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Protein production using Escherichia coli is a cornerstone of modern biotechnology. In this study, we
developed a novel auto-expression medium to maximize protein production. Each E. coli strain tested
was capable of auto-expression in response to galactose, including strains in which the endogenous
lacZ had been disrupted. This provides key evidence that galactose can regulate the lac operon
independent of known lac operon-regulated metabolism. The enhanced capabilities of the novel auto-
expression medium were documented across protein production systems including (1) increased yields
for routinely expressed proteins (e.g. eGFP), (2) improved expression of human cytochrome c within

a dual expression system, (3) robust auto-expression in lacZ-deficient strains producing proteins with
challenging disulfide bonds, and (4) reproducible 8-fold increase in SpCas9 yields, at 295% purity. This
novel medium can streamline production and improve yields for routine as well as challenging proteins,
accelerating recombinant protein production and creating new opportunities in biotechnology and
structural biology.

The global protein production market, currently valued at approximately 400 billion USD annually, attributes
nearly a third of this revenue to protein production in Escherichia coli'~*. The T7 expression system, developed
by William Studier in 1986, represents a cornerstone of E. coli-based protein production processes due to its
simplicity and cost-effectiveness®. Despite extensive optimization of the T7 expression system over the years,
challenges in scalability and reproducible expression under standard conditions persist, particularly for certain
proteins of interest (POI)*>,

Central to the T7 system is the coupling of the cellular machinery that governs the lac operon in E. coli to
the expression of the T7 RNA polymerase. This system is regulated by two main mechanisms: carbon catabolite
repression of the transcriptional master regulator cyclic adenosine monophosphate (cAMP) receptor protein
(CRP)®’ and transcriptional repression by the lac repressor, LacI®~1% CRP bound to cAMP enhances transcription,
while glucose reduces the CRP-cAMP levels resulting in transcriptional downregulation®. Concurrently, Lacl
binds to the operator site of the lac operon, blocking transcription by RNA polymerase!®. Thus, high levels of
lac operon expression only occur when two conditions are met: glucose levels are low, allowing transcriptional
activation by CRP-cAMP; and lactose/allolactose levels are high, binding to LacI and inducing conformational
changes that disrupt Lacl binding to the lac operator and permit transcription®’. In BL21(DE3) E. coli, the
integrated lac operator site upstream of the T7 polymerase genetic locus mediates activation of T7 RNA
polymerase gene in response to the appropriate inducers31. T7 polymerase, now expressed, recognizes the T7
promoter on the plasmid carrying the POI open reading frame®!°. Notably, the T7 promoter is not recognized
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by the endogenous bacterial RNA polymerase, ensuring exclusive expression of the target POI in response to
the inducers.

The two most widely employed inducers for T7 expression system, IPTG (Isopropyl 8-D-1-
thiogalactopyranoside) and lactose utilized in auto-expression protocols, activate T7 RNA polymerase
expression through lac operon regulatory elements. Some alternative T7 induction systems include those
induced by arabinose, rhamnose, and tetracycline®, or leaky expression induced by the contaminant lactose
found in tryptone®. Induction by IPTG, a galactose derivative that mimics allolactose and binds to Lacl, directly
lowers the ability of the lac repressor to bind to the lac operon, promoting robust protein expression. This
method, while effective, can introduce cellular stress due to overwhelming levels of POI expression leading to
cytotoxicity!"!2. Auto-expression alleviates cytotoxicity by using native regulatory mechanisms exploiting the
sequential utilization of glucose and alternative carbon sources like lactose or galactose. The production of POIs
occurs as the cell naturally transitions from glucose to secondary carbon sources like lactose, which induces the
lac operon'>*. Auto-expression not only aligns with the cell’s metabolic state but also reduces stress, as it avoids
the abrupt changes induced by high levels of protein expression when IPTG is added acutely®.

Given that auto-expression proves generally more effective and less stressful for the cells, particularly when
expressing cytotoxic proteins>!, we focused on maximizing protein production using auto-expression. To
address bottlenecks within the protein production workflow brought on by low yields of challenging POIs, we
developed an auto-expression medium denoted as Bosco Broth (BB). BB facilitates higher expression of POIs
compared with conventional autoinduction protocols®!. We show that BB improves production for a broad
range of expression systems and E. coli strains, expanding upon the current T7 system by utilizing galactose
rather than conventional lactose as an inducer for auto-expression. We show that BB-powered auto-expression is
suitable for diverse protein production processes relevant for academic research and the biotechnology industry.

Results

BB is the superior media for eGFP production

We hypothesized that auto-expression using BB can be measured and monitored using eGFP fluorescence. Using
fluorescence as a proxy for the expression of a GFP fusion protein, especially when utilizing auto-expression,
can be a robust readout within E. coli cultures. Capturing GFP fluorescence throughout the expression process
provides key insights regarding POI status in the following ways: (1) demonstration that the POI is being
expressed, given that GFP is fluorescent and is capable of being visualized, (2) at minimum, the POI is present
in the soluble fraction of the E. coli since GFP is not fluorescent if localized to inclusion bodies'>* and (3)
fluorescence readings as a function of protein expression can be measured in minutes, whereas expression
monitoring by SDS-PAGE gel analysis following small scale sample lysis is time consuming and laborious!>!6.
However, it should be noted that a GFP protein could be proteolytically cleaved from a misfolded fusion protein,
thus an analysis checking that the molecular weight corresponds to the full-length fusion protein is essential. If
premature cleavage is realized, the released GFP will fluoresce resulting in false positive expression data. Thus,
final yields of POI must be visualized using conventional methods.

To evaluate and compare the capacity of BB media to produce proteins, BB was tested in comparison to
ThermoFisher’s MagicMedia™ (MM), Terrific Broth (TB), Lysogeny Broth (LB), and Studier broth (ZYM).
Expression of the target protein in BB media is induced by 0.055 M galactose. The other media contain alternative
inducers such as 0.2% lactose (ZYM), 1 mM IPTG (LB and TB), or proprietary contents (Magic Media). In
addition, glucose is added to repress POI expression during early bacterial growth in BB and ZYM. BB’ full
recipe can be found in Materials and Methods. E. coli BL21(DE3) cells expressing 6xHis-eGFP from a pET21a
plasmid were monitored by OD,; for biomass and by fluorescence emission (516 nm) for eGFP production in
an orbital shaker culture'®. BB supported a similar bacterial optical density (OD,,,) compared to TB, MM, and
ZYM (Fig. 1a). We monitored eGFP fluorescence intensity within BL21(DE3) E. coli without lysing the cells to
measure eGFP accumulation over time. Intriguingly, despite similar OD,; values, BB achieved significantly
higher eGFP fluorescence (Fig. 1b,d). To validate eGFP fluorescence signal as a robust metric of eGFP protein
production, one replicate from each media recipe was lysed after 36 h, soluble eGFP was purified from each
culture in parallel using affinity chromatography, and the total yield of eGFP in each sample was determined
with correction for protein purity. Total yields of eGFP without normalization to OD of cultures display the same
approximate 3x difference observed during the in-cell fluorescence measurements (Fig. 1b,c). We concluded
that in-cell fluorescence measurements accurately report key protein production values without significant
fluorescent artifacts. Further normalization of eGFP fluorescence intensity relative to OD,; and total culture
volume revealed that the enhanced eGFP expression capability in BB was a function of higher cell-specific yield
per OD unit (Fig. 1d). Notably, LB was able to produce significantly more eGFP per OD,, compared to TB,
MM, or ZYM. However, total protein yield from BB outcompetes LB as BB supports a higher density of E. coli
(Fig. 1b,c).

We hypothesized that the increased yield of eGFP in BB or LB compared to ZYM, TB, and MM resulted
from improved solubility of the recombinantly expressed protein!®. To test this hypothesis, we compared
eGFP distribution between the soluble and insoluble fractions in each culture condition. We observed distinct
distribution of eGFP between the soluble and insoluble fractions in each media both by a total protein gel
staining, as well as by a western blot against the 6xHis-eGFP (Fig. 1e). These qualitive observations supported our
hypothesis predicting that BB would alleviate protein solubility shortcomings of other media. We conclude that
BB can produce more eGFP compared to other popular media, in-cell fluorescence can be used to monitor and
maximize protein production in auto-expression processes, and that higher folding efficiency in BB contributes
to higher target protein yields.
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Fig. 1. Improved eGFP production in BB. (a) OD600 (log scale) of BL21(DE3) E. coli cultures expressing
eGFP in different media through time. (b) eGFP fluorescence (ex. 485 nm, em. 516 nm) of bacterial cultures
with respect to time for varying media. Samples are the same as in panel (a). (¢) Yields of purified eGFP

from varying media at 36 h. (d) eGFP fluorescence intensity normalized per cell density (OD600) or culture
volume. The values in panels (a, b, and d) represent averages of 3 replicate cultures, error bars are SD. eGFP
fluorescence per culture volume values in each media were compared by one-way Anova with Brown-Forsythe
and Welch post-test to the values obtained in TB. Asterisks denote statistical significance, **** P<0.00001, *
P<0.01. These experiments were performed once. (e) SDS-PAGE of soluble (S) and insoluble (I) fractions of
eGFP-expressing cultures in different media, as indicated above each gel. Left: total protein stain-free detection.
Right: detection of eGFP by a Western blot with anti-His-tag antibodies. Uncropped gel images are shown in
Fig. S1.
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BB increases efficiency of a dual expression system

We next investigated BB’s performance in a challenging co-expression scenario, where the target protein needs
to be produced along with an essential accessory factor. We chose human cytochrome ¢ (Hu-Cytc), which
requires simultaneous production of yeast heme lyase encoded by the same plasmid as the Hu-Cytc!’, as a co-
expression model. Heme lyase is required to covalently attach a heme group onto apo-Cytc, ultimately producing
a functional holo Cytc!”~!° (Fig. 2a). Heme lyase and Hu-Cytc are expressed from a bicistronic open reading
frame!”. Historically, either TB or 2xYT have been used to express Hu-Cytc!”!? where 2xYT is a nutrient dense
medium with similar ingredients as TB only different by the ratio of tryptone and yeast extract, the presence of
NaCl, and the absence of glycerolzo. However, in our hands, 30-40% of the cultures grown in either TB or 2xYT
fail to express Hu-Cytc despite being grown simultaneously in the same orbital shaker with other successful
cultures. By contrast, when expressed in BB, 12 of 12 cultures displayed a vibrant pink color indicative of proper
heme group assembly required for Hu-Cytc function, demonstrating consistent expression in every BB culture
(Fig. 2b). There was not an appreciable difference between the pellets with respect to color among different
replicates cultured in parallel (data not shown). Hu-Cytc protein purification from three of the representative
replicate 1 L cultures confirmed production of the same molecular weight and purity protein as the standard
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Fig. 2. Co-expression of Hu-Cytc and yeast heme lyase in BB vs. 2xYT. (a) Schematic representation of the
dual expression system that produces a functional Hu-Cytc enzyme. (b) Pelleted BL21(DE3) E. coli expressing
Hu-Cytc. (c) Total protein gel of a representative Hu-Cytc purification. Whole gel image is shown in Fig.

S2a. (d) Total protein yield comparison between successful 2xYT replicates and BB. Plotted values represent
averages of 3 replicates per media, error bars are SD. Protein yields were compared by t-test, asterisks denote
statistical significance ** P<0.001. () Michaelis-Menten plots for Hu-Cytc produced in 2xYT?! and BB, in red
and purple, respectively. Plotted are average values from three technical replicates, error bars are SD. The solid
curves fit to the Michaelis-Menten equation, and Michaelis-Menten parameters for the peroxidase activity of
Hu-Cytc holoenzyme produced in 2xYT?! and BB.
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induction (Fig. 2¢, S2). When compared to successfully grown 2xYT cultures following the standard expression
protocol, BB produced approximately three times as much Hu-Cytc (15 mg/L versus 5 mg/L) (Fig. 2d).

To confirm that proteins expressed in BB were active, functional enzymes, we measured peroxidase activity
of the purified Hu-Cytc protein by monitoring the production of tetraguaiacol from guaiacol in the presence
of H,0,"*'"*" and compared the kinetic data to previously reported values for protein expressed in 2xYT"?.
We generated Michaelis-Menten plots with respect to guaiacol concentration to determine the k_ and K
parameters (Fig. 2e). Overall, the plots were similar, and the k_ values obtained from the fits were the same
within the margin of error (two-tailed t-test P>0.05) (Fig. 2e). The K values were not strongly affected by
the change in production media (Fig. 2e). Following confirmation of enzymatlc activity, we conclude that in
this dual expression system, BB reliably produced active, functional enzyme yielding enzymatic parameters
consistent with previously reported data'.

BB maintains a higher number of cells producing target proteins in a dual expression system
BB might outperform other media in dual-expression systems by several mechanisms, including maintaining a
higher number of protein-producing cells in the culture, achieving higher protein output per cell, or allowing
efficient simultaneous expression of two proteins rather than skewing production to a single dominant protein.
To understand which potential scenario best describes BB’s enhanced Hu-Cytc expression, we used flow
cytometry and a fluorescent dual expression system consisting of mStayGold green fluorescent protein and
mTagBFP2 blue fluorescent protein. These two fluorophores were expressed from a bi-cistronic open reading
frame construct (Fig. 3a)**%, which can allow for a similar level of biosynthesis, with a subtle production bias
favoring the ORF that is transcribed first within the system. We allowed for possible lower cell positivity counts
as well as POI expression levels by using the high quantum yields intrinsic to mStayGold and mTagBFP2. This
provided our system with a broad dynamic range for fluorescence detection?®?’. Flow cytometry provided the
capability to determine the fraction of bacteria expressing fluorescent proteins, the level of protein produced
per cell per medium, and the relative amounts of mStayGold and mTagBFP2 found in dual fluorescent cells. We
chose LB and TB as the two media comparisons because TB is similar in its base composition to BB, and LB
historically supports high fluorescent protein expression. As a result, LB has been used to produce an array of
fluorescent proteins (Fig. 1d).

We followed the published growth conditions for mStayGold?® and analyzed cells 5 days post inoculation
(BB) or IPTG induction (LB and TB) by flow cytometry. All samples were gated for intact cells (Fig. $4), and
the percentage of cells producing blue-green, dual-fluorescent signal was established using uniform gating for
all cultures based on a non-fluorescent control culture (Fig. S4). BB produced 10-fold more dual fluorescent
cells compared with LB and TB (Fig. 3b,c). Additionally, the mean fluorescence intensity for each fluorophore
in the dual-positive cells was similar among the three media, with a minor increase in BB (Fig. 3d). In every
media tested, TagBFP2 fluorescence intensity trended higher than that of mStayGold, although the difference
was statistically significant only in TB, which was confirmed by microscopy (Fig. 3e, S3). Although bicistronic
constructs are expected to produce similar levels of coexpressed proteins, differences in relative fluorescence
of two FPs might stem from distinct translational efficiency, folding, or protein stability. We conclude that BB
supports a larger population of cells that simultaneously produce two target proteins in dual-expression systems
compared to LB and TB. The BB-cultured cells displaying both blue and green fluorescence also showed higher
mean fluorescence intensities, thus achieving similar or better protein output per cell (Fig. 3e). Additionally,
dual expression in TB and perhaps other media may become biased towards one of the two proteins of interest,
ultimately preventing production of the desired product, especially if the desired product requires the presence
of a chaperone protein for complete maturation. Overall, the increased effectiveness of BB for dual-expression
applications results from a combination of a greater number of cells engaged in protein production and an
unbiased expression of both POlIs.

BB produces natively folded disulfide-rich proteins using galactose as the inducer

BB relies on galactose to induce the T7 system, although galactose is not the canonical inducer of the lac operon.
Previous literature has described galactose as a capable inducer in some E. coli genetic backgrounds such as
BL21(DE3)*%. To test BB’s auto-expression capability in E. coli strains beyond the canonically used BL21(DE3)
strain and its derivatives, we used BB to support expression by SHuffle T7 Express E. coli, which have been
engineered to facilitate production of correctly disulfide-bonded POIs in the cytoplasm*’. During SHuffle
Express engineering, T7 RNA polymerase was integrated into lacZ, disrupting bacterial ability to convert lactose
to allolactose®. Before attempting production of challenging disulfide protein targets, we first tested the ability
of various carbon sources including galactose to induce expression in E. coli B-derived SHuffle T7 Express using
a minimal medium (M9) as a base in agar plates. Each M9 variant contained one additional carbon source
(Fig. 4a). Base M9, glycerol supplemented, and glucose supplemented M9 plates served as negative controls as
glucose and glycerol do not induce the T7 expression system>*

We used eGFP fluorescence as a readout for POI production in all experiments, allowing on-plate expression
measurements. Robust eGFP expression was observed on plates containing lactose, galactose, and IPTG for
BL21(DE3) (Fig. 4b). For plates containing glycerol, excess glucose, or the M9/base glucose negative control,
there was little fluorescence intensity detected per colony; furthermore, excess glucose downregulated eGFP
expression compared to M9/base glucose presumably through catabolite repression (Fig. 4b). As expected, we
observed significant eGFP expression in SHuffle T7 Express in response to IPTG (Fig. 4b). However, eGFP
production in the lactose plates was considerably reduced compared to IPTG, likely due to disruption of lacZ
(Fig. 4b). Intriguingly, galactose was as efficient as IPTG in inducing eGFP expression in the SHuffle T7 Express
strain (Fig. 4b). We conclude that galactose can induce the T7 expression system through an alternative, non-
characterized mechanism. We denote this induction mechanism hereafter as auto-expression.
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Fig. 3. BB allows a higher percentage of dual-expressing cells. (a) Schematic for the dual expression construct
expressing mStayGold and mTagBFP2 fluorescent proteins. (b) Flow cytometry profiles of dual-expressing

E. coli cells in indicated media. Cells were divided into four subpopulations: mStayGold + (Q1), mTagBFP2

+ (Q3), dual-positive (Q2) and non-fluorescent (Q4). Frequency of each subpopulation is indicated in the
corresponding gate. Representative analysis of one replicate for each media. (c) Average fraction of dual
positive cells for three independent biological replicates for each media. Error bars are SD. Cell fractions were
compared by one-way Anova, followed by Tukey post-test, asterisks denote statistical significance ** P<0.001.
(d) Mean in-cell fluorescence intensity comparison for each fluorescent protein between media. (e) Mean in-
cell fluorescence intensity comparison between mStayGold and mTagBFP2 in each media. Plotted values in d
and e are averages of three independent replicates and error bars are SD; (d) and (e) analyze the same data and
are plotted separately for clarity. Analysis was done with two-way Anova, followed by SidaK’s post-test, asterisks
denote statistical significance, *** P<0.0001, ** P<0.001, *P<0.01.

Scientific Reports | (2025) 15:8936 | https://doi.org/10.1038/s41598-025-91954-5 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

d

Make M9 plates with @ Bacterial transformation Select colonies from M9 plate
various carbon sources l into M9 media starter culture
M9 only: (+)gluc | ) (+)IPTG l \ ‘ E-m
) ¢ .
AN o —
(#)lac = (#)gly (+)gal
Inoculate each type of M9 @ Image plates using eGFP fluorescence Analyze the fluorescence intensity
plate with 10 pL bacterial dots intensity per dot on each plate from each plate, and each strain tested

;‘ l”’\‘ j‘ 0,1,\ j‘;""\‘ .
N \ N — —

M9 only. ") (#)gal. =) (Hglue. =) E = 5 { .
— ] \ ! "

.\\;/ ‘\ri “\Kﬂr —— / .

@IPTE. ) (@)lac. ) (#)gly

I M9 B Glucose Il Glycerol Il Lactose Il Galactose Il IPTG

%k 3k % %k 5%k % %
I 1 I 1
e ok ok ok *ok ok
* ok ok * ok k
1 1
ns *
2.5+ ns 2.0 ns
°°S 2.0 “S 1.5
x x
E 1.5+ E
[~ e 1.0
E 1.0 g
v © 0.5
0.5
BL21 (DE3) SHuffle T7 Express
C
151 - BL21DE3
=& SHuffle T7 Express
mQ
< 10-
=
[T
o
e
O 59
Q

0 24 48
Time (Hours)

Fig. 4. eGFP production from both auto-induction and auto-expression media in BL21(DE3) and SHuffle T7
Express E. Coli. (a) workflow for an eGFP in-colony fluorescence assay experiment. This panel was generated
with BioRender. (b) eGFP in-colony fluorescence levels with respect to carbon source and strain using defined
media. Plotted are average values from 12-16 replicates per culture condition, error bars are SD. Relative
fluorescence intensities for each strain were compared by one-way Anova followed by Kruskal-Wallis post-test,
asterisks denote statistical significance **** P<0.00001, *** P<0.0001, * P<0.01. (c) In-cell fluorescence of
eGFP in BL21(DE3) and SHuffle T7 Express E. coli in BB liquid cultures. This experiment was performed once.
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Having established that the SHuffle T7 Express E. coli strain is capable of auto-expression in response to
galactose on minimal media, we tested whether SHuftle T7 Express would support auto-expression when
cultured in BB. We used eGFP for tracking expression, and observed robust eGFP expression, on par with a
positive control BL21(DE3) (Fig. 4c). We conclude that SHuffle T7 Express is capable of auto-expression in
response to galactose in both minimal media as well as BB.

Following confirmation that BB can be used for auto-expression in the SHuffle T7 express strain, we used
this system to produce isolated agonist binding domains (ABD) from GluN1 and GIuN2A subunits within
N-methyl-D-aspartate (NMDA) receptors®*2. NMDA receptors have received considerable attention as targets
for therapeutic agents in neurological and psychiatric disorders®, and we chose GluN1 and GluN2A ABDs as
their production represents a significant bottleneck in studies of the structural and pharmacological properties
of NMDA receptors. The GluN1 and GluN2A ABDs contain three disulfide bonds each, necessitating the usage
of E. coli strains such as SHuffle T7 Express for proper folding (Fig. 5a)*"*2. In a functional NMDA receptor, two
GluN1 subunits assemble with two GluN2A subunits to form a heterotetrametric receptor, while recombinantly
expressed isolated ABDs form GluN1-GluN2A heterodimers (Fig. 5b)3%3*.

To test whether the proteins produced in BB achieve correct folding and disulfide bonding, we purified the
two ABDs separately and crystallized the GluN1/GluN2A ABD-heterodimer complex. The crystal structure of
the GluN2A-GluN1 ABD heterodimer in complex with the competitive GIuN1 antagonist 7-chlorokynurenic
acid (7-CKA) and the GluN2A agonist glutamate was solved at a 2.05 A resolution (Fig. 5¢,d). This structure
displays proper disulfide pairing for each NMDA receptor ABD and corroborates previously reported GluN2A-
GluN1 ABD heterodimer structures (Fig. 5d). This was further supported by aligning the backbone atoms of this
structure with the 5,7-dichlorokynurenic acid (DCKA)/glutamate-bound GluN2A-GluN1 ABD-heterodimer
structure (PDB ID 4NF4)* (Fig. 5¢). This alignment gave an RMSD of 0.185 angstrom, and aligns each ligand,
7-CKA and glutamate, with DCKA and glutamate (Fig. 5e). We conclude that SHuftle T7 Express E. coli can
be used in conjunction with BB to promote future structural and biochemical research with disulfide bond-
containing proteins.

BB increases production of recombinant SpCas9

Having established that BB improves protein production for a broad range of systems, we focused on validating
the combination of using BB media and tracking protein expression through fluorescence for optimizing
recombinant expression of one of the critical production targets, Streptococcus pyogenes CRISPR-associated
DNA endonuclease Cas9 (SpCas9)*>~%". The goal of these experiments was to validate BB’s utility for producing
an active enzyme rather than compare the protein yields between BB and other media. To monitor production
of SpCas9, we used a SpCas9-siriusGFP fusion protein (Fig. 6a)**. We expressed SpCas9-siriusGFP in BB and
observed robust accumulation of siriusGFP through time (Fig. S5). Following apo-SpCas9 purification as per the
published protocol®, we achieved an 8-fold increase in >95% pure apo-SpCas9 (Fig. 6a) in direct comparison
to previously published yields per liter (Table 1, line 3 vs. 5). Importantly, this production improvement was
relative to apoSpCas9 protein yields of comparable purity>95% due to the necessity for high SpCas9 purity
for challenging genetic engineering applications (i.e. CAR-T cell therapy). We conclude that BB coupled with
fluorescence as an in-cell expression readout can be used to produce significantly more, and highly pure (>95%)
apo-SpCas9 utilizing conventional purification strategies.

BB-produced SpCas9 is catalytically active in vivo

We validated the activity of BB-expressed SpCas9-siriusGFP by targeting the ebony gene in Drosophila
melanogaster. The ebony gene is responsible for body pigmentation and is a widely-used co-CRISPR marker*2.
Ribonucleoprotein complexes (RNPs) were formed with a single guide RNA (sgRNA) sequence targeting the
second coding exon in the ebony gene (Fig. 6b, S5b)*2. Syncytial blastoderm embryos of Canton S flies were
microinjected with SpCas9/sgRNA complexes targeting the posterior of the embryos to increase the chance of
heritable edits in the germ cells (Fig. 6b, S5¢). Following microinjection, a subset of embryos was tested for GFP
fluorescence, which indicated successful microinjection (Fig. S5d). Remaining embryos were allowed to develop,
grown to adulthood, and individually crossed to double balancer ebony flies (w*; CyO/sp; TM2, e/ TM6b, e'), to
test for germline transmission of any generated mutations (Fig. S5e). Activity of SpCas9 was assessed by body
pigmentation phenotypes within the F, and F, progeny (Fig. 6¢,d). We observed a somatic mosaic phenotype in
~7% of all injected, surviving F; animals (Fig. 6¢,d). Furthermore, 40% of surviving F were able to transmit the
edit in crosses (Fig. 6e). Among the F, progeny in 5 crosses with germline transmission of the edit, we observed
a consistent percentage of mutants (~ 30%, Fig. 6f,g). From these data we conclude that production of > 95% pure
SpCas9 can be improved 8-fold using BB. Moreover, we demonstrate that the increased protein yields from BB
did not compromise protein activity, as BB-produced SpCas9 was readily capable of catalyzing programmable
endonuclease activity in vivo.

Discussion

In this study, we report the development of an auto-expression broth (named BB) that facilitates recombinant
protein production without the necessity to add an acute inducer, thus improving upon the classic IPTG induction
protocols. The refinement of media formulations for protein production in E. coli represents a critical area for
enhancing efficiency, particularly in the context of the widely used T7 expression system. This system, developed
in 1986, is renowned for its cost-effectiveness and ease of use, but it faces challenges in producing some proteins
under standard conditions®>~. Our introduction of BB marks an advancement in this field and improves yields
for a broad spectrum of recombinant proteins including eGFP and its derivatives and human Cytochrome C.
BB achieved superior target protein yields compared to established media including LB, TB, 2xYT, ZYM, and
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Fig. 5. Production of disulfide bond-containing NMDA receptor agonist binding domains in BB. (a)
Schematic representing disulfide bonds (solid lines connecting pink bars denoting C420-C454, C436-C455,
C744-C798) for GluN1 and GluN2A agonist binding domains (ABDs) as seen in previous structural
alignment®. (b) Cartoon representation of GluN1/GluN2A ABD heterodimer with glutamate bound to
GluN2A and 7-chlorokynurenic acid (7-CKA) bound to GluN1. (¢) Chemical structures of competitive GluN1
antagonists, 5,7-dichlorokynurenic acid (DCKA) and 7-CKA. (d) Ribbon diagram of GluN1 (purple)/GluN2A
(green) ABD heterodimer in complex with 7-CKA and glutamate (PDB 9DA9) rotated to show ligand-binding
pockets. (e) Top: schematics of GluN2A/GluN1 ABD heterodimers bound to DCKA/glutamate (red and blue,
left) or to 7-CKA/glutamate (grey and purple, right). Bottom: An overlay of DCKA/glutamate bound GluN2A/
GluN1 ABD heterodimer (PDB: 4NF4) with 7-CKA/glutamate bound GluN2A/GluN1 ABD heterodimer
(PDB 9DA9Y). Insets: zoomed in agonist binding pockets with bound ligands (also overlaid).
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Fig. 6. Production of enzymatically active SpCas9 in BB. (a) Top: SpCas9-siriusGFP schematic. Bottom: Total
protein gel stained with Coomassie brilliant blue (CBB, left) or in-gel fluorescence (IGF, right) of purified
SpCas9-siriusGFP. (b) Workflow for the genome editing experiment targeting ebony locus in Drosophila
melanogaster. This panel was generated with BioRender. (c) Somatic mosaic frequency based on all survived,
SpCas9 injected F, flies. (d) Pigmentation of WT Canton-S males, double balanced male ebony flies, and a
mosaic male F,. (e) Germline transmission rate of the Cas9-induced mutation in 12 crosses (see also Fig. S4e).
3/15 surviving injected flies did not produce any progeny. (f) Pigmentation of WT or double balanced ebony
mutant female flies, a representative F, female from a control cross (no SpCas9 injection), and a representative
phenotype of an F, female fly inheriting SpCas9 edit. (g) Percentage of mutants in F, offspring across the F;
crosses with germline transmission. Plotted is the average, black triangles represent F) mutant percentages in
each cross, error bars are SD.
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Final purified protein Addgene plasmid # | Yield (mg/L) | Purity estimate (%) | Reference
1 | SpCas9-NLS-6xHis #62,731 6.0% < 90* 38
2 | NLS-SpCas9-6xHis #62,934 0.74 >95 ¥
3 | NLS-SpCas9 - 6xHis #62,934 1.0 >93* 40
4 | SpCas9-2xNLS #69,090 0.16% > 90* 4
5 | SpCas9-siriusGFP-3xNLS | #78,312 8.5 >95 This Study

Table 1. Comparison of purified apo-Cas9 yields per liter of culture. Among numerous Cas9 purification
reports, those listed in the table were selected based on approaching ~90% apo-SpCas9 purity. *Purity level not
suitable for gene therapy applications or high-cost model organism engineering due to inherent editing failure
risks associated with contaminants. 2Publication reports only a single replicate.

MagicMedia™. This increased efficiency is crucial for both reducing operational costs and accelerating research
and development in biotechnological applications®.

The key feature facilitating protein production in BB is its capacity to support high bacterial culture density,
while maintaining robust output of the target protein (Fig. 1). BB-expressed eGFP was predominantly found in
the soluble fraction, while established auto-induction media appeared to produce copious amounts of insoluble
eGFP (Fig. 1). We speculate that this reflects more efficient folding of the POI when produced in BB compared
to other high-density cultures. Determining the mechanism mediating improved soluble protein output in
BB remains the subject of future studies. BB’s effectiveness extends beyond simple expression systems to more
complex co-expression processes. For instance, our tests using Hu-Cytc and yeast heme lyase in a co-expression
system with BB showed a 100% success rate of POI expression, a marked improvement over the 50-60% success
rate observed with traditional media (data not shown). This consistency is particularly advantageous for research
where reliable high-yield production of proteins like human cytochrome c has been a persistent challenge. Based
on the dual-fluorescence reporter expression analyzed by flow cytometry, the increase in effectiveness of dual
expression in BB results from a higher fraction of cells that can engage in simultaneous production of two POIs
(Fig. 3b,c).

Single-cell analysis of E. coli simultaneously expressing two fluorescent proteins by flow cytometry suggested
that despite significant increases of the fluorescent protein expression per cell in BB compared to LB and TB, the
driving force for higher production levels was the larger fraction of cells producing mStayGold and mTagBFP2
in BB (Fig. 3c—e). Notably, E. coli cultured in TB produced a disproportionate amount of mTagBFP2 relative to
mStayGold compared to the other two media, suggesting that co-production of multiple POIs is sensitive to
medium composition. This differential production of co-expressed proteins might stem from distinct folding
efficiency or protein stability in different conditions. Overall, BB was the superior media for dual expression, and
simultaneous production of two proteins was optimal when cells were cultured in BB.

Surmounting another protein production challenge, BB in conjunction with E. coli B-derived SHuffle T7
Express E. coli was found effective for expression of disulfide bonded proteins. We validated correct folding
of BB-produced, heterodimerized GluN1/GluN2A NMDA receptor agonist binding domains via X-ray
crystallography, and structural analysis (Fig. 5). This holds significant promise in future drug discovery and
structural biology endeavors. The compatibility of BB with strains like SHuffle T7 Express, which are essential
for producing proteins with correct disulfide bonds, further enhances its utility. We postulate that BB could
enable further protein production optimizations for pharmaceutical applications, including therapeutic biologic
targets, which often require complex native disulfide bonding patterns for functionality’.

Our study expands the potential use of BB beyond the commonly utilized BL21(DE3) strain of E. coli and
provided the first conclusive evidence that galactose is an effective inducer in the SHuffle T7 system independent
of contaminant carbon sources found in non-defined media (Fig. 4). Our use of defined M9 medium, which
lacks contaminants such as lactose, addressed previous ambiguities caused by undefined media components and
enabled a definitive assessment of galactose’s role in activating T7 expression®3*4344, The mechanism through
which galactose drives T7 expression system is still unknown. However, these results demonstrate that galactose
can be the main inducer carbon source, and in the case of SHuftle T7 Express, functions as a robust auto-
expression molecule.

Notably, auto-expression media containing galactose as the inducer (as used in BB) led to a more robust
expression in SHuffle T7 Express than that induced by lactose. The genetic background of SHuffle T7 Express,
which lacks the lacZ gene due to the integration of T7 RNA polymerase at this site, clarifies why lactose was less
potent compared to galactose or IPTG. In the absence of B-galactosidase (LacZ), conversion of disaccharide
lactose into glucose, galactose, and allolactose is expected to be ineffective’®4>.

The use of galactose as an inducer sets BB apart from most other popular media, which typically use lactose
or IPTG. Lactose is cheaper than galactose, and IPTG is more expensive than both. Although BB uses the
moderately more expensive galactose as the inducer, the significant improvement in production and broad-
spectrum applications make it economically superior. Furthermore, galactose offers greater strain usage
diversity than lactose and can be used in Good Manufacturing Practices (cGMP) facilities — unlike lactose. This
advantage exists primarily because the market offers very few non-animal derived lactose options, which are
more expensive than their animal-free galactose counterparts.

CRISPR-Cas9 and the genome editing process that is enabled by this protein has revolutionized molecular
biology and biotechnology®’. Despite steady progress in genome editing approaches, it is still challenging to
produce apo-SpCas9 protein for downstream genetic engineering experiments or gene therapies. Therefore,
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commercially available SpCas9 is expensive. Here we have addressed obstacles in SpCas9 production by increasing
the final yield of purified, apo-SpCas9 > 8-fold (Table 1 line 3 vs. line 5). Notably, these high yields are achieved
without compromising the purity of the enzyme (over 95%). While>95% purity of SpCas9 is not required for
most research laboratory genome editing projects, more demanding gene editing applications in mammalian
model systems, or in gene & cell therapies require high-purity SpCas9 to be both cost-effective and feasible®.
Final FDA approval for producing and purifying SpCas9 is still a notable barrier. Moreover, the production and
purification of SpCas9 to be used in a clinical trial is costly and tedious. Generally, FDA approved therapeutic
processes are orders of magnitude more complex to execute, and far more expensive. Production improvements
on the order of ~ 8x observed for BB-produced SpCas9 in this study, can immediately reduce the effort and costs
necessary to generate enough product. As a result, this accelerates pre-clinical gene editing programs, ultimately
expediting acquisition of key data necessary for clinical trials.

Using multi-step protocols to improve SpCas9 purity typically leads to significant losses of the protein;
therefore, in our yield comparisons we focused on the studies reporting ~ 90% enzyme purity (Table 1). Overall,
we find that using BB for protein expression demonstrated higher apo-SpCas9 protein production coupled with
optimal purity. Moreover, the BB-expressed SpCas9 shows activity when tested in Drosophila melanogaster, thus
confirming higher yields of an active enzyme from BB (Fig. 6).

A recent report described an alternative expression and purification protocol for efficient production
of SpCas9 in complex with sgRNA (Cas9 RNP)*. This system relies on expression of both the SpCas9 ORF
and the sgRNA from a single plasmid. Isolation of Cas9 RNP, while more productive, limits the application of
the resulting enzyme to a single genetic target. By contrast, apo-SpCas9 allows the user to take advantage of
modularity, which is one of the most powerful attributes of CRISPR-Cas9 genome editing technology. Apo-
SpCas9 can be assembled with various specific sgRNAs or entire libraries to facilitate diverse gene editing
applications or screening. By comparison, utilizing Cas9 RNP requires the full workflow of cloning, plasmid
validation, expression, and purification for each unique sgRNA. This will likely not provide a long-term, cost-
effective solution for scalable gene cell therapy production, and is less efficient in research laboratory settings
where scientists could design, order, and usually receive a new sgRNA reagent within a few days of the order
being placed.

Opverall, we report that Bosco Broth not only addresses longstanding challenges of protein production in E.
coli but also sets a new benchmark for the field, offering a versatile, efficient solution that can significantly impact
both academic research and industrial biotechnology.

Materials and methods

Molecular cloning

The DNA sequence harboring the 6x Histidine tag, the T7 peptide leader, a TEV proteolytic cleavage site, and
eGFP (6xHis-T7Leader-TEV-eGFP) was isolated from Addgene construct (#54762). eGFP was cloned into a
pET21a(+) vector (EMD Millipore #69740) backbone by restriction enzyme digest followed by T4 DNA ligation.
DNA sequence was confirmed via Sanger Sequencing (Eurofins).

The DNA sequence harboring the 6x Histidine tag, the T7 peptide leader, an X-press affinity tag, and
mStayGold (6xHis-T7Leader-XpressTag-mStayGold) was amplified from Addgene construct (#212017). The
DNA sequence harboring the 6x Histidine tag, the T7 peptide leader, a TEV proteolytic cleavage site, and
mTagBFP2 was amplified from Addgene (#54572). The fragments were assembled via Gibson assembly into
the pRSETB vector backbone (Addgene #212017)***. DNA sequences were confirmed via Sanger Sequencing
(Eurofins).

BB recipe
The BB recipe used for all experiments in this study consists of the following:
12 g/L tryptone (Millipore Sigma T9410)
24 g/L yeast extract (Millipore Sigma Y1625)
KH,PO, (0.05-0.1 M)
Na,HPO, (0.05-0.1 M)
NH,CI (0.05 M)
Na,S0, (0.005 M)
MgSO, (0.002 M)
Glycerol (0.54 M)
D-glucose (0.03 M)
D-galactose (0.055 M)
Na,CH,0, (0.025 M)
FeCl,-6H,0 (0.1 M)
CaCl, (0.02 M)
MnCl,-4H,0 (0.035 M)
ZnSO,-7H,0 (0.087 M)
CoCl,6H,0 (0.0087 M)
CuCL-2H,0 (0.002 M)
NiCL,-6H,0 (0.002 M)
Na,MoO,-5H,0 (0.002 M)
FeSO,.7 H,0 (0.0179 M)
(NH4),Mo,0, -4 H,0 (0.0009 M)
H,BO, (0.186 M)
EDTA (0.05 M)
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CuSO,:5 H,0 (0.0062 M).
The pH of the media is adjusted to the neutral range (7.3-7.6).

eGFP induction and in-cell eGFP measurements

In-cell eGFP fluorescence intensity measurements were conducted as previously described with minor
changes'. eGFP expression construct was transformed into BL21(DE3) competent cells (New England Biolabs).
An overnight starter culture was grown in LB at 37 °C with 100 ug/mL carbenicillin. 50 mL production cultures
in non-baffled disposable cell culture Fernbach flasks (Corning 431143) were started in each media (LB, TB,
MM, ZYM, BB) with 100 ug/mL carbenicillin by 1:100 dilution of the starter culture and were grown at 30 °C at
250 rpm. 1 mM IPTG was added to LB and TB media at 6 h. For each biological replicate, and each respective
time point across all five tested media, 1 mL of culture was collected and pelleted at 10,000 for 10 min. Media
was decanted, and pellets were resuspended with 1 mL of 137 mM NaCl, 2.7 mM KCl, 10 mM Na,HPO,, and
1.8 mM KH,PO, (1x PBS) each. Samples were diluted with 1x PBS into range for accurate OD, measurements.
Absorbance at OD; and eGFP fluorescence intensity (Ex485/Em516) were then measured by adding 350 uL of
diluted sample into a 96-well plate (Grenier 655180) and reading in a Synergy H1 plate reader (Agilent). Blank
measurements were subtracted prior to correcting for dilution. 20 mL from all biological replicates, for each
type of media were individually spun down at 4,000 rpm at the last time point, 36 hours (Fig. 1a). Media was
decanted, and tubes were stored at — 80 °C until eGFP purification and solubility experiments were executed.

eGFP purification and yield quantification

Cells from a single replicate each of the five E. coli eGFP liquid cultures (BB, LB, TB, MM and ZYM) were
resuspended in lysis buffer: 1 mg mL~! lysozyme (Thermo Fisher) and 1 mg mL~! DNase I (Thermo Fisher) in
1x PBS containing 5 mM imidazole. Cells were incubated for 20 min on a nutator, spun down at 17,000 g, 4 °C
for 10 min, and clarified protein-containing lysate was collected. Five cycles were then carried out in which the
remaining cell pellet was refrozen at —80 °C, thawed, resuspended in lysis buffer, spun down and the soluble
fraction collected. All soluble fractions were pooled. The pooled lysates from each liquid culture were applied
to individual gravity columns containing 10 mL Ni-NTA resin (Cytiva) equilibrated in 1x PBS. Clarified cell
lysates were flown over each respective gravity column 5 total times at 3 mL min~!. Gravity columns were then
washed with 1x PBS for >50 column volumes at 4 °C. Protein elution during wash steps was monitored using
Bradford reagent (Bio-Rad) until no detectable protein was eluted. eGFP was eluted off Ni-NTA resin with 1x
PBS containing 300 mM imidazole pH 7.4. Protein elution from the Ni-NTA resin was monitored by Bradford
reagent (Bio-Rad) throughout elution. eGFP samples were buffer exchanged into 1x PBS and concentrated by
centrifuge ultrafiltration (Amicon Ultra-15, 10k MWCO, Millipore) to a final volume of 10 mL each. An aliquot
from each sample was mixed 1:1 with Laemmli Sample Buffer (Bio-Rad), boiled for 5 min, and loaded into a
4-20% Mini-PROTEAN’ TGX Stain-Free™ Gel (Bio-Rad). Stain-free chemistry incorporates a trihalo compound
that covalently binds to tryptophan residues and allows the visualization of proteins following electrophoresis
by making the proteins fluorescent when exposed to UV light*3. The rest of the samples were flash frozen with
liquid nitrogen for further analysis. The stain-free gel was imaged on a BioRadChemiDoc™ MP imaging system
and analyzed using ImageLab (v 5.1) software. Total intensities for all bands in each lane were quantified and the
fraction of total protein corresponding to the eGFP band was determined. Freshly thawed remaining samples
were used in a BCA assay?® (Thermo Fisher) to measure the total protein concentration using a Synergy H1
plate reader (Agilent) to measure A, of 350 pL samples in wells of a clear 96-well plate (Greiner 655180). The
percentage of eGFP signal measured above was applied to the total protein yields measured by the BCA assay.
Final corrected eGFP yields were scaled up from mg/20 mL to mg L™! for all 5 media.

Immunoblotting

To detect 6xHis-eGFP in the soluble and insoluble fractions, bacterial lysates either from the soluble fraction of
clarified lysate, or from resolubilized insoluble fractions from the cell pellets (8 M urea with buffer exchange back
to 1x PBS) were separated on a 4-20% SDS-PAGE gel (Bio-Rad), and proteins were transferred to Immobilon-P
PVDF membrane (EMD Millipore). After blocking in TBS/0.1% Tween 20/5% non-fat dry milk, the blots were
probed with mouse anti-6xHistidine primary antibody (Sigma) followed by the secondary goat anti-mouse
IgG2a labeled with HRP (Southern Biotech) diluted in blocking solution. Blots were developed using Luminata
Crescendo Western HRP substrate (EMD Millipore) and recorded on ChemiDoc MP Imaging System (Bio-
Rad).

Human cytochrome c expression and purification

Human cytochrome ¢ (Hu-Cytc) was expressed and purified as described previously'?. The pBTR (Human Cytc)
vector, a derivative of the pBTR1 expression vector, with the yeast iso-1-Cytc gene replaced with a synthetic Hu-
Cytc gene, was used for expression!”>%!. This vector co-expresses yeast heme lyase, which covalently attaches
heme to the Cys-Ser-Glu-Cys-His heme recognition sequence of Hu-Cytc in the cytoplasm of E. coli. Competent
E. coli BL21(DE3) cells were transformed with the pBTR(Human Cytc) vector. The colonies were washed off
the selection plate and grown in 1 L of BB for 24 to 36 h at 37 °C with 100 ug/mL carbenicillin. Cells were
then pelleted and suspended in a lysis buffer containing 10 mM Tris pH 7.5, 500 mM NaCl, 2 mM PMSE and
a small quantity of DNase. Lysis was carried out via sonication with a Qsonica Q700 sonicator. The lysate was
cleared by centrifugation and then incubated overnight while stirring with 12% ammonium sulfate to precipitate
impurities. Centrifugation separated out the precipitate, and the supernatant was dialyzed overnight twice at
4 °C, both times in 3 L of buffer containing 12.5 mM sodium phosphate, pH 7.2, 1 mM disodium EDTA, and
2 mM B-mercaptoethanol (BME). The dialyzed protein solution was loaded onto a CM Sepharose column that
had been equilibrated in 50 mM sodium phosphate buffer, pH 7.0, 1 mM EDTA, and 2 mM BME. The column
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was washed with 5 column volumes of this same buffer to remove any additional protein impurities, and the final
protein was eluted with a linear gradient from 0 to 0.8 M NaCl in the same buffer. The eluate was concentrated
and exchanged into a low salt buffer, 50 mM sodium phosphate, pH 7.0, by centrifuge ultrafiltration (Amicon
Ultra-15, 3k MWCO, Millipore) before being flash frozen and stored at -80 °C. On the day of the experiment,
protein was thawed and further purified with an AKTA-prime plus chromatography system (GE Healthcare
Life Sciences) equipped with a HiTrap SP HP 5 mL cation exchange column and a gradient from 0 to 0.3 M
NaCl in 50 mM sodium phosphate buffer, pH 7.0, over 30 min at a flow rate of 1 mL/min. The purified protein
was concentrated via centrifuge ultrafiltration (Amicon Ultra-15, 3k MWCO, Millipore). Protein yields were
calculated from the final purified, concentrated protein by UV-Vis Spectroscopy prior to peroxidase activity
assays™2.

Peroxidase activity measurements

The peroxidase activity of human cytochrome ¢ (Hu-Cytc) was measured via conversion of guaiacol to
tetraguaiacol which strongly absorbs at 470 nm!®?’. Hu-Cytc was oxidized with potassium ferricyanide,
K,[Fe(CN),], at room temperature for 7 to 10 minutes, and then the K,[Fe(CN) ] was separated from the protein
using a G25 Sephadex desalting column (Cytiva) equilibrated with 50 mM sodium phosphate buffer at pH 7.0.
The buffer solution was degassed under argon for 30 to 45 minutes to inhibit non-enzymatic oxidation of guaiacol
by dissolved O,. Solutions of 4 uM protein, 400 uM guaiacol, and 100+ 4 mM hydrogen peroxide were made in
the degassed buffer. The H,0, concentration used was selected so that it was above the Michaelis constant, K., of
H,0, for peroxidase activity which is about 37 mM for human Cytc*' 22”5, Guaiacol and H,O, concentrations
were measured by absorbance using extinction coefficients, e,,, =2150 M~ lem~1, and €,,,=41.5 M~ lem™1,
respectively?>?’. The protein solution, degassed buffer, and guaiacol solutions in different concentrations
were mixed immediately prior to taking measurements. The protein/guaiacol solution was then automatically
mixed in a 1:1 ratio with the 100 mM peroxide solution using an Applied Photophysics SX20 stopped-flow
spectrometer. Time-dependent changes were recorded at 470 nm (A470). Final protein concentration was 1
mM, and final H,O, concentration was 50 mM. All data measurements were taken at 25+0.1°C. Five traces were
recorded per guaiacol concentration. A470 was plotted as a function of time for each trial, and the highest slope
of the linear region was used to determine initial enzyme velocity, v. The slopes were averaged, then multiplied by
4 since oxidation of guaiacol removes 4 electrons, divided by final protein concentration and multiplied by 26.6
mM~lem™}, the extinction coefficient for tetraguaiacol (3,3’-dimethoxy-4,4’-biphenoquinone)!*2°3, This gives
v/[Cytc] values as a function of guaiacol concentration. The Michaelis-Menten equation was fit to the data using
SigmaPlot v. 13 to extract the Michaelis constant, K , as well as the catalytic rate constant, k_,.

Dual expression of fluorescent proteins in E. coli

BL21(DE3) competent cells were transformed and cultivated with carbenicillin resistance?®. Each flask for each
replicate was inoculated with 1:100 starter culture from overnight cultivation (14 h) for BB, TB, and LB media.
50 mL total cultures were used for each replicate and cells were grown at 37 °C until reaching OD, 0.6. Then,
TB and LB cultures were induced with 0.1 mM IPTG, and all cultures were shaken at 25 °C at 250 rpm for five
days. Cells were harvested at 4000 rpm, media was decanted, and samples were flash frozen with liquid nitrogen,
then stored at —80 °C until flow cytometry experiments.

Flow cytometry

Samples were analyzed with the Attune NxT (Life Technologies, Grand Island, NY, USA) flow cytometer.
Forward and side scatter properties were displayed on a logarithmic scale with the forward scatter threshold
set to 1000 for all samples analyzed. mStayGold green fluorescent protein was measured with the BL1 laser
line, excitation at 488 nm with emission detection at 530 nm with a 30 nm bandpass filter. mTagBFP2 was
measured by the VL1 laser line excitation at 405 nm with emission detection at 440 nm with a 50 nm bandpass
filter. Thawed E. coli cells were resuspended in 1x PBS supplemented with ImM MgSO, and 0.1 mM CaCl,,
and further diluted 1:50 in PBS. 100 uL of the cell suspension was analyzed at a flow rate of 25 pL/minute for
each replicate. Data was analyzed using FlowJo V10.10 (BD Life Sciences, Franklin Lakes, NJ, USA). Cells of all
replicates were gated for intact single cells based on the forward and side scatter (Fig. S3) and universal gates for
+mStayGold and + mTagBFP2 were set based on the negative control cells cultured in BB, but not expressing
fluorescent proteins (Fig. S3).

Imaging E. coli

Live-cell imaging of the bacterial cells was performed on a Zeiss LSM 880 laser scanning confocal microscope
with a Plan-Apochromat 63x/1.4 NA DIC M27 oil immersion objective. A 405 nm laser was used to excite
mTagBFP2 with fluorescence detected from 410 to 498 nm. The excitation for mStayGold was a 488 nm laser
with fluorescence being detected from 498 to 598 nm. All cultures were imaged using the same settings in
ZenBlack 2.3. Maximum intensity projections were generated from z-stacks of E. coli in each respective medium
using ZenBlue 3.6.

eGFP expression measurements using M9 agar plates

AllM9 minimal media combinations were prepared following the base recipe?’. Each treatment was supplemented
with glucose to a final concentration of 0.5% (w/v). Where appropriate, additional carbon sources (glycerol,
glucose, lactose, and galactose) were also added to a final concentration of 1% (w/v); for the positive control,
IPTG was supplemented to a final concentration of 0.1 mM. Plates meant for BL21(DE3) additionally contained
carbenicillin at a final concentration of 100 pug mL~!, and plates meant for SHuffle’ T7 Express (New England
Biolabs C3029]) contained carbenicillin and streptomycin at final concentrations of 100 pg mL™! and 25 pg

Scientific Reports |

(2025) 15:8936 | https://doi.org/10.1038/s41598-025-91954-5 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

mL~, respectively. Starter cultures of SHuffle’ T7 Express and BL21(DE3) E. coli were prepared by inoculating
eGFP transformants into 30 mL M9 medium (0.5% w/v glucose) containing the appropriate antibiotics described
above. Flasks were incubated in rotary shakers set to 250 rpm at 3037 °C for SHuffle’ T7 Express or BL21(DE3)
E. coli, respectively. The BL21(DE3) culture was grown for 24 h under these conditions, whereas SHuffle’ T7
Express needed 72 h to achieve the same qualitative density. Following this initial growth, cell suspensions were
plated in parallel on six M9 modifications with the appropriate antibiotic selection: M9 (0.5% w/v glucose),
M09 + glucose (1% w/v), M9 + glycerol (1% w/v), M9 +lactose (1% w/v), M9 + galactose (1% w/v), and M9 +IPTG
(0.1 mM). For each plate, sixteen 10 pL aliquots of homogenous culture were dotted in a 4 x4 grid and allowed
to dry under a laminar flow hood. All plates were incubated at 30 °C and were imaged after 6 days (SHuffle T7
Express) or 8 days (BL21(DE3)) of culture using a BioRad ChemiDoc™ MP imaging system. To assess in-colony
eGFP fluorescence, images of each plate were captured using a 530/28 filter under UV illumination using the
same exposure settings and image area. Images were analyzed using the companion ImageLab (v5.1) software,
performing automatic background subtraction and quantifying integrated colony fluorescence intensity for each
colony without normalization for colony size. Non-uniform or fused colonies were excluded from the analysis,
resulting in 12-16 values per condition. Average fluorescence intensity was calculated for each condition.

Expression and purification of NMDA receptor ABDs

The GluN1 and GluN2A agonist binding domains (ABDs) were purified using a similar protocol to previously
described with several adjustments®. Briefly, the GluN1 S1S2 ABD contains residues 394-544 and 663-800 from
the full-length GluN1 joined by a Gly-Thr dipeptide linker and the GIluN2A ABD contains residues 402-539 and
661-802 from the full-length GluN2A joined by a Gly-Thr dipeptide linker as previously described>#>+%. The
GluN1 ABD was fused with 6x-Histidine tag and thrombin proteolytic cleavage site (6xHis-Thrombin-GluN1
ABD)*%, The GIuN2A ABD consisted of a fusion between 6xHis-small ubiquitin-like modifier and GluN2A
ABD (6xHis-SUMO-GIuN2A ABD). Each ABD protein was expressed using SHuffle’ T7 Express E. coli in BB at
25°C-20 °C for 24 h respectively. Each construct contained a 6xHis-tag at the amino-terminus and was captured
by applying clarified cell lysate to a 5 mL HiTrap IMAC HP column (Cytiva). Following loading of the GluN1
and GluN2A ABDs onto the IMAC, proteins were eluted with a linear gradient of imidazole concentrations, and
peak fractions containing proteins were pooled and digested with either thrombin protease or ubiquitin ligase
protease-1 (ULP-1) to remove N-terminal-tag sequences and isolate GluN1 or GluN2A ABD protein fragments
respectively. Post-cleavage, GluN1/GluN2A ABD proteins were further applied to a 5 mL Hi-Trap SP column
(Cytiva) to remove major contaminants, and GluN1/GluN2A ABD protein fragments were further purified with
Superdex 200 10/300 GL (Cytiva) via size-exclusion chromatography in a buffer consisting of in 10 mM HEPES,
100 mM NaCl, 1 mM glycine, 1 mM L-glutamate, pH 7.0.

Crystallography for GluN1/GIuN2A ABDs

Purified GluN1A and GluN2A ABD proteins were mixed at a 1:1 ratio and incubated O/N at 4 °C before the
GluN1/N2A complex was subjected to another round of purification using a Superdex 200 10/300 GL size
exclusion column (Cytiva) in 10 mM HEPES-NaOH, 100 mM NaCl, 1 mM glycine, 1 mM L-glutamate, pH 7.0.
Complexed proteins were concentrated to 4-7 mg/mL and used to set 1:1 drops against a reservoir consisting of
0.2 M ammonium acetate, pH 6.8 with 14-18% PEG 4000 using the hanging drop diffusion method. Following
48 h of crystal growth, two rounds of crystal soaking were conducted. In the first round of soaking, drops were
soaked with reservoir solution including 100 uM glutamate, and 100 uM 7-Chlorokynurenic acid (7-CKA).
After at least 24 h of soaking, the drops were then soaked for a second time with reservoir solution including 100
uM glutamate, and 300 uM 7-CKA for a minimum of 24 h prior to harvesting. Crystals were cryoprotected in
reservoir solution containing 20% (v/v) glycerol and flash-frozen in a 100 K nitrogen gas stream. Diffraction data
were collected at the Stanford Synchrotron Radiation Lightsource (SSRL-SMB) on the 12 -2 beamline. Images
were processed using autoPROC?. Initial phases were determined by molecular replacement in PHASER® using
a published glycine/glutamate bound GluN1/2A ABD structure (PDB ID 4NF4)** as search model. The initial
models were fit into a 2mF -DF_map with COOT?® and subjected to one cycle of rigid body refinement using
procedures in the PHENIX program suite. Subsequently, the model was refined by iterative model rebuilding
in COOT and refinement with PHENIX. L-glutamate and the 7-CKA ligand were located in the structure using
the mF -DF_map®. Data collection and refinement statistics are shown in Table S1. Coordinates and diffraction
data have been submitted to the Protein Databank with ID 9DA9.

SpCas9 expression and purification

Recombinant nuclease was purified according to a previously published protocol with minor modifications®.
Briefly, pET-28b-6xHis-MBP-TEV-Sp-Cas9-siriusGFP-3xNLS (Addgene #78312) was transformed in Rosetta
(DE3) pLysS E. coli competent cells (Novagen), and single colonies were inoculated and grown overnight.
500mL BB cultures were inoculated by 1:100 dilution of the starter cultures and grown at 18 °C while siriusGFP
fluorescence was monitored through time (Fig. S4a). Bacterial pellets were then re-suspended in the lysis buffer
(20 mM Tris [pH 8], 500 mM NaCl, 5 mM MgCl,, and 5 mM imidazole) supplemented with lysozyme (0.5 mg/
mL), incubated for 20 min at 4 °C while shaking and lysed by high-pressure cell disruption. After clarification
by centrifugation (40,000xg, 45 min, 4 °C), the supernatants were flown over an IMAC 5mL HiTrap 3 times
in total for initial affinity purification step. Following washes with 50 mL of PBS, SpCas9 was eluted with 400
mM imidazole step gradient, and dialyzed into 20 mM Tris [pH 8], 20 mM NaCl, 5 mM MgCl, in the presence
of TEV protease overnight at 4 °C. The rest of the protocol adheres faithfully to*. According to protocol, two
further steps of purification were performed: ion-exchange (IEX) chromatography (HiTrap SP FF column, GE
Healthcare) followed by size-exclusion chromatography (HiLoad 16/600 Superdex 200 PG, GE Healthcare)
using an AKTA Pure 25 FPLC system (GE Healthcare). After the final elution, fractions containing SpCas9 were
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pooled, concentrated using a centrifugal concentrator (100,000 MWCO) to reach at least 10 mg/mL, and stored
in aliquots at —80 °C until use. The expression and purification was performed 3 times, with the average yield
of 8.5 mg/ml.

Preparation of SpCas9-sgRNA RNP for microinjection
For an injection preparation, 11.9 pug Cas9-siriusGFP in 25mM Tris, 300mM NaCl, 2 mM MgCl,, and 1 pm
DTT was mixed with 2.36 pg sgRNA in TE buffer (1:1 molar ratio), and KCI was added to a final concentration
of 150mM in a final reaction volume of 10 uL. RNP assembly reaction was incubated while being centrifuged
(17,000 RCF) for 30 min at 4 °C. For all genome editing experiments, ribonucleoprotein complexes (RNPs) were
formed between SpCas9 and sgRNA targeting coding exon 2 of the ebony (CG3331) locus (Fig. S6a).
Full sgRNA sequence (IDT) with complementary crRNA underlined:
5'CCACAAUUGUCGAUCGUCAGUUUUAGAGCUAGAAAUAGCAAGUUAAAAUAAGGCUAGUC-
CGUUAUCAACUUGAAAAAGUGGCACCGAGUCGGUGCUUUU-3'".

Drosophila melanogaster microinjection

Wildtype Canton-S flies were maintained in 6 oz bottles (Flystuftf #32-130) with 50 mL standard fly food.
Approximately 300 adults aged 2-5 days were transferred to embryo collection chambers (Flystuff #59-105)
with 2% apple juice agar collection plates (35 mm petri dish) topped with yeast paste for 30 min. Embryos were
collected, washed with ddHZO, and arranged on a 18 x 18 mm coverslip in olive oil. Sutter P-1000 horizontal
micropipette puller and Sutter BV-10 Microelectrode Beveler were used to pull and bevel aluminosilicate glass
capillary tubes (Sutter, #AF100-64-10), respectively. Pipettes were back loaded with injection mix. Syncytial
stage embryos were injected in the posterior end (Fig. S4C) at 20 °C with a trinocular microscope (ACCU-
SCOPE EXI-310) and PM1000 Microinjector (MicroData Instrument Inc.) on manual setting, facilitated by an
N, gas compressor and controlled by a hydraulic micromanipulator set up (Narishige #MMO-4, #MMN-1, #P-
12, #GJ-8, #IP). Coverslip with injected embryos was then washed with 95% ethanol and quickly rehydrated with
ddH,0. Coverslips were transferred to food vials (Flystuff, #32-117) and incubated at 26+2 °C, 65% humidity
with a 12 h light/dark cycle.

Drosophila crosses and phenotypic characterization

Individual injected surviving adults were crossed to 3 double balanced ebony flies (w[*]; CyO/sp; TM2, e5/TM6b,
e!) in 16 x 100 mm glass isolation vials (Thermo Fisher #14-961-29) with 1.5mL standard fly food. Canton-S
controls were isolated as pupae and subject to the same cross set-up in biological triplicate. Cross vials were
flipped daily for 10 days; incubated at 26+2 °C, 65% humidity with a 12 h light/dark cycle. F, adults were
screened for the ebony phenotype (e?¥#4/TM2, e° or e*#*4/TM6, e'; Fig. S4E).

Imaging fly embryos

Canton-S embryos were injected with Cas9-siriusGFP. Injected embryos were mounted on a glass slide (VWR
#16005-106) in halocarbon 27 oil, overlaid with a coverslip sealed with nail polish and imaged using a Zeiss
LSM 880 laser scanning confocal microscope with a PIn Apo 20x/0.8 NA air objective. Excitation wavelength
of 488 nm was used to image with detection wavelength range of 493-530 nm. Images were acquired using
ZenBlack 2.3 software and pseudo colored turquoise in FIJI.

Imaging adult flies

Adults were imaged using a Sony a7R III camera mounted on an Olympus BH-2 microscope with Olympus
4xDPlan 0.10 160/0.17 objective and M2XNEX 2x Sony E-mount adapter. The specimens were lit bilaterally with
Hera AKOD20/CW 5-Watt LED Luminaire lamps. Flies were decapitated and mounted on glass slides (VWR
#16005-106) with clear Gorilla Super Glue Gel. Images were stacked using manual fine-focus increments and
combined in Helicon Focus 7.6.1 Pro using Method C with smoothing set to 2.

Data availability

Macromolecular structure: the atomic coordinates and structure factors have been deposited in the Protein
Data Bank, PDB ID code 9DAJY, https://doi.org/10.2210/pdb9DA9/pdb. Remaining data are provided within the
manuscript and supplementary information files.
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