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Abstract

DNA mimicry is a direct and effective strategy by which the mimic competes with DNA for

the DNA binding sites on other proteins. Until now, only about a dozen proteins have been

shown to function via this strategy, including the DNA mimic protein DMP19 from Neisseria

meningitides. We have shown previously that DMP19 dimer prevents the operator DNA

from binding to the transcription factor NHTF. Here, we provide new evidence that DMP19

monomer can also interact with the Neisseria nucleoid-associated protein HU. Using BS3

crosslinking, gel filtration and isothermal titration calorimetry assays, we found that DMP19

uses its monomeric form to interact with the Neisseria HU dimer. Crosslinking conjugated

mass spectrometry was used to investigate the binding mode of DMP19 monomer and HU

dimer. Finally, an electrophoretic mobility shift assay (EMSA) confirmed that the DNA bind-

ing affinity of HU is affected by DMP19. These results showed that DMP19 is bifunctional in

the gene regulation of Neisseria through its variable oligomeric forms.

Introduction

Protein-DNA interactions are very important to the control of cellular mechanisms such as

gene regulation, DNA repair and recombination [1]. DNA mimic proteins are one of the

emerging control factors that affect these interactions by occupying the DNA binding sites on

the proteins [1–3]. Control factors of this category usually present with DNA phosphate back-

bone-like negative surface charge distributions and DNA double helical groove-like shapes to

deceive the DNA binding proteins [1–3]. However, fewer than 20 DNA mimic proteins have

been reported so far, and much more basic research is still needed to fully understand the

novel mechanisms of these control factors [3].
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In our previous attempts at discovering novel DNA mimic proteins [3–9], Neisseria menin-
gitides DMP19 (DNA mimic protein 19 kDa) was one of the DNA mimic proteins that we

identified [5]. The crystal structure of the DMP19 dimer has a B-form DNA-like negative

charge distribution on one side of its surface. This specialized pattern of negative charges is

also complementary to the positive charge distribution of the DNA-binding region of the Neis-
seria transcription factor NHTF [5]. Functionally, the DMP19 dimer prevents NHTF from

binding to DNA by directly occupying its DNA-binding site [5]. In the present study, we now

show that DMP19 in its monomeric form can also interact with the Neisseria nucleoid-associ-

ated protein HU dimer. We first observed this interaction in a BS3 crosslinking assay, and the

complex formed by the DMP19 monomer and HU dimer was then identified by gel filtration.

The binding affinity between these two proteins was determined using isothermal titration cal-

orimetry (ITC), and the calculated binding stoichiometry suggested that the ratio of DMP19

monomer to HU dimer was 1:1 in this complex. Cross-linking coupled mass spectrometry was

then used to predict the interface of the binding. Finally, an electrophoretic mobility shift

assay (EMSA) confirmed that the DNA binding affinity of HU was attenuated by DMP19. All

these results suggest that DMP19 monomer is a competitive inhibitor of the Neisseria HU pro-

tein. We therefore conclude that DMP19 is a bi-functional DNA mimic protein that is

involved in controlling nucleoid formation as well as gene regulation.

Materials and methods

Preparation and purification of recombinant DMP19 and Neisseria HU

protein

The purification of DMP19 and Neisseria HU was carried out as described previously [5–6].

Briefly, both proteins were expressed at 16˚C for 16 hours after the addition of 1 mM isopro-

pyl-β-D-thiogalactopyranoside (IPTG). Immobilized metal-ion chromatography (Ni-NTA)

and gel filtration (Superdex 200 pg) were used to purify the soluble proteins. The proteinase

FactorXa was used to remove the N-terminal His10-tag of DMP19.

Bissulfosuccinimidyl suberate (BS3) cross-linking assay of DMP19 and

Neisseria HU

For the cross-linking assay, C-terminal His6-tagged Neisseria HU and DMP19 were both dia-

lyzed to 1X PBS buffer. Subsequently, 30 μM purified C-terminal His6-tagged Neisseria HU

protein was mixed with 30 μM DMP19 in 100 μl binding buffer (1x PBS), and the reaction

mixture was incubated for 15 minutes at 25˚C. Following the addition of BS3 (Sigma-Aldrich)

to a final concentration of 0.5 mM, incubation was then continued for another 30 min. Each

reaction was stopped by 50 mM Tris-HCl. Finally, 6 μl of each reaction mixture were analyzed

by SDS-PAGE.

His-pulldown assay of DMP19 and Neisseria HU

A His-pulldown assay was used to confirm the interaction between DMP19 and Neisseria HU.

Briefly, 30 μM C-terminal His6-tagged Neisseria HU and 30 μM DMP19 were mixed and incu-

bated in 100 μl binding buffer (1x PBS; 20mM imidazole) for 15 minutes at 25˚C. After adding

20 μl magnetic Ni-NTA beads (Genscript), the mixture was incubated for another 15 minutes.

Subsequently, the beads were collected by a magnetic stand and washed with 1 ml binding

buffer three times. Finally, the proteins that bound to the beads were eluted by elution buffer

(20 mM Tris base pH8.0, 100 mM NaCl and 500 mM imidazole) and analyzed by SDS-PAGE.

Neisseria DMP19 monomer prevents DNA binding to HU protein
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Determination of the native molecular weights by gel filtration

A Superose 12 gel filtration column (GE Healthcare) was used to evaluate the approximate

molecular weight of the DMP19 and HU complex. The buffer used in this assay was 20 mM

Tris pH 7.4 and 100 mM NaCl. For the sample loading, either 100 μl of sample buffer contain-

ing 750 μM C-terminal His6-tagged HU or 1500 μM tag-free DMP19 were used, or both

750 μM C-terminal His6-tagged Neisseria HU and 1500 μM tag-free DMP19 together. Four

standard proteins Conalbumin (C; 75 kDa) ovalbumin (OA; 43 kDa), carbonic anhydrase

(CA; 29 kDa), and RNase A (RA; 13.7 kDa) were also analyzed by the same column to obtain a

plot of Kav against log MW. For each protein, the logarithm of molecular weight (log MW)

was plotted against Kav, which was calculated as follows: Kav = (Ve -Vo)/(Vt -Vo), where Ve

is the elution volume, Vo is the column void volume using blue dextran 2000, and Vt is the

total column bed volume (24 ml for the Superose 12 10/30 gel filtration column).

Determination of the binding affinity between DMP19 and Neisseria HU

using isothermal titration calorimetry (ITC)

ITC200 (GE Healthcare) was used to measure the binding affinity of HU and DMP19. Before

the titration, both HU and DMP19 were dialyzed against an ITC buffer of 20 mM Tris pH 7.4

and 50 mM NaCl. After the buffer change, the C-terminal His6-tagged Neisseria HU dimer

(300 μM) and DMP19 monomer (30 μM) were loaded into the syringe and sample cell, respec-

tively. Two μl of the HU was injected every 3 min until the DMP19 was saturated (a total of 20

injections) at 25˚C. Except for the first injection point, data from the entire titration curve

were used to calculate the thermodynamic parameters. The program ORIGIN 7 (GE Health-

care) was used to calculate enthalpy (ΔH), binding entropy (ΔS), the equilibrium constant (1/

Kd) and the stoichiometric ratio (N). Gibbs free energy (ΔG) was calculated using the equation:

ΔG = ΔH − TΔS.

Cross-linking coupled mass spectrometry

The experimental procedure was modified from a crosslinking based LC/MS study [10].

Briefly, the bands containing cosslinked DMP19 and HU proteins were excised from the SDS

PAGE, followed by in-gel digestion with trypsin and chymotrypsin. Subsequently, the digested

peptide mixtures were subjected to a NanoLC-nanoESI-MS/MS analysis using the standard

protocol of the Academia Sinica Common Mass Spectrometry Facilities of Institute of Biologi-

cal Chemistry [11–12]. Finally, all data was analyzed by using the Massmatrix software [13].

Construction of a binding model for DMP19 and Neisseria HU

The crystal structure of the DMP19 monomer (PDB ID: 3WUR) and a protein model of the

Neisseria HU dimer were used to make the DMP19-HU complex. The three-dimensional

structure of Neisseria HU dimer was predicted using SWISS-MODEL Web server (http://

swissmodel.expasy.org/) with a HU dimer of Anabaena HU-DNA cocrystal structure (PDB

ID: 1P78) as the modelling template. The DNA binding region of Neisseria HU was also pro-

posed by analogy to the Anabaena HU-DNA cocrystal structure (S1 Fig). Subsequently, the

crystal structure of DMP19 monomer and the predicted model of Neisseria HU dimer were

uploaded to the ZDOCK server (http://zdock.uma2ssmed.edu) [14] to generate potential

DMP19-Neisseria HU complexes. A complex that satisfied the cross-linking distance from the

output complexes was selected for further analysis. The graphic software Chimera was used to

produce the figures in this study [15].

Neisseria DMP19 monomer prevents DNA binding to HU protein
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Fig 1. BS3 cross-linking assay and His-pulldown assays confirmed an interaction between DMP19 and Neisseria HU. (A) BS3 cross-linking

assay. The interaction between DMP19 and Neisseria HU was first seen in a BS3 cross-linking assay, which was carried out to screen for interactions

Neisseria DMP19 monomer prevents DNA binding to HU protein

PLOS ONE | https://doi.org/10.1371/journal.pone.0189461 December 8, 2017 4 / 15

https://doi.org/10.1371/journal.pone.0189461


DNA binding assays (EMSA assays)

To observe the HU/DNA binding, 8 μM C-terminal His6-tagged Neisseria HU protein dimer

(16 μM monomer) was mixed with 0.5 μM double-stranded DNA substrate (48 bp; 5’- CTC
GCG AGC TCG CGA GCT CGC GAG CTC GCG AGC TCG CGA GCT CGT CGC GAG—
3’) in 20 μl reaction buffer (20 mM Tris pH 7.4 and 100 mM NaCl) and incubated at 25˚C for

15 min. For the competitive binding assays, 8 μM His6-tagged HU dimer was mixed with 8 or

16 μM DMP19 in 14 μl reaction buffer and pre-incubated at 25˚C for 30 min. Subsequently,

1 μl of binding buffer containing the DNA substrate was added, and the incubation continued

for 15 min. The reaction products were analyzed by a 4% agarose gel and stained with SYBR

Green I (Sigma-Aldrich).

Results

Evidence of an interaction between the DNA mimic protein DMP19 and

the DNA binding protein Neisseria HU

When we used BS3 crosslinking assays to search for new interactions between DNA mimic

proteins and DNA binding proteins, we found that DMP19 could interact with Neisseria HU

(Fig 1A). Shifted bands that indicated the cross-linking of proteins were observed only in the

Neisseria HU/DMP19 reaction (Fig 1; arrows). An interaction between Neisseria HU and

DMP19 was further confirmed by a His-pulldown assay (Fig 1B). We next used gel filtration to

estimate the native molecular weights of DMP19, Neisseria HU, and the complex (Fig 2;

Table 1). Consistent with our previous reports [5–6], the observed molecular weights of both

the DMP19 and Neisseria HU proteins were close to the theoretical molecular weights of their

dimeric forms in the gel filtration analysis (Table 1). However, the observed molecular weight

of the DMP19/Neisseria HU complex was about 45.7 kDa, which is close to both of the possible

monomer/dimer interactions but does not match either the monomer/monomer or dimer/

dimer interaction (Fig 2; Table 1). This suggests the monomeric form of one of the two pro-

teins interacts with the dimeric form of the other protein.

DMP19 monomer binds to the Neisseria HU dimer with 1:1 stoichiometry

Isothermal titration calorimetry (ITC) was used to determine both binding affinity as well as

stoichiometry of Neisseria HU and DMP19. When 300 μM HU dimer was titrated into 30 μM

DMP19 monomer, a 1:1 binding ITC curve could be seen (stoichiometry; N = 1) (Fig 3;

Table 2). This result was consistent with a Neisseria HU dimer/DMP19 monomer binding.

The binding constant (Kd) is 0.50 ± 0.09 μM. Compared to the binding of Neisseria HU dimer

to 8-mer DNA (Kd = 0.72 ± 0.06 μM, which was also determined by ITC; reference 6), DMP19

monomer has a relatively higher affinity to the HU dimer.

Crosslinked pairs of lysine residues lead to a binding model in which

DMP19 occupies the DNA binding site on Neisseria HU dimer

Cross-linking coupled mass spectrometry was used to study the binding mode between

DMP19 monomer and HU dimer. The crosslinked DMP19/Neisseria HU proteins in the

shifted bands (Fig 1; arrows) were extracted and analyzed by nanoLC-nanoESI-MS/MS. The

between DNA mimic proteins and DNA binding proteins. The shifted bands that indicated cross-linked DMP19 and Neisseria HU proteins are labeled with

arrows. In a control reaction, another DNA mimic protein, ICP11, was used to replace DMP19 in the BS3 cross-linking assay. No significant cross-linked

ICP11 and HU was found. (B) His pull-down assay. The tag -free DMP19 could be pulled-down by C-terminal His6-tagged Neisseria HU. By contrast, the

tag-free ICP11 was not found in the pull-down result.

https://doi.org/10.1371/journal.pone.0189461.g001

Neisseria DMP19 monomer prevents DNA binding to HU protein
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results showed four crosslinked pairs between DMP19 lysine residues of DMP19 (Lys 91, Lys

95 and Lys 99) and HU (Lys 64 and Lys 78; Fig 4; Table 3). We next constructed a binding

Fig 2. The native molecular weights of DMP19, Neisseria HU and DMP19/ Neisseria HU complex were calculated by gel filtration. Four standard

proteins Conalbumin (C; 75 kDa) ovalbumin (OA; 43 kDa), carbonic anhydrase (CA; 29 kDa), and RNase A (RA; 13.7 kDa) were used to produce a plot of Kav

against log MW. The Kav of each target protein was then used to estimate its molecular weight (Table 1).

https://doi.org/10.1371/journal.pone.0189461.g002

Table 1. A summary of the gel filtration results.

Theoretical MW MW as measured from the Superose 12 column

DMP19

DMP19 (tag free) monomer 18.5 kDa 33.1 kDa

DMP19 (tag free) dimer* 37.0 kDa

Neisseria HU (C-His6)

Neisseria HU (C-His6) monomer 10.4 kDa 27.5 kDa

Neisseria HU (C-His6) dimer* 20.8 kDa

DMP19/Neisseria HU (C-His6) complex

DMP19 monomer to HU monomer 28.5 kDa 45.7 kDa

DMP19 dimer to HU monomer* 47.8 kDa

DMP19 monomer to HU dimer* 39.3 kDa

DMP19 dimer to HU dimer 57.8 kDa

*Asterisks indicate theoretical values that are consistent with the observed molecular weight (MW).

https://doi.org/10.1371/journal.pone.0189461.t001

Neisseria DMP19 monomer prevents DNA binding to HU protein
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Fig 3. An isothermal titration calorimetry (ITC) assay for the binding affinity between DMP19 and Neisseria HU

protein. The equilibrium dissociation constant (Kd) of DMP19 monomer and Neisseria HU dimer was 0.50 ± 0.09 μM

from three replicate experiments. Detailed thermodynamic parameters are shown in Table 2.

https://doi.org/10.1371/journal.pone.0189461.g003

Neisseria DMP19 monomer prevents DNA binding to HU protein
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model of the DMP19 monomer and HU dimer based on these observations. Given that the

end-to-end distance of the crosslinker BS3 is 11.4 Å, three lysine residues on DMP19 (Lys 91,

Lys 95 and Lys 99) can be connected with the Lys 64 of one of the monomers in the the HU

Table 2. Thermodynamic parameters for interactions between Neisseria HU dimer and DMP19 monomer.

HU dimer to DMP19 monomer delta H (kcal/mol) delta G (kcal/mol) N Kd (uM)

1st titration -6.72 -8.4494 0.95 0.64

2nd titration -5.48 -8.753 1.04 0.38

3rd titration -5.65 -8.60514 0.98 0.49

AVG with STDEV -5.95±0.52 -8.60±0.10 0.99±0.03 -0.50±0.09

https://doi.org/10.1371/journal.pone.0189461.t002

Fig 4. The MS/MS spectra of crosslinked lysine residues between DMP19 and Neisseria HU. (A) DMP19 K91 to HU K64, (B) DMP19 K95 to HU K64,

(C) DMP19 K99 to HU K64, and (D) DMP19 K99 to HU K78.

https://doi.org/10.1371/journal.pone.0189461.g004

Neisseria DMP19 monomer prevents DNA binding to HU protein
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dimer, while DMP19 Lys 99 can also connect with the Lys 78 of the same HU monomer. By

adjusting the orientations and positions of the DMP19 monomer and Neisseria HU dimer so

that the distances between the connected Lys residues are all close to 11.4 Å, we constructed

the three-dimensional model shown in Fig 5. In this model, the DMP19 monomer directly

occupies the DNA-binding region of Neisseria HU dimer and thus prevents its binding to

DNA.

DMP19 disrupts DNA binding to Neisseria HU dimer

The above results suggest that DMP19 monomer is likely to be a competitive inhibitor of Neis-
seria HU, and we next therefore used an electrophoresis mobility shift assay (EMSA) to investi-

gate if DMP19 monomer could indeed prevent DNA from binding to Neisseria HU dimer. As

shown in Fig 6, the DNA band shifting, which indicates the Neisseria HU-DNA binding, was

significantly decreased by adding DMP19 monomer into the reaction. By contrast, neither of

the negatively charged control proteins, BSA (Bovine serum albumin) and ICP11 (another

DNA mimic that binds histone), caused any change in the EMSA band position of the HU-

bound DNA. This result supports the above model in which the DMP19 monomer directly

occupies the DNA-binding region of HU dimer, and it confirmed the strong interaction

between the two proteins.

Discussion

Neisseria DMP19 is one of the DNA mimic proteins that we recently identified [5]. In the first

report of Neisseria DMP19, this DNA mimic was proposed as a transcriptional regulator [5].

The crystal structure showed that DMP19 dimer has a surface charge distribution that is com-

plementary to the DNA binding surface of Neisseria NHTF transcription factor, and thus

affects the binding of NHTF to its respective operator DNA [5]. Functionally, NHTF belongs

to the XRE (Xenobiotic Response Element) transcription factor family and acts as an auto-

feedback repressor of the down-stream genes including NHTF itself and the Protein-PII uridy-

lyltransferase gene glnD [5]. The binding of DMP19 dimer to NTHF interferes with this nega-

tive gene control, and restores the expression of the affected genes [5].

Table 3. Identified crosslinked peptides of the DMP19 and HU proteins.

Crosslinked Lysine residues PP / PP2 / PPtag

score

MW (obs)

(Da)

MW

(Da)

Assigned peptide sequence

DMP19 peptide (Chain A) HU peptide (Chain B)

DMP19 K91-HU K64 15.3/14.4/1.9 1491.9128 1491.9006 IK(91)AVPK QGRNPK(64)

18.9/15.2/1.6 1491.9144 1491.9006 IK(91)AVPK QGRNPK(64)

44.5/23.1/7.6 2203.3059 2203.3060 IK(91)AVPK NPK(64)TGEPLTIAAAK

41.8/25.7/9.2* 2203.3094 2203.3060 IK(91)AVPK NPK(64)TGEPLTIAAAK

17.9/18.5/7.3 2814.6548 2814.6591 IK(91)AVPK(95)VL DK(99) NPK(64)TGEPLTIAAAK

DMP19 K95-HU K64 24.6/25.2/10.4 2772.6092 2772.6121 AVPK(95)VLDK(100) AK(101) NPK(64)TGEPLTIAAAK

23.7/23.8/7.7 2772.6123 2772.6121 AVPK(95)VLDK(100) AK(101) NPK(64)TGEPLTIAAAK

30.0/26.1/6.8 2417.3996 2417.4014 AVPK(95)VLDK NPK(64)TGEPLTIAAAK

37.4/26.3/6.9* 2417.4014 2417.4014 AVPK(95)VLDK NPK(64)TGEPLTIAAAK

DMP19 K99-HU K64 39.2/28.5/4.0 2221.2812 2221.2802 VLDK(99)AK NPK(64)TGEPLTIAAAK

49.0/31.6/7.4* 2221.2821 2221.2802 VLDK(99)AK NPK(64)TGEPLTIAAAK

DMP19 K99-HU K78 36.0/24.9/3.2 1458.8673 1458.8679 VLDK(99)AK TPK(78)FR

39.5/25.4/3.2* 1458.8694 1458.8679 VLDK(99)AK TPK(78)FR

* The pattern of this MS/MS analysis was shown in Fig 4.

https://doi.org/10.1371/journal.pone.0189461.t003

Neisseria DMP19 monomer prevents DNA binding to HU protein
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Fig 5. A proposed binding model of DMP19 and Neisseria HU. The model was constructed based on the crosslinked lysine residues of

DMP19 monomer (crown ether conformation; see S2 Fig) and Neisseria HU dimer (top panel). The distances (Å) between the matched pairs

of crosslinked lysine residues are shown.

https://doi.org/10.1371/journal.pone.0189461.g005

Neisseria DMP19 monomer prevents DNA binding to HU protein
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In a subsequently determined DMP19 structure, a new conformation was revealed when

crown ether was present in the crystal droplet [16]. In this new DMP19 structure, helices α1

and α2 were rotated by ~180 degrees relative to the original structure (S2 Fig). Although two

DMP19 monomers were found in an asymmetric unit of the crystal, two intercalating crown

ether molecules prevented formation of the core DMP19 dimer interface (S2 Fig; right). Fur-

thermore, the rotated helices α1 and α2 prevented these two monomers from coming close

enough together to assemble into a dimer. These observations suggest that DMP19 is mono-

meric in this new crystal form. Interestingly, when we tried to dock DMP19 monomer and

Neisseria HU dimer, helices α1 and α2 of the DMP19 monomer from the first crystal of

dimeric DMP19 produced a steric clash with the HU protein, and only the DMP19 monomer

from the new crystal could be successfully docked onto the HU dimer (Fig 5). All of these

observations suggest that DMP19 has two conformations as well as two oligomeric states and

that these are used to perform different functions. Thus in addition to binding to NHTF as a

dimer [5], here we provide evidence that DMP19 has another functional role as a monomer,

specifically, that it could act as a competitive regulator of Neisseria HU.

The highly-conserved bacterial nucleoid-associated HU proteins are involved in many

important functions such as nucleoid compaction, gene regulation and DNA replication initia-

tion [17]. HU proteins usually function as a dimer. They induce DNA bending that results in a

consistent negative supercoiling via non-sequence-specific DNA binding [18–19]. In addition

to DNA, HU is also capable of binding to RNA as well as DNA-RNA hybrids [20]. By binding

to rpoS mRNA, Escherichia HU is able to regulate rpoS translation [21]. Furthermore, it has

recently been confirmed that HU can interact with noncoding RNAs in E. coli. [22–23], and

that its homodimeric and heterodimeric forms (i.e. HUα/HUα and HUα/HUβ) control nucle-

oid compaction in E.coli [24]. Although the nucleic acid binding affinity of HU protein has

been investigated in detail, only a limited number of reports have studied the protein network

between HU and its control proteins. Nevertheless, protein-protein interactions with HU are

clearly important. For example, an interaction between DnaA and HU is critical for initiation

at the replication origin of the E. coli chromosome [25].

In addition to DMP19, two other DNA mimic proteins, Neisseria DMP12 and Haemophilus
influenzae HI1450, have also been shown to bind to HU proteins [6, 26–27]. All three of these

DNA mimic proteins were found to bind to HU protein in their monomeric form, but since

the amino acids and structures of DMP12, DMP19 and HI1450 are all different to each other

Fig 6. DMP19 prevents the DNA binding of Neisseria HU protein. When the molar ratio of DMP19 monomer to HU dimer was 1:1, the DNA shift induced

by Neisseria HU was reduced by DMP19. No effect was seen for BSA and ICP11.

https://doi.org/10.1371/journal.pone.0189461.g006
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Fig 7. Comparison of three HU-binding DNA mimic proteins. (A) Amino acid alignment of DMP19, DMP12 and HI1450. This analysis was

performed by Cluster omega (https://www.ebi.ac.uk/Tools/msa/clustalo/). (B) The structures of DMP19, DMP12 and HI1450. (C) The surface negative

charge distributions of DMP19, DMP12 and HI1450. The HU-bound surface of the DMP19 monomer as determined by crosslinking-based mass
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(Fig 7A and 7B), it is surprising that these three DNA mimic proteins should be able to bind to

the same target. However, we note that they all share a similar B form DNA-like negative

charge distribution on their surface (Fig 7C), and these specialized negative charge distribu-

tions may play an important role in the recognition of HU proteins. The HU binding activities

of these three DNA mimic proteins have all been confirmed by ITC assays [6, 27]. Compared

to DMP12 and HI1450, DMP19 has the highest binding affinity to HU proteins (Kd = 2.8 and

0.5 μM for DMP12 and DMP19 monomer to Neisseria HU binding; 3.0 μM for H1450 to Hae-
mophilus influenzae HU; all measured by ITC). Among these three DNA mimics, only DMP19

monomer has a higher binding affinity to Neisseria HU than 8bp dsDNA (Kd = 0.7 μM; refer-

ence 6), suggesting DMP19 monomer can serve as a potent inhibitor of Neisseria HU.

The next question to consider is how DMP19 might use its bi-functional activity to carry

out transcriptional control. We hypothesize that DMP19 is an effective gene enhancer in Neis-
seria spps. By preventing HU from binding, DMP19 monomer may first release selected gene

regions in chromosomal DNA. Subsequently, if DMP19 dimer disrupts the gene repressor

activity of NHTF, this would ensure the continued expression of NHTF-controlled genes.

Thus, for example, glnD would still be expressed in response to changes in the environment.

However, this hypothesis still needs to be confirmed. Meanwhile, the results presented here

provide strong evidence that DMP19 monomer is a competitive inhibitor of Neisseria HU, and

that DMP19 therefore possesses a bi-functionality that depends on its different oligomeric

states. This ability is unique among the few known DNA mimic proteins.

Supporting information

S1 Fig. Proposed NeisseriaHU/DNA binding model. The Lys 78 residues of the Neisseria
HU dimer are located at the center of the DNA binding region. Spatially, the Lys 64 residues

are located at the ends of the flexible arms. All of these features are important for HU-DNA

binding.

(PDF)

S2 Fig. Comparison of two different experimentally-confirmed DMP19 structures. The

conformational differences shown here may affect the oligomerization and thus the functional-

ity of DMP19.

(PDF)

Acknowledgments

This work was supported financially by the Ministry of Science and Technology (Grant MOST

103-2311-B-038–005 and MOST 106-2311-B-038–002). LTQ-Orbitrap data and additional

technical assistance were provided by Dr Shu-Yu Lin of the Academia Sinica Common Mass

Spectrometry Facilities located at the Institute of Biological Chemistry. We also thank Dr Shu-

Chuan Jao of the Biophysics Core Facility, Department of Academic Affairs and Instrument

Service at Academia Sinica for her help in ITC analysis.

Author Contributions

Conceptualization: Hao-Ching Wang.

spectrometry contains two rows of negative charge distributions. This specialized charge arrangement is similar to that of B-form DNA, and it can also

be found in the other two DNA mimic proteins. The PDB IDs used to produce this figure are: 1NNV, 3W1O, 3WUR and 1ZEW for HI1450, DMP12,

DMP19 and B-form DNA, respectively.

https://doi.org/10.1371/journal.pone.0189461.g007

Neisseria DMP19 monomer prevents DNA binding to HU protein

PLOS ONE | https://doi.org/10.1371/journal.pone.0189461 December 8, 2017 13 / 15

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0189461.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0189461.s002
https://doi.org/10.1371/journal.pone.0189461.g007
https://doi.org/10.1371/journal.pone.0189461


Formal analysis: Tzu-Ping Ko, Hao-Ching Wang.

Funding acquisition: Hao-Ching Wang.

Investigation: Ming-Fen Huang, Shin-Jen Lin, Yi-Ting Liao, Kai-Cheng Hsu, Hao-Ching

Wang.

Writing – original draft: Tzu-Ping Ko, Hao-Ching Wang.

Writing – review & editing: Tzu-Ping Ko, Hao-Ching Wang.

References
1. Dryden DT. DNA mimicry by proteins and the control of enzymatic activity on DNA. Trends Biotechnol.

2006; 4: 378–382.

2. Putnam CD, Tainer JA. Protein mimicry of DNA and pathway regulation. DNA Repair. 2005; 4: 1410–

1420. https://doi.org/10.1016/j.dnarep.2005.08.007 PMID: 16226493

3. Wang HC, Ho CH, Hsu KC, Yang JM, Wang AHJ. DNA mimic proteins: functions, structures and bioin-

formatic analysis. Biochemistry. 2014; 42: 1354–1364.

4. Wang HC, Wang KC HC, Ko TP, Leu JH, Huang WP, Lo CF, et al. WSSV ICP11 is a multi-functional

DNA mimic protein that disrupts nucleosome assembly. Proc Natl Acad Sci USA. 2008; 105: 20758–

20763. https://doi.org/10.1073/pnas.0811233106 PMID: 19095797

5. Wang HC, Ko TP, Wu ML, Ku S, Wu HJ, Wang AHJ. Neisseria conserved protein DMP19 is a DNA

mimic protein that prevents DNA binding to a hypothetical nitrogen-response transcription factor.

Nucleic Acids Res. 2012; 40: 5718–5730. https://doi.org/10.1093/nar/gks177 PMID: 22373915

6. Wang HC, Wu ML, Ko TP, Wang AHJ. Neisseria conserved hypothetical protein DMP12 is a DNA

mimic that binds to histone-like HU protein. Nucleic Acids Res. 2013; 41: 5127–5138. https://doi.org/

10.1093/nar/gkt201 PMID: 23531546

7. Wang HC, Hsu KC, Yang JM, Wu ML, Ko TP, Lin SR, et al. Staphylococcus aureus protein SAUGI acts

as a uracil-DNA glycosylase inhibitor. Nucleic Acids Res. 2014; 53: 2865–2874.

8. Ho CH, Wang HC, Ko TP, Wang AHJ. T4 phage DNA mimic protein Arn inhibits the DNA-binding activity

of the bacterial histone-like protein H-NS. J Biol Chem. 2014; 289: 27046–27054. https://doi.org/10.

1074/jbc.M114.590851 PMID: 25118281

9. Wang HC, Ho CH, Chou CC, Ko TP, Huang MF, Hsu KC, et al. Using structural-based protein engineer-

ing to modulate the differential inhibition effects of SAUGI on human and HSV uracil DNA glycosylase.

Nucleic Acids Res. 2016; 44: 4440–4449. https://doi.org/10.1093/nar/gkw185 PMID: 26980279

10. Müller MQ, de Koning LJ, Schmidt A, Ihling C, Syha Y, Rau O, et al. An innovative method to study tar-

get protein-drug interactions by mass spectrometry. J Med Chem. 2009; 52: 2875–2879. https://doi.

org/10.1021/jm9000665 PMID: 19379014

11. Lee HL, Chiang IC, Liang SY, Lee DY, Chang GD, Wang KY, et al. Quantitative proteomics analysis

reveals the min system of Escherichia coli modulates reversible protein association with the inner mem-

brane. Mol Cell Proteomics. 2016; 15: 1572–1583. https://doi.org/10.1074/mcp.M115.053603 PMID:

26889046

12. Naveen V, Hsiao CD. NrdR Transcription regulation: global proteome analysis and its role in Escheri-

chia coli viability and virulence. PLOS ONE. 2016; 11: e0157165. https://doi.org/10.1371/journal.pone.

0157165 PMID: 27275780

13. Xu H, Freitas MA. MassMatrix: A database search program for rapid characterization of proteins and

peptides from tandem mass spectrometry data. Proteomics. 2009; 9: 1548–1555. https://doi.org/10.

1002/pmic.200700322 PMID: 19235167

14. Pierce BG, Wiehe K, Hwang H, Kim BH, Vreven T, Weng Z. ZDOCK server: interactive docking predic-

tion of protein-protein complexes and symmetric multimers. Bioinformatics. 2014; 30: 1771–1773.

https://doi.org/10.1093/bioinformatics/btu097 PMID: 24532726

15. Pettersen EF, Goddard TD, Huang CC, Couch GS, Greenblatt DM, Meng EC, Ferrin TE. UCSF Chi-

mera—A visualization system for exploratory research and analysis. J Comput Chem. 2004; 25: 1605–

1612. https://doi.org/10.1002/jcc.20084 PMID: 15264254

16. Lee CC, Maestre-Reyna M, Hsu KC, Wang HC, Liu CI, Jeng WY, et al. Crowning proteins: modulating

the protein surface properties using crown ethers. Angew Chem Int Ed Engl. 2014; 53: 13054–13058.

https://doi.org/10.1002/anie.201405664 PMID: 25287606

17. Dorman CJ, Deighan P. Regulation of gene expression by histone-like proteins in bacteria. Curr Opin

Genet Dev. 2003; 13: 179–184. PMID: 12672495

Neisseria DMP19 monomer prevents DNA binding to HU protein

PLOS ONE | https://doi.org/10.1371/journal.pone.0189461 December 8, 2017 14 / 15

https://doi.org/10.1016/j.dnarep.2005.08.007
http://www.ncbi.nlm.nih.gov/pubmed/16226493
https://doi.org/10.1073/pnas.0811233106
http://www.ncbi.nlm.nih.gov/pubmed/19095797
https://doi.org/10.1093/nar/gks177
http://www.ncbi.nlm.nih.gov/pubmed/22373915
https://doi.org/10.1093/nar/gkt201
https://doi.org/10.1093/nar/gkt201
http://www.ncbi.nlm.nih.gov/pubmed/23531546
https://doi.org/10.1074/jbc.M114.590851
https://doi.org/10.1074/jbc.M114.590851
http://www.ncbi.nlm.nih.gov/pubmed/25118281
https://doi.org/10.1093/nar/gkw185
http://www.ncbi.nlm.nih.gov/pubmed/26980279
https://doi.org/10.1021/jm9000665
https://doi.org/10.1021/jm9000665
http://www.ncbi.nlm.nih.gov/pubmed/19379014
https://doi.org/10.1074/mcp.M115.053603
http://www.ncbi.nlm.nih.gov/pubmed/26889046
https://doi.org/10.1371/journal.pone.0157165
https://doi.org/10.1371/journal.pone.0157165
http://www.ncbi.nlm.nih.gov/pubmed/27275780
https://doi.org/10.1002/pmic.200700322
https://doi.org/10.1002/pmic.200700322
http://www.ncbi.nlm.nih.gov/pubmed/19235167
https://doi.org/10.1093/bioinformatics/btu097
http://www.ncbi.nlm.nih.gov/pubmed/24532726
https://doi.org/10.1002/jcc.20084
http://www.ncbi.nlm.nih.gov/pubmed/15264254
https://doi.org/10.1002/anie.201405664
http://www.ncbi.nlm.nih.gov/pubmed/25287606
http://www.ncbi.nlm.nih.gov/pubmed/12672495
https://doi.org/10.1371/journal.pone.0189461


18. Grove A. Functional evolution of bacterial histone-like HU proteins. Curr Issues Mol Biol. 2011; 13: 1–

12. PMID: 20484776

19. Swinger KK, Lemberg KM, Zhang Y, Rice PA. Flexible DNA bending in HU-DNA cocrystal structures.

EMBO J. 2003; 22: 3749–3760. https://doi.org/10.1093/emboj/cdg351 PMID: 12853489

20. Balandina A, Kamashev D, Rouviere-Yaniv J. The bacterial histone-like protein HU specifically recog-

nizes similar structures in all nucleic acids. DNA, RNA, and their hybrids. J Biol Chem. 2002; 277:

27622–27628. https://doi.org/10.1074/jbc.M201978200 PMID: 12006568

21. Balandina A, Claret L, Hengge-Aronis R, Rouviere-Yaniv J. The Escherichia coli histone-like protein HU

regulates rpoS translation. Mol Microbiol. 2001; 39: 1069–79. PMID: 11251825

22. Qian Z, Macvanin M, Dimitriadis EK, He X, Zhurkin V, Adhya S. A New Noncoding RNA Arranges Bac-

terial Chromosome Organization. MBio. 2015; 6: e00998–15. https://doi.org/10.1128/mBio.00998-15

PMID: 26307168

23. Macvanin M, Edgar R, Cui F, Trostel A, Zhurkin V, Adhya S. Noncoding RNAs binding to the nucleoid

protein HU in Escherichia coli. J Bacteriol. 2012; 194: 6046–55. https://doi.org/10.1128/JB.00961-12

PMID: 22942248

24. Hammel M, Amlanjyoti D, Reyes FE, Chen JH, Parpana R, Tang HY, Larabell CA, Tainer JA, Adhya S.

HU multimerization shift controls nucleoid compaction. Sci Adv. 2016; 2: e1600650. https://doi.org/10.

1126/sciadv.1600650 PMID: 27482541

25. Chodavarapu S, Felczak MM, Yaniv JR, Kaguni JM. Escherichia coli DnaA interacts with HU in initiation

at the E. coli replication origin. Mol Microbiol. 2008; 67: 781–792. https://doi.org/10.1111/j.1365-2958.

2007.06094.x PMID: 18179598

26. Parsons LM, Yeh DC, Orban J. Solution structure of the highly acidic protein HI1450 from Haemophilus

influenzae, a putative double-stranded DNA mimic. Proteins. 2004; 54: 375–383. https://doi.org/10.

1002/prot.10607 PMID: 14747986

27. Parsons LM, Liu F, Orban J. HU-alpha binds to the putative double-stranded DNA mimic HI1450 from

Haemophilus influenzae. Protein Sci. 2004; 14: 1684–1687.

Neisseria DMP19 monomer prevents DNA binding to HU protein

PLOS ONE | https://doi.org/10.1371/journal.pone.0189461 December 8, 2017 15 / 15

http://www.ncbi.nlm.nih.gov/pubmed/20484776
https://doi.org/10.1093/emboj/cdg351
http://www.ncbi.nlm.nih.gov/pubmed/12853489
https://doi.org/10.1074/jbc.M201978200
http://www.ncbi.nlm.nih.gov/pubmed/12006568
http://www.ncbi.nlm.nih.gov/pubmed/11251825
https://doi.org/10.1128/mBio.00998-15
http://www.ncbi.nlm.nih.gov/pubmed/26307168
https://doi.org/10.1128/JB.00961-12
http://www.ncbi.nlm.nih.gov/pubmed/22942248
https://doi.org/10.1126/sciadv.1600650
https://doi.org/10.1126/sciadv.1600650
http://www.ncbi.nlm.nih.gov/pubmed/27482541
https://doi.org/10.1111/j.1365-2958.2007.06094.x
https://doi.org/10.1111/j.1365-2958.2007.06094.x
http://www.ncbi.nlm.nih.gov/pubmed/18179598
https://doi.org/10.1002/prot.10607
https://doi.org/10.1002/prot.10607
http://www.ncbi.nlm.nih.gov/pubmed/14747986
https://doi.org/10.1371/journal.pone.0189461

