
1 �Department of Chemistry, Oklahoma State University, Stillwater, OK, 
USA

Corresponding Author: 
Smita Mohanty, Department of Chemistry, Oklahoma State University, 
Stillwater, OK 74078, USA.
Email: ​Smita.​mohanty@​okstate.​edu

Diverse Biomolecular and Biomedical Applications of NMR-Original Article

Natural Product Communications
May 2019: 1–5

© The Author(s) 2019
Article reuse guidelines:

​sagepub.​com/​journals-​permissions
DOI: 10.1177/1934578X19849161

​journals.​sagepub.​com/​home/​npx

Creative Commons Non Commercial CC BY-NC: This article is distributed under the terms of the Creative Commons Attribution-NonCommercial 4.0 
License (http://www.​creativecommons.​org/​licenses/​by-​nc/​4.​0/) which permits non-commercial use, reproduction and distribution of the work without 
further permission provided the original work is attributed as specified on the SAGE and Open Access pages (https://​us.​sagepub.​com/​en-​us/​nam/​open-​
access-​at-​sage).

Effect of Toxic Metal Binding on Tax-
Interacting Protein1 (TIP1): A Protein 
Related to Brain Diseases

Bharat P. Chaudhary1, Salik R. Dahal1, Bhavendrasinh Sayania1, Amit Kumar1, and 
Smita Mohanty1

Abstract
Human tax-interacting protein1 (TIP1), also known as glutaminase-interacting protein (GIP), is a small globular protein 
containing a PDZ domain. PDZ domains are the most common protein-protein interaction modules present in eukaryotes. 
In humans, TIP1 plays a very important role in many cellular pathways including β-catenin-mediated Wnt signaling, Rho-
activator rhotekin-mediated Rho signaling pathway, and glutamate signaling pathway for the normal activity of the central 
nervous system. TIP1 also regulates potassium channel expression in the plasma membrane and is a binding partner to many 
proteins including viral oncoproteins, HTLV-1 Tax and HPV16 E6. Since TIP1 is at a pivotal point in many cellular process-
es through its interaction with a growing list of partner proteins, any impact on the proper functioning of this protein can 
have severe consequences on the well-being of a living system. Although metals are essential for plants and animals in trace 
amounts, elevated levels of heavy metals such as arsenic, cadmium, zinc, and lead are toxic causing various health problems 
including cardiovascular disorders, neuronal damage, renal injuries, and cancer. Here, we report the effect of heavy metals, 
arsenic and cadmium, on TIP1 conformation using circular dichroism and fluorescence spectroscopy techniques. Our study 
revealed these metals have a significant impact on the structure of TIP1 even at very low levels.
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Cellular signaling, a process in which a cell responds to 
internal/external stimuli, is mediated via protein-protein 
interactions (PPIs). PPIs are directed through various mod-
ules such as SH2, SH3, PDZ, and PH domains present in a 
protein. PDZ domain,1,2 named after the proteins, postsynap-
tic density −95, discs large, and zona occludens-1, is a very 
common PPI in several hundred human proteins.3 PDZ 
domain provides a platform where signaling molecules are 
linked together into large supramolecular signaling com-
plexes.4 The most important function of PDZ domains 
involves localization and clustering of ion channels,5 down-
stream effectors at the epithelial cell junctions,6 protein 
G-coupled receptors,7 and postsynaptic densities of neu-
rons.8 In addition, these domains regulate cell polarity and 
cell-cell communications.9 Tax-interacting protein1 (TIP1) 
is a small globular protein containing a single PDZ domain. 
TIP1 was originally discovered in the human brain while 
looking for interactors of glutaminase.10 It is reported to 
interact with the C-terminus of a growing list of partner pro-
teins11 including HTLV-1 Tax,12 HPV E6,13 Rhotekin,14 

Kir2.3,15 Glutaminase L,10 FAS,16 and β-catenin.17 Since 
TIP1 plays pivotal roles in many cellular processes through 
its interaction with a growing list of partner proteins, any 
compromise in its structure would affect its function and the 
well-being of a living cell.

Although metals are essential for plants and animals in 
trace amounts, elevated levels of metals are toxic to organ-
isms causing various problems including neurocognitive dis-
orders, memory dysfunction, cardiovascular disorders, renal 
injuries, movement disorders, and cancer.18,19 Studies have 
shown that exposure to arsenic during early life can cause 
loss of brain weight and reduction of neurons and glia.18 
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Cadmium, a heavy transition metal, is a carcinogen as well 
as a neurotoxin. It enters peripheral and central nervous sys-
tems from the olfactory bulb and nasal mucosa leading to 
neurodegenerative diseases.20,21 Both of these metals are 
neurotoxic22 and affect glutamate signaling, leading to a 
variety of brain disorders including the above-mentioned 
diseases.23

Since TIP1 plays a vital role in numerous signaling path-
ways including glutamate, Wnt, Rho, and potassium channel 
Kir,11,16,24-26 it is of great interest to understand the effect of 
metals on TIP1 structure, which in turn can interfere with its 
function. Here, we report the effect of arsenic and cadmium 
on the structure of TIP1 using circular dichroism (CD) and 
fluorescence spectroscopy techniques. Our study revealed 
that these metals had a significant impact on TIP1 conforma-
tion at low levels.

Recombinant TIP1 was expressed in BL21DE3pLys 
Escherichia coli-competent cells using pET-3c vector. TIP1 
was purified by size exclusion chromatography in a single 
step. The effect of individual metal on the secondary struc-
ture of TIP1 was monitored by CD spectroscopy. TIP1 was 
titrated against different concentrations of As5+ and Cd2+ 
metal ions. During titration with increasing concentration of 
metal ions, little precipitation was observed. The CD titra-
tion data of metal ions with TIP1 shows that both the metals 

interact with TIP1 and affect its secondary structure even at 
very low concentration. With the increasing concentrations 
of each metal, the helical content of TIP1 was systematically 
decreased (Figure 1(a) and (b)).

Fluorescence emission spectra of the protein were col-
lected for various concentrations of each metal ion. 
Tryptophan residue was excited at 280 nm and the emission 
spectra were recorded in the range of 300 to 500 nm at vari-
ous concentrations of metal ions during titration with 1 µM 
TIP1. The fluorescence intensity decreased consistently with 
each addition of either arsenic or cadmium compound to 
TIP1. Data clearly showed that quenching did not attain sat-
uration even at higher concentrations of metal ions. For static 
quenching, equation27-29 log(F0-F)/F = log K + n log [Q] 
describes the relationship between the fluorescence intensity 
and the concentration of quenchers, where K is the binding 
constant, [Q] is the ligand concentration, and n is the number 
of binding sites per TIP1. The TIP1 and arsenate titration 
data provided a dissociation constant of 3.0 µM, and the 
number of binding sites per protein is n = 0.40 (Figure 1(c) 
and (d)). The TIP1-Cd2+ titration data yielded a dissociation 
constant of 2.51 µM, and the number of binding sites per 
protein is n = 0.51 (Figure 1(e) and (f)). The binding affinity 
of As5+ was found almost similar to that of Cd2+ indicating 
that both of the metal ions have similar binding strength to 
TIP1.

Metal ions play a vital role in life processes. However, 
above certain levels, metals are toxic to living beings. Human 
activities have led to the contamination of various sources of 
water including ground, drinking, and wastewater. Water 
contamination with lead in 2016 in Flint, Michigan (USA), is 
a clear example of the effect of toxic metals on public 
health.30-32 There are numerous reports on the effects of these 
toxic metals on human health, especially during the gestation 
period of pregnant women.33-35 Human TIP1 is involved in 
various signaling pathways controlling key biological pro-
cesses including regulation of the cerebral concentration of 
neurotransmitter glutamate, β-catenin-mediated Wnt signal-
ing, Rho-activator Rhotekin, and potassium channel Kir2.3 
signaling pathway.11,16,24-26,36

Considering the importance of TIP1 for the well-being of 
a living cell, it is of great importance to investigate the effect 
of toxic metals on the structure of TIP1 and consequently on 
its function below levels that are currently allowed. We 
report here the effects of two metals, arsenic and cadmium, 
on TIP1 structure/conformation. The metal concentrations 
used for our studies were within the maximum Environmental 
Protection Agency limit. Thus, the effect seen on the struc-
ture of TIP1 at such low metal concentrations has biological 
significance. Our study clearly indicates that both arsenic 
and cadmium have a strong interaction with TIP1. Even at 
low concentration, these metals affect the structure of TIP1 
significantly. Metals generally coordinate to proteins through 
backbone carbonyl oxygens and/or side chains, particularly 

Figure 1.  Study of interactions of tax-interacting protein1 (TIP1) 
with arsenic and cadmium metals by far-UV circular dichroism 
(CD) and fluorescence spectroscopic techniques. Titration studies 
of TIP1 with the increasing concentrations of sodium arsenate and 
cadmium chloride: (a) and (b) represent CD spectra, and (c) and 
(e) show fluorescence spectra, respectively. Double-log plots of 
quenching of TIP1 fluorescence by sodium arsenate and cadmium 
chloride are shown in (d) and (f), respectively.
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the carboxylate groups of Asp and Glu and the ring nitrogen 
of histidine. A few other amino acid residue side chains can 
also form coordination to metal ion: Cys, Ser, Thr, Met, Asn, 
and Gln.37,38 However, side chains of Cys, His, Asp, and Glu 
take part in coordination to the metal ions frequently. 
Although TIP1 lacks Cys residue, it contains 7 Glu, 7 Asp, 
and 2 His residues. In the structure of TIP1, a majority of 
these residues are located in loops. Not only are the residues 
His 90, Asp 91, and Arg 94 located in helix α2, but they also 
have proper position and orientation for metal coordination 
(Figure 2(a) and (b)). Thus, these three residues and a water 
molecule most likely take part in metal coordination present-
ing a tetrahedral geometry of coordination. Such coordina-
tion pattern is common in protein metal coordination.39 In 
TIP1, the Asp91-Arg94 salt bridge is very crucial for the 
organization and stabilization of the PDZ domain.40 It is very 
likely that the metal ion breaks the Asp91-Arg94 salt bridge 
through coordination at this site, thus affecting the structure 
of TIP1. CD data clearly show that with increasing concen-
tration of both metal ions, the helical content of TIP1 sys-
tematically decreases.

The disruption of the salt bridge in α2 helix of TIP1 may 
have a role in the decrease in protein helicity. From fluores-
cence data, it is clear that both metal ions bind to TIP1 with 
high affinity (with Kd = 3.0 µM for As and 2.51 μM for Cd), 
thus interfering with other interactions involved in structural 
stabilization of TIP1.

Based on the biophysical data, it is clear that both arsenic 
and cadmium metal ions affect the structure of TIP1 even at 
levels lower than currently allowed. Change in TIP1 struc-
ture may affect its function in various important biological 
processes including regulation of the cerebral concentration 
of the neurotransmitter glutamate, causing numerous health 
problems in humans.

Combination of several techniques is necessary to under-
stand the chemistry of metal poisoning. By using CD and 
fluorescence techniques, we have shown here that arsenic 

and cadmium metals affect the structure of a very important 
human brain protein, TIP1.

Experimental

Overexpression and Purification of Recombinant TIP1
Recombinant TIP1/pET-3c plasmid, containing the full-
length human TIP1 gene, was transformed into competent E. 
coli BL21DE3plys cells and expressed following previously 
reported protocol.16 Briefly, saturated overnight Luria broth 
(LB)-ampicillin starter culture was diluted (1:40 v/v) in LB 
media. The diluted fresh culture was grown at 37°C until 
OD600 reached 0.5 to 0.6. Expression was induced with 1 
mM isopropyl β-d-1-thiogalactopyranoside and incubated 
for 4 hours at 30°C with shaking. Cells were harvested by 
centrifugation. Bacterial cells, in phosphate buffer at pH 8 
containing 200 mM NaCl, 4 mM ethylenediaminetetraacetic 
acid (EDTA), 4% glycerol, and 1 mM phenylmethylsulfonyl 
fluoride, were lysed using sonication. The lysed cell pellet 
was separated from the supernatant by centrifugation at 
14,000 rpm for 30 minutes. The supernatant containing solu-
ble TIP1 was subjected to purification. Pure TIP1 was 
obtained in a single step by using size exclusion chromatog-
raphy with a Sephacryl S-100 column (GE Healthcare, 
Pittsburgh, PA, USA) fitted to a fast protein liquid chroma-
tography system using 20 mM phosphate buffer containing 
150 mM NaCl, 1 Mm EDTA, and 0.1% NaN3 as the mobile 
phase.

Fluorescence Spectroscopy
All fluorescence data were collected on Perkin Elmer LS 55 
Luminescence spectrofluorometer (Hopkinton, MA, USA) 
at room temperature at pH 6.5. The emission spectra over the 
range of 300 to 500 nm with a 1 nm step were recorded by 
exciting tryptophan fluorescence at 280 nm. Stock solutions 
of metal ions were prepared in 20 mM phosphate buffer at 
pH 6.5. To 2 mL of 1 µM protein in 20 mM phosphate buffer 
at pH 6.5, small aliquots of metal solution were added and 
fluorescence spectra were recorded at each titration point. 
The protein concentration was corrected for volume dilution 
for each titration. The Kd values were calculated following 
the method.41 Additionally, the observed emission was cor-
rected for the absorbance of the quencher.

Circular Dichroism Spectroscopy
All CD spectra were recorded on a Jasco J-810 spectropo-
larimeter (Easton, MD, USA) at room temperature using 
0.05 cm quartz cell cuvette. Far-UV CD spectra were col-
lected on 30 µM protein samples in 10 mM phosphate buffer 
at pH 6.5. The concentration of the protein sample was mea-
sured by UV absorption at 280 nm. The far-UV CD data 
were recorded from 190 to 260 nm at a scan speed of 100 

Figure 2.  Possible metal-binding site of TIP1. (a) The 3D 
structure of TIP1 (Protein Data Bank code 2I4s) depicting a metal 
ion (gray-colored sphere) coordinated to properly oriented 
residues of α2 helix of TIP1. (b) Enlarged view of proposed metal-
binding site of TIP1. The figure was prepared using Chimera.
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nm/min with 1 second response time. The data were aver-
aged over 50 scans for control and 100 scans for protein sam-
ple. The protein concentration was corrected for volume 
dilution during each titration experiment. The CD ellipticity 
was converted to mean molar ellipticity per residue follow-
ing the method described.42 Titrations of sodium arsenate 
and cadmium chloride were performed using 51 nM and 27 
nM stock solution, respectively.

Structure of TIP1
The structure of TIP1 used in this study was taken from 
Zoetewey et al.26
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