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ABSTRACT: His-tags are protein affinity tags ubiquitously used
due to their convenience and effectiveness. However, in some
individual cases, the attachment of His-tags to a protein’s N- or C-
termini resulted in impairment of the protein’s structure or
function, which led to attempts to include His-tags inside of
polypeptide chains. In this work, we describe newly designed
internal His-tags, where two triplets of histidine residues are
separated by glycine residues to avoid steric hindrances and
consequently minimize their impact on the protein structure. The
applicability of these His-tags was tested with eGFP, a multifaceted
reference protein, and GrAD207, a modified apical domain of GroEL chaperone, designed to stabilize in soluble form initially
insoluble proteins. Both proteins are used as fusion partners for different purposes, and providing them with His-tags introduced into
their polypeptide chains should conveniently broaden their functionality without involving the termini. We conclude that the
insertable tags may be adjusted for the purification of proteins belonging to different structural classes.

■ INTRODUCTION
His-tags attached to proteins’ N- or C-termini1 are widely used
not only for affinity purification by metal-affinity chromatog-
raphy, but also for investigations methods like immunoblot-
ting,2−4 fluorescent dye tagging,5−9 refolding studying,10−12

virus vectors development,13 and others.14 His-tags are
convenient: being short, they allow elution in mild native
conditions and provide at the same time a reasonable degree of
purity. But in some cases placing His-tags at protein’s termini
may create problems: a classical hexahistidine sequence can
cause protein inclusion body formation4,15 or oligomerization
through histidine residues,16,17 can impair catalytic enzyme
functions18−21 or protein−protein interaction,22 or His-tags
cannot be used at N- or C-termini because of their functional
and/or structural importance. In these cases, His-tags could be
used in a noncanonical way by inserting them into the
polypeptide chain. There are studies describing such
application,23,24 but the effects of His-tags inserted into the
polypeptide chain on a protein’s secondary structure and
function vary depending on individual proteins and have not
been studied in detail to understand the patterns for rational
His-tag design. The current work describes the design of novel
His-tag variants and their application with two proteins
belonging to different structural classes.

■ MATERIALS AND METHODS
Construction of Genes and Plasmids. All PCR reactions

were performed with a T100 thermal cycler BioRad, USA. To
obtain pET11cjoe_GrAD207_3H, ET11cjoe_GrAD207_7H,
pET11cjoe_GrAD207_3H1G3H, and pET11cjoe_-
GrAD207_3H3G3H plasmids, the pET11cjoe_GrAD207 was

used as a template.25 Modification of pET11cjoe_GrAD207
was carried out using the overlapping method with following
primers: F1_GrAD207, R1_GrAD207, R_7His, R_3His,
R_313His, and R_333His (Table 1).

pET15b_eGFP157_3H3G3H and pET15b_eGFP157_7H
plasmids were constructed using site-directed mutagenesis with
some modifications26 with the use of following primers:

F_gfp157_3H3G3H, R_gfp157_3H3G3H, F_gfp157_7H
and R_gfp157_7H (Table 1).
Protein Expression and Purification. All GrAD207

variants were expressed in E. coli BL21 (DE3) grown in liquid
TB medium at 37 °C. Expression was induced by addition of
IPTG to a 1 mM final concentration at OD600 = 0.6. After 3 h,
cells were collected by centrifugation at 4000 g at 4 °C in
Beckman Coulter (USA) centrifuge.

All eGFP protein variants were expressed in E. coli
ArcticExpress (DE3) grown in liquid TB medium at 30 °C.
Expression was induced by addition of IPTG to 0.5 mM final
concentration at OD600 = 0.6, and the temperature of
cultivation decreased to 12 °C. After 24 h, cells were collected.

The cell pellets were resuspended at a ratio of 1 g to 5 mL in
buffer containing 50 mM sodium phosphate pH 7.5 and 1 mM
PMSF. The biomass was disintegrated using a Q500 Sonicator
ultrasonic disintegrator at 4 °C. Sonicating mode was 40%
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amplitude, 1 s on, 2 s off, and working time was 2 min. Total
energy per degradation was 400 kJ/ml. Debris was precipitated
by centrifugation at 10 000g for 30 min at 4 °C. Then the
supernatant was diluted 3-fold by adding 50 mM sodium
phosphate at pH 7.5. The solution was loaded onto anion
exchange column Hitrap Q XL (GE Healthcare, USA)
equilibrated in the same buffer, and the protein was eluted
by NaCl gradient. The fractions containing the target protein
were combined and loaded onto a HisTrap HP column (GE
Healthcare, USA). At the next step, the column was washed
with 1 M NaCl to reduce nonspecific interactions. Then the
proteins were eluted in an imidazole gradient. The fractions
containing the target protein were reloaded to the column and
eluted in steps with 50, 100, and 200 mM imidazole. Purified
proteins were dialyzed against 10 mM sodium phosphate
buffer (pH, 7.5) for further application.
Secondary Structure Study. Circular dichroism spec-

troscopy was carried out using a Chirascan spectropolarimeter
(Applied Photophysics, UK) in wavelength ranges from 180 to
260 nm. The molar ellipticity [θ] values were calculated from
the equation M

LCm
res[ ] = [ ] , where [θ]m is the measured

ellipticity (deg), Mres is the average molecular weight of protein
(Da), L is the optical cuvette path length (mm), and C is the
protein concentration (mg/mL). The measurements were
taken in 0.1 mm cuvette at protein concentration of 0.2−0.3
mg/mL in 10 mM sodium phosphate buffer, pH 7.5. For
calculating the percentage of secondary structure elements,
DichroWeb instrument was used.27

Surface Plasmon Resonance Spectroscopy. Equili-
brium dissociation constants (KD) for Ni2+complexes formed
by His-tagged proteins with immobilized on the chip
nitrilotriacetic acid (NTA) were measured using surface
plasmon resonance (SPR) spectroscopy. The experiment was
performed on Biacore X100 (Biacore AB, Uppsala, Sweden)
using an NTA chip. The chip was preloaded with Ni2+ by
injection of 0.5 mM NiCl2 at a flow rate 20 μL/min, which
followed the injection of 20 μL of 350 mM EDTA. Samples
were dissolved in running buffer (0.01 M sodium phosphate,
0.5 mM NiCl2, pH 7.4) in serial dilutions up to 5 × 10−8 M.
Samples were injected at a flow rate 20 μL/min at 25 °C for 20
s followed by 60 s dissociation. The sensor chip was
regenerated by injection of 20 μL of 350 mM EDTA. All
solutions were filtered and deoxygenated prior to use. The KD
values were evaluated by using the 1:1 Langmuir association
model. Data were analyzed using BIAevaluation 3.0 software.
KD is given as the mean + SD of three independent
measurements.

Spectroscopy and Fluorescence Brightness Evalua-
tion. Fluorescence excitation−emission spectra measurements
were conducted on Fluoromax-4 spectrofluorometer (HORI-
BA), and absorbance measurements on Implen Spectropho-
tometer NanoPhotometer NP80. Measurements for all native
proteins were carried out in 150 mM NaCl and 50 mM sodium
phosphate buffer, pH 7.5. Determination of molar extinction
coefficient was based on measuring the concentration of
mature chromophore according to the methodology described
in.28 eGFP and its mutants were alkali-denatured in 1 M
NaOH. Under these conditions, the GFP-like chromophore is
known to absorb at 447 nm with an extinction coefficient of
44 000 M−1 cm−1. Based on the absorbance of native and
alkali-denatured proteins, molar extinction coefficients for
native states were calculated according to the Beer−Lambert
law. The relative method was used to calculate the quantum
yield of fluorescence. The area under the curve of the protein
emission spectrum was compared with that of the fluorescein-
iodoacetamide spectrum with a known quantum yield of 0.5.
The fluorescence brightness was calculated as the molar
extinction coefficient multiplied by the quantum yield. All the
described calculations are illustrated in Figure S1.

■ RESULTS AND DISCUSSION
In the case of proteins used as fusion partners for different
purposes, as it is the case in the current work, it is convenient
to have free N- and C-termini available for target proteins;
moreover, using any terminus for attaching His-tag might
create steric impediments for either the folding of the whole
construct with the target or its affinity purification in native
conditions. The reasonable option is to introduce the tag into
the polypeptide chain with the aim to preserve protein’s
structure and to have the tag exposed to solution. When
inserted into the polypeptide chain, the polyhistidine sequence
is thought to form helical elements, especially in the context of
negatively and positively charged amino acids.29 This point is
important to consider when incorporating His-tags into a loop
of a polypeptide chain because the formation of helical and any
other secondary structure elements, other than unstructured,
may not be preferable. To avoid the introduction of unbroken
polyhistidine stretch, other amino acid residues are sometimes
added to the tag, usually alanine residues.30 In two novel
alternative His-tags described in this work, we have used
glycine residues to separate triplets of histidine residues
(3H1G3H and 3H3G3H). It is known that glycine residues
break down helical elements due to their high conformational
mobility; because of it, glycine residues are usually found at the
end of helical elements, as well as inside unstructured regions,
and we assigned them just this role. Histidine residues, in turn,

Table 1. Primers Used for Gene and Plasmid Constructions

name sequence

F1_GrAD207 5′GGGAATTCCATATGGAGACGCTGGAAGCGGTCCTC3′
R1_GrAD207 5′ACGCATCGGTCGACTTAGTTGGTGACGAAGTAGGG GGAG3′
R_7His 5′GTACCCCTTGTCAAACTGGTACCCGTGATGGTGATGGTGATGG-TGGCCGCCCACGATGGTGGT3′
R_3His 5′GTACCCCTTGTCAAACTGGTACCCGTGATGGTGGCCGCCCACGA-TGGTGGT3′
R_313His 5′GTACCCCTTGTCAAACTGGTACCCGTGATGGTGACCGTG-ATGGTGGCCGCCCACGATGGTGGT3′
R_333His 5′GTACCCCTTGTCAAACTGGTACCCGTGATGGTGACCACCA-CCGTGATGGTGGCCGCCCACGATGGTGGT3′
F_gfp157_3H3G3H 5′CATGGCCGACAAGCAGCATCATCATGGTGGTGGTCAT-CATCATAAGAACGGCATCAAGG3′
R_gfp157_3H3G3H 5′CCTTGATGCCGTTCTTATGATGATGACCACCACCA-TGATGATGCTGCTTGTCGGCCATG3′
F_gfp157_7H 5′CATGGCCGACAAGCAGCATCATCATCATCATCATCACAA-GAACGGCATCAAGG3′
R_gfp157_7H 5′CCTTGATGCCGTTCTTGTGATGATGATGATGATGATGCTGC-TTGTCGGCCATG3′
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were joined in triplets; triplets were chosen based on the
following considerations. Modeling of interactions of poly-
histidine peptides with immobilized transition metal ions
revealed that residues occupying positions i and i+2 or i and i
+5 are preferentially involved in this process.30,31 These data,
valid for peptides, may presumably also be true for His-tagged
proteins in the absence of significant steric effects. Hence, we
proposed noncanonical peptides 3H1G3H and 3H3G3H for
embedding into polypeptide chains, besides more common
polyhistidine tags. The tags were tested on two proteins
belonging to different structural classes, and the obtained
results allowed us to propose reasons for the rational design of
His-tags to include in different proteins. Two proteins to which
the idea of newly designed internal His-tags was applied are
both used as fusion partners for different purposes. GrAD207,
a permutated apical domain of T. thermophilus GroEL, was
designed for stabilization in solution of proteins prone to
aggregation, and allowed obtaining two initially insoluble
proteins in stable soluble constructs.32,33 The opportunity to
purify these and other possible fusions with GrAD207 under
mild native conditions should be a precious addition to its
features. GrAD207 belongs to α and β structural classes, three-
layer ββα fold (3.50 CATCH index). The introduced His-tags
were used instead of the linker connecting the native N- and
C-termini of permutated protein; thus, the insertion site of
His-tags fell between amino acid residues 128 and 132 at the
turn between the β-strand and the α-helix close to the C-
terminus of GrAD207. The site of insertion is located away
from the functionally significant substrate-binding surface of

GrAD207 and does not affect structural elements involved in
the formation of the hydrophobic core of the protein.
GrAD207 was constructed with the insertions of 3H1G3H
and 3H3G3H tags as well as 7H and 3H tags.

eGFP is an enhanced green fluorescent protein (GFP) of
jellyfish Aequorea victoria that has an increased fluorescence
intensity induced by random mutagenesis. This makes eGFP
suitable for a number of applications such as a reporter gene, ex
vivo imaging, or for determining transfection efficiency.34

eGFP’s commercially available variants are usually purified by
N-terminal His tag: without the benefit of affinity purification,
eGFP is a difficult protein prone to nonspecific interactions
with chromatographic matrix, which we fully experienced when
purifying it as a control, without tags. If the case of designing a
fusion construct with eGFP is in consideration, then it is
preferable to have its termini free. Structurally, eGFP belongs
to the mainly β-sheet proteins, β-can fold (2.40 CATCH
index). The site for His-tag insertion was chosen between 157
and 158 amino acid residues at the turn of β-hairpin. The
choice of the insertion site for eGFP was based on the analysis
of the published 3D structure (PDB 6YLQ) and literature data,
taking into account its structural and functional properties.2−6

A turn in the β-hairpin between amino acid residues 157 and
158 was chosen based on 3D structure, because it is exposed to
solution, and on data that mutations in this place should not
affect the maturation of the GFP chromophore. eGFP was
constructed with insertions of the 3H3G3H and 7H tags. A
diagram of the secondary structure elements aligned with
primary structure for both proteins is shown in Figure 1.

Figure 1. Diagram of the secondary structure elements aligned with primary structure (A) for GrAD207 based on the predicted GrAD207 model
and (B) for eGFP based on the spatial structure of eGFP (PDB: 6YLQ). The diagram was obtained using the PDBsum server.35 Arrows indicate β-
strands, purple spirals indicate α-spirals, and red hairpins indicate the β-hairpin motif. The inscriptions β and γ indicate corresponding turns.

Figure 2. Electropherogram of supernatant and debris of E. coli producer strains of (A) GrAD207 and (B) eGFP variants. (M) Marker of protein
molecular weight. (A) GrAD207: 1, supernatant; 2, debris; GrAD207_3H: 3, supernatant; 4, debris; GrAD207_3H1G3H: 5, supernatant; 6,
debris; GrAD207_7H: 7, supernatant; 8, debris; GrAD207_3H3G3H: 9, supernatant; 10, debris. (B) eGFP: 1, supernatant; 2, debris;
eGFP157_3H3G3H: 3, supernatant; 4, debris; eGFP157_7H: 5, supernatant; 6, debris. In each panel, the black arrow indicates the position of the
target protein.
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All obtained constructs were expressed in corresponding E.
coli strains: in BL21(DE3) for GrAD207 constructs
( G r A D 2 0 7 , G r A D 2 0 7 _ 3 H , G r A D 2 0 7 _ 7 H ,
GrAD207_3H1G3H, and GrAD207_3H3G3H) and in
ArcticExpress(DE3) for eGFP constructs (eGFP,
eGFP157_7H, and eGFP157_3H3G3H). The distribution of
expressed proteins between soluble and insoluble fractions is
shown in Figure 2. All of the proteins were expressed
predominantly in the soluble form, except in the case of
GrAD207_7H, for which the ratio of soluble and aggregated
forms was about 1:1 (Figure 2A, lines 7 and 8). Thus, the
insertion of 7H-tag into GrAD207 led to inclusion body
formation. Such a situation was not detected for eGFP tagged
either with 7H or 3H3G3H (Figure 2B).

For further work, proteins were purified and tested for
stability (Figure 3). In the GrAD207_7H sample, a white
slurry appeared after 1 week of storage at +4 °C. No visually
detectable changes were observed in other samples under the
same conditions. Examination of the GrAD207_7H sample by
size-exclusion chromatography and comparison of the elution
profile with that of GrAD207_3H1G3H revealed the presence
of several forms of GrAD207_7H in solution (Figure 3B).
These results indicate that 7H-tag insertion into GrAD207 not
only increased the probability of inclusion body formation but
also promoted the aggregation of purified protein in solution.

In the case of 7H introduced into eGFP, such effects were not
detected.

Determination of relative retention time on Ni2+-affinity
resin served as a qualitative characteristic of the constructs’
affinity to immobilized Ni2+ ions. Electrophoretic analysis of
obtained elution profiles (Figure 4) showed that proteins with
all the variants of His-tags were able to bind to Ni2+-affinity
resin, but had different ability to retain on the resin depending
on inserted His-tag (Figure 4)

For His-tagged GrAD207 variants, their relative retention
times are summarized in Figure 5.

For both proteins with the 7H tag, the retention time was
the longest, and it was the shortest for GrAD207_3H. The
chromatographic method revealed only a slight difference
between the retention times of GrAD207_3H1G3H and
GrAD207_3H3G3H, and this difference became more
prominent as the resin was saturated with the protein.
Increasing the amount of the protein on the resin reduces
the likelihood of rebinding of the protein to the matrix during
the elution process and also reduces the influence of
nonspecific interactions with the resin matrix. These
considerations led to suggestion that for GrAD207_3H3G3H
some nonspecific interactions contributed to its binding to
Ni2+ resin, which is further discussed later. For
eGFP157_3H3G3H, the elution profile was similar to that of
GrAD207_3H but not to that of GrAD207_3H3G3H,

Figure 3. Stability study of GrAD207 variants in solution: (A) purified proteins; (B) elution profiles. For both panels: (1) GrAD207_3H, (2)
GrAD207_3H1G3H, (3) GrAD207_7H, and (4) GrAD207_3H3G3H.

Figure 4. Study of affinity properties of His-tagged proteins: electropherograms of elution peaks of (A) GrAD207_3H, (B) GrAD207_3H1G3H,
(C) GrAD207_7H, (D) GrAD207_3H3G3H, (E) eGFP157_7H, and (F) eGFP157_ 3H3G3H. For all panels, the line numbers correspond to
fraction numbers and M is a protein molecular weight marker.
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suggesting that the 3H3G3H tag has a different impact on the
two proteins’ structures.

Surface plasmon resonance spectroscopy was used for
quantitative assessment of interactions between His-labeled
GrAD207 variants and NTA upon complexation with Ni2+.
Raw sensograms are given in the Supporting Information
(Figures S2−S14). As a necessary control, in the absence of
NiCl2 complex formation was not observed, and the signal was
at the noise level (Figure S2). The obtained equilibrium
dissociation constants are listed in Table 2.

The KD value for GrAD207_3H was in good agreement with
the previously obtained data for classical His-tagged
proteins.36,37 The formation of the most stable complex was
observed in the case of GrAD207_7H, which was correlated
with its longest retention time. With the substitution of one of
the His residues for Gly one, the strength of the complex
practically did not change. A slight decrease in the strength of
the complex was observed with further increase in the number
of Gly residues between His triplets, which agrees with the data
for binding of oligohistidine and mixed oligohistidine/
oligoalanine peptides with Ni2+-NTA.30

Changes in the secondary structures of all obtained
constructs were assessed by circular dichroism spectroscopy
(Figure 6). Among GrAD207 variants, the greatest changes in
the shape of the spectrum occurred in GrAD207_7H (Figure
6A), for which the prevalence of beta-sheets and irregular
structures was detected (Table 3). For other GrAD207

variants, the changes were minimal, the spectrum of
GrAD207_3H3G3H being the closest to that of the native
structure (Figure 6A). As for the spectra of eGFP variants
(Figure 6B), His-tagged eGFP variants showed a clear shift of
the minimum to the left compared to untagged structure.
However, the insertion of His-tags did not result in
denaturation or in a disordered structure.

Quantitative analysis of the spectra for the content of
secondary structure types for GrAD207 constructs (Table 3)
showed the highest percentage, 24%, of helical elements and
the highest percentage, 26%, of irregular structures in

Figure 5. Relative retention time of His-tagged GrAD207 variants by
the Ni2+-containing resin. Imidazole concentration (mM) is shown on
the left scale, and relative retention time on the right.

Table 2. Equilibrium Dissociation Constants (KD) for Ni2+
Complexes Formed by His-Labeled GrAD207 Variants and
Immobilized on Chip Nitrilotriacetic Acid (NTA),
Measured by Surface Plasmon Resonance (SPR)
Spectroscopy

Protein sample KD
a (μM)

GrAD207_3H 8.1 ± 1.3
GrAD207_7H 2.5 ± 0.9
GrAD207_3H1G3H 2.7 ± 0.8
GrAD207_3H3G3H 6.0 ± 1.6

aKD is given as mean + SD of three independent measurements.

Figure 6. Investigation of the Influence of His-tags on the secondary structure of the target proteins: (A) overlay of GrAD207_3H, GrAD207_7H,
GrAD207_3H1G3H, and GrAD207_3H3G3H CD spectra; (B) overlay of eGFP157_7H, eGFP157_3H3G3H CD spectra, and eGFP spectrum
predicted by PDBMD2CD software.38

Table 3. Results of the Quantitative CD Spectra Analysisa

Sample
Helices

(%)
β-strands

(%)
Turns
(%)

Unordered
(%)

GrAD207 3H 24 ± 2 28 ± 3 22 ± 1 26 ± 3
3H1G3H 22 ± 2 31 ± 3 22 ± 1 25 ± 3
7H 0 33 ± 3 18 ± 1 48 ± 5
3H3G3H 21 ± 1 31 ± 3 23 ± 1 25 ± 3
untagged 43 ± 4 29 ± 3 6 ± 1 22 ± 2

eGFP 3H3G3H 14 ± 1 34 ± 3 21 ± 2 31 ± 3
7H 10 ± 1 37 ± 4 21 ± 2 32 ± 3
untagged 10 ± 1 46 ± 5 12 ± 1 32 ± 3

aFor calculating the percentage of secondary structure elements,
DichroWeb instrument was used.27
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GrAD207_3H. GrAD207_3H1G3H and GrAD207_3H3G3H
had almost the same ratio of secondary structure elements, but
the variant with 3G showed a decrease in the proportion of
helical elements and an increase in turns by 1%. For eGFP
variants, quantitative spectrum analysis for secondary structure
types showed an increase in helical elements of up to 14% in
eGFP157_3H3G3H compared to 10% in eGFP157_7H.

Among the studied GrAD207 variants, GrAD207_3H3G3H,
GrAD207_3H1G3H, and GrAD207_3H had the form of CD
spectra very close to that of GrAD207 (Figure 6A). For
GrAD207_3H3G3H, besides that, qualitative and quantitative
analyses of its interaction with Ni2+ ions suggested that the
insertion of the 3H3G3H tag into GrAD207 maintained or
even st rengthened hydrophobic interac t ions of
GrAD207_3H3G3H. This suggestion is significant for
GrAD207, which, being the modified apical domain of
GroEL, retains the chaperonin function by binding substrate
proteins. Probably, the GrAD207_3H3G3H construct con-
served its substrate-binding surface in the most intact form, but
this speculation needs experimental proof, which was out of
scope of the current study. Still, the CD spectra of GrAD207
constructs, except that of GrAD207_7H, were all very similar
to that of untagged control, which supports the conservation of
substrate-binding functions. In the case of eGFP, preservation
of its function is less clear from the resulting CD spectra
(Figure 6B), and for eGFP constructs, fluorescence studies
were conducted. A comparison of the shape of emission
spectra (Figure S1A) showed them to be identical.

To compare the brightness of the eGFP constructs (Figure
S1B, Table 4), their molar extinction coefficients (Figure S1C,

Table 4) and the relative quantum yields (Figure S1D, Table
4) were obtained. The molar extinction coefficients of eGFP
and eGFP157_7H had very close values of 54 016 and 53 354
M−1cm−1 respectively, while for eGFP157_3H3G3H it was
47 067 M−1cm−1. Calculation of the relative quantum yield
resulted in 0.55 unit for eGFP157_3H3G3H, whereas for
eGFP157_7H and eGFP it was 0.70 and 0.67 units,
respectively. Literature data show the quantum yield for
eGFP to be 0.60 units.39

The calculated brightness values of the eGFP constructs
were quite consistent, with eGFP_3H3G3H being the least
bright (Table 4).

The brightness of the variant with 7H tag was 1.36 units
higher than that of untagged eGFP, while the brightness of
eGFP157_3H3G3H was 10.13 units lower. Thus, the
construct eGFP157_7H remained fully functional, with free
N- and C-termini, and acquired affinity for Ni2+ resin.

Considering all the results taken together, it is possible to
advance some arguments concerning His-tags used in the
context of proteins with different structural organization.

For GrAD207, belonging to α and β structural class (three-
layer ββα fold, 3.50 CATCH index), the 3H3G3H tag had the
least influence on its secondary structure; the influence of the

3H1G3H tag was also minimal. The KD values of
GrAD207_3H3G3H and GrAD207_3H1G3H differed 2-
fold, being 6.02 × 10−6 M and 2.75 × 10−6 M, respectively,
while in the chromatographic study, the difference was less
pronounced; the metal-affinity chromatographic method
revealed only a slight difference in retention time between
GrAD207_3H3G3H and GrAD207_3H1G3H. The reason for
similar chromatographic behavior of the two constructs with
different KD values could lay in stronger nonspecific
interactions of GrAD207_3H3G3H with the resin matrix,
due to the absence of an effect of 3H3G3H on the secondary
structure of GrAD207; this is also confirmed by the similarity
of their CD spectra. Insertion of 7H tag had a more dramatic
effect on the GrAD207 secondary structure, and it also caused
aggregation and inclusion body formation, so we do not
suppose this construct retains chaperone functions as the other
ones do.

The effect of introduced His-tags on eGFP, belonging to the
mainly β-sheet proteins (β-can fold, 2.40 CATCH index), was
quite the opposite. The difference in CD spectra between
untagged and His-tagged eGFP variants can be explained by
the contribution of secondary structure of α-helix type, whose
signal is generally more prominent than that from β-sheets.
Still, as the shape of the obtained spectra did not correspond to
unstructured proteins, it can be argued that the insertion of 7H
and 3H3G3H tags did not lead to significant changes in the
overall structural organization of eGFP. Functionally, insertion
of 3H3G3H tag in the position between 157 and 158 amino
acid residues of eGFP reduced quantum yield and molar
extinction coefficient of the protein’s chromophore, while the
insertion of the 7H tag at the same position left these
characteristics unchanged if not enhanced.

Summing up, the novel noncanonical His-tags, 3H1G3H
and 3H3G3H, can be recommended for insertion into proteins
to separate conformationally mobile structures and helical
elements, while the 7H tag may be more appropriate in cases
of conformationally rigid structures. The 3H1G3H tag has
higher affinity to Ni2+-resin than the 3H3G3H tag and may be
used instead of the 7H tag if the latter causes protein damage.
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