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The T4 Phage DNA Mimic Protein Arn Inhibits the DNA
Binding Activity of the Bacterial Histone-like Protein H-NS*
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Background: DNA mimic proteins prevent DNA-binding proteins from binding to DNA.

Results: T4 phage DNA mimic protein Arn disrupts H-NS-DNA binding and neutralizes the gene-silencing effect of H-NS.
Conclusion: Arn participates in viral anti-host defense system by its DNA mimicking properties.

Significance: This anti-H-NS function of Arn represents a novel battle mechanism between phage and bacteria.

The T4 phage protein Arn (Anti restriction nuclease) was
identified as an inhibitor of the restriction enzyme McrBC.
However, until now its molecular mechanism remained unclear.
In the present study we used structural approaches to investi-
gate biological properties of Arn. A structural analysis of Arn
revealed that its shape and negative charge distribution are sim-
ilar to dsDNA, suggesting that this protein could act as a DNA
mimic. In a subsequent proteomic analysis, we found that the
bacterial histone-like protein H-NS interacts with Arn, imply-
ing a new function. An electrophoretic mobility shift assay
showed that Arn prevents H-NS from binding to the Escherichia
coli hns and T4 p8.1 promoters. In vitro gene expression and
electron microscopy analyses also indicated that Arn counter-
acts the gene-silencing effect of H-NS on a reporter gene.
Because McrBC and H-NS both participate in the host defense
system, our findings suggest that T4 Arn might knock down
these mechanisms using its DNA mimicking properties.

Research in the last decade has revealed several examples of
proteins that can mimic DNA (1-3). These DNA mimic pro-
teins prevent DNA-binding proteins from binding to DNA
using their DNA-like surfaces. To date only a few DNA mimic
proteins have been reported and functionally characterized
because the amino acid sequences and protein structures of
reported DNA mimic proteins are divergent (1, 4). To extend
our knowledge of this novel type of control factor, we searched
for new DNA mimic proteins from selected species including
bacteriophage, white spot syndrome virus, Neisseria, and
Staphylococcus. In the past five years, we have successfully iden-
tified four DNA mimic proteins, ICP11, DMP19, DMP12, and
SAUG]I, using structural and proteomic approaches (4-7). In
the course of discovering these new DNA mimic proteins, gene
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mining from the whole genome has been the first step to explore
the potential targets. To our knowledge the genes encoding small
and acidic proteins have a higher chance to be DNA mimics.
Another important criterion is the functions of these potential
targets. The annotation of these gene products usually specifies
“DNA-related” functions such as regulating transcription, inhibit-
ing DNA metabolic enzyme, or binding to DNA binder. To screen
the undiscovered functions of these potential DNA mimics, a pull-
down assay is one of the proteomic approaches to characterize
them. Based on these preliminary studies we found that the bacte-
riophage T4 protein Arn (Anti-restriction nuclease) is likely to be a
DNA mimic. After analyzing the three-dimensional structure and
the function of Arn, we believe that Arn could be added to the list
of DNA mimics.

In previous reports Arn was identified as an auxiliary protein
that blocks McrBC restriction nuclease activity and prevents
the T4 genome from host R/M (restriction modification) sys-
tem digestion (8, 9). Because Arn has the patterns of negatively
charged amino acids reminiscent of the DNA mimic proteins
Ocr and Dinl, Putnam and Tainer (2) proposed that this protein
is a potential DNA mimic. In the present paper we tested this
hypothesis by determining the crystal structure of Arn. The
structural analysis showed that this dimeric protein has a cres-
cent-like shape that is similar to a bent, double-stranded DNA
molecule (dsDNA). Additionally, a dsDNA-like negative charge
distribution could be found on the surface of Arn dimer. Arn
may, therefore, use these DNA-like properties to control the
restriction nuclease activity of McrBC. Interestingly, we found
that the bacterial histone-like protein H-NS can interact with
Arn in our proteomic studies. We also present evidence that
Arn can disrupt H-NS-DNA binding and attenuate H-NS-in-
duced gene silencing. Together, these observations suggest that
Arn might serve as an antagonist of the host anti-phage defense
systems (e.g. McrBC and H-NS) by its DNA mimic properties.

EXPERIMENTAL PROCEDURES

Preparation of Recombinant Arn-His and H-NS—The full-
length T4 phage Arn gene (residues 1-92) was synthesized by
Genomics (Taipei, Taiwan) and cloned into a pET21b expres-
sion vector (Novagen); the resulting plasmid was called
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pET21b-Arn. The recombinant Arn protein contained a C-ter-
minal His, tag (100 amino acids) referred to as Arn-His. This
protein was expressed in Escherichia coli BL21 (DE3) cells at
37 °C for 4 h after induction with 1 mm isopropyl 8-b-1-thioga-
lactopyranoside. Soluble Arn-His was purified by immobilized
metal-ion chromatography with a nickel-nitrilotriacetic acid
column followed by anion exchange with a Q column and gel
filtration using Superdex 200pg (GE Healthcare).

The full-length /ns gene with a stop codon was obtained by
direct PCR from E. coli BL21 (DE3) cells and cloned into a
pET21b expression vector (Novagen). The tag-free H-NS was
overexpressed in BL21 (DE3) cells at 37 °C after induction with
1 mM isopropyl B-b-1-thiogalactopyranoside for 4 h. The total
lysate of H-NS-overexpressing BL21 (DE3) cells was treated
with Benzonase (Merck) before centrifugation. Soluble H-NS
was purified by a cation exchange SP column and a heparin
column (GE Healthcare). The DNA fragment encoding H-NS
DNA binding domain (H-NS,, ,5-) was cloned into a pET16b
expression vector (Novagen). The recombinant H-NS DNA
binding domain contained an N-terminal His, , tag referred to
as His-H-NS91. His-H-NS91 was expressed in E. coli BL21
(DE3) cells at 30 °C for 4 h after induction with 0.5 mMm isopropyl
B-p-1-thiogalactopyranoside. Soluble His-H-NS91 was puri-
fied by immobilized metal-ion chromatography with a nickel-
nitrilotriacetic acid column followed by anion exchange with a
heparin column and gel filtration using Superdex 200pg (GE
Healthcare).

Recombinant Arn-His Crystallization and Data Collection—
Purified Arn-His was concentrated in a crystallization buffer
(50 mm Tris at pH 8.0, 100 mm NaCl) to 20 mg/ml. For crystal-
lization, 2 ul of the Arn-His solution was mixed with 2-ul of a
reservoir (3.6 M sodium formate, 0.1 M Tris at pH 8.0) with 1 ul
of additive (Bis-Tris* at pH 5.2). The mixture was then equili-
brated with the reservoir by the sitting drop method at 25 °C. The
Pt"-containing compound terpyridine-Pt"Cl, was used in deriva-
tizing the crystals to determine the phase. Both native and single
wavelength anomalous diffraction x-ray diffraction data from the
Arn-His crystals were collected using beamline BL13B1 at the
National Synchrotron Radiation Research Center in Hsinchu, Tai-
wan and beamline BL12B2 at SPring-8 in Japan. The data were
processed using HKL2000 (10). The space group of the Arn-His
crystals is H32. Other details are shown in Table 1.

Structure Determination and Refinement—The Arn-His
structure was solved using the single wavelength anomalous
diffraction phasing method and the program SHELX CDE (11).
The native and peak datasets in the range of 23-1.90 and
40-1.93 A resolution were collected at wavelengths of 0.97622
and 1.0716 A, respectively. Two Pt sites were found in an
asymmetric unit. As a result of employing the program DM
(12), a clear electron density map allowed automatic model
building by the program BUCCANEER (13). The programs
CNS (14), Refmac5 (15), and COOT (16) were used in the
refinement, and the relevant statistics are shown in Table 1. The
subsequent structural analysis, figure drawing, and model making
were conducted with the CCP4 package (17) and PyMOL (18).

2 The abbreviations used are: Bis-Tris, 2-[bis(2-hydroxyethyl)amino]-2-(hy-
droxymethyl)propane-1,3-diol; AUC, analytical ultracentrifugation.
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His Pulldown Assay and Protein Identification—To deter-
mine the Arn-interacting proteins from the host, we used the
His pulldown method with E. coli BL21 lysate. E. coli BL21
(DE3) cells were cultured overnight, harvested (the pellet was
~0.6 g from a 100-ml culture), and directly resuspended in 2.4
ml of B-PER bacterial protein extraction reagent (Thermo Sci-
entific) with an EDTA-free protease inhibitor mixture (Roche
Applied Science) and Benzonase (Merck). After centrifugation
at 4000 X g for 30 min, the soluble protein fraction was mixed
with Arn-His and nickel-nitrilotriacetic acid beads; the salt
concentration was adjusted to 100 mm NaCl and 40 mMm imid-
azole. After incubation at 4 °C for 16 h, the beads were washed
with binding buffer (20 mm Tris at pH 7.5, 100 mm NaCl, and
40 mm imidazole; 10X bead volume) 3 times. The proteins
remaining on the beads were eluted with buffer containing
250 mM imidazole and analyzed by SDS-PAGE. Other His pull-
down assays were performed by incubating the two purified
proteins, Arn-His and H-NS, at room temperature for 10 min
under conditions of different pH or ionic strength.

The protein bands of interest were manually excised from the
SDS-PAGE gel followed by in-gel trypsin digestion. Using LC-
MS/MS to resolve protein fragments and combining data with
the search program MASCOT (19), several fragments were
matched as significant hits and were regarded as positive
identifications.

Analytical Ultracentrifugation (AUC) Analysis—Sedimenta-
tion velocity analysis was performed at 60,000 rpm using a
4-hole An-60 Tirotor at 20 °C in a Beckman Optima XL-I AUC
equipped with absorbance optics. Each sample was adjusted to
a suitable concentration (280-nm absorption between 0.4 and
~0.6) in 20 mMm Tris at pH 7.5 and 50 mm NaCl. Data were
analyzed with the c(M) distribution of the Lamm equation solu-
tions calculated by the program SEDFIT (created at the
National Institutes of Health). The SEDFIT parameters were:
buffer density, 1.0087 g/ml; buffer viscosity, 0.01013 poise
(g/cm/s); protein partial specific volume, 0.73.

Electrophoresis Mobility Shift Assay (EMSA)—The oligonu-
cleotides were synthesized by Mission Biotech (Taipei, Tai-
wan). The short dsDNA was prepared by mixing equal amounts of
complementary oligonucleotides, heating to 95 °C for 15 min, and
then reducing to 25 °C for annealing. For the competitive binding
assay, the chronological order of H-NS-DNA complex formation
and Arn protein emergence was taken into consideration for the
purpose of imitating the in vivo dynamics. The purified H-NS and
dsDNA were first mixed in the reaction buffer (20 mm Tris at pH
8.0, 100 mm NaCl) and incubated at 25 °C for 10 min, and then
purified recombinant Arn-His was added at 25 °C for another 10
min. All reactions were analyzed on a 0.8% agarose (Yeastern) gel
and stained with SYBR Green I (Sigma).

In Vitro Gene Regulation Assay—The assay was performed in
a cell-free expression system using an EasyXpress protein syn-
thesis kit (QIAgen). The plasmid containing inducible gfp as the
reporter gene driven by the T7 promoter was previously con-
structed, and its use in the gene regulation assay was described
previously (6). To execute the assay, the plasmid was mixed with
(or without) purified H-NS protein at 25 °C for 10 min followed by
incubation with different amounts of purified recombinant Arn-
His for another 10 min. After the preincubation step, the mixture
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TABLE 1
Data collection and refinement of Arn-His
Arn-His (native) Arn-His (Pt)
Data collection
Space group H32 H32
Unit cell a, b, c (A) 81.96, 81.96, 149.42 81.79, 81.79, 149.84
Wavelength (A) 0.97622 1.0716 (peak)
Resolution range (A) 23.66—1.90 (1.97-1.90)* 40.89-1.93 (2.00-1.93)*
Number of reflections
Observed 118,227 148,891
Unique 15,419 14,531
Completeness (%) 99.4 (100.0) 98.0 (82.6)
Rmerge (%) 4.1 (47.8) 4.4 (46.6)
Ijo () 45.07 (6.15) 50.34 (2.76)
Refinement
Ryonic (%) 20.8
Riyee (%) 23.2
Geometry deviations
Bond length (A) 0.0183
Bond angles (°) 1.7674
Ramachandran plot (%)”
Most favored 93.3

Additionaly allowed 6.7
Average B (A2)/
no. of atoms
Protein 38.33/828
Water 55.97/155

“ Numbers in parentheses are for the highest resolution shells.
® The stereochemistry of the models was validated with PROCHECK.

was combined with the E. coli extract containing the protein syn-
thesis reaction buffer that was provided in the kit, and the reaction
was initiated by the addition of 1 mm isopropyl B-b-1-thiogalacto-
pyranoside. During the 1-h induction at 37 °C, the relative amount
of GFP expressed was detected at 395-nm excitation and 508-nm
emission wavelengths.

Transmission Electron Microscopy Imaging—DNA-H-NS com-
plexes were prepared for EM using the aqueous drop spreading
method (20). The DNA-H-NS (DNA 100 ng/ul, H-NS 2 um)
was mixed with 200 pg/ml cytochrome ¢ in 2.5 M ammonium
acetate and incubated for 3 min. A 50-ul drop was placed on a
clean Parafilm surface, and DNA-H-NS was picked up on a Par-
lodion-covered grid, dehydrated, and air-dried. Dehydration
was carried out in 70% ethanol followed by 90% ethanol. Finally,
the grids were blotted on filter paper and imaged using a rotary
shadow at an angle of 8° with platinum:palladium (80%:20%) in
a high vacuum. The samples were examined in an FEI Tecnai
F20 transmission electron microscopy using 200 kV accelerat-
ing voltage, and the images were recorded using a Gatan (Pleas-
anton, CA) slow scan 4k X 4k CCD camera. The preparation
and imaging of Arn-His (20 uM) containing DNA-H-NS trans-
mission electron microscopy samples were identical to the
methods used for the DNA-H-NS samples.

Arn surface Ocr surface

FIGURE 1. The crystal structure of T4 Arn and the DNA mimic protein T7 Ocr. A, the Arn dimer and Ocr dimer are shown as schematics. B, the distributions
of the negative surface charges on the Arn and Ocr dimers are compared. The carboxyl groups of the acidic amino acids, Glu and Asp, are colored red. C, the
negatively charged groups (i.e. C-B carbons on Glu and Asp) of the Arn dimer (gray spheres) and double-stranded B-DNA (orange lines) are compared in the
wall-eyed stereo view, and the dsDNA-matched C-B carbons are colored in red spheres.
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RESULTS

The Crystal Structure of Arn Shows DNA Mimic Properties—
To further understand the biological properties of Arn, the pro-
tein was crystallized. Its structure was solved by single wave-

T4 Phage DNA Mimic Protein Arn

an Arn monomer, but the monomer forms a homodimer with a
dyad-related partner. Despite a high solvent content of >60%,
the structure refines quite well (Table 1, PDB code 3WX4). The
Arn monomer folds into a three-stranded, anti-parallel

B-sheet, and bundled on the other side are four a-helices (Fig.
1A). Part of the His-tag propagates as an extension of the C-ter-

length anomalous diffraction. Each asymmetric unit contains

Control +Arn-His minal helix. At the N terminus, the 3-strand stretches out and
e A associates with its counterpart on the other monomer, forming
98— = . <—Band 5 . . .
62— = = 5 <«Band 4 along B-ribbon of 14 residues and expanding the 3-sheet across
49— E = - . <—Band 3 the dimer interface. Dimerization of Arn buries 1240 A? of the
38— - 5 <—Band 2 29 £ £ h
28— 1 B 7090 A” surface area of each monomer.
i - - = The overall structure of Arn revealed a crescent-shaped
14— & . o Baifid 1 dimer that resembles T7 Ocr (21), another dimeric DNA mimic
protein (PDB code 1S7Z; Fig. 1A). Numerous acidic residues
6 — - o located in the helical bundles are found on the concave side of
kDa

the dimer. The distribution of these negatively charged amino
acids is more concentrated on this side in Arn when compared
with Ocr (Fig. 1B). On the convex side, the formation of an
extended B-sheet across the dimer interface in Arn suggests a

FIGURE 2. The His pulldown of Arn-His from E. coli lysate. Compared with
the control group, there are five bands representing pulled down proteins,
and each is marked with an asterisk. F, flow-through; W, washing fractions; E,
eluates from nickel beads; M, marker; A, Arn-His protein only.

TABLE 2

Protein identification by LC-MS/MS
PTS, carbohydrate phosphotransferase system.

Protein name Accession no. MS/mps”® Sequence coverage
%
Band 1
UPF0325 protein YaeH P62768 4,007/72 96
DNA-binding protein H-NS POACF8 2,766/55 89
Band 2
Galactitol-1-phosphate 5-dehydrogenase POA9S3 7,461/121 67
PTS system mannose-specific EIIAB component P69797 4,165/72 86
Elongation factor Tu 1 A7ZSL4 2,766/45 80
Band 3
Elongation factor Tu 1 A7ZSL4 5,536/115 87
Isocitrate dehydrogenase [NADP] P08200 2,976/63 68
Band 4
Glutamine-fructose-6-phosphate aminotransferase P17169 11,124/156 81
Succinate dehydrogenase flavoprotein subunit POAC41 8,543/138 80
D-Lactate dehydrogenase P06149 3,687/64 72
Band 5
Aconitate hydratase 1 P25516 10,868/179 68
Alanine-tRNA ligase B1XCM5 4,534/66 72
DNA topoisomerase 1 P06612 4,327/80 59
NADH-quinone oxidoreductase subunit G P33602 4,242/70 60
Protein translocase subunit SecA C4ZR]3 3,471/61 56
Aldehyde-alcohol dehydrogenase POA9Q7 2,969/47 60
“ Mowse score/number of significant peptide matches.
A His- B
Iid Input
pulidown Inp 1.0 -‘. ....... His-H-NS91
lane 1 2 3 4 5 A
Am-His - + + + - S 08 i _
HNS + - + - + T 'l”l‘ ===-Am-His
98 - B 06 " Arn-His/
yr S i —— His-H-NS91
£ ;i\ |
38 — £ 04 'y complex
28 — =z : [
T 02 ; P
14 - — ~H-NS " ] s
6 — <—Armn-His 0 10 20 30 40 50
kDa Molecular weight (kDa)

FIGURE 3. The His pulldown assay and analytical ultracentrifugation analysis both confirm the Arn-H-NS interaction. A, C-terminal Hiss-tagged Arn
serves as bait, and tag-free H-NS serves as prey in this His pulldown assay. The His pulldown lanes, lane 1-3, are His pulldown eluates that represent the status
of H-NS, Arn-His, and H-NS/Arn-His binding to nickel beads or protein complex pulled down, respectively. The input lanes, lane 4 and 5, are purified Arn-His and
H-NS protein that are used in the assay respectively. B, under the buffer conditions of 20 mm Tris at pH 7.5 and 50 mm NaCl, the protein distribution of AUC
analysis was as follows: the H-NS DNA binding domain (we used the protein His-H-NS91; the theoretical molecular mass is 8 kDa) only exhibits an 8-kDa peak
asamonomer; the Arn protein (we used Arn-His; the theoretical molecular mass is 12 kDa) exhibits a single 21.6 kDa peak as a dimer; the His-H-NS91 and Arn-His
mixture shows an ~8-kDa peak that overlaps with the peak of the His-H-NS91 monomer and an ~26.2 kDa peak that is significantly larger than the dimer peak
of Arn-His.
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much more stable dimer than Ocr, which despite its larger size
has a dimer interface of only 500 A2, As expected for a DNA
mimic protein, the acidic residues of Arn are arranged in a
symmetric and similar way as the phosphate groups in dSDNA
(Fig. 1C).

E. coli H-NS Interacts with Arn—In a preliminary analysis, we
performed a His pulldown assay that used His-tagged Arn as
bait to search for potential interaction partners whose func-
tions are DNA-related in an E. coli extract. Several distinct pro-
teins were pulled down by the Arn-His-bound resin, as shown
in the SDS-PAGE results (Fig. 2). We selected the five most
obvious bands (bands 1-5) and analyzed them by LC-MS/MS
(Fig. 2 and Table 2). All of the major protein species were iden-
tified. However, many of them are metabolic enzymes or bear
the function of protein synthesis or trafficking. Interestingly,
two potential interaction partners of Arn that bear DNA bind-
ing ability were found in band 1 and band 5. Although DNA
topoisomerase 1 was found in band 5, this protein usually
appears in our other His pulldown assays, and we regard this
protein as a nonspecific binding to our His pulldown assay sys-
tem. In band 1, we found the histone-like nucleoid structuring
protein H-NS, which is a major protein species that bears DNA-
related function; thus, H-NS is a potential new target of Arn. In
addition to H-NS original function, it also serves as a gene
silencer against exogenous DNA molecules such as the phage
genome, and thus it is a potential target of bacteriophages
(22-24).

A NaCl gradient (mM) B pH gradient
Am-His 100 150 200 250 300 55 65 75" 757 85
HNS FE FEFEFETFE FEFEFETFETFE
98 —
62 —
49 -
38 —
28 -
17 -
14 — i s - - - o ) - W <—H-NS
- - e e . - e e & W -—AnHis

6 -
kDa

FIGURE 4. Characterizes the interaction between Arn-His and H-NS. A, the
His pulldown assay under different salt concentrations, with NaCl ranging
from 100 mm to 300 mm. F, flow-through; E, eluates from the nickel beads. B,
the His-pulldown assay under different pH conditions, from pH 5.5 t0 8.5. The
buffers used in each experiment are as follows: citrate for pH 5.5, MES for pH
6.5, Hepes for pH 7.5", Tris for pH 7.5", and pH 8.5.

To confirm the Arn‘H-NS interaction, purified Arn-His and
H-NS recombinant proteins were used in another His pulldown
assay. Indeed, Arn-His and H-NS interacted with each other in
this assay (Fig. 34). AUC analysis further confirmed the
Arn-H-NS interaction (Fig. 3B). The AUC result clearly indi-
cated that the H-NS DNA binding domain, named His-H-
NS91, binds to an Arn-His dimer in solution and forms a larger
complex.

Arn-H-NS Binding Is Affected by Salt Concentration and/or
pH—To further understand the interaction between Arn and
H-NS, we performed the His pulldown assay under different
salt concentrations and pH values. We found that H-NS could
be pulled down by Arn-His only in low salt conditions (Fig. 4A).
When the NaCl concentration was increased to 200 mu, the
interaction between these two proteins was disrupted. Ambient
pH is another factor that modulates the formation of the
Arn‘H-NS complex. We performed a pH-dependent His pull-
down assay using pH values ranging from 5.5 to 8.5, and the
Arn-His protein level in each eluent was found to be similar
(Fig. 4B). The Arn‘H-NS complex was most stable at pH 7.5
without interference from the Tris and Hepes buffer systems.
When the pH was lowered to 5.5, virtually no Arn‘H-NS com-
plexes were formed. Therefore, the stability of the Arn-H-NS
complex is strongly influenced by increasing the salt concentra-
tion and suggests that ionic bonds play an important role in the
interaction between the surfaces of these two proteins.

Arn Disrupts H-NS'DNA Binding—To verify that Arn serves
as a DNA-like molecule and competes with the DNA binding
site of H-NS, an EMSA was used. Previous studies had shown
that several H-NS binding sequences occur in the promoter
regions of many E. coli genes, such as the proV, virF, OriC, and
fisP promoters and even the /ins promoter (25, 26). Here we used a
32-mer DNA fragment, PHns-32, from the /sns promoter region
(5'-CAATTTTGAATTCCTTACATTCCTGGCTATTG-3'),
which contains an H-NS DNA binding consensus sequence
(underlined). The EMSA showed a significant band shift of
PHns-32 dsDNA after the addition of 10 um H-NS (Fig. 54,
left four lanes). In addition, H-NS-DNA complex formation
could be disrupted by the addition of Arn-His, indicating
that this competitive effect was dose-dependent (Fig. 54,

A No Arn-His B 1 2 3 4 C No Arn-His

Protein 0 0O 0 O 25 50 100200 0 0 50100 50 100 50 100 0 0 0 12525 50 100200 (uM)
H-NS 0 25 5 10 10 10 10 10 0 10 10 10 10 10 10 10 0 5 10 10 10 10 10 10 (uM)
dsDNA 05 05 05 05 05 05 05 05 0505 0505 0505 0505 04 04 04 04 04 04 04 04 (uM)

DNA substrate (PHns-32)

DNA substrate (PHns-32)

DNA substrate (P8.1-32)

FIGURE 5. An EMSA of H-NS with the DNA mimic protein Arn-His as competition. A, the EMSA result shows that H-NS binds to its own promoter, the hns
promoter (32-mer), and H-NS:DNA binding can be antagonized with the DNA mimic protein Arn-His. B, the EMSA result shows that the H-NS/DNA complex is
broken only by the addition of Arn-His but not by another DNA mimic protein (i.e. Icp11) or another small and acidic protein (i.e. Neisseria NMO-0455). Group
1: without addition of DNA mimic or small and acidic protein in EMSA; group 2: with addition of Arn-His; group 3: with addition of Icp11; group 4: with addition
of NMO-0455. C, H-NS also binds to the early gene promoter p8.1 of the T4 phage, and this DNA-binding property can be disrupted by Arn-His.
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DNA binding
Domain

Arn dimer

FIGURE 6. A model of the Arn-H-NS complex by ClusPro docking. A, in this
docking result of the Arn-H-NS complex, Arn is shown with its surface poten-
tial, and the H-NS DNA binding domain is shown in green. B, the interface of
the Arn-H-NS complex is shown with the surface potential and presented in
an open book view. On each interaction surface of the Arn monomer and the
H-NS DNA binding domain, four regions are marked with circles that have
either a specific complementary electrostatic attraction or a matching hydro-
phobic attraction.

right five lanes). Furthermore, two other small and acidic
proteins were used as control proteins: the histone binding
DNA mimic protein Icp11 (9.2 kDa, pI4.20) (7) and Neisseria
NMO-0455 (accession number YP_003082676; 22.2 kDa, pl
4.85). Neither of these proteins affected the H-NS-DNA
complex (Fig. 5B).

Subsequently we performed another EMSA using the DNA
consensus sequence from T4 phage early promoters as
the dsDNA substrate to validate the effect of H-NS on T4
phage DNA. The design was based on the strong T4 phage
early gene promoter p8.1 (27). This 32-mer dsDNA (5'-
ACGATAAAAAGTTGTTTACTTCCTCGGTTAGT-3'),
called P8.1-32, contains the consensus sequence (under-
lined) and its flanking regions. The EMSA showed that the
H-NS protein binds to the P8.1-32 dsDNA substrate (Fig.
5C, left three lanes), and the H-NS-DNA complex bands
become progressively diminished with increasing concen-
trations of the Arn-His protein (Fig. 5C, right six lanes).
These EMSA experiments demonstrated that the Arn pro-
tein competes with bacteria and phage DNA fragments for
binding to H-NS, supporting the DNA mimic characteristic
of the Arn protein.
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dsDNA 05 05 05 05 05 05 (uM)
H-NS 0 5 10 10 10 10 (uM)
Arn-His 0 0 0 50 100 200 (uM)

DNA substrate (T7-32)

FIGURE 7. An EMSA of H-NS with the DNA mimic protein Arn-His shows
competition even when the DNA template is the T7 promoter. The EMSA
result shows that the T7 promoter region of the plasmid (T7-32) can also be
bound by H-NS, and these band shifts can be disrupted by adding Arn pro-
tein. T7-32 is a 32-mer T7 promoter-containing DNA fragment (5’-CGC-
GAAATTAATACGACTCACTATAGGGGAAT-3'; the T7 promoter is underlined)

and is the region on the plasmid used in in vitro translation assays.
0 I . I

Group 1 2 3 4 5

H-NS 0 0 10 10 10  (uM)

Arn-His 0 100 0 10 100  (uM)

FIGURE 8. Analyzing the anti-gene silencing function of Arn by an in vitro
gene expression assay. The relative levels of GFP expression were normal-
ized to the control level of GFP expression (group 1), which was set as 100%.
The experiments were repeated three times, and the corresponding S.D. are
shown. An additional 100 um Arn-His was added to group 2, and the relative
GFP expression level was 92.40 + 3.98%. Group 3 was analyzed with 10 um
H-NS, and the relative GFP expression level was 15.61 = 5.69%. A total of 10
um H-NS was added in groups 4 and 5 with an additional 10 and 100 um
Arn-His, respectively. The relative GFP expression levels of groups 4 and 5
were 37.73 = 11.54% and 51.45 = 12.36%, respectively.
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A Proposed Binding Model Shows How Arn Interacts with the
DNA Binding Domain of H-NS—To validate the Arn-H-NS
complex, we docked the H-NS DNA binding domain (PDB
codes 1HNR) to an Arn (PDB code 3WX4) dimer by ClusPro
(28-31) and proposed a model of the Arn*H-NS complex to
speculate on the DNA mimic surface of the Arn dimer. This
model suggests that the Arn dimer utilizes its negative charge-
dense side to interact with the H-NS DNA binding domain (Fig.
6A). The interface of the model shows that the three-dimen-
sional shape and electrostatic surfaces of these two proteins are
complementary to each other (Fig. 6B).

The Arn Protein Neutralizes the Gene-silencing Effect of the
H-NS Protein—H-NS serves as a bacterial defense against for-
eign DNA by its gene-silencing effect; thus, we performed an in
vitro gene regulation assay (6). Using green fluorescent protein
(gfp) as the reporter gene, we tested whether T4 phage Arn
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could neutralize the gene-repressing activity of H-NS. Prior to
this assay we had confirmed that H-NS also targets the T7 pro-
moter, and Arn can disrupt H-NS binding to the T7 promoter
(Fig. 7). Thus, it is likely that H-NS directly affects GFP
expression.

The assay is described under “Experimental Procedures.”
Upon the addition of 10 um H-NS to the reaction mixture, the
GEFP expression level dropped to only 15.6% that of the original
level (Fig. 8). As a control, the presence of 100 uM Arn-His alone
had no significant effect on GFP expression (92.4% of the orig-
inal level). However, in reactions containing 10 um H-NS, the
addition of 10 or 100 wm Arn-His reversed the gene-silencing
effect of H-NS and partially restored the GFP expression levels
to 37.73 and 51.45%, respectively (Fig. 8).

TABLE 3
Statistics of DNA plasmid forms
DNA forms Number of
EM sample Supercoiled Intermediate” Relaxed molecules
% % %
DNA + H-NS 74.8 6.9 18.3 377
DNA + H-NS + Arn-His 315 21.0 47.5 238

“ The intermediate form indicates that the structure of plasmid DNA contains
partially ordered structures in some regions that are not similar to highly com-
pact supercoiled or fully relaxed form plasmid DNA.

Plasmid
DNA
+

H-NS

Plasmid
DNA

H-NS
+

Arn-His
100 nm
-

FIGURE 9. H-NS binding to plasmid DNA with or without Arn as viewed
under an electron microscope. A, the plasmid DNA was mixed with H-NS. B,
Arn was added to the plasmid DNA-H-NS mixture.

A B

DNA

Two proteins with low pI values, Icp11 (pI 4.2) and BSA (pI
4.9), were selected as additional controls. However, these pro-
teins had no influence on gene regulation by H-NS (data not
sown). These results demonstrate that Arn specifically antago-
nizes the gene-silencing effect of H-NS.

The Arn Protein Affects the Higher Order Structure of Plasmid
DNA Induced by H-NS—Previous studies showed that H-NS
binds DNA and forms a higher order structure, thereby silenc-
ing the expression of many genes. To investigate whether Arn
disrupts the H-NS-induced higher order DNA-H-NS structure,
we monitored the formation of plasmid DNA-H-NS complexes
using electron microscopy (EM). When plasmid DNA was
incubated with H-NS, H-NS induced a large amount of plasmid
DNA to form supercoil-like structures (Table 3 and Fig. 94),
similar to previous observations (32). In contrast, the higher
order plasmid DNA-H-NS structures disappeared with the
addition of Arn at a level of 10 times the amount of H-NS,
generating more relaxed DNA as the major DNA form (Table 3
and Fig. 9B). Taken together, these results support the H-NS-
dependent, anti-host gene-silencing role of Arn.

DISCUSSION

The functions of DNA mimic proteins are diverse and range
from inhibiting DNA metabolic enzymes to regulating tran-
scriptional factors (2). DNA mimic proteins (or domains) share
some common features, namely their small size and acidity, but
they have various shapes and negative charge distributions on
their surfaces. Their functions depend on the DNA conforma-
tion and which part of DNA they mimic. For example, Ugi
strongly inhibits uracil-DNA glycosylase (UDG); it mimics the
DNA-phosphate backbone and has a uracil nucleotide recogni-
tion pocket at the transition state of UDG flipping uracil nucle-
otides in DNA (33). Ocr (21) and ArdA (34) are inhibitors of
restriction enzymes and are roughly rod-shaped. Their negative
charges are uniformly spread on the protein surface, and they
mimic longer DNA substrates.

Interestingly, our newly identified T4 Arn dimer has a cres-
cent-like shape that is similar to T7 Ocr. The negative charges
of the Arn dimer cluster on one side of the surface, whereas the
arrangement on Ocr dimer surfaces is uniform and reflects a

substrate

Y
McrB £ L8
Negative-charged DNA-binding DNA & DNA-binding DNA-binding
oxygen domain double 4 domain domain
helix o
Arn dimer Arn dimer

FIGURE 10. A proposed model of the Arn dimer-McrB DNA binding domain complex. A, the McrB DNA binding domain-DNA complex structure (PDB code
3SSC) contains two McrB DNA binding domains (shown in green and cyan) and a DNA substrate (shown as the surface). The complex structure revealed that the
DNA-associating loops of two McrB DNA binding domains protrude into the DNA minor groove on two lateral parts of DNA. B, the -carbons of Asp and Glu on
Arn (showed as spheres) were manually aligned with the DNA-phosphate backbone (orange lines), and the DNA-matched B-carbons are highlighted in red. C, the
Arn dimer in the Arn dimer-McrB DNA binding domain complex structure is shown in the surface mode and color-coded according to the atom type (white,
carbon; red, oxygen; blue, nitrogen) to emphasize the three-dimensional space arrangement.
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DNA double-helix pattern (Fig. 1, A and B). These distinct neg-
ative charge distributions imply different binding modes
between Arn and Ocr with their respective binding partners. In
models of the DNA*M.EcoKI and Ocr-M.EcoKI complex (35),
the clamp-like operation of M.EcoKI holds the DNA substrate
as well as the double-helix negative charge arrangement of the
Ocr dimer. Conversely, the binding model between the H-NS
DNA binding domain and the Arn dimer suggests that the Arn
dimer utilizes the side with a dense negative charge distribution
(Fig. 6) to mimic the DNA-phosphate backbone interacting
with the H-NS DNA binding domain, which presents a differ-
ent binding fashion from that of the Ocr-M.EcoKI complex.

In addition to the H-NS/Arn binding model, we also pro-
posed a McrB DNA binding domain-Arn complex by aligning
the B-carbons of Asp and Glu on Arn and the DNA-phosphate
groups on the McrB-DNA complex structure (Fig. 10) (36).
Interestingly, Arn could replace the DNA substrate in the
McrB-DNA complex structure, and the resulting model of
McrB/Arn shows a good three-dimensional space matching
between McrB and Arn (Fig. 10C). This model implies that Arn
inhibits McrBC possibly by mimicking DNA with another
structural attribute. Thus, our models provide a probable
answer to how the DNA mimic protein Arn can be recognized
by and inhibit two different categories of DNA-binding pro-
teins: H-NS, a gene silencer, in translation events, and McrBC,
a restriction enzyme, in DNA metabolic process.

A newly identified Arn target, the bacterial histone-like pro-
tein H-NS, is known to be a global gene silencer as well as a
bacterial defense protein that acts by inducing higher order
H-NS:DNA structure. Similar to the histone proteins in eukary-
otic cells, H-NS is involved in chromosome organization in bac-
teria (37-39) as it silences gene expression of certain loci with-
out obvious specific recognition sites (40, 41). Previous studies
also indicated that H-NS acts as a global repressor and regulates
>200 genes that mostly respond to environmental change or
bacterial virulence (42-45). Although H-NS binds DNA
sequences promiscuously, further studies revealed that H-NS
preferentially binds AT-rich sequences and represses the
expression of the corresponding genes. Thus, H-NS is a xeno-
geneic DNA silencer and is involved in the bacterial defense
system (22-24).

As a member of the anti-phage system, H-NS is a reasonable
target for the phage anti-host system. For example, the product
of the T7 phage 5.5 gene (gp5.51,), the 5.5 protein, inhibits
H-NS function by disrupting the higher order H-NS-DNA com-
plex and thus blocks H-NS-mediated gene repression (46).
H-NS may also target the T4 phage genome due to the low GC
content (35%) of T4 genomic DNA compared with that of the
E. coli host genome (~50%) (47). The interaction between Arn
and H-NS may, therefore, benefit T4 phage replication.

In summary, Arn is an anti-host defense system protein of
the T4 phage with DNA mimic properties. Arn was first iden-
tified as an anti-restriction protein that acts by binding to and
inhibiting restriction enzymes. Here we show that Arn also
binds to H-NS to inhibit H-NS-induced gene silencing. Our
findings show that T4 phage DNA encodes Arn as an anti-
H-NS agent that participates in the phage-bacteria battle using
a novel DNA mimic mechanism.
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