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rendering protection from free radicals.

changes.
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(Bacl(ground: DNA-binding protein from starved cells (Dps) are nano-compartments that can oxidize and store iron

Results: A histidine-aspartate ionic cluster in mycobaterial Dps2 modulates the rate of iron entry and exit in these proteins.
Conclusion: Substitutions that disrupt the cluster interface alter the iron uptake/release properties with localized structural

Significance: Identifying important gating residues can help in designing nano-delivery vehicles.

J

Dps (DNA-binding protein from starved cells) are dodeca-
meric assemblies belonging to the ferritin family that can bind
DNA, carry out ferroxidation, and store iron in their shells. The
ferritin-like trimeric pore harbors the channel for the entry and
exit of iron. By representing the structure of Dps as a network we
have identified a charge-driven interface formed by a histidine
aspartate cluster at the pore interface unique to Mycobacterium
smegmatis Dps protein, MsDps2. Site-directed mutagenesis was
employed to generate mutants to disrupt the charged interac-
tions. Kinetics of iron uptake/release of the wild type and
mutants were compared. Crystal structures were solved at a res-
olution of 1.8 -2.2 A for the various mutants to compare struc-
tural alterations vis a vis the wild type protein. The substitutions
at the pore interface resulted in alterations in the side chain
conformations leading to an overall weakening of the interface
network, especially in cases of substitutions that alter the charge
at the pore interface. Contrary to earlier findings where conserved
aspartate residues were found crucial for iron release, we propose
here that in the case of MsDps2, it is the interplay of negative-
positive potentials at the pore that enables proper functioning of
the protein. In similar studies in ferritins, negative and positive
patches near the iron exit pore were found to be important in iron
uptake/release kinetics. The unique ionic cluster in MsDps2 makes
ita suitable candidate to act as nano-delivery vehicle, as these gated
pores can be manipulated to exhibit conformations allowing for
slow or fast rates of iron release.

Iron, a metal in the first transition series, is one of the most
abundant elements on Earth, and composes 5% of Earth’s crust.
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Itacts as a cofactor and is found in active sites of many enzymes.
Capable of serving both as an electron source and an electron
sink, iron has a central role in many cellular processes including
metabolism, nucleotide synthesis, respiration, and gene regula-
tion. In living organisms, free iron exists in two oxidation states,
ferrous (Fe*") and ferric (Fe*"). The ferrous state being more
soluble is readily assimilated in biological systems, but the
highly insoluble ferric form is not as easily available for physio-
logical functions. The tendency of Fe*" to readily oxidize to
Fe*" further limits the availability of iron for aerobic life. H,O.,
a product of oxidative respiration reacts with Fe*" to generate
toxic hydroxyl free radicals by a process known as the Fenton
reaction (1).

In pathogenic bacteria iron starvation is one of the first phys-
iological obstacles that bacteria must overcome before success-
fully colonizing a host (2). Therefore, iron starvation and oxi-
dative stress are two barriers that bacteria must circumvent to
establish growth. To simultaneously store iron and protect the
cells from the deleterious effects of iron, prokaryotes have
evolved proteins belonging to the ferritin family.

Ferritins are roughly spherical nanocages that oxidize and
accumulate iron as ferric oxide in the central cavity. The ferri-
tin-like proteins are widely categorized as 24-mer maxiferritins
and 12-subunit miniferritins. Miniferritins have been recog-
nized only in eubacteria and archaeabacteria, unlike maxifer-
ritins that are present in bacteria, archaea, and eukaryotes. Also,
in contrast to ferritins that can store >4000 iron atoms per
protein shell, miniferritins can store only around 500 iron
atoms per dodecamer because of their smaller size (3, 4).

Miniferritins are dodecameric spherical proteins that can
oxidize and store iron in the form of ferrous oxide in the protein
cavity, like their larger counterparts the ferritins. But unlike
ferritins where dioxygen is the major electron acceptor, mini-
ferritins use hydrogen peroxide as the preferred reagent for iron
oxidation (5). DNA-binding protein under starvation (Dps) is a
name for miniferritins and was first discovered in starved Esch-
erichia coli cells (6) and subsequently, homologs have been
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found in many Gram-positive as well as Gram-negative bacteria
(7-10).

Many Dps proteins bind DNA in a sequence independent
manner. A number of diverse roles have been assigned to this
class of proteins in various organisms. In E. coli, Dps protects
the cell from UV and vy radiations, metal toxicity, oxidative
stress, etc. during stationary phase. In addition, cells lacking the
protein show a pleiotropic pattern of protein synthesis during
starvation (11, 12). In Haemophilus ducreyi it is a constituent of
fine-tangled pili (13), and elicits immune response being a part
of the antigen in Helicobacter pylori, Treponema pallidum, and
Borrelia burgdorferi (14—16). In certain thermophiles like
Streptococcus thermophilus, it is a cold shock protein (17). The
presence of more than one Dps homolog is also observed in
some bacteria. Bacillus anthracis has BaDps1, which is involved
in iron sequestration, and BaDps2 conferring protection
against H,0O, damage (18, 19). In Deinococcus radiodurans,
Dpsl binds DNA but is unable to protect the organism from
H,O,-mediated degradation, whereas Dps2 binds DNA and
also protects the bacterium against reactive oxygen species-
mediated damage (20, 21).

In Mycobacterium smegmatis, the first Dps (MsDpsl) was
isolated from cells in stationary phase (22). A search of TIGR
database with the MsDps1 sequence led to the identification of
the second Dps namely MsDps2 (23). MsDps1 has a long C-ter-
minal tail rich in positively charged residues for DNA binding
unlike MsDps2, which lacks any N- or C-terminal extensions,
despite which it can still bind to DNA. In M. smegmatis, these
proteins were also found to be differentially regulated at the
transcriptional and translational levels. Transcription analysis
showed MsDpsl1 to be recognized by stationary phase sigma
factors oF and o', and MsDps2 expression was driven by
housekeeping sigma o and alternative sigma o® (24). Atomic
force microscopic studies of the protein bound to DNA
revealed MsDpsl to form stable toroids with DNA. On the
other hand, MsDps2 binds to DNA in a loosely formed toroid
(25).

MsDpsl1 has a stable trimeric form that can oligomerize into
a dodecamer, whereas MsDps2 has only a dodecameric form.
With 12 identical « helical subunits, both homologs exhibit a
tetrahedral (23) symmetry. The protein is roughly spherical
with a hollow core and pores at the 3-fold axes. The dodecamer
exhibits two types of 3-fold interfaces namely, the ferritin-like
interface and the dps-like interface (23). The ferritin-like sym-
metrical interface is thought to channel iron into the protein
cavity. The pore enclosed by this trimeric interface is funnel-
shaped having a wide mouth facing the solvent side, and con-
stricts toward the interior (Fig. 1). This pore is lined by hydro-
philic residues, mainly negatively charged species like aspartate,
which are thought to trap and encourage the internalization of
iron.

In ferritins, a number of studies point to the importance of
this ferritin-like pore in the gating of iron (26, 27). Dps proteins,
also known as miniferritins, are less well studied in this respect.
Mutagenic analysis in Streptococcus suis and Listeria innocua
Dps proteins indicate the importance of conserved aspartate
residues in this channel (28, 29). Electrostatic potential at the
pores and their effect on the ferroxidation properties of Dps
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TABLE 1
Primer sequences used to generate MsDps2 variants
Mutant Primer Sequence (5'-3")
DI138N D138N-F 5'-AGCACGGCCAATCTGCTGCACGGGCTGAT-3’
D138N-R 5'-GGGATCCTCGGCGTCCACCGCGTCGTGGAC-3"
H141D H141D-F 5'-GCCGATCTGCTGGACGGGCTGATCGACGG-3'
H141D-R 5'-CGTGCTGGGATCCTCGGCGTCCACCGCGT-3’
D138H D138H-F 5'-AGCACGGCCCATCTGCTGCACGGGCTGATC-3’
D138H-R 5'-GGGATCCTCGGCGTCCACCGCGTCGTGGAC-3"
H126D/H141D H126/141D-F  5'-ATCCGGCGCGTCGACGACGCGGTGGAC-3

H126/141D-R  5'-GGTGTCGACCGTGGCGTTGATACGGGT-3"

family proteins was studied by Ceci et al. (30). But the absence
of structural information to explain the functional changes in
the mutants hampers a clearer understanding of the gating
mechanism. In human H-chain ferritin, it was shown that the
negative outer entrance of the 3-fold pore is surrounded by
patches of positive potential, and these conflicting forces oper-
ating on the incoming cations guide them with great precision
to the ferroxidation site (31).

To deduce the gating machinery in Dps molecules, we have
used as our model the second Dps from M. smegmatis. Earlier
we had explored the concepts of graph theory to identify groups
(clusters) of highly interacting residues, strong interfaces in
terms of noncovalent global connectivity from protein struc-
tures (32—-34). Using such an approach, here we have identified
a tight histidine-aspartate cluster at the ferritin-like trimeric
pore. This assembly of oppositely charged residues was seen to
guard the narrowest point of the pore. Site-specific variants of
MsDps2 were generated to disrupt this ionic knot, and the
mutants were further assayed for ferroxidation, iron release
properties and the structures were solved by x-ray crystallogra-
phy. Our studies in MsDps2 show the importance of counter-
acting positive and negatively charged residues for efficient
assimilation and dispersion of iron. The gating mechanism
happens by alterations in side chain configuration at the pore
and does not alter the overall stability of the proteins. This is not
surprising, because large conformational changes are destabi-
lizing and therefore energetically unfavorable.

EXPERIMENTAL PROCEDURES

Mutagenesis—Site-specific mutations were introduced by
the Phusion site-directed mutagenesis protocol for point muta-
tions. The mutants D138N, H141D, and D138H were generated
with the template M. smegmatis dps gene, cloned in pET21b.
The double mutant H126D/H141D was created using as tem-
plate, the H141D point mutant in pET21b. The oligonucleo-
tides used for the mutagenic PCR are as given in Table 1. The
mutations were confirmed by DNA sequencing. Furthermore,
LC-ESI-MS of the intact proteins were also performed, wherein
the purified samples were passed through a reverse phase col-
umn (Zorbax 300 SB C8, 2.1 X 100 mm, 3.5 wm) attached to an
ESI* mass spectrometer. A gradient elution using water and
acetonitrile each containing 0.1% formic acid was used to sep-
arate the proteins, at a flow rate of 0.2 ml/min.

Protein Preparation—MsDps2 and mutants D138N, H141D,
D138H, and H126D/H141D were overexpressed in the E. coli

“The abbreviations used are: ESI, electrospray ionization; r.m.s. deviation,
root mean square deviation; PSG, protein structure graph; PDB, Protein
Data Bank.
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TABLE 2
Data collection and refinement statistics
Protein D138N H141D D138H H126/141D
Data collection
Wavelength (A) 1.54179 1.54179 1.54179 1.54179
Space group ) H32 H32 H32 H32
Unitcell (@ =5b # ¢, A) a=b = 89.65, a=b=9067, a=b= 8949, a=b=9023,
) ¢ =421.07 ¢ =419.69 ¢ =420.40 ¢ =420.31
Resolution range (A) 43.57-1.85 30.0-2.21 30.0-2.03 30.0-2.03
Roerge” 0.064 (0.232)" 0.134(0.328)" 0.042 (0.101)" 0.053 (0.139)"
Number of unique reflections 55,022 (6,777)" 33,223 (4,251)° 41,333 (4,911)° 41,264 (4,752)°
<I/ol> 15.3 (5.6)” 15.6 (6.9)” 37.0 (18.5)° 25.6 (11.7)°
Completeness (%) 97.3 (83.0)" 98.1 (87.5)" 97.2 (81.1)° 95.8 (76.9)"
Multiplicity 4.6 (5.0)" 11.1 (9.3)? 8.8 (8.3)” 7.0 (6.4)”
Refinement
R (%) 18.05 17.53 16.59 17.46
R (%) 20.77 21.29 20.47 20.64
R.m.s. deviations bond lengths A) 0.006 0.007 0.007 0.007
R.m.s. deviations bond angles (deg) 0.815 0.907 0.839 0.855
Number of atoms
Protein atoms 5469 5337 5253 5329
Iron 4 4 4 4
Magnesium 3 6 5 2
Chloride 2 2 2 2
Water 429 365 332 388
Ramachandran statistics (%)
Core regions 96 97.1 96.6 96.9
Generously allowed regions 4 2.9 3.4 3.1
“Renerge = SpaZill; (hkl) — (I(MKD))| /2,0, 2, I, (hkl), where I (ki) is the i*™ observation of reflection hkl and (I(/ikl)) is the weighted average intensity for all i observations of

reflection Akl
? Highest resolution shell.

BL21(DE3) strain. The cells harboring the recombinant plas-
mids were grown in Luria Bertani (LB) medium containing
ampicillin (100 pg/ml) at 37 °C to an optical density of 0.6 at 600
nm. After inducing with 1 mm isopropyl B-p-1-thiogalactopy-
ranoside, the cultures were allowed to grow for a period of 3—4
h. The cells were harvested by centrifugation at 15,000 rpm for
15 min, suspended in 50 mm Tris-HCI, pH 7.0, 150 mMm NaCl,
and disrupted by sonication for 15 min at 30% amplitude (2.0 s
onand 4.0 s off). The lysate was centrifuged at 15,000 rpm for 15
min and a final concentration of 30% ammonium sulfate was
added to the supernatant at 4 °C and left overnight to achieve
precipitation. The precipitate was dialyzed overnight against 20
mM Tris-HCl, pH 7.0, and 50 mm NaCl, then applied on DEAE-
cellulose (anion exchanger) equilibrated with the same buffer.
Ten column volumes of wash were carried out with equilibra-
tion buffer and the proteins were eluted in 200 mm NaCl. The
proteins were assayed for purity on a 15% polyacrylamide gel,
and the dodecameric status was confirmed by a 10% native
PAGE gel in Tris glycine buffer, pH 8.5, for all the proteins.
Protein concentrations were determined by the Bradford
method (35) and spectrophotometrically at A,g, using the
molar absorptivity coefficient (36).

Confirmation of Asp — Asn Mutation by LC-ESI-MS/MS—
The purified MsDsp2 and D138N proteins were run on a 12%
SDS-PAGE gel and corresponding band at 18 kDa was excised,
destained, and subjected to in-gel tryptic digestion overnight in
50 mm ammonium bicarbonate, pH 7.5, at 37 °C. The tryptic
digests were then extracted from the gel and characterized by
conventional MS (LC-ESI-MS) and MS/MS (LC-ESI-MS/MS)
according to the protocol reported in Sabareesh et al. (37).

Staining of Iron Binding Proteins on Polyacrylamide Gel—
MsDps2 has been shown to bind to iron on staining with potas-
sium ferricyanide solution in polyacrylamide gel-based assays
(38). 100 g of MsDps2 and the respective mutants in their
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purified form (20 mm Tris-HCI, pH 7.0, 200 mm NaCl) were
incubated with 1 mm ferrous sulfate for 1 h at room tempera-
ture. The proteins were then resolved on a 10% native PAGE gel
and stained with 100 mM potassium ferricyanide solution for 10
min in the dark. Staining with potassium ferricyanide will give a
brown coloration with Fe(III). The gel was subsequently
destained with 10% trichloroacetic acid/methanol solution. In
this acidic condition the ferric ferricyanide reaction happens,
which depends on the reduction of ferric to ferrous ions in the
presence of ferricyanide, with the production of Turnbull’s Blue
(39, 40). After recording the image of the gel it was subjected to
Coomassie Blue staining to detect total proteins. The experi-
ment was done using 4-5 independent protein preparations
and a representative image is presented here.

Quantification of Iron in Purified Protein—To calculate the
amount of iron incorporated in the proteins during the 3-h
overexpression in E. coli and subsequent purification stages,
the formation of a colored complex by Fe(II) with 2,2’ -bipyridyl
was estimated after reducing the Fe(III) present in the protein
by sodium dithionite (4). The values given here are from reac-
tions done in triplicates from two protein preparations, in final
volumes of 1 ml having 1 mg of protein (4 pum), 0.4% (w/v)
sodium dithionite, and 4 mm 2,2'-bipyridyl in 20 mm Tris-HCI,
pH 7.0, and 200 mm NaCl. After overnight incubation at 4 °C
the amount of Fe(2,2'-bipyridyl),>* was measured at 522 nm
(€522 = 8430 liter/mol/cm). The assay can quantitate iron in
the ppm range.

Ferroxidation Assay—The iron mineralization kinetics was
monitored at room temperature in a Varian Cary 100 Bio
UV-visible spectrophotometer. Changes in absorbance val-
ues were recorded at 350 nm after mixing solutions of
MsDps2 and its mutants in 20 mMm Tris-HCI, pH 7.0, and 200
mM NaCl, with ferrous sulfate. The reaction was followed in
aerobic conditions for 1 h. The final concentrations in the

VOLUME 289-NUMBER 16+APRIL 18,2014
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FIGURE 1.Ferritin-like pore harbors a funnel shaped channel leading into the protein cavity. A, the MsDps2 protein has a dodecameric form of which three
subunits form the ferritin-like interface lined by many conserved negatively charged amino acids, thought to be crucial for iron uptake/release. The pathway
foriron entry is represented by the arrows. The iron is further oxidized and stored as a ferric hydroxide mineral. B, the residues mutated in the current study are
highlighted: magenta represents the amino acids at the widest region of the pore facing the solvent side; yellow shows the residues lining the narrowest point

of the pore and opening into the protein cavity.

assay were, 2.0 um protein, 500 um FeSO, in 20 mm Tris-
HCI, pH 7.0, 200 mm NaCl. Time taken for the reactions to
reach half-saturation (t1,) was used for comparison of kinet-
ics in all cases where the progress curves attained saturation
at the end of 1 h. Because D138H and H126D/H141D did not

APRIL 18, 2014-VOLUME 289-NUMBER 16 NASEMB\_

reach saturation in 1 h, specific activity expressed as change
in absorbance per min/mg of protein was used for compari-
son. Specific activity was calculated from the linear portion
of the curves between 2 and 7 min from three sets of readings
from three separate protein preparations. The plots were
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A. The His141-Asp138 ionic lock

7

B. Sequence alignment of gating residues in the ferritin-like pore

126 127 133 138 141
MsDps2 99 A. F. ERSTAD VVDLITTRIN ATVDTIRRVH DAVDAE.DPS 145
MsDps1 97 V. E. RDTVQA HLAALDLVYN GVIEDTRKSI EKLEDL.DLV 143
Hsalinarum 109 E. D. VYDIRT SLANDMAIYG DITEATREHT ELAENLGDHA 156
Lmonocytogenes 84 Y. TKPKTMDQ LMEDLVGTLE LLRDEYQQGI ELTDKEGDNV 132
Linnocua 83 Y. TKPKTMDQ LMEDLVGTLE LLRDEYKQGI ELTDKEGDDV 131
Atumifaciens 98 T.D. IYKIHD HLDALIERYG EVANMIRKAI DDSDEAGDPT 145
Ecoli 101 L. D. THNVQD HLKELADRYA IVANDVRKAT GEA.. K. DDD 145
HpNAP 83 K. T. SFHSKD IFKEILEDYK YLEKEFKELS NTAEKEGDKV 130
Llactis 99 PKAKYWTDEA LIENFINDFQ NQNLFIGRAT KLAQKEEKFS 148
Banthracis 1 82 Y. .. GETAEG MVEAIMKDYE MMLVELKKGM EIAQNSDDEM 128
Banthracis 2 86 S...KESAEE MVQTLVNDYS ALIQELKEGM EVAGEAGDAT 132
Telongatus 1 88 G...QLTVKQ MIEEATANHE LIITEMHQDA EIATEAGDIG 134
Telongatus 2 105 E. G. AFNCRQ MLSNDLQAEQ AITGVLRQQA TQAESLGDRA 152
Drad 112 E. T. VRDART QVADLVQDLS RVGKGYRDDS QACDEANDPV 159
Drad2 87 G. G. FLDDAQ VIQFFTYQYE TVGQRIHQRV GDVEKV.DPT 133
Ssuis 84 G. DYNVTIEE QLARVVEVFR YLAALFQKGEF DVSDEEGDSV 132
Spyogenes 100 G. TYDKTVAQ HLARLVEVYL YLSSLYQVGL DITDEEGDAG 148

FIGURE 2. The histidine aspartate ioniclock in MsDps2 and structure-based sequence alignment with known Dps sequences. A, the 3-fold pore is shown
with the residues comprising the ionic lock shown as spheres. The three subunits are shown in magenta, beige, and green; the corresponding residues are also
colored in the same way. The nitrogen atoms in histidine 141 are blue, and the carboxyl group of aspartate 138 is shown in red. B, the residues at the outer
surface are marked in yellow and the inner residues are in magenta. The histidines are not conserved in Dps homologs, but the aspartates at these positions are

highly conserved (Asp'3®), and in the case of Asp'?’

fitted to a Hill’s equation for cooperative binding to calculate
the Hill coefficient # given by the formula,

ax”

T X -y

y

Iron Release Assay—Dps proteins have the capacity for hold-
ing up to 480 iron atoms per dodecamer (9, 28). The iron to
protein ratio was maintained to half this capacity, such that
each dodecamer incorporated ~240 iron atoms. This was
achieved by reacting 2.0 um protein in 20 mm Tris-HCI, pH 7.0,
200 mm NaCl, and 500 um FeSO, at RT for 1 h, followed by
overnight incubation at 4 °C. Atomic absorption spectroscopy
showed the proteins to have incorporated 266.6 * 7.4
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, substitutions are seen by glutamates in some cases.

(MsDps2), 249.5 + 18.8 (D138N), 265.77 + 7.5 (H141D),
257.2 = 13.7 (D138H), and 269.5 * 6.9 (H126D/H141D) iron
atoms/dodecamer under these reaction conditions. The values
are the averages obtained from 3—4 readings from two inde-
pendent protein preparations.

Proteins thus loaded with iron to half-saturation were
reacted with 2.5 mm sodium dithionite and 2.5 mm 2,2’ -bipyri-
dyl. The protein solutions were in 20 mm Tris-HCL, pH 7.0, 200
mM NaCl and a final concentration of 0.2 uMm. The reactions
were monitored for 20 min in a Jasco V-630 UV-visible spec-
trophotometer and the absorbance change at 522 nm was fol-
lowed corresponding to the formation of the Fe(2,2'-bipyri-
dyl);** complex (Equation 2). Time taken for 60% of the iron to

asEve\
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be reduced and complexed with the chelator was compared.
The readings were obtained from an average of three reaction
profiles from three independent protein preparations.

3bipy + Fe*" — Fe(bipy);** (Eq.2)

To monitor early phases of the reaction, the formation of col-
ored complex was recorded using a stopped flow spectropho-
tometer with a setup of three syringes (SFM-300, Biologic,
France) at 24 °C. The volume of each assay mixture was 202 ul
with enzyme and substrate mixed at a ratio of 1:1 by volume. 0.2
uM protein solutions in 20 mm Tris-HCI, pH 7.0, at RT, 200 mm
NaCl were mixed with 2.5 mm sodium dithionite and 2.5 mm
2,2'-bipyridyl. Total flow rate was maintained at 14 ml/s with 7
ml/s from each syringe. Total duration of each assay was 15.99
s with a total of 8000 data points and 2-ms sampling period.
Dead time or time delay before data acquisition was 2.2 ms and
the reaction was monitored from a time point, which was 10 ms
before hard stop. Each time course was fitted to a multiexpo-
nential equation (Equation 3) to estimate the values of slope
over the linear regions of the traces.

Y=at+b+ D" _,Ce X (Eq.3)
where, a is the slope, b is the offset C; is the amplitude or total
change in absorbance, k; is the rate constant, and ¢ is the time.
Both a and b correspond to the time course of the reaction trace
obtained at infinite time. The rates have been calculated from a
set of three reactions from two different protein preparations.
Each progress curve was an average of 10—15 scans. A total of
5000 iterations were performed in each progress curve to
obtain the best-fit with the minimum possible x> value. The
progress curves presented in the figures are representative from
one of the three reaction sets.

Protein Crystallization—Crystals were obtained for the mod-
ified MsDps2 proteins by mixing 2 ul of protein solution (10
mg/ml, 20 mMm Tris-HCI, pH 7.8, at 4 °C and 200 mm NaCl) with
an equal volume of the precipitant solution (50-200 mm
MgCl,, 0.1 M sodium cacodylate, pH 6.5, and 20% PEG 3350).
Crystallization was performed at 293 K under oil by a micro-
batch method using a 1:1 ratio of silicone and paraffin oil in a
72-well microbatch plate. Under these conditions, diffraction
quality crystals appeared in a week.

Data Collection and Refinement—X-ray diffraction data
were collected on a MAR 345 image plate, mounted on a Bruker
Microstar Ultra 2 rotating anode generator at 100 K. The crystals
were submerged for 10 min in the precipitant solution containing
20% glycerol as a cryoprotectant before data acquisition. The
intensity data were processed and merged using MOSFLM and
SCALA in the CCP4 program suite (41, 42). Structure factor
amplitudes were obtained from the intensities using TRUNCATE
(43). Data collection statistics are summarized in Table 2.

The protein atoms of the native MsDps2 structure (PDB
code 2790) (23) were used as the starting model for refinement.
Initially the structures were subjected to 10 rounds of rigid body
refinement, followed by positional refinement using REFMAC
(44) from the CCP4 suite. Manual model building was carried
out using the interactive graphics program COOT (45) with o
weighted 2F, — F, maps, and positional refinement was done

APRIL 18,2014 +VOLUME 289+-NUMBER 16
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A WT D138N H141D D138H H126/141D
Fe@) - + - + - + - + - +
— - — — —

Number of iron atoms
per dodecamer

D138N H141D

3 4
2 4
14
0
wT
MsDps2 variant

FIGURE 3. A, gel-based iron binding assay. MsDps2, D138N, H141D, D138H,
and H126D/H141D proteins were loaded onto a 10% native PAGE, with (+) or
without (—) added iron. The gel was stained with potassium ferricyanide (top
panel), destained, and further stained with Coomassie Blue (bottom panel) to
detect all the proteins. B, iron assimilated by the proteins in the expression
and purification steps. After purification, the proteins were treated with
sodium dithionite and 2,2'-bipyridyl, which forms a complex, [Fe(2,2'-bipyri-
dyl),> "1 with Fe(ll). This complex can be assayed at 522 nm and the number of
iron atoms assimilated per dodecamer was calculated and is given as a bar
graph. Numerical values are given in the text. The values are averaged over
4-5 experiments with 2-3 different protein preparations.

D138H  H126/141D

until the R and R, values were in acceptable ranges. Water
molecules were assigned based on the 2F, — F, map contoured
at 1.00 and F, — F, map at 30. Positions of metal atoms were
deduced from relatively high electron density. The Mg>" and
Cl™ ions were assigned in positions corresponding to the
MsDps2 structure. Refinement parameters for the structures
are given in the Table 2. The model was validated using
PROCHECK (46) and the RCSB validation server. Atomic coor-
dinates and structure factor have been deposited in the Protein
Data Bank, the accession codes being 4M32 (D138N), 4M33
(H141D), 4M34 (D138H), and 4M35 (H126D/H141D).

Structural Analysis and Comparisons—All structural super-
positions and r.m.s. deviation calculations were carried out
using ALIGN (47). Atomic distance calculations in the struc-
ture were done using COOT. PyMol and COOT were used for
visualizing the structures (48). Figures were prepared using
PyMol. Interactions were predicted with the protein interac-
tion calculator (49).

Network Analyses—Identification of interface clusters from
the structure of the wild type and mutant Dps and detection of
the pore sizes in the milieu of global connectivity, from the
structures of mutants were carried out by graph theoretic anal-
ysis. The details of methodology and its application to the prob-

JOURNAL OF BIOLOGICAL CHEMISTRY 11047



Gated Pores for Iron Release in M. smegmatis Dps

lems in structural biology such as oligomerization, allostery,
etc. were presented earlier (32, 33). A brief description of the
methodology is presented here.

Protein structure graphs (PSGs) are defined as nodes (amino
acids) connected by edges, which are drawn on the basis of
interaction strengths (/,;) between the nodes. The interaction
strength I, between any two nodes i and j is defined as,

Ny
I = X 100 (Eq. 4)

TN XN,
where 7, is the number oof unique atom pairs between i and j
within a distance of 4.5 A. N, is the normalization value for
residue type x (Equation 4).
PSG topology is represented by an adjacency matrix (Equa-
tion 5), defined with every element of the matrix satisfying the
rule,

Iij = lmin

li < i

1,1;>0 and
A,j:{ / (Eq.5)

0,l;=0 or

'nin 18 the minimal interaction strength. The nodes i and
j are connected if the A, is 1. Clusters or groups of autono-
mously interacting residues for a PSG can be obtained by
employing Depth First Search algorithm (50). An interface clus-
ter is defined if the participating nodes in the cluster are from
different monomers of the multimeric protein. PSG remains a
highly connected network at low I, (0—3%) and resembles a
scale-free network with islands of densely connected subnet-
works at high 7, (5-9%).

where I

in

RESULTS

Identification of a His-Asp Ionic Cluster—To identify the
clusters present near the iron passage of MsDps2, we used a
graph theoretical approach (32) in which the protein is repre-
sented as protein structure graphs or PSGs. By this, the inter-
actions and connectivity patterns were mapped in both trimeric
interfaces (Dps-like and ferritin-like). Protein structure graphs
for the native trimers were generated at I, ;, = 6% (PSG,) and
the interface clusters were obtained. There are two crystallo-
graphic trimeric interfaces present in Dps, namely the Dps-like
and ferritin-like trimeric interfaces (8). Although both trimers
had interface clusters, the Dps-like interface is too small and
highly clustered (Glu®®, GIn®®, Arg®°, Glu'*?, Asp®', and Asn*®)
for iron trafficking. Whereas, the pore size of the ferritin-like
trimeric interface allows for iron transport, and additionally the
pore cluster stabilizing the interface is composed of charged
interactions of the His'*'~Asp'®® pair forming a convenient
cloud of opposite charges (Figs. 1B, 24, and 6A). This pair of
ionic interactions extend from each monomeric subunit com-
prising the trimer, forming a single compact cluster at the pore
opening. To further investigate the role of this cluster in the
stability of the pore, which in turn may affect the uptake and
retention of iron in the protein core, we employed site-directed
mutagenesis to generate D138N, H141D, and D138H site-spe-
cific mutants. Through clues obtained from the crystal struc-
tures of these mutants, as will be discussed in the later sections,
we also created a double mutant H126D/H141D.
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FIGURE 4. A, comparison of ferroxidation kinetics among the MsDps2 and
mutants. Graphical representation of the progress curves showing ferroxida-
tion for the various proteins as a function of time. Ferroxidation is triggered by
the addition of ferrous sulfate to the protein solutions and monitored for a
period of 60 min. The specific activity thus calculated is given in Table 3. B,
comparison of iron release kinetics among MsDps2 and its variants. The rate
of release of iron from proteins loaded with iron to half-capacity is monitored
in a stopped flow instrument for a time period of 15 s to calculate the initial
rate of release. The release was initiated by the addition of sodium dithionite
(reduces Fe(lll) to Fe(ll)) and subsequent chelation by 2,2'-bipyridyl to form a
pink colored complex with absorbance maxima at 522 nm. C, shows the reac-
tion followed to 20 min where all iron is exited from the pores (except in case
of D138H). This was used to calculate the time taken for the reduction and
complexing of 60% of iron from the various proteins. The numerical values
are shown in Table 3.
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TABLE 3

Gated Pores for Iron Release in M. smegmatis Dps

Comparison of ferroxidation and iron release kinetics of MsDps2 and its variants

Ferroxidation kinetics

Iron release kinetics

Protein” SA (AA,;,[Fe**]/min/mg of protein)” Initial rate of Fe exit® Time taken for 60% dissolution of iron core
nmol/s min
MsDps2 0.116 = 0.008 0.205 = 0.017 742+ 27
D138N 0.095 * 0.007 0.201 * 0.018 75+ 18
H141D 0.078 = 0.004 0.365 * 0.053 4.75 = 0.82
D138H 0.026 = 0.002 4.47 + 0.45 16.06 = 1.97
H126D/H141D 0.035 =+ 0.006 0.570 = 0.028 0.44 + 0.14

“ MsDps2 and its pore variants, in 20 mm Tris-HCI, pH 7.0, 200 mm NaCl, expressed and purified from E. coli cells.

® Iron was added in the form of [Fell] and ferroxidation was monitored by change in absorbance at 350 nm over a period of 60 min. Specific activity was calculated from the

linear portion (2-7 min) of the sigmoidal curve.

¢ Proteins half-saturated with iron were subjected to reductants and chelators to dissolve the ferric mineral. The exited iron forms a colored complex Fe(2,2'-bipyridyl);>"
with an abosrption maxima at 522 nm and the reaction was followed for 15 s, the inital rates were calculated from the slopes of the linear part of the curves (0.04-2.0 s for

MsDps2, D138N, H141D, and H126D/H141D and 0.04—0.4 s for D138H).

Structure-based sequence alignment using MUSTANG (51)
with known structures of MsDps2 homologs (Fig. 2B) showed
that Asp'?” and Asp*® were highly conserved, although Asp**”
showed substitutions with glutamate in a few cases. Compara-
tively, the histidines are less well conserved across the
homologs, and coupled with the fact that it is a quintessential
moiety in the pore cluster, provided us with an interesting site
for mutation.

A Gel-based Iron Binding Assay—To visualize the binding
capacity of the mutants with respect to MsDps2 to iron added
externally in the protein solution, proteins under native condi-
tions or with loaded iron were resolved on a native PAGE gel
and stained with K;(Fe(CN),). Potassium ferricyanide reacts
with protein-bound iron atoms to form royal blue complexes
and can be visualized as blue bands in native polyacrylamide
gels (40). Because the iron added to Dps proteins are internal-
ized through the protein channel, the ferricyanide binds to iron
atoms within the protein shell. This correlates to the fact the
iron-bound proteins can be detected on the gel with ferricya-
nide staining. The proteins without any iron added in vitro,
stained with a lesser intensity, and iron incorporated during the
3-h overexpression period in E. coli were quantified by spectro-
photometric methods. For the proteins that were incubated
with ferrous sulfate and having sufficient iron to give promi-
nent bands in the gel, it was observed that with the exception of
H126D/H141D, all proteins showed iron sequestration capac-
ity (Fig. 3A). In the case of H126D/H141D, the protein with iron
showed a smear as it migrated in the electric field applied across
the gel, with the iron (positively charged) complexed with fer-
ricyanide moving toward the negative electrode. Because it is
seen that free iron does not enter the gel (data not shown), the
smear is produced due to iron leaking out as the protein moves
toward the positive electrode. H141D, although quite stable in
its capacity to retain iron, showed a fuzzy appearance in the
band that corresponds to the iron-loaded state. This indicates
loss of iron from the protein, but to a lesser extent as compared
with H126D/H141D.

Iron Incorporated by the Proteins in their Native Purified
State—For comparison of the iron captured by MsDps2 and its
mutants during production in the host heterologous expression
system, the purified proteins were assayed for bound iron by
quantifying the colored complex (Fe(2,2’-bipyridyl);*>*), which
is formed by reduced iron on the addition of 2,2"-bipyridyl. The
amount of iron incorporated per dodecamer during the differ-
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ent stages of overexpression and purification is plotted in Fig.
3B and the numbers are given below. MsDps2 (3.75 * 0.1),
D138N (4.50 * 0.35), and H126D/H141D (4.0 = 0.14) showed
an approximately similar number of iron atoms per dodeca-
meric protein molecule, whereas D138H showed an increase by
a magnitude of two (6.25 £ 0.20) and H141D (2.10 £ 0.15)
incorporated twice as less iron as compared with that of the
wild type. Although these numbers are well below the 480 iron
atoms per dodecamer that Dps proteins can carry in vitro, it is
similar to the values observed in purified proteins of S. suis
(9.9 = 1.6) and Streptococcus mutans (10.8 —27.5 iron atoms per
dodecamer) Dps homologs (29, 52).

Comparison of Ferroxidation Kinetics—Dps proteins can
store up to 480 iron atoms per dodecamer when the iron is
added in vitro (52, 53). Ferroxidation can happen with hydro-
gen peroxide or oxygen as the oxidizing agent. Faster ferroxi-
dation rates are observed with H,O, rather than oxygen as the
reagent (5). Iron supplied as ferrous sulfate is oxidized and
stored in the protein cavity as a microcrystalline ferric hydrox-
ide core. This time course measurement of ferroxidation by
oxygen was carried out at 350 nm with concentrations of iron
adjusted to reach half-saturation for the proteins (i.e. around
240 iron/dodecamer). The kinetics of core formation is charac-
terized by a sigmoidal curve (Fig. 4A) representing a slow nucle-
ation step, followed by a fast cooperative phase (10) (Hill coef-
ficient “n” given in brackets for all the proteins). This trend was
followed by MsDps2 (n = 1.64), D138N (n = 1.54), and H141D
(n = 1.46), although the two mutants showed a reduction in
cooperativity; and the time taken for the reaction to reach half-
saturation (t1,) was extended in the case of D138N (9.04 * 0.08
min) and H141D (12.85 * 0.05), the wild type being 7.44 = 0.32
min (Table 3). Interestingly, D138H (n = 0.93) and the double
mutant H126D/H141D (1 = 0.66) showed a reduction in coop-
erativity in their ferroxidation curves suggesting an abrogation
in the cooperative kinetics with no distinction between the slow
and fast phases. A comparison of the proteins with respect to
their specific activity showed a four to five times reduction in
D138H and H126D/H141D as compared with that of the
MsDps2 native protein (Table 3). However, with prolonged
incubation both mutants were seen to attain saturation with the
iron supplied to them. Because the accessibility of iron to the
ferroxidation center is limited because of the changed pore
environment, it can be assumed that mutations that disassem-
ble the cluster at this interface will directly affect the iron oxi-
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dation properties of Dps to a different extent depending on the
level of disruption caused by the mutation.

Comparison of Iron Release Kinetics—Proteins that had accu-
mulated iron to half their capacity were treated with the reduc-
ing agent sodium dithionite. The reduced iron was then che-
lated with 2,2"-bipyridyl, which forms a pink colored complex
Fe(bipyridyl);>* with an absorption maxima at 522 nm (Fig.
4B). The iron release kinetics has a rapid first-order release
kinetics for the iron released from the surface of the core and is
followed by a slower kinetics for the release of iron at the core
(54). The initial rates were calculated from the linear portion of
the burst phase obtained by stopped flow experiments, by fit-
ting the curves to a multiexponential equation (Equation 3)
(Table 3). The initial rate was highest for D138H being ~10-15
times as that of the wild type. H126D/H141D exhibited a rate
that was three times as fast, but the second phase of iron release
exhibited the steepest slope and hence the fastest rates among
all the proteins. In D138N the rates showed little deviation from
the parent protein. H141D had a higher rate of initial release
than the parent protein.

The reaction was also followed for a period of 20 min, where
all theiron is reduced and complexed with 2,2'-bipyridyl except
in case of D138H where only about 60-70% of iron was dis-
charged in the given time period (Fig. 4C). Table 3 shows the
time taken for 60% of the iron to exit the protein cage in each
case to compare all the variant proteins with MsDps2. The dis-
integration of 60% of the mineral core was ~20 times faster in
the case of H126D/H141D as compared with the native protein.
D138H exhibited the longest time for core dissolution, being an
average of 16 min as compared with 7.5 min for the native
protein.

Substitution at the Pore Disrupts the Ionic Lock and Dilates
the Exit Channel—The crystal structures of the mutants were
analyzed against the backdrop of the wild type for any structural
deviations from the native dodecameric form. It was seen that
all the mutants retained the ability to form dodecamers and
crystallized in the same space group H32 as that of the wild type.
The r.m.s. deviations of the Ca atoms were less than 0.2 A in all
cases, which implied that there were no major distortions in
their structures with respect to the native protein. The interac-
tions of the side chains, in the altered scenario of mutations,
were mapped with the help of the protein interaction calculator
(49). The substitutions in all cases resulted in the disruption of
the His'*'—Asp'® ionic cluster at the channel. The altered con-
formations of the side chains in the Dps2 variants are repre-
sented in Fig. 5, A and B.

In case of D138N (PDB code 4M32) and D138H (PDB code
4M34) where a negatively charged residue was replaced by a
neutral residue like asparagine or a positively charged residue
like histidine, respectively, both ionic interactions as well as
hydrogen bonding between the side chains were disrupted.
When the histidine was replaced by an aspartate that resulted in
six aspartate residues at the inner surface of the pore (H141D,
PDB code 4M33), there was an additional breakage of Asp'*°—
His'*' charged interaction. Also, the repulsive forces due to the
aspartates introduced at the pore were stabilized by the forma-
tion of a new interaction with histidine (His'*°~Asp'*') in the
mutant. To further destabilize the channel we constructed a
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FIGURE 5. Superposition of the proteins with mutated residues on
MsDps2 showing side chain conformational changes. The following color
codes have been given for the residues from the various proteins; MsDps2,
green; D138N, blue; H141D, magenta; D138H, yellow; and H126D/H141D, red.
A, the residues of the mutant proteins has been overlaid with Asp'*® and
His'*' from the MsDps2. The residues at position 141 remains more or less
unaltered, with a translational shift exhibited by mutated aspartatesin H141D
and H126D/H141D. Mutations at the 138th position alter the side chain con-
formation in all cases. B, residues at 126 and 127 positions superposed on the
MsDps2 His'® and Asp'?” amino acids. Major shifts in side chain conforma-
tions are exhibited by mutants H141D and H126D/H141D at the 126th posi-
tion, as described in the text.

double mutant H126D/H141D (PDB code 4M35), having a
total of 12 aspartates at the trimeric interface. This preponder-
ance of negatively charged aspartates at the pore resulted in an
extensive disruption of the His—Asp bonds (His'*'-Asp'??,
His***—Asp*®°, His'**~Asp*°, and His'?*~Asp'*”) in the dou-
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FIGURE 6. Prediction of interface clusters from the 3-fold interface with graph theory. A-E, interface clusters in the Protein Structure graphs (PSG) of the
ferritin-like interface of the MsDps2 (A, MsDps2 protein (PDB 2z90) and mutants; B, D138H (PDB 4M34); C, D138N (PDB 4M32); D,H126/141D (PDB 4M35); and £, H141D
(PDB 4M33)) are represented as van der Waals spheres of each color representing a separate cluster. The pore clusters are absent in H141D and H126D/H141D variants.
The residue composition of each cluster (vertical axis) for each cluster (horizontal axis) are provided below each of the schematic representations. Presence of a residue
in a cluster is marked by a black dot. The clusters are named from C1 to C12 based on their occurrence in the respective PSG and are arbitrary.
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FIGURE 7. PSG of Ms-Dps2 ferritin-like interface (native and mutant). A comparison is shown of the native protein and mutant H126D/H141D showing the
highest rate of iron release. Here the interactions of the ferritin-like trimeric interface are represented as nodes and edges. Each node represents an amino acid
(naming nomenclature, [Chain][Residue number][Residue type]) and the edges are colored based on their interaction strength. The table below shows the
color code for each type of node. This helps us in deeper understanding of the effects of mutations (B, H126D/H141D) on MsDps2 Ferritin-like interface (A,
native). The residues mutated in H126D/H141D are assigned red font color. Only the interactions important in maintaining the pore interface are labeled for

clarity. Asp'3°
1> 6; yellow, 6 > | > 5; deep sky blue, 5 > | > 4; cyan, 4 > | > 3.

ble mutant. Thus in this case a local concentration of charged
interactions was caused to disassemble resulting in a locally
destabilized state, whereby the iron was easily accessible to
chelators added in vitro.

The repulsion between proximally placed aspartates would
cause them to move away from each other and the opening of
the channel, thereby causing the pathway to widen. This was
observed in H141D, H126D/H141D, and to some extent in
D138N. In D138H the presence of six positively charged bulky
histidines at the pore obstructs the passage and results in less
easy access to the iron inside. Also H141D and H126D/H141D
having more aspartate residues form a negatively charged gra-
dient at the pore, which guides the iron to the exterior more
easily in the presence of chelators.

Interface Cluster Analysis Using Graph Theory—We gener-
ated the PSG, (as described under “Experimental Procedures”)
of the mutants from the crystal structures and compared the
cluster compositions of the mutants among themselves and
with the wild type to identify mutation-induced changes in the
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is omitted in the mutant protein due to the absence of any interactions. Interaction strength (Equation 4): dark red, | > 8; red, 8 > | > 7; green, 7 >

interaction networks. Analysis shows that the effect of muta-
tion on the structure is localized as expected, with the clusters
of the D138H mutant being very similar to that of the wild type
(Fig. 6, A and B). Although the D138N mutant has lost the true
trimeric interface cluster, it still maintains the interface cluster
through dimeric clusters (Fig. 6C, C5, C9, and C12), whereas on
the other hand, both H141D and H126D/H141D lost their
interface clusters (Fig. 6, E and D). The native and mutant PSG
were further analyzed at different [, (3—8%). In case of
D138H at different I, we find that the interactions in
D138H seem to have increased as compared with the native
(details not shown). We observed that H141D has interac-
tions at the pore only at low interaction strength (3%),
whereas the double mutant H126D/H141D (Fig. 7, A and B)
has completely lost its interface interactions. The loss of the
interface cluster correlates very well with the increase in iron
release dynamics re-affirming our proposal that this is a
functional cluster involved in iron trafficking. The network
analysis also shows that significant biological changes can
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take place by practically no change at the overall protein
backbone conformation level, but by subtle rearrangement
of side chain interactions.

Surface Representation of the Trimeric Interface Showing van
der Waals Radii and Electrostatic Potential—A molecular van
der Waals surface, also called a van der Waals envelope, is a
common representation of proteins to show binding “cavities”
in the structure. Here, we generated a van der Waals surface
area of the proteins to compare pore dimensions (Fig. 8). The
Asp'*®*~His'*! cluster lining the opening can be readily visual-
ized by this representation. An equilateral triangle with side “a”
was constructed connecting atoms of the residues framing the
aperture in a way as to adequately represent the width of the
opening. The opening was narrowest in MsDps2 (a = 3.3 A) and
D138H (a = 3.8 A). D138N (a = 6.6 A) and H141D (a = 7.4 A)
showed similar patterns with the 138th position residue
obstructing the otherwise widened pore. H126D/H141D (a =
8.5 A) showed maximum distension of the pore, agreeing well
with the heightened rate of iron release it exhibits.

Mass Analysis Shows a Substitution at Position 138 from
Aspartate to Asparagine—One of the substitutions at the pore
interface, which was the replacement of an aspartate residue at
the 138 position with asparagine (D138N), resulting in a drop of
the average molecular mass by 0.98 -1 Da, was confirmed by
ESI-tandem mass spectroscopy (MS/MS). Because many of the
biochemical properties of D138N were similar to MsDps2, it
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was necessary to ascertain that there was no reversal of the
mutation.

After in-gel trypsin digestion, the peptides were subjected to
LC-ESI-MS/MS. The peptide having a amino acid of interest
showed a mass of 2631.1 and 2630.2 Da for the native and
mutant, respectively (data not shown). The data were acquired
by including only the doubly, triply, and quadruply protonated
species (m/z values). LC-ESI-CID MS/MS spectra of a [M +
2H]*" precursor ion m/z 1316.0 and 1315.6 for MsDps2 and
D138N was acquired. The blown up spectrum of the doubly
charged precursor ions of MsDps2 (Fig. 94) and mutant (Fig.
9B) showing signals of b, b¢ b,y ¥13 Y14 and y,5 along with
their isotopic peaks show a shift by 1 Da in peptide fragments
having the substitution.

DISCUSSION

The two Dps homologs of M. smegmatis namely MsDps1 and
MsDp2 both have the properties of DNA binding and ferroxi-
dation, which are central features of most Dps molecules, with
a few exceptions. MsDpsl is the only Dps that has been shown
to exist as a trimer and a dodecamer in solution (55). MsDps2
on the other hand exhibits a stable dodecameric form in vitro
(23). In this study, we have used as our model MsDps2 to study
the mechanism of iron uptake and release in mycobacterial Dps
molecules. This protein has a novel histidine aspartate ionic
cluster present in the ferritin-like interface, acting as a clamp
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C.H141D

FIGURE 8. Van der Waals representation of the trimeric interface showing pore dimensions. A-£, the opening of the pore is measured by lines connecting
the atoms nearest to each other in the pore to give approximate measurements of size in each case. A, MsDps2 protein (PDB 2Z90); B, D138N (PDB 4M32); C,
H141D (PDB 4M33); D, D138H (PDB 4M34); and E, H126D/H141D (PDB 4M35). The gating residues are represented as sticks; the subunits of the trimer are

colored blue, green, and magenta.

that allows for the free passage of iron. Here we show that sub-
stitutions at these loci affect the dynamics of iron storage in
these proteins.

The funnel-shaped pore enclosed by the ferritin-like inter-
face is wider at the solvent side and constricts toward the inte-
rior of the protein cavity. The outer exposed surface of this
funnel has residues His'*® and Asp'®’, of which the latter is
likely to be the first negatively charged residue that an iron atom
will encounter in the channel on its way to the protein cavity. In
Listeria monocytogenes Dps, molecular dynamics were used to
simulate the motion of cations into the protein cage. There it
was shown that most of the interactions that cations made with
the residues were transient, and the strongest interaction was
seen with Asp'?!, where the ions spent around 25% of their time
in its vicinity (56). In M. smegmatis, Asp'*>” may act as a path-
finder for the ions, helping to guide them toward the channel.
From here ion is passed on to Asp'®°, which is the structural
counterpart of L. monocytogenes Dps Asp'>'.

The narrowest part of the pore is guarded by interacting res-
idues Asp'®® and His'*' to form a tight cluster, as observed from
its structure network, thereby selectively regulating the passage
of solutes across the protein cage. Apart from these there are a

11054 JOURNAL OF BIOLOGICAL CHEMISTRY

number of aspartate residues like Asp*3°, Asp*®?, and Asp'*®
etc., which form a negatively charged electrostatic gradient to
facilitate the movement of iron. The role of these charged res-
idues in iron translocation has been documented in L. innocua
Dps (28).

The residues at active sites of proteins can be rigid or flexible
in nature. This is a property of the site at which the residue is
present in the protein and does not always depend on the nature
of the amino acid. In analyzing the structures of the mutant
proteins, it was seen in all cases that the mutations did not affect
the conformation of residue at position 141, whereas the resi-
due at the 138th position showed a shift in side chain orienta-
tion. A lateral shift at position 141 was seen in H141D and
H126D/H141D, but the substituted residues remained in the
same plane as His'*' (the mutants had similar y angles as that of
the native). Therefore, the disruptive mutations caused resi-
dues at the 138th position to make amendments by adjusting to
the altered environment. Also, the histidines in this area are not
conserved across the Dps species. In MsDps2, the role of these
histidines could be to position the aspartates favorably for the
iron uptake/release processes. This role in other Dps molecules
may be taken up by different neighboring residues. The aspar-
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FIGURE 9. Expansion of CID MS/MS spectra of the precursor [M + 2H]*>* showing the difference of 1 Da between m/zvalues of b, 5, b, b, Y13, Y10r and y, s
of MsDps2 (A) and D138N (B). The signals of b; s, by, b1, Y13, Y14 @and y, s are shown with their isotopic peaks. The theoretical m/z values of MsDps2 are: b, s = 1536.6,
b, =1649.7,b,, = 218591,y,, = 1393.74,y,, = 1495.82,y,. = 1582.97;D138N: b, = 1535.69.6,b,, = 1648.78,b,, = 2184.91,y,, = 1392.79,y,, = 1493.78,and y,s =

1581.85. The ions having the mutated residue are indicated by an asterisk.

tates, on the other hand can flip freely in their positions, altering
the pore size to allow rapid entry or exit of iron.

The ferritin family proteins are considered very stable and
structurally rigid. Pioneering work in the role of conserved res-
idues at the interhelix and loop sites near the 3-fold junction for
iron release was carried out in frog H-chain ferritins. Here, an
ion pair Arg”?/Asp'** was identified as important in controlling
the rate of iron expulsion. Replacing this with another ion pair
Arg'**/Asp”® did not restore the phenotype suggesting that
charge repulsion alone does not account for this (57, 58). Fur-
thermore, structural studies of these mutants showed that fluc-
tuations of the cytoplasmic gates in the pore structure control
iron entry and exit (27). MsDps2 also has patches of positive-
negative potentials for gating at the pore similar to that
observed in ferritins. In the MsDps2 Asp'**~His'*! ion pair, we
observe that the site of the aspartate residue is flexible and the
histidines are located in a more rigid “area.” Therefore the
charge as well as the location of the charged amino acid residues
are critical for the iron uptake/release processes to be optimal.

The ferroxidation curve of Dps follows a sigmoidal shape
suggesting a cooperative mode of iron binding and oxidation
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(28). Mutation of His'*! to an aspartate increases the #, of the
reaction, but saturation is attained at the end of an hour like
MSDps2. On substituting Asp*® with an asparagine, there is no
evident change with respect to the native protein. But replace-
ment with a positively charged bulky residue like histidine in
this position causes a marked reduction in the specific activity
of the enzyme, although the iron binding assay shows that it can
stably bind and retain iron. On the other hand in the double
mutant H126D/H141D, having a high preponderance of aspar-
tate residues at the pore, there is reduced ferroxidation and iron
retention capacity. The increased negative potential at the gate
shifts the equilibrium of iron intake by exerting an additional
attractive force on the positively charged iron, thereby retaining
them near the pore and delaying the time taken to reach the
ferroxidation center.

Iron that is oxidized and stored in the protein can be released
by the addition of reductants and chelators externally. This
kinetics exhibits an initial fast rate that corresponds to the
release of iron bound near to the exit pores, followed by a slower
release rate that is the dissolution of the iron oxide in the pro-
tein core (28). Here substitutions with charged residues showed
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A. “locked” pore

B. “open” pore

FIGURE 10. Model demonstrating the gating mechanism at the ferritin-like pore in MsDps2. Both figures are represented by their van der Waals
radii. A shows the pore in its “closed” conformation. This is obtained from the MsDps2 PDB structure. B, the pore is in its open conformation. This was
obtained by placing the MsDps2 gating residues in the side chain configurations exhibited by the H126D/H141D mutant, which showed the highest rate

of iron release.

maximal change with respect to native Dps2. Histidine to
aspartate (H141D, H126D/H141D) changes resulted in an
increased rate of iron release. Replacement with a neutral resi-
due (as in case of D138N), did not alter the protein function.
Substitution with histidines (D138H) showed a high initial rate,
but the second phase of release was much slower. The initial
fast rate of release can be attributed to the repulsion contrib-
uted by histidine residues to the positively charged iron
atoms, making them easier for chelation with the bipyridyl
moiety, as compared with the aspartate residue at this posi-
tion in the wild type, which exerts a greater attractive force
on the iron atoms. The second phase of release of the iron at
the interior core of the protein showed a slow rate of release.
This core is less easily accessible to the reductant-chelator
reagents, and may require them to enter physically into the
protein shell. The expulsion of iron atoms at this stage may
also be hampered by the bulky histidine residues during the
second phase of release where the reagents have to reach the
core of the protein cavity.

An interface cluster analysis of the native protein and the
variants showed disruption of the pore cluster in H141D and
H126D/H141D and an overall correlation between the pres-
ence of interface clusters and iron dynamics. A van der Waals
surface representation indicated that the pore size was
increased in these mutants. An increase in pore size and
absence of clusters, which keeps the pore intact may result in
easier access of reductants/chelators to the protein cavity.
Whether the chemicals enter physically into the protein or the
reduction of iron oxide is rendered by an electron transfer pro-
cess across the protein shell is not very clear. Evidence support-
ing both views have been reported in ferritins, which are 24-mer
Dps homologs (59, 60). If it is the latter, then the increased rate
of iron release can still be explained by the fact that more num-
bers of iron atoms can exit a bigger pore at a given time than a
pore of lesser dimensions. A histidine aspartate cluster is inter-
esting in the view that histidine is ionizable near physiological
pH. With a pK, of 6.0, slight variations in the pH can result in a
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loss or gain of positive charge. Keeping in mind that the pK,
values of charged residues may be affected by the surrounding
residues in a protein we have predicted the pK, of His'** (pK , of
6.5) and Asp'®® (pK, of 3.95) in MsDp2 by the PROPKA method
(61). These predicted pK, values were found to be close to
model pK, values of these amino acids. If the histidines at the
pore lose their positive charge on the R group, the ionic
cluster at the pore will be disrupted and now the pore envi-
ronment will be akin to that of the mutant H126D/H141D.
By positioning the MsDps2 pore cluster residues in the same
conformation as that of this mutant showing maximum wid-
ening of the pore, we have arrived at a relaxed conformation
of MsDps2 (Fig. 10, A and B). This “open” conformation
allows for easier removal of iron from the protein and more
access to chelators/reductants present in the solution in line
with its bigger pore size.

Understanding the gating mechanism of ions in Dps proteins
has more than a biological significance. Natural proteins rival
most synthetic molecules in their diversity, larger size, flex-
ibility, and catalytic applications. Dps is a member of the
ferritin superfamily, which includes multisubunit cage-like
proteins with a hollow interior. These nano-compartments
can be exploited to encapsulate nanoparticles (62, 63) or for
building higher order assemblies (64, 65). Also, the surface of
these nano-vehicles can be modified to target tissue systems
in vivo, forming suitable carriers for drug delivery (66). An
understanding of the residues important in loading and
unloading processes in these systems is therefore important
in employing these proteins as nano-delivery vehicles.
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