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ARTICLE INFO ABSTRACT

Keywords: Galectins are a large and diverse protein family defined by the presence of a carbohydrate recognition domain

Galectins (CRD) that binds B-galactosides. They play important roles in early development, tissue regeneration, immune

Galectin-3 homeostasis, pathogen recognition, and cancer. In many cases, studies that examine galectin biology and the

Carbohydrate recognition domain . . . . . o . cp

Autoinducti effect of manipulating galectins are aided by, or require the ability to express and purify, specific members of the
utomdaduction

galectin family. In many cases, E. coli is employed as a heterologous expression system, and galectin expression is
induced with isopropyl p-galactoside (IPTG). Here, we show that galectin-3 recognizes IPTG with micromolar
affinity and that as IPTG induces expression, newly synthesized galectin can bind and sequester cytosolic IPTG,
potentially repressing further expression. To circumvent this putative inhibitory feedback loop, we utilized an
autoinduction protocol that lacks IPTG, leading to significantly increased yields of galectin-3. Much of this work
was done within the context of a course-based undergraduate research experience, indicating the ease and
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reproducibility of the resulting expression and purification protocols.

1. Introduction

Galectins are beta-galactoside binding proteins that play important
roles in many intercellular recognition processes including those
involved in early development, tissue regeneration, immune homeo-
stasis, pathogen recognition, and cancer progression [1-4]. Sixteen
galectins, all including a conserved carbohydrate recognition domain
(CRD), have been sorted into three galectin subfamilies [5]. Prototype
galectins exhibit two CRDs that assemble into noncovalent homodimers
in solution (depicted in Fig. 1A), whereas tandem-repeat galectins
consist of an N-terminal CRD, an unstructured linker, and a C-terminal
CRD (illustrated in Fig. 1B). Galectin-3, in contrast, is the sole member of
the chimera galectin subgroup that features a disordered N-terminal
domain (NTD) and a C-terminal CRD (as shown in Fig. 1C).

Galectin-3 is reported to aggregate via interactions of its NTD [6],
but the need for both dimeric galectins (prototype and tandem-repeat)
and a variably oligomeric galectin (chimera) is currently unclear.
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Histological mapping of the galectins indicates they are broadly
distributed in the mammalian body and are co-expressed in many tissues
and organs [7], which raises the question of whether galectins from
different subfamilies act cooperatively. Indeed, when galectin-1, galec-
tin-3, and galectin-7 were studied as mixtures for in vitro cell-based as-
says, synergistic results were observed [8]. These reports provide a
strong impetus for additional studies using galectins from all three
subfamilies, but such studies are currently hindered by insufficient
quantities of galectin-3.

All galectins have a conserved eight-amino acid sequence motif in
their carbohydrate-binding pocket [3]. Known native carbohydrate li-
gands for the galectins have recently been reviewed [4], and although
some differences in carbohydrate selectivity have been reported, all
galectins bind to beta-galactosides such as lactose [9,10]. Galectins all
have weak monovalent carbohydrate binding interactions, relying on
multivalent interactions to increase the specificity and selectivity of
their protein/carbohydrate interactions [5,11-13]. Small molecule
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inhibitors of galectins have been developed, including thiodigalacto-
sides with aryl groups at the C3—OH position [14,15]. The derivatized
thiodigalactosides represent an extension of earlier work to develop
thiogalactoside derivatives with good galectin-binding activity [16,17].

Many reports describe the expression of recombinant human galec-
tins in E. coli [18-21]. One common and effective method for the puri-
fication of these galectins is passage over a lactose affinity column [21,
22]. However, in this case, extensive dialysis to remove lactose is then
required. Insertion of a histidine tag allows for purification using
immobilized metal affinity chromatography, and we have found that the
presence of the Hisg-tag does not change protein activity in binding and
aggregation assays [13,23].

Here, we report enhanced expression and purification of His-tagged
galectin-3, both for the full-length protein and the carbohydrate recog-
nition domain. Notably, IPTG is frequently used to induce expression in
E. coli. However, as shown here, galectin-3 binds IPTG with micromolar
affinity, potentially resulting in feedback inhibition of galectin expres-
sion and reduced yields. Here, we employ the Studier autoinduction
protocol [24] to circumvent this inhibitory feedback loop and demon-
strate significantly increased yields for the galectin-3 CRD (Gal-3 CRD)
as well as the full-length protein. Most of this work was performed by
students participating in a course-based undergraduate research expe-
rience (CURE), which demonstrates the successful implementation of
the described procedures by novice researchers. In other words, the
“CURE” contributed significantly to a “cure” for high-level expression of
galectin-3.

2. Materials and methods
2.1. Galectin-3 expression clones

The expression vector for the full-length human Hisg-tagged galectin-
3 construct (pEXP14-6xHis-Gal-3) was described previously [23]. The
galectin-3 carbohydrate recognition domain (Gal-3 CRD, amino acids
112-250) was cloned as previously described [25,26]. Briefly, fragments
of the Homo sapiens galectin-3 gene (NM_002306.4) were amplified
using polymerase chain reactions (PCR) with the pGEX-6p-Gal-3 vector
as a template. The sequences of the forward and reverse primers are
given in Supplementary Table S1. The cloning strategy introduced attB
sites, a Shine-Dalgarno sequence, and a minimal N-terminal 6x-His-tag.
The amplified products were inserted into pDONR201 (Invitrogen) by
site-specific recombination using the Gateway BP clonase reaction
following the manufacturer’s instructions. Sequence-verified constructs
were then transferred into pDEST14 (Invitrogen), again using Gateway
site-directed recombination, yielding expression vectors pEXP14-6 x

His-Gal-3_CRD.

Homodimeric Prototype
Galectin-1,2,5,7,10, 11, 13-16

Gal-3
NTD
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2.2. IPTG induction

For galectin-3 and Gal-3 CRD expression, BL21(DE3)-pRIL E. coli
(Stratagene) were transformed with pEXP14-6 x His-Gal-3 and pEXP14-
6 x His-Gal-3_CRD, respectively. A single colony was used to inoculate 5
mL of LB media (10 g tryptone, 5 g NaCl, and 5 g yeast extract per L) with
100 pg/mL ampicillin and 34 pg/mL chloramphenicol and grown at
37 °C with shaking at 250 rpm for 16 h. Then, 750 mL LB media [27] in a
2.8 L baffled Fernbach flask containing 100 pg/mL ampicillin and 34
pg/mL chloramphenicol was inoculated with 750 pL of the starter cul-
ture and grown at 37 °C with shaking at 250 rpm until ODggg reached
1.0. IPTG was then added to the indicated final concentration (0 mM,
0.1 mM, 0.5 mM, 1 mM, 2 mM, or 5 mM), and cultures were incubated at
37 °C with shaking at 250 rpm for 4 h. Cells were harvested by centri-
fugation at 5000xg for 20 min, supernatant was discarded, and the
pellets were stored at —80 °C.

2.3. Autoinduction

For autoinduction of full-length galectin-3 and Gal-3 CRD, BL21
(DE3)-pRIL E. coli (Stratagene) were transformed with pEXP14-6 x
His-Gal-3_CRD or pEXP14-6xHis-Gal-3 as needed. A single colony was
then used to inoculate 5 mL of LB media with 100 pg/mL ampicillin and
34 pg/mL chloramphenicol and grown at 37 °C with shaking at 250 rpm
for 4 h. Then, 750 mL ZYP-5052 autoinduction media ([24], see below)
in a baffled 2.8 L Fernbach flask containing 100 pg/mL ampicillin and
34 pg/mL chloramphenicol was inoculated with 750 pL of the starter
culture and grown at 37 °C with shaking at 250 rpm for 18 h. Cells were
harvested by centrifugation at 5000xg for 20 min, supernatant was
discarded, and the pellets were stored at —80 °C.

2.4. ZYP-5052 autoinduction media

We utilized the autoinduction protocol of Studier [24]. Specifically,
1 L of autoinduction media was composed of 10 g tryptone, 5 g yeast
extract, 930 mL H,0, 1 mL 1 M MgSOy4, 100 pL 10,000x trace metal stock
solution, and 50 mL 20x NPS. After autoclaving, 20 mL of filter-sterilized
50 x 5052 sugar stock solution was added.

The 10,000x trace metal stock solution was composed of 25 mL 0.1 M
FeCls in 0.1 M HCl, 0.111 g CaCly, 0.099 g MnCl,-4H50, 0.144 g
ZnS04-7H,0, 0.024 g CoCly-6H,0, 0.017 g CuCly-2H,0, 0.024 g
NiCly-6H50, 0.024 g NapMoO4-2H>0, 0.026 g NasSeO3-5H20, 0.006 g
H3BOy, dissolved in H,O to a final volume of 50 mL. The 20x NPS stock
solution was composed of 33 g (NH4)2SO4, 68 g KHoPO4, NapHPO4, and
dissolved in H5O to a final volume of 500 mL. The 50x 5052 sugar stock
solution was composed of 125 g glycerol, 12.5 g glucose, and 50 g alpha-
lactose, dissolved in HyO to a final volume of 500 mL, and sterilized by
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Fig. 1. A schematic representation of the A) prototype, B) tandem-repeat, and C) chimera galectins.
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passage through a 0.2 pm filter.

2.5. Purification

Cell pellets were thawed and resuspended at 10 mL/g of cell pellet in
lysis buffer (400 mM NaCl, 50 mM Tris-Cl, pH 8). PMSF (0.1 mM) was
added to the cell suspension, and cells were lysed by passage through a
French press (American Instrument Co., Inc., Silver Springs, MD). The
lysate was clarified by centrifugation at 30,000xg for 30 min. The su-
pernatant was then applied to a gravity-flow column containing Ni-NTA
agarose (Qiagen). Five flow-through fractions of equal bed volume were
collected, and the column was then washed with 10 bed volumes of lysis
buffer. Galectins were eluted in 300 mM NaCl, 300 mM imidazole, 50
mM Tris-Cl, pH 8. Protein concentrations were determined by Bradford
assay [28] using Protein Assay Reagent (Bio-Rad) and bovine serum
albumin as a standard. The purity and mass of each galectin were
confirmed by SDS-PAGE. SDS-PAGE gels were imaged with an Invi-
trogen iBright™CL1500 gel imager. Elution fractions containing galec-
tin were then combined. Following the Ni-NTA purification, Gal-3 CRD
was dialyzed into PBS. Galectin-3 was subjected to size exclusion
chromatography on a calibrated Superdex 75 10/300 GL column
(Cytiva, Marlborough, MA, USA) with PBS buffer. Following buffer ex-
change or dialysis into PBS, galectin concentrations were quantified by
OD>go, the protein was diluted to 1 mg/mL, and stored at —80 °C in 1 mL
aliquots. Extinction coefficients for each construct are given in Supple-
mentary Table S2.

2.6. Analytical size exclusion chromatography

Size exclusion chromatography (SEC), as described above (2.5), was
also performed to probe the oligomeric state of each galectin construct.
Using PBS, both full-length galectin-3 and Gal-3 CRD showed slower
than the expected mobility relative to their monomeric species,
signaling an interaction with the matrix (dextran, Supplementary Fig. S1
andS2, respectively). Attempts to disrupt the interaction with increased
NaCl concentrations did not resolve this issue.

2.7. Mass spectroscopy

Each of the purified proteins was submitted to the IDEA National
Resource for Quantitative Proteomics at the University of Arkansas
Medical School to confirm the identities of the purified proteins. The
protocol for gel-based MS/MS analysis and the data for characterizations
of gal-3 CRD are provided in the Supplementary Data, Fig. S3. Protein
probabilities were assigned by the Protein Prophet algorithm [29].

2.8. Fluorescence lifetime binding assays

Fluorescence lifetime binding assays were performed as previously
described [23,30]. Lactose or IPTG were titrated across a 96-well quartz
micro-plate (Hellma) for the galectin constructs at final concentrations
ranging from 1.9 to 6.6 pM in PBS, with three technical replicates for
each experiment. Wells were excited at 295 nm and time-resolved
emission of individual wells followed at 350 nm using a NovaFluor
fluorescence lifetime spectrometer (Fluorescence Innovations) [31,32].
Waveforms were recorded over a total decay time of 128 ns at 2 ps in-
tervals. The fluorescence lifetime data were analyzed as described in the
Supplementary Information of Schlick et al. and Bernhard et al. [23,33].
Briefly, the waveforms collected from each lactose/IPTG concentration
were fit to a linear combination of the free (Wf) and complexed (W)
waveforms, yielding the fraction of protein in complex with ligand at
each ligand concentration. The data were then fit to the “one-site spe-
cific binding” function in GraphPad Prism (Y = Bpax*X/(Kp + X); Y =
fraction bound; X = ligand concentration).
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2.9. Small scale expression cultures

To assess the influence of a wider range of IPTG concentrations, the
protocol for IPTG induction described in section 2.2 was followed with
minor modifications. For galectin-3 and Gal-3 CRD expression, BL21
(DE3)-pRIL E. coli (Stratagene) were transformed with pEXP14-6 x
His-Gal-3 and pEXP14-6 x His-Gal-3_CRD, respectively. A single colony
was used to inoculate 5 mL of LB media (10 g tryptone, 5 g NaCl,and 5 g
yeast extract per L) with 100 pg/mL ampicillin and 34 pg/mL chlor-
amphenicol and grown at 37 °C with shaking at 250 rpm for 16 h. Then,
500 mL LB media [27] in a 2.8 L baffled Fernbach flask containing 100
pg/mL ampicillin and 34 pg/mL chloramphenicol was inoculated with
500 pL of the starter culture and grown at 37 °C with shaking at 250 rpm
until ODggo reached 1.0. The culture was then split between nine 250 mL
sterile flasks, and IPTG was added to a final concentration of 0 mM, 0.1
mM, 0.5 mM, 1 mM, 2 mM, 5 mM, 10 mM, 25 mM, or 50 mM, and
cultures were incubated at 37 °C with shaking at 250 rpm for 4 h. Cells
were harvested by centrifugation at 5000 x g for 20 min, supernatant was
discarded, and the pellets were stored at —80 °C. Cell pellets were
resuspended in 10 mL lysis buffer (400 mM NaCl, 50 mM Tris-Cl, pH 8)
supplemented with 0.1 mM PMSF and 1 mM EDTA. Cells were lysed by
passage through a French press (American Instrument Co., Inc., Silver
Springs, MD). The lysate was clarified by centrifugation at 30,000 xg for
30 min. The resulting lysate pellet was resuspended in 10 mL of lysis
buffer. For quantification of Gal-3 CRD and full-length galectin-3, 10 pL
of each cleared lysate and resuspended lysate pellet fractions were run
on 13 % SDS-PAGE gels alongside a control sample of 2.5 pg purified
Gal-3 CRD or full length galectin-3. SDS-PAGE gels were imaged and
analyzed with an Invitrogen iBright™CL1500 gel imager.
Local-background corrected volumes for each Gal-3 CRD band were
normalized to that of the 2.5 pg control band. Cleared lysate and
resuspended lysate pellets were quantified for two separate culture
growths for each IPTG concentration.

2.10. Statistics

Mean yields and standard deviations for purified Gal-3 CRD were
calculated from eluent fractions from at least three replicates for each
induction method and IPTG concentration. Replicates consisted of three
independently grown cultures from three individual transformant col-
onies and two individual transformations.

Mean yields and standard deviations for purified full-length galectin-
3 were calculated from eluent fractions from four replicates for each
induction method and IPTG concentration. Replicates consisted of four
independently grown cultures from three individual transformant col-
onies and two individual transformations.

For both large scale purifications and small scale expression cultures,
a single starter culture was used to inoculate all tested induction
methods during each trial so that each set of induced cultures repre-
sented a set of monoclonal cultures.

3. Results
3.1. Low-level expression of Gal-3 CRD with IPTG

To produce the Homo sapiens Galectin-3 carbohydrate recognition
domain (Gal-3 CRD, residues 112-250) to study its interactions with
carbohydrates and carbohydrate-functionalized dendrimers [23,34,35],
we first expressed a minimally, non-cleavable Hisg-tagged construct
using traditional IPTG induction. Gal-3 CRD was then purified using
immobilized metal affinity chromatography (IMAC) and size exclusion
chromatography. Following a previous protocol [36], induction with
0.1 mM IPTG gave 1.5 mg of purified Gal-3 CRD per gram of cell pellet.
The purified fractions represented the majority of the Gal-3 CRD, as
Gal-3 CRD in the pellet and flow through (FT) fractions appear minimal
(Pellet and FT lanes, Fig. 2; Supplementary Table S3).
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Fig. 2. Gal-3 CRD induction with 0.1 mM IPTG. The lysate (Lys, lane 1) shows a
band at approximately 18 kDa (red arrow) consistent with Gal-3 CRD. Gal-3
CRD is also present in the cleared lysate (CL, lane 3), while flow-through
fractions (FT1 and FT5, lanes 4 and 5) and the Wash fraction (Wash, lane 6)
lack quantifiable Gal-3 CRD, signifying Gal-3 CRD is bound to the Ni-NTA resin.
Elution fractions (E1 andE2, lanes 8 and 9) show relatively pure Gal-3 CRD.

To increase the expression levels of Gal-3 CRD, as suggested by Prato
etal. [21], we then explored a range of IPTG concentrations, from 0.5 to
5.0 mM. Overall, 2 mM IPTG gave minimal effect, with yields of
1.35-1.79 mg protein/g cell pellet and increasing the IPTG concentra-
tion to 5 mM resulted in only a modest increase in Gal-3 CRD yield of
2.59 mg protein/g cell pellet.

Following this modest increase in Gal-3 CRD yields at these increased
IPTG concentrations, we ran a series of small-scale expression experi-
ments to assess an even wider range of IPTG concentrations (0-50 mM).
We quantified the soluble Gal-3 CRD in the cleared lysate fraction and
insoluble Gal-3 CRD in the resuspended lysate pellet fractions via SDS-
PAGE (Supplementary Figs. S4 and S5). Peak Gal-3 CRD production
from IPTG induction occurred at 10 mM IPTG, producing 16.2 mg of
Gal-3 CRD per L of media, 25 % more than the 0.1 mM IPTG culture
(Supplementary Table S4). Notably, further increases in IPTG concen-
trations did not increase overall yield but resulted in lower final ODggo
values, potentially due to the toxicity of this non-metabolizable lactose
analog. Growth curves of nontransformed E. coli BL21 cells show slower
growth and lower stationary phase densities as IPTG concentration
increases.

3.2. Basal Gal-3 CRD expression in the absence of IPTG

In our attempts to increase expression levels with increased IPTG, the
control culture lacking IPTG also produced 1.35 mg Gal-3 CRD/g cell
pellet (Fig. 3). This suggested much of the Gal-3 CRD expressed in cul-
tures containing <2 mM IPTG was a result of leaky expression rather
than IPTG induction. Importantly, we also recognized that leaky
expression of Gal-3 CRD could result in significant accumulation of Gal-
3 CRD before the addition of IPTG. Further, because IPTG is a lactose
analogue, we hypothesized that Gal-3 CRD produced by leaky expres-
sion might sequester cytosolic IPTG and block induction, resulting in
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Fig. 3. Leaky expression of Gal-3 CRD. Control cultures grown without IPTG
gave 1.35 mg of Gal-3 CRD per gram of cell pellet, nearly equivalent to IPTG-
induced cultures. The red arrow (far left) indicates Gal-3 CRD (18 kDa), which
is visible in the crude cell lysate (Lys, lane 1) and the cleared lysate (CL, lane 3).
Flow-through fractions (FT1 and FT5, lanes 4 and 5) and wash fraction (Wash,
lane 6) lack quantifiable Gal-3 CRD. Elution fractions (E1, E2, lanes 8 and 9)
show relatively pure Gal-3 CRD.

feedback inhibition of Gal-3 CRD expression.

3.3. Gal-3 CRD binds IPTG

To address the hypothesis that Gal-3 CRD recognizes and sequesters
IPTG, and to ensure Gal-3 CRD was properly folded and active for car-
bohydrate recognition, we measured the ability of Gal-3 CRD to bind
both lactose and IPTG. Although many methods have been reported for
studying the binding of carbohydrates by galectins [3], time-dependent
fluorescence spectroscopy is a facile, highly accurate method for
determining binding constants for lectin-carbohydrate interactions [23,
30]. As we previously reported, the fluorescence lifetime of TrplSI,
which is the only tryptophan present on Gal-3 CRD and is located
directly in the glycoside binding site, can be used to follow ligand (e.g.,
lactose and IPTG) binding. The mean waveform at each ligand con-
centration is modeled as a linear combination of the
carbohydrate-bound and free waveforms, yielding the fraction bound
[23]. As shown in Fig. 4A and B, the time-resolved (sub-nanosecond)
fluorescence emission waveforms yielded a Kp of 98 + 9 uM for Gal-3
CRD binding to lactose (Fig. 4A) and a Kp of 64 + 5 pM for the inter-
action between Gal-3 CRD and IPTG (Fig. 4B). Interestingly, the inter-
action between Gal-3 CRD and IPTG is slightly stronger than the affinity
of the Gal-3 CRD for lactose. This is consistent with prior reports by
Pieters and coworkers; the replacement of the anomeric oxygen with
sulfur affords carbohydrate derivatives that are bound well by galectin
CRDs [14,15]. Neither mannose nor glucose bind sufficiently to signif-
icantly alter the fluorescence lifetime of Trp'®!; these control experi-
ments strongly suggest that IPTG and lactose are bound into the galectin
CRD binding site (data are provided in the Supplementary Material).
Similarly, the full-length galectin-3 binds IPTG with a Kp of 42 + 2 uM
(Fig. 4C), which is also slightly higher affinity than our reported value
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Fig. 4. Affinity of Galectin-3 for IPTG (A) Gal-3 CRD recognizes lactose with a Kp of 98 & 9 pM and (B) IPTG with slightly higher affinity, 64 &+ 5 pM, while (C) full-
length galectin-3 also recognizes IPTG with comparable affinity (Kp = 42 + 2 pM). Each curve is the mean of at least 3 independent experiments using protein from
two different Gal-3 CRD or full-length galectin-3 preparations. Error bars represent the standard deviation of the mean. The data were fit to the one-site single binding

function in GraphPad Prism.

for lactose (Kp = 56 + 8 uM, also measured in a fluorescence lifetime
binding experiment) [23]. When cell density, cell volume, and leaky
expression levels of Gal-3 CRD in uninduced cultures are considered [37,
38], we calculate an intracellular Gal-3 CRD concentration of ~240 uM,
well above the Kp, (see “Cellular Concentration of Gal-3 CRD from Leaky
Expression” in the Supplementary Data). Thus, the IPTG binding results
support the hypothesis that galectin-3 binds and sequesters IPTG, in this
case, damping induction and expression of Gal-3 CRD in a negative
feedback loop.

3.4. Autoinduction produces high Gal-3 CRD yields

After identifying the potential for Gal-3 CRD to feedback inhibit its
own induction with IPTG, we looked to autoinduction [24], a tool our
lab has used extensively [26,39,40]. Similar to IPTG, autoinduction also
utilizes the T7 expression system. However, rather than IPTG, auto-
induction instead utilizes specific ratios of carbon sources, in this case
glycerol, glucose, and lactose, to tune induction. Importantly, this also
allowed us to utilize our existing vectors. We found that autoinduction
reliably produced 10.8 mg + 1.0 mg Gal-3 CRD per gram of cell pellet
(Fig. 5, Supplementary Data Tables S5 and S6), a more than 7-fold in-
crease relative to 1 mM IPTG, and nearly 4 times more than 5.0 mM
IPTG (Supplementary Data Table S6).

3.5. Autoinduction, expression, and purification of full-length Galectin-3

We also examined the effect of induction with various IPTG con-
centrations on full-length galectin-3. Like Gal-3 CRD, we found signifi-
cant levels of leaky expression in noninduced cultures (0.5 mg/g cell
pellet of cell pellet) and only a modest increase to 0.9 mg/g cell pellet
when induced with up to 50 mM IPTG (Supplemental Fig. S6 and Sup-
plemental Table S7). In contrast, when we utilized the autoinduction
protocol developed for Gal-3 CRD, yields of full length galectin-3 rose to
2.5 mg/g cell pellet, or 25 mg per liter of media (Fig. 6). Thus, like Gal-3
CRD, autoinduction results in increased expression levels, giving a 5-fold
increase per gram of cell pellet compared to the 0.1 mM IPTG culture,
and an 8-fold increase with respect to culture volume.

4. Discussion

4.1. Comparison of autoinduction and IPTG-induced induction for
galectin expressions

In classic work, Jacques Monod demonstrated diauxic growth in
mixtures of glucose and lactose, where glucose, as the preferred carbon
source, is metabolized first [41,42]. Glucose also inhibits uptake and
catabolism of glycerol [43]. In this light, the Studier autoinduction
protocol utilizes N-Z amine (amino acids), yeast extract and a mixture of
glucose (0.05 %), lactose (0.2 %) and glycerol 0.5 %) [24]. When
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Fig. 5. Autoinduction increases Gal-3 CRD expression. The red arrow (far left)
indicates Gal-3 CRD (18 kDa), which is visible in the crude cell lysate (Lys, lane
1) and the cleared lysate (CL, lane 3). Flow-through fractions (FT1 and FT5) and
wash fraction (Wash) are shown in lanes 4-6, respectively. Elution fractions
(E1, E2, lanes 8 and 9) show relatively pure Gal-3 CRD.

cultures are first inoculated in the presence of 0.05 % glucose, the up-
take of lactose and glycerol are inhibited. However, as glucose and
amino acids are exhausted, cAMP levels rise and engage the catabolite
activator protein (CAP) [44]. Carbon catabolite repression is thus
relieved (CCR, reviewed in Ref. [42]), and lactose and glycerol are then
co-metabolized [24,43]. Importantly, in E. coli strains harboring pro-
phage lambda DE3, the increased lactose levels drive expression of T7
RNA polymerase, which is under control of the lacUV5 promoter (Pj,-
cuvs) [45,46]. T7 RNA polymerase, in-turn, drives high-level transcrip-
tion of a target gene under control of the T7 promoter, resulting in
robust overexpression of the gene of interest [45,46].

With traditional IPTG induction protocols using LB media, IPTG
concentrations are low (~1 mM), and thus potentially susceptible to
sequestration by cellular galectin resulting from leaky expression
(Fig. 7), a well-established phenomenon in T7 expression systems [47].
In contrast, with autoinduction media, lactose concentrations are
significantly higher (0.2 %, 6 mM), and though lactose concentrations



A.A. Charbonneau et al.

= <
K% a .
» = wn ] o]
[7] b e
2 & O E E = % o o
— L
e
¥ o 1 = E———
| ; -
= = = -
e =
. - e e £
L o -
B e e 3 -
- v
e
-
_ A 26
-
et . w— — 17—
- N @ < wn ~0 ~ -] o~
o [} o o [} [} [} [} o
f= c o o c < o < j=
o o o o o o o o o
— — — — — — —r — —r

Fig. 6. Autoinduction efficiently produces full-length Galectin-3. The red arrow
(far left) indicates galectin-3 (Gal-3, 26 kDa), which is visible in the crude cell
lysate (Lys, lane 1) and the cleared lysate (CL, lane 3). Flow-through fractions
(FT1 and FT5) and wash fraction (Wash) are shown in lanes 4-6, respectively.
Elution fractions (E1, E2, lanes 8 and 9) show relatively pure galectin-3.
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begin to fall as glucose is exhausted, this happens relatively slowly due
to the presence of 54 mM glycerol as the major carbon source [24]. For
this reason, free intracellular lactose is sustained, providing the requisite
levels of T7 RNA polymerase needed for high level transcription.

Autoinduction media (ZYP-5052)) is a rich media, and from this
point of view, is expected to provide increased cell mass, and thus
greater yields in terms of mg of protein per liter of culture [24]. In our
work, IPTG-induced LB media produced 5.0 g & 0.3 g of cells per liter of
media, whereas cell pellets derived from autoinduction were 9.5 g + 0.2
g/L, roughly a two-fold difference. It is for this reason that we have
instead characterized the increased yield with respect to 1 g of cell
pellet. As shown in Fig. 8, comparing mg of Gal-3 CRD purified from a
gram of cell pellet (blue bars in Fig. 8), autoinduction increased yields by
7-fold compared to IPTG. Nevertheless, when yields are standardized to
culture volume (orange bars in Fig. 8), the efficiency of autoinduction
increases to ~14-fold higher than IPTG-induction. Similarly, auto-
induction of full-length galectin-3 resulted in yields per liter of media
~5-fold higher than yields achieved using IPTG induction.

Many studies report the use of sub-millimolar concentrations of IPTG
(75 pM [18], 100 pM [19,20,48], 400 pM [49,50], and 500 pM [51,52])
to induce expression of galectin-3 and/or Gal-3 CRD. However, some
authors note that higher concentrations of IPTG (e.g., 1 mM) do afford
higher yields of galectin-3 and Gal-3 CRD [21,53]. Although yields of
galectin-3 are often not specified in published protocols, when yields of
galectin-3 are reported, they are generally low. Raz and co-workers
indicate expected yields of 1-5 mg of full-length galectin-3 per L cul-
ture (100 pM IPTG, GST-tag) [48], which is very comparable to our yield
of 3 mg at the same concentration of IPTG (Table S7). Likewise, Prato
et al. note that the expected yield of galectins obtained using their
protocol is “above 4 mg of protein” (1 mM IPTG) [21]. Using the auto-
induction protocol provided herein, we obtain 25 mg of full-length
galectin-3 per liter of cell culture, significantly higher than previously
reported yields. Similarly, the autoinduction protocol reported herein

Fig. 7. Feedback inhibition. E. coli BL21 (DE3) carries a chromosomal copy of T7 RNA polymerase under control of the Pj,.yys promoter, such that expression of T7
RNA polymerase is inhibited by lac repressor (LacI). Upon addition of IPTG, transcriptional repression is relieved, driving expression of T7 RNA polymerase, which
then binds the T7 promoter in various expression plasmids, inducing expression of the target gene. When the target gene is Gal-3 CRD or full-length galectin-3 (not
shown), accumulating galectin levels may in-turn bind and sequester intracellular IPTG. Gal-3 CRD potentially outcompetes and deprives lac repressor of IPTG,
resulting in repression of both the T7 RNA polymerase and gal-3 crd genes. Gal-3 CRD and full-length galectin-3 may thus feedback inhibits its own production. Even
in the absence of IPTG, low level expression of T7 RNA polymerase from the Pj,.yys promoter generally occurs, which may drive leaky expression of the target gene
[24]. This is especially true in vectors like pDEST14 that lack secondary induction control, such as the lac operator (*). In the cases of Gal-3 CRD and full-length
galectin-3, leaky expression levels appear to be high enough to sequester intracellular IPTG, inhibiting further production of the desired proteins.
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Fig. 8. Autoinduction outperforms IPTG. Autoinduction results in greater yields than IPTG induction, in terms of both mg protein/g cell pellet (blue bars) and mg
protein/L of culture (orange bars). We consistently purified about 7 times more Gal-3 CRD per gram of cell pellet using autoinduction compared to induction with
0.1-1 mM IPTG. Mean yields and standard deviations represent three separate purifications for each induction method.

for Gal-3 CRD affords 100 mg/L of culture, which is 2 to 4-fold higher
than the highest published yields [49,50] from IPTG induction pro-
tocols. Moreover, because the protein expression levels are higher, it is
easier to fully load the IMAC resin with Gal-3 CRD, reducing levels of
copurifying proteins from E. coli. Indeed, the material obtained after
IMAC purification is sufficiently pure that additional chromatography is
unnecessary. Lastly, because autoinduction eliminates the need for
monitoring optical density prior to adding IPTG, autoinduction is a
facile method for protein expression, one that worked extremely well for
introductory-level researchers within the context of our course based
undergraduate research experience.

5. Conclusion

The autoinduction protocol described here was used to produce Hisg-
tagged Gal-3 CRD and full-length galectin-3. with high yields and pu-
rities. The protocol also eliminates the need to monitor E. coli growth.
Time-dependent fluorescence shows that galectin-3 and the Gal-3 CRD
efficiently bind IPTG. Galectin-3 and its truncated variant can thus
feedback inhibit their own expression when IPTG is used. Autoinduction
overcomes this barrier to high level galectin-3 expression.
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