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Abstract
Expression and purification of recombinant proteins in Escherichia coli is a
bedrock technique in biochemistry and molecular biology. Expression optimi-
zation requires testing different combinations of solubility tags, affinity purifica-
tion techniques, and site-specific proteases. This optimization is laborious
and time-consuming as these features are spread across different vector
series and require different cloning strategies with varying efficiencies. Modu-
lar cloning kits based on the Golden Gate system exist, but they are not opti-
mized for protein biochemistry and are overly complicated for many
applications, such as undergraduate research or simple screening of protein
purification features. An ideal solution is for a single gene synthesis or PCR
product to be compatible with a large series of pre-assembled Golden Gate
vectors containing a broad array of purification features at either the N or C
terminus. To our knowledge, no such system exists. To fulfill this unmet need,
we Golden Gate domesticated the pET28b vector and developed a suite of
21 vectors with different combinations of purification tags, solubility domains,
visualization/labeling tags, and protease sites. We also developed a vector
series with nine different N-terminal tags and no C-terminal cloning scar. The
system is modular, allowing users to easily customize the vectors with their
preferred combinations of features. To allow for easy visual screening of
cloned vectors, we optimized constitutive expression of the fluorescent pro-
tein mScarlet3 in the reverse strand, resulting in a red to white color change
upon successful cloning. Testing with the model protein sfGFP shows the
ease of visual screening, high efficiency of cloning, and robust protein expres-
sion. These vectors provide versatile, high-throughput solutions for protein
engineering and functional studies in E. coli.
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1 | INTRODUCTION

Recombinant protein expression and purification in
Escherichia coli is a cornerstone technique in both bio-
chemical research and the biotechnology industry (_Incir &
Kaplan, 2024; Schlegel et al., 2014). This process begins
with the cloning of the target gene into a plasmid that
contains features to enhance protein expression and

simplify purification, including affinity tags, solubility-
enhancing domains, visualization/labeling tags, and pro-
tease cleavage sites for tag removal (Pouresmaeil &
Azizi-Dargahlou, 2023; Young et al., 2012). Achieving
optimal expression is often challenging, especially for
membrane proteins and other complex constructs
(Wagner et al., 2006; Wang et al., 2003; Zorman
et al., 2015). Researchers frequently need to screen
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various combinations of these features as no single
setup consistently yields the best results. Additionally,
these features are typically spread across multiple vector
systems, necessitating different and sometimes ineffi-
cient cloning strategies. Switching between these strate-
gies to optimize expression and purification can be both
time-consuming and resource-intensive.

Golden Gate cloning has recently gained popularity
due to its high efficiency and use of non-palindromic Type
IIS restriction enzymes, which have separate recognition
and cutting sites. Digestion with type IIS endonuclease
creates custom overhangs that facilitate recombination-
based cloning of compatible overhangs, resulting in scar-
less cloning (Fromme & Klingenspor, 2007). An added
advantage of the Golden Gate vectors is the use of color-
based visual screen to differentiate between parental and
cloned vectors (Andreou & Nakayama, 2018; Marillonnet &
Grützner, 2020; Taylor et al., 2019; Weber et al., 2011).

Modular cloning vector kits, like CIDAR and EcoFlex,
are available to facilitate cloning using the Golden Gate
method (Iverson et al., 2016; Moore et al., 2016). While
these toolboxes provide great flexibility, the multicompo-
nent kits are overly complicated for many applications,
such as undergraduate research or simple screening of
solubility and affinity purification tags. To our knowledge,
no system exists wherein a researcher can use a single
gene synthesis or PCR product that can be directly
cloned into a large suite of pre-assembled Golden Gate
vectors with varying combinations of tags and protease
sites at both the N- and C-terminus.

To address this issue, we domesticated the pET28b
plasmid and developed a vector series with diverse
purification tags, solubility domains, labeling tags, and
protease sites at the N and/or C-termini. All vectors
share compatible overhangs, thereby allowing a single
gene synthesis to be directly cloned into 21 different
pre-assembled vectors with the same cloning strategy.
We also developed a series of nine vectors with no
C-terminal cloning scar, which we refer to as the scar-
less vectors. For easy visual screening, we optimized
constitutive expression of mScarlet3 in the parental
vector, resulting in a red to white color shift upon suc-
cessful cloning. We demonstrate that these vectors
have clear visual screening, high cloning efficiency,
and robust protein expression. We envision that this
system will benefit researchers by significantly simplify-
ing workflow and improving efficiency for recombinant
protein expression and purification.

2 | RESULTS

2.1 | Golden Gate domestication of
pET28b

To domesticate the pET28b vector into the Golden
Gate (GG) system, we used the NcoI and XhoI

restriction enzyme sites in pET28b to introduce
outward-facing BsaI restriction sites and a fluorescent
protein in the reverse strand for color-based screening
of cloned vectors (Figure 1a). The Golden Gate domes-
ticated pET28b vector (pET28b-GG) retains all essen-
tial elements of the pET28b vector, ensuring robust
expression under Isopropyl-β-D-Thiogalactopyranoside
(IPTG) induction. To facilitate the insertion of tags at
either terminus, our insert also contained NdeI and
BamHI restriction enzyme sites, which overlap with the
BsaI overhangs. N-terminal tags can be cloned
between NcoI and NdeI, whereas C-terminal tags can
be cloned between BamHI and XhoI (Figure 1b–d).

After domesticating the vector, we expanded the
versatility of pET28b-GG by adding different features,
such as affinity purification tags, solubility-enhancing
domains, visualization and labeling tags, and protease
cleavage sites. Features for affinity purification include
the polyhistidine tags His6 and His10, maltose binding
protein (MBP), Glutathione S-transferase (GST)
(Schäfer et al., 2015), chitin binding domain (CBD)
(Mitchell & Lorsch, 2015), ALFA tag (Götzke
et al., 2019), 3xFLAG tag (Hopp et al., 1988), and the
Twin Strep tag (Schmidt & Skerra, 2007). Several vec-
tors contain multiple affinity purification tags, pairing a
polyhistidine tag with MBP, GST, 3xFLAG, ALFA, or
Twin Strep. The use of multiple affinity tags can lead to
higher purity products, as affinity purification resins typi-
cally bind different contaminant proteins (Puig
et al., 2001). The dual-tagged vectors have affinity tags
at both the N and C-terminus, allowing for removal of
truncated products. Solubility enhancers include MBP,
GST, and the ubiquitin-like proteins SUMO and
bdNEDD8 (Costa et al., 2014; Sun et al., 2010). Sev-
eral vectors contain a fusion to mNeongreen or the split
luciferase fragment HiBiT, which can be used for pro-
tein visualization via fluorescence or luminescence,
respectively (Cooley et al., 2020; Hall et al., 2012;
Shaner et al., 2013). To allow for covalent modification
of proteins, vectors include sites for glycosylation
(Opsin tag), biotinylation (Avi tag), and Sortase labeling
(Fairhead & Howarth, 2014; Popp & Ploegh, 2011;
Wang et al., 2011). Finally, tags can be removed via
site-specific proteases, including human rhinovirus 3C
protease (3C), Tobacco Etch Virus protease (TEV),
Thrombin, NEDD8 protease (NEDP1), and the self-
cleaving Intein sequence (Frey & Görlich, 2014;
Waugh, 2011) (Table S1). This versatility supports a
broad range of applications, such as protein purifica-
tion, solubility enhancement, screening, and labeling,
which are critical for successful protein expression and
downstream analysis.

In total, there are 21 different vectors that are fully
compatible with the same insert (Table 1). For simplic-
ity, we divided these vectors into three different groups
based on the location of the tags, which we refer to as
N-terminal, C-terminal, and dual-tagged vectors
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(Figure 1b–d). The system is expandable as new vec-
tors with additional combinations of features can be
added to the series via restriction cloning between NcoI
and NdeI sites for N-terminal tags and BamHI and XhoI
for C-terminal tags.

All 21 vectors contain initiator methionine residues,
stop codons, and outward-facing BsaI sites that gen-
erate unique 4-base overhangs upon digestion. The
upstream overhang is TATG, which provides the initi-
ator methionine. The downstream overhang is GGAT,

which encodes a glycine cloning scar. The cloning
scar is necessary to allow the same gene synthesis
product to be compatible with N-terminal, C-terminal,
and dual-tagged vectors, and we chose glycine
because it is the smallest amino acid. To clone into
the pET28-GG vectors, an insert should be flanked by
GGTCTCATATG at the 50 end and GGATCGAGACC
at the 30 end (Figure 1e). Flanking the BsaI sites with
additional nucleotides will increase BsaI cleavage
efficiency.

F I GURE 1 Development of the pET28b-GG vector series. (a) The pET28b vector was Golden Gate domesticated by restriction cloning
between NcoI and XhoI sites. The insert consists of mScarlet3 in the reverse strand with outward-facing BsaI sites. Cleavage sites are marked
by the arrows. (b) Diagram of N-terminal vectors with affinity purification tags, visualization tags, solubility domains, and protease cleavage sites.
Additional N-terminal features can be restriction cloned between NcoI and NdeI sites. (c) Diagram of C-terminal vectors with protease sites,
visualization tags, and affinity purification tags. Additional C-terminal features can be inserted between BamHI and XhoI. (d) Diagram of dual-
tagged vectors with affinity purification tags, protease sites, solubility domains, and labeling tags. Additional features can be inserted by
restriction cloning with NcoI and NdeI for the N-terminus and BamHI and XhoI for the C-terminus. (e) Diagram showing the 50 and 30 sequences
that should be appended to the open reading frame (ORF) to facilitate cloning into pET28b-GG vectors. The BsaI sequences are inward-facing
with the compatible overhangs in bold. The reading frame of the ORF should be in frame with the indicated methionine and glycine codons.
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2.2 | Optimization of visual screening
strategy to identify cloned vectors

A major advantage of different Golden Gate cloning kits
is the incorporation of screening strategies to differentiate
between undigested parental and cloned vectors. Golden
Gate vectors often utilize a dropout strategy, where the
parental vector encodes a fluorescent protein that results
in the formation of colored colonies that can be viewed
without any special equipment. Successful cloning
results in the loss of the fluorescent protein and white col-
onies (Agmon et al., 2015; Andreou & Nakayama, 2018).

This strategy has been successfully used with red
fluorescent protein (RFP) in Golden Gate vectors
intended for use in S. cerevisiae (Agmon et al., 2015).
We attempted to replicate this strategy by cloning RFP
into the reverse reading frame of the pET28b-GG vector,
but we did not observe any color change (Figure 2a).
We hypothesized that the lac operator (LacO) sequence
between the RFP open reading frame and Lac promoter

was repressing transcription (Dubendorf &
Studier, 1991). We therefore deleted the LacO sequence
upstream of the RFP open reading frame. This resulted
in the formation of a faint red color, which was still not
distinct enough for clear visualization.

A major difference between S. cerevisiae (pRS
series) and E. coli (pET28b) vectors is plasmid copy
number. The pRS vectors utilize the pMB1 origin of rep-
lication, which has a copy number of 300–700, whereas
pET vectors utilize the pBR322 origin, which has a
copy number of 15–20 (Jahn et al., 2016). To maintain
as much similarity to the standard pET28b vector as
possible, we chose not to change the origin of replica-
tion. We therefore decided to change our fluorescent
protein to mScarlet3, which is 6.2 times brighter and
has a shorter maturation time compared to the RFP
(Gadella et al., 2023).

After replacing RFP with mScarlet3, we noticed the
presence of both faint and bright red colonies on
the transformed plate. We selected the brightest colo-
nies (Figure 2a) and performed whole plasmid
sequencing. We discovered that the brightest colonies
had a single base deletion in the lac promoter, which
we refer to as the Lac ΔAde promoter (Figure 2b). The
combination of mScarlet3 and the Lac ΔAde promoter
led to constitutive red color in parental pET28b-GG vec-
tors. The red color was equally bright in the N-terminal,
C-terminal, and dual-tagged vectors (Figure 2c). We
conclude that the combination of deleting the lac opera-
tor, the single base deletion in the lac promoter, and
using the mScarlet3 reporter results in a robust, consti-
tutive expression that is suitable for visual screening.

2.3 | Golden gate vectors have a high
cloning efficiency

To assess the cloning efficiencies of our vectors, we
cloned superfolder GFP (sfGFP) into a representative
of each of the three vector classes. We chose His10-
3C-ORF (p345_DG), ORF-TEV-His6 (p324_DG), and
His6-3C-3xFlag-SUMO-ORF-thrombin-HiBiT
(p361_DG) as representatives of the N-terminal,
C-terminal, and dual-tagged vectors, respectively. Our
initial criterion for assessing the cloning efficiency is the
presence of white colonies on LB plates after transfor-
mation. The red to white color shift indicates a positive
clone that disrupted the expression of mScarlet3 in the
parental vector. We observed 100% white colonies with
each of the three vectors (Figure 3a). Importantly, there
were >100 colonies on each plate, indicating that the
Golden Gate assembly reaction was highly efficient.

To determine whether the white colonies contained
sfGFP, we miniprepped DNA from 10 unique colonies
from each transformation. We then used PCR to
amplify the insert between the T7 promoter and termi-
nator. The correctly cloned construct should have a

TAB LE 1 List of pET28b-GG N-terminal, C-terminal, and dual-
tagged vectors.

Plasmid # Description
Addgene
ID

N-terminal tag

p344_DG His6-3C-ORF 234674

p345_DG His10-3C-ORF 234675

p346_DG His10-TEV-ORF 234676

p347_DG His10-Thrombin-ORF 234677

p348_DG His10-MBP-3C-ORF 234678

p349_DG His10-GST-3C-ORF 234679

p350_DG His10-bdNEDD8-ORF 234680

p351_DG His10-mNeongreen-3C-ORF 234681

p352_DG His10-mNeongreen-bdNEDD8-ORF 234682

Dual tag

p361_DG His6-3C-3xFLAG-SUMO-ORF-
thrombin-HiBiT

234683

p362_DG His6-3C-3xFLAG-SUMO-ORF-
thrombin-Opsin

234684

p363_DG His10-bdNEDD8-ORF-Sortase tag 234685

p364_DG His10-bdNEDD8-ORF-Opsin tag 234686

p365_DG His10-bdNEDD8-ORF-ALFA tag 234687

p366_DG His10-bdNEDD8-ORF-Avi tag 234688

p367_DG His10-bdNEDD8-ORF-2xStrep tag 234689

C-terminal tag

p324_DG ORF-TEV-His6 234690

p368_DG ORF-3C-His6 234691

p369_DG ORF-3C-His10 234692

p370_DG ORF-3C-mNeongreen-His10 234693

p371_DG ORF-Intein-Chitin Binding Domain 234694

Note: ORF is used to indicate where the desired open reading frame is in
relation to the tags. All vectors listed in the table include a C-terminal glycine
cloning scar.
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smaller PCR product than the parental vector. Agarose
gel analysis shows that 100% of the plasmids tested
have an insert of the correct size. As a final control, we
selected four plasmids from each vector series for
whole plasmid sequencing. Again, 100% of the vectors
had the desired sequence (Figure 3c). We conclude
that the pET28b Golden Gate vectors have high cloning
efficiency.

2.4 | pET28b-GG vectors are suitable for
protein overexpression and purification

To test the efficacy of the pET28b-GG vectors for protein
expression and purification, we transformed the three
representative plasmids expressing sfGFP into BL21
DE3 cells. Starter cultures were used to inoculate 1 L of
terrific broth, which was incubated at 37�C until an OD600

of 0.6, at which point 0.3 mM IPTG was added to induce
protein expression. After 16-h induction at 16�C, cells
were pelleted, lysed, and purified by Ni-NTA chromatog-
raphy. SDS-PAGE analysis shows robust overexpres-
sion and purification of sfGFP with all three categories of
vectors (Figure 4). We conclude that the pET28 GG vec-
tors are suitable for protein expression and purification.

2.5 | Design and development of
scarless vectors for N-terminal tagging

Our goal in designing the pET28b-GG vectors was to
have a single gene synthesis product be compatible

with an array of vectors with N-terminal, C-terminal, or
dual terminal tags. This cross-compatibility necessi-
tated a glycine scar at the C-terminus of all vectors.
Although it is the smallest possible scar, the glycine
scar may not be compatible with some downstream
uses, such as structural biology.

To address this caveat, we generated a new series
of vectors without a C-terminal cloning scar, which we
refer to as the scarless vectors. To eliminate the glycine
scar, these vectors encode a stop codon. Therefore,
the scarless vectors only have N-terminal tags and are
not cross-compatible with C-terminal or dual tags.

The design of the scarless vectors is similar to the
pET28b-GG vectors with a BsaI-mScarlet3-BsaI cas-
sette. However, digestion with BsaI results in the gener-
ation of ATCC and TGAG overhangs at the N-terminus
and C-terminus respectively (Figure 5a), which differs
from the TATG and GGAT overhangs in the vector
series described above. The scarless vectors encode
the initiator methionine and stop codon, so it is not nec-
essary to include these in the insert. To clone into the
scarless pET28b-GG vectors, an insert should be
flanked by GGTCTCAATCC at the 50 end and TGAGC-
GAGACC at the 30 end (Figure 5b). We generated a
total of nine scarless vectors (Table 2). The scarless
vectors can be further customized by restriction cloning
additional features between the NcoI and BamHI sites
(Figure 5c). To minimize cloning scars, the BamHI site
again overlaps with the BsaI overhang. Similar to the
pET28b-GG vectors, there is robust expression of
mScarlet3, which allows for easy visual screening
of colonies (Figure 5d).

F I GURE 2 Optimization of color-
based screening in the pET28b-GG
vector. (a) E. coli transformed with the
pET28-GG vector exhibit robust red color
when the fluorescent protein
(FP) mScarlet3 is expressed from the Lac
ΔAde promoter with the Lac Operator
(LacO) deleted. (b) The Lac ΔAde
promoter has a single adenine deletion in
the Lac promoter that gives enhanced
expression of mScarlet3. (c) The robust
visual screening is maintained in
N-terminal, C-terminal, and dual-tagged
vectors.
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To validate the cloning efficacy of the scarless vec-
tors, we cloned sfGFP into the scarless His10-3C-ORF
vector (p353_DG). Upon transformation, we detected
100% white colonies (Figure 5e). We selected 10 colo-
nies for PCR amplification and observed that all 10 colo-
nies gave PCR products of the expected size
(Figure 5f). We then selected plasmids for whole plas-
mid sequencing, which again confirmed that 100% of
the colonies had the correct sequence.

To test the efficacy of the scarless vectors for
protein expression and purification, we transformed
the scarless His10-3C-sfGFP vector into BL21 DE3
cells and used a starter culture to inoculate 1 L of
terrific broth. After overnight IPTG induction at 16�C,
cells were pelleted, lysed, and purified by Ni-NTA
chromatography. SDS-PAGE analysis shows robust
overexpression and purification of sfGFP from the
scarless vector (Figure 5g). We conclude that the

F I GURE 3 Cloning into pET28b-GG vectors is highly efficient. (a) Golden Gate reactions were performed with representative vectors from
the N-terminal, C-terminal, and dual tagged class of pET28-GG vectors. Imaging the plates 1 day after transformation shows 100% white
colonies. (b) Ten unique colonies from each of the above plates were cultured and miniprepped. The region between the T7 promoter and T7
terminator was PCR amplified and analyzed by agarose gel electrophoresis. The parental vector was used as a negative control (C). The
expected size of the correct insert and the parental control is listed on the gel. All selected colonies have an insert of the correct size. Note that a
different DNA ladder was used for the sfGFP-TEV-His6 gel. (c) Summary of assays used to assess cloning efficacy in pET28b-GG vectors.
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scarless vectors have robust cloning and protein
expression.

3 | DISCUSSION

A major bottleneck in recombinant protein production is
screening through various combinations of features to
optimize protein expression and purification (Young
et al., 2012). This laborious procedure often involves
cloning the target gene into diverse vectors via different
cloning strategies with variable efficiency. Here we
describe the creation and validation of a diverse range
of Golden Gate-compatible pET28b vectors that facili-
tate rapid screening and optimization of recombinant
protein expression in E. coli. These newly developed
vectors allow a single PCR product to be cloned into a
collection of 21 pre-assembled Golden Gate vectors
with different combinations of affinity purification tags,
solubility enhancing domains, labeling/visualization
tags, and protease sites at both the N- and C-terminus.
Because cross-compatibility with N- and C-terminal
tags necessitates a C-terminal glycine cloning scar, we
also developed a set of nine pET28-GG vectors with
N-terminal tags that lack the C-terminal scar.

The Golden Gate domestication of the pET28b vec-
tor builds upon its well-established role in protein
expression while introducing improvements such as the
incorporation of tandem affinity purification tags and
solubility enhancers, which enable higher purity
and yield of target proteins. The system is expandable,
allowing for the creation of new vectors with additional
feature combinations via restriction cloning. A key

enhancement of our pET28b-GG vectors is the
enhanced visual screening achieved through constitu-
tive expression of the bright fluorescent protein mScar-
let3. Test results with the model protein sfGFP
demonstrate clear visual screening, high cloning effi-
ciency, and robust protein expression in all classes of
pET28b-GG vectors.

There are several modular cloning strategies avail-
able for E. coli, such as CIDAR, EcoFlex, GoldenBraid,
and Mobius Assembly, raising the question of why
there is a need for the pET28b-GG vectors (Bird
et al., 2022; Casini et al., 2015; Sarrion-Perdigones
et al., 2011). Indeed, these are powerful kits offering a
large library of DNA parts, including promoters, ribo-
some binding sites, ORFs, and terminators stored in
entry vectors. A user then chooses a combination of
entry vectors and digests and ligates them into a desti-
nation vector via a one-pot reaction. While these kits
provide exceptional flexibility and scalability in vector
design, they are overly complex for routine applications
and present a high barrier to entry for labs new to
recombinant protein purification. Furthermore, these
kits are optimized for synthetic biology rather than pro-
tein biochemistry. For example, the design of vectors
with multiple features, such as tandem affinity purifica-
tion tags, each with unique protease sites, will signifi-
cantly complicate the design of overhangs and
cleavage sites and require a huge number of entry
plasmids due to the combinatorial nature of the kits.
The use of numerous entry vectors may also decrease
cloning efficiency (Engler et al., 2009). Finally, the
numerous unique overhangs required to stitch together
different entry vectors lead to cloning scars that may
not be compatible with structural biology. By contrast,
our approach is much simpler and only requires mixing
a gene synthesis/PCR product with a single pre-
assembled plasmid. The simple design minimizes clon-
ing scars, and the reduced number of components in
the pET28b-GG reaction will improve reaction effi-
ciency compared to more complex reactions. Indeed,
all 40 colonies we tested had the correct insert.

A limitation of our study is that we did not modify
key vector features such as the copy number, plasmid
size, promoter strength, or other regulatory elements
for expression of the target protein. Future application
of this strategy could involve Golden Gate domestica-
tion of other workhorse vectors with different features
or leveraging the scalability of existing modular cloning
techniques to create a new library of pre-assembled
vectors.

In conclusion, the pET28b-GG vector series pro-
vides a reliable, efficient, and user-friendly solution for
recombinant protein expression and purification. The
modular design and compatibility with a single cloning
strategy streamline workflows and make it an excellent
tool for both experienced researchers and educational
laboratories.

F I GURE 4 pET28b-GG vectors have robust protein
overexpression. SDS-PAGE of the sfGFP purification from
N-terminal, Dual, and C-terminal golden-gate vectors.
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4 | MATERIALS AND METHODS

4.1 | Golden Gate domestication of
pET28b vector

The empty pET28b vector was purchased from Nova-
gen. To Golden Gate domesticate the pET28b vector,

a DNA construct consisting of mScarlet3 flanked by
outward facing BsaI sites, a 5’ NcoI site, and 3’ XhoI
site was generated by gene synthesis. The gene syn-
thesis product was restriction cloned into pET28b.
N-terminal features were generated by gene synthesis
and restriction cloned in via NcoI and NdeI restriction
sites. C-terminal tags were likewise generated by

F I GURE 5 Design and validation of Scarless N-terminal pET28b-GG vectors. (a) Schematic of the scarless N-terminal vectors. The pET28b
vector was Golden Gate domesticated by restriction cloning between NcoI and XhoI sites. The insert consists of mScarlet3 on the reverse strand
with outward-facing BsaI sites. (b) Diagram showing the 50 and 30 sequences that should be appended to the open reading frame (ORF) to
facilitate cloning into the scarless pET28b-GG vectors. The BsaI sequences are inward facing with the compatible overhangs in bold. The
reading frame of the ORF should be in line with the serine and stop codon. (c) Diagram of N-terminal vectors with affinity purification tags,
visualization tags, solubility domains, and protease cleavage sites. Additional N-terminal features can be restriction cloned between NcoI and
NdeI sites. (d) The robust visual screening is maintained in scarless N-terminal vectors. (e) Golden Gate reactions were performed with a
representative scarless N-terminal pET28-GG vector. Imaging the plates 1 day after transformation shows 100% white colonies. (f) Ten unique
colonies from the scarless N-terminal vector were cultured and miniprepped. The region between the T7 promoter and T7 terminator was PCR
amplified and analyzed by agarose gel electrophoresis. The parental vector was used as a negative control (C). All selected colonies have
inserts of the correct size. (g) SDS-PAGE of the His10-3C-sfGFP purification from the Scarless N-terminal vector.
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gene synthesis and restriction cloned between BamHI
and XhoI. For the scarless N-terminal vectors,
N-terminal features were generated by gene synthesis
and restriction cloned between NcoI and BamHI sites.
All plasmids were validated by whole plasmid
sequencing.

4.2 | sfGFP cloning in Golden Gate
vectors

sfGFP was cloned into pET28b-GG vectors with the
primers TTGGTCTCATATGGTGAGCAAGGGCGAG-
GAGC and TTGGTCTCGATCCCTTGTACAGCTCGT
CCATGCCG. sfGFP was cloned into scarless pET28b-
GG vectors with the primers TTGGTCTCAATCCATGG
TGAGCAAGGGCGAGGAGC and TTGGTCTCGCT
CACTTGTACAGCTCGTCCATGCCG. These primers
amplify residues 1–239 of sfGFP. The 50 and 30 flanking
sequences indicated in Figures 1 and 5 are in bold.
PCR products were run on an agarose gel and purified
by gel extraction (Qiagen).

Golden Gate assembly was performed as described
earlier (Agmon et al., 2015). Briefly, 100 ng of the
appropriate pET28b-GG vector was mixed with suffi-
cient insert from PCR amplification to achieve a 1:2
molar ratio of vector to insert. The reaction volume was
brought up to a final volume of 15 μL with T4 DNA
ligase buffer (NEB, B0202S), 200 U of T4 DNA ligase
(NEB, M0202L), 20 U of BsaI (NEB, R3733L), and
deionized water purified by reverse osmosis. All the
reaction components are mixed on ice. The reaction
was incubated on a thermocycler with 25 cycles of
37�C for 3 min and 16�C for 4 min. After the 25 cycles,
the sample was incubated at 50�C for 5 min and 80�C
for 5 min. Following thermocycling, 3 μL of the reaction
was transformed into DH5α cells and plated on LB
plates containing kanamycin and incubated overnight
at 37�C.

4.3 | PCR verification of cloning
efficiency

To validate cloning efficiency, 10 white colonies from
each plate were used to inoculate 5 mL cultures of
Luria broth (LB) and were grown to saturation. Plas-
mids were isolated with QIAGEN’S QIAprep spin mini-
prep kit. The insert was amplified with primers that bind
to the T7 promoter (TAATACGACTCACTATAGGG)
and T7 terminator (GCTAGTTATTGCTCAGCGG). The
parental pET28b-GG vector was used as a negative
control. PCR consisted of a final concentration of 2 ng/
μL of plasmid, 10 μM of the forward and reverse primer,
200 μM dNTPs, and 1 U of Phusion DNA polymerase
(Thermo Scientific). Thermocycling was performed as
follows: 98�C for 2 min, then 24 cycles at 98�C for 30 s,
60�C for 30 s, 72�C for 1 min, and finally for 10 min at
72�C. Samples were analyzed on a 1% agarose gel
and then 4 colonies were selected for whole plasmid
sequencing using service from Plasmidsauras.

4.4 | Protein expression and purification

Protein expression and purification were carried out as
previously described (Fresenius et al., 2023; Wohlever
et al., 2017). Vectors encoding sfGFP were trans-
formed into BL21 DE3 cells with pRIPL plasmid for rare
codons. Individual colonies were selected and used to
start a 5 mL LB culture. This culture was grown at 37�C
for 6 h and then used to inoculate a 15 mL of terrific
broth (TB). The TB culture was grown at 37�C until sat-
uration and then 10 mL of this culture was used to
inoculate 1 L of TB. The 1 L culture was grown at 37�C
until an OD600 of 0.6. Protein expression was then
induced by the addition of isopropyl β-D-
1-thiogalactopyranoside (IPTG) at a final concentration
of 300 μM. After the addition of IPTG, the temperature
was dropped to 16�C and the cells were grown for an
additional 16 h. Cells were pelleted by centrifugation
and resuspended in the Lysis Buffer (20 mM Tris
pH 7.5, 200 mM potassium acetate, 20 mM imidazole,
1 mM DTT, 0.01 mM EDTA and 10% glycerol) supple-
mented with 0.05 mg/mL Lysozyme and 1 mM phenyl-
methylsulfonyl fluoride (PMSF).

For purification, cells were lysed by sonication and
supplemented with 250 U of universal nuclease
(pierce). The insoluble fraction was separated by centri-
fugation at 20,000 � g for 30 min. The supernatant was
then incubated with 1 mL of packed Ni-NTA resin
(Qiagen) and placed in the cold room with gentle agita-
tion for 30 min. The Ni-NTA resin was pelleted by cen-
trifugation 5000 � g for 5 min; the supernatant was
decanted, and the resin was resuspended in 5 mL of
Lysis Buffer and loaded onto a gravity column, where it
was washed with 15 column volumes of Lysis Buffer.

TAB LE 2 Scarless N-terminal vectors.

Plasmid # Description Addgene ID

p277_DG His6-3C-ORF 234695

p353_DG His10-3C-ORF 234696

p354_DG His10-TEV-ORF 234697

p355_DG His10-Thrombin-ORF 234698

p356_DG His10-MBP-3C-ORF 234699

p357_DG His10-GST-3C-ORF 234700

p358_DG His10-bdNEDD8-ORF 234701

p359_DG His10-mNeongreen-3C-ORF 234702

p360_DG His10-mNeongreen-bdNEDD8-ORF 234703

Note: ORF is used to indicate where the desired open reading frame is in
relation to the tags. All vectors listed in the table are scarless.
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The resin was further washed with 5 column volumes
of Wash Buffer (20 mM Tris pH 7.5, 200 mM potassium
acetate, 30 mM imidazole, 1 mM DTT, 0.01 mM EDTA
and 10% glycerol). Protein was eluted with 5 column
volumes of Elution Buffer (20 mM Tris pH 7.5, 200 mM
potassium acetate, 250 mM imidazole, 1 mM DTT,
0.01 mM EDTA and 10% glycerol). Protein purification
was then analyzed by SDS-PAGE on a 15%
acrylamide gel.
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