Separation and Purification Technology 286 (2022) 120448

Contents lists available at ScienceDirect

Separation and
Purification
Technology

Separation and Purification Technology

journal homepage: www.elsevier.com/locate/seppur

ELSEVIER

L)

Check for

Bare silica as an alternative matrix for affinity purification/immobilization [%&s
of His-tagged proteins

Ana 1. Freitas, Lucilia Domingues, Tatiana Q. Aguiar

CEB — Centre of Biological Engineering, University of Minho, 4710-057 Braga, Portugal

ARTICLE INFO ABSTRACT

Keywords:

Silicon dioxide

Silica-binding peptides

His-tag

Affinity purification/immobilization
Batch affinity chromatography

“Green” protein purification/immobilization processes based on low-cost, earth-abundant, and eco-friendly af-
finity matrices are highly desirable. Unmodified silica matrices fit well these demands. Since histidine-rich silica-
binding peptides are frequently isolated in biopanning experiments, this work aimed at assessing the viability of
using bare silica as an alternative matrix for the purification/immobilization of His-tagged proteins. Adsorption
and desorption studies with a purified His6-tagged EGFP shown that binding to bare silica particles of different
size and porosity occurred under the conditions tested, and that elution could be accomplished with eco-friendly
eluants containing L-arginine/L-lysine. Non-tagged EGFP did not bind to these matrices. Small-scale batch pu-
rification schemes using silica gel Davisil grade 643 or 646 as affinity matrices and a Tris-buffered saline eluant
containing 0.5 M L-arginine (pH 8.5) allowed purifying His6-EGFP from Escherichia coli lysates with a purity of
up to 96% and a recovery yield of ~70% after just one elution step. EGFP tagged with the silica-binding peptide
Car9 was recovered with comparable purity and yield. Other His-tagged proteins could also be purified to similar
purity levels. The scale of this batch purification scheme was shown to be extendable. These results demonstrate
that unmodified silica matrices can be used to effectively purify His-tagged proteins. Since the recovery of double
tagged His6-EGFP-Car9 was only of 30-55%, the combination of tags revealed to be advantageous for immo-

bilization purposes.

1. Introduction

The Holy Grail for the biotech industry of today is to achieve optimal
and robust manufacturing processes that are also economic and sus-
tainable in a time- and resource-efficient manner. Owing their demands,
the processes for production and purification of recombinant proteins
hit their goal when high yields of the target protein are achieved while
maintaining high levels of purity and activity [1,2]. If this can be
accomplished directly by one-step separation and purification of the
target protein from crude cell extracts, thus reducing the number of the
downstream steps, even better [2].

As the world faces the transition to a “green economy”, the devel-
opment of protein purification/immobilization schemes relying on low-
cost, earth-abundant and eco-friendly matrices is highly desirable. In
fact, materials with such properties are being highly exploited as alter-
native matrices, paving the way for new downstream processing stra-
tegies [3,4,5,6]. Silica (or silicon dioxide) fits well this purpose, being
easily extracted or synthesized with very high purity and reusability
[3,6,7]. Additionally, superficial silanol groups turn its surface very
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versatile towards surface chemistry modifications for a variety of ap-
plications in the biochemistry and biotechnology scientific domains [7].

Affinity peptide tags have proven to be remarkably useful for
immobilization/purification processes and hold the promise as adhesive
units by enabling one-step recovery of recombinant proteins from other
contaminants [8]. Many available affinity tags can be fused to a target
protein to provide affinity and thus drive the immobilization of the
target protein onto a matrix [8,9]. To boost silica-based purification/
immobilization technology, novel tags have been screened and designed
to bind the target protein to silica/silica-based matrices [4,6,10,11,12].
Some of the affinity tags that bind with high specificity to silica (e.g., Si-
tag [13], LPG [12], CotBlp [14] and its shorter version SB7 [4], Car9
[15], R5 [16], (RH)4 [6]) have been explored as purifications tags and
reported as suitable for purification, immobilization and functionaliza-
tion processes [3,4,8,17,18]. However, the mechanisms behind peptide-
surface interactions and the physicochemical aspects of tagged recom-
binant protein adsorption are still barely understood. Selective binding
of proteins to silica seems to occur mainly through ionic interactions
[6,10,11,19], but particle size and pore structure (such as size,
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Table 1

Sequences of the constructions made in this study.

General info”

Protein sequence”

Expression vector

28.1 kDa, plL: 6.2, 2: —6.5

MKHHHHHHPMVSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFICTTGKLPVPWPTLVTTLAYGVLCFSRYPDHMKQHDFFKSAMPEGYV

QERTIFFKDDGNYKTRAEVKFEGDTLVNRIELKGIDFKED

pETM10_His6-EGFP

GNILGHKLEYNYNSHNVYIMADKQKNGIKSNFKIRHNIEDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQSKLSKDPNEKRDHMVLLEFVTAAGITLGMDELYK

29.7 kDa, pl: 6.8, z: —2.4

MKHHHHHHPMVSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFICTTGKLPVPWPTLVTTLAYGVLCFSRYPDHMKQHDFFKSAMPEGYV

QERTIFFKDDGNYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNYNSHNVYIMADKQKNGIKSNFKI

PpETM10_His6-EGFP-Car9

RHNIEDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQSKLSKDPNEKRDHMVLLEFVTAAGITLGMDELYKHMDSARGFKKPGKR

MVSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFICTTGKLPVPWPTLVTTLAYGVLCF

28.4 kDa, pl: 6.4, z: —3.6

pETM10_EGFP-Car9

SRYPDHMKQHDFFKSAMPEGYVQERTIFFKDDGNYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEY

NYNSHNVYIMADKQKNGIKSNFKIRHNIEDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQSKLSKDPNEKRDHMVLLEFVTAAGITLGMDELYKHMDSARGFKKPGKR

MVSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFICTTGKLPVPWPTLVTTLAYGVLCF

26.8 kDa, pl: 5.7, 2: —7.6

PpETM20_EGFP

SRYPDHMKQHDFFKSAMPEGYVQERTIFFKDDGNYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNYNSHNVYIMADKQKNGIKSNFKIRHNIEDGSVQLAD

HYQQNTPIGDGPVLLPDNHYLSTQSKLSKDPNEKRDHMVLLEFVTAAGITLGMDELYK

MSDKIIHLTDDSFDTDVLKADGAILVDFWAEWCGPCK

41.3 kDa, pl: 5.7, z: —13.5

PpETM20_TrxA-His6-EGFP

MIAPILDEIADEYQGKLTVAKLNIDQNPGTAPKYGIRGIPTLLLFKNGEVAATKVGALSKGQLKEFLDANLAGSGSGHMHHHHHHSSGENLYFQGAMVSKGEELF

TGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFICTTGKLPVPWPTL

VTTLAYGVLCFSRYPDHMKQHDFFKSAMPEGYVQERTIFFKDDGNYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNYNSHNVYIMADKQKNGIKSNFKIRH

NIEDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQSKLSKDPNEKRDHMVLLEFVTAAGITLGMDELYK

# The His6 tag sequence is indicated in bold (at the N-terminal or in the middle of the protein sequence) and the sequence of the silica-binding peptide Car9 is underlined (C-terminal).

b General info column includes the protein molecular size (expressed in kDa), theoretical isoelectric point (pI) and net charge (2) at pH 7.5, determined using the Prot pI protein tool (https://www.protpi.ch/Calculator

/ProteinTool).
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distribution and diameter) also play significant roles in the interaction
between silica and proteins and are reported as main prerequisites for
immobilization/purification purposes [15,19,20,21,22]. Studies have
demonstrated that proteins with a net positive charge bind more effi-
ciently to silica, which is negatively charged due to its silanol-rich sur-
face, and that electrostatic interactions may rule the first stages of
protein adsorption [10,11,22,23]. Despite net charge, adsorption is also
susceptible to silica particle structure and intrinsic characteristics, and
those parameters need to be balanced to achieve good protein purifi-
cation performances in terms of protein adsorption—desorption capacity
[21,22,24]. Additionally, the binding environment itself (i.e., buffer
composition and pH) is also known to influence peptide-silica surface
interaction [6,11,24,25,26,27]. The combination, interaction and
modulation of these conditions is indeed what makes silica one of the
most attractive absorbent-adsorbent materials for applications in high-
performance chromatography and biomolecule immobilization
[7,16,25,28].

The histidine tag (His-tag) is the most used affinity purification tag
due to its small size and negligible deleterious impact in the target
protein. The His-tag is composed of 6-10 histidine residues that confer
affinity for transition metal cations (such as Ni®*, Cu?* or Co®") [5,8,9].
The interaction of the histidine imidazole group with immobilized
transition metal ions is in the base of immobilized metal-affinity chro-
matography (IMAC). The aromatic imidazole group can also form
hydrogen bonds with silanol and siloxide groups on silica surfaces [10].
Since histidine-rich silica-binding peptides are frequently isolated in
biopanning experiments, histidine seems to be important for the binding
[10,29,30]. Based on this assumption, we hypothesized that the widely
used His6 tag could function as silica-binding peptide. Therefore, this
study aimed at exploring the viability of using bare silica as an alter-
native matrix for the purification/immobilization of His6-tagged pro-
teins, with the ultimate goal of developing a cost-effective and eco-
sustainable all-in-one purification/immobilization scheme that could
be easily applied to the array of already existing laboratory collections
of His6-tagged recombinant proteins.

2. Materials and methods
2.1. Construction of expression plasmids

A monomeric EGFP encoding gene with codons optimized for re-
combinant expression in Escherichia coli, flanked by Ncol and Xhol
recognition sites at the 5'- and 3'-end, respectively, was synthesized by
NZYTech. The synthetic gene was excised from the carrying plasmid by
double digestion with Ncol/Xhol and cloned into the expression vector
pETM10 (EMBL) in fusion with the His6 tag at the N-terminal, gener-
ating the plasmid pETM10_His6-EGFP (Table 1). Using this plasmid as
template and the primers T7_F and EGFP-Ndel-Car9-Xhol R (Table S1),
the silica-binding peptide Car9 (region of the primer in italics) was fused
to the C-terminal of His6-EGFP by PCR with Vent® DNA polymerase
(NEB). The PCR product was double digested with Xbal/Xhol and cloned
into pETM10 (EMBL), yielding the plasmid pETM10_His6-EGFP-Car9.

The intermediary plasmid pETM20_EGFP_His6 was constructed as
follows. The EGFP gene was first isolated from the carrying plasmid by
PCR with Vent® DNA polymerase (NEB) using the primers EGFP-Ndel F
and EGFP-Ndel R (Table S1). After digestion with Ndel this PCR product
was cloned into pETM20 (EMBL), substituting the TrxA coding
sequence. After confirmation of correct orientation of the insert, pET-
M20_EGFP_His6 was used as template to fuse Car9 tag to the EGFP C-
terminal using the primers T7_F and EGFP-Ndel-Car9-XhoI R as indi-
cated above. After double digestion with Xbal/Xhol this PCR product
was cloned into pETM10 (EMBL), yielding the plasmid pETM10_EGFP-
Car9. Using pETM10_His6-EGFP as template and the primers EGFP-
Ndel F and T7_R (Table S1), the non-tagged EGFP gene was isolated
by PCR with Vent® DNA polymerase (NEB). This PCR product was
double digested with Ndel/Xhol and cloned into pETM20 (EMBL),
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yielding the plasmid pETM20_EGFP.

The EGFP encoding gene excised from the carrying plasmid with
Ncol/Xhol was also cloned into the expression vector pETM20 (EMBL) in
fusion with the TrxA-His6 tags at the N-terminal, generating the plasmid
PETM20_TrxA-His6-EGFP (Table 1). The full amino acid sequence of the
constructs His6-EGFP, His6-EGFP-Car9, EGFP-Car9, EGFP and TrxA-
His6-EGFP are presented in Table 1. All constructs were transformed
and propagated in chemically competent NZY5a E. coli cells (NZYTech)
and confirmed by Sanger sequencing. For protein expression, the con-
structs were transformed into the E. coli strain NZYBL21(DE3)
(NZYTech).

2.2. Production and conventional purification of recombinant proteins

Pre-cultures of E. coli NZYBL21(DE3) cells harboring the recombi-
nant plasmids were grown overnight at 37 °C in 10 mL LB medium
containing 50 pg/mL kanamycin (or 100 pg/mL ampicillin for pET-
M20_EGFP). Then, 5 mL pre-cultures were used to inoculate 500 mL of
LB medium supplemented with 50 pg/mL kanamycin (or 100 pg/mL
ampicillin for pETM20_EGFP and pETM20_TrxA-His6-EGFP) and cells
were grown to mid exponential phase (ODgoonm ~ 0.5) before induction
of recombinant protein expression with 0.2 mM isopropyl p-d-1-thio-
galactopyranoside (IPTG) for 16 h at 18 °C. Cells were recovered by
centrifugation (at 4 °C for 15 min at 10000 rpm) and lysed with the tris
(hydroxymethyl)aminomethane (Tris)-based NZY Bacterial Cell Lysis
Buffer (NZYTech) supplemented with lysozyme (100 pg/mL) and DNAse
I (4 pg/mL), according to the manufacturer’s instructions. Soluble cell-
free extract was collected by centrifugation, filtered (0.22 uM pore
size) and loaded into 5 mL HisTrap HP prepacked column (GE Health-
care) for purification of His6-tagged recombinant proteins by IMAC.
Purification was conducted according to the manufacturer’s in-
structions, using 100 mM Tris-HCl and 150 mM NacCl (pH 7.5) as the
main buffer solution (hereafter named TBS), supplemented with 60 mM
imidazole for equilibration and washing and with 0.5 M imidazole for
elution.

Protein fractions from the production and purification steps were
analysed by SDS-PAGE using 15% (w/v) acrylamide gels and PageRu-
ler™ Unstained Broad Range Protein Ladder (Thermo Scientific) as
molecular weight marker, followed by BlueSafe staining (NZYTech).
Imidazole removal from purified proteins was performed using PD10
columns (GE Healthcare), following manufacturer’s instructions. The
concentration of purified recombinant proteins was estimated from the
absorbance at 280 nm using the corresponding theoretical molar
extinction coefficients. Recombinant proteins were maintained in TBS
(pH 7.5) at 4 °C until their use in subsequent studies.

2.3. Binding and elution experiments

2.3.1. Adsorbent characteristics

Three commercial types of bare silica particles were selected ac-
cording to their size and pore structure. Porous microparticles (Davisil
grades 643 and 646) were purchased from Sigma-Aldrich and amor-
phous nanoparticles were purchased from Nanografi (#NG04S03103).
General characteristics of the particles are described in Table 2.

2.3.2. Binding assays

The effects of interaction time, pH, equilibrium (protein and adsor-
bent) concentrations, and adsorbent’s characteristics on the binding of
His6-EGFP to bare silica particles were investigated to determine opti-
mum binding conditions. To analyse the effects of interaction time, pH
and equilibrium protein concentrations, 6 mg of Davisil grade 646 silica
particles were washed, mixed with 1 mL of purified His6-EGFP and
incubated at room temperature (RT) in a rotary stirrer at 30 rpm (LBX
Instruments, RD80 model). Binding times of 30 min and 1 h were tested.
To analyse the influence of the solution pH on the adsorption of His6-
EGFP to bare silica, after IMAC purification the protein buffer was
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exchanged in PD10 columns (GE Healthcare) to TBS at pH 7.5, 7.0, 6.5
and 6.0. The concentration of the His6-EGFP in different buffer pH was
estimated from the absorbance at 280 nm using the corresponding
theoretical molar extinction coefficients and normalized to a concen-
tration of 0.15 mg/mL. Initial His6-EGFP concentrations from 35 to 550
pg/mL were used to assess the equilibrium protein concentrations in the
binding medium, at pH 7.5. To analyse the influence of adsorbent’s
characteristics and equilibrium concentration on His6-EGFP binding, a
constant amount of purified His6-EGFP (0.25 mg in 1 mL of TBS, pH 7.5)
was incubated with increasing amounts of Davisil grade 646, Davisil
grade 643 or Nanografi silica particles (6 to 100 mg). For these tests, an
incubation period of 30 min was used, after which the mixture was
centrifuged for 10 min at 6000 rpm and the supernatant (unbound
fraction) collected. Protein concentration and fluorescence intensity of
the load and unbound fractions of each assay were quantified by spec-
trophotometry and fluorescence spectroscopy as described below (Sec-
tion 2.5). All assays were performed at least in triplicate to guarantee
their repeatability.

2.3.3. Elution assays

To determine optimum elution conditions, different elution buffers
and incubation times were investigated. From the literature
[4,13,15,17], the following buffers were selected as elution buffer: TBS
(pH 7.5 or 8.5) supplemented with 0.5 or 1 M of L-arginine or L-lysine,
PBS (10 mM NayHPOy, 1.8 mM KHyPOy4, 137 mM NacCl, 2.7 mM KCl, pH
7.5) supplemented with 0.5 M L-arginine or 0.5 M L-lysine, TB (100 mM
Tris-HCl, pH 7.5) supplemented with 2 M MgCl,, and IMAC elution
buffer (TBS supplemented with 0.5 M imidazole, pH 7.5). To test these
elution buffers, after binding purified His6-EGFP to 6 mg of Davisil
grade 646 silica particles as described above, the particles were washed
for 5 min with 1 mL TBS (pH 7.5) and then incubated for 30 min at RT in
a rotary stirrer with 1 mL of elution buffer. Other incubation periods
(from 5 to 60 min) and buffer molarities were tested only with the most
efficient elution buffer. After incubation, the supernatant (elution frac-
tion) was collected by centrifugation and analysed as described above
(Section 2.3.2).

2.4. One-step purification assays

The production of His6-, Car9- and non-tagged recombinant proteins
was carried as previously described (Section 2.2). For small-scale batch
purifications, 10 mg of wet cells were recovered and lysed as mentioned
above (Section 2.2) in 1.5 mL of NZY Bacterial Cell Lysis Buffer (NZY-
Tech). The soluble cell-free extract was collected by centrifugation and
filtered (0.22 uM pore size). A constant amount of Davisil grade 646 or
643 silica particles (100 mg) was transferred to pre-weighed 2 mL tubes
and washed two times to remove impurities. Then, 1.5 mL of clarified
extracts from cells expressing His6-EGFP, His6-EGFP-Car9, EGFP-Car9,
EGFP, TrxA-His6-EGFP, CBM3-His6 (from the pET21a LK-CBM3 con-
stuct described in [31]) or His6-AraA (from the pETM-10_araA construct
described in [32]), were loaded into the pre-weighted tubes and incu-
bated with the silica particles for 30 min at RT in a rotator stirrer at 30
rpm (LBX Instruments, RD80 model). After incubation, the mixture was
centrifuged for 10 min at 6000 rpm and the supernatant (unbound
fraction) collected for further analysis. To remove weakly adsorbed
proteins, the protein-particle conjugate was washed with the main
buffer solution (TBS, pH 7.5) for 5 min at RT and rotary stirring. To
assess if improved purity levels of the recovered His6-tagged proteins
could be obtained, washing buffers comprising TBS (pH 7.5) supple-
mented with increasing concentrations (5, 10 and 20 mM) of L-arginine
were also tested. The protein bound to silica particles was then eluted
with TBS (pH 8.5) supplemented with 0.5 M L-arginine for 15 min at RT
in a rotator stirrer and then the eluate (bound fraction) was collected
after centrifugation.

A batch purification scheme was then scaled-up for 300 mL pro-
duction of His6-EGFP (corresponding to 2.3 g of wet cells). For that, the
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Table 2
Characteristics of the commercial silica particles used in this study.

Silica particles

Davisil grade Davisil Nanografi
646 grade 643
Particle size 250-500 pm 35-70 pm 55-75 nm
Pore size 150 A (15 150 A (15 -
nm) nm)
Surface area 300 m%/g 300 m%/g 150-550
mz/g
Minimum and maximum price 0.92 to 4.39 0.86 to 4.28 0.11 to 0.96

(EUR) per gram of particle®

? Price range determination is based on the corresponding companies’ website
quote.

cells were lysed as mentioned above (Section 2.2) in 12 mL of NZY
Bacterial Cell Lysis Buffer (NZYTech) and the soluble cell-free extract
collected by centrifugation and filtered (0.22 uM pore size). The lysate
volume was then adjusted to 61 mL with NZY Bacterial Cell Lysis Buffer
(NZYTech) and 1 mL of this clarified extract was stored at 4 °C for
subsequent analyses. 10 mg of Davisil grade 643 silica particles were
weighed to two 50 mL conical tubes (5 mg/tube) and washed two times
with 15 mL TBS to remove impurities. The clarified lysate was then
added to the washed silica particles (30 mL/tube) and the mixture was
incubated for 30 min at RT in a rotator stirrer at 30 rpm (LBX In-
struments, RD80 model). The unbound fraction was then collected by
centrifugation for 5 min at 4000 rpm and to remove weakly adsorbed
proteins, the protein-silica conjugates were washed with 60 mL TBS (pH
7.5) (30 mL/tube) for 5 min at RT and rotary stirring. TBS (pH 8.5)
supplemented with 0.5 M L-arginine (15 mL/tube) was then used to
elute the protein for 15 min at RT in a rotator stirrer. This elution step
was repeated for seven times. The eluates (bound fractions) were
collected by centrifugation.

Protein concentration and fluorescence intensity of all collected
fractions were measured as described below (Section 2.5). Purity of the
recovered tagged proteins was assessed by densitometric analysis using
ImageJ software version 1.41. All assays were performed in triplicate to
guarantee their repeatability.

2.5. Fluorescence spectroscopy and spectrophotometry analyses

The load, unbound, wash and elution fractions of His6-EGFP, His6-
EGFP-Car9, EGFP-Car9, EGFP or TrxA-His6-EGFP were analysed using
the Aqualog® 800 spectrofluorimeter (HORIBA). The fluorescence
emission of the EGFP was recorded at an excitation wavelength of 405
nm and emission wavelength of 535 nm. Protein concentration was
estimated by reading the absorbance at 280 nm and using the corre-
sponding theoretical molar extinction coefficient. Data was analysed
using OriginPro 2015 software. All reads were performed in duplicate.
The binding was determined on the basis of the difference between the
fluorescence intensity of the loaded solution and that of the supernatant
obtained after the adsorption step (unbound fraction). The recovery was
determined based on the ratio between the fluorescence intensity after
elution and the fluorescence intensity of the loaded fraction. Fluores-
cence intensity was normalized to an arbitrary and maximum value of 1
which stands for the fluorescence measure in the loaded solution and
corresponds to 100%.

2.6. Statistical analysis

Statistical analysis was performed with Graphpad version 7. Mann-
Whitney test was used to compare means’ differences between the in-
dependent groups and the statistical significance level was set as p-value
less than 0.05.
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3. Results and discussion

Peptide tags with arginine- and lysine-rich sequences have been
described to specifically bind to silica gel matrices or surfaces with good
affinity, and this is due to their positively charged compositions at
physiological pH [6,14,23]. The predominant interactions ruling silica-
peptide/protein binding events are mainly of electrostatic or hydro-
phobic nature and occur in a charge-specific manner [11,24,27]. Silica
displays a negatively charged surface at neutral pH, which prompts the
binding of positively charged peptides/proteins, but the adsorption
behavior is highly sensitive to the binding environment pH [10,11,27].
For instance, it has been reported that under acidic pH hydrogen
bonding and Van der Waals interactions prevail [11].

Along with lysine and arginine, histidine is an essential amino acid
that depending on the surrounding environment may be both polar and
charged, enhancing its versatility in molecular science and engineering.
This versatility is due to the presence of the imidazole group, a func-
tional element particularly sensitive for pH switches. Consequently, the
nature of chemical interactions differs significantly at pH above or
below the pK,. Based on histidine’s amazing properties and reports on
the importance of histidine motifs in some silica-binding peptides
[10,29,30], we hypothesized that the most used poly-histidine tag
(His6) could function as silica binder under selective environmental
conditions.

To test our hypothesis, the His6 tag was fused to the N-terminal of a
model protein (EGFP) to assess if it could be used to effectively immo-
bilize and purify His-tagged recombinants proteins from bacterial cell
crude extracts using bare silica particles as solid-phase immobilization/
purification matrix in a fast and single-step assay. For comparison with
the His6 tag, we considered 3 well-known silica-binding peptides: Si-tag,
CotB1 (or only its C-terminal region, CotB1p) and Car9. The large size of
Si-tag [13,33] and CotB1 [14], as well as the need for an additional and
costly protease treatment for CotB1 and CotBlp [13,14] were consid-
ered as major disadvantages. Thereby, the dodecapeptide Car9 was the
chosen tag due to its relatively small size, high affinity for silica and
established elution protocol [15,17,34]. Car9 was fused to the C-ter-
minal of EGFP because it was previously reported that C-terminal Car9
extensions bind to silica with high affinity and allow efficient protein
purification [15,34]. EGFP was chosen as a model protein based on its
well-known fluorescence trait and stability under a wide range of pro-
cess conditions. The His6-EGFP, EGFP-Car9 and His6-EGFP-Car9 con-
structs used in this study display similar theoretical isolectric point (pI of
6.2 to 6.8) and molecular weight (28.1 to 29.7 kDa) (Table 1), allowing
straightforward comparisons between their binding performance. Non-
tagged EGFP was used as control, to exclude the contribution of the
EGFP protein for the binding.

3.1. Binding and elution studies

3.1.1. Effect of pH, buffer composition and incubation time on His6-EGFP
adsorption—desorption

The binding environment (buffer composition and pH) modulate the
adsorption—desorption of amino acids to silica particles [6,24,25,27,35].
Binding affinity is affected by the extent of silica surface ionization,
which occurs by the deprotonation of silanol groups at pH higher than
~3 (the point of zero charge for silica), leading to the development of an
increasingly negative surface charge as the buffer solution becomes
more basic [10,24]. Positively charged amino acids such as lysine and
arginine (with pI 9.5 and 10.8, respectively) are able to provide strong
electrostatic interactions with silica at high pH, as alkaline conditions
tend to increase the degree of ionization of silica surface, impacting the
bonding network [15,35]. The presence of high-salt concentrations
(above 0.2 to 0.3 M) can neutralize the negative charge of the silica
particles and thus influence peptide-silica interactions [13,15,27].
Similarly, the nature of the buffer (Tris-, phosphate- or MOPS-based) can
also influence the binding behavior of amino acids to silica [6,35]. Tris
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has been shown to interact with silica surfaces in a pH-dependent way
[35]. Thus, to investigate the interaction of purified His6-EGFP with
bare silica particles, a series of binding and elution assays were per-
formed at different pH and using different buffer compositions. The
main buffer used in these assays was the Tris-buffered saline (TBS: 100
mM Tris-HCI and 150 mM NacCl) buffer used for IMAC purification and
protein storage, as this is a typical buffer used in many cell lysis and
protein purification protocols and NaCl concentrations up to 250 mM
seem to not impact peptide-silica adsorption-desorption processes
[15,27]. An incubation time of 30 min was also used in all binding
studies, as preliminary binding studies conducted for a minimum of 30
min to a maximum of 24 h of incubation time showed that silica particle
saturation was achieved within 30 min (data not shown).

Proteins tagged with silica-binding peptides, such as Car9-tagged
proteins, bind to silica in a pH-dependent way through a combination
of ionic interactions and hydrophobic contacts supplemented by H-
bonding and van der Walls forces occurring between basic residues
(such as, lysine, arginine and histidine) and silanol groups at the silica
surface [10,11,23,35]. Thus, the binding of His6-EGFP to Davisil grade
646 silica particles was tested over a pH range of 6.0 to 7.5, at which
most proteins are stable and active (Fig. 1), Considering the theoretical
p! of the His6-EGFP construct (6.2), its positive net charge at pH 6.0, in
contrast to negative charge at other pHs tested, could have contributed
to superior binding via electrostatic interactions with the negatively
charged silica surface, but no significant differences were found between
the binding at pH 6.0 and pH 7.5 (p > 0.05). Assuming that affinity
binding to silica surface occurs via the His6 tag, the physicochemical
properties of the tag itself should prevail. At pH 7.5, the His6 tag pre-
sents a pl (7.2) near to the solution pH, but considering the entire N-
terminal peptide present in the His6-EGFP construct (Table 1), which
contains another positively charged amino acid (lysine, K) before the
His6-tail (MKHHHHHH), the pl increases to 8.6. This means that at pH
7.5 the N-terminal peptide tag in the His6-EGFP construct is positively
charged, thus contributing to the binding to silica through electrostatic
interactions. The histidine residues in the His6 tag may also promote
binding to silica through hydrogen bonds and van-der-Waals in-
teractions, as demonstrated by Patwardhan and colleagues in other
silica-binding peptides [10]. Moreover, at the pH range tested, proton-
ated amino groups in Tris have been shown to interact with silica sur-
face, leading to Tris adsorption [35]. This has been postulated to likely
increase the density of ~OH groups on the silica surface, which may
further facilitate the formation of cooperative hydrogen bridges [25].
Given the similar binding performance at all pHs tested, pH 7.5 TBS
buffer was used in subsequent binding studies, as most proteins are
stable at this pH.

After determining the optimal environmental conditions for the
adsorption of His6-tagged proteins to bare silica particles, a similar
optimization process was carried out to maximize the desorption of
His6-tagged proteins from silica particles. Effective elution protocols
have been established for the Si-tag [13,33], Car9 [15,17,34] and SB7
[4] silica-binding peptides. For the first, a Tris-HCI buffer (pH ~ 8)
containing 2 M MgCly is used as elution buffer [13,33]. In contrast, the
Car9 and SB7 tags can be eluted under milder conditions, i.e. in Tris-HCI
buffer (pH 7.5-8.5) containing 0.5 or 1 M L-arginine or L-lysine
[4,15,17]. Moreover, the interaction between Car9-tagged proteins and
silica was shown to be effectively disrupted, and the desorption of Car9-
tagged protein improved, under alkaline conditions, with the desorption
from silica particles being most effective at pH ~ 8.5 [15,17].

Thus, the desorption of His6-EGFP from Davisil grade 646 silica
particles was studied in the presence of L-lysine or L-arginine (at 0.5 and
1 M), and at pH 7.5 and 8.5 (Fig. 2). Overall, the results demonstrated
that 0.5 M of either L-lysine or L-arginine are enough to effectively
desorb His6-EGFP from silica (Fig. 2a), although a higher recovery
performance was observed at pH 8.5. Of note, higher elution buffer pH
was not tested as silica particles start to dissociate at pH ~ 9 [10]. L-
lysine absorbs light at 280 nm and fluoresces in the EGFP excitation
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window (Fig. S1), which makes it a less suitable eluant additive than L-
arginine for subsequent spectrophotometric and spectrofluorimetric
analyses. Moreover, slightly higher His6-EGFP recovery was obtained
with L-arginine than with L-lysine. Similarly to TBS, PBS (pH 7.5) sup-
plemented with 0.5 M L-lysine/L-arginine also allowed the recovery of
51 to 56% His6-EGFP. At pH 7.5, 63 + 3.2% recovery was obtained with
2 M MgCly, which is similar to the recovery obtained under milder
conditions with 0.5 M L-arginine (60 + 0.9%). Although the interaction
of the His6 tag with divalent metal ions is known to be disrupted by
imidazole, only 21 + 1.0% His6-EGFP was recovered from silica (a
metalloid) with TBS buffer (pH 7.5) supplemented with 0.5 M imidazole.
Indeed, the presence of 0.4 M imidazole in the binding buffer did not
affect the His6-EGFP binding to Davisil grade 646 silica particles (data
not shown), indicating that purification/immobilization schemes using
bare silica particles may be used after IMAC purification without the
need for an intermediary buffer exchange step. In sum, the highest re-
covery was obtained with TBS buffered at pH 8.5 and containing 0.5 or
1 M L-arginine. Moreover, the His6-EGFP release mediated by L-arginine
seems to be concentration-dependent, as concentrations of L-arginine up
to 25 mM did not impact protein-silica interaction at pH 7.5 (Fig. 2b). In
small-scale purifications, weakly adsorbed His6-tagged proteins were
easily removed after just a first wash with TBS buffer (pH 7.5), supple-
mented or not with up to 20 mM L-arginine, but the loss of protein
during the washing steps remained below 10%, regardless of the incu-
bation period (data not shown), suggesting that the interactions between
His6-EGFP and silica particles are quite stable under the established
environmental conditions.

The influence of incubation time on desorption was also assessed by
increasing the elution time from 5 min up to 60 min. As observed in
Fig. 2¢, an elution time of 15 min was sufficient to effectively recover >
80% of the absorbed His6-EGFP. Therefore, based on the results from
these binding and elution assays, the following conditions were estab-
lished for subsequent purification protocols: (i) binding in Tris-based
buffer at pH 7.5 for 30 min, (ii) washing for 5 min with TBS buffered
at pH 7.5 and (iii) elution for 15 min in TBS buffered at pH 8.5 and
containing 0.5 M L-arginine.

3.1.2. Effect of adsorbent’s characteristics and equilibrium concentration
on His6-EGFP binding

Binding to silica was previously described to occur under a protein
concentration-dependent manner [6,14,34]. Thus, adsorption isotherms
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Fig. 1. Effect of pH variation on the adsorption of His6-EGFP (0.25 mg/mL)
onto Davisil grade 646 silica particles (6 mg). The theoretical net charge (Z) of
His6-EGFP at pH 6.0, 6.5, 7.0 and 7.5 is + 1.9, —2.6, —5.2 and —6.5, respec-
tively. Bars represent the average reading of 3 to 5 independent experiments
(+£SEM). Fluorescence intensity was normalized to an arbitrary and maximum
value of 1, which stands for the fluorescence measured in the loaded solution
and corresponds to 100%.
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for His6-EGFP on Davisil grade 646 silica particles were constructed
based on depletion data (Fig. 3). In TBS (pH 7.5), the interaction be-
tween His6-EGFP and unmodified Davisil grade 646 silica particles
clearly leads to adsorption isotherms very different from Langmuir iso-
therms with exponential saturation. Instead, the amount of His6-EGFP
adsorbed per g of silica particles increased linearly with increasing
concentration of His6-EGFP in the binding medium until the apparent
equilibrium concentration of His6-EGFP reached ~0.19 mg/mL (~6.8
pM). After this point, the amount of His6-EGFP adsorbed to silica
stopped increasing, reaching a maximum adsorption capacity of ~18
mg/g. Other silica-binding peptides have been reported to exhibit non-
Langmuirian adsorption behavior, displaying alternative adsorption
mechanisms that involve multi-step processes [10,23].

In addition to protein concentration and surrounding environment,
the silica particle structure, i.e., size (a.k.a diameter) and pore, is also
reported to influence maximum adsorption capacity and protein
immobilization efficiency, being this closely correlated to the protein-
pore size balance, which directly influences the conformational stabil-
ity of the protein [15,21,24]. For instance, Vidaurre-Agut and colleagues
[36] reported that particles with large pore (~14 nm) retain signifi-
cantly more proteins with a molecular weight below 50 kDa, as they
seem to better fit within the pores by being able to access the pores’
internal surface area. Other authors reported [37] that particles with
nano size tend to absorb more proteins than large ones in a clear evi-
dence that protein adsoprtion occurs in function of particles’ size and
porosity. Thus, commercially available silica particles with distinct
characteristics were used to evaluate the effect of particle characteristics
on adsorption. Davisil grade 643 and 646 microparticles were specif-
ically selected to this study due to large pore size (15 nm) and differ-
ences in terms of size, and Nanografi particles were selected due to their
nano size (Table 2).

Fig. 4 depicts the adsorptive capacity of the different silica particles
and demonstrates that the percentage of His6-EGFP adsorbed onto the
particles also depends on the silica equilibrium concentration, as can be
observed by the gradual increase in His6-EGFP adsorption with the
increasing amount of silica particles in the binding medium until a
maximum plateau was reached with > 36 mg of particles. For the His6-
EGFP concentration used (0.25 mg/mL), the particle mass effect was
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most pronounced for the Davisil grade 646 (Fig. 4a) and Nanografi
(Fig. 4c) particles, which adsorbed up to 21% more His6-EGFP when
higher amounts of particles were used (100 mg vs. 6 mg), while the
binding capacity seems to have been only slighted affected by increasing
amounts of Davisil grade 643 particles (Fig. 4b). For all silica particle
types, ~36 mg was sufficient to ensure > 90% adsorption of the His6-
EGFP loaded, and with 100 mg the His6-EGFP binding capacity stood
above 94% (Fig. 1a). High levels of variation between assays were
observed with Nanografi particles regardless of the particle amount used
(Fig. 4c). From these results we cannot infer about pore size impact, as
Davisil grade particles were selected specifically to maximize tagged-
EGFP binding, but we observed a particle size influence on adsorption,
with smaller silica particles (Davisil grade 643 and Nanografi) demon-
strating better binding performance than Davisil grade 646 (Fig. 4). The
Davisil grades 646 and 643 microparticles have equal pore size and,
according to the manufacturer, equal surface area, although Davisil
grade 643 is an order of magnitude smaller than Davisil grade 646
(Table 2). Nanografi nanoparticles are poreless and, according to the
manufacturer, their surface area is highly variable ranging from 150 to
550 m?/g, which may explain the observed levels of variability (Fig. 1c).
Among all 3 types of silica particles, Davisil grade 643 exhibited the best
adsorption efficiency (determined by the amount of adsorbed protein),
as 6 mg of particles were sufficient to absorb ~87% of the His6-EGFP
loaded, while only ~57 and ~70% adsorption was obtained with the
same amount of Davisil grade 646 and Nanografi particles, respectively.
A similar observation was reported by Sotto-Rodrigues and colleagues
for Car9-tagged proteins, whose adsorption seems to have been
enhanced in smaller Davisil grade 643 particles when compared to
larger Davisil grade 646 particles [15]. In addition to Davisil grade 643
and 646 particles we also performed preliminary binding assays with
silica gel Davisil grade 7734 (63-200 pm particles with 6 nm pores), but
the adsorption capacity of those particles was so low that we did not
proceed with them. This result indicated that the pore size was also
important for His6-EGFP binding, as previously described for Car9-
tagged proteins [15]. Indeed, the His6-EGFP binding capacity of the
porous silica microparticles tested here (15 nm pore) was much superior
to that of high-purity grade silica gel similar to 7734 (60-220 pm par-
ticles with 6 nm pores) towards Car9-tagged proteins, for which ~35 mg

Fig. 2. Effect of eluant additive (L-arginine or L-
lysine) and pH on the release of His6-EGFP from
Davisil grade 646 silica particles. His6-EGFP (~0.16
— mg) immobilized onto 6 mg of Davisil grade 646

silica particles were incubated for 30 min (a) or from
5 to 60 min (b) at RT with shaking in 1 mL of TBS
buffered at pH 7.5 or 8.5 and containing 0.5 or 1 M L-
arginine or L-lysine. After incubation, the fluores-
cence released in the supernatants was assayed by
spectrofluorimetry. Bars represent the average from
3 independent assays (+SD) and 100% corresponds
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to the fluorescence of a 0.16 mg/mL His6-EGFP so-
lution. (c) SDS-PAGE gel representing the washing
out effect of His6-EGFP from Davisil grade 646 silica
particles after sequential washing with increasing
concentration of L-arginine added to TBS buffered at
a final pH of 7.5. Legend: lane MM: molecular weight
marker; lane L: loaded His6-EGFP; lanes 0.025 to 0.5:
washing out fractions obtained after washing the
silica particles for 5 min with TBS containing 0.025,
0.05, 0.1, 0,25 and 0.5 M L-arginine.

T
60 min



A.L Freitas et al.

25-
)
2 20
: o,
| | | ]
o 151 . @ o . "
%
T 4
I .'}
£ - "
@ 5
< L
04.—' T T

T Ll L) L) L) Ll L] 1
000 005 010 0.15 020 025 0.30 035 040 045 050
Free His6-EGFP (mg/mL)

Fig. 3. Adsorbed amount of His6-EGFP on Davisil grade 646 silica particles as a
function of free His6-EGFP concentration at apparent equilibrium. Raw deple-
tion isotherm data were collected from binding assays carried out for 30 min at
RT with shaking in 1 mL TBS buffered at pH 7.5 and in the presence of a fixed
amount of 6 mg Davisil grade 646 silica particles. The adsorbed amount of His6-
EGFP was calculated from the difference between the initial and the final (free)
protein concentration in the binding medium. Data represent the average from
3 independent assays (£SD).
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of particles were required to adsorb ~90% of the GFPmut2-Car9 loaded
(which was only 10 pg vs 0.25 mg His6-EGFP loaded here) [34].

3.2. Small-scale batch purification of His6- and/or Car9-tagged proteins
using bare silica particles

After assessing the buffering and incubation conditions for maximum
binding capacity and desorption efficiency, we explored the use of bare
silica particles as matrix for affinity purification of His6-tagged proteins
from clarified E. coli extracts. In these purification schemes, only Davisil
grades 643 and 646 silica particles were tested. Nanografi silica parti-
cles, although being the cheapest of all (Table 1), were not used due to
the variability demonstrated on previous assays. Thus, clarified extracts
from 10 mg of wet cells overexpressing His6-EGFP, His6-EGFP-Car9 or
their controls (EGFP-Car9 or non-tagged EGFP) were mixed with 100 mg
of Davisil grades 643 or 646 silica particles to assess the suitability of
His6 as an affinity tag for small-scale batch purification using bare silica
as adsorbent.

As observed in Fig. 5 (blue bars), His6- and Car9-tagged EGFP are
able to effectively bind to bare silica particles in a similar way, showing
an overall binding efficiency (determined by the amount of adsorbed
protein) of over 90%, regardless of the high levels of contaminants in the
cell extracts. Conversely, most of the non-tagged EGFP was lost during
the load (~80%) and wash steps (~9%), demonstrating that EGFP alone
does not bind effectively to silica particles (Figs. 5 and 6) and confirming
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Fig. 4. Adsorptive capacity of different silica particles, determined by the percentage of His6-EGFP adsorbed onto increasing amounts of (a) Davisil grade 646, (b)
Davisil grade 643 and (c) Nanografi silica particles. Bars represent the average (+SEM) from 3 to 5 independent binding assays carried out for 30 min at RT with
shaking, in 1 mL TBS buffered at pH 7.5 and in the presence of a fixed amount of 0.25 mg His6-EGFP. The percentage of His6-EGFP adsorbed to the silica particles
was calculated from the difference between the initial (load) and the final (unload) fluorescence of the binding medium. 100% corresponds to the initial fluorescence

of the binding medium.
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that the binding of His6-tagged EGFP to silica particles is due to the His6
tag and not to nonspecific interactions. Moreover, the analysis of the
washing fractions showed that less than 3% of the tagged-EGFP in the
clarified extracts (load fractions) was washed out and therefore lost in
the processing steps (Fig. 6), which confirms that the tagged-EGFP-silica
surface interactions are quite stable under the established processing
conditions.

Although binding efficiency is not influenced by the tag itself, the
desorption is less effective when EGFP is double-tagged with both His6
and Car9, as by comparison with EGFP fused to His6 or Car9 alone,
particularly when using the Davisil grade 643 particles (Fig. 5). Overall,
the results displayed on Fig. 5 and Table 3 demonstrated that the puri-
fication efficiency of His6-EGFP was similar to EGFP-Car9 while the
recovery of the double tagged EGFP (His6-EGFP-Car9) was delayed
under the same conditions (~70% recovery after two elution steps vs.
33-53% recovery rate after a single elution step). These results clearly
indicate a synergic effect between His6 and Car9 affinity tags,
strengthening the binding to silica surface and thus making it harder to
recover the double tagged protein under the established processing
conditions. Also, under these conditions, the elution of His6-EGFP-Car9
performed better in Davisil silica particles grade 646 than grade 643, a
trend not observed with His6-EGFP or EGFP-Car9. In fact, the recovery
of His6-EGFP-Car9 was influenced by the size of the particle, as higher
yields of the double tagged protein were obtained with larger Davisil
grade 646 particles than with smaller 643 particles (53% and 33% after
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just a 15 min elution step, respectively). Conversely, for His6-EGFP and
EGFP-Car9, slightly higher recovery yields were obtained with Davisil
grade 643 than with 646 silica particles (Table 3). As discussed earlier,
this is likely related to the particle size, as smaller particle sizes
demonstrate better binding performance (Figs. 4 and 5).

All tagged proteins were recovered from clarified extracts with high
levels of purity (Table 3) and both purity and recovery yields are in line
with other reports using silica-binding peptides. For instance, using 1 M
L-lysine as additive in the elution buffer, Coyle and colleagues reported a
recovery yield for GFPmut2-Car9 of 85% with a purity of ~80% [34].
Soto-Rodrigues and colleagues reported recovery yields from 60 to 75%
for Car9-tagged sfGFP, with a purity of up to 95% when Car9 was fused
to the C-terminal [15]. Recombinant proteins fused to the Si-tag showed
recovery yields and purity around 90% [13,33], whereas CotB1/CotB1p-
tagged mCherry were recovered with yields around 85% and purity
around 95% [14]. Similarly, GFP fused to the octapeptide (RH)4 was
purified using unmodified Davisil grade 643 silica particles with a re-
covery yield and purity of 94% and 93%, respectively [6]. Additionally,
the final recovery yield (~89%) and purity (~96%) obtained for His6-
EGFP using bare silica particles after two elution steps are in line with
those reported for IMAC affinity-purification protocols [13], revealing
that this approach could easily substitute, or complement, the expensive
IMAC technology.

To further evaluate if the His6 tag position (N-terminal, middle, C-
terminal) and/or the properties of the His-tagged protein (size, pl,
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Fig. 5. Purification performance of His6-, Car9- and non-tagged EGFP from clarified E. coli extracts using bare silica as adsorbent material in small-scale purifi-
cations. Bars represent the average (+SEM) from 3 independent purifications and 100% corresponds to the initial fluorescence of the clarified extract. Blue bars
represent the unbound fraction after incubation of 1.5 mL clarified extracts with 100 mg silica particles for 30 min at RT with shaking. Green bars represent the
recovered protein (elution fraction) after a first (light-green) and a second (dark-green) 15 min elution step in TBS supplemented with 0.5 M L-arginine, at pH 8.5.
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structure) affect the binding to silica, the small-scale batch purification
scheme developed with Davisil grade 643 silica particles was also used
to purify three selected His-tagged proteins: TrxA-His6-EGFP (~41 kDa,
pl 5.7), CBM3-His6 (~23 kDa, pl 6.7) and His6-AraA (~56 kDa, plI 5.6).
As seen in Fig. 7, regardless of the His6-tag position, all His-tagged
proteins could be purified to similar purity (~80%). Despite having
the same N-terminal sequence as His6-EGFP (MKHHHHHH), the His6-
AraA displayed the lowest binding efficiency, which may be ascribed
to its highly negative net charge at pH 7.5 (-20.3). This may affect the
interaction of the His6 tag with the negatively charged silica surface.
The TrxA-His6-EGFP also displays a very negative net charge at pH 7.5
(-13.5). This did not seem to impact significantly its binding to Davisil
grade 643 silica particles, but its binding to Davisil grade 646 was much
less efficient (Fig. S3). After purification, all proteins were active, as
determine by the fluorescence of TrxA-His6-EGFP, the ability of CBM3-
His6 to bind to cellulose (Fig. S4) [31] and the enzymatic conversion of
glacatose to tagatose by AraA (6.9 + 0.2 U/mg), which is in line with
that reported by Baptista and colleagues [32].

These data thus indicate that the His6 tag maintains it capacity to
bind to bare silica even in samples with high levels of contaminants,
showing similar performance (in terms of recovery yields and purity
levels) to Car9-based affinity purification under the selected conditions.
Additionally, it proves that the His6 tag can be effectively used for
affinity-based protein purification using bare silica as matrix. Since the
combination of tags improved the binding to silica, this strategy may be
advantageous for immobilization purposes. For purification purposes,
the use of a single tag proved to be more suitable.

3.3. Scaled-up batch purification of His6-EGFP using bare silica particles

The batch purification scheme described above using Davisil grade
643 silica particles was further adapted to allow the purification of His6-
EGFP from 300 mL production cultures (corresponding to 2.3 g of wet
cells). Without optimization (in this protocol only one wash step was
used), the scaled-up protocol enabled the purification of His-EGFP
(Fig. 8) with a recovery yield identical to that of the small-scale proto-
col (~72%). Nevertheless, the purity of the elution fractions was
reduced to ~70%. While further optimization of this protocol is neces-
sary to obtain purity levels similar to those of the small-scale protocol,
these data demonstrate that the scale of the batch purification protocol
described in this work can be expanded to allow the purification of
larger amounts of His-tagged proteins. Altogether, the results from this
work clearly show the suitability of bare silica as matrix for the affinity
purification of His-tagged proteins.
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Table 3

Recovery yields and purity levels of the His6- and/or Car9-tagged proteins pu-
rified using unmodified Davisil grade 643 or 646 silica particles as adsorbent
material after one elution step.

His6-EGFP His6-EGFP-Car9 EGFP-Car9
Grade Grade Grade Grade Grade Grade
643 646 643 646 643 646
Tagged 0.65 £ 0.26 0.40 £ 0.01 0.89 + 0.09
protein®
(mg)
Puri'[yh (%) 96.3 + 96.3 + 96.6 + 96.7 + 96.0 £ 96.9 +
2.0 1.9 0.7 1.5 0.9 1.7
Yield“(%) 72.2 £ 68.8 + 334+ 53.0 £ 75.7 £ 63.6 £
6.7 2.8 3.0 5.2 4.4 1.7

# The starting material was 10 mg of wet E. coli cells and the mass of the re-
combinant proteins was determined from the fluorescence of the clarified ex-
tracts by using a calibration curve of the His6-EGFP fluorescence (Aex 405 nm/
Aem 535 nm) as a function of His6-EGFP concentration (Fig. S2) [38] (average +
SD from 3 independent purifications).

b Determined by densitometric analysis of SDS-PAGE protein bands (average
+ SD from 3 independent purifications).

¢ Determined based of the amount of recovered protein after 15 min of incu-
bation with main buffer solution at pH 8.5 supplement with 0.5 M L-arginine
(average + SD from 3 independent purifications).

4. Conclusions

In here, we demonstrated that the His6 tag has silica-binding prop-
erties and that bare silica can be used as affinity matrix to purify His-
tagged proteins from bacterial cell extracts with high yield (up to
89%) and purity (up to 96%). The small-scale batch affinity-based pu-
rification process here developed using unmodified Davisil grade 646
and 643 particles and L-arginine/L-lysine-containing eluants allows fast
(~1 h) and simple purification of His-tagged proteins while providing
costs savings and a “greener” approach towards sustainable purifica-
tion/immobilization processes. The scale of this protocol was shown to
be quite easily expanded to allow the purification of large amounts of
His-tagged proteins. From our point of view, the advantage of the
developed system relies on the possibility of using low-cost bare silica
particles for straightforward purification of His-tagged proteins from
cell extracts without the need of expensive and complex chromatog-
raphy resins or toxic eluents, and/or for direct immobilization of an
array of His-tagged recombinant proteins already available in many
laboratory collections.

Our data supports that His6 and Car9 can be used in combination to
increase the strength of the binding to silica, a characteristic that can be
explored for immobilization or one-step purification and immobilization
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Fig. 6. Comparative analysis of His6-EGFP, His6-EGFP-Car9, EGFP-Car9 and non-tagged EGFP affinity purification fractions by SDS-PAGE. Clarified extracts of His6-
, Car9- and non-tagged EGFP were purified using Davisil grade 646 silica particles as adsorbent. Lane 1: clarified lysate; lane 2: unbound fraction; lane 3: washed out

fraction; lane 4: elution fraction.
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Fig. 7. Comparative analysis of TrxA-His6-EGFP, CBM3-His6 and His6-AraA affinity purification fractions by SDS-PAGE. Clarified extracts of His6-tagged proteins
were purified using Davisil grade 643 silica particles as adsorbent. Lane 1: clarified lysate; lane 2: unbound fraction; lane 3: washed out fraction; lane 4: elution

fraction. The arrow indicates the band corresponding to the protein of interest.
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Fig. 8. SDS-PAGE analysis of the His6-EGFP scaled-up batch purification using
Davisil grade 643 silica particles as adsorbent. In the bottom the color of each
fraction can be observed. Lane 1: clarified lysate; lane 2: unbound fraction; lane
3: washed out fraction; lanes 4-10: elution fractions 1 to 7. The arrow indicates
the band corresponding to the protein of interest.

processes. Moreover, binding of His-tagged proteins to bare silica was
shown to be compatible with the presence of imidazole, which makes of
silica a suitable matrix for sequential purification/immobilization of
His6-tagged proteins after IMAC protocols without the need for buffer
exchange.
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