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ABSTRACT. Narl is a model response regulator for bacterial two-component signal transduction. The NarL
C-terminal domain DNA binding domain alone (N&)lcontains all essential DNA binding determinants

of the full-length NarL transcription factor. In the full-length NarL protein, the N-terminal regulatory
domain must be phosphorylated to release the DNA binding determinants; however, the first-NarL
DNA cocrystal structure showed that dimerization of Nadn DNA occurs in a manner independent of

the regulatory domain [Maris, A. E., et al. (2008#at. Struct. Biol. 9771-778]. Dimerization via the
NarL® C-terminal helix conferred high-affinity recognition of the tail-to-tail promoter site arrangement.
Here, two new cocrystal structures are presented of Naomplexed with additional 20mer oligonucle-
otides representative of other high-affinity tail-to-tail NarL binding sites found in upstream promoter
regions. DNA structural recognition properties are described, such as backbone flexibility and groove
width, that facilitate NarE dimerization and high-affinity recognition. Lys 188 on the recognition helix
accommodates DNA sequence variation between the three different cocomplexes by providing flexible
specificity, recognizing the DNA major groove floor directly and/or via bridging waters. The highly
conserved Val 189, which enforced significant DNA base distortion in the first cocrystal structure, enforces
similar distortions in the two new cocrystal structures. Recognition also is conserved for Lys 192, which
hydrogen bonds to guanines at regions of high DNA helical writhe. DNA affinity measurements for model
NarL binding sites, including those that did not cocrystallize, suggest a framework for explaining the
diversity of heptamer site arrangement and orientation.

The nitrate-responsive Nar two-component regulatory nitrate, genes needed for nitrate respiration are switched on
system inEscherichia colis representative of a broad class whereas genes needed for less energetically favorable
of bacterial signal transduction systeniy that modulate pathways such as fumarate reduction or fermentation of
cell metabolism in response to environmental and/or intra- simple sugars are switched off. Signal detection occurs in
cellular signals. Related two-component regulatory systemsthe periplasmic space of the cell by either of the two
are present in many bacteria and archaea and occur in isolatedthembrane-bound sensors, NarX or Narg). (Signaling
examples in eukaryote®)( Control may be exerted at the across the cell membrane and into the cytosol occurs when
level of enzyme activity, gene regulation, or cell motility external nitrate levels are sufficient to activate the autokinase
and behavior. InE. coli, the Nar two-component system activity located at the C-terminus of each seng)r Either
regulates a large family of cell respiration and fermentation sensor then serves as a phosphoryl donor, activating the dual
processes by controlling the expression of nearly 100 genes'esponse regulatory proteins NarL and NarP for subsequent
in a nitrate-dependent fashion. In the presence of extracellularDNA recognition and transcription regulation. The readout
of the Nar two-component signaling system by DNA
recognition results in positive or negative control of tran-
scription at multiple respiratory and fermentation pathway
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*Both diffraction F, data and final refined coordinates have been Operons $—7). Whereas little is known about NarP opera-
deposited in the Protein Data Bank as entries 12G6G —89/—89) tion, NarL has been a productive model for understanding
and 1ZG1 (irB —74/—65). the general principles of response regulator function at the
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Ficure 1: (A) Structure of thé. coli NarL response regulatod), The Narl N-terminal domain is colored blue, while the N&C-terminal

domain is colored green. The joining region (gold) consists of 10-residue helix 6, the six preceding residues, and the 12-residue flexible
linker. Residues for which no electron density was visible are indicated with a dashed line. (B) Crystal structure of the 2-DNarL

complex. Dimerization via helix 10 of each N&rdomain inserts recognition helix 9 into consecutive DNA major grooves. (C) Extensive
protein—DNA contacts in a view down helix 9. Residues with a main chain or side chain contacting DNA in any way are shown in stick
representation. The three residues whose side chains contact the floor of the major groove, Lys 188, Val 189, and Lys 192, are labeled. (D)
Close-up of the helix 10 dimer interface with the van der Waals surface representation. The loop region between helices 7 and 8 also
contributes to the dimer interface. Both helix 10 and the loop region were involved in the unactivated full-length NarL interdomain interface
(9). Panels A and D were rendered with Pym86), Panels B and C were generated using Insightll (Biosym, San Diego, CA).

NarLN is typical of the activation domains of other response determinants reside within the four-helix bundle C-terminal
regulators, including CheY, that consist of an alternating domain (Narl®) (9, 11). Helices 8 and 9 form a helixturn—
series of fivea helices and fivef sheet strandsl1(). helix motif common to many DNA binding proteins (Figure
Phosphorylation of Asp 59, located in an acidic pocket of 1B,C). Helix 10 and the loop region between helices 7 and
NarLN (Figure 6 of ref9), releases Nart.for DNA binding. 8 form the dimerization interfacd {) (Figure 1B,D). Three
The mechanism of NarL activation is poorly understood, but residues contact the floor of the DNA major groove.

must inyolve aspects of the f_IexibIe linker region and the The NarL consensus recognition sequence consists of the
unma_sklng of the Nart domain that docks to the NaL heptameric element TACYYMT (where Y is a pyrimidine
domaln in the unphosphorylated state (réfsl2, and}s and M is cytosine or adeninep,(6, 14—16). The NarL

and Figure 5 of refll). The Narl DNA recognition heptamer is found in different numbers and arrangements in
the upstream regions of many nitrate-regulated promoters

1 Abbreviations: NarE, NarL C-terminal DNA binding domain; ; ; ;
NarLN, NarL N-terminal receiver domain; EMSA, electrophoretic (Flgure 2)' Dependlng upon the heptamer location and

mobility shift assay; M, adenine or cytosine; K, guanine or thymine; arrangement, NarL can repress, activate, or derepress tran-
Y, pyrimidine; R, purine. scription in an operon-specific mannd4j. The 3-TA end
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Ficure 2: Arrangement of NarL heptamer sites at NarL-activated and NarL-repressed promoters. The number, location, and orientation of
heptamer sites are indicated by the box arrows. Each box arrow below the line repr@esebprecognition site of thé€ TACYYMT 3

sequence. When these are grouped in pairs, them—7 above the line denotes a possible NarL oligomerization site witase pairs

between heptamers. The numbering is relative to the start of transcription of the indicated genes. FNR recognition sites are also indicated
for anaerobic induction of the genes by the CAP homologue, FNR.

of the consensus sequence is termed the head, and-the 3sequence A; retl), reveal how DNA sequence variation is
MT end is termed the tail. The NarL heptamers occur in accommodated by NarL in accomplishing specific high-
tandem (tail-to-head), antiparallel (head-to-head or tail-to- affinity recognition.
tail), or singly (half-site). The spacing between head-to-head
and tail-to-head heptamer site arrangements is often one to'VI'A‘TERI'A‘LS AND METHODS
three bases, denoted by T—7 to 7—3—7, respectively, in Production of NarL Protein.The N-His-tagged NarL
Figure 2, whereas tail-to-tail sites often have a spacing of (147—216) protein was prepared as described previously
two bases (the-#2—7 arrangement). DNA sequences of this (11).
study (Table 1) represent commonly found genomic sites Production of Synthetic NarL Binding SiteShe DNA
(Figure 2). sequences (Table 1AF) were synthesized at theBmol
Unresolved is a molecular understanding of NarL recogni- scale by the solid-phase phosphoramidate method on an
tion and binding at the diverse NarL-controlled promoters. Eppendorf ECOSYN D300 synthesizer. After thé 5
To compare NarL recognition and binding between the dimethoxytrityl protecting group had been removed, the DNA
different arrangements of NarL heptamer sequences, syn-solution was dried by rotating evaporation under vacuum,
thetic oligonucleotides representative of native NarL- resuspendechi7 M urea, and purified using 32 cm 52
regulated promoter sites were designed. Only cocrystalliza-cm x 0.25 cm PAGE (7 M urea, 1 TBE, and 20%
tion trials containing the tail-to-tail arrangement resulted in acrylamide, 19:1). The desired DNA bands were visualized
cocomplex crystals. Similarly, micromolar EMSA studies by brief UV shadowing and excised from the gel. Electro-
used to test crystallization conditions yielded clearly shifted elution was performed using an S&S Elutrap separation
cocomplex bands only for the tail-to-tail arrangemettt) system. Purified DNA was desalted by methanol elution from
Quantitative NarE binding affinities for the synthetic binding  C8 resin. DNA was lyophilized and resuspended in water
sites are presented here, along with two new cocrystal prior to annealing in 25 mM magnesium acetate. DNA
structures containing tail-to-tail promoter sites. The first new annealing was performed with an oligonucleotide concentra-
cocrystal structure contains a native tail-to-tail arrangement tion of approximately 10 mg/mL. Palindromic sequences
(nirB —74/—65), and the second containsiarG promoter were not always annealed. DNA duplexes were filtered prior
heptamer ifarG —89/—89) arranged in the tail-to-tail ori-  to complex formation with 0.4&xm spin filters.
entation (Table 1, sequences B and C, respectively). These Crystallization.Crystals were grown as described previ-
structures, along with that reported previously (Table 1, ously (L1). Briefly, 24-well Linbro plates were used for20
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Table 1: Sequence and Arrangement of DNA Heptamers Used in This Study

Sequence®? half-site heptamer site Kde
arrangement (uM)
CGTACCCA' Tail to Tail nirB -74/-74 = 0.65
A GC TGGGT TACCCA 7-2-7 narG -185/-185
B CGTACCCAT GGAGTACG Tail to Tail nirB -74/-65 = 0.45
'.T.'GGGT TCC'I'CA 7-2-7 narG -185/-195
C CG TACCCC jAGGGGTiC Tail to Tail narG -89/-89 0.68
’ GO TCCCCA! 7-2-7
D CGTACCCCGt C Tail to Tail napF -49/-40 0.45
GC jGCCCCA 7-2-7
E CG. T TAGGAATCG Head to Head narG -89/-79 23
GOTCCCCA TCCTTAGC 7-3-7
F CGTACTCC! TACCCATCG Tail to Head narG -195/-185 13
GC TGAGG TGGGTAGC 7-3-7
G G M CTTAAGATCT Heptamer narG -89 25
CT AATTCTAGA 7
H TACCCC Tail to Tail narG —89/-89 0.38
TCCCCA 7-2-7
I CGTACCCA G Tail to Tail nirB -74/-74 = 1.9
Pele TGGGT ACCCA 7-3-7 narG -185/-185

aThe arrows below the boxes point in the-8' direction of each heptameric half-site. Each arrow reprasarit bprecognition module of
STACYYMT ?® sequence. These are grouped in pairs where the spacer is two or three bases between heptamers. The numbering above and below
the consensus-72—7 sequence indicates the base position of the 20rh@mstein-DNA structures have been determined for sequence€ A
¢ The base pairs that differ between the determined crystal structureS)(Are colored red! Sequence G contains a single heptamer, in contrast
to the heptamer pairs in all other sequenéespparenty values are listed for each sequence as determined by a gel shift assay with(Ngtlce
4).

uL hanging drops in which protein and DNA were mixed National Laboratory beamline X8C for data collection and
using a 2:1 protein:DNA molar ratio, with 50% reservoir processing, as described previouslyl)( The two new
solution in the initial drop. The order of addition was complexes presented here were of the same packing form
important. Reservoir was first mixed with DNA to maintain as the earlier structure analysikl), in which the highest
a minimum of 0.35 M ammonium sulfate, which prevented crystallographic symmetry wag2; with the 2 axis along
precipitation upon complex formation. The N&rtoncentra- the shortest unit cell dimension (Table 2). Each asymmetric
tion in the initial drop was 3.54.0 mg/mL to favor large unit (the smallest unit that can generate the entire unit cell)
crystal formation. The Nark concentration prior to drop  contained two proteinDNA complexes. Noncrystallographic
addition was approximately 16 mg/mL in 9 mM Tris (pH symmetry between the two complexes of each asymmetric
7.6), 70 mM KCI, 0.6 mM MgCJ, and 2% glycerol. Atroom  unit was not enforced. Therefore, four Nanhrotomers and
temperature, crystals appeared after 1 day and grew totwo DNA 20mers were uniquely refined. Refinement was
approximately 1 mmx 1 mm x 0.07 mm plates within 1~ begun using CNS 1@) rigid body refinement with the
week. The crystals were cut to fragments of approximately previously published Nat—DNA asymmetric unit (PBD
0.3 mmx 0.3 mmx 0.07 mm, which reduced diffraction  entry 1JE8). DNA was initially restrained to B-form. DNA
mosaicity arising from cryoprotection. difference density was visible in sigma-a weightéd ¢
Data Collection and Structure Refineme@tyoprotected F¢) electron density maps, indicating that the DNA base
crystals were prescreened in-house at the Molecular Biologyidentities were different from the initial model, as expected.
Institute. The platelike crystals had few packing contacts, The correct DNA bases were built into density. Minimization
resulting in four different crystal packing forms showing and B-factor refinement were performed in CNS. Density
P2,2,2; pseudosymmetry. The different packing forms were visualization and model rebuilding were performed using O
easily distinguished by comparison of their native Patterson (19). Simulated annealing was performed after each building
maps (7). Selected crystals were shipped to Brookhaven cycle until its use did not improve refinement. Composite
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Table 2: Data Collection and Refinement Statistics S_tructure factors and final atomic coordinates for the NarL
sequence B sequence C nirB —74/—65 and Nar_IS—narG —89/—89_ cocrystal struc- _
(nirB —74/~65) (narG —89/—89) tur(éslhavg tit;eGnSdeposne? W||th)the Protein Data Bank (entries
1ZG1 an , respectively).
lsfr),ﬁcceeﬁ’row Fa Fa Preparation of Gel Shift Probes from Synthetic NarL
a(A) 76.58 76.89 OligonucleotidesSynthetic DNA oligonucleotides containing
b(é) 22-82 22-27 NarL—heptamer sites in differing arrangements (Table 1)
;((dzeg) 94(5.077 940'.010 were individually cloned into the pCR4-TOPO vector using
no. of complexes per AU 2 2 the TOPO TA cloning kit (Invitrogen, Carlsbad, CA). Correct
wavelength (A) 11 11 inserts were confirmed by sequencing. To generate DNA
5:0'“;;’);9‘) 822'&5'%5 51%(:(26%07) fragments for gel shift analysis, PCR amplification was
cor?r;gpeleteness (%) 98.4 (98.8) 99.5 (96.4) performed with the recombinant pCR4-TOPO vectors as
lo(l)2 18.3(3.9) 16.4 (2.9) templates to give 241 bp (for the-2—7 sites) or 242 bp
no. r?gr;eeﬂridio”g 32539(1942) 34483 (2194) (for the 7—3—7 sites) fragments containing the NarL binding
resolution (&) 923 20-2.3 sites. The PCR products were digested with Spel t_ha_t gave
no. of protein non-H atoms 2192 2192 a 208 or 209 bp DNA fragment. The vector was similarly
no. of nucleic acid non-H atoms 1628 1628 amplified and digested to generate the nonspecific binding
no. of water molecules 92 260 control oligonucleotides. The control oligonucleotide was the
no. of sulfate ions 9 12 "
no. of reflections same length as test sequences because 20 additional vector
working set 27963 28705 bases were included instead of a NarL binding site. i
Rf;ecst;f?%;:@ 2é469?36 0 2114??33 3 digested products were end labeled wigh*fP]ATP using
Rice (%) 28.6 (40.2) 25.2 (38.4) the Klenow fragment of DNA polymerase.
rms deviation NarL°~DNA Native Gel Shift AssaysGel shift assays
bonds (A) 0.0059 0.0084 were performed at room temperature by incubating 2 nM
3{‘%3;('26(3239) e 15 32p-labeled DNA probe with N-Histagged NarE (147
impropers (deg) 1.01 0.99 216) for 10 min in the reaction buffer [L0 mM Tris, 50 mM
B-factor (A?) KCI, 1 mM EDTA, 1 mM DTT, 5 mM MgC}, 15 mg/mL
overall 43.5 38.6 poly-didC, and 10% glycerol (v/v) (pH 7.5)]. The vector
Ra?‘r?gz:irz]atndran olot (%) 5.7 38.9 DNA was incubated with 4M NarLC as the nonspecific
most favored 97.1 95.7 control. The reaction mixtures were immediately subjected
allowed 29 3.3 to nondenaturing 6% polyacrylamide DNA retardation gel
giesr;?lm::jy allowed 0060 01(')0 electrophoresis (Invitrogen) at 100 V and°@ for ~1 h.

Gels were quantitatively analyzed with a Phosphorimager

a2 The numbers in parentheses are for the last shell, which was 2.25 system (Molecular Dynamics Inc., Sunnyvale, CA).

2.20 A for thenirB —75/—65 data, 2.442.30 A for thenirB —74/—
65 refinement, 2.252.20 A for thenarG —89/—89 data, and 2.44 RESULTS
2.30 A for thenarG —89/—89 refinement? Ryerge = ¥|I — OV,

wherel is the integrated intensity of a given reflecticrR-factor = . .

5 (IFol — KIFe])/S (IFol), andRyee Was theR-factor calculated using the ~ General Structure Considerations

5% test set of randomly selected reflectiohRamachandran plot . P . . . .
parameters were calculated with PROCHECK. Synthetic NarL Binding SitesSix synthetic oligonucle-

otides (Table 1AF) representing functionally important
omit maps (5%) were often examined to reduce any model heptamer sites (Figure 2) were prepared to test cocrystalli-
bias in refinement. DNA backbone difference density zation with Narl®. Each double-stranded DNA contained
persisted in the flexible noncontacted DNA backbone two consensus-like heptamers arranged in tail-to-tail, head-
regions. Modeling alternate phosphate positions did not to-head, or head-to-tail format (Table 1). For example, the
improve theR-factors or the difference density in these narG —185 heptameric site fonarGHJI activation (Table
regions. The cocrystal structures of the nonpalindromic DNA 1A) is also found in a tail-to-head-73—7 arrangement in
sequencenirB —74/—65) continued to displayr, — F¢ vivo (—195/185) (Table 1F). ThenarG —195/185
difference density at DNA bases that differed between the heptamers are important in vivo, but the tail-to-head ar-
two half-sites of the sequence, because the nonpalindromicrangement is recognized weakly in vitro by Naidescribed
DNA was oriented in both directions. All permutations of below). In contrast, synthetic oligonucleotides containing the
DNA orientations in the unit cell were tested in refinement 7—2—7 tail-to-tail arrangements afarG —185/195 hep-
using bothP1 andP2; data, with no markedly better fitting  tamers exhibit high-affinity binding (Table 1B). TherB
orientation arising. This demonstrated that the nonpalindro- —74 palindrome cocrystal structure (Table 1A) has been
mic DNA was packed indistinguishably in the crystal in both reported in a previous studyll). The nirB —74/—65
directions at approximately equal ratios. UsiP@; data, the nonpalindromic sequence (Table 1B) represents the in vivo
orientations yielding slightly lowedR-factors were chosen  arrangement. ThenarG —89/—89 palindromic sequence
for final refinement cycles. The electron density of NarL  (Table 1C) is a tail-to-tail arrangement of the39 half-site,
protein side chains contacting the nonpalindromic DNA was which is found in vivo in thenarG —89/—79 head-to-head
clear and unambiguous, and concomitantly changed as onerrangement (Table 1E). ThapF —49/—40 promoter site
orientation was replaced by the other. Crystals of the (Table 1D) is a naturally occurring palindrome. TharG
nonpalindromic sequences display overall a higher level of —195/-185 tail-to-head arrangement is found in vivo (Table
disorder than those of the palindromic sequences (Table 2).1F).




DNA Recognition by NarL Biochemistry, Vol. 44, No. 44, 20094543

y

Ficure 3: Crystal packing of Nart—DNA complexes. Individual complexes are isolated units in the crystal, with no direct protein
protein contacts. (A) Stacking of sheets (green and blue, and orange and yellow) alzagithef the crystal. Because of pseudosymmetry,
the crystal packing form was first refined in the tricliftd space group, the lowest possible symmetd;, (7). The asymmetric unit is
the smallest unit that can be repeated to describe the entire crystaRIThpace group had four complexes in each asymmetric unit,
colored blue, green, yellow, and orange here. Repeats of the green and blue units formed one sheet in the crystal, and the yellow and orange
units formed the next. No contacts are observed between sheets. (B) View of one sheet of green and blue complexey piathe.
These sheets are stabilized by protedNA contacts. The DNA termini from each complex interact with neighboring complexes. Panels
A and B were generated using SETOBY); (C) In one of the crystal packing contacts, solvent-exposed R179 forms stable H-bonds with
the terminal guanine of a symmetry-related complex. Other packing contacts in this region involve van der Waals interactions and DNA
backbone hydrogen bonding. Panel C was rendered with Py36pl (

CrySta”ization and MOIeCUIar PaCking:OCl’ySta”ization AD 0.2 06 1.0 1.4 1.8 22 26 3.0 4.0 BD 0.1 0203 0405 0.6 0.8 1.0 4.0  pMNarl®
trials were attempted with all promoter site arrangements
shown in Table 1 except €. Additional sequences (not .

. oo ““ wu +— Complex

shown) were also tested, 17). Cocrystals were obtained igidiinie « Mus ¥ o
only with sites containing the tail-to-tail72—7 arrangement
(Table 1A-C). Cocrystals were also obtained with sequence ~ narG-195-183T-H 7-3-7 nirB -74/-63 T-T 7-2-7
D, but the structure has not yet been determined because ofiGURE 4: Binding site arrangement correlates to Nakinding
cryoprotection issues. The CG bases on either end of theggm::i)gs'\‘gg‘gfegle)' t?gtl\fztv?e (‘a"aelr\lea:’l_sﬁg;?a%eéfgnpr'gﬁgreerﬁ‘g%’g b('R;jﬁ‘ﬁle
crystallization oh_gomers are not necgssarlly those fom_md Next arG —195/-185 tail-to-head arrangement and tharG —89/—
to actual NarL sites but have been incorporated to increasezg head-to-head arrangement (not shown) are important sites in
termini stability, which may encourage ordered crystal vivo, but in vitro were weakly recognized by N&iL(B) Recogni-

packing. Similarly, the central two bases between the tion of the nirB —74/—65 tail-to-tail site is representative of the

; four tail-to-tail sites that were assayed, which demonstrated-a 3.5
heptamer elements vary among Nar-2-7 sites. 5-fold higher affinity than thenarG —195/~185 arrangement, and

Oligonucleotides designed for crystallization often are a 2—3-fold higher affinity than thenarG —89/—79 arrangement.
synthesized as 10mers or 20mers with the expectation thatThe narG —89 or narG —185 half-site in the context of a
e helces il stack end to end, enhancing crystal growth PO 19, PEPOSTTL G oS 1 S e e
by form'f‘g a semicontinuous helix. SL.jCh Se.mlcommu.ous NarL€ is given for each lane. The DNA fragment used in lane 10
DNA helices have been observed previously in crystallized of panels A and B contains a vector plasmid that lacks a consensus
complexes containing both bent and straight DNA. The heptamer element and therefore represents a nonspecific DNA
NarL°—~DNA 20mer complex, however, does not form a control sequence.
semicontinuous helix. Instead, the complexes crystallize in
sheets17), with no visible proteir-protein contacts between (Table 1 and Figure 4). Affinities for the-72—7 arrange-
sheets (Figure 3A) and few intrasheet contacts (Figure 3B,C).ments were 35-fold higher than for the other NarL
Because of this lack of proteirprotein contacts, each heptamer arrangements. TharG —89 ornarG —185 half-
NarL°—DNA complex is almost an isolated entity. Crystal site in the context of a palindromic tail-to-tail arrangement
packing interactions involve mainly protetDNA contacts was bound similarly to theirB —74/—65 tail-to-tail site.
(17). For example, each terminal guanine of the blunt-ended Binding of Narl® to an isolated half-site (i.e., a single
oligonucleotide forms an intrasheet crystal packing contact heptamer) is weak (ca. 2.6M, Table 1G), and is ap-
by hydrogen bonding to symmetry-related Arg 179 (Figure proximately 3-6-fold weaker than the correspondingZ—7
3C). diheptamer arrangements (Table 1C,H). Strikingly, NarL

NarL Recognition of the Synthetic Binding SitEkectro-  serves as a platform for DNA recognition and binding,
phoretic mobility shift assays (EMSAs) were performed to regardless of the orientation of heptamer pairs (tail-to-tail,
evaluate the relative binding between the different binding head-to-head, or head-to-tail) or their spacing (two or three
site arrangements using short crystallization oligonucleotidesnucleotides). A nonspecific DNA fragment (Figure 4, lane
(see Figure 1 of ref1), and longer radiolabeled 122 bp DNA  10) was not shifted by 4M NarLC, thus demonstrating NarL
fragments that contained the same crystallization sequencespecificity for the heptamer sequence in pairs or alone.
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Ficure 5: Stereo superposition of the three N&rLDNA complexes, viewed into the central DNA major groove. The two Natbmains

are on the far side. The three structures are almost identical. Sequence A is colored blue, sequence B yellow, and sequence C red. The Lys
188 side chains are shown in stick representation. The bases are perpendicular to the DNA helix axis in the central region. At the NarL
binding sites, the bases writhe around the DNA helical axis, typical of A-form DNA. Most of the DNA backbone flexibility occurs in the
noncontacted regions between the Nabinding sites and the central dimerization region. This figure was rendered with P$6)ol (

Overall Molecular Structure.NarL® is a monomer in Both types of DNA bending are found in all three N&rL
solution (L1; A. E. Maris, R. P. Gunsalus, et al., unpublished DNA 7—2—7 complexes, as shown in Figure 6. In each case,
data) but dimerizes similarly on all three tail-to-tail binding the two heptamer ends exhibit a writhe that is typical of
sites (Table 1A-C). The structure of the NafLcomplex A-DNA, while the central region shows the straight progres-
with sequence A in Table 1 has been reported previously sion typical of smooth, planar bending in B-DNA. It has
(12). This paper presents the structures of complexes with been known from studies of synthetic oligomers that runs
sequences B and C. The three NarIDNA complexes all of successive GC base pairs are highly compatible with the
contain a blunt-ended DNA 20mer in the-Z2—7 binding A-DNA geometry, and runs of AT base pairs with BOj.
site arrangement. Their structures overlap but are notHence, the bending observed in Figure 6 is most probably a
completely identical (Figure 5). The overall rmsd between consequence of the distribution of AT versus GC base pairs
identical DNA bases of the three complexes is less than 0.4along the 20mer. Bends for sequences A and B are nearly
A, and the rmsd between all equivalent atoms of the six identical, but that for C, which has a shorter central A-tract
individual Narl® complexes of the three crystals is ap- (Table 1), is somewhat more abrupt. Some of the sequence
proximately 1.0 A. The significant difference between protein C central region data points are not visible because there is
side chains among the complexes is the ability of Lys 188 little bend between them, leaving them superimposed.
to flexibly recognize the major groove face as discussed Whether this reflects a significant difference or is to be
below. Each oligonucleotide shows a gradual bend of ascribed to crystal disorder is not clear.
approximately 42, apparently induced by extensive protein | gcal Helix Parameters and Helix TypEigure 7 shows

contacts. Each binding site undergoes a B-form to A-form |ocq) helix parameters along the full 20mer helices: zp, the
transition where the major groove floor is contacted by NarL  gistance between successive phosphate atoms; MGr and mGr,
(12). the widths of major and minor grooves, respectively; P, an
DNA Bending in the #2—7-Containing 20mersBending indicator of puckering of the sugar rings; and vroll, a measure
in short DNA segments is conveniently examined by means of the relative rotation of two adjacent base pairs around
of a normal vector plotZ1), in which a unit vector is placed their long axesZ1—24). All of these parameters emphasize
perpendicular to the best mean plane through each individualthe A-DNA character of the GC-rich heptamer regions and
base pair. These vectors are brought to a common origin,the B-DNA character of the central AT-rich zone. The inter-
and then examined in a view down the mean helix axis phosphate distance is typically greater for A-DNA than for
(Figure 6). A planar bend is indicated when a succession of B-DNA. The minor groove in A-DNA is broad and shallow,
points representing the tips of the unit vectors progresseswhereas in B-DNA, it is deeper and narrower. Sugar
linearly across the field of view. In contrast, a writhe puckering in A-DNA typically is C3endo (low P) but in
produces a circular track of vector points within the plot. B-DNA is more often C2endo (high P). And finally, the
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Ficure 7: Comparison of important local DNA helix parameters
for structures A (blue), B (green), and C (red). The general helical
05 nature of the DNA is indicated by “B” for B-form, “A” for A-form,
’ and “a” for A-like. The transition from B- to A-form is gradual, as
C is the overall curvature of the DNA. The zp parameter measures
the separation of adjacent phosphates. Values greater than 1.5 A
- are typical of A-DNA. MGr and mGr are widths of major and minor
-1 -0.5 0 0.5 1

grooves, respectively. A broader minor groove width-df5 A is
typical of A-DNA. Sugar pseudorotation angle P is a measure of
sugar ring conformation, with A-form DNA having low values.
The roll angle between successive base pairs is called vroll. Positive
roll means the base pair is opening toward the minor groove. In
general, the parameters for nonpalindromic sequence B (green) are
the least well defined. Groove widths were calculated with
CURVES @3), vroll and P with FREEHELIX 21, 38), and zp

roll angle between adjacent base pairs is large in A-DNA Values with 3SDNA g9).

but near zero in B-DNA. All three sequences exhibit a

cpm.plete' B 10 A transition at the center of each heptamer directly (Figure 1C), DNA backbone contacts are extensive.
binding site. This is typical of proteirrDNA complexes in which bent
One further subtlety of bending is worth mentioning. The pNA exhibits gradual curvature. Both crystallization trials
roll between two adjacent base pairS is defined as pOSitiveand EMSASs showed that Ndﬂcomp'exes were more stable
if the angle between them opens toward the minor groove when synthetic binding sites contained additional bases
and negative if toward the major groove5( 26). Figures  peripheral to the heptameric consensus sequences. Cyt 1 and
1B and 5 show that bending of the DNA helix is achieved Gua 2 were added to favor crystallization and are not
by inserting NarE domains into two adjacent major grooves, necessarily found at NarL binding sites (Table 1). DNA
and Stab|l|2|ng CompreSSion of the minor grOOVe that lies backbone recognition occurs at two regions a|0ng the
between them. This would tend to drive the roll values in 20mer: one at the'®end of each heptameric consensus
the center to even more negative values, and that is exactlysequence which will be termed the heptameric site and the
what the vroll plot at the bottom of Figure 7 indicates. These other at the central bend between binding sites. Contacts in
local roll angles are not zero, but aroun°. the heptameric site are primarily directly between protein
Consevation of DNA Backbone Contacts between Com- and DNA, whereas those in the central bend are frequently
plexes.While only three protein side chains (Lys 188, Val water-mediated.

CosX

Ficure 6: Normal vector plotsZ1) show similar overall DNA
bending in the three NafLcomplexes. In each case, an overall
gradual bend of approximately 4% seen. The two ends of the
DNA 20mer exhibit an A-DNA-like writhe, whereas the central
region has a planar bend as often seen in B-DNA.

189, and Lys 192) contact the DNA major groove floor
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Although Narl® recognition involves extensive DNA the linker residues preceding it, helix 9, and the turn
contacts (Figures 1 and 5), certain DNA bases are notpreceding helix 9: Thr 157, Pro 158, Arg 159, lle 182, and
contacted. It is at these bases where large difference densityHis 190 (Figure 1C). Figure 8B involves the N-terminus of
is visible at the phosphate backbone, indicating flexibility helix 9 and part of the turn preceding it: lle 182, Thr 183,
of the DNA backbone at noncontacted regions (Figure 5). Ser 185, and Thr 186 (Figure 1C).

Conversely, in the central AT-rich sequence, the central six  |n Figure 8A, Thr 157 and Pro 158 occur in the linker
bases have some of the loweBtfactors in the entire  preceding helix 7. Thr 157 is highly conserved, although Pro
structure, indicating a stable, well-placed structure. NarL 158 is not always found in the NarlL/FixJ subfamily
dimerizes above the minor groove in this central region, members. Aliphatic side chain carbons of both residues sit
compressing the groove. The nonpalindromic sequencein van der Waals contact with the Gua 2 phosphate,
(Table 1B) is present randomly in both orientations in the constraining its position. The Thr 157 side chain hydroxyl
crystal, leading to increased crystal packing disorder, large group is H-bonded to Gua 2 phosphate at OP1, and aliphatic

backbone difference density, afactors or temperature  side chain atoms are in van der Waals contacts with Cyt 1
factors in the central region which are not as low as in the sugar atoms.

palindromes. Within DNA recognition helix 9, the Arg 159 side chain
NarL® Dimerization at Three Different DNA Binding Sites. extends parallel to the DNA backbone and packs against
NarL® dimerizes identically on each of the three synthetic sugar-phosphate atoms of both Gua 2 and Thy 3. Its main
tail-to-tail oligonucleotides, placing the recognition helix in - chain amide nitrogen H-bonds to OP1 of Gua 2 (3.2 A); its
consecutive major grooves on one face of the DNA helix e-nitrogen H-bonds to OP1 of Thy 3 (2.9 A), and its terminal
(Figure 1B). Narlt has extensive DNA backbone contacts amino nitrogen H-bonds to OP2 (2.9 A).
(Figure 1C). The DNA backbones of the three complexes s 190 at the center of DNA recognition helix 9 has a
do not superimpose identically in regions where the stgar H-pond from its ring N2 to OP1 of Thy 3 (2.7 A). Ring
phosphate backbone is not stabilized by protein contactc1 is within van der Waals packing distance of both the
(Figure 5). DNA backbone flexibility allows the three binding gya 2 sugar (4 A) and Thy 3 exocyclic methyl C7 (3.9 A).

sites to maintain a similar 42end due to dimerization of Figure 8B is a continuation of secondary mode contacts,

NarL®. The Narl® dimerization interface is formed by : : ;
) . . . showing the DNA interactions of lle 182, Thr 183, Ser 185,
residues Val 204, Val 208, and His 211 on helices 10 (Figure 4 "1 86 of recognition helix 9 and the turn that connects

1D) and residues lle 167, Ala 168, and Val 170 at the 100p j; 1 pejix 8. Ile 182, at the center of the connecting turn, is

region between helices 7 and B1j. usually either lle or Leu. It makes extensive van der Waals
contacts with the DNA backbone between Thy 3 and Ade 4
phosphates, limiting their positions and facilitating H-bonding
Two different types of proteinDNA interaction can lead by Arg 159.
to recognition of DNA sequence. The most familiar is that ~ Thr 183 occurs at the C-terminus of the heltxirn—helix
in which protein side chains hydrogen bond with atoms on turn. Its amide nitrogen is H-bonded to Ade 4 OP1 (3 A).
the major or minor groove edges of base pairs; this will be Its hydroxyl oxygen atom is also approximated A from
termed the “primary mode” of sequence recognition. But base Ade 4 OP1, but its orientation away from the DNA backbone
sequence can also be sensed by interactions of protein wittsuggests that the threonine methyl is more important in
the sugarphosphate DNA backbone, if a particular base specific DNA recognition. As with the lle 182 side chain,
sequence produces specific alterations in DNA helical the Thr 183 side chain is inserted between phosphates of
structure. This will be termed the “secondary mode” of DNA two consecutive bases, Ade 4 and Cyt 5, limiting their
sequence recognition. The propensity for the GC-rich centerspositions.
of the heptamer sites to adopt A-like writhe and the AT-  Ser 185 and Thr 186 are found at the N-terminus of DNA
rich central region to exhibit smooth B-like planar bend are recognition helix 9. Thr 186 is highly conserved. Its hydroxyl
excellent examples of structure easily recognized by the group H-bonds with Ade 4 OP1 (2.7 A), while its methyl
secondary mode recognition. This section considers suchcarbon is within van der Waals contact distance of Thy 3
secondary, but important, interactions between Naahd backbone and base atoms (C6, 4.2 A; C7, 4.3 A). The Ser

Secondary Recognitioria DNA Backbone Interactions

the sugarphosphate DNA backbone. 185 main chain carbonyl stabilizes distorted DNA at the
Heptameric SitesHelices 79 form the helix-turn—helix A-DNA transition site by a water-mediated hydrogen bond

DNA recognition motif. Helix 7 is the support helix for ~to O4 of Cyt5 (1). The Ser 185 hydroxyl group hydrogen

helices 8 and 9 which comprise the hetixirn—helix motif. bonds directly to Cyt 5 OP1 (3 A). The serine is not well

The secondary mode contacts shown in the panels of Figureconserved in NarL/FixJ subfamily members. Because its
8 are practically identical among the three DNA complexes. main chain stabilizes the DNA base distortions conferred
Although all three complexes are overlaid, the high level of by the highly conserved Val 189, it is likely that alternate
identity between complexes results in the apparent appearSide chain identities will play additional undescribed roles
ance of only one complex in panels A and B of Figure 8. In in DNA recognition.

panels C and D of Figure 8, differences between the DNA Central AT-Rich BendThe other important region of
backbones near the central bend of the three complexes arsecondary mode interaction occurs at the AT-rich central
visible in the noncontacted regions. Figure 8A shows the bend (Figure 8C,D). The AT-rich nature of the central region
interactions around DNA bases-B, and Figure 8B extends favors a narrowed minor groove, over which N&rtan

the view along bases-3 from a slightly different angle.  easily dimerize. Helix 10 is the locus of dimerization. The
Figure 8A involves contacts from the helix 7 N-terminus, central bend region involves base pairs-14, residues from
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Ficure 8: Protein-DNA interactions viewed from the minor groove side, looking into the major groove. Important hydrogen bonds are
depicted as dotted lines. In these views, nonbonded OP1 recedes into the rear of the diagram and OP2 extends toward 26 Rikwer (
three complexes are superimposed, but because of their high degree of similarity, individual chains are often indistinguishable. (A) Region
along bases 14, involving side chains Thr 157, Pro 158, Arg 159, and His 190. (B) Adjacent region along baSesvih side chains

lle 182, Thr 183, Ser 185, and Thr 186. (C) Central region involving bases 11 and 12 in the AT-rich region connecting heptamer sites. The
flexible Lys188 is visible in the background. (D) Adjacent central region involving bases 13 and 14. Lysines 196, 199, and 201 are visible
extending away from the DNA helix into solution. This figure was rendered with PyB8&)! (

helices 8 and 10, and the loops preceding helices 8 and 10salt bridge with Glu 184 and has a water-mediated contact
(Figure 1B-D). with OP1 of Thy 11.

Pro 172 in the loop preceding helix 8 (Figure 8C) serves  Arg 203 is found at the N-terminus of dimerization helix
to position the DNA backbone, but is not highly conserved 10 (Figures 1D and 8D). It is conserved in NarL and NarP,
in NarL/FixJ subfamily members. Pro 162 andg-carbons but not in other related members of the NarL/FixJ subfamily
are less tha4 A from the Ade 12 phosphate group. Because such as BvgA and UhpA. Arg 203 stabilizes the DNA
this loop between helices 7 and 8 also contributes to backbone at the central narrowed minor groove region. Its
dimerization, substitution of one hydrophobic group for backbone amide and NH1 H-bond with OP1 and OP2 of
another may indicate only slight differences in dimerization base 13. Aliphatic carbons of the Arg 203 side chain make
geometry. For example, Ala 166 of the. coli UhpA van der Waals contacts with the sugahosphate backbone
response regulator is in the position analogous to that of NarLat bases 12 and 13. Val 191 is at the center of DNA
Pro 172. Instead of proline, serine is commonly found in recognition helix 9 and makes a 3.6 A van der Waals contact
this position for the NarP family and for some members of with OP1 of Thy 13. The position is not highly conserved,
the NarL family. but is often hydrophobic.

Asn 173 and the highly conserved Lys 174 occur at the Leu 200, Lys 201, and Ser 202 are located at the
N-terminus of helix 8. The backbone amide nitrogen of Asn C-terminus of the loop preceding dimerization helix 10. Leu
173 H-bonds with OP1 of Ade 12 (3 A). Lys 174 forms a 200 is highly conserved in the NarL family and is a
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Ficure 9: Lys 188 can flexibly recognize different heptamer sequences. (A) Lys 188 position 1, found in the previously puiiBhed
—74/—74 complex (Table 1A), is shown. In this position, water-mediated recognition of Ade 12 N7 occurs. Ade 12 corresponds to the
complementary strand at the seventh position of the TACCYMT consensus sequence. The structurerBf-tvel/—74 complex was
determined at the highest resolution, resulting in more visible waters than in the other complexes. A sulfate solvent molecule (green) is seen
at the bottom of panels A and B. (B) Lys 188 is again in position 1 in the nonpalindnoinBc—74/—65 complex (Table 1B) whether

guanine or thymine is present. Base 13 corresponds to the complementary strand at the sixth position of the consensus. Few waters are
visible in this complex, but a water-mediated contact with Gua 13 O6 is observed. (()arBe—89/—89 complex contains a four-

guanine tract in each half-site (Table 1C). Lys 188 is found in position 2, directed down into the DNA major groove and hydrogen bonded

to Gua 13 N7. In this position, Lys 188 can also form a water-mediated contact with Gua 14 06, and is slightly closer to the sulfate
molecule than in position 1. This figure was generated usind 9 (

hydrophobic residue in others. The Leu 200 backbone hydrogen bonds to Gua 15 (complementary to Cyt 5 of the
carbonyl has a water-mediated contact to Gua 14 OP1 (notopposing strand) and to Gua 16 (complementary to Cyt 6 of
shown). Lys 201 is not highly conserved, but is often polar the opposing strand) (see panels A and C of Figure 3 of ref
or positively charged. A water-mediated contact (not shown) 11). In asymmetrical nonpalindromic sequence B, the sym-
extends from its backbone carbonyl to the phosphate of basemetrical equivalent for Gua 15 is Ade 15, and Lys 192 retains
14. The highly conserved Ser 202CCp, and backbone  an equivalent recognition H-bond to N7 of adenine. The
carbons are within van der Waals distance of the base 13direct hydrogen bond from Lys 192 to O6 of Gua 16 is

phosphate group. slightly longer in sequence C than in sequence A or B.
) L While H-bonding of Lys 192 to the floor of the major
Primary Recognitioria Base-Edge Contacts groove is direct, that of Lys 188 can be either direct or water-

Sequence Recognitiaia Three Key Contacts within the ~Mediated (Figure 9). In panels A and B of Figure 9, the
Major Groove. Major groove recognition occurs in the GC- mtgrac_:hons are mediated by water molecules (“posltlon 1,
rich regions of the heptamers (Table 1). The largest baseWhile in panel C,“the_hydro”gen bonds are both direct and
stacking distortions occur here along the pyrimidine strand Water-mediated (“position 2”). In the positions observed in
of the GC base pairs, leaving the guanine bases stacked ani{® three DNA complexes, Lys 188 interacts with the
poised for NarL recognition of their negatively charged major complementary DNA strand of the TACCYMT consensus
groove base edges. Three residues of helix 9, Lys 188, Val@t base positions-57. Lys 188 is capable of utilizing a
189, and Lys 192, are involved in recognition of the “thr_ee_—base—sllde" type recognition to accommodate sequence
consensus sequence (Figure 1C). The only significant proteinvaration.
difference between the three N&rtomplexes involves the In the nirB —74/~74 palindromic cocomplex, Lys 188
adaptation of Lys 188 to the major groove face. hydrogen bonds with O4 of Thy 13 and N7 of Ade 12 via

In all three structures, Val 189 of helix 9 perturbs Cyt 5. intermediate water molecules (Figure 9A). Thy 13 and its
Cyt 5 occurs in the third position of the NarL consensus Methyl moiety prevent Lys 188 from approaching the major
sequence TACYYMT, near its more tightly specifiecehd. ~ groove to form direct contacts, so Lys 188 in position 1 is
Guaninecytosine base pairs are normally thought of as being directed toward the protein rather than the DNA. Ade 12
planar because of their three Watsd@rick hydrogen bonds, ~ @nd Thy 13 correspond to the complementary strand at the
and so it was surprising to observe Val 189 causing a large Seventh and sixth positions, respectively, of the TACCYMT
buckle and propeller twist at the distorted cytosine. This CONSENSUs sequence.
distorted conformation is locked in place by a water-mediated O6 of Gua 13 of the nonpalindrominirB —74/—65
hydrogen bond from the Naflbackbone 11). A thorough sequence is recognized indirectly (Figure 9B). Lys 188 is
search of the Protein Data Bank yielded no comparable again in position 1, whether guanine or thymine is present.
interactions {1). Lys 188 is 2.99 A from Glu 184 OE2, which is similar to

Lys 192 recognizes the Watse@rick complements of  the 3.2 A distance shown in Figure 9A. Apparently, Glu 184
the third and fourth bases of the consensus sequencestabilizes the Lys 188 in position 1.

TACYYMT, where Y indicates a pyrimidine. With palin- narG —89/—89 sequence C contains a four-guanine tract
dromic sequences A and C of Table 1, Lys 192 makes in each heptamer (Table 1C). Lys 188 is found in position
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2, directed down into the DNA major groove and hydrogen Gunbsalus, et al., unpublished data) and high-affinity dimer-
bonded to Gua 13 N7 (Figure 9C). Thy 13 is replaced with ization occurs only on #2—7 sites, the tail-to-tail dimer-
Gual3 in sequence C, and Lys 188 is able to contact N7 ofization would not interfere with alternate forms of oligo-
Gua 13 directly. In this position, Lys 188 also forms water- merization at non-tail-to-tail sites.

mediated contacts to the O6 atoms of Gua 13 and Gua 14, Similar C-Terminal Dimerization Obseed in Other
and is slightly closer to the sulfate solvent molecule than in Proteins.The Narl® dimer is oriented essentially identically
position 1. in all three cocomplex crystal structures, with the dimeriza-

The nonpalindromicnirB —74/—65 cocrystal structure  tion interface comprising helix 10 and the loop region
(sequence B) exemplifies the recognition flexibility of Lys between helices 7 and 8 (Figure 1B). Until the first NarL
188. Because sequence B is nonpalindromic, base 13 isPNA complex structure was determined, we did not know
guanine like in sequence C, while base 13 of the opposingthe oligomeric state required for high-affinity DNA binding,
strand is thymine like in sequence A. Base 13 is comple- Or how dimerization might occur. Full-length unphospho-
mentary to the sixth position of the TACYYMT NarL rylated NarL, like NarlS, is a monomer (A. E. Maris, R. P.
consensus sequence, where M is A or C. Although sequenceGunsalus, et al., unpublished data). However, the NarL
B base 13 is both guanine and thymine, in the cocrystal domain gave DNasel footprinting patterns identical to those
structure Lys 188 is always found in position 1, directed Of activated full-length NarL 11). Specific DNA contacts
toward helix 9 rather than the DNA major groove floor Were proposed on the basis of the monomeric binding mode

(Figure 9B). of the paired homeodomaif)( However, our crystallization
trials and EMSA data showed that only theZ—7 promoter
DISCUSSION arrangement, containing two binding sites, was recognized

with high affinity. Dimerization via helix 10 was later

The three NarL binding sites examined here are repre- predicted by Ducros et al28) from the crystal structure of
sentative of promoter arrangements found in vivo (Table 1 the single-domain GerE transcription factor, with which
and refl4). The Narl® dimer places one recognition helix NarLC shares 38% sequence identity. Unlike NgriGerE
in each of two successive major DNA grooves. All three s a stable dimer in solution. It is therefore not surprising
DNAs with different sequences adopt similar overall bends that the GerE dimerization interface is more extensive than
(Figure 6) via sequence-dependent DNA distortions (Figure that of Narl€ and involves additional C-terminal residues.
7). The minor groove of the central AT-rich region between Both GerE and Nart dimerize along analogous C-terminal
binding sites is compressed, allowing helices 10 to approachhelices, and both interfaces involve primarily hydrophobic
close enough to form the dimer interface. Some of the lowest interactions at identical positions along the dimerization helix.
B-factors of the structures are found within the central bend, The orientation of dimerization helices with respect to each
indicating that the minor groove compression is stable and other differs, with those of Naff.being almost parallel to
energetically favorable. The three different sequences allow gne another (Figure 1D) and those of GerE projecting away
one to examine base substitution effects at five different from one another at the C-terminal ends (Figure 5 of ref
points along the DNA helix, including a purine-to-purine  28). Three slightly different GerE dimers were found in the
substitution and a number of purine-to-pyrimidine substitu- asymmetric unit, demonstrating flexibility in dimerization

tions (Table 1). The major groove hydrogen bonding pattern and that, in DNA binding, a specific dimer orientation may
recognized by Nart side chains is conserved. The overall pe selected.

DNA bend is unchanged, with noncontacted DNA backbone  Dimerization via the C-terminal helix as a component of
showing flexibility that could variably compensate for the DNA recognition was also revealed in the cocrystal structures
energetic constraints imposed by the Nadimerization and of a full-length, DNA-bound LuxR family membeg9, 30).
binding, which stabilizes DNA conformation at regions of |n the TraR-DNA structures, the C-terminal dimerization
contact (Figures 5 and 8). helices once again comprise an interface similar to that of
The Narl®—DNA contact surface is extensive, with each GerE and NarE. However, the dimerization helices are
base pair of the entire 20mer DNA interacting via primary oriented almost parallel to each other, a case more similar
or secondary mode contacts with the protein. Positively to NarL® than to GerE, only rotated away from each other
charged lysines on the DNA recognition helix form direct toward their C-termini. Dimerizations of the TraR N-terminal
primary contacts to guanines in the DNA major groove regulatory domain and the C-terminal DNA binding domain
binding site. The successive guanine-rich regions of the majorare essentially independent of each other, with few interdo-
groove binding sites are separated by adenines and thyminegnain contacts and a flexible linker connecting the domains.
within the central region. The hydrogen bond donor/acceptor Superposition of the activated TraR structure with unphos-
pattern of AT base pairs is directionally indistinguishable phorylated NarL suggests where the phosphorylated NarL
(see Figure 2 of re27), and Narl® secondary recognition  regulatory domain could be (Figure 10). The unphospho-
via DNA structural features in this region, such as a narrowed rylated NarL structure9) and Narl® dimerization on DNA
minor groove, is more relevant for specificity. TheZ—7 demonstrate where the phosphorylated regulatory domain
DNA base pair spacing between heptamers allows the NarL cannot be.
dimer to form above the minor groove at this adenine/  While response regulator output domains are diverse, for
thymine-rich region, directly contacting only the DNA those containing the C-terminal dimerization helix (see Table
backbone. It is possible that oligomerization occurs at tail- 7 of ref 31), similar dimerization can be expected for those
to-tail 7—1—7 and 7#3—7 sites, but the DNA spacing would that have hydrophobic residues in equivalent positions. For
not allow the high-affinity 72—7 dimer to form. Because example, the NarL-related sister protein, NarP, has valine,
NarL® is a monomer in solutionl(l; A. E. Maris, R. P. isoleucine, and leucine residues at NarL positions Val 204,
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exclusively nonpolar, and a dimerization interface may not
have been predicted prior to determination of the NarL
DNA structure. DNA cleavage experiments based on the
dimeric BvgA model successfully demonstrated the orienta-
tion and locations of BvgA promoter binding relative to the
RNA polymeraseo. subunit C-terminal domain3@). The
hydrophobic regions of BvgA side chains may play a role
in dimerization, as His 211 of NafLdoes. This may also
be the case for the related response regulator UI3dA in
which the predicted dimerization residues would include an
arginine. Thus, members of the NarL/FixJ subfamily use
varied means to achieve dimerization and DNA recognition.
It is not yet known which NarL surface-exposed residues
contact RNA polymerase5), or how the contacts may differ
at the diverse NarL-controlled operons (Figure 2).

Residues involved in the secondary DNA backbone
contacts shown in Figure 5 are well conserved among NarL
and NarP orthologs (Figure 11). Arg 159 hydrogen bonds
to two consecutive bases via DNA backbone contacts and
is highly conserved. The neighboring Thr 157 is not well
conserved, but always consists of a residue capable of
similarly hydrogen bonding to the DNA backbone. His 190
and Thr 186 on the DNA recognition helix hydrogen bond
FIGURE 10: Comparison of the TraR and NarL DNA binding to the DNA backbone and are highly conserved. An
domains, which exhibit the same fold. (A) Superposition performed exception to the many conserved residues is Ser 185, the
using the DNA recognition helix of each protein. The rmsd for 59 hydroxyl group of which hydrogen bonds to the DNA
Co. atoms of the C-domain whose sequences are 20% identical is . :
1.8 A (29). NarL (green) is in its unphosphorylated for, ©). backbone. The Ser 185 main chain carbonyl hydrogen bonds

TraR (orange) is in its activated, DNA-bound for29( 30). No to a water bound to the distorted Cyt 5 at the major groove
unactivated structure is yet available for TraR. In the TraR floor.

structures, both the N- and C-domains dimerize independently of . .

one another, with a flexible linker between domains. While it is Many residues that are important for secondary DNA
clear that activation allows the NarL N-domain to move out of the Contacts are conserved among both NarL and NarP orthologs,
way for dimerization and DNA binding, interdomain flexibility — but residues involved in primary DNA contacts distinguish
allows many possible N-domain locations. (B) Secondary structures NarL. and NarP orthologs. NarL Val 189, which contacts Cyt

of the regulatory domains of TraR (B1) and NarL (B2) are shown ; : : ‘e i
schematically, with strands of thfesheet represented by numbered 5 distorting the major groove floor, is highly conserved, as

triangles anda helices by circles. Although the DNA binding 1S LS 192. However, the flexible Lys 188 position can be
domains are quite similar, the N-terminal regulatory domains differ lysine, glutamine, or arginine. This primary sequence varia-
in both structure and activation: TraR is activated by binding tion provides the basis of similar but slightly differing NarL
hormone and NarL by phosphorylation. and NarP consensus sequences. NarP orthologs contain

. . . conserved residues that are important for secondary DNA
val 2Q8' and His 211, respectl\_/el_y (Figure 11), and contacts in the Nart—DNA structures and recognize a DNA
recognizes a heptamer consensus similar to that of NiaL (

. X consensus sequence similar to the NarL consengls (
Figure 11 also shows sequence alignments for NarL and Narphowever, no biochemical data support NaarP het-

orthologs found in other microorganisms also capable of : : . : .
9 g P erodimer formation. One possible explanation arises from

Poixzsg?%ﬁge&%é) 3&mggsgﬁgﬁcﬁg}fgﬁrgfgoféﬁg\',i%esthe position of bulky residues found on dimerization helix
10. The large NarL Trp 209, which contributes to the

f\fmgsggm;fsrg?srgh?n;ﬁms;ﬁgfﬁ,? dNa‘?Tr]l(‘)sn?hgzépc‘)rltr;;gd'gg?{ dhydrophobic core of the helical bundle, is not conserved in
9 gnly g 9 the NarP family. Instead, members of the NarP family often

;gr%?r;igggtigi fl;%?:&zgeuifi?ﬁlgzaﬁgiwniIfjlrg]pgr:tgga ds have phenylalanine in the position adjacent, which could alter
with the DNA backbone at the narrowed mi%oy rogve region the orientation of helices with respect to each other,
9 9 disfavoring heterodimerization. Amino acid sequence align-

between heptameric half-sites, over which dimerization . ) .

. ' ments already suggested that considerable diversity was
gtcrﬁlézﬁré?%ﬂreez r%t?]eﬁngl?li)birTgii NSflT(LinDeNSA(\T;BlthT and embedded in structural features of the NarL/FixJ family

' y 9 (Figure 4 of ref9). Now, these cocomplex structures and

Fiure 2 i Yo gene expreseon s5598 Semn” e sequence consenvaions shown I Figure 11. can el
10 hvdrophobic residues aFr)e simiiarl conserved in NarP define promoter interactions of nitrate-regulated two-
yarop y ' component signaling pathways. We can begin to understand

N?:,Pa%%l#i?g;ﬁes?f'lséIXSZ?Vggor;eoég;dDa';IA}eCO nition the basis of promoter recognition by diverse organisms, such
P Y 9 as pathogenic, enteric, and soil bacteria.

features, a homology model based on the NarDNA _ - o
structure was built for BvgA, a whooping cough virulence Five complementary NarL recognition principles follow:
protein. Equivalent dimerization residues in BvgA are Val (1) Val 189 interacts with the major groove floor, distorting
197, Asp 201, and Lys 204. These residues are nota cytosine base, while successive purines on the opposite
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NarL . PN R
EC «+ QLTPRERDILELIA FAMELESRVEAAVWVHQERIF
ST e 3 ; K (RVEAAVWVHQERIF
EC O ... P R0 KAMELESRVEAAVWVHQERIF
sD . FRE A : K (RVEAAVWVHOERIF
SE ven P 0D KAMELESRVEAAVWVHQERIF
ST C ... FRE A : K (RVEAAVWMHOERIF
HH “es ) AR KK RVEAAVWAVQEGIER
DA e FRE A NE K (RVOVALYAVENGYG...
RM s AR £ KK ASRVQVAVYAVEHGLTA
PA e E A/H E HLGMRERVEARVWAVENDLV
PF ‘e E " HLGLRYRVEARVWAMEHLRGAG
PS e K AR E HLGLRERVEAAVWVLENERKG
NarP

EC ‘e RHLNVRSRVAATILFLOQRGAQ
SF - SRVAATILFLOQRGAQ
S0 .

VF .

5T e IRGMQ
ST T ... GMQ
5D e IRGIQ
SE e GIQ
ST C ... IRGMQ
¥P - FEY
HI ‘e

FM + + « SLTDREMDVLRLIA RH SRVAATVLYFEHEGR
AR « « + SLTDREMGVLRLIA RELNVHSRVAATVLYFEHENG

Ficure 11: Sequence alignment of the DNA recognition domains of NarL and NarP orthologs. The secondary units are shown as cartoons
and labeled. NarL numbering is shown at the top. Helices 8 and 9 form the-tetix-helix motif. E. coli NarL and NarP are at the top

of each list, with sequences from other nitrate-reducing microorganisms found below. The six asterisks at the top of the lists show the
locations of the three residues comprising the helix 10 dimerization interface (blue) and the three residues contacting the floor of the DNA
major groove (red). Ellipses indicate flanking residues that are not shown. The microorganisms are represented as folEvesli ECJ

MG1655), ST Salmonella typhimuriurhT2), EC_O E. coliO157), SD Salmonella dubliy SE Salmonella enteritid)s ST_C Salmonella

typhi CT18), HH Halomonas halodenitrificans DA (Dechloromonas aromatic&RCB), RM (Ralstonia metalliduransCH34), PA
(Pseudomonas aerugino®A01), PF Pseudomonas fluorescgn®S Pseudomonas stutzgriSF Shigella flexnerka), SO Shewanella
oneidensiMR-1), VF (Vibrio fischeriES114), ST_T$almonella typhiy2), YP (Yersinia pseudotuberculo¥i$il (Haemophilus influenzae
86-028NP), PM Pasteurella multociddm70), and AA Actinobacillus actinomycetemcomitaH¥1651).

strand stack stably for protein recognition (Figure 3B of ref recognition platforms (Table 1) for the NarL DNA binding

11). domain, molecular details of how NarL recognizes nen-7
(2) The flexible side chain of Lys 188 allows flexible 2—7 sites are not yet known. Phosphorylation-driven oligo-

recognition of DNA bases on the major groove floor (Figure merization of NarL could no doubt enhance binding at non-

9). 7—2—7 sites. The DNA-dependent dimerization of NarL
(3) Lys 192 requires purine in consensus positions 3 and allows for an additional level of transcriptional regulation
4 of the complementary strand. beyond phosphorylation. In the Tra®NA structures, the

(4) DNA substitutions in the minor groove below the regulatory and DNA-binding domains oligomerize indepen-
dimerization interface (in the AT-rich region) maintain dently, supporting this mechanistic model. The TraR struc-
secondary backbone contacts by allowing DNA backbone tures also offer a model for positioning of the activated NarL
flexibility in noncontacted regions. regulatory domains, although the relevant NarL structure

(5) DNA base spacing other than the two bases of the high-remains to be determined.
affinity tail-to-tail 7—2—7 promoter sites (Table 1) desta-
bilizes the high-affinity NarE dimerization interface. ACKNOWLEDGMENT
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