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ABSTRACT: The irreversible dodecamerization of native Dps trimers from Mycobacterium smegmatis, in
vitro, is known to be directly associated with the bimodal function of this protein. Hence it is important
to explore this pathway at the molecular level. Two types of trimers, Trimer A (tA) and Trimer B (tB),
can be derived from the dodecamer due to the inherent 3-fold symmetry of the spherical crystal structure.
These derived trimers were expressed as protein structure graphs (PSGs) using the computed interaction
strength among the residues. Interface clusters which were identified from PSGs allowed us to convincingly
predict E146 and F47 for further mutation studies. Various single and double mutants were constructed
and characterized. We were finally able to generate a single mutant F47E impaired in dodecamerization
and a double mutant EI46AF47E as native monomer in solution. These two observed results suggest that
the two trimers are important for dodecamerization and that the residues selected are important for the

structural stability of the protein in vitro.

Symmetry plays an important role toward folding of a
multi-subunit protein in vitro (/—3). It reflects the multiplic-
ity at the interface contacts and hence the number and
position of required mutation(s) to disrupt the interfaces. In
most of the cases it has been seen that the thermal folding
kinetics follows an irreversible path and most probably the
kinetic barrier for the reverse path is too high to overcome,
which makes the multimeric assembly highly stable in
solution (4). Hence, it becomes relevant to explore the
structural determinants that drive the assembly of such
identical monomeric subunits to form a highly symmetric
stable oligomer. This will open new molecular insights on
the relative significance of each interaction present at the
oligomeric interface(s) stabilizing the structure.

Different techniques have been utilized in the past (5—8)
to elucidate the mechanism of protein assembly and con-
comitant function. Here, we are interested in correlating the
quarternary structure of a protein and its biological function.
The DNA binding protein from starved cells (Dps) of
Mycobacterium smegmatis is well-characterized in vitro from
both structural (9—17) and functional (/2) aspects. This novel
starvation inducible protein is unique from the rest of the
members of the family with respect to the temperature
induced irreversible oligomeric transition from a trimer to a
dodecamer in solution, where the lower oligomer is capable
of inhibiting the Fenton’s reaction and thus protecting the

" This work was supported by Grant Part IIB Department of
Biotechnology (DBT) infrastructure program support for basic biologi-
cal research. R.P.C and M.S.V are funded by a senior research
fellowship from the Council of Scientific and Industrial Research and
Indian Institute of Science, Government of India, respectively.

* Corresponding author. Address for correspondence: Molecular
Biophysics Unit, Indian Institute of Science, Bangalore-560012, India.
Phone: +91-80-2293-2836. Fax: +91-80-2360-0535. E-mail: dipankar@
mbu.iisc.ernet.in.

* Both the authors have equal contribution to this work.

10.1021/bi801158e CCC: $40.75

bacterial DNA from toxic hydroxyl radicals. Along with this
property, a physical shielding of the DNA is also provided
through a nonspecific binding of only the dodecameric form,
which is named as “bimodal function” of Ms-Dps protein
(12). Thus, the oligomeric transition is directly associated
with this bimodal functionality of the protein itself, which
is essential for the bacteria to survive under the stressful
conditions inside the host at the stationary phase. The crystal
structure of the protein reveals that it is a symmetric
dodecamer, and two different trimers can be deduced, namely
“Trimer A (tA) and “Trimer B” (tB) (4), due to the inherent
C; symmetry. Our aim is to elucidate the molecular mech-
anism of this oligomerization and therefore to probe the
important amino acid residues at the trimeric interface
regions.

In the present work, we have used graph theoretical
method (/3—15) to predict the important amino acid residues,
situated at the interface regions which stabilize the oligomeric
structure with side chain interactions (16—19). All the factors
such as the hydrophobic core (20), electrostatic (27) and
aromatic stacking (22) contributing to the interface stability
are effectively captured as interface clusters by this graph
based method. This algorithm considers global nonbonded
interactions among the amino acids in the form of a
mathematical graph represented as an adjacency matrix (see
Materials and Methods) and is very well established in
identifying clusters of residues significantly contributing to
the stabilization of the protein oligomeric structure (15, 19).
The amino acid(s), identified as crucial for oligomerization,
are then subjected to site directed mutagenesis (13, 14, 23)
to an amino acid distinct from both stereochemical and
physical aspects. These mutants are then characterized
structurally along with their ability to oligomerize and bind
DNA. In the present study, two residues, E146 from tA and
F47 from tB interface clusters, are identified as crucial for
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stabilizing the Dps trimers. We show here that F47 residue
is crucial for dodecamerization.

MATERIALS AND METHODS

Identification of Interface Clusters. A protein structure
graph (PSG') (15) is defined as nodes connected by edges,
in which the nodes are the amino acids in the protein. The
edges are drawn on the basis of the interaction strength
between the nodes. Interaction strength (Z;;) between any two

[

nodes “i” and “j” is defined as

n;
I.=—2—x100

! \jNixNj

where n;; is the number of unique atom pairs between *i
and *” within a distance of 4.5 A.

N, is the normalization value for the residue type “x”. Here,
we should note that we have considered normalized interac-
tions as a measure of the interaction strength among amino
acids.

An adjacency matrix A is defined with every element of
the matrix satisfying the below rule.

_ {I,Iij>0 and [; =1,

0,I.=0 or Iij<1min

1y ,U_

where I, is the minimal interaction strength. If A; = 1,
then the nodes “i”” and *j”” are connected in the graph. Hence
the topology of connectivity in a PSG is given by the
adjacency matrix. Using this PSG or the adjacency matrix,
properties like clusters and hubs can be identified. A cluster
is defined as a group of interacting amino acid nodes such
that there are no edges from the cluster nodes, incident on
other noncluster nodes. Here the DFS (depth first search)
algorithm was used to identify clusters (24). A cluster is
termed as an interface cluster if the participating nodes are
from different monomers of the multimeric complex. Hubs
are highly connected nodes in a network and are considered
to be vital in maintaining the stability of networks (25—29).
A hub is declared as an interface hub if the edges incident
on it comes from at least one node of the other monomers.

Site Directed Mutagenesis of the Dps Gene. The M.
smegmatis dps gene was cloned in an expression vector
pET21b in Escherichia. coli, and this was used as the
template for site directed mutation(s) of one or more amino
acid at the interface. Mutagenesis was carried out using the
Quickchange protocol (Stratagene) and single primer method
(23). The primers for generating all the single and double
mutants at different oligomeric interfaces are listed in Table
1. All the mutants were confirmed by DNA sequencing and
MALDI-TOF mass spectrometry of the expressed proteins.

Expression and Purification of the Dps Protein and Its
Single and Double Mutants. The C-terminal His-tagged
single and double amino acid mutants of Dps (see Table 2
for all the developed mutants and the nomenclature we use
to denote these mutants) were purified following a similar
protocol as for the wild type protein (/2). E. coli strain BL21

! Abbreviations: MALDI-TOF-MS, matrix assisted laser dissociation
ionization time of flight mass spectrometry; CD, circular dichroism;
DLS, dynamic light scattering; MW, molecular weight; aa, amino acid,;
PSG, protein structure graph; BSA, bovine serum albumin; PAGE,
polyacrylamide gel electrophoresis.
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Table 1: Primers Used for Generation of Single and Double Mutants at
Different Interface Clusters

primer primer sequence
mutations name 5’'=3")

E146A  dE146A CCGGCGAGCTGGCGAAATTCCAGTGGTTCG
dE146Ar CGAACCACTGGAATTTCGCCAGCTCGCCGG
F47E dF47E  GTCGTGGGCCCGAACGAGATCGGCGTGCACG
dF47Er CGTGCACGCCGATCTCGTTCGGGCCCACGAC
E47Y E47Yf TGGGCCCGAACTACATCGGCGTGCACG
E47Yr GCTGCACGCCGATGTAGTTCGGGCCCA

Table 2: Construction of Dps Mutants through Single or Double Amino
Acid Mutations

protein mutations nomenclature
trimer A (tA) interface single mutant E146A tAm
trimer B (tB) interface single mutant F47E tBm
trimer B (tB) interface reverse mutant  E47Y tBmR

double mutant at trimeric clusters E146AF47E DM

DE3 (pLys) was transformed with the vector (pET21b)
carrying the mutant clones. These cells were grown at 37
°C in Luria Bertini (LB) medium to an Ay of 0.6 and then
induced with 1 mM isopropyl-1-thio-3-galactopyranoside.
Single step purification was performed using the Qiagen Ni-
NTA affinity matrix according to the manufacturer’s instruc-
tions. The protocol was little modified with respect to an
increased NaCl concentration in the buffers (1 M) while
purifying double mutant (DM). The purification profile of
all the proteins was checked on a 12% SDS—polyacrylamide
gel, and then the protein was dialyzed against 50 mM Tris-
HCI (pH 7.9, 4 °C), 150 mM NaCl for overnight and
oligomeric status of all the native proteins were checked on
a 10% native-PAGE. For the formation of the dodecamer,
proteins at a concentration of >1 mg/mL were incubated at
37 °C for 12 h in 50 mM Tris-HCI (pH 7.9, 4 °C), 150 mM
NaCl (/2). All the proteins were subjected to MALDI-TOF
mass spectrometry in order to verify the expected mass,
hence confirming the correct number of mutations.

Structural and Functional Characterization of the Dps
Mutants. The purified Dps protein and all its mutants were
subjected to Superdex 75 HR 10/30 gel filtration column
(Pharmacia) at a slow flow rate of 0.25 mL/min, in a buffer
containing 50 mM Tris-HCl (pH 7.9, 4 °C), 150 mM NacCl.
High molecular weight native protein marker (Fermentas)
was used for molecular weight calibration. Molecular weights
and oligomeric status were also confirmed from MALDI-
TOF-MS and DLS experiments. Finally mutations were all
confirmed by DNA sequencing. The secondary structures of
the proteins were also verified by performing near and far
UV CD experiments. The native and mutants were all
characterized with respect to ferroxidation activity, iron
binding and DNA binding (9, 12).

RESULTS

The crystal structure of Ms-Dps dodecamer was resolved
at 4.0 A resolution in its hexagonal form (10, 11). The protein
monomer (183 aa) was found to be a four helix bundle
(chains A, B, C, D) consisting of ~65% o helical structure
connected through intermediate loops. However, upon pu-
rification of the His-tagged recombinant protein it resolves
as a trimer in both PAGE as well as gel filtration chroma-
tography experiments. Both the N-terminal (1—10 aa) and a
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B 121 ARG C 71 ARG—C 133 VAL

B 131 ASP B 134 SER \
\ C 6ILE B 146 GLU

A 6 ILE

C 146 GLU

A 121 ARG B 71 ARG—B 133 VAL /

C 121 ARG A 71 ARG—A 133 VAL
B 6 ILE A 146 GLU /
A 131 ASP, A 134 SER
(d) F 32 HIS
F 62 ARG F 29 ASN
F 47 PHE F 36 LYS F 58 VAL F 59 GLU
K 155 HIS K 151 PHE K 154 ALA F 39 HIS—F 51 HIS F 55 ASP F 54 ILE
F 48 ILE K 106 LEU K 147 LYS
F 26U K 53 MET G 32 HIS
G 29ASN G 62 ARG

G 47 PHE G S8 VAL G 59 GLU G 36 LYS
F IS5 HIS F 154 ALA G 51 HIS F 151 PHE G 39 HIS—G 55 ASP G 54 ILE
G 48 ILE F 106 LEU F 147 LYS

F 53 MET G 52 GLU

K 32 HIS
K 29 ASN K 62 ARG
K 47 PHE > K 58 VAL K 59 GLU K 36 LYS

e~
G ISSHIS G 154 ALA K 51 HIS G I51 PHE K 39 HIS—K 55 ASP K 54 ILE

K 48 ILE G 106 LEU G 147 LYS
G 53 MET K 52 GLU

FIGURE 1: Prediction of interface clusters in the Dps trimers from graph theory. (a) Trimer A (tA) interface obtained from the dodecamer
crystal structure. Protein—protein interface cluster residues are represented using VDW representation with colors indicating the chain from
which the residues form clusters. Inset: The salt bridge formed by the four residues is being highlighted. The predicted mutation site E146
is highlighted in red. (b) The subgraph of the salt bridge interface cluster (at I, = 4%) in tA is shown, demonstrating the connectivity
among the amino acid residues. The highly interacting pairs (I; = 7%) of amino acids are connected through solid lines, and the other
interactions that vanish on increasing the /i, (from 4% to 7%) are shown in dotted lines. (c) Trimer B (tB) is shown with cluster residues
highlighted as VDW. Inset: The hydrophobic interactions of the predicted mutation site residue F47 (highlighted as violet) is shown. (d)
The interface cluster (at Iin = 4%) in tB is shown as a connectivity graph. The solid and the dotted lines imply the same as mentioned in

(b).

long C-terminal tail (157—183 aa) are found to be exposed
toward the surface, where the latter appeared to be respon-
sible for the DNA binding ability of this protein (/2, 30).
Thus, the novelty of Ms-Dps, so far, as characterized by the
DNA binding activity of the dodecameric form is confined
to the surface of this spherically symmetric molecule. The
protein converts from a trimer to a dodecamer upon tem-
perature induction from 4 to 37 °C under optimum buffer
conditions and protein concentration. Here we are interested
at the “interface” region, and construct some mutant(s) of
Dps protein, which are locked in monomeric or trimeric form.
This exercise will reveal the factors contributing to the
pathway of oligomerization and the associated stability. In
this study, we have used graph theoretical methods, in which
the protein is expressed as protein structure graphs (PSGs),
to identify probable mutation points. PSGs offer an advantage
over conventional methods in various ways. They are
computed taking into account the residue-wise contacts, thus
generating relationship between residues as a function of
interaction strength, and at the same time provide valuable

information on the connectivity pattern among residues. This
quantification of the interactions and the connectivity pattern
help to narrow down the structurally important residues with
logical clarity.

Cluster Locations and Residue Identification for Mutation.
PSGs of globular proteins were found to follow a sigmoidal
profile as a function of Ij,. The Ly, in the transition phase is
termed as Ieiica (15). An optimal region of I, for analyzing
the PSGs is around this /e Hence, we went ahead to analyze
the cluster around this Iuiica region, which corresponded to an
interaction strength of Iy, = 4%. The two trimers of Dps were
expressed as PSGs, as described in Materials and Methods, and
the interface clusters were then identified. We found that the
two trimers lacked a true trimeric interface cluster but were
composed of symmetrically positioned dimeric interface clusters
(Figure 1). Hence a trimer consists of three identical interface
clusters, with each cluster comprising any two of the three
monomer chains.

(i) Clusters in tA. At lower I, values (0% to 4%) we
find a single large cluster forming at the dimeric interfaces
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of tA. However, as we increase the I, the large cluster
breaks up into two distinct clusters (Figure la, shown in
“blue” and “green”). This implies that the interaction
mechanism in tA is governed by two distinct clusters (group
of residues) capable of stabilizing the trimer autonomously.
One of the clusters has very strong salt bridge interactions
(shown in “green” in Figure la), compared to the other
cluster which is a weak interface cluster (This cluster
vanishes at I, > 4%). The salt bridge cluster is large at
lower I, values, and as we increase the I, (>5%), the
size of the cluster diminishes by losing weakly connected
amino acid nodes (shown in “dotted” lines in Figure 1b),
and only the stronger interactions are retained (as shown by
“solid” lines in Figure 1b). Out of these residues, residue
E146 is an “interface hub”, connected through strong
interaction network with the amino acids of the other chain
(Figure 1b). This is also one of the residues with almost
complete buried surface area upon trimerization. Hence we
have speculated that an E146A mutation may result in the
disruption of salt bridges and, hence, the formation of tA
interface. It should be noted here that the connectivity pattern
generated here suggests two probable mutation points,
indicated as Arg 121 and Glu 146. However, Glu 146 stands
apart from the point of interacting strength. Any conventional
analysis may overlook this point.

(ii) Clusters in tB. Unlike tA, tB has a single unique cluster
dominated by aromatic stacking and hydrophobic interactions
at the interface (Figure lc, shown in “blue”). At lower Iy,
values (=4%) the cluster is large and single, and as we
increase the I, the cluster remains single but the size
diminishes by losing weakly connected (shown by dotted
lines in Figure 1d) amino acid nodes. From Figure 1d, it is
clear that only F47, at the interface cluster, interacts directly
with the residues of the other chain. Additional data show
that F47 is also one of the completely buried residues and
also the only “interface hub”. Hence we predicted it as a
potential mutation point (Figure lc, shown in “violet”). By
mutating F47 to E47 we were able to completely disrupt the
tB trimer (experimental confirmation will be discussed in a
later section) by destabilizing the hydrophobic/aromatic
interactions at the interface. The mutations that were created
at the interface (as presented above), predicted from PSGs,
are shown in Table 2.

Single Amino Acid Mutants tAm and tBm of Dps: tBm
Cannot Form Dodecamer in Vitro. It has been recently
shown that disruption of a single salt bridge interaction
located at a subunit interface in Listeria innocua Dps (LiDps)
converted it into the Dps from its facultative pathogen
Listeria monocytogenes (LmDps). Through mutational analy-
sis at the interface they have conferred the significance of
optimized surface electrostatics and hydrogen bonding toward
stabilization of a multimeric protein assembly (4). LmDps
is considered to be a natural mutant of LiDps, as it differs
in only two amino acid residues Glnl14 and Asn126 forming
hydrogen bonds compared to Lys114 and Asp126 involved
in salt bridge interaction in LiDps.

The salt bridge cluster in tA form of Dps is composed of
strong electrostatic and ionic interactions (Figure 1b), and
hence it was reasonable to expect that the mutation of the
146th glutamate residue to alanine probably would contribute
toward the multimeric protein assembly as well as the
thermodynamic and kinetic stability of the oligomeric form
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FIGURE 2: 10% native-PAGE profile of oligomerization of native
Dps and the single mutants. BSA (lane 1); native Dps (lane2); tAm
(lane 3); tBm (lane 4); horse spleen ferritin (lane 5); native Dps
(lane 6); tAm (lane 7); tBm (lane 8). Here “a” represents the higher
oligomer (dodecamer), “b” represents the lower stable oligomer
(trimer) and “c” and “d” represent the possible dimeric and
monomeric forms respectively present in solution during dodecamer-
ization of the native form.

in solution. The choice of E146 as a potential mutation point
over other residues in the network is discussed in the previous
section. However, the tAm mutant, upon purification, did
not alter the oligomeric assembly as it resulted in a trimer
and was also further capable of dodecamerization under
similar condition to that of the native protein (Figure 2, lanes
2, 3, 6, 7). This might possibly be because of the presence
of two autonomous clusters. Hence, the tA structure remained
intact either due to stabilization through the other cluster or
perhaps due to partial disruption of salt bridges or both.
Native Dps and tAm showed certain interesting difference
on 10% native-PAGE. In the former case there were lower
molecular weight bands which were absent in the latter
(compare lanes 6 and 7 in Figure 2, bands “c” and “d”).
This will be elaborated further in the discussion part.

On the other hand, the tB interface clusters, as shown in
Figure Ic and d, provided unique hydrophobic side chain
interactions among the neighboring residues where the 47th
phenyl alanine is significantly placed as a “hub” in the amino
acid network. By mutating this to glutamate, so as to
completely disrupt the hydrophobic property of the amino
acid, we generated a mutant tBm, which forms a stable trimer
upon purification at 4 °C (Figure 2, lane 4). However, this
mutant was unable to form dodecamer (Figure 2, lane 8),
under similar condition like that of native Dps and tAm. All
the mutants were subjected to DLS as well as CD experi-
ments (see Supporting Information Table 1B and Figures
S1 and S2 respectively) to characterize them with respect to
their oligomeric status and secondary structure stability,
which gave similar results as that obtained in the case of
native protein, retaining the fold. This was then followed
by functional characterization of the mutants with respect
to ferroxidation activity, iron binding and DNA binding
ability (see Supporting Information Table 2 and Figures
S3—S5).

Reverse Mutagenesis of the 47th Amino Acid in tBm from
“E” (Glutamate) to “Y” (Tyrosine) Restored Dodecamer-
ization. To further confirm our prediction that F47 residue
was important for dodecamerization, we performed reverse
mutagenesis with a new set of primers (Table 2), at this 47th
position from E to Y to reintroduce the lost hydrophobic/
aromatic interactions in the tBm trimer. This finally generated
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FIGURE 3: The dodecamerization property of tBm mutant is restored
upon mutation of the 47th amino acid from glutamate (E) to tyrosine
(Y). BSA (lane 1); horse spleen ferritin (lane 2); tBmR (trimer)
(lanes 3, 4); tBmR (dodecamer) (lane 5). Here “a” represents the
higher oligomer (dodecamer), “b” represents the lower stable
oligomer (trimer) and “c” and “d” represent the possible dimeric
and monomeric forms respectively present in solution during
dodecamerization of the native form.

= W]

1 23 4 5 6

FIGURE 4: Purification profile (10% native-PAGE) of native Dps
and the trimeric interface mutants tAm, tBm and DM under 0.5 M
salt conditions at 4 °C: BSA (lane 1); horse spleen ferritin (lane
2); native (lane 3); tAm (lane 4); tBm (lane 5); DM (lane 6).

a mutant tBmR (Table 2), which restored dodecamerization
(Figure 3) and DNA binding ability (Supporting Information
Figure S5B). A mutant, with replacement of Phe (F) to Tyr
(Y), showed similar characteristics as that of wild type.

A ".‘ P

-
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Double Amino Acid Mutant at the Trimeric Interface, DM,
Resulted in a Native Dps Monomer. Interestingly, the purified
double mutant at trimeric interface (DM) generated a
heterogeneous protein profile in native PAGE electrophoresis
(Figure 4, lane 6). E146A mutation partially disrupted the
salt bridge cluster, as discussed before. However, from the
results obtained with tBm mutant, F to E mutation at 47th
position completely destabilizes the tB interface (Figure 1d)
formation. Therefore, when a double mutant was generated,
only one trimeric form having a weak salt bridge interaction
(tA form) is expected to exist in solution. As it is known
that increase of ionic strength in solution could preferably
disrupt side chain interaction, ionic or electrostatic in nature
(21), we further tried to purify this DM mutant under high
NaCl concentration (1 M instead of 500 mM) in the buffers.
As is evident from Figure SA, lane “e”, the purification of
DM under high salt concentration resulted in a clean
monomer band of the protein in the absence of any denaturant
like SDS. Hence, DM is a Dps monomer in its native form.
Characterization of this monomer resulted in a functionally
inactive Dps, incapable of doing ferroxidation, dodecamer-
ization or DNA binding (Supporting Information Table 2).
The purity and homogeneity of all the other single mutants
as well as the native protein under 1 M NaCl purification
conditions were also checked. As shown in Figure 5B (lanes
2—38), none of them showed any altered oligomerization
profile either. The molecular weights of all the mutants were
confirmed through gel filtration chromatography (Figure 6;
also see Supporting Information Table 1A).

We also explored the possible existence of other interfaces
in tA or tB trimers. However, further studies revealed that
no other interfaces are present in trimers which may help in
dodecamerization.

DISCUSSION

The major aim of the present work is to explore the
molecular mechanism guiding the in vitro oligomerization
of Dps protein from M. smegmatis (Ms-Dps) as a function
of amino acid mutations at the interfaces inside the macro-
molecule. We have earlier reported the significance of the
temperature induced dodecamerization of the protein, which
is directly associated with its bimodal functionality toward
DNA protection and ferroxidation (/2). This is a unique
characteristic of Ms-Dps.

NaCl(M) 051 05 1 05 1

1 2 3 4 5 6 7 8

FIGURE 5: Purification profile (10% native-PAGE) of native Dps and the trimeric interface mutants tAm, tBm and DM under 0.5 and 1 M
NaCl salt conditions at 4 °C (A) BSA (lane a); horse spleen ferritin (lane b); native Dps purified at 0.5 M NaCl condition (lane c); native
Dps purified at 1 M NaCl condition (lane d); DM purified at 1 M NaCl condition (lane e). (B) BSA (lane 1); native Dps (lanes 2, 3); tAm

(lane 4, 5); horse spleen ferritin (lane 6); tBm (lanes 7, 8).
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FIGURE 6: Gel filtration profile of native Dps and its single and
double amino acid mutants. (A) native Dps (trimer); (B) tAm
(trimer); (C) tBm (trimer); (D) tBmR (trimer); (E) DM (monomer).
The dodecamers of native, tAm and tBmR mutants were also
checked similarly using the same gel filtration column. X axes
represent the elution volume in mL and Y axes represent the UV
absorbance at 280 nm in each case. The molecular weight
calibration curve is shown in A as an inset, where the X axis
represents the elution volume in mL and the Y axis represents the
log MW.

The trimeric interfaces tA and tB obtained from the crystal
structure of MsDps are also present in the Dps from Listeria
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innocua (4). In this work they have generated site directed
amino acid mutants at a salt bridge interface to obtain the
natural mutant from Listeria monocytogenes. Since the
oligomers can be stabilized by a variety of ways, such as
the formation of salt bridges, hydrophobic interactions, we
have adopted a method of identifying the interface residues
from the protein structure networks, which can capture the
local details of interactions in the global structural context.
We have also identified clusters of amino acids at different
interfaces of MS-Dps and have predicted key residues for
mutation(s) that can probably disrupt the interfaces. Based
on these predictions, single and double mutants are con-
structed through site directed mutagenesis at both tA and tB
interfaces and named as tAm (E146A) and tBm (F47E)
respectively. Both the mutants are characterized with respect
to in vitro dodecamerization and bimodal activity. Though
it is expected that disruption of one of the clusters in tA
interface (Figure la, in “green” and “blue”) by mutating the
buried glutamate residue (E) at 146th position will impair
the trimer formation, to our surprise, we obtain a trimer in
this case (Figure 2, lane 3). Furthermore, it is also capable
of forming a dodecamer (Figure 2, lane 7), as well as the
bimodal activity is also unaltered (see Supporting Information
Figures S3—S5). Hence, we propose that tAm is actually a
prototype of the native Dps itself. Similarly, tBm was also
purified as a trimer (Figure 2, lane 4). However, interestingly,
this mutant was found to be incapable of forming a
dodecamer under optimum conditions (Figure 2, lane 8).

A 10% native PAGE analysis of Dps shows two trimeric
bands with differential mobility in the gel, as depicted in
Figure 5B, lane 2 as “bl” and “b2”, at a lower protein
concentration (at a higher concentration of the protein load,
both the bands appear to merge together). From the experi-
mental results obtained in the present study we would like
to propose that these two bands are due to two trimeric
interfaces, tA and tB Dps proteins and based on this we have
proposed a model depicting the trimer to dodecamer conver-
sion in Ms-Dps as shown in Figure 7. Perhaps we can argue
that the E146A mutation did not completely disrupt the tA
interface, but it was partially weakened, as the salt bridge
cluster (shown in “green” in Figure 1a) is disrupted. However
the other independent cluster (shown in “blue” in Figure 1a)
remained unperturbed. Thus, it is likely that tAm exhibits
similar property as that of the native protein, where both
the interfaces are still present (Figure 7).

We have shown with gel filtration analysis that these lower
forms match with dimeric Dps molecules, and their absence
in tAm may be the effect of disruption of a dimeric interface
between two monomers due to the conversion of E to
A(Figure 1a) instead of a true trimeric interface. It appears
that this mutant directly converts itself into a more stable
dodecamer without any intermediate dimer formation, which
is one of the probable mechanisms for native Dps to
dodecamerize (Figure 7, compare native Dps and tAm).

On the other hand, the tBm mutant becomes more
significant as it cannot convert itself into a dodecamer like
the native or the tAm Dps. This can be rationalized by
assuming that the mutation from Phe47 (F) to Glu47 (E) in
the unique hydrophobic cluster in tB interface (Figure lc,
shown in “blue”) is deleterious to the formation of the Dps-
like trimer interface, resulting in the presence of only one
trimer interface (tA) in solution. This is a very stable trimer
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FIGURE 7: Probable model depicting the in vitro oligomerization of Dps protein in solution. Each bar represents monomer chains of the

protein: native Dps (white); tAm (gray); tBm (black); DM (dashed).

with strong salt bridge clusters. It cannot fold into a
dodecamer further, either due to its high thermodynamic
stability or due to a high kinetic energy barrier to go to a
dodecamer in the absence of the tB form, which perhaps is
the rate limiting step for this in vitro protein—protein
assembly. F47 residue is primarily important for building
up the tB interface, and this in turn is important to fold into
the dodecamer in the presence of the other form. This is
further supported by constructing revert mutant tBmR, by
replacing “E” residue in tBm by another hydrophobic amino
acid with aromatic ring, e.g. “Y” at the 47th position. As
expected, restoration of the hydrophobic core in the tB cluster
in tBmR concomitantly restores the dodecamerization ability
of tBm mutant (Figure 3, lane 5), similar to that of the native
Dps (compare lane 6 in Figure 2). It provides a new insight
into the significance of a hydrophobic interaction among the
amino acid side chains (as in tB) vis-a-vis salt bridge
interaction (as in tA), in stabilizing different oligomeric
interfaces in a multimeric protein. Sequence alignment has
shown that the F47 residue is highly conserved in all
sequences of the Dps family of proteins in both Gram
negative and Gram positive bacteria (9). Hence our results
support the significance of this conserved residue in Ms-
Dps toward the formation of the tB interface and its
importance to form the dodecamer with the tA counterpart.

Double mutant (DM), generated at the trimeric interface
clusters, was a monomer incapable of oligomerization and
inactive with respect to both ferroxidation and DNA binding
activity. We can achieve a clean monomer only at high salt
purification condition. This may be due to the complete
disruption of a weaker tA interface and the absence of the
tB interface due to F mutation, leaving only the monomers
in solution (Figure 7). We have also shown that purification
of native, tAm as well as tBm under very high salt condition

(up to 1 M NaCl) does not alter the purification profile
(Figure 5B).

To summarize, both trimers probably exist in solution.
Both of them are essential for dodecamer formation. How-
ever the tB interface is the rate determining step of
oligomerization. Importantly, hydrophobicity and aromatic
stacking play an important role in stabilizing the interface
cluster in Dps. We believe that the present study will provide
some newer insights on the stabilizing interactions in
symmetric multimeric proteins at the molecular level.

SUPPORTING INFORMATION AVAILABLE

Figures S1—S5 and tables of data on gel filtration
chromatography, dynamic light scattering, and functional
characterization of mutants. This material is available free
of charge via the Internet at http://pubs.acs.org.
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