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B-cell immunoglobulin binding protein (BiP) is an essential endoplasmic
reticulum (ER) chaperone normally found in the ER lumen. However, BiP
also has other extracellular and intracellular functions. As it is unclear
whether peripheral BiP has a signal and/or ER retention sequence, here we
produced and biochemically characterised four variants of BiP. The vari-
ants differed depending on the presence or the absence of signal and ER
retention peptides. Proteins were purified using nickel affinity chromatogra-
phy, and variant size and quality were confirmed using SDS/PAGE gels.
The thermal denaturing temperature of these proteins was found to be 46—
47 °C. In addition, we characterised nucleotide binding properties in the
absence and the presence of divalent cations. Interestingly, in the absence
of cations, ADP has a higher binding affinity to BiP than ATP. The pres-
ence of divalent cations results in a decrease of the Ky values of both ADP
and ATP, indicating higher affinities of both nucleotides for BiP. ATPase
assays were carried out to study the enzyme activity of these variants and
to characterise the kinetic parameters of BiP variants. Variants with the
signal sequence had higher specific activities than those without. Both
Mg>" and Mn*" efficiently stimulated the ATPase activity of these variants
at low micromolar concentrations, whereas calcium failed to stimulate BiP
ATPase. Our novel findings indicate the potential functionality of BiP vari-
ants that retain a signal sequence, and also reveal the effect of physiologi-
cal concentrations of cations on the nucleotide binding properties and
enzyme activities of all variants.

B-cell immunoglobulin binding protein (BiP), a heat
shock protein 70 protein family member, is an indis-
reticulum (ER)

pensable endoplasmic

Abbreviations

normally present within the ER lumen [1]. Classically,
BiP functions to assist in protein folding, prevent the

chaperone aggregation of intermediates and aid calcium binding

BiP, B-cell immunoglobulin binding protein; DSF, differential scanning fluorimetry; ER, endoplasmic reticulum; glucose-regulated protein
78 kDa; HSP70, heat shock protein 70 kDa; HuBiP, human BiP; inositol-requiring enzyme; multiple sclerosis; Protein Kinase RNA-like
Endoplasmic Reticulum Kinase; RAMP, resolution-associated molecular pattern; RA, rheumatoid arthritis.
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as well as the trafficking of misfolded protein to the
ER-associated degradation system [1,2]. BiP is com-
prised of multiple functional sequences (Fig. 1A). The
N-terminal signal sequence of human BiP (huBiP,
amino acids 1-18) directs the protein to the ER,
whereas the C-terminal KDEL sequence (amino acids
651-654) functions to retain BiP within the ER [3].
The nucleotide binding domain (NBD) (amino acids
125-280) in the N terminus binds to ATP and ADP in
a cycle that controls protein substrate binding and
release, while the substrate binding domain (SBD) in
the C terminus (amino acids 420-500) aids the interac-
tion with substrate protein chains. In addition, a
hydrophobic flexible linker region (amino acids 409-
419) mediates BiP-BiP interactions and is exposed
when BiP is in the ADP-bound state, but is not acces-
sible when BiP is in the ATP-bound state [4-6].
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Cations act as cofactors in nucleotide binding and
Mg?" is the chosen cation for BiP nucleotide binding
studies, although Mn>" and Ca®" may also affect
ATPase activity [7,8].

Despite the presence of signal and KDEL sequences,
BiP has also been detected in/at the nucleus, mito-
chondria, on the cell surface and extracellularly [9],
and in vitro, BiP release into the cell culture medium
of oviductal epithelial cells has been reported [10]. In
humans, BiP has also been found in the synovial fluid
and its precursor was found in the saliva of individuals
with Rheumatic arthritis (RA) [12]. Tsunemi et al. [11]
also detected BiP in the sera of gastric cancer patients.
In circulation, BiP may behave as a resolution-associ-
ated molecular pattern (RAMP), by antagonising
proinflammatory mediators and re-establishing home-
ostasis of the immune system [13]. These properties led
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Fig. 1. Structure, cloning and visualisation of full-length huBiP and variants. (A) Schematic illustration of recombinant human full-length BiP and
its variants. Signal sequence (orange; S), NBD (blue), SBD (violet), KDEL sequence (green; K). Amino acid numbering is based on information
contained in Wang et al., 2017 and Zhang et al., 2010 [1,23]. (B) SDS/PAGE of purified recombinant full-length huBiP and variant BiP proteins.
Proteins were expressed in BL21-CodonPlus (DE3)-RIL cells and purified using metal chelate chromatography as described in the Materials and
methods part. A 10% SDS-polyacrylamide gel was used to separate the denatured protein. The Coomassie Brilliant Blue-stained gel is
presented. On each lane of the SDS gel, 15 pg of either purified full-length BiP or variant proteins was loaded as indicated. (C) A representative
image of native PAGE gel of purified full-length BiP and variants. Fifteen microgram of purified full-length BiP and variant proteins was loaded on
each lane of a 6% polyacrylamide gel, and native PAGE was performed using Tris-Glycine as running buffer. After the electrophoresis, the gel
was stained with Coomassie Brilliant Blue. (D) The quantification of the different protein species in panel C was carried out as described in the
Materials and methods section. In diagram, the area under the absorption curve of the monomeric (mono.) BiP variant S7/K™ (last lane in panel
C) was arbitrarily set to 1; dimeric (dim.) and oligomeric (oligo.) forms of each variant protein are presented as relative values.
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to clinical trials of recombinant BiP in therapies for
RA [12,14,15].

It is possible that malfunctioning protein trafficking
or an aberrant ER retention process could lead to
extracellular distribution of BiP variants such as BiP
with or without its signal and/or retention sequence.
Therefore, we hypothesised that BiP variants could
execute non-ER-associated physiological functions
intra- or extracellularly, dictated in part by the pres-
ence or absence of signal or retention sequences. To
test potential differences in the biochemical properties
of huBiP variants, we completed an extensive charac-
terisation of their stability and nucleotide binding in
the presence of different cations. From these studies,
we conclude that the presence of the signal sequence
influences the nucleotide binding and ATPase activity
of these proteins in the presence and absence of diva-
lent cations.

Materials and methods

Cloning of full-length human BiP and variants

Human S™/K" BiP ¢cDNA [16] was kindly provided by K.
Polizzi of Imperial College, London, UK (amino acids 20—
654 from gene accession number NM_005347) and was used
as a template in PCR mixtures to generate different variants
of BiP (full-length BiP S'/K", having both the signal
sequence and the ER retention KDEL, BiP S*/K~, contain-
ing the signal sequence but lacking the C-terminal KDEL
peptide, BiP S™/K*, without signal sequence and having the
KDEL peptide, and BiP S7/K™, lacking both the signal
sequence and the KDEL peptide; Fig. 1A). Two forward
and two reverse primers were used: one forward primer with
signal sequence 5-CAGGATCCACATATGAAGCTCT
CCCTGGTGGCCGCGATGCTGCTGCTGCTCAGCGC
GGCGCGGGCCGAGGAGGAGGACAAGAAGGAGGA
CGTG-3 (to amplify full-length BiP (BiP S*/K") and
BiP S*/K ") and one forward primer without signal sequence
5-CAGGATCCACATATGGAGGAGGAGGACAAGAA
GGAGGACGTG-3' (to amplify BiP S7/K" and BiP S~/
K™); one reverse primer with KDEL sequence 5'-GGT
CTCGAGCAACTCATCTTTTTCTGCTGTATCCTCTTC
ACCAGTTGG-3' (amplifying BiP S*/K" and BiP S7/K")
and the other reverse primer without KDEL sequence
5-GGTCTCGAGTTCTGCTGTATCCTCTTCACCAGTT
GG-3' (amplifying BiP S*/K~ and BiP S™/K ). The amplified
DNA sequences were ligated into pPGEM T easy vector (Pro-
mega, Madison, Wisconsin, USA), sequenced, restriction
digested using Ndel and Xhol restriction enzyme and ligated
into the pET22b vector (Merck, County Cork, Ireland).
Cloned sequences were sequenced by Eurofin genomics
(Eurofin Genomics, Ebersberg, Germany) to confirm the
absence of mutations that could be introduced during PCR.

Signal sequence and Mn?* stimulate BiP ATPase activity

Protein expression and purification

The pET22b constructs encoding human full-length BiP
and BiP variants with a 5xHis-tag at their C termini were
introduced into Escherichia coli BL21-CodonPlus (DE3)-
RIL competent cells (Agilent Technologies, Edin-
burgh, UK) for protein expression. A single colony from
each protein was grown overnight at 180 r.p.m. at 37 °C
supplemented with ampicillin (100 pg-mL™") (Melford, Ips-
wich, UK) and chloramphenicol (25 pg-mL™") (Sigma-
Aldrich, Dublin, Ireland) and grown at 180 r.p.m. and at
37 °C. After induction at an ODggyy of 0.5 with 1 mm IPTG
(Melford), BiP S*/K* and BiP SY/K~ expressing E. coli
were incubated for 3 h at 26 °C and 180 r.p.m. BiP S /K"
and BiP S7/K™ were induced with 1 mm IPTG, and cells
were grown for 3 h at 180 r.p.m. and 37 °C. The cells were
harvested at 350 g for 5 min at 4 °C and lysed with 30 mm
HEPES-KOH, pH 7.8, 150 mm NaCl, 0.5% NP-40 (v/v)
(Honeywell Fluka Chemicals, Fisher Scientific, Dublin, Ire-
land), 1x EDTA-free protease inhibitors and 1 mg-mL™~'
lysozyme (Sigma-Aldrich) (buffer A) for 3 h at 4 °C. The
lysates were subsequently incubated for 1h with
1 mgmL~" DNase I (Sigma-Aldrich) at 4 °C and cen-
trifuged for 30 min at 27 000 g at 4 °C. The supernatant
was added to a pre-equilibrated HIS-Select® Nickel Affin-
ity Gel (Sigma-Aldrich) in 30 mm HEPES-KOH, pH 7.8,
150 mm NacCl (buffer B) and incubated for 10 min at 4 °C.
Afterwards, the resin was washed with buffer B and the dif-
ferent proteins eluted using 30 mm HEPES-KOH, pH 7.8,
150 mm NaCl and 250 mm imidazole (buffer C). The eluted
proteins were concentrated using Vivaspin concentrators
(5 kDa molecular weight cut-off; Sartorius, Gottingen,
Germany) and the buffer exchanged to buffer B 10 desalt-
ing columns (GE Health Care, Cardiff, UK) according to
the manufacturer’s instructions. Protein concentrations
were determined using a NanoDrop 2000 Spectrophotome-
ter (Thermo Fisher Scientific, Dublin, Ireland) with 250 to
300 nm spectra collection and a reading at 280 nm.

SDS/PAGE

Reducing SDS/PAGE 6x sample loading buffer was added
to purified proteins with subsequent denaturation for
10 min at 95 °C as previously described [17]. The samples
were loaded onto 10% acrylamide gel and run using 1x
Tris-Glycine buffer (25 mm Tris, 0.192 M glycine, 0.1%
SDS) at 200 V for 1 h at room temperature until the
PageRuler™ prestained protein ladder (Thermo Fisher Sci-
entific) was fully resolved. The gels were stained with a
solution containing 2.5 g of Coomassie Brilliant Blue R-
250 in 450 mL methanol, 100 mL glacial acetic acid (all
from Sigma-Aldrich) and 450 mL milliQ water.

The expression of huBiP variants in crude cell extracts
and the purified recombinant proteins was verified by west-
ern blotting using a polyclonal rabbit anti-BiP-antibody
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(Abcam, Cambridge, UK, Cat
AB_732737, data not shown).

# AD32618, RRID:

Native PAGE

Native PAGE was carried out as previously described with
slight modifications [18]. In short, nonreducing 6x sample
loading buffer (600 mm Tris/HCl pH7.8, 50% glycerol,
0.02% bromophenol blue) was mixed with 15 pg of recom-
binant protein and loaded onto 6% gel. The gel was run in
Tris-Glycine buffer without SDS (25 mm Tris and 192 mm
glycine) at 200 V for 45 min until the PageRuler™ pre-
stained protein ladder (Thermo Fisher Scientific) was fully
resolved and stained with Coomassie Brilliant Blue R-250
as described above.

ATPase activity measurements

ATPase assays were performed using a Malachite Green
Phosphate Assay Kit (Universal Biologicals Ltd, Cambridge,
UK) according to the manufacturer’s instructions. Reaction
mixtures were prepared in triplicate in a final volume of
160 pL, using 10 pg of protein in 30 mm HEPES-KOH, pH
7.8, 150 mm NacCl, 20 um ATP and 2 mm MgCl, and incu-
bated for 60 min at 37 °C (adapted from [19]). The samples
were transferred into 96-well plates, and the concentration of
phosphate was measured at 620 nm using a Varioskan flash
plate reader (Thermo Fisher Scientific) with skANIT software
2.4.3 (Fisher Scientific, Dublin, Ireland). For calculating the
kinetic parameters such as Ky; and V., the same protocol
was used except that the concentrations of cations and
nucleotides were varied. The resulting data were analysed,
and kinetic parameters calculated using the Michaelis-
Menten equation with GRAPHPAD PRISM 5
(GraphPad Software, San Diego, CA, USA).

software

Differential scanning fluorimetry

Differential scanning fluorimetry (DSF) was used to study
the stability, nucleotide binding and the effect of divalent
cations on the nucleotide binding, as described elsewhere
[20,21]. Experiments were performed using 1x fluorescent
dye Sypro Orange (Applied Biosystems, Dublin, Ireland) in
30 mm HEPES-KOH, pH 7.8, 150 mm NaCl, with full-
length huBiP and variants, set at a fixed concentration of
1 um alone, or with titrations of cofactors (Table 1). The
samples were transferred to 96-well Fast Thermal Cycling
Plates (Applied Biosystems, Thermo Fisher Scientific) and
subjected to a heating ramp of 1.0 °C per min from 25 to
90 °C, with fluorescence intensity readings at 470 and
550 nm of excitation and emission wavelengths, respec-
tively, using a StepOnePlus System (Applied Biosystems).
Data were analysed using PROTEIN THERMAL SHIFT SOFTWARE
vl.1 (Applied Biosystems) and GRAPHPAD PRISM 5 software
(GraphPad) as described previously [20,21]. The
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dissociation constant was calculated according to Vivoli
et al. [21] using the following equations:

Ky = CGeA\,G/RT (1)

AG = AH — TAS 2)

In these equations, % is the standard reference concentra-
tion, A,G is the Gibbs free energy change of the reaction, R
is the molar gas constant, AH is the enthalpy change in the
reaction, and AS is the entropy change in the reaction.

Protein quantification

The molecular weights and molar extinction coefficient of
the proteins, 30 495 M~ cm™" at 280 nm, were calculated
using Expasy Protparam tool (https://web.expasy.org/prot
param/) and the human amino acid sequence. To determine
the concentration, the absorption of purified proteins was
measured at 280 nm using a NanoDrop 2000 Spectropho-
tometer. The relative amounts of oligomeric species of the
BiP variants in Coomassie-stained native polyacrylamide
gels were quantified by scanning the native PAGE gel using

Table 1. BiP nucleotide binding activity is modulated by the
presence of divalent cations

BiP Nucleotide Ky Standard
variant bound Cation [pm] deviation [pv]
STK* ATP None 766 157
MgCl, 50 um 14 2
2 mm 44 5
MnCl, 25 um 12 2
2 mm 27 3
CaCl, 2 mm 30 4
ADP None 138 16
MgCl, 50 uv 100 18
2 mm 59 7
MnCl, 25 uv 13 2
2 mm 21 2
CaCl, 2 mm 19 2
ST/K™ ATP None 352 75
MgCl, 50 um 10 2
2 mm 13 3
MnCl, 25 pm 2 0.5
2 mm 5 3
CaCl, 2mwm 10 3
ADP None 107 17
MgCl, 50 pm 77 9
2 mm 27 6
MnCl, 25 uv 15 2
2 mm 15 4
CaCl, 2 mm 5 0.48
S*IK™ ATP None 610 233
ADP None 188 15
ST/K* ATP None 945 262
ADP None 98 1
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an Epson Dual Lens system (model Epson perfection V700
photo; Digital Ice Technologies, Hemel Hempstead, UK),
and band intensities were quantified using the IMAGEJ
software (NIH, Bethesda, MD, USA). All values were
expressed relative to monomeric S™/K™.

Statistical analysis

Statistical analysis was carried out using an unpaired ¢-test.
A minimum of two experiments were performed in tripli-
cate and data depicted as SD + mean.

Results

Human BiP expression, purification and
preliminary characterisation

Various forms of BiP have been described to occur
under physiological and pathological conditions
including ER stress and on the cell surface of cancer
cells [9,22-24]. To investigate biochemical activities of
these BiP variants, we cloned huBiP variants contain-
ing or lacking the signal and KDEL sequence (Fig. 1)
and produced them in BL21 codon plus RIL E. coli
cells and have a C-terminal 6x His-tag, enabling
purification using immobilised metal affinity columns
(Fig. 1A,B). Here, we demonstrated the feasibility of
producing, from 500 mL cultures of E. coli BL2I-
CodonPlus (DE3)-RIL cells, 5-8 mg of full-length
huBiP and its variants, at a concentration of 10—
20 pg-uL~'. Batch quality was confirmed using SDS/
PAGE. Coomassie Brilliant Blue staining of gels
showed that the size of the purified proteins was larger
than 70 kDa, as expected (Fig. 1B). The SDS/PAGE
also showed that the purified proteins were highly pure
and had minimal contaminants or degradation. The
estimated molecular weights of the proteins, derived
from the cDNA sequences, were as follows: S*/K",
73.4 kDa; S*/K~, 72.9 kDa; S™/K*, 71.7 kDa; S™/K ",
71.2 kDa. Thus, the maximal difference between vari-
ants is about 2 kDa, an amount that is not detectable
using SDS/PAGE in a protein of this size.

To confirm the oligomeric state of the recombi-
nant proteins, samples were separated on a native
PAGE gel. All variants were found to exist as
monomers, dimers and higher oligomer forms
(Fig. 1C). For all variants, about 5% of native pro-
tein was oligomeric, while between 20% and 30%
was dimeric, and 60-70% monomeric protein
(Fig. 1D). We also used the nondenaturing PAGE to
study the effect of divalent cations and nucleotides
on oligomerisation. In the presence of ATP alone or
in combination with divalent cations, dimers were

Signal sequence and Mn?* stimulate BiP ATPase activity

converted into monomers, whereas cations or ADP
alone, or in combination, did not have an effect on
oligomerisation (Fig. 2 shows a representative experi-
ment using BiP S7/K™).

Highest ATPase activity is associated with S* BiP
variants

The impact of the presence or absence of the signal
sequence and/or KDEL on the ATPase activity of
huBiP variants was tested using triplicate samples of
independently purified protein batches. BiP that
retained the signal sequences (BiP S/K* and S"/K")
had significantly higher ATPase activity than BiP S7/K"
and S/K~ without the signal sequence (Fig. 3). BiP
S"/K~ lacking the KDEL ER retention sequence also
showed a trend towards a lower ATPase activity than
full-length (S*/K*) BiP, but the difference was not
found to be significant (Fig. 3). These findings suggest
that all recombinant proteins were produced and puri-
fied as functional proteins and that the signal sequence
modulates ATPase activity.

Low concentrations of divalent cations efficiently
stimulate the ATPase activity of BiP

Initial experiments characterising the ATPase activity
of huBiP variants were performed in the presence of
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Fig. 2. Effect of nucleotides and cations on BiP. BiP S7/K™ (20 ng)
in the presence of 2 mm of Mg?* or Mn?* or 1 mm of ATP or ADP
and a combination of cations and nucleotides as indicated were
incubated at 25 °C for 10 min and were loaded on a Bis-Tris 6%
gel, and native PAGE was performed using Tris-Glycine as running
buffer. After electrophoresis, the gel was then stained with
Coomassie Brilliant Blue.
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Fig. 3. Biochemical characterisation of recombinant full-length BiP
and variant proteins thereof. ATPase activity of recombinant full-
length huBiP and three variant proteins was measured. ATPase
activity assays were performed in a final volume of 160 pL
containing 10 pg of protein with 30 mm HEPES-KOH, pH 7.8,
150 mm NaCl, 20 pm ATP and 2 mm Mgz+. The proteins with the
signal sequence had the highest activity compared to the other
variants with no signal sequence. An unpaired Student’s t-test was
performed, and significant differences were observed between full-
length huBiP and variant S7/K™ (P = 0.01), as well as between
variants S7/K* and S7/K~ (P = 0.03). Specific enzyme activity and
respective standard deviation (SD) values were calculated using
data from three individual batches for each recombinant protein
variant.

millimolar concentrations of Mg?*, as previously pub-
lished [7]. While Mg>" is considered the preferred diva-
lent cation for stimulating BiP ATPase activity, the
role of Mg*" as co-factor may be substituted by Mn*".
Therefore, we compared the effects of magnesium and
manganese cations on the ATPase activity of S*/K*
and ST/K~ BiP over a wide range of concentrations
(0—-10 mm).

Concentrations of 10 and 30 pm Mg®" efficiently
stimulated the ATPase activity of S"/K" and S™/K~
BiP (~ 175 nmol-h~"mg™" protein, Fig. 4A.B plus
insets). Interestingly, at these low concentrations the
stimulation of ATPase by Mn”>" was even more effi-
cient than Mg>", provoking a specific enzyme activity
of up to 250 nmol-h "mg~' of S*/K* huBiP with
Mn*". However, at 100 um or above, Mn>" stimulates
the ATPase activity of huBiP less efficiently than at
10-30 puMm concentrations. It is important to note that
concentrations of 20-50 um of Mn”>" were found in
normal brain, whereas concentrations of 60-150 pum of
Mn*" may already represent pathological levels [25].
Increasing the Mn®" concentration reduced the stimu-
latory effect of the divalent cation even further, such
that at 10 mm, Mn?" stimulation of BiP ATPase was
no longer detected (Fig. 4A.B). In contrast, Mg>"

S. Bandla et al.

stimulated the ATPase in very wide range from 10 to
10 mm concentrations and did not have any inhibitory
effect (Fig. 4A,B). Interestingly, the concentration of
free Mg?* was determined to be 0.8-1.2 mm in the ER
[26]. Tt is important to note that the huBiP ATPase
did not show a clear maximal activity in this wide con-
centration range of Mg>", and the difference between
the ATPase activities at 100 um, when compared to
that measured at 10 mm, was only 15% (Fig. 4A,B).
Both Mg*" and Mn*" cations stimulated the ATPase
activity of BiP with optimal concentrations of approxi-
mately 50 and 25 pm, respectively. Calcium did not
have any stimulatory effect on the ATPase activity of
BiP ST/K" (Fig. 4C).

Preferential interaction of BiP variants with ADP
rather than ATP

Physical interactions of proteins with their ligands,
cofactors and substrates can stabilise interacting pro-
tein domains and thus cause an increase in the melting
temperature of proteins. In keeping with the methods
of others [27], DSF was used to analyse the melting
temperature of all BiP variants in the presence or
absence of nucleotides. In the absence of ADP or
ATP, the melting temperatures of the BiP variants
tested here ranged from 45.1 to 45.8 °C (Fig. 5A).
Thermal denaturation profiles demonstrated the
unfolding of the N-terminal (peak 1) and C-terminal
(peak 2) of these proteins (Fig. 5B) similar to previ-
ously published results [8]. The N-terminal denaturing
temperatures were as follows: ST/K': 46.6 °C, S*/K:
46.8 °C, S7/K": 46.8 °C and S™/K: 46.6 °C, while C-
terminal denaturing temperatures were as follows:
SY/K*: 62.8°C, ST/K™: 62.2°C, ST/K™: 63 °C and
S7/K™: 62.4 °C.

Differential scanning fluorimetry was then used to
study the binding affinity of ADP or ATP for BiP
variants, in the absence of cations (Fig. 6, summarised
in Table 1). The K4 of ATP of all variants was as fol-
lows: SY/K*, 766 um; S™/K ™, 352 um; ST/K™, 610 pm;
S7/K*, 945 um (Fig. 6A to 6D, Table 1). ADP values
were lower, that is S*/K*, 138 um; S7/K™, 107 pwm;
ST/K™, 188 pum; ST/K", 98 um. These findings indicate
that in the absence of divalent cations, BiP variants
have a higher binding affinity for ADP than for ATP.

Divalent cations modulate nucleotide binding
properties of BiP

The optimisation of the ATPase assay conditions
showed a strict dependence on the presence of Mg>"
and Mn?" divalent cations, whereas Ca®" did not

1360 FEBS Open Bio 9 (2019) 1355-1369 © 2019 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.
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Fig. 4. Effects of divalent cations on the
ATPase activity of BiP S*/K* and S™/K™
To test the influence of divalent cations on
the BiP ATPase activity, increasing
amounts of MgCl,, MnCl, and CaCl, were
added to the reaction mixture containing
20 um ATP and 10 pg protein. ATPase
assays were carried out in triplicate in a
range from 0 to 10 mwm of cations and
representative results (mean of the values
and SD) of such analyses are presented.
MgCl, and MnCl, stimulated the ATPase
activity of BiP with optimal concentrations
of 100 and 25 um, respectively. At higher
concentrations of > 1 mm, MgCl, still
stimulated ATPase activity but to a slightly
lesser extent, whereas MnCl, at
concentration > 1 mwm failed to stimulate
BiP ATPase activity and even inhibited it
slightly. In contrast, calcium did not
stimulate or inhibit the ATPase activity of
BiP S*/K*. (A) BiP S*/K* ATPase activity in
the presence of Mg?* and Mn?* using a
logarithmic scale for the cation
presentation. The small inset shows
ATPase activity of BiP S*/K* at lower
concentrations (0-100 um) of Mg?* and
Mn?* presenting the cation concentrations
as a linear scale. (B) BiP S7/K™ ATPase
activity in the presence of Mg?* and Mn?*
with a logarithmic scale for the cations
being used. The inset is the close-up view
of BiP S7/K™ ATPase activity at lower
concentrations (0-100 um) of Mg?* and
Mn?* using a linear scale presentation of
cation concentrations. (C) BiP S*/K*
ATPase activity in the presence of Ca?*
using a linear scale.
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support ATPase activity (Fig. 4A-C). To determine
the effect of divalent cations on nucleotide binding in
more detail, we focused on the longest (S*/K") and
shortest (S7/K™) variants, as these represent the

Cation concentration (um)

variants with the most significant differences in their
enzyme activities. In the presence of divalent cations
(Mg**, Mn**, Ca®"), there was a several-fold increase
in the affinities of ATP and ADP with both variants,
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Fig. 5. Biophysical characterisation of recombinant full-length huBiP and variant proteins thereof. (A) Thermal stability analyses of
recombinant full-length huBiP and three variant proteins thereof were performed using DSF. The reaction mixtures contained 1 pum protein in
30 mm HEPES-KOH, pH 7.8, 150 mm NaCl and 1x Sypro orange. The melting temperatures of the full length and variant proteins are in the
range of 45.1-45.8 °C. The calculated T, (e.g. the maximum of the first derivative of the raw data) is shown as a mean of triplicate
experiments of three individual batches for each protein variants with respective SD error bars. An unpaired Student's t-test was performed,
and a significant difference was observed between S*/K* and S7/K™ (P = 0.006). (B) Thermal denaturation profile of recombinant full-length
huBiP and variants with omitted N- or C-terminal amino acids. The first peak (46.6 °C for S*/K*, 46.8 °C for S*/K™, 46.8 °C for S7/K* and
46.6 °C for S7/K7) indicates the unfolding of the N terminus of these proteins, whereas the second peak (62.75 °C for S*/K*, 62.2 °C for
S*/K™, 63 °C for S7/K* and 62.4 °C for S7/K") represents the unfolding of the C-terminal domain of these proteins [8]. The thermal
denaturation profiles of full-length huBiP and variant proteins suggest that the N- and C termini of these proteins are properly folded.
Representative melting curves with calculated T, are shown as a mean of three individual batches for each protein variant. Their low values
of SDs of the melting temperatures suggest a very good reproducibility of the experiments (data not shown).

at low (50 pm of Mg>" and 25 of um Mn*", Fig. 7A,B,  Mg?’, BiP shows stronger binding to ATP than to

summarised in Table 1), and high divalent cation con- ADP. This could explain at least in part why Ca®"
centrations (2 mM each of Mg?, Mn®" and Ca?’, does not support BiP’s ATPase activity since in the
Fig. 7C,D, also see Table 1). Thus, the affinity of the presence of Ca’" it is difficult for ATP to replace
two BiP variants for both nucleotides increased 2- to enzyme-bound ADP after hydrolysis, to allow its
10-fold in the presence of divalent cations (Table 1). reloading in the following ATPase reaction. In con-

In the presence of 2 mm of Mg®>", Mn*" or Ca®", trast, the higher affinity of BiP for ATP than for ADP
full-length BiP bound to ATP with Ky values of 44, 27 in the presence of Mg®" would suggest that with this
or 30 pm, respectively, whereas BiP S7/K~ had at divalent cation, ATP can easily replace enzyme-bound
same divalent cation concentrations, Ky values of 13, 5 ADP. The situation for Mn”" is less clear, and the
and 10 pm, respectively, suggesting that under these ratio is about one for full-length BiP and BiP S /K™
conditions, ST/K~ BiP has a greater affinity than (ratio: 1.3 and 0.86), suggesting that ATP might be
S'/K* BiP for ATP. The interaction of the two BiP able to replace enzyme-bound ADP in the presence of
variants with ADP was similarly influenced by divalent Mn?" and that it would happen more easily than in
cations. S*/K" BiP binds to ADP at concentrations of the presence of Ca®". From these nucleotide binding
2 mm of Mg*", Mn*" or Ca®" with Ky values of 59, 21 data, a ranking of the divalent cations for stimulating
and 19 pm, respectively, whereas ADP interacts with BiP enzyme activity would be Mg>" > Mn>" > Ca*",
BiP S7/K™ in the presence of the same divalent cations with the latter being most likely unable to support BiP
with Ky values of 27, 15 and 5 pm, respectively. Inter- ATPase activity.
estingly, these data revealed that under the same
cation conditions, full-length BiP had lower affinity for
ATP and ADP than S™/K™ BiP.

In summary, these studies demonstrate that for both We next addressed the question of whether or not the
BiP variants tested, the ratio of Ky (ATP)/Ky4 (ADP) is kinetics of ATPase activity was significantly different,
larger than 1 in the presence of Ca®' (ratio: 1.6-2),  when S"/K" and S7/K~ BiP variants were compared.
whereas the ratio of Ky (ATP)/Ky (ADP) is smaller We were particularly interested in ATPase activities
than 1 with Mg®>" (ratio: 0.23-0.37). These findings occurring at submillimolar concentrations of Mn**, as
suggest that in presence of Ca”", BiP binds with higher these represent normal physiological levels found
affinity to ADP than to ATP, while in the presence of within the human brain. Specifically, a concentration

Kinetic analysis of ATPase activity of BiP
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Fig. 6. Nucleotide binding of huBiP variants. In DSF experiments presented here, 1 um protein was incubated in 30 mm HEPES-KOH, pH
7.8, 150 mm NaCl and 1x Sypro orange. The melting curve of the samples was measured from 25 to 95 °C with 1 °C increments increase
in temperature. (A) The interaction of BiP S*/K* and BiP S*/K™ with ATP was measured in the absence of divalent cations. The denaturation
profiles of the proteins were studied in the presence of increasing amounts of ATP (0-40 mwm). (B) The interaction of BiP S*/K* and BiP S*/
K™ with ADP was determined without divalent cations. Denaturation profiles of the proteins were studied in the presence of increasing
amounts of ADP (0-10 mwm). (C) The interaction of BiP S7/K™ and BiP S7/K* with ATP was measured with no divalent cations present. The
denaturation profiles of the proteins were studied in the presence of increasing amounts of ATP (0-40 mm). (D) The interaction of huBiP BiP
S7/K™ and huBiP S7/K* with ADP was determined without divalent cations. Denaturation profiles of the proteins were studied in the
presence of increasing amounts of ADP (0-10 mwm). In each diagram, the melting temperatures of the proteins as indicated (y-axis linear
scale) dependent on the nucleotide concentrations (x-axis in logarithmic scale) are presented. The Ky values were calculated using GRAPHPAD

PrRISM software under the assumption of a simple cooperative model.

of 20.0-52.8 um is recommended for the in vitro mod-
elling of normal brain Mn?*, while concentrations of
60.1-158.4 um of Mn*" can be considered to represent
threshold pathological levels [25]. Based on these find-
ings and on our Mg>- and Mn>"-dependent ATPase
activity data (Fig. 4), we used 50 pm of Mg®" and
25 um of Mn*" for kinetic profiling. In the presence of
either cation, the ATPase reaction showed a hyper-
bolic function for both BiP variants (Fig. 8). The Viax
values of both BiP variants with both divalent cations
were similar (Table 2). However, in the presence of
50 um Mg**, ST/K™ BiP had approximately a 20%
higher V,.x than S7/K~ BiP under these conditions,
whereas the three other V., values were very consis-
tent and they varied less than 5% from each other
(Table 2).

In contrast, the Ky values differed by a factor of up
to 3.7 (Fig. 8 and Table 2). S"/K" BiP had a Ky, value
of 18 um in the presence of 50 um of Mg®", which was

FEBS Open Bio 9 (2019) 1355-1369 © 2019 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.

the lowest of all Ky, values measured. Interestingly,
this Ky is very similar to the Ky value of 14 pum for
ATP, suggesting that in the presence of 50 um of
Mg”*, the binding of ATP to full-length BiP is the
major contributing factor for its ATPase activity (com-
pare respective data in Tables 1 and 2). In the pres-
ence of 25 pm Mn”*, the Ky of 38 pm of full-length
BiP is twice as high as the Ky value with 50 um of
Mg?*. Interestingly, the Ky of full-length BiP is also
three times higher than the Ky of 12 um for ATP
under the same Mn”" conditions (compare respective
data in Tables 1 and 2), revealing the possibility of
another mechanism being the rate-limiting step in the
ATPase reaction under this condition, for example, the
formation of the transition complex or the possibility
that a secondary nucleotide binding site may modulate
the ATPase reaction.

For the S™/K ™ variant, at 50 um of Mg>" and 25 um
Mn2", the Ky values of 61 and 66 uMm, respectively,
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Fig. 7. Effect of divalent cations on BiP S*/K* and BiP S/K™ nucleotide binding. In these DSF experiments, 1 um protein was incubated in
30 mm HEPES-KOH, pH 7.8, 150 mm NaCl and 1x Sypro orange. The melting curve of the samples was measured from 25 to 95 °C with
1 °C increments increase in temperature. (A) The interaction of BiP S*/K* in the presence of increasing amounts of ATP (0-10 mm) was
studied using 50 um Mg?* and 25 pm Mn? as indicated. (B) Interaction of BiP S*/K* with increasing concentrations of ADP (0-10 mw) in the
presence 50 pv Mg?* and 25 um Mn?* was measured. (C) The binding of BiP S*/K* to increasing amounts of ATP (0-10 mm) having 2 mw
of divalent cations (Mg?*, Mn?* and Ca® * as indicated) present was measured. (D) The interaction of BiP S*/K* with increasing amounts of
ADP (0-10 mm) in the presence of 2 mm of divalent cations (Mg?*, Mn?* and Ca®? *) was analysed. In each diagram, the melting
temperatures of the proteins as indicated (y-axis linear scale) dependent on the nucleotide concentrations (x-axis in logarithmic scale) are
presented. The Ky values were calculated using GRAPHPAD PRISM software under the assumption of a simple cooperative model.

are very similar, but both are higher (about 2-3 Discussion

times) than the values found for full-length BiP, sug- ) . .. .
gesting that the shorter BiP variant needs higher ATP B-cell 1mmunoglobplm bmdmg protein is an ER-resi-
concentrations than full-length BiP to reach V. dent .chaperone.wnh several mtr.a- and ex.tra.cellular
Interestingly, the difference between the measured Ky func.tlons.. Tl.le mtrac.ellular functions of BlP include
values for BiP S™/K~ and the apparent Ky values for f:alc1um binding, foldlng of unfolded protein, support—
ATP is 6- and 33-fold higher in the presence of ing transport qf proteins into j[he ER, trafﬁclfmg of
misfolded proteins for degradation and regulating the
gests that in contrast to full-length BiP in the pres- unfo!d;d proFein response, Wher.eas in its extracellular
ence of Mg?", additional steps, especially in the case aCtl.V}tleS, it interacts w1th. the. immune cells and has
of BiP S7/K~ with 25 pm Mn>", are controlling the anti-inflammatory properties in the. context .of RA
ATPase activity of the shortest variant. On the other [1.28,29]. AH or m_ost of _these functions require BIP_
hand, in the presence of 25 um Mn2*, the determined ATP or AB1P-ADP 1nteract10ns‘[1,29]. Nucleotide bind-
Vi (307 nmol'h—lvmg—l) of BiP S/K~ is compara- 1ng of BiP ca}lses.a c.onfo.rma.monal change of the pro-
ble to the Vi (293 nmol-h~':mg~!) of full-length tein .and assists in 1ts.bmd1ng to Qewly synthesised
BiP, indicating that at high ATP concentrations, ATP pep.tldes to.catalyse the,lr proper folding. To study the
hydrolysis is no longer influenced by this apparent basic functions of huBiP, we expressed four variants,

inhibitory mechanism, which usually would regarded including the full-length protein and those lacking the
as a competitive inhibition signal peptide, the KDEL ER retention sequence or

50 um Mg** or 25 um Mn*", respectively. This sug-
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Fig. 8. BiP ATPase activities in the presence of low concentrations of divalent cations. ATPase activity of huBiP was measured in the
presence of MgCl, (50 pum) and MnCl, (25 pm). Samples were prepared with a reaction volume of 160 pL containing 10 ug of protein,
30 mm HEPES-KOH, pH 7.8, 150 mm NaCl, either 50 pm MgCl, or 25 uv MnCl, and increasing concentrations of ATP (0-3 mm).
Experiments were repeated twice in each case but only one representative set of experiments is presented. (A) BiP S*/K* ATPase activity
in the presence of 50 uv Mg?* and 25 pm Mn2*. (B) BiP S™/K~ ATPase activity in the presence of 50 pm of Mg?* and 25 pm of Mn?*. The
K and Viax values were calculated using the Michaelis-Menten equation and GRAPHPAD PRISM software.

Table 2. Kinetic Analysis of BiP ATPase activity

Standard Standard
Divalent Ky deviation  Vinax deviation
Protein  cation [pm] - (£) [nmol-h~"mg™" (%)
SHIK* MgCl, 18 9.9 371 14
50 um
MnCl, 38 4.2 311 18
25 pum
ST/K™ MgCl, 61 21 293 21
50 pm
MnCl, 66 9.9 307 18
25 pm

both. The purified recombinant proteins show the cor-
rect size, varying slightly, depending on the presence
or absence of signal/ KDEL peptides. Here, it is impor-
tant to note that the presence of six histidines has no
effect on the biochemical properties of BiP, as previ-
ously reported [18].

Native BiP exits as a monomer, dimer and in higher
oligomeric forms [17]. All these forms were also deter-
mined for the full-length recombinant BiP, and its
variants studied here as shown by the native PAGE,
which, with the DSF data, suggests that these recombi-
nant proteins are properly folded. These higher oligo-
meric forms may act as a reservoir and can be
instantly converted into active monomeric forms upon
demand [30]. Binding of ATP can also convert BiP
dimers to monomers [31,32]. Full-length huBiP and
the shortest version were tested using native gels for
their oligomerisation in response to nucleotides and

divalent cations and were shown to behave similarly in
the presence of ATP alone or in the presence of ATP
and divalent cations. This effect was not seen with
ADP. Previous reports showed that ATPase activity
and nucleotide binding properties are conserved func-
tions of heat shock proteins [33] and that divalent
cations such as Mg®", Mn?" and Ca*" impact on the
ATPase activity of non huBiP [1,7,18]. To further
characterise the purified recombinant huBiP variants,
we investigated their melting temperatures including
the melting temperature shift in the presence of nucleo-
tides using DSF and their ATPase activities. We deter-
mined that all variants had a similar melting
temperature and that the melting curves of all four
variants were similar to those previously described for
nonhuman S~ /K" BiP [8]. For the latter, it has been
reported that the thermal denaturing temperatures or
melting temperatures of the N-terminal and the C-ter-
minal were 46.2 and 67 °C, respectively. Both melting
temperatures are comparable to those of the different
huBiP variants reported here. It is important to note
that unfolding of the N-terminal ATP-binding domain
happens first followed by the unfolding of the C-termi-
nal SBDs as previously described [8].

B-cell immunoglobulin binding protein has a low
Mg**-dependent ATPase activity [7,34]. Various
reports have described the influence of specific divalent
cations on the functions of BiP and especially their
impact on its ATPase activity [7,18]. Therefore, we
decided to study the effect of cations on the ATPase
activity of huBiP variants, focusing on full-length
(S*/K™) BiP and the S™/K~ variant. Interestingly, in
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our assays, both magnesium and manganese ions very
efficiently and to a comparable extent stimulated the
ATPase activity of full-length BiP and the S™/K™ vari-
ant, at micromolar concentrations. In contrast, Ca>"
did not support the ATPase activity of full-length
huBiP, which is in agreement with the results previ-
ously described for mammalian BiP [8,18]. This lack of
stimulation in the presence of calcium could be due to
the inhibition of nucleotide exchange, for example, a
higher affinity of BiP to ADP than to ATP in the pres-
ence of Ca®’, which is consistent with our data and
those previously described [7,8,18]. The efficiency of
Mg®" and Mn>" to stimulate huBiP ATPase at low
micromolar divalent ion concentrations was surprising,
since previously the optimal Mg>* concentration for
mammalian BiP was described as 1 mm and it was
reported that Mn”" is significantly less efficient than
Mg>" at stimulating ATPase activity [7,18]. Perhaps
previous studies missed the stimulation if submillimo-
lar concentrations of cations were not examined clo-
sely [7,18]. However, it is important to note that the
range of efficient stimulation of huBiP ATPase activity
by Mn?" mirrors the physiological concentrations
found in human brain. The concentration of Mg>" in
the ER has been described to be higher than that of
Mn?" and is in the range of 10 mwm, but only a fraction
of this Mg?" is available as free cation [35]. Although
the concentration of free Mg”>" in the ER has not yet
been determined, it is thought to be similar as that in
the cytoplasm and other cellular compartments where
submillimolar concentrations of free Mg®" were mea-
sured [35]. It is important to note that the potential
for either cation to influence BiP ATPase activity
in vivo must depend on the particular tissue and cellu-
lar context [25].

Consistent with previous reports, DSF showed a two-
phase melting-point profile of huBiP with the early melt-
ing point most likely being due to the melting of the
N-terminal NBD of hamster BiP [8], which is consistent
with the finding that divalent cations as well as ATP
and ADP binding stabilise this domain. Therefore, we
also used DSF to study BiP-ligand interactions and to
measure the dissociation constants (Ky) of all the vari-
ants of BiP for ATP and ADP including the effect of
cations (Mg?", Mn*" and Ca*") on the nucleotide bind-
ing, as previously described [27]. In the absence of diva-
lent cations, the Ky values of all the variants for ADP
are lower than K4 for ATP, indicating that ADP has a
higher binding affinity than ATP under these condi-
tions. The addition of divalent cations Mg?", Mn*" and
Ca®" reduced the K values of huBiP for both ATP and
ADP by up to 80%, confirming that cations act as
cofactors in binding of BiP variants to these nucleotides

S. Bandla et al.

[8]. However, the K4 values of BiP for ATP and ADP
appear to vary significantly, depending on the source of
the protein and the methods used to determine the bind-
ing of BiP and other heat shock proteins to these
nucleotides [36]. Heat shock cognate protein 71 kDa
prepared from bovine brain or expressed in bacteria was
reported to have Ky values for ADP or ATP ranging
from 107 to 10~° [36]. The values for huBiP variants,
determined here, fall within that range. Importantly, we
report here for the first time, the influence of the concen-
tration of divalent cations on the binding affinity of the
BiP nucleotide interactions.

A detailed analysis showed that at low concentrations
of divalent cation (50 pm Mg>"), the K4 value of S7/K*
and ST/K™ for ADP is at least seven times higher than
the K4 of S"/K" and S™/K~ for ATP, meaning that the
affinity of these proteins for ATP is much greater than
for ADP and that in the presence of Mg>", the exchange
of ADP happens easily. In contrast, the presence of
manganese even at a low concentration results in ADP
being tightly bound to huBiP, hindering its ATPase
activity at least to some extent. However, as previously
reported for higher cation concentrations, the affinity of
BiP for ATP is still higher than it is for ADP, such that
an exchange of ADP to ATP should still happen. Thus,
the lower efficiency of huBiP activity at low ATP con-
centrations in the presence of Mn>" (meaning higher
K1) can be explained by the affinities of huBiP for ATP
or ADP, at least in part. However, the higher Ky; of
S7/K™ cannot be explained simply by the binding
model. Losing these two peptides may result in a con-
formational hindrance or a kinetic problem affecting
the exchange between the two stages, that is the ATP-
and the ADP-bound forms, or it may cause a conforma-
tional change that affects the hydrolysis of ATP, since
the binding of ATP is not the limiting factor for the
reaction of ST/K~ variant of huBiP (see model in
Fig. 9). The stimulation of the ATPase activity could be
caused by the signal sequence acting as an intramolecu-
lar D-type domain, or it may even act as a substrate and
that this activity is enhanced by the C-terminal KDEL
sequence. It is worth remembering that classically, BiP
binds to polypeptides and is involved in their transloca-
tion into the ER. BiP interacts with the J-domain of the
Sec63p, a component of the Sec complex that plays a
vital role in the translocation of polypeptides across the
ER membrane [37]. BiP in the ADP-bound confirma-
tion blocks the translocon and prevents protein translo-
cation and Ca*>" leakage, whereas the ATP-bound state
opens the translocon and assists in translocation [38].
BiP has more preference towards aliphatic amino acids
alanine, valine, leucine and proline. Leucine is the most
preferred amino acid for binding to BiP [39]. Due to the
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Fig. 9. Model illustrating BiP-ATP- and BiP- B

ADP-bound conformation. (A) Full-length
BiP tends to be in open conformation in
the ATP-bound state (indicated by thick xATP
blue arrow) in the presence of metal ions

(Me?*), enabling easy exchange of ATP.

(B) BiP S7/K™ tends to be in a closed e2+
conformation in the ADP-bound state in
the presence of Ca®* and the binding of
ADP is tighter.

presence of six leucines in the signal sequence of BiP
and the hydrophobic nature of the signal sequence itself,
there exists a possibility of intermolecular or
intramolecular binding via the signal sequence, perhaps
leading to an enhanced ATPase activity of huBiP vari-
ants that retain the signal sequence.

Furthermore, when considering the enzyme reaction,
the affinities of each flavour of huBiP for ATP and
ADP are very important. The ATP-bound state has a
weak affinity for substrates (peptides) and the ADP-
bound state has a higher affinity for substrates, locking
the peptides in the SBD for folding (see model pro-
posed in Fig. 9). In the presence of Mg®", S"/K* and
S7/K™ both prefer to be in the ATP-bound conforma-
tion, while under Ca®" conditions, S7/K~ and S*/K*
both favour the ADP-bound state due to their higher
affinity for ADP than for ATP. For Mn*", the situa-
tion is less obvious, but it may depend on its concen-
tration, that is low (micromolar) and physiological, or
high (millimolar) possibly pathological.

At concentrations 50 pm of Mg>*, the Ky value of
ST/K* for ATP is similar to the Ky value obtained
suggesting that ATP and ADP can freely exchange at
the BiP nucleotide binding site. The binding of ATP to
S"/K" does not hinder the enzyme activity. In contrast,
at low concentration, 25 pm, of Mn?", the Ky value of
ST/K* for ATP is lower compared to the K, value
obtained, revealing that ATP is tightly bound but that
the hydrolysis of ATP to ADP might be slower. The
increased Ky; value suggests that the enzyme needs
higher concentration of nucleotide (ATP) to reach the

ﬁ
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same V... At low divalent cation concentration,
50 um of Mg®" and 25 pm of Mn?", the Ky values of
S7/K™ for ATP are lower compared to the Ky values
obtained suggesting that ATP is tightly bound but that
the hydrolysis of ATP to ADP is slow. This is also
consistent with ATPase assay data suggesting these
variants without the signal sequence and KDEL are
less active; that is, they need more nucleotide (ATP) to
reach the same V... The enzyme activity might be
hindered by the tight binding of ATP to S7/K~ or
kinetic hinderance of the formation of the ATP-con-
taining transition complex or its changes towards an
ADP-bound complex including the hydrolysis of ATP
and the formation of ADP (see Fig. 9).

The ATPase activity depends on the pH and the
charge of the NBD of BiP. To study the kinetic parame-
ters of huBiP, ATPase enzyme assays in the presence of
increasing ATP concentration were performed and Ky
and V.« values were determined. Interestingly, the
specific enzyme activity and Vp.x values of
~ 300 nmol-h~"mg~" for huBiP S7/K~ in comparison
with the literature are very similar although different
set-ups and choices of buffers were used. Wei and Hen-
dershot measured the ATPase activity of recombinant
hamster BiP purified from bacteria and reported a V.«
of 52 pmol of ATP hydrolysed-min '-pg~"
(312 nmol-h~"mg~"), whereas 4.7 pmol of ATP hydrol-
ysed-min~'-pug~" (282 nmol-h "mg~") was described
for BiP purified from canine pancreas [7], which are
comparable to each other. In contrast, the Ky; values
for these purified enzymes seem to vary more, since
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published values of Ky =148 £+ 0.1 um  (purified
recombinant haBiP [18], Ky = 0.1 pm (BiP purified
from canine pancreas [7]) and Ky; of 0.4 um for ATP
(recombinant murine BiP [40] have been previously
reported, whereas we found Ky of 18—-66 um depending
on the Mg and Mn?" concentrations. The difference in
these value could depend on the assays such as radioac-
tive and nonradioactive assay system as well as the buf-
fer conditions used but also that here, low pm
concentrations of divalent cations and not mm concen-
trations of Mg”" were present in the assays.

Conclusion

We have purified recombinant huBiP variants from
E. coli, and these variants behave similarly to previ-
ously analysed BiP in terms of size, melting tempera-
tures and conformation. Consistent with previous
reports, divalent cations influence the binding of
nucleotides and ATPase activity of purified huBiP
variants and they showed similar V', values to previ-
ously published studies. Interestingly, we found very
efficient functional interactions of BiP with Mn*" at
low physiological concentration. However, these dif-
fered in some enzyme parameters such as Ky for
nucleotides and Ky, values. All variants bind ADP
more tightly than ATP. Interestingly, the presence of
signal sequence significantly influences the enzyme
characteristics of huBiP.
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