editing. Uniform
humanized glycosylation has been demonstrated to reduce antigenicity and increase efficacy
of biologics manufactured in non-human hosts.32 Prior engineering of glycosylation in K.
phaffiihas relied on repeated recycling of a limited number of auxotrophic markers — a time
and labor intensive process.33 For example, knockout of the native mannosyl transferase
och1 using traditional selection required screening of at least 1,000 transformants.3* We
devised a strategy for pathway engineering involving the knockout of the native mannosyl
transferase och1 and integration of three heterologous genes involved in glycosylation
(Caenorhabditis elegans mannosidase (mnsl), Kluyveromyces lactis UDP-GICNAc
transporter (mnn2), and human GIlcNAc transferase (gnt1)) in a multiplexed manner (Figure
4A).

First, we targeted and knocked out och1. We observed a highly efficient knockout despite
the expected morphological differences and slow growth (Figure 4B), comparable to other
reported knockouts of ochZ using Cas9.1? Next, we constructed an RNA Pol-I11 cassette to
express three sgRNAs simultaneously for the integration of mns1, mnn2, and gntl. By
precise annotation of not only the 3’ edge of tRNAs but also the 5’ edge, sgRNAs can be
multiplexed on a single RNA Pol-I11 transcript, as has been recently reported in S.
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cerevisiae.3> We identified more than three tRNA promoter cassettes by sequencing, so we
could construct multiplexed sgRNAs without repeating tRNA sequences (Figure 4C); this
design reduces cassette homology and improves compatibility with cloning techniques like
Golden Gate Assembly. We transformed the multiplexed plasmid along with linear DNA
fragments of each heterologous gene into wild type cells, Aochl cells, and Aku70cells, a
knockout previously reported to reduce the frequency of non-homologous end joining
(Figure S3).36 Complete multiplexing was achieved in all three strains with efficiency up to
40% (Figure 4D). Amongst all loci screened, nearly 50% of possible edits were successful,
with only small frequencies of indels, off-target integrations, or mixed colonies (Figure 4E).
Efficiency of integration declined with each gene, and may reflect effects due to the order of
expression of sgRNA (Table S6).3537 Interestingly, Aku70and wild type cells behaved
similarly with respect to integration efficiency. We therefore elected to proceed with a
multiplexed integrated Aoch1 strain with an intact kuv70 gene.

We then expressed the Kringle 3 domain of human plasminogen (K3) to test the
glycoengineered strain because it exhibits a single, highly accessible motif for glycosylation
at position 41 (N-R-T, Table S5).34 We transformed K3 into a wild type strain, a Aochl
strain, and our glycoengineered strain, cultivated clones in batch culture, and evaluated the
glycosylation on secreted K3 by mass spectrometry. The glycoengineered strain produced
K3 with uniform glycosylation, markedly different from the yeast’s native, heterogeneous
hypermannosylation (Figure 4F). Analysis of K3 by LC-MS before and after treatment with
PNGase revealed a humanized five-mannose glycan structure (Figure 4G). These data show
the successful engineering of a complex phenotype of interest in a specialized
microorganism in only two steps. Equivalent modifications with traditional tools would
require four transformations, using either four orthogonal or recycled auxotrophic markers—
a time and resource intensive endeavor that would leave genomic scars or alter amino acid
metabolism.

In conclusion, we have reported a simplified, multiplexed cassette for expression of sgRNAS
in K. phaffii. In addition, we demonstrated a method to establish RNA Pol-I11 mediated
expression of sgRNA, which we believe is broadly extensible to other microorganisms.
Finally, we demonstrated our CRISPR platform to rapidly engineer a complex host
phenotype, including concurrent knockout and knock-in of genes. To our knowledge, these
results also show the first demonstration of multiplexed editing by heterologous gene
insertion in K. phaffii.3® These techniques can now be quickly applied to a broad range of
applications in Pichia pastoris or other microorganisms, including introduction of
mammalian chaperones to enhance folding of complex molecules, generation of protease-
deficient strains to improve yields of full-length product,3° reduction and redirection of
vacuolar and endoplasmic reticulum-associated protein degradation pathways,*°
enhancement of lipid synthesis and vesicular machinery,*1:42 and introduction of novel
metabolic pathways.*3 Simplified tools for genomic editing that are compatible with
multiplexing and parallelization will be critical to the widespread adoption of alternative
hosts for manufacturing, eventually leading to engineered fit-to-purpose strains for unique
classes of biologic medicines.1” Expansion of tools to new organisms with unique
phenotypes will enable manufacturers to continue to expand repertoires of complex products
while benefiting from the simplicity of microbial hosts in cultivation.*4
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Small RNA sequencing and analysis

Wild type Komagataella phaffii strain NRRL Y-11430 was cultivated in 5 mL of rich defined
medium (RDM)*? with 4% glycerol by volume. Five identical cultures independently
cultivated were used as biological replicates. Cultures were inoculated at OD600 = 0.1, and
grown at 30°C for 24 hours until OD600 ~ 16. Total RNA was extracted using the Qiagen
miRNA extraction kit. RNA was converted to cDNA libraries using the New England
Biolabs Small RNA Kit and sequenced on an Illumina NextSeq. Reads were aligned to the
K. phaffii genome?6 using Salmon.#” Small RNAs were defined as continuous regions of
>50 read depth. Expression of each small RNA was calculated using transcripts per million
(tpm), normalized by sample.

To quantify edge resolution of each small RNA, we defined each edge of the RNA as the 20
bp upstream and downstream of the annotated boundary. Over this region, we calculated the
change in read depth at each base pair. We defined edge resolution as the ratio of the
maximum change in read depth to the maximum read depth.

max (Aread depth)

Edge resolution = “max (read depih)

The edge resolution score was then calculated as the mean of the 5” and 3’ edge resolution
for each small RNA. An edge resolution of 1 indicates that all paired end reads start and end
at the same 5° and 3’ base pairs.

Plasmid construction

Complete plasmid and primer sequences are available, see Supplemental Information. PCR
was performed using Q5 Hotstart High Fidelity Master Mix (NEB) according to the
manufacturer’s instructions. Fragment assembly was performed using Gibson Assembly
Master Mix (NEB) according to the manufacturer’s instructions. Plasmids were stored and
propagated in Topl0 Escherichia coli (Invitrogen). Primers were synthesized by Integrated
DNA Technologies (IDT) or Genewiz Inc. Double stranded DNA fragment synthesis was
performed by IDT.

Spacer sequences were generated randomly and inserted to separate plasmid components
and assist in Gibson assembly. The K. phaffii replication origin (PARS) sequence was
synthesized separately. Human codon optimized S. pyogenes Cas9 was obtained from
Addgene plasmid #43802. K. phaffii RNA Pol-11 promoters and terminators P r;, Popgz and
TT 017 Were PCR amplified from the genome. RNA Pol-I1 promoters were defined as the
1000 bp upstream of the gene coding sequence, or shorter in the presence of an adjacent
coding sequence. RNA Pol-111 promoters were defined as 300 bp upstream of a small RNA
and synthesized. For tRNA fusions, tRNAs were fused to the 3’ end of the 300 bp promoter.
Ribozyme sequences were obtained from Weninger et al. and synthesized.1® Guide RNAs
were designed targeting the gut gene coding sequence using the ATUM gRNA Designer
tool (www.atum.bio). A list of sgRNAs used in the study is available, see Table S1.
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Gutl knockout screening

Competent cells were prepared as described elsewhere*® and transformed with 100 ng of
circular plasmid DNA. Cells were allowed to recover for 3h at 30°C without shaking before
plating on YPD agar (BD Difco) plates supplemented with 800 pg/mL G418 Geneticin
(Thermo Fisher Scientific). Single colonies were used to inoculate 200 pL YPD cultures
cultivated overnight with shaking at 1000 rpm in 96 well plates. Cells from liquid culture
were then stamped onto minimal glycerol media (6.7 g/L BD Yeast Nitrogen Base w/o
Amino Acids, 10 mg/L L-histidine, 20 mg/L L-methionine, 20 mg/L L-tryptophan, 10 mL/L
glycerol) plates without selection. Plates were incubated for 2 days at 30°C before
examination for deficient growth (Figure S2). Three biological replicates of each tested
construct were generated via three independent transformations. Sixteen colonies were
picked at random from each plate. Knockout efficiency was calculated as the average
percentage of complete knockout across 3 biological replicates. For a subset of
transformations, DNA was extracted as previously described*® and purified using the
MagJET gDNA Kit (Thermo Fisher Scientific). The gutZ locus was PCR amplified and
Sanger sequenced to corroborate the glycerol growth assay.

Multiplexed engineering

Guide RNAs targeting och1 and ku70were cloned into an RNA Pol-111 cassette as described
above. For ku70knockout screening, colonies were screened using genomic DNA and
extraction as described above. Cells transformed with plasmids targeting oc/ were grown
on solid media for two weeks prior to examination for Aoch1 colonies. Knockout efficiency
was calculated by counting the number of morphologically different colonies on plates in
three biological replicates. Representative Aochi1 colonies identified by altered morphology
were confirmed by Sanger sequencing.

Glycosylation genes mns1, mnnZ2, and gnt were targeted to intragenic regions of the
genome adjacent to genes GQ67_04576, PFK1, and ROX1, respectively using 500 bp
flanking sequences for homologous recombination. Genes were codon optimized for K.
phaffii (Pichia pastoris), synthesized, and subcloned for storage. All genes were placed
between the K. phaffii AOX1 promoter, and the S. cerevisiae CYC1 terminator. Linear
inserts were amplified using PCR and column purified. The multiplexed guide RNA cassette
was synthesized in three sections separated by tRNA to avoid self-homology of the
structural component of sgRNAs. Fragments were assembled into a multiplexed RNA Pol-
I11 cassette using Golden Gate assembly (NEB). The multiplexed RNA Pol-111 cassette was
then cloned into the previously constructed Cas9 expression vector using Gibson assembly.

Wild type, Aoch1, and Aku70 cells were transformed in duplicate with a mixture of 100 ng
of plasmid pND413 and 1.5 ug of each linear insert encoding each glycosylation gene.
Sixteen colonies were randomly selected for genomic DNA extraction. All three targeted
loci were amplified from each genomic DNA sample and Sanger sequencing was performed
to confirm integration of linear inserts at the correct loci. Off-target integrations were
identified by amplification using heterologous gene specific primers in samples with an
otherwise unedited target locus.
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Glycosylation testing

Wild type, Aoch, and Aoch1:mnn2:mns1.gnt1 cells were transformed*8 with a vector for
multicopy expression of human K3 plasminogen peptide, appended with a C-terminal 6-His
tag (Table S5). Strains were grown in 24-well deep well plates (25°C, 600 rpm) using
glycerol-containing media (BMGY-Buffered Glycerol Complex Medium, Teknova)
supplemented to 4% (v/v) glycerol. After 24h of biomass accumulation, cells were pelleted
and resuspended in BMMY (Buffered Methanol Complex Medium, Teknova) containing 3%
(v/v) methanol. After 24 hours of production, supernatant was harvested for analysis by 16%
Tricine SDS-PAGE (Thermo Fisher Scientific). K3 peptide was purified using HisTrap
columns (GE) and deglycosylated with PNGase F (NEB). To verify glycosylation, 1 pL of
sample was mixed with 1 pL of sinapinic acid matrix and run on a Bruker Microflex
MALDI TOF in positive, linear mode. Data was collected for intact masses from 5-30 kD.
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Figure 1:

RNA sequencing for small RNA annotation. a) Pipeline of cultivation and sequencing of
wild type (WT) cells to select candidate RNA Pol-I11 promoters. b) Histogram of captured
transcript lengths. Transcripts were filtered to be between 30 and 350 bp. c¢) Classification of
K. phaffii transcripts using BLAST against RNA-Central database. d) Histogram of small
RNA expression. e) Expression of each class of small RNA. Three asterisks indicate
p<0.001 by the Mann-Whitney-Wilcoxon test. f) Homology of K.phaffiismall RNAs to
common Yyeasts. g) Edge resolution of each class of small RNA, defined as the ratio of
change in read depth to read depth at the edge of each called transcript. h) Examples of high
(tRNA1) and low (tRNA3) edge resolution. Average sequencing read depth (black line)
drops steeply at the edges of the tRNA with high resolution, and declines gradually with low

ACS Synth Biol. Author manuscript; available in PMC 2021 January 19.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Dalvie et al.

Page 14

resolution. Gray region represents maximum and minimum read depths across 5 biological
replicates.
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RNA Pol-I11 expression of guide RNA. a) Diagram of CRISPR plasmid for testing RNA Pol-
I11 transcription of sgRNA. Expanded regions are five RNA Pol-I11 sgRNA expression
cassettes, compared to a control RNA Pol-11 cassette. Self-cleaving ribozyme sequences are
shown in light blue. Sequence lengths are not to scale. b) Knockout efficiency of cassettes
for three sgRNASs targeting the gutZ reporter gene.
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Figure 3:

Location of sgRNA-tRNA fusion impacting knockout efficiency. a) Expression against
trimness for all K. phaffii small RNAs (tRNAs are shown in purple). RNAs present in all
RNA Pol-I11 cassettes are labeled. b) Sequencing read depth at the 3* end of tRNA3. c)
Knockout efficiency of varying fusion sites of tRNA3 in cassette C6. Shown on the right is
the fusion location, and hypothesized mechanisms for reduced efficiency. Efficiency was
tested using sgRNA A. d) Knockout efficiency of each additional RNA Pol-111 expression
cassette with two sgRNAs.

ACS Synth Biol. Author manuscript; available in PMC 2021 January 19.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Dalvie et al. Page 17

A B
50,
e 40
—_— och1
ocht —> B knockout
>
. Yeast ' g 4 colony
ypermannosylation .g
%
3 : —
]
2 F
%
Man8 \ﬁ. —_ 10] 3
GlcNAc2 mns1 gnt1 L
mnn2 R
0
Man5 GlIcNAc _,&_é_
GIcNAc2 Man5
GIcNAC2 sgRNA:och1
C D
1 tRNA1 tRNA4 tRNA5S
: Glnlb ﬁf glﬂl._, %ﬁ cfll.l__, w woro/ T 1]
: | I
: sgRNA:locusA sgRNA:locusB sgRNA:locusC £ . Edited
3 [ partia
CRISPR wio | T [Junedited
plasmid . type- Dj
S 0 5 10 15
: # of colonies
' E
£
g
> el e
v type
) 0 25 50 75 100
Linear DN/¥casseties % of all edits observed
pAOX1 MNS1 1 Locus A
? Off target
PAOXT WINNZZ0 TT Locus B [ unedited imegragﬁon (I Actonai
Correct
BAOXT GNT1 T Locus C integration [ ince
F G
Supernatant Purified K3
o O ® @ /locht 3k 10826 K3 peptide
M [} ® mnn2, mnst, gnt1 (+ PNGase) Aoch1
100 [~= — 2k
3 WU
30 | — — 5 ol SehA Al A
25 | - - et ' s f f s s
20 | - - 2
. . =s — 2 5t 11996 K3 peptide
15 | — - — = Aoch1, mnn2, mns1, gnt1
2
o 10801
10 [ - — 1t (+ PNGase)
B o ; : : e o .
“1 - 10000 11000 12000 13000 14000 15000

Deconvoluted mass (amu)

Figure 4
Editing of the yeast glycosylation pathway using knockout and multiplexed gene insertion.

a) Diagram of the native yeast glycosylation pathway (top) and the previously demonstrated
engineered pathway to mammalian GIcNAcMansGIcNAC; structures (bottom). b) Knockout
efficiency of the native mannosyltransferase oc/1, and morphology of the resulting colonies.
¢) Schematic of multiplexed genome editing. Three sgRNAs and Cas9 are expressed from a
plasmid, co-transformed with three linear integration fragments. d) Multiplexed genome
editing efficiency. Edited colonies exhibited all three edits, partial colonies exhibited a hon-
zero fraction of edits, and unedited colonies exhibited no editing or indel genotypes without
insertion. e) Error modes of all screened edits in wild type and Akw70strains. Aclonal refers
to colonies that exhibit multiple genotypes. f) SDS-PAGE of the K3 peptide with native
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yeast glycans and with human glycosylation following multiplexed glycosylation editing. g)
Mass spectra of K3 peptide expressed in Aochl (top) and engineered (bottom) cells.
Identical samples treated with PNGase are shown in gray.
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Table 1.

Cassettes for expression of sgRNAs based on native small RNAs

Cassette structure Corresponding small RNA

ID  Promoter--fusion  Expression (log2tpm) Edgeresolution L ocus

Cl  Prnat 12.2 0.91 chr1:1241621-1241706
C2  Prnai—-tRNAL 12.2 0.91 chr1:1241621-1241706
C3  Pruaz 95 0.86 chr3:953065-953139
C4  Pgpraa 5.4 0.49 chr1:1523775-1524047
C5  Pgorna 34 0.44 chr2:635515-635661
C6  Pgrnas-tRNA3 15.2 0.25 chr4:816524-816610
C7  Pgrna—-tRNA4 8.5 0.66 chr4:1297483-1297568
C8  Prnas—-tRNAS 5.6 0.90 chr1:1609353-1609426
C9  Prnac--tRNAG 2.2 0.20 chr1:2379876-2379912
C10  Pgrnar—-tRNA7 0.5 0.94 chr2:1606792-1606868
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