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HIGHLIGHTS:
1) MalZ, an aggregation prone protein requires chaperonins GroEL-ES for refolding.
2) Sequence & modelling analysis of MalZ suggest an unstructured N-terminal domain.
3) Crystal structure & limited proteolysis experiments confirm a flexible N-terminal.
4) MalZ N™" does not fold in the presence of chaperonins or separate N-terminal.

5) The N-terminal plays an important role in the folding and stability of MalZ.
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Maltodextrin glucosidase (MalZ) hydrolyses short malto-oligosaccharides from the reducing end
releasing glucose and maltose in E.coli. MalZ is a highly aggregation prone protein and
molecular chaperonins GroEL and GroES assist in the folding of this protein to a substantial
level. The N-terminal region of this enzyme appears to be a unique domain as seen in sequence

comparison studies with other amylases as well as through homology modelling. The sequence



and homology model analysis show a probability of disorder in the N-Terminal region of MalZ.
The crystal structure of this enzyme has been reported in the present communication. Based on
the crystallographic structure, it has been interpreted that the N-terminal region of the enzyme
(Met1-Phel131) might be unstructured or flexible. To understand the role of the N-terminal
region of MalZ in its enzymatic activity, and overall stability, a truncated version (Alalll-
His616) of MalZ was created. The truncated version failed to fold into an active enzyme both in
E.coli cytosol and in vitro even with the assistance of chaperonins GroEL and GroES.
Furthermore, the refolding effort of N-truncated MalZ in the presence of isolated N-terminal
domain didn’t succeed. Our studies suggest that while the structural rigidity or orientation of the
N-terminal region of the MalZ protein may not be essential for its stability and function, but the
said domain is likely to play an important role in the formation of the native structure of the

protein when present as an integral part of the protein.
1. INTRODUCTION

The protein Maltodextrin glucosidase (EC no. 3.2.1.20, Uniprot ID: P21517), expressed by malZ
gene, is an enzyme involved in the maltose utilization system in Escherichia coli [1]. The major
function of this enzyme is to catalyse hydrolysis of short malto-oligosaccharides ranging from
maltotriose to maltoheptose, while releasing glucose from the reducing end. The final end
products of this reaction are glucose and maltose [2]. The enzyme is known to release maltose
directly from maltodextrins longer than maltotriose to a small extent [3]. MalZ can also
hydrolyze y-cyclodextrins containing eight glucosyl residues, however, y-cyclodextrins are not
physiological substrates for this enzyme as they are not transported by E.coli [3]. MalZ has been
demonstrated to show trans-glycosylase activity which leads to formation of branched

oligosaccharides as products [4]. The alternate name commonly used for such enzyme is alpha-



glucosidase. MalZ is a cytosolic enzyme in E.coli, and is considered to play a role in regulating
the intracellular level of maltotriose, which induces mal regulon. Overexpression of malZ results
in decreased expression of other genes in the mal regulon [2]. In E.coli, MalZ is known to
counteract the formation of long maltodextrins, which are formed by action of amylomaltase.
The mutants where malZ is knocked out produce large amounts of glycogen using maltodextrins
as a source of carbon in absence of glycogen synthase [5, 6]. MalZ belongs to the a-amylase
family of proteins. The a-amylases are known to play active role in starch metabolism by
hydrolysing the a-1,4 and a-1,6 glycosidic linkages as well as performing transglycosylation and
hydrolysis of cyclodextins. These enzymes contain an (o/f)s tim-barrel structure which serves as
the catalytic domain [7]. While the a-amylases are primarily involved in starch metabolism, the
enzymes showing sequence similarity to MalZ are known to be cytosolic enzymes specific to
smaller malto-oligosaccharides and play active roles in maltose metabolism in bacterial cells [8,
9]. The microbial a-amylases have been studied extensively for their importance in various
industrial applications like food industry, starch industry, textile, detergent, pharmaceutical and

paper industry [10].

Maltodextrin glucosidase is also found in other organisms including Salmonella enterica,
Shigella flexneri, Yersinia pestis and others. The crystal structure of this protein has not been
reported in any of these organisms. On the basis of sequence similarity the closest structure
known to this protein is alpha-amylase 1 from Thermoactinomyces vulgaris [11] having
sequence identity of 34% with a sequence coverage of 42-591 amino acids out of 616 total amino
acids. The protein in E.coli consists of 604 amino acids, two amino acids at N-terminal and 10

amino acids including 6X His-tag at C-terminal appear in the studied protein making the total



number of amino acids to 616. However, no effect of these extra amino acids has been observed

on the function of the protein.

It has been reported that MalZ protein is highly aggregation prone and requires assistance of
chaperonins GroEL and GroES for its folding when over-expressed in E.coli [12]. The co-
expression of these chaperonins with MalZ in the E.coli cells increases the soluble and functional
fraction of MalZ protein in the cytosol by a very significant amount. GroEL and GroES usually
help the aggregation prone proteins to fold by encapsulating the protein in the cylindrical cavity
of GroEL which is capped by GroES to form a closed chamber [13]. However, MalZ is a large
protein having a molecular weight of 70 kDa and cannot be encapsulated within the GroEL-
GroES cavity, which can encapsulate protein of size up to ~50 kDa. GroEL assisted folding
through a trans mechanism [14] has been suggested for the folding of this protein. In this case, it
is expected that only a part of the protein might be entering the GroEL cavity and GroES does
not encapsulate it, but helps in the release of the protein from the cavity by binding to the trans
ring of GroEL [15]. The role of any specific part of the MalZ protein in this aggregation prone
behaviour and requirement of GroEL and GroES for assisted folding was not clear and the

present study is an attempt to answer this question.

The initial sequence analysis and homology model comparisons made it interesting to study the
N-terminal of MalZ. However in order to get precise information on its uniqueness among
amylase type of proteins and also to understand the reasons for the aggregation prone behaviour
and chaperone dependency for folding, structure determination of MalZ using X-ray
crystallography was attempted. The crystal structure of MalZ was solved at 3.7A and has been
reported here. The structure of MalZ obtained from crystallography data suggested that the N-

terminal region of MalZ (Metl — Phel31) may either be flexible or unstructured. This was



interesting as the sequence comparison and the homology model data also showed that the N-
terminal might be a distinct entity. To find out whether this N-terminal region actually plays any
important role in the folding and structural stability of the MalZ protein the N-terminal region
(Met1-Phel10) was truncated, and the results suggest that this domain is essentially required
within the protein for stabilizing the structure of MalZ in its native functional form and the N-
terminal domain does not help to fold MalZ when used in trans through co-expression in E.coli

or in vitro.

2. Materials and Methods

2.1 Sequence and homology model analysis

The amino acid sequence of the protein used for our studies was compared to the Uniprot
database using NCBI BLAST [16] and the specific domains and their families were identified
based on the sequence. Further the homology model was prepared using the I-Tasser server [17]
which combines template based prediction with some simulation based refinement. The
visualization software Pymol was utilized for visualization and comparisons. The sequence was
also analysed using a web server MobiDB [18] for disorder prediction which combines results

from multiple servers to generate a consensus on disordered regions.

2.2 MalZ expression and purification

Plasmid PCS19malZ containing the 1.8Kb malZ gene under the control of a T5 promoter and
ampicillin resistance marker was a generous gift from Prof. Winfried Boos, (University of
Konstanz, Germany). The malZ gene is cloned between sites of restriction endonucleases Ncol
and BamHI and it forms a C-terminal 6X His tag from the PCS19 vector. E.coli BL-21 cells
containing plasmid PCS19 and were grown in Luria Bertani medium with 50 pg/ml ampicillin to

0.D.g00 0f 0.6. Induction was done by 1mM IPTG. Post induction, the culture was kept at 37° C
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for 8 hours. The cells from 1L culture were harvested by centrifugation at 7500g for 15 minutes
and temperature was maintained at 4°C from this step onwards. The pellet was re-suspended in
30ml lysis buffer consisting of 20mM sodium phosphate pH7.4, 500mM sodium chloride,
Img/ml lysozyme and 1mM PMSF. Cell lysis was carried out by sonication with a Branson
Sonifier250 (USA). Fifteen cycles of 25 seconds each were given with 1 minute rest phase.
AKTA Purifier (GE Healthcare, UK) was used for the purification process. The supernatant was
loaded on a 5ml His-Trap column (GE Healthcare, UK) pre-equilibrated with the equilibration
buffer containing 20mM sodium phosphate pH7.4 and 500mM sodium chloride. The column was
washed extensively by same buffer containing 20mM imidazole for removal of impurities. Resin
bound protein is eluted by a linear gradient up to 500mM imidazole in 10 column volumes. MalZ
is eluted at imidazole concentration of around 200mM. Fractions eluted were found to contain
single bands on SDS PAGE gels stained with Coomassie blue. Protein concentration was

measured using Bradford assay (Bio-rad, USA).

2.3 Crystallization of MalZ, data collection and processing

The pure fractions of MalZ were concentrated with amicon centrifugal concentrators and in this
process, the salt and imidazole were also reduced. The protein was concentrated to 8 mg/ml and
the final buffer composition was 20mM sodium phosphate, 200mM Sodium chloride and 50mM
imidazole. The MalZ solution was mixed with reservoir solution 2l each, which contained 2.5M
ammonium acetate and 0.1M sodium acetate at pH4.6. This solution was used for crystallization
using the hanging drop vapour diffusion method. The crystallization set ups were kept at room
temperature (298 K). The crystals grew to an approximate size of 0.4x0.1x 0.1 mm?® with sharp
rectangular faces after 10 days. The crystals were stabilized in 2.5M ammonium acetate and

0.1M sodium acetate containing 20% Glycerol (v/v) for data collection at low temperatures. A



single crystal was mounted in a nylon loop and flash - frozen in a stream of nitrogen gas at 100
K. The data were collected on a MAR CCD-225 Scanner (Marresearch, Norderstedlt, Germany)
using the beamline, BM14 at the European Synchrotron Radiation Facility (ESRF), Grenoble,

France.

2.4 Structure determination and refinement

Structure of MalZ was determined with molecular replacement method using auto-AMoRe [19]
from the CCP4 software suite (Collaborative Computational Project, Number 4, 1994). The
coordinates of the structure of a-amylase from Thermoactinomyces vulgaris (PDB code: 1JI11,
[11]) were used as search model. The rotation and translation functions calculated with data in
the resolution range of 110.6 — 3.7 A yielded a unique solution with the first peak being very
distinct. The packing arrangement of the molecules in the unit cell for this solution gave no
unfavourable intermolecular contacts in space group P4 thus confirming it to be the correct space
group and the correct solution. These coordinates were transformed using AMoRe and were
subjected to 20 cycles of rigid-body refinement with REFMACS5 [20] The manual model
building of the protein was carried out using |2F, - F¢| Fourier and |F, - F| difference Fourier
maps with Graphics Program 'O’ [21] on a Silicon Graphics O2 Workstation. The structure was
partially refined due to limitation of reflection data (Table 1) to values of 0.33/0.34 for

Rcryst/Rfree faCtO IS.

2.5 Measurement of enzymatic activity and fluorescence in crystallization conditions

Solution of concentrated MalZ protein was mixed in equal amounts of crystallization solution of
2.5M ammonium acetate and 100mM sodium acetate at pH4.6 as used for setting up the
crystallization. The crystallization condition was maintained for about 1 hour and 4 hours,

respectively, and then the enzymatic activity was measured. It was compared with the enzymatic



activity of MalZ protein in 20mM sodium phosphate with 200mM sodium chloride and 50mM
imidazole at pH 7.4. Fluorescence emissions were also recorded at different pH values ranging
from 8 to 4.6. The fluorescence scans were done on Agilent Cary Eclipse fluorimeter and the
excitation wavelength was kept at 290 nm while the emission was recorded in the range 300-

400nm.

2.6 Limited proteolysis of native MalZ.

The proteolytic cleavage sites for trypsin and proteinase K were determined using Expasy
peptide cutter server [22] (Supplementary Table 2). Trypsin was purchased from Sigma
Aldrich co. LLC (USA) and proteinase K from Promega (USA). MalZ protein at a final
concentration of 25uM was incubated with 4uM trypsin and 5uM proteinase K separately in
20mM sodium phosphate buffer at pH 7.5 containing 200mM sodium chloride and 50mM
imidazole. The digestion was performed at 30°C and samples were taken at time points of 30s,
Imin, 2min, 5min and 10min. The samples were mixed with SDS gel loading buffer containing
PMSF and were heated to 95°C to inactivate the proteases. These were loaded onto SDS PAGE
and the gels were stained using coomassie blue after the completion of run. The bands on gel
corresponding to the expected size were cut and an in-gel digestion with trypsin was performed
according to previously described protocol [23]. The samples were loaded onto LC-MS and the

peptide mass were compared to the trypsin digestion profile of MalZ.

2.7 Cloning of MalZ N™™" and MalZ N-terminal domain

A PCR based selective amplification of the malZ gene in the region of amino acids Alalll —
His616 was done, thus truncating the gene sequence corresponding to the first 110 amino acids

(Metl - Phel10). Plasmid PCS19 containing malZ gene was used as a template for the PCR



reaction. PCR was run on a Bio-Rad (USA) thermocycler and Pfu polymerase (Merck-Genei)
was used for amplification. Thirty amplification cycles were used with an annealing temperature
of 64°C. The PCR product was eluted from the gel using a gel extraction kit (Advanced
microdevices, India). PCS19 and the extracted PCR product was double digested using
Fermentas (Thermo Fisher Scientific, USA) fast digest Ncol and BamHI at 37°C for 20 minutes.
The amplified gene was ligated back in the plasmid PCS19 containing a C-terminal 6X-His tag
using T4 DNA ligase (Fermentas). The DH5a colonies obtained on ampicillin containing plates
were inoculated in Luria Bertani broth and the cloned plasmid was purified by a plasmid
miniprep kit (Qiagen, Netherlands).The plasmid was double digested to confirm the presence of
cloned construct. Over-expression of the protein in BL-21 cells was confirmed and compared to
the full length MalZ protein. The full length MalZ was cloned for a different study into pACYC-
Duetl vector at Ncol and BamHI restriction sites to get the recombinant construct pACYC-D-
malZ. To get a construct with only N-terminal domain of MalZ, the plasmid pACYC-D-malZ
was digested with EcoRV (New England Biolabs) as there was an EcoRV site at the desired
location for truncation. Another ECoRV site was present in the plasmid downstream and hence a
self-ligation was done. The recombinant clone was selected on LA plate containing

chloramphenicol. This construct was referred to as pACYC-D-malzN™.

2.8 Solubility analysis by fractionation.

BL-21 cells transformed with plasmids containing pCS19 malZ and pCS19 malZz N™" were
grown and harvested. The pellet from 10 ml culture with O.D.go about 1.2 were re-suspended to
10 ml of lysis buffer containing 20mM sodium phosphate with 500mM sodium chloride and
100mM imidazole at pH 7.4. Cells were lysed by sonication and the lysate was centrifuged at
150009 for one hour. The supernatant was collected and the pellet was re-suspended in equal
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amount of buffer after washing it twice. The lysate, supernatant and pellet fractions were loaded

on SDS PAGE gel.

2.9 Co-expressions of different plasmids

Competent cells were prepared from the E.coli BL-21 cells containing the PCS19 malZ and
malZ-N"""® plasmids. These sets of cells were further transformed with pGro7 vector (Takara
Inc.) containing both groEL and groES genes under control of an arabinose inducible araC
promoter and chloramphenicol resistant marker. The cells were grown in ampicillin (50ug/ml)
and chloramphenicol (20pg/ml) containing LB media. Induction was done with 1mM IPTG and
2mg/ml arabinose. The constructs of PCS19 malZ-N™" and pACYC-D-MalzN™ were co-
transformed in BL-21(DE3) cells. The co-transformed cells were grown on LB media at 37°C
with 50pg/ml ampicillin and 20pg/ml chloramphenicol for selection. The culture was kept for 8

hours after induction by 1ImM IPTG.

2.10 Solubility determination by enzymatic activity assay.

MalZ enzymatic activity is monitored with the substrate p-nitrophenyl-a-D maltoside. Upon
hydrolysis of the substrate by MalZ, p-nitrophenol is released, which gives a yellow colour and
its quantification is done by measuring absorbance at 405nm [24]. The substrate was used at a
final concentration of 0.5mM. The enzymatic activity of MalZ was measured from cell lysates
where MalZ, MalZ-N"™" MalZ N-terminal were over-expressed and where they were co-
expressed with GroEL and GroES. The cells were lysed in 20mM sodium phosphate buffer
containing 500mM Sodium chloride, 0.5mM PMSF and 1mg/ml lysozyme through sonication
and activity assay was done from the whole cell lysates and the supernatant fractions which gave
similar results. E.coli cell lysate without plasmid were taken as a control for background

subtraction.
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2.11 Purification of MalZ-N"™" and MalZ N-terminal

Purification of MalZ-N"""°was done in the denatured state. The over-expression conditions were
the same as described above. A pellet of 1L culture was collected and cell lysis done as
mentioned above. The lysate was centrifuged at 12000g in an Eppendorf table top centrifuge.
The pellet was resuspended in 20mM phosphate buffer containing 1M urea and triton X-100 for
pellet washing. It was again centrifuged and the pellet was resuspended in 20mM phosphate
pH7.4 containing 8M urea for denaturation. The pellet was homogenized and left for 15-20
minutes to allow the denaturation of inclusion bodies. The solution was again centrifuged and the
supernatant was loaded on a 5ml His-Trap column pre-equilibrated with 20mM sodium
phosphate and 8M urea. After sample loading the column was washed for 10 column volumes of
buffer having 20mM sodium phosphate pH 6.3 and 8M urea. Further, elution was done in 10
column volumes with a gradient of 0-500mM imidazole in buffer similar to equilibration buffer.
The purity was checked on SDS PAGE. BL-21 DE3containing pACYC-D-malZ"™ were grown
on LB media containing 20pg/ml chloramphenicol for selection. The culture was kept for 6
hours after induction by 1ImM IPTG. About 50ml of the culture was taken and the cells were
pelleted at 4°C. The cell pellets were then re-suspended in 4ml of 20mM sodium phosphate
buffer containing 200mM Sodium chloride, and lysed by sonication using a Branson sonifier 250
and 10 cycles at 1 minute intervals were sufficient to break the cells. The lysate was then
centrifuged at 20,000g in a Sorvall RC6 plus centrifuge (Thermo Scientific) and the supernatant
was collected. The samples were heated at different temperatures up to 80°C for 5 mins. The
initial temperature was kept at 50°C and samples were incubated for 5 min, then centrifuged and
supernatant collected and an aliquot of that sample was run on the SDS gel, the remaining

supernatant was again treated at 55°C for five minutes and in the same manner for higher
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temperatures. The protein could be seen in the soluble fraction up to 65°C and on reaching 70°C

it starts to aggregate.

2.12 In vitro refolding of MalZ and MalZ-N"""
Refolding of purified MalZ and MalZ-N"™" were studied in terms of regain of enzymatic
activity. MalZ was denatured by 4M GdnHCI for 20 minutes before setting up the refolding

reaction while Malz-N™""

was also transferred to buffer containing 4 M GdnHCI by buffer
exchange. The buffer used for this experiment consisted of 20mM sodium phosphate, 10mM
potassium chloride and 10 mM magnesium chloride at pH 7.4. Denatured MalZ and MalZ-N"""®
were at an initial concentration of 5uM and these were finally diluted 100 times leaving the
residual concentration of GdnHCI to 0.04M. The refolding was done at a final concentration of
MalZ variants at 0.05pM. MalZ and MalZ-N"" were diluted in one set containing refolding
buffer only and two sets of buffers containing GroEL. After a 15 minute incubation 0.2uM
GroES and 5mM ATP were added to the fractions containing 0.1uM GroEL. The reaction
mixture was kept for 2 hours at room temperature and then MalZ enzymatic activity was
measured. The in vitro refolding experiment of MalZ N™" with isolated MalZ N-terminal was
performed with same refolding buffer as above. Multiple sets of refolding conditions containing
different stoichiometric ratios of isolated MalZ N-terminal and truncated MalZ protein were
used. The ratio of MalZ N™": MalZ N-terminal from 1:1 to 1:100 was analysed and GroEL was
taken in an equimolar ratio to the isolated N-terminal part. The refolding buffer consisted of the
isolated MalZ N-terminal and GroEL was added initially and then GroES and ATP were added

after 15 minutes of addition of MalZ N™™" to the refolding solutions. The refolding reaction was

allowed to proceed for 1 hour at room temperature and then enzymatic activity was measured.

2.13 The comparison of enzymatic activity after limited proteolysis.
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The native MalZ protein was subjected to limited proteolysis by trypsin as mentioned previously.
The digested product was taken out at 15min, 30min, 45 min and 60 min and was loaded on gel
and analysed for enzymatic activity according to the mentioned protocol. The enzymatic activity
readings were measured after a 7 min incubation with the substrate. The band intensities on gel
were quantified and compared by Bio-Rad Image lab software. Hydrophobic interaction
chromatography was used for the separation of the trypsin digestion products. Limited
proteolysis was set for 45 minutes at 30°C and ammonium sulphate to a final concentration of
1.2M was added to the reaction mixture. The mixture was loaded on a manually packed 1ml
sourcel51SO column (G.E. Healthcare, U.K.) pre-equilibrated with 20mM sodium phosphate
buffer pH7.4 containing 1.2M ammonium sulphate. Elution was done in 10 column volumes by
gradually decreasing the ammonium sulphate content in the buffer. The eluted fractions were
analysed on SDS PAGE, the concentration was measured by Bradford assay and enzymatic

activity was measured as mentioned previously.
2.14 Circular dichroism of MalZ N-terminal domain

Purified MalZ N-terminal domain was diluted to a final concentration of 5uM in 10mM sodium
phosphate buffer containing 20mM sodium chloride and having pH 7.4. The circular dichroism
spectra was recorded in the range of 200-300nm on a Jasco J-815 CD polarimeter. The full
length MalZ was used at a concentration of 4uM. The CD spectrum of full length MalZ was
recorded in 10mM sodium phosphate containing 20mM sodium chloride and 1mM imidazole.
The spectra were analysed for secondary structure prediction using the inbuilt algorithm in the

instrument’s software.

3 RESULTS

3.1 Sequence comparison of MalZ with other amylases
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The crystal structure of MalZ protein was not available and sequence comparison studies were
carried out initially to get some insight into the structural properties of this protein. The sequence
of MalZ protein was compared with proteins in the Uniprot database to find sequence similarities
with known protein families. Protein BLAST was run using the NCBI server [16] and the results
obtained showed that the region corresponding to amino acids Metl-Phel10 is an E-set
superfamily type domain which usually consists of two [ sheets with three or four  strands in
antiparallel direction in each sheet (Figure 1a). This domain is present in some proteins
including some amylases like maltogenic alpha-amylase 1 from Thermoactinomyces vulgaris
[11], however, the function of this domain is not very clear. There is no significant sequence
similarity of the MalZ N-terminal domain with these E-set domains in other amylase family
proteins whose structure is available in PDB (Supplementary Table 1). The region of protein
corresponding to the amino acids GIn120-Glu540 represents Alpha amylase superfamily and
most of the functional sites including the active sites are present in this region. The sequence
comparison studies show that the active site of MalZ should consist of three residues Asp338 as
nucleophile, Glu375 as proton donor and Asp450 as transition state stabilizer. These have been
determined by the similarity of residues in active sites of other alpha amylases and have been

mentioned in the Uniprot database accession number 21517.
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Figure 1: Sequence comparison of MalZ and homology model

a) NCBI Protein BLAST results of MalZ with the non-redundant protein database identify the
different regions of the protein. The first 120 amino acids have similarity to the E-Set Super
family while the rest of the protein shows high similarity with the Amylase super family of
proteins; b) The homology model of MalZ shows a distinct N-terminal domain which also
corresponds to the BLAST results and the structure of the N terminal shows an E-Set
immunoglobulin like domain with two B-sheets of antiparallel B-strands.

3.2 Homology model of MalzZ

Homology model of MalZ was prepared using I-tasser server [17]. The Ramachandran plot for
the homology model shows 71.3% residues in most favoured regions, 23.4% residues in
additionally allowed regions and 2.8% and 2.5% residues respectively in generously allowed and
disallowed regions. The C-score for the predicted model is 0.38, which shows that the model is
statistically reliable. The Z-score for the alignment with the major templates was significant, it

was 5.64 with the a-amylase 1 from Thermoactinomyces vulgaris with a 34% sequence identity

and 91% sequence coverage [25] and 8.41 with Bacillus stearothermophilus neopullanase with a
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33% sequence identity and a coverage higher than 80% [26]. The model shows that the N-
terminal domain and the C-terminal domain are present as distinct regions in the protein (Figure
1b). The middle part which corresponds to the amylase super family region comprises the major
domain of the protein containing the active sites. The N terminal region in the model primarily
consists of B-sheets. While it is not very accurate to predict the inter-domain interactions from
the homology model, however the idea derived was that a separate domain exists. Also, no
significant sequence homology was found to the N-terminal region alone when its sequence

(Met1-Phe131) was separately compared to all the proteins having structural data in the PDB.

3.3 Prediction of flexibility or disorder in the N-terminal domain

The homology model prediction server predicted two structures with C-Scores of 0.38 and 0.33
and these two models were aligned and compared. Comparison of these models and models from
other servers indicated that while the overall topology of the molecule remains the same, there is
significant variation in the N-terminal region (Figure 2a). Based on this it was assumed that the
N-terminal might exist in different conformations. Further, a disorder prediction server, MobiDB
[19] was utilized to analyse the disorder in the protein based on the sequence information. The
server gives a consensus results based on multiple disorder prediction algorithms from Dis-
EMBL [27], ESpritz [28], IUPred [29] and JRONN [30]. The result indicated that the region
between amino acids 11e35 to 11e68 is having a high disorder propensity and it was predicted in
consensus by all algorithms (Figure 2b). The analysis of the results obtained from the homology
modelling together with the comparison of protein sequences indicated a role of this terminal in
the stability and the function of the MalZ protein. Further, an attempt was also made to get more

precise information on the structure of the protein by determining the crystal structure of MalZ.
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Figure 2: Prediction of disorder in the N-terminal region

a) Comparison of two predicted homology models of MalZ protein showing the difference of
conformation in the N-Terminal domain. The rest of the protein shows significant alignment; b)
the results of disorder prediction servers showing a disorder prone region in the N-terminal
between amino acids 11e36 to 11e68.

3.4 Crystallization of MalZ

The purified samples of MalZ were dissolved in the solvent containing 20mM sodium phosphate,
200mM sodium chloride and 50mM imidazole at a concentration of 20mg/ml. A reservoir
solution was prepared with 2.5M ammonium acetate and 0.1M sodium acetate at pH 4.6. The
protein solution was mixed with the reservoir solution in equal parts and kept for crystallization
at room temperature for 10 days. Although the crystals of MalZ appeared to be good
morphologically (Figure 3b), the quality of diffraction was poor and the resolution was

restricted to 3.7A. The repeated attempts to improve the quality of crystals did not yield better

results. The reflection data were processed with DENZO and SCALEPACK from the HKL
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package [31]. The crystals belong to tetragonal space group P4 with unit cell dimensions, a="b =
110.6A, ¢ = 69.5 A. The presence of one molecule per asymmetric unit gave a crystal volume per
protein mass (Vm) of approximately 3.0 A®Da™ corresponding to a solvent content of 59%. The

results of data collection and processing are given in Table 1

3.5 Crystal structure of MalZ

Structure of MalZ was solved and refined at 3.7 A resolution. The coordinates of the structure of
MalZ have been deposited in the PDB with accession number 5BN7. Although the refinement of
the structure was not very rigorous due to the limitations of reflection data, the gross features of
the structure were clear (Figure 3d). The Ramachandran plot of the structure showed that 67%
residues were present in the most favoured regions while 31% residues were found in the
additionally allowed regions. There were 2% residues in the generously allowed regions. There
was no electron density for the N-terminal region up to residue number Phel31 in the protein
chain and hence it could not be defined in the crystal structure. In order to confirm whether the
N-terminal region was present in the protein structure and disordered or it was altogether absent
from the protein chain, the protein samples from the crystals were examined by dissolving the
crystals in water. The SDS-PAGE from these samples (Figure 3c) showed a single band and had
a molecular weight identical to that of the intact MalZ protein confirming that the protein

molecule in the crystals corresponded to that of the intact protein.
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Figure 3: MalZ purification, Crystallization and structure determination

a) Purified MalZ protein. SDS PAGE showing a band of size 70 kDa; b) Maltodextrin
glucosidase crystals after 10 days of growth at room temperature; ¢) Gel showing the presence of
intact MalZ protein in the crystals. The left lane consists of protein sample from dissolved
crystals, while the right lane shows purified intact MalZ for comparison. The middle lane has
medium range protein markers. The gel image shows MalZ protein present in the crystals to be
intact in terms of molecular weight; d) Structure of MalZ solved at 3.7A resolution. The first 130
residues from N-terminus were not observed in the electron density. The density for residues
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419-430 was also not observed. The secondary structure elements, a-helices and B-strands are
labelled.

Table 1. Data collection and refinement statistics

PDB 5BN7
Space group P4
Unit-cell parameters (A)

a=b 110.5

C 69.5
Number of molecules in the asymmetrical unit 1
Vi (A%Da) 3.01
Solvent Content (%) 59.53
Resolution range (A) 110.61-3.7
Number of total reflections 31009
No. of unique reflections 6156
Overall completeness (%) 70.4
Completeness in the highest shell
(3.80 - 3.70 A) 73.9
Rsym(%0) 9.7
Rsymin the highest shell 72.2
I/oc 2.5
I/ o in the highest shell 1.2
Reryst(%) 329
Riree (5 % data) (%) 34.4
Number of protein atoms 3618
R. m. s. deviations
Bond length (A?) 0.015
Bond angles (°) 2.4
Dihedral angles 22.3
Mean B factor (A?)
Wilson B factor 88.0
Main chain atoms 131.93
Side chains and water molecules 130.2
Overall 131.0
Ramachandran plot statistics
Residues in the most favored regions (%) 66.4
Residues in the additionally allowed regions (%) 30.7
Residues in the generously allowed regions (%) 2.3
Residue in the disallowed regions 0.5
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This led us to infer that the N-terminal region (Metl to Phel31) of MalZ is either highly flexible
or it adopted several conformations that existed statistically as reported for other proteins not
showing electron density in certain regions [32]. It might also be possible that the domain is in
unfolded state or can be in different orientations. All these states might have resulted in the
absence of electron density. It may also be mentioned here that the middle region of MalZ
contains the active site residues (Asp338 as nucleophile, Glu375 as proton donor and Asp450 as
transition state stabilizer) of the protein as identified from similar studies of various other a-
amylases. This central region appears to be a a, p Tim-barrel structure, which is also a common
structural feature of several other amylases [33]. This type of structure is also found in many
other substrates of the chaperonins GroEL and GroES [34, 35]. Hence, it may correlate to the
importance of GroEL and GroES for the assistance in the folding of MalZ protein to a native

functional state.

3.6 MalZ protein retains its conformational identity under crystallization conditions

The N-terminal region of MalZ protein was not visible in the electron density map of the
molecule, and it was assumed to be statistically disordered or flexible. Since the crystals were
prepared with a condition having pH4.6 which is a much lower pH than the working pH for the
protein ~ 7.4, it could have been suspected to be a reason for the non-uniform structure of the N-
terminal. In order to address this issue, the MalZ protein was subjected to exact crystallization
conditions and the enzymatic activity and fluorescence emission were measured. The enzymatic
activity was almost similar in crystallization conditions as to the physiological pH conditions
when the samples were kept in these conditions for 1 to 4 hours (Figure 4a). The N-terminal

region of the protein contains five tryptophan residues out of total 22 tryptophan residues present
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in the MalZ protein which is almost a fourth part of the total number. So it was expected that a
difference could be observed in tryptophan fluorescence emission intensity of the protein in case
the N-terminal region changed / deleted due to the lowering of pH under crystallization
conditions. However, there was no significant change in the tryptophan fluorescence intensity as
well as the wavelength maxima in the crystallization conditions (Figure 4b). These results
suggested that the N-terminal might be intrinsically disordered and the role of lower pH or

crystallization conditions in altering properties of N-terminal region could be ruled out.
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Figure 4. Stability of MalZ protein at crystallography conditions
a)Acitivity assay of MalZ after incubation for 1 hour and 4 hour in the conditions used for
preparing crystals; b) Fluorescence spectra of MalZ after 30 minutes incubation of MalZ native
protein at different pH ranging from 8 to 4.6. The figure shows that there is no effect of the
crystallization conditions in the overall conformation of the protein and the enzymatic activity
and fluorescence spectra remains largely similar in these conditions.

3.7 Limited proteolysis cleaves the N-Terminal of MalZ
Limited proteolysis was utilized to find the flexible or unstructured sites in the protein [36, 37].

The assumption was that if the N-terminal site would be flexible at the linker or unstructured, it
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would be digested faster than the folded part of the protein. The native and functional state of
MalZ was subjected to limited proteolysis by trypsin (Figure 5a) as well as proteinase K (Figure
5b). The sites of cleavage were identified by Expasy peptide cutter. MalZ contains substantial
number of truncation sites for both these enzymes (Supplementary table 2).The gel run after
proteolysis for different time durations show a prominent band at 54 kDa, which is expected to
be remaining after a truncation of about 130 amino acids. This was analysed by the molecular

weight analysis program Image lab of Bio-rad.
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Figure 5: Limited proteolysis of MalZ

Limited proteolysis of MalZ by Trypsin and Proteinase K. The gels show a prominent band
around 54 kDa which is the MalZ protein left after digestion of about 130 amino acids. It
corresponds to the result as it is expected to be the N-terminal region itself that got digested.

The 54kDa band obtained after limited proteolysis was cut from the gel and further analysed on
mass spectroscopy after an in-gel digestion by trypsin. The peptides obtained after digestion do
not match to the N-terminal region but match to the remaining MalZ corresponding to the middle
and C-terminal region (Table 2). These results confirmed that the N-terminal is getting digested
during limited proteolysis. This supports our assumption that the N-terminal domain is either

flexible or unstructured.

1 MLNAWHLPVP PFVKQSKDQL LITLWLTGED PPQRIMLRTE HDNEEMSVPM
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Table 2. Peptide mass fingerprinting of band obtained after limited proteolysis

The 54kDa band obtained after limited proteolysis experiment was analysed by peptide mass
fingerprinting after an in-gel digestion by trypsin. The bold red letters in the amino acid
sequence of MalZ denotes the peptides identified in the excised band. The absence of N-terminal
peptides here clearly shows that the N-terminal was truncated in the 54kda band obtained after
limited proteolysis.

3.8 N-Terminal truncation affects the enzymatic activity/solubility of MalZ in vivo.

The N-terminal truncation affects the solubility of MalZ. This could be clearly observed by
fractionation analysis on a SDS PAGE gel (Figure 6a). It is evident that while the native MalZ
protein itself is not highly soluble, about 20% of overexpressed protein could be observed in the

soluble supernatant part. However in the case of MalZ-N""

the whole protein could be
observed in the insoluble pellet fraction. Thus, showing that the deletion of N-terminal has a
profound effect on the solubility of MalZ protein. Chaperonin GroEL and GroES assist in the
folding of MalZ full length protein in E.coli and this can be demonstrated from an SDS PAGE
gel showing fractions of soluble protein in the supernatant and insoluble part in the pellet.
However, to determine the effect of truncation a comparison of enzymatic activity of the protein
was made since it is a more sensitive assay than comparison on gels to find any soluble and

functional protein in the whole cell lysate directly or in the supernatant fraction. The values are

average of four independent experiments and the cells were normalized according to the O.D.g00

25



of the culture used for lysis. The lysis conditions were kept similar in all the cases. The value for
BL-21 MalZ was taken as the reference and other values are calculated relative to that. The

values of activity analysis in case of Malz-N"™"

were comparable to the basal level of MalZ
natively expressed in E.coli without any transformation (Figure 6d). When enzymatic activity of
MalZ was compared among E.coli cells having MalZ full, MalZ-N™" and these co-expressed
with GroEL and GroES (Figure 6b), it was found that MalZ full shows a significant increase in
the enzymatic activity when co-expressed with GroEL-ES (Figure 6d). The relative increase in
enzymatic activity of over-expressed MalZ with GroEL and GroES co-expression was about

three times that of over-expressed MalZ alone. However, even when co-expressed with GroEL

and GroES, MalZ-N""" does not show any enzymatic activity in any of the fractions.
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Figure 6: MalZ N"™" solubility analysis in E.coli cytosol and in vitro

a) Solubility analysis of MalZ and MalZ-N"""° through fractionation, the lysate, supernatant and
the pellet fractions loaded on gel. It could be observed that while about 20% MalZ full length
protein is soluble (Sup-MalZ), the truncated part is totally found in the insoluble fraction and no
protein is visible in the soluble part (sup-MalZ N™"). b) Co-expression of MalZ and N-
Terminal truncated version with GroEL; and GroES. The truncated protein is 57 kDa same as

Trunc

GroEL and hence could not be resolved properly; c) Purification of MalZ-N . SDS PAGE gel
shows a band corresponding to 57 kDa for the purified protein; d) Relative enzymatic activities

&
of MalZ and MalZ-N " when expressed in E.coli. Co-expression of GroEL and GroES helps in
enhancing MalZ activity by increasing the overall soluble content of the protein. In case of

L
Malz-N " no enzymatic activity was found even when co-expressed with GroEL and GroES;

-
e) Figure showing relative enzymatic activities of MalZ and MalZ-N "™ Wwhen refolded from
denatured state in vitro. GroEL and GroES assistance in refolding helps in almost 45% recovery
of MalZ activity as compared to less than 10% in case of spontaneous refolding. In case of

T . . .
Malz-N " no enzymatic activity was recovered and the assistance of GroEL and GroES was
also not sufficient for the recovery of activity.
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3.9 MalZ-N"""* does not fold in vitro even with assistance of GroEL and GroES

MalZ full length protein refolds poorly from the chemically denatured state amounting to about
10% recovery in activity. In vitro refolding of MalZ however is enhanced and the activity of
refolded protein was monitored to be about 45% of the native protein in the presence of GroEL
and GroES in the refolding buffer, while compared to less than 10% activity recovered in the
case of spontaneous refolding. This clearly shows the effect of chaperonin in the assistance of
folding of MalZ. Purified MalZ-N"™"° (Figure 6¢) could not produce any activity in the refolding
experiments and it was completely unable to fold spontaneously. GroEL and GroES assisted
refolding was also attempted, but unlike full length MalZ protein, MalZ-N"" did not show any
activity even when refolded in presence of chaperonins GroEL and GroES. Thus it may be
inferred that the N-terminal region of MalZ plays a role in the GroEL assisted folding of the

protein. (Figure 6e)

3.10 The isolated MalZ N-terminal domain remains soluble at higher temperature

The previous experiments suggested that the MalZ-N"™" could not fold to an enzymatically
active state in the presence of chaperonins GroEL and GroES. This proves that N-terminal is
indispensable for the folding of MalZ to its native state. To further identify the role of N-terminal
domain in the folding of MalZ protein, the N-terminal domain part which was truncated from
MalZ was separately cloned in pACYC duet vector and expressed in E.coli BL-21 DE3 cells

with the help of a T7 promoter present in pACYC duet (Figure 7a).
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Fi19ure 7. Folding of MalZ N™™" with separately cloned N-terminal. a) Expression of MalZ-
N'™" and N-terminal compared to pure MalZ on SDS PAGE gel; b) Stability of MalZ N-
terminal at higher temperatures, from room temperature to 65°C the N-terminal was found to be
stable. The lanes show the soluble fractions of protein at the mentioned temperatures; c) in vivo
refolding attempt of MalZ-N"™" in the presence of N-terminal region, the truncated version
could not fold in any condition; d) in vitro refolding of MalZ-N"""" in the presence of N-terminal
region and GroEL and GroES in 1:50 ratio, similar to the previous experiments, the activity of
the truncated protein could not be restored by providing the N-terminal in trans.

While the MalZ-N™" is insoluble and aggregates during overexpression as it is found in

inclusion bodies, the separate N-terminal region was soluble and was found in supernatant after a
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fractionation experiment. Purification of the N-terminal region was attempted through gel
filtration but the purity levels were not satisfactory. The eluted fraction from gel filtration was
subjected to heat treatment at various temperatures. The N-terminal region was found to be
stable at temperatures of up to 65°C for 5 minutes and was found in supernatant when the heat
treated samples were fractionated between soluble and insoluble fractions through high speed
centrifugation. This method was also utilized for purification of MalZ N-terminal as the
impurities left in the sample during purification aggregated at higher temperatures and were
found in the pellet fraction while the N-terminal domain was present in the supernatant as

purified form. (Figure 7b).

3.11 Enzymatic activity of the MalZ-N"™" could not be recovered with addition of N-

terminal domain in trans.

Folding of MalZ-N""® was attempted through co-expression of MalZ N-terminal domain with
the MalZ-N™" in BL-21 DE3. The cells were grown in LB media with ampicillin and
chloramphenicol for selection and IPTG was used for over-expression. In order to identify the

role of N-terminal domain in the solubility of MalZ, the solubility of MalZ-N"""

was analysed
using an enzymatic activity assay. The assay was performed using cell lysate containing co-
expressed N-terminal and MalZ-N"""°. Enzymatic activity in MalZ-N"""¢ could not be recovered
in the presence of a co-expressed N-terminal region which suggests that the N-terminal region is

an essential part of the MalZ protein and the protein is not able to fold in the presence of an

external N-terminal region when co-expressed in trans (Figure 7¢).

Further, an in vitro experiment was performed where folding of MalZ-N""" was attempted in

the presence of different stoichiometric ratios of the purified N-terminal part of the protein.
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MalZ-N"""® was purified in denaturation conditions and its in vitro refolding was attempted in
refolding buffers containing N-terminal MalZ protein only, and also in the presence of N-
terminal MalZ and GroEL & GroES together. None of the two refolding conditions provided any

traces of refolded MalZ. (Figure 7d)
3.13 The N-terminal region has direct role in stability of the protein.

The limited proteolysis of native MalZ by trypsin yields a major band at 54 kDa as already
mentioned in figure 5. The enzymatic activity of the digested products were monitored after the
proteolysis. The intensities of the major bands were compared to the enzymatic activity of MalZ
(Figure 8). The band intensities and relative enzymatic activity were both compared to that of
native MalZ on a relative scale. The relative band intensities were plotted on a stacked bar graph,
with the lower bars showing the sum of intensities of all bands above 54kDa, and the top bars

showing the intensities of the 54kDa bands which were identified to be the MalZ-N™"°

part by
mass spectrometric analysis. The line plot shows relative enzymatic activities after proteolytic
digestion of MalZ at different times. The gel image of the proteolytic digestion products shows
clear band at 54kDa (Figure 8b). The intensity of 54 kDa band, the N-truncated MalZ generated
from proteolytic digestion, however does not increase with time, showing that the MalZ N™"° is
relatively less stable than native MalZ protein and might be getting further digested soon after the
N-terminal is truncated. The values of enzymatic activity recorded after various time intervals are
more than the undigested MalZ (quantitated from the bands), but lower than the expected value
from the sum of uncleaved MalZ and its truncated version (Had it been stable). It further supports
the assumption that the N truncated protein is getting degraded and hence losing its function in a

time dependent manner. The trypsin digestion products were separated from undigested MalZ

protein by employing hydrophobic interaction chromatography (Figure 8c). The protein
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concentration was 0.08mM as determined by Bradford assay. The separated fractions containing
the 54kDa truncated protein also displayed enzymatic activity. These observations consolidate
the argument that the truncated MalZ is having enzymatic activity but it is relatively less stable
than the native protein. Thus, it can be proposed that the N-region of MalZ is not directly

involved in the enzymatic property of the protein.
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Figure 8. The N-terminal does not have direct role in activity

a) Stacked bar chart showing the band intensities after MalZ trypsin digestion, the lower
stacks are the combined intensities of bands above the 54kDa band obtained in digestion,
and the top stacked bars show intensities of the 54kDa(MalZ-N"""%) band obtained after
trypsin digestion. The line plot shows the relative activity of digested product as
compared to the native MalZ. The enzymatic activity is higher than the undigested native
band intensities, but lower than the total of native and MalZ-N"™"® suggesting that the
truncated band may have transient activity but it is not stable and loses some activity after
misfolding due to truncation. b) The proteolytic digestion profile on SDS PAGE showing
the bands compared in panel (a), digested for time points of 15, 30, 45 and 60 mins. c)
SDS PAGE showing fractions of digested band separated from MalZ full length protein.
The trypsin digestion reaction mixture was loaded on a sourcel51SO column and eluted
using a linear gradient from 1.2M ammonium sulphate to 50mM ammonium sulphate.
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Lanel: native MalZ, lane2: digestion reaction mix, lane3: flow through, lane 4:
Molecular weight marker, lane5-15 eluted fractions. Fractions 14 and 15 showing
isolated digested products.
3.14 The N-terminal region consists of B-sheet and random coil structures
The circular dichroism spectra of the N-terminal region was analysed to get insights to the
structural properties of the truncated part alone (Figure 9a). The spectra was analysed by
secondary structure prediction algorithms on the Jasco spectra manager software. The Yang’s
[38] and Reed’s [39] references were used for the secondary structure analysis. The Yang’s
reference analysis shows that while 20% and 25% structure is a-helical and B-sheet respectively,
the major part shows turns and random coils which consists of 21% and 33%. In case of
prediction by Reed’s reference the a-helical and [-sheet were 8% and 51% respectively while
remaining 41% was random coil structure. The CD spectra of N-terminal hence shows that

although B-strands are predominant, the region is somewhat unstructured with almost half of the

region showing random coil structures.
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Figure 9. The CD spectra of isolated N-terminal domain of MalZ

a) The CD spectra of MalZ N terminal domain, the secondary structure prediction suggests that
almost half of the N-terminal region consists of random coil and loop regions. b) The CD spectra
of full length MalZ protein shows almost equal distribution of alpha helices and beta sheets.

The CD spectra of full length MalZ (Figure 9b) shows 30% and 24% structure as a-helical and
B-strands respectively, while 45% of the structure is expected to be random. The refined
homology model of full length MalZ consists of 23% a-helical and 19% B-sheet content, which
is somewhat similar to the CD spectra. The crystal structure of MalZ shows about 11% o-helical
and 3% p-sheet content. The electron density at N-terminal is missing which might be leading to
a lower B-sheet content in the crystal structure, and moreover the low resolution of the x-ray
diffraction data could be a reason that the crystal structure is showing low percentages of these

secondary structures.

DISCUSSION
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The Maltodextrin glucosidase enzyme is an aggregation prone protein and folds poorly when
allowed to fold spontaneously from the chemically denatured state. The chaperonins GroEL and
GroES provide assistance to the protein to attain its native form. There are many reports in
literature correlating the role of hydrophobicity [40] and secondary structures [41-43] to the
requirement of chaperones for folding to native state. To understand the role of structural
features of MalZ in its aggregation prone behaviour and requirement of chaperone assistance,
elucidation of the structure was necessary. In the absence of crystal structure, sequence analysis
and homology model prediction were done, which suggested that the N-terminal of this protein is
a distinct region. Further, disorder prediction algorithms identified that a major part of N-
terminal has a disorder propensity. In order to obtain more precise information, we decided to
solve the crystal structure of the MalZ protein. The protein was crystallized, and the crystals,
despite having a very sharp and clear morphology, diffracted rather poorly and the structure was
solved and refined to 3.7A. Despite the low resolution, few details corresponding to the nature of
the protein were readily obtained. The structure clearly showed the presence of a Tim-barrel
domain, which is found in many GroEL substrates [34, 35 and 41]. Interestingly, the N-terminal
region (Metl to Phel31) was not observed in the structure, which could be attributed to
flexibility of the region or a propensity to be statistically disordered. The role of crystallization
condition in causing the disorder or flexibility was ruled out experimentally. Limited proteolysis
of the native MalZ followed by analysing the peptide fragments also suggested the presence of
unstructured N-terminal region. In order to have a better understanding of the role of N-terminal
region of the protein in its stability and function, a truncated version of MalZ (Alal11-His616)
was prepared. The decision on the selection of truncated region has been taken on the basis of

the facts that (a) removal of first 130 amino acid residues may disrupt the important part of the
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protein, (b) even though Metl to Phell0 segment was slightly smaller than the missing zone
Metl - Phel3l in the MalZ crystal structure, it constitutes the major part of the N-terminal
region as predicted by homology modelling. It was found that the truncated version is completely
insoluble in E.coli cytosol as observed from the fractionation experiment. Based on the
background information on the GroEL-ES assisted folding of full length MalZ, chaperonin
mediated folding of the MalZ-N"™" was attempted in E.coli and in vitro. Further, assisted
folding experiments were done with the separately cloned N-terminal region of the protein used
in trans. The results from the above experiments suggested that the isolated N-terminal part of
MalZ could not help in the folding of MalZ-N""" protein. Thus, the N-terminal region of MalZ,
as an integral part, is essential for the folding of the nascent protein. The overall analysis of
secondary structures of MalZ and its isolated N-terminal region show that N-terminal primarily
consists of B-sheet structures, and significant percentage of random structure. The major reason
for the absence of N-terminal region in the crystal structure of MalZ could still be the flexibility
in the linker region as evident in the limited proteolysis experiment. These findings suggest that
while the N-terminal region of MalZ might not be having a rigid structure in its crystallized
form, it may probably be indispensable for the folding, stability and solubility. These results may
also suggest that since the N-terminal region of MalZ is unstructured, co-expressed GroEL-ES
might be protecting this region from misfolding during the over-expression of the protein in
E.coli and also in the in vitro refolding. MalZ protein could be characterized as a hybrid protein
having both structured and disordered region [44]. The unstructured N-terminal region could be
stabilizing the whole protein by interacting with other domains as observed in certain cases [45].
It is especially important as the C-terminal region of the MalZ protein consists of highly

hydrophobic contiguous amino acids and the N-terminal might be playing a key role in
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stabilizing this region. N-terminal region in some similar proteins are known to form dimer
interfaces [46], however the MalZ protein is known to be present as a functional monomer [2].
The requirement of N-terminal for stability and solubility can also be indicative of an internal
chaperone like activity [47]. Based on various reports indicating isolated protein domains having
internal chaperonin activities [48, 49], attempts to fold the truncated MalZ in presence of the
isolated N-terminal region were made in similar manner. However, co-expression of isolated N-

terminal fragment with the MalZ N™""

could not provide any soluble and functional form of the
truncated protein. The in vitro refolding experiments of denatured MalZ N™" also could not
yield any refolding when the isolated N-terminal part was added in trans. Multiple reports cite
that the N-terminal region can play a very important role in the folding and function of the
protein and while the truncations of N-terminal region have in many cases resulted in loss of
function [50], it can also result in enhancement of function for the protein [51, 52]. The N-
terminal may play an active role in the catalytic activity as it has been reported in case for some
amylases that N-terminal binds to starch or pullalan and may help in catalytic activity [53].
These cases however discuss the possible role of N-terminal in the extra catalytic functions like
hydrolysis of a-1,6 glycosidic linkages in pullalan or transglycosylation activity. Fusion proteins
attached to the N-terminal have also been known to enhance the solubility and function of
proteins in multiple studies [54, 55] and the N-terminal may also play a similar role. Our results
from the limited proteolysis followed by enzymatic activity measurements suggest that while the
N-terminal may not be directly playing a role in the enzymatic activity, its deletion is affecting
the solubility and stability of the protein.

In conclusion, the N-terminal region of MalZ appears to remain as a flexible entity in the native

protein and may not be directly involved in the enzymatic property of the protein. However, the
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N-terminal plays a crucial role in the folding of the newly synthesized MalZ protein and in

keeping the protein in soluble form in E.coli cytosol.
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