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ABSTRACT Modular Cloning (MoClo) allows the combinatorial as-
sembly of plasmids from standardized genetic parts without the
need of error-prone PCR reactions. It is a very powerful strategy
which enables highly flexible expression patterns without the need
of repetitive cloning procedures. In this study, we describe an ad-
vanced MoClo toolkit that is designed for the baker’s yeast Saccha-
romyces cerevisiae and optimized for the targeting of proteins of
interest to specific cellular compartments. Comparing different tar-
geting sequences, we developed signals to direct proteins with high
specificity to the different mitochondrial subcompartments, such as
the matrix and the intermembrane space (IMS). Furthermore, we
optimized the subcellular targeting by controlling expression levels
using a collection of different promoter cassettes; the MoClo strate-
gy allows it to generate arrays of expression plasmids in parallel to
optimize gene expression levels and reliable targeting for each given
protein and cellular compartment. Thus, the MoClo strategy enables
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ER — endoplasmic reticulum, IMS — intermembrane
space, PTS1 — type 1 peroxisomal targeting signals,
PTS2 — type 2 peroxisomal targeting signals, MoClo
—modular cloning, NLS — nuclear localization signal,
BPSV40 - simian virus 40 T3, ymNG — yeast-
optimized NeonGreen, mt-RFP — mitochondria-

the generation of protein-expressing yeast plasmids that accurately
target proteins of interest to various cellular compartments.

INTRODUCTION

Eukaryotic cells are characterized by intracellular mem-
brane systems that define functionally different compart-
ments. Except for a small number of mitochondrially en-
coded proteins, all proteins are synthesized on ribosomes
in the cytosol. Targeting signals encoded in the amino acid
sequences of these proteins allow the correct insertion
into or translocation across membranes ensuring that each
protein reaches its respective intracellular localization [1].
Several types of such targeting signals were identified and
characterized in the past [2] which include: (1) signal se-
quences which direct proteins to the endoplasmic reticu-
lum (ER) [3], (2) presequences or matrix targeting signals
for proteins of the mitochondrial matrix [4, 5], (3) bipartite
presequences for proteins of the mitochondrial intermem-
brane space (IMS) [6], (4) nuclear localization signals in
proteins of the nuclear lumen [7], (5) type 1 peroxisomal
targeting signals (PTS1) on the C terminus of peroxisomal
proteins and (6) type 2 peroxisomal targeting signals (PTS2)
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targeted red fluorescence protein, sfGFP —
superfolder GFP, CEN/ARS - centromer and
autonomous replication sequence.

on the N terminus of peroxisomal proteins [8]. Fusion of
such targeting signals typically directs polypeptides reliably
into the respective organelle. However, high expression
levels often oversaturate translocation systems leading to
the accumulation of the fusion proteins in the cytosol or to
their mislocalization to other cellular destinations [9, 10].
Thus, the choice of appropriate promoters is crucial to
identify the sweet spot between having too little or too
much of a fusion protein made in a cell.

Modern cassette-based cloning strategies offer an ex-
cellent opportunity to tackle this problem. The modular
cloning (MoClo) system employs the type IIS restriction
enzymes, such as Bsal, BsmBland Bpil, which unlike canoni-
cal type Il restriction enzymes cleave outside of their
recognition sequence [11, 12]. This allows it to use a con-
sistent syntax of designated overhangs that flank the dif-
ferent parts which then can be simultaneously assembled
in a predefined order (Figure 1). MoClo was initially gener-
ated for the use in the plant community [11] and detailed
protocols and descriptions are available [13].
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FIGURE 1: Comparison of the modular cloning (MoClo) workflow with that of classical cloning. Overview about the different steps in plas-
mid construction by a classical cloning strategy with type 2 enzymes and of the MoClo strategy.

However, recently adapted tool kits were designed for
use in the baker’s yeast Saccharomyces cerevisiae [14-17].
The use of a consistent syntax [14] allows it to readily ex-
change the different cloned parts within the community
(Figure 2A). These parts are generated from PCR-amplified
sequences or short synthesized oligonucleotides in an ini-
tial ‘domestication’ reaction (‘level 0’) and further com-
bined into expression plasmids (‘level 1’). The combination
of different expression units into one plasmid (‘level 2’)
even allows to generate complex multigene plasmids for
the expression of multiple transcripts. MoClo differs from
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classical cloning procedures in so far as novel constructs
are always made by a novel combination reaction from the
different parts; expression plasmids are not used for fur-
ther cloning reactions (Figure 1). But since the combination
of a novel expression plasmid is just a simple one-step re-
action in one tube, this strategy is much easier and faster
as classical cloning procedures.

In this study, we enlarged the yeast toolkit and added
sequence parts for the reliable intracellular targeting of
proteins. The results shown appear to be highly promising
for the yeast community as the MoClo approach allows it

Targeting sequences

Type Compartment

none Cytosol e------veeeeiii .
3a (PTS2)  Peroxisome --------

4a (PTS1)  Peroxisome e--------

3a (SS) ER (targeting)e--

4a (HDEL) ER (retention)e--"

4a (TA) ER surface s-------

4a (NLS) NUCleus e-----------\-- P

3a (OMM)  Mito surfacee---------

3a (IMS) Mito IMS e------------

3a (MTS)  Mito matrix --------- Yeast cell

FIGURE 2: A modular cloning workflow with sequence cassettes for intracellular protein targeting. (A) The defined syntax of the MoClo
workflow allows the combination of sequence parts into expression plasmids. (B) Overview of the targeting sequences used in this study. The
type designates the part according to the nomenclature used in a previous study [14]. TA, tail anchor of Ubc6. SS, signal sequence. OMM,

outer mitochondrial membrane. See Materials and Methods for details.
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to optimize protein expression by finding the perfect com-
bination of promoters, targeting sequences, epitope tags
and vector backbones in simple, multiplexed approaches.

RESULTS AND DISCUSSION

Selection of targeting sequences for different cellular
compartments

Previously developed MoClo toolkits did not include parts
for the intracellular distribution of proteins. We therefore
generated sequences containing targeting signals as out-
lined in Figure 2B (information is provided in Supplemental
Table S1). The following N-terminal targeting signals were
generated as 3a parts for N-terminal fusion on respective
gene sequences: the signal sequence of Kar2 (residues 1-
41) for the ER, PTS2 of Potl (residues 1-50) for peroxi-
somes, the matrix-targeting sequence of Neurospora cras-
sa ATPase subunit 9 (residues 1-69) for the mitochondrial
matrix, the inner membrane-targeting sequence of Mia40
(residues 1-70) for the mitochondrial IMS and the outer
membrane anchor of Tom70 (residues 1-98) for targeting

A cloning toolkit for intracellular targeting

to the mitochondrial surface. In addition, we generated 4a
parts for C-terminal fusions parts for ER retention (HDEL,
residues 679-682 of Kar2), for surface-binding to the ER
(residues 233-250 of Ubc6), a bipartite nuclear localization
signal (NLS) of simian virus 40 T3 (BPSV40) and the PTS1
sequence of Fox2 (residues 870-900).

All these parts were assembled with a yeast-optimized
NeonGreen (ymNG) [18] into a single copy yeast expression
plasmid (cHHYTK15) under control of the strong TEF2 pro-
moter (Figure 3A) and transformed into YPH499 wild type
cells. While the targeting to the mitochondrial matrix (Su9),
the IMS (Mia40) and the ER resulted in the expected distri-
bution, fusions to the outer membrane anchor of Tom70
were found to be part of puncta that presumably originat-
ed from aggregates and the fusion proteins with NLS and
PTS sequences remained cytosolic (Figure 3B). The mito-
chondrial localization of proteins was confirmed by co-
staining with a mitochondria-targeted red fluorescence
protein (mt-RFP, Figure S1)[19]. Apparently, the high pro-
tein expression levels from the TEF2 promoter can cause
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FIGURE 3: Targeting sequences direct GFP to different intracellular localizations. (A) Schematic overview of the general construction of
expression plasmids using the MoClo approach. (B) Brightfield and fluorescence images of strains expressing NeonGreen fused to the target-
ing sequences indicated. Cells were grown in synthetic glucose media (SD-Ura) until mid-log phase, harvested and resuspended in PBS for
imaging. TA, tail-anchor of Ubc6 for ER-targeting. Pictures were taken with a Leica Dmi8 Thunder Imager. All fluorescence pictures were taken
as Z-stacks. Pictures were edited using ImageJ and CorelDraw. Scale bar, 5 um.
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problems in the intracellular distribution of proteins, in
consistence with previous observations [9, 10, 20].

Modulation of the expression levels ensures reliable in-
tracellular protein distribution

In order to modulate the expression of gene products in
yeast, regulatable promoters such as that of the GAL1 gene
can be used. However, these promoters are often difficult
to adjust during the different growth phases in cultures
and often show high cell-to-cell variations [21]. We there-
fore employed promoters from different genes combined
with NeonGreen (Figure 4A) and tested their expression
levels using the fluorescence signal in a 96 well plate read-
er (Figure 4B). This resulted in a highly dynamic range in
which the strongest promoter (TDH3) generated a more
than 100 times stronger NeonGreen signal than the lowest
one (PSP2). The signal intensities were highly reproducible
in biological replicates of these samples.

We then visualized the fluorescence signals in these
strains by microscopy. Except for the peroxisome signals,
all targeting signals revealed the expected intracellular
protein distribution when expression was driven from the
weak PSP2 promoter (Figure 4C, S3). Higher expression
levels jeopardized correct intracellular distribution of pro-
teins destined to the outer membrane, the IMS, the nucle-
us and the ER lumen. In contrast, the translocation systems
that direct proteins to the mitochondrial matrix (using the
Su9 presequence) or the ER surface (using the tail anchor
of Ubc6) were not saturated under any of the conditions
used here and apparently tolerate high expression levels
(Figure 4C, see yellow check marks).

In the YPH499 strain used in this study, the biogenesis
of peroxisomes is suppressed in the presence of glucose
(the carbon source used here) and only induced upon
growth on oleate [22, 23]. We therefore tested the expres-
sion of peroxisome-targeted fusion proteins in the strain
BY4742 in which peroxisome production is constitutive. As
shown in Figure 5, for both the PTS1 and the PTS2 signal
this resulted in the punctate distribution that is character-
istic for peroxisomes. Whereas PTS2-mediated targeting
showed more cytosolic background staining and was over-
whelmed upon protein expression from the stronger TEF2
promoter, the PTS1-mediated targeting remained accurate
under all conditions tested.

High expression levels are often preferred to improve
robust detection and reduce bleaching artifacts. The MoClo
approach here offers a simple and fast approach to select
the maximal expression conditions for each given protein
of interest that ensures still accurate intracellular distribu-
tion.

Fusions to split GFP reporters offers a comparative locali-
zation approach

The reliable direction of proteins to the different mito-
chondrial subcompartments is difficult because the stable
structure of GFP and other fluorescent proteins can pre-
vent their translocation across the outer and inner mem-
branes [24]. Since the mitochondrial sublocalization of
fluorescence signals is below the resolution limit of light
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microscopy, we chose to use a split-GFP reporter system to
validate the intramitochondrial sorting of the mitochondri-
al targeting sequences used here (Figure 6A). To this end
we domesticated the sequences corresponding to the self-
complementing fragments of superfolder GFP, correspond-
ing to its N-terminal 10 (sfGFP1-10) or the C-terminal
(sfGFP11) beta-sheets [25, 26]. The short sfGFP11 part was
fused to the mitochondrial proteins Tom20, Tom22, Oxal
and Pet9. These proteins were chosen due to their estab-
lished topology which tolerates the fusion to protein do-
mains. Using level 2 constructs we expressed sfGFP1-10
with the different mitochondrial targeting sequences from
the same plasmid (Figure 6B). As shown in Figure 6C and D,
the strongest fluorescence signals were always obtained
when both split GFP parts resided in the same compart-
ment. However, some background staining was also ap-
parent with the Tom70-sfGFP1-10/Oxal-sfGFP11 and
Tom70-sfGFP1-10/sfGFP11-Pet9 pairs, presumably owing
to the transient presence of the precursors of these nucle-
ar encoded proteins on the mitochondrial surface during
protein import [27].

Two conclusions can be drawn from this experiment: (i)
the comparative approach with several sfGFP11-fused re-
porter proteins provides a reliable assessment of submito-
chondrial distribution of proteins; and (ii) the split-GFP
reporter system not only reveals the final destinations of
proteins but also monitors the transient exposure of pre-
cursor proteins during protein biogenesis, due to the trap-
ping nature of the strong affinity and irreversible interac-
tion of the two GFP fragments.

The combination of different sequence parts can com-
promise plasmid stability

Plasmids can reduce cellular fitness. This can make it nec-
essary to continuously select for the presence of plasmids.
In order to determine the effect of different plasmids on
cellular fitness, we assessed the stability of the MoClo
plasmids without selection using a plating assay (Figure 7).
While the multicopy MoClo plasmid remained stable for
days even without selection, the single copy CEN/ARS
plasmid from the yeast tool kit collection [14] was lost
from most cells within four days of growth (which corre-
sponds to about 30-40 cell divisions). Thereby, the MoClo
plasmid was considerably less stable than the pRS316
plasmid [28] that is frequently used in the yeast communi-
ty even though both plasmids have identical features
(URA3, CEN/ARS). Replacement of the part that contain the
centromer and autonomous replication sequence
(CEN/ARS) by the one from pRS316 improved the stability
of the MoClo plasmid only slightly. Thus, single copy MoClo
plasmids should be used with constant selection. To pre-
vent the loss of genetic information, parts with integration
sequences can be used which also are provided by the
MoClo tool kit [14].
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FIGURE 4: Correct intracellular localization depends on the promoter strength used for expression of the fusion proteins. (A) Schematic
representation of the plasmid showing the different MoClo cassettes. The different promoters used are indicated in green. (B) Wild type
(YPH499) cells with the different expression plasmids were grown to mid log phase in synthetic glucose medium. For the asterisk-labeled GAL1
sample, cells were grown on lactate-containing medium to mid-log phase; then 0.5% galactose was added, and cells were further grown for
4h. Cells were harvested, and the fluorescence intensity of the NeonGreen protein was measured by fluorescence spectroscopy in a plate
reader. For each biological replicate (N = 3) technical triplicates were measured. Shown are the mean values from all three independent
measurements, error bars represent the standard deviation. (C) Representative fluorescence images showing the distribution of NeonGreen in
the different strains indicated. Samples in which the protein distribution showed the correct intracellular compartments were labeled by red

frames and check marks. Scale bar, 5 um.
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Final remarks

The simple combination of different sequence parts makes
MoClo an excellent strategy for optimizing the generation
of expression cassettes. The ease of replacing markers,
promoters, tags and targeting signals is impressive. Since
arrays of plasmids with different promoters and targeting
sequences can be easily combined with parts containing
any protein sequence of interest in parallel, this strategy is
perfect to optimize expression conditions. Since expression
levels are often crucial for reliable intracellular targeting of
proteins, the use of MoClo seems very valuable if proteins
of interest shall be expressed in specific intracellular loca-
tions. However, the optimization of expression levels will
certainly be very helpful in many other instances such as to
avoid toxic effects of high protein levels or to optimize the
genetically encoded sensors for redox conditions or me-
tabolites [29, 30].

Moreover, the use of level 2 constructs allows it to ex-
press different proteins simultaneously from one plasmid.
While this worked very well in the case of the split GFP
constructs used for Figure 6, we observed a genetic insta-
bility for more complex level 2 plasmids that contained two
or more open reading frames. Particularly if identical se-

A cloning toolkit for intracellular targeting

quences were present repeatedly in one plasmid (for ex-
ample as part of promoters or terminators), the profound
ability of baker’s yeast to use genetic recombination rapid-
ly eliminated the sequences between these duplicated
regions.

The potential of MoClo is very powerful to generate dif-
ferent sets of plasmids. We also generated parts for the
recombinant expression of the genes of interest in Esche-
richia coli which allowed us to purify these proteins with
affinity tags or for the in vitro transcription / translation in
reticulocyte lysate (Figure S2, Table S2). Thus, many types
of different constructs can be simply generated in parallel
without error-prone PCR reactions. However, our observa-
tion about the rapid loss of single copy plasmids suggests
that they are not always well tolerated by yeast cells. Pre-
sumably further rounds of optimization will be necessary
to further improve the MoClo system and to adapt it to the
needs of the specific research field. But MoClo certainly
has an impressive potential to be commonly used by the
yeast community in the future.

PTS1 PTS2
pPSP2 PRNR1 PTEF2 pPSP2 PRNR1 PTEF2
. . .
YPH499
- . .
Glucose
BY4742
Lactate 38

FIGURE 5: Different wild type backgrounds considerably differ in their targeting competence. Cells of YPH499 and BY4742 wild types were
transformed with NeonGreen-expressing plasmids differing in promoter strength and peroxisomal targeting sequences. Cells were grown in
glucose or lactate medium for the times indicated. Whereas peroxisomal targeting worked well in the BY4742 cells, the fusion proteins
showed a cytosolic distribution in the YPH499 background. However, the carbon source used had no influence on the targeting, but on the

number of peroxisomes per cell. Scale bar, 5 um.
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FIGURE 6: Different mitochondrial targeting signals direct proteins reliably to the different mitochondrial subcompartments. (A) Schematic
representation of the different targeting signals and proteins used for fusions to sfGFP.;o and sfGFPy;. (B) Schematic representation of the
split GFP constructs used. The plasmids were created using the cHHYTK15 plasmid as described in the Materials and Methods section. The
expression of proteins from the RNRI promoter is comparable to that from the RNR2 promoter [14]. (C) YPH499 wild type cells were ex-
pressed with the respective plasmid pairs, grown in glucose containing medium to mid-log phase and analyzed by fluorescence microscopy.
Representative images are shown. Scale bar, 5 um. (D) The fluorescence in the different cells was measured by fluorescence spectroscopy in a
microtiter plate reader. The maximum intensity of constructs 1-5 were set to 1 (except for the Ubc6-TA sample for which only background
fluorescence was measured). The correct matching combinations are indicated by red frames and yellow check marks.
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MATERIALS AND METHODS

Strains and growth conditions

The wild type YPH499 (MATa ura3 lys2 ade2 trpl his3 leu2)
[28] was used for all experiments, except for the visualization
of peroxisomal localization, for which BY4742 (MATa his3A1
leu2A0 lys2A0 ura3A0) [31] was used. The plasmids used in
this study are listed in Table S3. All constructs were verified by
sequencing. All sequences were derived by amplification from
genomic DNA of S. cerevisiae unless indicated otherwise.

The strains were grown at 30°C either in yeast complete
medium (YP) containing 1% (w/v) yeast extract, 2% (w/v) pep-
tone or in minimal synthetic medium containing 0.67% (w/v)
yeast nitrogen base. As carbon source, 2% glucose were used
in all media unless otherwise specified.

Modular Cloning assembly

Step 1: Domestication of Parts

For part domestication primers were generated using an
online tool in case of PCR amplification
(https://vtkprimerdesign.shinyapps.io/ytk primer design/).
Primers that were annealed together were manually created
with proper overhangs according to previously published pro-
cedures [14]. All primers used in this study can be found in
Table S4. Domestication reactions were set up with the
NEBridge® Golden Gate Assembly Kit (BsmBI-v2, New England
Biolabs #E1602) using 80 fmol of insert and entry vector
(pYTKOO1) [14]. Reactions were incubated according to the
manufacturer’s instructions. From these reactions, 10 ul were
transformed into E. coli MH1 cells [32] and selected on LBchio-
ramphenicol Plates containing 0.025 pg/ml chloramphenicol. Posi-
tive colonies were picked, plasmids isolated, verified via test
digestion and sequencing. All newly created parts in this study
are available from Addgene and listed in Table S2.

A

Selective
media

i

Full
media

Replica
plates

media

Full media
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Step 2: Level 1 Assembly

For level 1 assemblies, equimolar concentration (80 fmol) of
part plasmids were used with the NEBridge® Golden Gate As-
sembly Kit (Bsal-HF® v2, NEB #E1601). Reactions were incubat-
ed according to the manufacturer’s instructions. Per reaction,
5 ul were transformed into E .coli MH1 cells and selected on
LBamp plates. Level 2 entry vectors were selected on LBganamycin
plates containing 0.03 pg/ml kanamycin. Positive colonies
were picked, plasmids isolated and verified via test digestion.
For this study a custom Level 2 entry vector (cHHYTK15) was
created that contains ConLS’ and ConRE’ connectors, a GFP
Dropout, a yeast URA3 marker, a pRS CEN/ARS region and an E.
coli KanR selection marker.

Step 3: Level 2 Assembly

For level 2 assemblies, 80 fmol of level 1 plasmids and
cHHYTK15 were used with the NEBridge® Golden Gate Assem-
bly Kit (BsmBl-v2, NEB #E1602). Reactions were incubated
according to the manufacturer’s instructions. Per reaction, 5 ul
were transformed into E. coli MH1 cells and selected on LBgan-
amycin Pplates containing 0.03 pg/ml kanamycin. Positive colo-
nies were picked, plasmids isolated and verified via test diges-
tion. All plasmids used in this study are listed in Table S3.

Testing plasmid stability

Yeast cells were transformed with the following four plasmids:
PRS316, cHHYTK2 (MoClo 21), cHHYTK3 (MoClo CEN/ARS) and
cHHYTK15 (pRS CEN/ARS). The strains were inoculated in se-
lective medium (SD glucose without uracil) and incubated
under constant agitation at 30°C. After growth for 1 day, cells
were harvested by centrifugation and the selective medium
was replaced by non-selective full medium (YP glucose). Yeast
cells were cultivated for 4 days. Each day yeast was diluted to
0.5 ODgoo and 4 h later, aliquots were collected from which
cells were spread onto plates with full medium. When the

75
=
=
S
]
O
°
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- 50
E
("]
K]
o
== MoClo 2p
= pRS316
25 MoClo pRS CEN/ARS
MoClo CEN/ARS
0
0 1 2 3 4

Time [days]

FIGURE 7: In the absence of selective pressure, the CEN/ARS MoClo plasmids are rapidly lost from yeast cultures. (A) Schematic overview of
the experimental setup. Cells were transformed with the four indicated plasmids and first grown on minimal glucose media lacking uracil.
After one day cells were shifted to full media, grown and maintained for several days. Each day 0.001 OD of cells were plated onto full media
plates and subsequently replica plated on to minimal media plates to calculate the proportion of colonies that lost a plasmid. (B) Relative
plasmid retention was calculated as the ratio of colonies on minimal media versus full media and normalized to day 0. The plot shows the
mean values of five independent replicates (N = 5). The error bars represent the standard deviation. Standard deviation is only shown in one
direction for better visibility of individual data points.

OPEN ACCESS | www.microbialcell.com 85 Microbial Cell | APRIL 2023| Vol. 10 No. 4


https://ytkprimerdesign.shinyapps.io/ytk_primer_design/

P. Simakin et al. (2023)

colonies were sufficiently grown, they were transferred to
selective media plates by replica plating. Subsequently, the
colonies on the master plates and replica plates were counted.

Fluorescence microscopy

Cells were grown in minimal glucose medium at 30°C to mid-
log phase unless indicated otherwise. 1 OD unit of cells was
harvested via centrifugation at 13,000 g for 5 min. The result-
ing cell pellet was resuspended in 30 ul PBS. 3 pl of the sus-
pension were dropped on a slide covered with a coverslip and
used for microscopy. Manual microscopy was performed using
a Leica Dmi8 Thunder Imager. Images were acquired using an
HC PL APO100x/1,44 Oil UV objective Immersion Oil Type A
518 F, with wavelength of 475 nm (NeonGreen). The settings
for the excitations and emission bandpass filter widths were
as follows: NeonGreen 475/500-570, RFP 575/602-682. All
Images were acquired as Z-Stacks. Images were processed
using the LAS X software. Further processing of images was
performed in Fiji/Imagel).

Measurements of fluorescent intensity profiles

To measure the expression levels of fluorescent proteins,
yeast strains were inoculated overnight in a flask with 20 ml of
selective medium, followed by dilution to ODggo 0.5 the next
day and cultivation to ODggo 0.8-1. 4 OD units of the cells were
precipitated by centrifugation at 13,000 g for 5 min and resus-
pended in 400 pl of H,O. The resulting cell suspension was
transferred into a 96-well plate (100 pl/well) and centrifuged
at 500 g for 5 minutes. Fluorescence intensity was measured
with the CLARIOstar® Plus plate reader by BMG Labtech using
a 96-well plate at 505 nm.
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