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The use of a recombinant protein to investigate the function of the native molecule requires that the for-
mer be obtained with the same amino acid sequence as the template. However, in many cases few addi-
tional residues are artificially introduced for cloning or purification purposes, possibly resulting in altered
physico-chemical properties that may escape routine characterization. For example, increased aggrega-

KeyWOfd_Si ) tion propensity without visible protein precipitation is hardly detected by most analytical techniques
f\ecombltpant protein but its investigation may be of great importance for optimizing the yield of recombinant protein produc-
ggregation

tion in biotechnological and structural biology applications.

In this work we show that bile acid binding proteins incorporating the common C-terminal LeuValP-
roArg extension display different hydrodynamic properties from those of the corresponding molecules
without such additional amino acids. The proteins were produced enriched in nitrogen-15 for analysis
via heteronuclear NMR spectroscopy. Residue-specific spin relaxation rates were measured and related
to rotational tumbling time and molecular size. While the native-like recombinant proteins show spin-
relaxation rates in agreement with those expected for monomeric globular proteins of their mass, our
data indicate the presence of larger adducts for samples of proteins with very short amino acid exten-
sions. The used approach is proposed as a further screening method for the quality assessment of biotech-
nological protein products.
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1. Introduction

The use of recombinant DNA technology for the expression of
proteins in both prokaryotic and eukaryotic cells is a well-accepted
technology [1]. The optimal design of an expression vector requires
consideration of several practical needs, including the introduction
of recognition sites for restriction enzymes or the incorporation of
fusion partners [2]. Although it is recommended that the recombi-
nantly expressed proteins lack any unnecessary flexible, non-
structured tails, few non-native amino acid residues may unavoid-
ably be present. Short amino acid extensions are often biologically
inert, however retention of native activity may not necessarily im-
ply that all native properties of the macromolecule are preserved.

As an example, a frequent application of the use of fusion part-
ners is to provide an affinity tag that facilitates purification. The
removal of tags is then performed with proteases, such as factor
Xa or thrombin, able to recognize specific amino acid sequences

Abbreviations: BABP, bile acid binding protein; HSQC, heteronuclear single
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that need to be purposely engineered [3]. A commonly used throm-
bin cleavage site is constituted by the LeuValProArg|GlySer
sequence, resulting in a LeuValProArg extension being left after
proteolysis if introduced at the carboxy-terminus. A differential
behavior between a recombinant protein incorporating a LeuValP-
roArg tail and the corresponding native macromolecule has already
been reported [4]. Recombinant human haptocorrin behaved as the
native protein concerning its spectral properties and ability to
recognize both cobalamin and its baseless analog cobinamide.
Interestingly, however, the recombinant protein showed subtle
changes in the binding kinetics that were attributed to a direct per-
turbation of the binding site produced by the presence of four
excessive amino acids.

Particularly deceitful is the situation where the bulk protein
molecules are folded and active, but they have altered hydrody-
namic properties. Protein-protein aggregation resulting in stable
adducts can be detected by routine analysis such as size-exclusion
chromatography. However, reversible formation of supramolecular
species may be difficult to capture but detrimental for the obtain-
ment of pure monomeric protein samples. In addition, since dismal
consequences of specific protein aggregates have been recognized
as a major cause of a number of pathologies, including Alzheimer’s
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and Parkinson’s diseases [5,6], detailed characterization of this as-
pect should become mandatory for protein biopharmaceuticals [7].

The use of NMR spectroscopy to screen the quality of protein
samples is already state-of-the-art in many research laboratories
and has become an invaluable tool in large-scale structural genom-
ics programs [8]. Indeed, heteronuclear 2D NMR experiments such
as the 'H, '>N-HSQC provide, with a single experiment, a signifi-
cant amount of information about protein foldedness, sample
purity, conformational heterogeneity, and stability [9]. The huge
versatility of the technique allows an ample variety of molecular
characterizations to be performed. Several NMR parameters, such
as the diffusion coefficient, nuclear Overhauser effect, transverse
and longitudinal relaxation rates can detect perturbations in either
translational or rotational diffusion with high sensitivity [10-13].
We show here, by measuring simple °N longitudinal relaxation
time constants, that protein constructs differing for the introduc-
tion of one or few amino-acids at the N- or C-terminal ends display
different aggregation propensities, thereby affecting the quality of
the biotechnological product.

Bile acid binding proteins (BABPs) were chosen here to investi-
gate hydrodynamic properties of recombinant products obtained
from different expression constructs. These small globular cyto-
solic molecules are quite soluble, they can be produced in high
yield via heterologous expression in Escherichia coli and have been
well characterized in terms of structure, dynamics, and binding
properties [14-20]. Protein aggregation phenomena have been
reported to occur under partial denaturing conditions [21]. A con-
venient feature for the purpose of this study is that while display-
ing a variety of primary sequences, members of the BABP family
show practically superimposable tertiary folds [18,22-25]. This no-
tion allows to exclude that differences in molecular interactions
are consequent of alternative conformations. In this work we have
characterized the human ileal (hI-BABP), chicken ileal (cI-BABP),
and chicken liver (cL-BABP) proteins.

2. Materials and methods
2.1. Cloning of BABP proteins

The DNA coding for cI-BABP, provided by P. Pesente (Tre Valli
Laboratory, Verona, Italy) was obtained by reverse transcription
from total RNA extracted from chicken ileum [19], PCR amplified
using BamHI and Sacl restriction enzymes and cloned into the
expression vector pQE50 (Qiagen), which encodes a C-terminal
Hisg-tag (construct 1, Fig. 1). To increase the yield of this soluble
protein, the plasmid carrying the cI-BABP was mutated using the
QuickChange® site-directed mutagenesis kit (Stratagene) inserting
a stop codon after the sequence coding for the first four residues of
the thrombin cleavage site in order to obtain the same tag that

Construct 1 VIRGS o LR*GSELGTPGRPAAKLHHHHHH
Construct 2 MRGS cu |\/PR

Construct 3 MGS

Construct 4 MRGS cu LP?GSK LHHHHHH

Construct 5 ]
Fig. 1. Scheme of expression constructs used in this work. Construct 1: the original
sequence of cI-BABP in pQE50 plasmid with a short N-terminal sequence and a long
C-terminal sequence containing the thrombin cleavage site and a Hisg-tag.
Construct 2: sequence of cI-BABP in the same plasmid as construct 1, with the
short N-terminal tag and the C-terminal tag cut after the first four residues.
Construct 3: the sequence of cI-BABP in pET28 expressed without C-terminal tag.
Construct 4: sequence of hI-BABP cloned in pQE50 with N-terminal tag and Hise-tag
at the C-terminus. Construct 5: sequence of cL-BABP cloned in pET24 (from Ala1l to
Val125) expressed without additional amino acids.

would have been found after proteolytic cut (construct 2, Fig. 1).
Due to the presence of an arginine in both the C-terminal tag
and the four-residue N-terminal fragment, the predicted isoelectric
point of cI-BABP was increased from the original value of 6.8-8.6.
This feature allowed purifying the protein with ionic exchange
chromatography, thus eliminating the thrombin cleavage step,
which may cause protein precipitation [26]. A BamHI-Sacl frag-
ment containing the DNA sequence coding for cI-BABP was also
cloned into a pET28 (Novagen) modified plasmid (without N-
terminal Hisg-tag). In the latter construct, a stop codon is inserted
at the C-terminal end of the cI-BABP coding sequence (construct 3,
Fig. 1).

The plasmid with the gene coding for hI-BABP was purchased
from Deutsches Ressourcenzentrum fiir Genomforschung GmbH
(RZPD). The hI-BABP coding sequence used in this study differs
from the one reported in the literature [14,27] for two polymor-
phisms corresponding to residues 32 (Arg/His) and 54 (Ser/Tyr).
The DNA sequence encoding hI-BABP was PCR amplified generat-
ing a BamHI and HindllII restriction sites and cloned into pQE50
with a thrombin cleavage site before the C-terminal Hisg-tag (con-
struct 4, Fig. 1), thus with the same extension tags as constructs 1
and 2.

cL-BABP was expressed from the mutated pET24-cL-BABP H98Q
construct (construct 5, Fig. 1) not including any additional tag [28].

2.2. Protein expression and purification

Recombinant cI-BABP was expressed as soluble protein in E. coli
SG cells (Qiagen) harboring the pQE50 plasmid (constructs 1 and
2), or BL21 (DE3) cells (Stratagene) including the pET28 plasmid
(construct 3). For each strain, 1 L of M9 minimal medium was inoc-
ulated with 5 mL of a starter culture and incubated at 37 °C until
cells reached an ODggg of 0.6. Protein expression was induced by
addition of isopropylthiogalactopyranoside (IPTG) 0.5 mM and
incubated overnight at 28 °C. The cells were harvested by centrifu-
gation and resuspended in lysis buffer containing phen-
ylmethanesulfonylfluoride (PMSF) as protease inhibitor. After
sonication and centrifugation, the supernatant, containing the pro-
tein in soluble form, was loaded on a DEAE-cellulose (Whatman)
anion exchange column equilibrated with 50 mM Tris acetate, pH
7.8. The same buffer was used for protein elution. Fractions con-
taining cI-BABP were collected, concentrated and resolved on a
Sephacryl S-100 HR (GE Healtcare). The protein was delipidated
as described [18], the protein purity was verified by the presence
of a single band on SDS-PAGE (Supplementary data Fig. S1) and
by 'H NMR.

The human protein was expressed inoculating an E. coli SG
starter culture in M9 minimal medium, supplemented with °N
ammonium chloride and 2C- or *C-glucose for single or double-
labeled protein. Due to the low level of solubility, we used a proto-
col of expression and purification from inclusion bodies. After
overnight induction a 37 °C, the protein was refolded as described
previously for some hI-BABP mutants [29]. After refolding, hI-BABP
was purified via nickel-affinity chromatography with an imidazole
gradient, followed by thrombin cleavage. The cleaved protein was
resolved on a Superdex G75 column (GE Healtcare) and delipidat-
ed. Purification from inclusion bodies yielded >95% pure protein by
SDS-PAGE analysis. The fold and stability were monitored by 'H
NMR.

Recombinant cL-BABP was expressed and purified as previously
reported [28].

2.3. NMR experiments

NMR samples of chicken and human I-BABP were prepared by
resuspending 0.4 mM protein in a buffer solution containing
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20 mM sodium phosphate, 1 mM DTT, and 0.05% NaNs, pH 6.5, in
90% H,0/10% D,0. A protein sample in phosphate buffer at pH
7.0 was employed for relaxation measurement of cL-BABP, while
15N-ubiquitin was 1 mM in phosphate buffer, pH 5.8.

NMR spectra were recorded on a 600 MHz Bruker Avance III
spectrometer equipped with cryogenic probe. The measurement
temperature was 25 °C for all BABPs and 27 °C for ubiquitin.

Typical 'H, '>N-HSQC experiments were recorded with a data
matrix consisting of 2048 (F2, 'H) x 128 (F1, '°N) complex points.
The number of scans was 16 and the relaxation delay 1.5 s. Spectral
windows of 9615 (F2) and 2189 (F1) Hz were used.

The backbone resonance assignment of uniformly !'3C- and
5N-enriched hI-BABP was based on the analysis of HNCACB,
CBCA(CO)NH, and '’N-HSQC-NOESY heteronuclear NMR experi-
ments, as well as on available data reported in [27].

Protein backbone '’N-T; experiments were recorded on '°N-la-
beled proteins. Experiments were performed in gradient-selected
sensitivity-enhanced mode and in interleaved fashion, using a ma-
trix of 2048 ('H) x 128 ('>N) complex data-points for each relaxa-
tion delay and spectral widths of 13 and 33 ppm in the 'H and '°N
dimensions, respectively. Optimal water signal suppression was
obtained with a flip-back pulse. The recycle delay was 38s. Ty
relaxation delays were 0.01, 0.18 (duplicate), 0.36, 0.54, 0.72,
0.90, 1.08, 1.26 (duplicate), 1.44 s.

Data were processed using TOPSPIN 2.1 (Bruker, Karlsruhe, Ger-
many) and analyzed with the same software or with CARA [30].
Relaxation times T; were determined by fitting peak heights of
respective experimental data sets to a single exponential decay
using the computer program RELAXFIT [31]. Matlab 7.0 (Math-
works Inc.) and Origin 7.5 (Originlab) were used for graphing.

3. Results
3.1. Protein production

In this work we investigated the properties of BABPs produced
as recombinant molecules expressed in E. coli using different con-
structs. cI-BABP was obtained from expression of either construct 2
or construct 3 (Fig. 1). The former construct encodes for a protein
incorporating an N-terminal MRGS fragment and a C-terminal
LVPR tail in addition to the native protein sequence. The corre-
sponding protein, hereafter indicated cI-BABP'Y™® has a predicted
isoelectric point of 8.63 and nominal mass of 15152 Da
(15335 Da if enriched in nitrogen-15). cI-BABP was also expressed
from construct 3, which encodes for a protein with an N-terminal
MGS fragment and no C-terminal tail, simply referred to as cI-
BABP.

hI-BABP was expressed from construct 4, encoding for a C-ter-
minal hexahistidine tag and a thrombin recognition site. The puri-
fied hI-BABP incorporates an N-terminal MRGS and a C-terminal
LVPR chain and will be indicated as hI-BABP*'*® as opposed to
hI-BABP described in Refs. [14,27], produced without the LVPR tail.
hI-BABP'Y™R has an isoelectric point of 6.91 and a molecular mass
of 15194.

cL-BABP was produced with no additional tags compared to the
native protein, its isoelectric point and molecular mass are 8.69
and 14079 Da.

Human ubiquitin (Ub) was also included in the study as it con-
stitutes a common NMR standard with well-characterized proper-
ties. The protein, had no artificial terminal fragments, pl = 6.56,
Mw = 8564.

Proteins for NMR analysis were all prepared as nitrogen-15-
labeled molecules. For all protein samples 'H-1D and 'H, >N-HSQC
2D spectra were acquired to confirm sample purity and structural
integrity. Well-dispersed cross-peaks were observed in all 2D spec-
tra (Supplementary data Fig. S2).

3.2. Residue-specific NMR signal assignment

The sequence-specific backbone resonance assignment for hl-
BABP'PR was established, using 3D triple-resonance experiments,
for 125 of the 126 non-proline residues of the native protein se-
quence. Only minor differences were found in peak positions com-
pared to those reported by Horvath et al. [27], confirming that the
proteins used in the two studies have the same structure.

The residue-specific assignment for cI-BABP'V™® has been previ-
ously established. Starting from this data the amide H and N reso-
nances of cI-BABP were assigned by visual comparison of the
corresponding 'H, '°N-HSQC spectra (Supplementary data
Fig. S2). The major differences correspond to signals from residues
positioned near the N- or C-termini and reflect local changes in
their chemical environment. The assignment of HN resonances of
cL-BABP was previously reported [28].

The assignment of Ub was made by reference to entry 17769 in
the Biological Magnetic Resonance Data Bank without further
confirmation.

3.3. Nitrogen-15 relaxation analysis

Longitudinal '°N spin relaxation times, '>’N-T;, were measured
for proteins Ub, hI-BABP'V™®, cI-BABP, cI-BABP"V*® and cL-BABP.
The values obtained for all identified Ny atoms of Ub are plotted
as a function of primary sequence in Fig. 2. The values taken from
Tjandra et al. [32] are reported for comparison and indicate perfect
agreement between the two studies. Fluctuations along the protein
sequence reflect contributions of local internal motions of the
N-H vectors that are faster than the overall rotational tumbling.
Lower values correspond to rigid protein regions and are deter-
mined from overall rotational motion. The correlation time for
the global rotation, Tg, is in turn related to molecular mass, such
that >N-T; « g « Mw. The theoretical dependence is plottedin
Fig. 3 for molecular masses up to 20kDa, considering that
Tr~ 0.5 x Mw at ambient temperature. This curve was earlier
introduced as a molecular weight calibration ‘ruler’ for polyubiqu-
itin chains [33]. Experimental data may be displayed on the
diagram to evaluate the apparent mass of a protein sample for
which relaxation data have been measured. The experimental data
for the standard NMR sample Ub allows predicting a molecular
mass that is in good agreement with the actual value, confirming
that the protein is monomeric and freely rotating in solution.

NMR relaxation data for hI-BABP have been reported earlier and
a N-T; average value of 0.605 + 0.038 s was found [27]. These
data, together with transverse relaxation and heteronuclear NOE
data, were analyzed in detail allowing to determine a motional cor-
relation time Ty of 6.8 ns, a reasonable value based on molecular
size. We have repeated the '>N-T; measurements on hI-BABP'V™}
and they appeared quite different from those reported in [27],
resulting in an average value of 0.745+0.037 s (Fig. 4A). The

0.7+

HGH

0.3 g T ¥ T ¥ T T T T Y ¥

0 10 20 30 40 50 60 70
residue number

Fig. 2. Residue-specific '°N-T; values of Ub. O, values measured in this work, error

bars refer to fitting errors; +, values obtained from [32]. Data were collected at

600.13 MHz proton Larmor frequency and 27 °C.
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Fig. 3. Molecular weight dependence of '>N-T;. The line represents the predicted
curve, assuming isotropic rigid rotational tumbling, linear dependence of the
rotational correlation time from the molecular weight, and considering a proton
Larmor frequency of 600.13 MHz and 25 °C. Symbols correspond to experimental
data, determined as the average of T; values for all residues in secondary structure
elements. +, Ubiquitin; @, cI-BABP'V*R: O, cI-BABP; W, hI-BABP*V"R; [, hI-BABP; A,
cL-BABP.

observed increase in relaxation time cannot be ascribed to a differ-
ence in mass determined by few additional amino acids and it can
be concluded that protein-protein interactions restrict rotational
motion.

In order to verify this hypothesis with a different protein, relax-
ation measurements were performed on cI-BABP and cI-BABP-™},
displaying a sequence identity of 62% with hI-BABP. >N-T; values
are plotted as a function of protein sequence in Fig. 4B. Again it can
be easily observed that the experimental data are quite different
between the two protein samples, with average '°N-T1 values of
0.651 and 0.740 s found for cI-BABP and cI-BABP'VPR respectively.
These numbers, reported in Fig. 3, indicate a correct predicted

molecular mass for cI-BABP, while the predicted mass of
cI-BABP'YPR appears ~2 kDa larger than expected.

We finally analyzed a third member of the BABP family,
cL-BABP, displaying a sequence identity of 42% to cI-BABP and a
very similar tertiary fold. The protein was produced with no artifi-
cial terminal residues and the corresponding '°N-T; values are
plotted in Fig. 4C. The striking analogy between the relaxation data
of cI-BABP and cL-BABP, despite the significantly different amino
acid composition, supports the conclusion that the different hydro-
dynamic behavior of hI-BABP''™® and cI-BABP'Y'R must arise from
the N- or C-termini.

It appears that either the N-terminal additional Arg residue or
the C-terminal LeuValProArg tail promote formation of high molec-
ular weight aggregates. The latter species are probably transient in
nature, as no further indication of aggregation is found from chro-
matograms acquired during purification. A positively charged Arg
side chain at both termini discriminates cI-BABP*'"® from cI-BABP,
possibly resulting in intermolecular electrostatic interactions.
Alternatively, the apolar LeuValPro amino acid triplet may estab-
lish hydrophobic interactions.

4. Discussion

In this work the longitudinal '>N-spin relaxation time constants
for BABP proteins produced from different recombinant expression
constructs were measured and compared. Proteins incorporating
few additional artificial residues at the N-terminus and C-terminus
display relaxation properties that correspond to molecules of sig-
nificantly larger size, suggestive of increased aggregation propen-
sity. The observed differential behavior could be detected thanks
to the sensitivity of the NMR method to the occurrence of transient
interactions that may escape other common routine biochemical
analyses.
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Fig. 4. Residue-specific '°N-T; values of BABPs. (A) B, hI-BABP'Y™}; [J, hI-BABP: values obtained from Horvath et al. [27]. (B) @, cI-BABP"V"R; O, cI-BABP. (C) A, cL-BABP; O, cl-
BABP. Error bars refer to fitting errors. Data were collected at 600.13 MHz proton Larmor frequency and 25 °C.
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It should be noted that in alternative to the measurement of
residue-specific relaxation times, >N-T; values can also be derived
from the ratios between the total integrals of the overall envelopes
of 1D spectra recorded with different delays. However, the analysis
of relaxation data for all amino acids has the advantage that local
differences in mobility can be detected, for example highlighting
increased dynamics in specific protein regions or the partial loss
of secondary structure. The method can also be made more accu-
rate by including a more detailed description of the predicted
hydrodynamic behavior of the investigated protein, taking into
consideration motional anisotropy and deconvoluting local
dynamics as determined from additional NMR relaxation experi-
ments. The transverse spin relaxation rate can also be used as an
indicator of rotational tumbling and molecular size, however with
the disadvantage that it may be affected by chemical exchange
[34]. Finally, translational diffusion can also be monitored by
NMR and has often been used to evaluate molecular sizes [35].
The drawbacks of the latter method reside in more demanding
requirements in terms of accurate instrumental set-up and tem-
perature stabilization, the possibility of artifacts originating from
non-exponential decays, and the loss of sequence-specific
information.

The relevance of performing an experimental evaluation of
molecular hydrodynamic properties also resides in the fact that
structural data about terminal chains are often incomplete or unre-
liable, preventing an accurate computational prediction of the
aggregation propensity promoted by these elements [36].

The detection of self-aggregation by recombinant proteins bear-
ing even small artificial amino acid extensions is of great value in
many biotechnological/industrial applications and may lead to
optimized construct design.
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