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Human HYPK (Huntingtin Yeast-two-hybrid Protein K) is an intrinsically unstructured chaperone-like protein with
no sequence homology to known chaperones. HYPK is also known to be a part of ribosome-associated protein
complex and present in polysomes. The objective of the present study was to investigate the evolutionary influence on
HYPK primary structure and its impact on the protein’s function. Amino acid sequence analysis revealed 105
orthologs of human HYPK from plants, lower invertebrates to mammals. C-terminal part of HYPK was found to
be particularly conserved and to contain nascent polypeptide-associated alpha subunit (NPAA) domain. This region
experiences highest selection pressure, signifying its importance in the structural and functional evolution. NPAA
domain of human HYPK has unique amino acid composition preferring glutamic acid and happens to be more stable
from a conformational point of view having higher content of α-helices than the rest. Cell biology studies indicate that
overexpressed C-terminal human HYPK can interact with nascent proteins, co-localizes with huntingtin, increases cell
viability and decreases caspase activities in Huntington’s disease (HD) cell culture model. This domain is found to be
required for the chaperone-like activity of HYPK in vivo. Our study suggested that by virtue of its flexibility and
nascent peptide binding activity, HYPK may play an important role in assisting protein (re)folding.
[Raychaudhuri S, Banerjee R, Mukhopadhyay S and Bhattacharyya NP 2014 Conserved C-terminal nascent peptide binding domain of HYPK
facilitates its chaperone-like activity. J. Biosci. 39 659–672] DOI 10.1007/s12038-014-9442-z

1.

Introduction

Huntingtin yeast-two hybrid protein K (HYPK) is an intrinsically unstructured protein (Raychaudhuri et al. 2008a). It
interacts with exon1 of human huntingtin (Htt) and destabilizes
mutant Htt aggregates by virtue of its chaperone-like activity
(Raychaudhuri et al. 2008b). Destabilization of Htt aggregates
could reduce sequestration of several important cellular
Keywords.

proteins, thus restoring their normal functions leading to increased cell viability (Raychaudhuri et al. 2008b). In a separate
study, Arnesen et al. (2010) identified HYPK as a member of
N(alpha)-terminal-acetyltransferase (NatA) complex. They
proposed that NatA complex might be important for Nterminal acetylation of Htt and thus required for Htt solubility.
In 2005 HYPK was found to be associated with mammalian ribosome-associated complex (Otto et al. 2005). Later,
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HYPK was observed to be present in the polysome fractions
(Arnesen et al. 2010). These observations indicate a possible
function of HYPK during or immediately after protein translation on the ribosome. Indeed, we observed that HYPK
interacts with eukaryotic translation elongation factor 1 alpha (EEF1A1) (Choudhury et al. 2012). In addition, HYPK
was observed to be interacting with more than 30 different
proteins, indicating its participation in variety of cellular
processes. As an unstructured protein, HYPK has structural
flexibility allowing multiple interactions and it is believed
that many other HYPK-interactors are yet to be identified
(Choudhury et al. 2012).
Another interesting feature of HYPK is its non-homology to
any functionally described proteins present in the databases
available. This makes functional characterization of HYPK a
challenging task. There are 105 orthologs of human HYPK
across different kingdoms of life. As the function of any polypeptide is directly dependent on a particular conformation it
attains in a functional context, we analysed these orthologs. The
exponential correlation of the conformational and sequence
divergence of proteins is well known (Lesk and Chothia
1980). The relative frequencies of changes at synonymous and
non-synonymous sites in the ortholog sequences are determined
by the selective forces acting on them. Therefore, long-term
selective pressure acting on orthologs sequences reflects their
functional divergences that often results in advantageous consequences (Banerjee et al. 2012). Hence, we calculated the
evolutionary divergence between HYPK orthologs by measuring the percentage changes of amino acids in different positions
(Mukhopadhyay et al. 2007; Dasgupta et al. 2012).
The present study reveals a conserved nascent peptide
binding domain at the C-terminus of HYPK. Evolutionary
restriction is highest within this domain, and therefore, this
region has significant influence on HYPK structure and
function. Secondary structure analysis as well as molecular
dynamics simulation indicates that the protein is comparatively more structured at this domain. Indeed, our earlier
observations by CD spectroscopy indicates the presence of
secondary structural elements in the C-terminus of the protein (Raychaudhuri et al. 2011). This conserved domain is
significantly over-represented by acidic amino acid residues
and shows in vivo chaperone-like activity like the full-length
protein. When overexpressed in cell culture model of
Huntington’s disease (HD), this domain reduces cellular
toxicity. We also find that HYPK binds to nascent peptides
and the C-terminal region is required for that.

and used the corresponding amino acid sequence as query
in PSI-BLAST (Johnson et al. 2008) to search for its distant
orthologs. Orthologs satisfying the PSI-BLAST criteria with
e-value ≤0.0001, identity ≥40% and query coverage ≥60%,
were selected.
2.2

Multiple sequence alignment and phylogenetic
analysis

Multiple sequence alignment of human HYPK and its
orthologs was carried out by CLUSTALW2 (Thompson
et al. 1994). On the basis of this alignment, a neighbourjoining phylogenetic tree was generated using MEGA5
(Saitou and Nei 1987). Kimura two parameter model (K2P)
was used to make the distance matrix and K2P distances
have been estimated between each of the clades in the
phylogenetic tree (Kimura 1980). Evolutionary rate of each
individual residue for a given HYPK ortholog is calculated
using SWAKK server (Liang et al. 2006).
2.3

Prediction and validation of three-dimensional
structure

Three-dimensional model of human HYPK was prepared
using an ab initio method in the ROBETTA online modelling service (Raman et al. 2009). The model was validated
using Procheck server (Laskowski et al. 1993). To further
confirm the structural features of HYPK we performed Molecular Dynamics (MD) Simulation. All-atom MD Simulation was carried out using GROMACS 4.5.3 package (Van
Der Spoel et al. 2005; Pronk et al. 2013), applying the
forcefield GROMOS96 43a1 and Solvent model TIP4P.
The 3D-modelled structure of human HYPK, prepared by
using the ab initio method via ROBETTA, was used as an
input file for GROMACS. Lennard-Jones interaction energies (in kcal/mol) have been calculated for each position of
the protein using g_energy tool of GROMACS with 10 ns
simulations. Energy values calculated by the above method
have been plotted against each of the 129 residues to sketch a
free energy landscape of the entire protein. Deviations (measured in Å) from the mean position of the MD simulation
trajectories for Cα atoms can be determined using the RMSD
parameter. RMSD is computed with the help of the g_rms of
GROMACS (Maiorov and Crippen 1995; Pronk et al. 2013).
2.4

2.
2.1

Constructs

Materials and methods

Sequence extraction and orthologs identification

We have downloaded the coding sequence of human HYPK
from NCBI GenBank (Accession number: NP_057484.3)
J. Biosci. 39(4), September 2014

Cloning of GFP-HYPK and DsRed-H40 are described elsewhere (Raychaudhuri et al. 2008b). Gene specific primers
(Forward: 5′ ACGCGTCGACCGGCGGCGTGGTGAAATA
GATA 3′ and the Reverse: 5′ CGGGATCCCTACCC
AGATTGGAACTCTGG ATCTC 3′) for HYPK N-terminus

Htt-interactor HYPK binds to nascent peptides
(1st to 60th amino acid of HYPK) and gene specific primers
for (Forward: 5′ ACGCGTCGACGAGACGGCCATGTC
TGTGAT 3′ and the Reverse: 5′ CGGGATCCAGGG
CAATAAGCGCCTCTAC 3′) HYPK C-terminus (61st to
129th amino acid of HYPK) with adaptors (underscored) for
the restriction enzymes (RE) SalI and BamH1 were synthesized (MWG Biotech). These primers amplify the cDNA
(NM_016400). Total RNA was isolated from leukemic cell
line P3HR1 using standard methods. The first strand cDNA
was synthesized using oligo dT primers and reverse transcriptase (Invitrogen) and amplified using the above primers. RTPCR product (380 bp) was purified from 1.5% agarose gel,
digested with SalI and BamH1 (Promega) and ligated with
pEGFPC2 vector (BD Biosciences) digested with the same
REs, and then transformed into competent Escherichia coli
strain DH5α. Plasmid DNA was isolated from colonies and the
inserted DNA was confirmed both by DNA sequencing and
RE digestion.
2.5

Cell culture

Neuro2A and HeLa cells were obtained from National Cell
Science Centre, Pune, India and grown in DMEM (HiMedia,
Mumbai, India) supplemented with 10% fetal bovine serum
(PAN Biotech GmbH, Aidenbach, Germany) at 37°C in 5%
CO2 atmosphere under humidified condition. Transfection of
cells was performed using SuperFect Transfection Reagent
(Qiagen). For single transfection experiments 5 μg of DNA
constructs were used in each event. In all the cases of cotransfection, constructs were taken in 1:1 (w/w) stoichiometric ratio to keep the transfection efficiency unaltered (~5 μg
each).
2.6

Microscopy

Imaging was performed on LSM 510 confocal laser scanning
microscope equipped with an argon-krypton laser (Carl
Zeiss, Jena, Germany). Cells were grown on cover slips,
fixed with (1:1 v/v) acetone: methanol and washed with
PBS, mounted on slides and images were grabbed with
63X plan-apochromatic objectives. For localization studies
of the cells containing GFP, DsRed or both signals, spectral
data were collected from 361.8 nm to 704.2 nm at a step of
10.70 nm using the λ mode of the spectral imaging facility.
For co-localization experiments images were generated after
appropriate linear un-mixing of the spectra.
2.7

MTT Assay

MTT [3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium
bromide] assay was carried out using the method described
earlier (Majumder et al. 2006). Cells were plated in triplicate
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(1×105 per plate) and grown overnight. Next morning, MTT
dissolved in complete medium was added (final concentration
500 μg/mL) and grown for another 4 h. Medium was aspirated
out from each plate. Cells were washed with PBS, scraped and
dissolved in 50% DMSO (in PBS). The color generated was
quantified by taking absorbance at 570 nm using Beckman
DU-600 spectrophotometer. Fifty percent DMSO in PBS was
taken as the blank for the detection of absorbance. Each
experiment was repeated at least five times. Survivals of
experimental cells were analysed using the survival of control
cells as 100%.

2.8

Fluorometric determination of caspase-3,
and caspase-8 activity

Caspase activation assays were performed as described earlier (Majumder et al. 2006). In short, exponentially growing
cells were trypsinized and counted in a hemocytometer and
collected by centrifugation. Two million cells were used.
Cells were washed with PBS and then lysed in 50 μL of
chilled lysis buffer on ice for 10 min. The lysate was centrifuged at 18,000g for 5 min at 4°C to precipitate cell debris
and supernatant was added to assay buffers containing 10
mM DTT. The substrates for caspase-3 (Ac-DEFD-AFC;
final concentration 9.4 ng/μL) and for caspase-8 (IETDAFC; final concentration 50 μM) were added to the individual reaction mixture, incubated at 37°C for 2 h. The fluorescence of liberated AFC was measured at its emission
maxima (λmax 505 nm) with the excitation at the 400 nm
for caspase-3 and caspase-8 detection.

2.9

In vivo chaperone activity assay

The basis of this assay is to monitor refolding of heat
denatured luciferase in vivo as a measure of chaperone
activity (Gupta et al. 2011). Detail of the assay is provided
earlier (Raychaudhuri et al. 2008b). We used the Tet-Off
Advanced Inducible Gene Expression System (BD Biosciences) for steady expression of luciferase in HeLa cells (HTet-Off-Luc+ve) (Raychaudhuri et al. 2008b). H-Tet-OffLuc+ve cells were grown in absence of Doxycycline (Sigma)
and transfected with either only GFP or GFP-HYPK or GFPNterm-HYPK or GFP-Cterm-HYPK. After 24 h of transfection, luciferase activities were measured at 37°C (before heat
shock), immediately after heat shock at 45°C for 30 min and
after 4 h of recovery following heat shock at 37°C with the
Luciferase Assay System (Promega), according to the protocol described by the manufacturer. Relative luminescence
was measured in a Sirius Luminometer (Berthold Detection
Systems GmbH, Germany). Each experiment was repeated
at least five times.
J. Biosci. 39(4), September 2014
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2.10

Nascent peptide binding assay

HeLa cells were transfected with GFP-HYPK, GFP-NtermHYPK, GFP-Cterm-HYPK, empty GFP vector and GFPHSP70. After transfection cells were starved for methionine
for overnight. Then the cells were given a pulse with radio
labelled methionine [S35methionine, ~250 μCi for 5 mL medium] for 20 min. In one GFP-HYPK transfected cell containing plate cycloheximide (CHX) (Sigma, 40 μg/mL) was added
during the pulse to arrest protein synthesis. After the pulse,
cells were thoroughly washed with PBS. Total protein extracts
were prepared from these cells with immunoprecipitation buffer (50 mM Tris–Cl pH 7.5, 15 mM EDTA, 100 mM NaCl,
0.1% Triton X-100 and protease inhibitor cocktail obtained
from Sigma). The cell extracts (~800 μg) were then precipitated with anti-GFP polyclonal antibody (Alexis Corporation,
Lausen, Switzerland, 1:5000 dilutions), for overnight at 4°C.
Next day, 50 μL slurry of protein G-sepharose bead was added
to the samples and kept shaking for 6 h at 4°C. Beads were
precipitated, washed and then boiled with SDS PAGE sample
buffer and run on 18% SDS PAGE and the gel was
autoradiographed. In a control experiment, GFP-HYPK cell
extract was incubated with protein G-sepharose beads used for
the immumoprecipitation experiments.

3.
3.1

Results

Sequence analysis of HYPK orthologs

Human HYPK has a unique primary structure having no
similarity with proteins of known functions. Only recently
we observed that it is an intrinsically unstructured chaperonelike protein (Raychaudhuri et al. 2008a; Choudhury et al.
2012). Psi-Blast (Altschul et al. 1997) search using the amino
acid sequence of human HYPK (accession number:
NP_057484.3) identified 105 orthologs including members
from other vertebrates, invertebrates as well as from plants.
Sequence alignment of these orthologs using CLUSTALW2
(Thompson et al. 1994) revealed presence of a conserved
region (amino acid position 69 to 129) within the human
protein (figure 1A). Further analysis by Prodom (Servant et
al. 2002) identified a ‘nascent polypeptide-associated alpha
subunit’ domain (NPAA domain) of 40 amino acids at this
conserved C-terminal end (amino acid position 90 to 129 of
human HYPK) (figure 1B).
Next we analysed the secondary structure of HYPK
orthologs using PREDATOR (Frishman and Argos 1996).
The NPAA domain of human HYPK was predicted to be
predominantly α-helical (figure 1B) (Raychaudhuri et al.
2011). This motivated us to construct a three-dimensional
model of human HYPK using ab initio method which was
then validated by PROCHECK (figure 1C) (Laskowski et al.
J. Biosci. 39(4), September 2014

1993). Presence of >96% amino acid residues within the
most favored regions of the Ramachandran plot indicated
>95% accuracy of the model (supplementary figure 1). This
structural model showed substantial α-helicity at the Cterminus of the protein (figure 1C). Surprisingly, it showed
α-helical segments in other regions as well. Here, it is important to note, CD spectroscopy experiments published
earlier only shows secondary structural elements at the Cterminus, not in the N-terminus (Raychaudhuri et al. 2011).
To clarify, we performed 10-ns all-atom molecular dynamics simulation and created a residue fluctuation profile of
human HYPK amino acid sequence on the basis of Cα trajectories generated during simulation (supplementary figure 2A).
In line with experimental observation, the fluctuation propensity is lowest within the NPAA domain symbolizing (higher)
stability within this region in comparison to the rest of the
protein (supplementary figure 1A). We also calculated the
short-range interaction (Φsr) and all-atom interaction energy
(Φ1r) (in kcal/mol) for each residue of the protein (see methods
for detail). The energy of an interaction between pairs of atoms
arises from changes to the wave functions as the atoms approach. The resulting energy can be considered in terms of two
components: long-range interaction (Φlr) and short-range interaction (Φsr). The sum of these interaction energies result in
‘all-atom interaction energy’ (Φ), for the interaction as a
function of the atom separation, r. Thus, Φ (r) = Φlr (r) + Φsr
(r), the sum of all such interactions gives the total energy of the
system. Short-range interactions, also termed as local interactions, refer to those taking place between near neighbour
amino acids along the main chain (Bahar et al. 1997). They
largely contribute to the secondary structure formations,
whereas, long-range interactions play a distinct role in determining the tertiary structure of a protein (Gromiha and Selvaraj
1999). Much higher efficacy (greater negative value in the free
energy landscape) for short range interactions adds stability to
the protein. We observed that both the values of interaction
energies (especially Φsr) were highly negative within the
NPAA domain (residue position 90 to 129) signifying much
higher stability and secondary structure propensity within this
domain in comparison to the rest of the protein (supplementary
figure 2B). Thus, the MD simulation supports our experimental observation.
These results suggest some unique features of HYPK
amino acid sequence, particularly at the C-terminus indicating HYPK may have a function which is preserved during
evolution and that function is probably located within the
conserved C-terminal region.
3.2

Phylogenetic analysis of HYPK orthologs

The conserved nature of HYPK sequence led us to analyse its
phyologenetic relationship. The tree constructed using
neighbour-joining method primarily differentiated the 106
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Figure 1. Sequence analysis of HYPK orthologs. (A) Multiple sequence alignment of HYPK orthologs using CLUSTALW2. Residues
marked in pink indicate 100% conservation among all orthologs; yellow indicates >90% conservation; blue indicates >60% conservation.
(B) Predicted secondary structure of human HYPK (NP_057484.3). ‘h’ indicates helix and ‘c’ coil. NPAA domain is marked in yellow.
(C) Ab initio model of human HYPK (NP_057484.3). The NPAA domain is shown in brown. C- and N-termini of the protein are indicated.

HYPK orthologs into four clades (Saitou and Nei 1987)
(figure 2; supplementary table 1). Clade1 represents all the
plant and some of the invertebrate members; clade 2 contains
members from the Phylum Arthropoda, like common fly
(Drosophila melanogaster), mosquitoes (Aedes aegypti, Culex
sp.) etc.; clade 3 shows the presence of the organisms from the
phylum Nematoda (C. elegans, Brugia malayi, Loa sp.) and
lower vertebrates like Branchiostoma; and lastly, clade 4 consists of a broad range of organisms, i.e. few members from
higher invertebrates as well as some vertebrates like fish and

amphibians. Interestingly, there are two separate branches
within clade 4. We have designated them as clade 4A and
clade 4B. Among these, clade 4A explicitly represents
higher vertebrates, like Reptilians and Mammals including
Homo sapiens. Important to note that the above-mentioned
five distinct phylogenetic lineages (including clade 4A and
4B) clearly show escalating evolutionary distances that we
have measured in terms of Kimura two-parameter model
(K2P) (Kimura 1980) (table 1). Thus, the disparities between
the K2P distances reveal major genomic diversity.
J. Biosci. 39(4), September 2014
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Figure 2.

Neighbour-joining tree (with 500 bootstrap replicates) showing evolutionary relationship of HYPK orthologs. Five distinct
clades obtained through the phylogenetic analysis have been marked by different colours. The numerical values present above the nodes
represent the bootstrap value for that particular node. Scale bar, 0.1 substitutions per site.

3.3

Evolutionary pressure on HYPK orthologs

The evolutionary rate between amino acids within a protein
may differ depending on functional constraints (Kimura 1983).
Hence, we measured the evolutionary rate for all amino acids
in HYPK orthologs and identified functionally important regions using SWAKK web server (Liang et al. 2006). Table 2
shows ω values (ω = ratio of the number of non-synonymous
substitutions per non-synonymous site (Ka) to the number of
synonymous substitutions per synonymous site (Ks)) for different clades. Variation of Ka from Ks occurs due to positive
Darwinian selection or purifying selection (Thomas et al.
2003; Sinha et al. 2009). Thus, ω>1.0 symbolizes positive
selection, whereas, ω<1.0 stands for purifying selection and
the condition of ω approaching 0 takes place due to highest
intensity of purifying selection (Thomas et al. 2003; Wang
et al. 2010). Given, the ω value of 1 indicates neutral evolution;
HYPK sequence analysis implies that the proteins of clade 4A
are subject to strong purifying selection. Also, this analysis
reveals that for all the clades, the ω value is comparatively lower
within the NPAA domain. Thus, the residues within this domain
are under maximum evolutionary constraint and therefore they
have significant influence on protein structure and function.
Again, reduction of ω within this domain is much higher for
HYPK orthologs present within the clade 4A and highest for
human HYPK (table 2). Therefore, this analysis concludes that
the adaptive functional value conferred by the NPAA domain of
HYPK is quite higher in case of clade 4A members and maximum for its human counterpart with respect to other members
of clade 4 as well as other clades (1, 2 and 3).

3.4

Unstructuredness and amino acid composition
in HYPK orthologs

Human HYPK is an intrinsically unstructured protein
(Raychaudhuri et al. 2008a). Hence, we analysed the HYPK

orthologs to investigate any relationship between
unstructuredness and evolution. DISOPRED2 sever was
used for this purpose (Ward et al. 2004). We observed that
unstructuredness increased notably within the NPAA domain from lower to higher clades, i.e. plants, lower invertebrates and a large number of arthropod orthologs have the
lowest content of unstructuredness. In contrast, orthologs of
clade 3 and 4 contain higher degree of unstructuredness and
this is highest in human (table 3). However, when full-length
proteins were considered, no specific trend was observed
(table 3).
While there was no preference for any particular class of
amino acids in full-length human HYPK, sequence analysis
revealed significant over-representation of acidic amino
acids in NPAA domain of the human orthologs compared
to other clades (figure 3A; supplementary table 2A). In
contrast, basic amino acids were under-represented
(figure 3A; supplementary table 2A). A more careful analysis indicated that in the full-length human orthologs glutamic
acid is significantly favoured whereas aspartic acid is reduced (figure 3B; supplementary table 2B). Among the basic
amino acids, both lysine and arginine are significantly underrepresented within the NPAA domain (figure 3B; supplementary table 2B). Thus, amino acid composition of human
HYPK is very unique, especially within the NPAA domain.
Despite increased unstructuredness was observed within
the NPAA domain of human HYPK, secondary structure
analysis indicated the α-helical content is largely preserved
within clades (table 4). This indicated that the NPAA domain
region is of functional importance and, therefore, evolution
did not want to change the conformational information here.
On the other hand, when full-length protein was considered,
decreased proportion of α-helix and increased random coil
content was observed in human HYPK (table 4). This
Table 2. Evolutionary rate in different clades of the phylogenetic
tree and human HYPK

Table 1. K2P distances between the different clades of the phylogenetic tree

Clade 1
Clade 2
Clade 3
Clade 4A
Clade 4B

Clade 1

Clade 2

Clade 3

Clade 4A

Clade 4B

0.000
1.477
1.610
1.021
1.200

0.000
1.427
0.952
1.005

0.000
1.332
1.201

0.000
0.836

0.000

Clade 1
Clade 2
Clade 3
Clade 4b
Clade 4a*
Human

ω values;
full-length
HYPK

ω values;
NPAA
domain

% difference
(*)

0.3959
0.2041
0.2274
0.1184
0.0660
0.0422

0.3435
0.1440
0.2109
0.1018
0.0422
0.0207

13.24
29.45
7.26
14.02
36.06
50.94

*, excluding human HYPK.
J. Biosci. 39(4), September 2014
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Table 3. Percentage of disordered residues (average) within fulllength HPK and NPAA domain
NPAA domain

Clade 1
Clade 2
Clade 3
Clade 4b
Clade 4a*
Human HYPK

Average
number of
disordered
residues
3
4
18
19
20
23

Average
length
(amino acids)
41
41
41
41
41
41

% of
disordered
residues
7.32
9.76
43.90
46.34
48.78
56.10

Full-length HYPK

Clade 1
Clade 2
Clade 3
Clade 4b
Clade 4a*
Human HYPK

Average
number of
disordered
residues
77
53
81
57
90
83

Average
length
(amino acids)
107
114
115
120
121
120

% of
disordered
residues
71.96
46.49
70.43
47.50
74.38
69.17

*, excluding human HYPK.

suggested structural flexibility. This flexibility may allow
human HYPK to interact with peptides/proteins with wide
range of secondary conformations and act on them via the
conserved C-terminal domain.

3.5

N-terminus and C-terminus of HYPK co-localizes
with Htt aggregates

The presence of the putative nascent peptide binding site at
the C-terminus of the protein, as predicted by bioinformatics
analyses, inspired us to clone N-terminal (1st–60th amino
acid) and C-terminal (61st–129th amino acids) regions of
HYPK in pEGFPC2 vector (GFP-Nterm-HYPK and GFPCterm-HYPK, respectively). Likewise the full-length protein, after transfection both N-terminal and C-terminal region
of HYPK were found to be present throughout Neuro2A
cells (figure 4) (Raychaudhuri et al. 2008b). Full-length
HYPK was shown to co-localize with N-terminal Htt containing either 16Q (DsRed-H16) or 40Q (DsRed-H40)
(Raychaudhuri et al. 2008b). Similarly, when cotransfected with DsRed-H16, both GFP-Nterm-HYPK and
GFP-Cterm-HYPK were found to co-localize with DsRedH16, mainly in the cytoplasm (figure 4). They were also
J. Biosci. 39(4), September 2014

found to co-localize with DsRed-H40 (figure 4). Please note,
mere co-localization is not sufficient to conclude physical
interaction between these proteins. However, given the fulllength HYPK physically interact with both DsRed-H16 and
DsRed-H40 in a similar way (Raychaudhuri et al. 2008b), an
interaction between overexpressed fragmented HYPK constructs with overexpressed Htt may also take place.
3.6

Interaction with nascent peptides

The presence of NPAA domain suggests HYPK may interact
with nascent peptides; preferably via the C-terminus. HYPK
has been also shown to be co-purified with MPP11 and
Hsp70L1; two nascent peptide binding chaperones (Otto et
al. 2005). Folding of newly synthesized proteins is facilitated by the co-operative interaction between nascent peptides
and these chaperones. To check the interaction between
HYPK and nascent peptides, we carried out immunoprecipitation experiments with total proteins prepared from HeLa
cells transfected with GFP-HYPK, GFP-Cterm-HYPK,
GFP-Nterm-HYPK and GFP-HspP70 (figure 5).
To label the nascent peptides, these cells were kept in
methionine-free medium for overnight and then incubated with
radio-labelled methionine [S35] for 20 min. Cell extracts were
prepared anticipating the peptides that are translated during the
20 min pulse would be radio-labelled. The cell extracts were
then precipitated with anti-GFP polyclonal antibody, run on
18% SDS PAGE and autoradiographed. Likewise GFPHSP70 (positive control), HYPK was observed to bind nascent
peptides (figure 5). Binding of HYPK with smaller peptides
(below 3 kDa) was also evident. The C-terminal region of
HYPK was found to bind nascent peptides similarly like
HSP70 or full-length HYPK. Unlike the C-terminal, Nterminal region of HYPK almost did not bind to smaller
peptides. However, a strong band at ~25 kDa is observed
which might be a putative interactor of the N-terminal HYPK.
Nascent peptides have a propensity for binding many proteins
non-specifically in cell lysates (Eggers et al. 1997). Hence, in
control experiments cell, extracts from cycloheximide-treated
GFP-HYPK cells were incubated with only sepharose beads
and with anti-GFP antibody-tagged sepharose beads (lane 2
and 3 from left in figure 5). No presence of nascent peptides in
these lanes confirmed that the nascent peptide binding activity
of HYPK was specific.
3.7

Chaperone-like activity of the N-terminus
and C-terminus of HYPK

As mentioned earlier HYPK was co-purified with nascent
peptide binding chaperones, we next verified whether Cterminal HYPK could show chaperone like activity in vivo.
For this, we used a protocol standardized and published from
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Figure 3. Amino acid composition of HYPK. (A) Bar graph displaying percentage composition of acidic and basic amino acids for fulllength HYPK and the NPAA domain for different clades as depicted in figure 2. * denotes p<0.05 from Student’s t-test. For details, see
supplementary table 2A. (B) Bar graph representing percentage composition of individual amino acids for full-length HYPK and the NPAA
domain for different clades as depicted in figure 2. * denotes p<0.05 from Student’s t-test. For details, see supplementary table 2B.

our lab earlier (Raychaudhuri et al. 2008b). Heat shock (HS)
at 45°C for 30 min was applied to HeLa cells stably expressing heat sensitive protein luciferase (H-Tet-Off-Luc+ve
cells) (Raychaudhuri et al. 2008b). These cells were
transfected with GFP-HYPK, GFP-Nterm-HYPK, GFPCterm-HYPK or blank GFP vectors, and luciferase activity
was measured before, immediately after (0 h) and 4 h of
recovery following HS.
As expected, luciferase activity obtained from the cell
extract of GFP-HYPK expressing reporter cells before HS
was higher than the cells expressing blank GFP vector (control) (Raychaudhuri et al. 2008b). Interestingly, enzyme
activities obtained from the extracts of both GFP-NtermHYPK and GFP-Cterm-HYPK expressing reporter cells before HS were also ~2 and ~4 times higher than control,
respectively. In full-length HYPK expressing reporter cells
luciferase activities were about 5 and 7 times higher than

control after HS and recovery, respectively (figure 6A). Similarly, about 3.5 and 7 times more luciferase activities were
observed in presence of GFP-Cterm-HYPK after HS and the
recovery, respectively (figure 6A). However, although luciferase activity recovered about 2-fold in presence of GFPNterm-HYPK, no significant difference between enzyme
activities of these cells and control cells just after HS was
noticed (figure 6A). Hence, we speculate that like many
other chaperones (Eggers et al. 1997), probably the activity
of HYPK is mainly localized at the C-terminal region where
the nascent peptide binding domain is present.

3.8

Apoptosis and cell viability in presence of mutant Htt

Overexpression of full-length HYPK could reduce DsRedH40-mediated aggregation and toxicity in Neuro 2A cells

Table 4. Percentage composition (average) of secondary structural traits within full-length HYPK and the NPAA domain of the protein
Full-length protein

Clade 1 (n=31)
Clade 2 (n=16)
Clade 3 (n=9)
Clade 4A (n=17)
Clade 4B* (n=29)
Human_HYPK (n=4)

NPAA domain

Helix

Sheet

Random coil

Helix

Sheet

Random coil

73
74
67
66
67
55

2
0
3
1
3
2

24
26
30
33
31
43

73
75
74
79
77
72

0
0
0
0
0
0

27
25
26
21
23
28

*, excluding human HYPK.
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Figure 4. Co-localization of N- and C-terminal HYPK with N-terminal Htt with 16Q or 40Q repeats. Neuro2A cells were singly
transfected with GFP-Cterm-HYPK or GFP-Nterm-HYPK constructs as well as co-transfected with these plasmids along with huntingtin
constructs (DsRed-H16 or DsRed-H40 as indicated) and visualized by confocal microscopy in fluorescence and phase contrast modes.
Scale bars, 10 μm.
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Figure 5. Interaction of HYPK with nascent peptides. Left: Flowchart of the protocol of nascent polypeptide binding assay (see methods
for details). Right: Immunoprecitation of cell extracts (as indicated in figure) with anti-GFP antibody followed by autoradiography. Positive
control-binding of nascent peptides with GFP-HSP70; negative control 1 – cell extracts were incubated with only beads; negative control 2
– GFP antibody tagged to beads incubated with extracts of GFP-HYPK cells cultured in presence of cycloheximide (40 μg/mL).

(Raychaudhuri et al. 2008b). Hence, we were interested
in mutant Htt mediated aggregation and toxicity in presence of the fragmented HYPK constructs. In MTT assay,
both full-length and C-terminal HYPK increased DsRedH40 cell survival significantly. In contrast, N-terminal
region of HYPK failed to increase survival of DsRedH40 cells (figure 6B). However, both N-terminal and Cterminal HYPK reduced caspase 3 activity (1.28 and
1.34 fold respectively) in DsRed-H40 cells although
full-length HYPK reduced caspase 3 activity more efficiently (1.5-fold) (figure 6C). Expression of both fulllength and C-terminal region of HYPK reduced caspase
8 activity in DsRed-H40 cells significantly (1.36- and
1.45-fold respectively). In contrast, overexpression of Nterminal HYPK failed to reduce caspase 8 activities
much in DsRed-H40 cells (figure 6D). These results
reflect that independent of nascent peptide binding activity, HYPK can increase the cell viability of the mutant Htt expressing cells; however, the NPAA domain
containing fragment has better capacity compared to the
N-terminal part.

4.

Discussion

HYPK belongs to a group of rare chaperones which has very
low sequence homology to the classical chaperones, mainly
including heat shock proteins and chaperonins. It does not
need ATP or other co-chaperones for refolding denatured
proteins (Raychaudhuri et al. 2008b). Two very recent papers shows that transcription of HYPK is increased in a
HSF1-dependent manner during heat shock (Das and
Bhattacharyya 2014; Sakurai et al. 2014). This observation
indicates, like many other heat shock proteins, chaperone
function of HYPK is probably required for refolding mis/
unfolded proteins during stress (Raychaudhuri et al. 2014).
Here we report that HYPK has a nascent peptide binding
domain (NPAA domain), which is evolutionarily conserved
and helps the protein to interact with nascent polypeptides.
This, for the first time, hints that in addition to assisting
refolding of mis/unfolded proteins, HYPK can possibly participate is nascent peptide folding.
Human HYPK, surprisingly, has more than 100 orthologs
and highly conserved especially at the C-terminus. No
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Figure 6. Impact of HYPK overexpression on cellular functions. (A) In vivo chaperone activity in HYPK overexpressing cells. HeLa cells
stably expressing luciferase (H-Tet-Off-Luc+ve) were transfected with different HYPK constructs and heat stressed for 45°C for 30 min
(+HS) followed by 4 h of recovery at 37°C (Recovery) or kept at 37°C throughout (−HS). Luciferase activities were measured and plotted.
Control: blank GFP vector containing cells. Standard deviations are from at least 3 independent experiments. (B) Cellular viability of
DsRed-H40 expressing cells in presence of HYPK constructs. Cell control, all cells are transfected with DsRed-H40 and one of the HYPK
constructs as depicted by the colors. Standard deviations from at least 3 independent experiments. p-Values, as calculated by unpaired t-test,
are shown. Caspase 3 (C) and 8 (D) activities measured in DsRed-H40 expressing cells in presence of HYPK constructs. Control – blank
vector expressing cells. Other than control, all cells are transfected with DsRed-H40 and one of the HYPK constructs as depicted by the
colors. Standard deviations are from at least 3 independent experiments. p-Values, as calculated by unpaired t-test, are shown.

surprise, HYPK has the ‘nascent peptide binding activity’ (NPAA domain) located here. Phylogenetic analysis
of HYPK orthologs separates them in five different
clades in a fairly hierarchical arrangement. Orthologs
from higher vertebrates like reptilians and mammals
including Homo sapiens, represented a completely separate clade, and found to be under strong purifying selection. Most importantly, compared to the N-terminal
J. Biosci. 39(4), September 2014

parts, the NPAA domains of the orthologous human
proteins experience highest selection pressure, signifying
their importance in the structural and functional evolution of HYPK.
Relationship between protein sequence and structure can
be evaluated either by deceiving the sequence features or by
determining the structural features of conserved sequence
regions of the proteins. Although HYPK is an unstructured
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protein, permitting much higher functional flexibility, the
presence of much higher percentage of alpha-helices within
the NPAA domain indicates a better structural trend in
comparison to the rest of the protein. Ordered proteins
evolve at a much slower rate than disordered proteins. Therefore, the higher structuredness within the NPAA domain
again supports the fact that this conserved region of HYPK
is under stronger evolutionary constraint (Brown et al.
2010). Moreover, the amino acid composition of the NPAA
domain of human HYPK is very unique, showing a preference towards acidic amino acids, especially glutamic acid,
sustaining the chaperone-like activity of HYPK in effective
prevention of Htt aggregates (Golovanov et al. 2004).
Structural flexibility of HYPK is a functional advantage.
This is well understood now that unstructured proteins have
certain advantages of interacting with many other proteins
depending on the functional context. This makes them important (Tompa et al. 2005; Jeffery 2009). It is also known
that unstructured protein/regions often can act as chaperones
and sometimes are relevant in diseases (Tompa and
Csermely 2004; Raychaudhuri et al. 2009; Uversky 2011).
Recently, ribosome and associated chaperones are proposed
to play vital role in proteostasis control (Preissler and
Deuerling 2012; Pechmann et al. 2013). As an unstructured
nascent peptide binding chaperone, HYPK is thus functionally important for the cell. HYPK is co-purified with MPP11
and Hsp70L1, which are very close to ribosome exit tunnel
(Otto et al. 2005), and is also present in polysomes (Arnesen
et al. 2010). Although nascent peptides do not have strict
structures, they have loose secondary conformations. We
propose that HYPK, by virtue of its conformational flexibility, can interact with increased number of nascent peptides
and bring them closer to the ribosome-associated chaperone
complex for proper folding.
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