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To further investigate the detailed molec-
ular events giving rise to LCMV/IAP hybrid
DNA formation, we designed nested PCR ap-
proaches that detect recombined cLCMV/IAP
hybrid sequences (/3). We were able to am-
plify both cNP/IAP and cGP/IAP recombination
events directly from infected murine MC57G
cells (Fig. 2). We also detected cGP/IAP recom-
bination events in vivo in splenocytes of an
acutely infected C57BL/6 mouse and in pe-
ripheral blood mononuclear cells of RAG1™~
mice persistently infected with LCMV (Fig. 2B),
demonstrating that recombination between AP
retrotransposons and LCMV was not an artifact
of immortalized cells but also occurred sponta-
neously in vivo.

The abundance of IAP elements in the mu-
rine genome (2) makes a detailed interpretation
of sequence data difficult, as the exact sequence
of the AP element involved in LCMV hybrid
formation is not known. We generated a recom-
binant HeLa cell line (HG4) in which all the
IAP elements were derived from a single molec-
ular clone 92L23Neo® (15) and that reliably
formed cLCMV upon infection.

Three days after LCMV infection of HG4
cells we amplified several different cNP/IAP and
cGP/IAP recombination events involving the
92L.23Neo® TAP element (Fig. 2). All amplified
recombination products were sequenced and
analyzed for homologies to 92L.23Neo™ and the
LCMV genome. In contrast to the sequences ob-
tained from the subcloned infected MC57G cell
lines MC57.18 and MC57.23, where IAP and
LCMV sequences were directly joined to each
other (Fig. 1), we observed insertions of addi-
tional nucleotides at the site of recombination in
cLCMV/IAP hybrid DNA amplified from in-
fected HG4 and MCS57G cells (Fig. 2). These
insertions, consisting of up to 14 nts displayed
homology to the 3’ end of the 76-nt-long phenyl-
alanine tRNA (tRNA™ GenBank accession
number K02684), which has previously been
shown to act as primer for the reverse transcrip-
tion of IAP elements (SOM text 2) (17).

We showed that endogenous retroviral ele-
ments can recombine with exogenous nonretro-
viral RNA viruses presumably by copy choice
during reverse transcription (SOM text 2) to
yield cDNA complementary to both the endog-
enous retrovirus and the exogenous RNA virus.
Such recombinant cDNA has the potential to in-
tegrate into the genome of the infected cell, and
because IAP elements have been shown to trans-
pose most efficiently in the thymus and in the
LCMV-sanctuaries (/8) of the testicles (/1, 12),
such recombinations theoretically could lead to
germline transmission of viral genes from RNA
viruses. Therefore, nonretroviral RNA viruses may
have contributed more substantially and directly
to the evolution of mammalian genomes than
has been assumed so far (SOM text 3). However,
extensive database analysis of the murine genome,
which was determined with DNA from LCMV-
free mice, did not yield substantial homologies

to the LCMV-genome. In humans, there is some
evidence to suggest that at least one subgroup of
the human endogenous retrovirus-K family may
be active (19, 20). Thus, the potential risk of
somatic integration into host cells during human
gene therapy using RNA virus vectors should be
experimentally assessed by nested PCR.
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Molecular Mechanisms of
HipA-Mediated Multidrug Tolerance
and Its Neutralization by HipB

Maria A. Schumacher,™* Kevin M. Piro,* Weijun Xu,* Sonja Hansen,?

Kim Lewis,? Richard G. Brennan*

Bacterial multidrug tolerance is largely responsible for the inability of antibiotics to eradicate
infections and is caused by a small population of dormant bacteria called persisters. HipA is a
critical Escherichia coli persistence factor that is normally neutralized by HipB, a transcription
repressor, which also regulates hipBA expression. Here, we report multiple structures of HipA and a
HipA-HipB-DNA complex. HipA has a eukaryotic serine/threonine kinase—like fold and can
phosphorylate the translation factor EF-Tu, suggesting a persistence mechanism via cell stasis. The
HipA-HipB-DNA structure reveals the HipB-operator binding mechanism, ~70° DNA bending, and
unexpected HipA-DNA contacts. Dimeric HipB interacts with two HipA molecules to inhibit its
kinase activity through sequestration and conformational inactivation. Combined, these studies
suggest mechanisms for HipA-mediated persistence and its neutralization by HipB.

acteria that are resistant or tolerant to
B antibiotics are an increasing threat to hu-

man health. Indeed, ~60% of infections
in the developed world are caused by biofilms,
which exhibit multidrug tolerance (MDT) (/, 2).
MDT is caused by the presence of dormant bacte-
rial cells called persisters, which account for only
10 °to 10™* cells in a growing population, making
MDT difficult to study (3-5). Persisters are not
mutants but phenotypic variants of wild-type cells
that evade killing by somehow adopting a tran-
sient dormant state (6, 7). Dormancy provides
protection because bactericidal antibiotics kill by

corrupting their active targets into producing toxic
byproducts. These protected persisters can then
switch back to the growth phase after the removal
of antibiotics, allowing the bacterial population to
survive. The first high-persistence allele, hipA7
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(high-persistence A), was identified in Escherichia
coli and increased the frequency of persistence by
10,000 fold (8—10). E. coli hipA encodes a 440-
residue protein, HipA, which is cotranscribed with
a smaller upstream gene, AipB. HipB is an 88-
residue protein that represses the hipBA operon
by binding cooperatively to four operators up-
stream of hipBA (11, 12). HipB forms a complex
with HipA, and because wild-type HipA cannot
be expressed in the absence of HipB because of
its deleterious effects on cell growth, #ipBA has
been categorized as a toxin/antitoxin (TA) mod-
ule in which HipA, the toxin, is neutralized by the
antitoxin, HipB (13, /4). Toxin proteins from
chromosomally encoded TA modules, of which
more than 10 have been identified in E. coli, ap-
pear to promote cell dormancy and may play
roles in the development of persistence under
certain conditions (5, 7). Chromosomal TA mod-
ules can be grouped into three main superfamilies
based on whether the toxin has a ribonuclease
(RNase)/gyrase-like fold, RNase barnase-like
structure, or a PilT N-terminus (PIN) domain
(14). The corresponding antitoxins contain DNA
binding domains and C termini that are largely
unfolded until bound by the toxin (/4). HipA and
HipB show no homology to any member of these
TA superfamilies. Moreover, HipA is one of the
few validated biofilm tolerance factors. Indeed, it
has been demonstrated that overexpression of the
HipA protein leads to MDT in E. coli (2). How-
ever, the mechanism of HipA-mediated MDT is
unknown.

To delineate the functions of HipA and HipB in
MDT, we carried out biochemical and structural
studies on HipA and HipA-HipB-DNA complexes.
Because of wild-type HipA—mediated persistence,
we used the HipA mutant Asp*®—GIn*” (D309Q)
(referred to as HipA), which can be produced in
large quantities in the absence of HipB (75). The
structure of HipA was solved to 1.54 A resolution
and refined to an Ryon/Riee 0f 19.5/23.2% (table
S1and fig. S1) (16-18). The HipA structure has a
globular fold with 15 P strands and 15 o helices
and can be divided into an N-terminal o/ domain
and an all-o-helical C-terminal domain (Fig. 1A).
Density is missing for residues 185 to 195, which
are near the active site and probably correspond to
the activation loop of other kinases. Structure-
based homology searches revealed that HipA is
most similar to human CDK2/cyclin A kinase
(19). The structural homology between HipA and
CDK2 was highest in the C-terminal region that
contains CDK2 catalytic residues, suggesting that
HipA functions as a protein kinase, as reported
(15). Although HipA is most similar to CDK2,
the proteins superimposed with a large root mean
square deviation (RMSD) of 3.9 A for 150 cor-
responding Ca atoms, indicating that HipA rep-
resents a previously unknown class of protein
kinase (20).

HipA contains all the catalytic residues found
in protein kinases, including the putative catalytic
base Asp>” (20). The D309Q mutation abrogates
persistence, strongly suggesting that kinase func-
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tion is key to HipA-mediated MDT (75). Indeed,
we found that HipA binds adenosine triphosphate
(ATP) with a dissociation constant (Ky) of 18.0 +
2.0 uM, which is similar to the dissociation con-
stants obtained for ATP binding to other serine/
threonine kinases (fig. S2) (20). To delineate the
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ATP binding mechanism of HipA, we determined
the structure of the HipA-ATP-Mg>" complex to
1.66 A resolution and refined the structure to an
Ryoi/Riee Of 18.4/21.7%. Density for ATP is
observed in the cleft between the HipA N and C
domains (fig. S1). HipA binds ATP with high

GST Pulldown
1 2_3 4 5

T

GST-EF-Tu—m— s v
HipA —we=—3

—y -

Kinase Assay

GST-EF-Tu—
cleaved EF-Tu—

Apo

Fig. 1. HipA is a protein kinase that phosphorylates EF-Tu. (A) The E. coli apoHipA structure. f sheets
and o helices are colored magenta and cyan, respectively. Secondary structural elements and the N
and C termini are labeled. Disordered loops, including the putative activation loop (labeled AL), are
indicated by dashed lines. (A) to (C) and Figs. 2, A to C; 3, B to D; and 4, A to D were made using
PyMOL (31). (B) The ATP-binding pocket of HipA. Shown are ATP molecules (sticks), Mg®* ions
(magenta spheres), water molecules (red spheres), and hydrogen bonds (dashed black lines). (C)
Superimposition of the C domains of apoHipA (yellow) and HipA-ATP-Mg>* (blue) reveals only a small
rotation upon ATP binding. ATP in the HipA-ATP structure is shown as sticks. (D) (Top) HipA—(GST-EF-
Tu) pulldown (SDS-PAGE, stained with Coomassie brilliant blue). Lanes are as follows: 1, molecular
weight ladder; 2, glutathione agarose (bead) retentate after addition of GST-EF-Tu, HipA, ATP, and
GDP; 3, bead retentate after addition of GST-EF-Tu, HipA, ATP, and GDP, and washing; 4, bead
retentate after addition of GST-EF-Tu, HipA, and no GDP or ATP; 5, bead retentate after addition of GST-
EF-Tu, HipA, and no GDP or ATP, and washing. (Bottom) Wild-type HipA kinase assay using EF-Tu as a
substrate (immunoblot). The positions of GST-EF-Tu and X,-cleaved EF-Tu are indicated by red and blue
arrows, respectively. Lanes are as follows: 1, EF-Tu (cleaved) + wild-type HipA + ATP + GTP; 2, EF-Tu
(cleaved) + wild-type HipA + ATP + GDP; 3, EF-Tu (cleaved) + inactive HipA (D309Q) + ATP + GDP; 4, EF-
Tu (uncleaved) + wild-type HipA + ATP + GDP; 5, EF-Tu (uncleaved) + wild-type HipA + ATP + GTP; 6, wild-
type HipA + ATP; 7, native EF-Tu (cleaved) + ATP + GDP.
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selectivity (Fig. 1B). Specifying contacts are pro-
vided to the adenine N6, N1, and N3 atoms by
the carbonyl oxygen of Glu*** the amide nitro-
gen of Phe®*S, and the side chain Ne of GIn*>,
respectively. The adenine ring stacks with Phe®*®
and Ty13 31 whereas Val®®, Val'®!, Ile'”, and the
side-chain methylene carbons of salt-bridged
residues Asp*’ and Arg®* provide hydrophobic
interactions. The y phosphate hydrogen-bonds to
both the side chain of His’'' and the amide
groups of Gly'** and Ala'>*, which form part of a
loop analogous to the Gly loops of other protein
kinases (Fig. 1B). Residues 152 to 156 of this
loop are less ordered in the substrate-free HipA
(apoHipA) structure, indicating that nucleotide
binding is required for its stabilization. Two Mg**
ions are also present in the HipA-ATP structure
and probably function analogously to other protein
kinases in facilitating phosphotransfer by accel-
erating substrate association and product disso-
ciation (20, 21).

Comparison of the HipA-ATP and apoHipA
structures revealed that binding ATP causes the N
and C domains to undergo only a small rotation
(~4°) relative to each other (Fig. 1C). However,

A
HipA
N-domain

HipB
subunit 2

Fig. 2. Crystal structure of the HipA-HipB-DNA complex. (A) Ribbon
diagram of the HipA-HipB-DNA operator complex. The two HipA monomers
are blue, and one subunit of the HipB dimer is yellow and the other orange.
The N and C termini and secondary structural elements of one HipB subunit
(orange) are labeled. B1’ is labeled for the yellow subunit. Also labeled are
the N and C domains of each HipA molecule. The DNA is shown as sticks with
carbon, nitrogen, oxygen, and phosphorus atoms colored green, blue, red, and
magenta, respectively. (B) Superimposition of substrate-free HipA (red) onto
HipB-bound HipA (blue), showing their essentially identical conformations. For
clarity, only one HipA molecule in the HipA-HipB-DNA complex is shown. (C)
Closeup of the HipA-HipB interaction interface. Each lateral side of the HipB
dimer, labeled subunits 1 and 2, interacts with the N and C domains of one
HipA monomer. The DNA is shown as a gray surface. For clarity, only one HipA
molecule is shown because the interaction interface between the other HipA
molecule and the HipB dimer is identical. The residues that contribute to the
interface are labeled and shown as orange sticks for HipB and dark blue sticks

for HipA.

HipB
subunit 1

by analogy to other kinases, a more pronounced
closure of the HipA domains upon binding the
protein substrate is expected (20). The findings of
a specialized kinase fold and high-affinity ATP
binding strongly supported the hypothesis that
HipA mediates persistence by phosphorylating
one or more target proteins. To identify possible
HipA targets, we carried out in vitro pulldown
assays on candidate E. coli proteins. One protein,
EF-Tu, was found to interact strongly with HipA
in the presence of ATP-Mg®>" and guanosine
diphosphate (GDP) (Fig. 1D). EF-Tu, the most
abundant protein in E. coli, belongs to the gua-
nosine triphosphatase superfamily and plays an
essential role in translation by catalyzing aminoacyl-
transfer RNA (-tRNA) binding to the ribosome
(22). Upon guanosine triphosphate (GTP) hydrol-
ysis to GDP, EF-Tu undergoes a conformational
change to an open form, which cannot bind the
ribosome. Previous studies showed that EF-Tu is
phosphorylated on residue Thr*®* by an unknown
kinase or kinases (23, 24). The side chain of Thr*®?
contacts Glu''” to stabilize the GTP-bound closed
state of EF-Tu. Phosphorylation of Thr'®? favors the
GDP-bound open form because it would lead to

HipA
C-domain

N-domain

repulsion of Glu''” and prevent EF-Tu from adopt-

ing the GTP-bound closed conformation. Thr***-
phosphorylated EF-Tu cannot bind aminoacylRNA
and is therefore inactive in translation (23, 24).
To test whether EF-Tu is a HipA substrate, we
used an in vitro transcription/translation system
to produce the toxic wild-type HipA enzyme (fig.
S3). Immunoblotting studies, using antibodies to
pThr/pSer/pTyr, indicated that HipA could phos-
phorylate EF-Tu in a manner stimulated by GDP
(Fig. 1D). Moreover, fluorescence polarization
studies revealed that HipA bound the EF-Tu pep-
tide, IREGGRTVGA (25), encompassing Thr***
(shown in bold here) with a Ky of 15 + 5 uM (fig.
S4). Subsequently, we solved a crystal structure
of the HipA{(AMP-PNP)-IREGGRTVGA com-
plex to 3.5 A resolution. The structure revealed that
the activation loop, residues 185 to 195, was now
folded and density was observed for the peptide
near the active site and close to the activation loop
(fig. S4). These combined data suggest that HipA
may phosphorylate Thr’™? to block aminoacy-tRNA
binding by EF-Tu. However, given that HipA af-
fects multiple E. coli processes, other cellular targets
are likely (9, 10).
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Under normal cellular conditions, the persist-
ence function of HipA is somehow masked by its
tight interaction with HipB (/1, 12). HipB also
functions as a transcriptional autoregulator of the
hipBA operon by cooperatively binding four opera-
tors with the consensus sequence TATCCNgGGATA
(where N indicates any nucleotide), located in
the hipBA4 promoter region (17, 12). HipB binds
these operators with high affinity, which is en-
hanced by the addition of HipA to the complex
(12). To delineate the mechanism of HipB-mediated
inhibition of HipA, the structure of the HipA-HipB
complex bound to a 21-base pair hipB operator
(top strand ACTATCCCCTTAAGGGGATAG)
was solved and refined to an Ryou/Rfee OF
22.5/28.1% to 2.68 A resolution (table S1)
(Figs. 2 and 3).

A

HipB forms a compact dimer that specifically
interacts with DNA through major groove con-
tacts, whereas two HipA molecules sandwich the
HipB-DNA complex by contacting the sides of
the HipB dimer (Fig. 2). HipB binds far from the
HipA active sites and, unlike other TA inhibition
mechanisms, does not occlude the active site.
The HipB dimer interface is extensive and buries
2700 A? of accessible surface area (ASA), which
accounts for over 36% of the total dimer ASA.
HipB contains one P strand and four o helices with
topology ol—02—a3—a4—B1. Helices 2 and 3
form a canonical helix-turn-helix (HTH) motif.
The first 3 and last 16 residues of each HipB
subunit are disordered and located near a small 8
sheet that is composed of f1 and B1’ (from the
other subunit) and forms a “ lid” (Fig. 2A). The

r O

Fig. 3. HipB and HipA interactions with the hipB operator DNA. (A) Schematic representation of HipB-
HipA-DNA interactions. Only one half site of the 21-oligomer duplex is shown because the identical
contacts are made with each half site. The strands are labeled 1A to 10A and 1B to 10B. Bases are
represented as rectangles and labeled according to sequence. The ribose groups are shown as pentagons.
The operator signature motif sequence, TATCC, is red. HipB-DNA contacts are yellow. Hydrophobic
contacts are indicated by lines and hydrogen bonds are indicated by arrows. Blue arrows indicate HipA-
phosphate contacts. (B) HipB-DNA interactions. Only one HipB subunit-DNA half site is shown. The DNA
and residues making side-chain contacts are shown as sticks. The signature motif sequence, TATCC, is
labeled in red. For clarity, only the four-helix bundle is shown and labeled. (C) HipA-DNA contacts. The
HipB dimer (yellow) is shown for reference. The location of the two DNA-interacting residues from HipA,
K379 and R382, are shown as blue sticks and highlighted by mesh surface representations. The DNA is
shown as sticks and colored as in (B). (D) HipA-HipB bound DNA is bent. This is an omit F,-F. map in which
the DNA was omitted from refinement to 2.68 A resolution. The map is contoured at 2.8 . The DNA is

shown as sticks and the bend angle is indicated.
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HipB subunit structure showed significant ho-
mology to 434 Repressor, 434 Cro, and the
restriction-modification controller protein C.
AhdI from Aeromonas hydrophila, with RMSDs
of 1.56, 1.60, and 1.51 A for 59, 56, and 59 cor-
responding Co atoms, respectively, thus placing
it in the Xre-HTH family of transcriptional regu-
lators (26). The homology between HipB and
these proteins is confined to the four-helix bundle
region because the B lid is found only in HipB.
Despite the similarities in DNA binding domains,
these proteins bind their DNA sites differently
because 434 Cro does not significantly distort its
DNA site, and biochemical data indicate that C.
AhdI bends its DNA site by 47° (27, 28). In
contrast, HipB induces a large, 70° bend in its
operator (Fig. 3D). This bending may play a role
in the cooperative binding of HipB to its four
operator sites, which is predicted to involve DNA
wrapping (11, 12). Indeed, the hipBA promoter
also contains a binding site for the architectural
protein IHF, which could further aid in DNA
condensation.

HipB-induced DNA distortion aligns the rec-
ognition helices for specific binding to consecu-
tive major grooves. Contacts from the HTH motif
completely specify the nucleotides of the HipB
signature motif, T,A;T4CsCq (Fig. 3, A and B).
Ser”” from 02 makes hydrophobic contacts with
the Thy2 methyl group. Residues of the recog-
nition helix provide the remaining base-specifying
contacts whereby two hydrogen bonds from GIn*”
read Ade3, whereas two hydrophobic contacts
from Ala*® and Ser*® specify Thy4. Finally, Lys®
makes hydrogen bonds with the guanine O6 ox-
ygens of base pairs 5 and 6. HipB also makes
11 phosphate contacts to each half site. Deoxy-
ribonuclease I protection studies showed that HipA
binding to the HipB-DNA complex leads to an
increase in protection and binding affinity (/2).
This is explained by the finding that HipA provides
four phosphate backbone contacts to each half
site from Lys*”® and Arg®*? (Fig. 3, A and C).

In the HipA-HipB-DNA complex, the HipB
dimer is sandwiched on each side by one HipA
molecule, and the complex is formed from non-
contiguous regions of both HipA and HipB (Figs.
2 and 3C). This type of interaction contrasts sharp-
ly with structures of other TA modules in which
the toxin interacts with a C-terminal region of the
antitoxin that typically is structured only in the
presence of toxin. Specifically, for the HipA-HipB
pair, the HipA N domains interact with one HipB
subunit, whereas the HipA C domains interact
primarily with the other HipB subunit (Fig. 2C).
This interaction interface is extensive, burying
~5000 A% of ASA, and involves both nonpolar
and polar interactions. In the HipA N-domain—
HipB interface, HipB residues from the turn be-
fore o1 interact with residues on HipA B15, and
residues on HipB ol make extensive contacts
with HipA residues located on a long 3;-like
loop between B3 and al. The formation of the
HipA C-domain-HipB interface primarily involves
HipB residues from 02 and the turn between a4
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and B1. These residues interact primarily with
HipA residues in the loop between 08 and 09 and
the N terminus of 09. In addition, “‘cross-subunit”
contacts are made between HipB residues Gln'?
and HipA C-domain residue Gly***, and between
HipB residue Tyr® and HipA C-domain residue
Ser?®. These cross contacts, combined with the
numerous interactions of each subunit in the HipB
dimer with the N and C domains of HipA, lock
HipA in an open and probably inactive confor-
mation (Fig. 2C).

To activate HipA for persistence and free it
from its DNA tether, HipB must be removed or
degraded. Unlike most antitoxins, HipB interacts
with HipA using residues from noncontiguous,
well-ordered domains and not loops. Proteases
that degrade toxins typically bind and tug on dis-
ordered regions to unfold the substrate. HipB
contains an exposed and flexible 16-residue C
terminus attached to the small B lid that covers
the hydrophobic core of the protein and would
appear to be an excellent candidate for protease
attack (Fig. 4A). The structure of the HipA-
HipB-DNA complex also provides insight into

Fig. 4. HipB is a vul-
nerable antitoxin that
neutralizes HipA. (A)
The HipB dimer is shown
as ribbons with one yel-
low and one orange sub-
unit. The DNA is shown
as pink sticks. Hydropho-
bic core residues are
shown as sticks and trans-
parent surfaces. The § lid
is composed of a short
two-stranded B sheet.
Disordered C-terminal
residues extend from
the lid and are depicted
as colored dashes. (B)
Mutation sites (G225 and
D291A) in the HipA7
protein mapped onto
HipA proteins of the (C
HipA-HipB-DNA com-
plex. The HipA mole-
cules are cyan, the HipB
subunits are yellow and
orange, and the DNA is
a pink ribbon. Residues
G22 and D291 are shown
as blue Corey, Pauling,
Koltan structures (CPKs).
HipB residue Q62 and
HipA residues S285 and
1327 are also shown as
CPKs. A closeup of the in-
teractions involving HipA
residue D291 is shown
(inset). Hydrogen bonds
are indicated by dashed

lines. (C) Structure of the HipA(ATP)-HipB-DNA complex. HipA molecules are
yellow, the HipB dimer is cyan, and the DNA and ATP are shown as sticks. The
blue mesh represents a 2.98 A resolution F,-F. map, contoured at 4.0 o, in

the mechanism of increased persistence of the
HipA7 protein. HipA7, which contains two
substitutions, G22S and D291A, confers a high-
persistence phenotype on E. coli cells indepen-
dent of HipB. Subsequent data revealed that the
D291A mutation alone was sufficient for this
phenotype (29). The HipA-HipB-DNA structure
indicates that this phenotype probably results
from a weakened HipA-HipB interaction, which
unleashes HipA kinase activity. Specifically, Asp*!
makes key contacts to stabilize the HipA-HipB
interface, including hydrogen bonds to the side
chain of Ser*®, which positions the Ser®® car-
bonyl oxygen to interact with HipB residue
GIn®*, and hydrogen bonds to the amide nitrogen
of Leuw’?’, which buttresses the HipA C-terminal
region that interacts with HipB (Fig. 4B).

HipA undergoes only a small conformational
change upon binding ATP, suggesting that HipA
could bind ATP when in complex with HipB-
DNA. Indeed, HipA(ATP)-HipB-DNA crystals
isomorphous to HipA-HipB-DNA crystals could
be grown de novo. Alternatively, ATP could be
soaked into preformed HipA-HipB-DNA crys-

A

HipB
subunit 1

B @22

tals. In both cases, difference F,-F electron den-
sity maps revealed clear density for ATP in the
HipA active site (Fig. 4, C and D). In addition,
isothermal titration calorimetry studies revealed a
Ky of 150 + 1.0 uM for ATP-Mg®" binding to
HipA in the HipA-HipB-DNA complex, which is
essentially identical to that obtained for ATP-
Mg?" binding to HipA alone (fig. S2). If the HipA
active site is not blocked for ATP binding, then
how does HipB binding neutralize HipA? Data
from other protein kinase structures indicate that
although ATP binding causes only small domain
movements such as those we observed in HipA,
the binding of protein substrates causes substantial
domain closure (20, 21). This large-scale move-
ment brings the two substrates into proximity for
catalysis and precludes bulk solvent from the
active site. HipB binding would appear to prevent
this conformational change in HipA by locking
the enzyme into an inactive open conformation
by its extensive interactions with the HipA N and
Cdomains. Finally, the recent finding that £. coli
EF-Tu is localized primarily to the cytosolic
and membrane fractions, which is far from the

which the ATP was omitted. (D) Closeup view of the ATP-binding pocket and
omit map. Carbon, nitrogen, oxygen, and phosphorus atoms are colored
magenta, blue, red, and purple, respectively.
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nucleoid where the HipA-HipB-DNA complex
would reside, suggests that HipB-DNA bind-
ing may also inactivate HipA by its sequestra-
tion (30).

These studies have provided important insight
into the mechanisms by which HipA mediates
persistence and HipB neutralizes HipA. The high
conservation of HipA among Gram-negative bacte-
ria indicates its central role in the development of
persistence. Thus, inhibitors that specifically target
the substrate-binding sites of HipA, may prove
effective against persistence and MDT.
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Chromatin-Associated Periodicity in
Genetic Variation Downstream of
Transcriptional Start Sites

Shin Sasaki,** Cecilia C. Mello,? Atsuko Shimada,? Yoichiro Nakatani,® Shin-ichi Hashimoto,*
Masako Ogawa,* Kouji Matsushima,* Sam Guoping Gu,? Masahiro Kasahara,*

Budrul Ahsan, Atsushi Sasaki,* Taro Saito,* Yutaka Suzuki,® Sumio Sugano,® Yuji Kohara,®
Hiroyuki Takeda,® Andrew Fire,?t Shinichi Morishita™’+

Might DNA sequence variation reflect germline genetic activity and underlying chromatin
structure? We investigated this question using medaka (Japanese killifish, Oryzias latipes), by
comparing the genomic sequences of two strains (Hd-rR and HNI) and by mapping ~37.3 million
nucleosome cores from Hd-rR blastulae and 11,654 representative transcription start sites

from six embryonic stages. We observed a distinctive ~200—base pair (bp) periodic pattern of
genetic variation downstream of transcription start sites; the rate of insertions and deletions longer
than 1 bp peaked at positions of approximately +200, +400, and +600 bp, whereas the point
mutation rate showed corresponding valleys. This ~200-bp periodicity was correlated with the
chromatin structure, with nucleosome occupancy minimized at positions 0, +200, +400, and
+600 bp. These data exemplify the potential for genetic activity (transcription) and chromatin
structure to contribute to molding the DNA sequence on an evolutionary time scale.

utation and repair characteristics of
MDNA sequence in experimental sys-

tems have been shown in a number of
cases to reflect structures in chromatin. For one
well-studied experimental system, ultraviolet-
irradiated yeast (Saccharomyces cerevisiae),
repair rates for a set of DNA nucleosome core
regions are lower than in the surrounding linker
regions (/—4). Correlations between chromatin
structure and mutation rates have also been sug-
gested in analysis of human and yeast genomes
(5—7). The draft genome sequences of two inbred
medaka strains, Hd-rR and HNI (8), provide a
remarkable opportunity for extensive comparison

www.sciencemag.org SCIENCE VOL 323

between genomic variation and structural features
in the genome. The two strains are cross-fertile, yet
their genomes are substantially different [~3.42%
single-nucleotide polymorphism (SNP)] (8). For
analysis of chromatin and transcriptional effects on
genetic variation, tissue samples including totipo-
tent (germline tissue) would be most relevant, as
mutational events in the germ line would uniquely
contribute to shaping the genome over evolu-
tionary time (9—11).

To characterize transcriptional activity patterns
from the medaka genome at embryonic stages, we
collected 25-nucleotide (nt) 5’-end mRNA tags
for 1-, 2-, 3-, 5-, 10-, and 14-day Hd-rR medaka

embryos (/2). Among a total of ~38.5 million
5'-end tags collected, ~26.2 million (68.14%)
were successfully aligned to unique positions in
the medaka genome (fig. S1). Starting with a
rough assumption that one cell contains ~300,000
mRNA molecules (/3), single-copy-per-cell RNAs
would be represented by ~100 of the ~26.2 million
tags. To define a set of active transcription start
sites (TSSs), we used a clustering algorithm yield-
ing 11,654 >100-tag clusters. More than 98.4%
of neighboring clusters were separated by >100
base pairs (bp) from their nearest neighbor (fig.
S3B). A reference TSS for each cluster was de-
fined as the position with the most 5'-end tags.
The substitution and indel rates within 1000
bp of the reference TSSs in the 11,654 TSS clus-
ters tend to reach a valley at the TSSs (Fig. 1A),
suggesting relative selective constraint within
promoters. This is consistent with reports of high
conservation around TSS regions in mammals
(14). Our analysis in medaka uncovers an
additional pattern: The substitution rate (blue
line) showed peaks at +100 and +300 bp and
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