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NikR is a ribbon-helix-helix DNA-binding protein
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Abstract

Escherichia coliNikR, a repressor with homologs in other bacteria and archaea, was identified as a potential new
member of the ribbon-helix-helix8-a-a) family of transcription factors in profile based sequence searches and in
structure prediction experiments. Biophysical and biochemical characterization of the N-terminal domain of NikR show
that it has many features expected @-a-« protein includinga-helical content, dimeric solution form, concentration
dependent thermal stability, and ability to bind DNA in sequence-specific manner. Mutation of a residue predicted to be
important for DNA-binding reduces operator affinity but does not affect the secondary structure or stability of the
protein.
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The ribbon-helix-helix(8-a-a) family of DNA-binding proteins 1996 Monomers do not fold stably, as might be expected since
includes four prokaryotic repressors of known structure—Arc,bothB-a-a subunits contribute to a single hydrophobic ctBen-
CopG, MetJ, and Mnt—as well as the TraY protein family and vin et al., 1994; Raumann et al., 1994Hence, the stability of Arc
relatives of CopG and Met(Bowie & Sauer, 1990; Burgering is concentration dependent. Extensive mutagenesis of Arc has also
et al., 1994; Phillips, 1994; Raumann et al., 1994b; Gomis-Rutibeen performed, allowing determination of which residues are
et al., 1998. The ribbon-helix-helix portions of these proteins are important for stability or function and which are unessentizr-
45-50 residues in length and form dimers in which the subunitshon et al., 1986; Bowie & Sauer, 1989b; Brown et al., 1994; Milla
intertwine (Fig. 1A). Each monomer containsfstrand and two et al., 1994; Smith & Sauer, 1995; Brown & Sauer, 1999
a-helices, with the strands pairing to form an antipargiedheet Here, we report profile searches that identify the N-terminal
in the dimer. Alignment of these sequences reveals conservation dbmain of NikR repressor as a potential member of the ribbon-
the level of sequence pattern but relatively little sequence identityhelix-helix family and demonstrate that the biochemical and bio-
typically about 15%. At this level of identity, it is very difficult to physical properties of this NikR domain are consistent with a
find new family members using standard sequence homology-«-« fold. Finally, we show that the N-terminal domain of NikR
searches because false positives outnumber true positive proteliinds to a DNA site near the promoter of thikABCDE operon
pairs by ~10-fold (Rost, 1999. and also responds to mutations in the putafiveheet as expected

In the cocrystal structures of Arc, CopG, and MetJ, each ribbonfor a ribbon-helix-helix protein.
helix-helix dimer binds to a DNA site of 8-10 bp, and residues
from the B-sheet mediate most of the sequence specific ContaCtEeesults and discussion
with DNA bases in the major grooviSomers & Phillips, 1992;
Raumann et al., 1994b; Gomis-RUth et al., 1988mers can bind .
cooperatively to adjacent DNA subsites, although the regions O*nformatlcs
each protein used for these cooperative protein—protein interfo search for potential new members of the ribbon-helix-helix
actions are different. MetJ and Mnt also contain C-terminal do-family, a sequence profile method was ugktithy et al., 1994 A
mains in addition to their N-terming@-a-o domains. In MetJ, this  profile containing eight known family members including Arc,
domain mediates binding of the corepressor, S-adenosyl methivint, CopG, MetJ, and TraY was constructed and a search of the
nine (Somers & Phillips, 1992; Phillips & Phillips, 1994in Mnt, August 1998 SWISSPRQTrEMBL (Release 36database was
the C-terminal region forms a coiled-coil tetramerization domainperformed (see Materials and methodsThe highest scoring
(Nooren, 1999 The folding of Arc dimers has been studied in matches, excluding profile sequences and their relatives, are listed
detail (Bowie & Sauer, 1989a; Milla & Sauer, 1994; Jonsson et al.,in Table 1. Sequence alignments are shown in Figure 1B. Most of
the high scoring proteins are encoded by open reading frames with
no known function but one sequence—encodednikR (née

Reprint requests to: Robert Sauer, 68-571, 77 Massachusetts Avenu¥ihG)—was recently identified in a genetic screenksicherichia
Cambridge, Massachusetts 02139; e-mail: bobsauer@mit.edu. coli mutants that fail to repress nickel permease actildiy Pina
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Table 1. High-scoring sequences from profile search

ORFprotein Organism SWISSPROT ID Score Residues aligned
Y420 Haemophilus influenzae P43995 299 7-5899)

NikRP E. coli P28910 298 1-47133

YbfE E. coli P75735 294 74-120120

E-51 SSV1 P20217 254 11-5151)

Y767 Methanococcus jannaschii Q58177 237 5-51135

aNumber in parenthesis is total length of protein.
bAlso known as YhhG.

etal., 1999. ABLAST (tblastn search of the unfinished genomes Eisenberg(1996 (see Materials and methgdg he Arc structure

database revealed NikR homologs in three other bacterial speciesored highest against four of the five NikR N-terminal domain

and in all five archaea for which genome sequences are availablequences and was the second highest hit for the remaining se-

(Fig. 2). The N-terminal region of each NikR protein aligns with quence, although the statistical significance of these scores was

the sequence profiléFig. 1) and shows the signature polar- borderline(Table 3. Nevertheless, both profile searches and struc-

hydrophobic patterning observed for tfgestrand anda-helical ture prediction suggest that NikR is a member of the ribbon-helix-

regions of the otheB-a-a proteins(Figs. 1, 2. Moreover, the  helix protein family.

highly conserved positions in the sequence alignment of NikR

N-terminal domglns gene_rally corr(_aspon_d to posm_ons in Arc .re'BiochemicaI and biophysical characterization

pressor where single alanine mutations disrupt folding or function,

and nonconserved NikR positions correspond to positions in ArcTo test experimentally whether NikR has properties expected for a

where mutations are silerisee Fig. 2. The NikR proteins also ribbon-helix-helix protein, we cloned, expressed, and purified the

contain homologous C-terminal sequences-80 residues with a  NikR protein fromE. coli. If the N-terminal region of NikR does

unique His-X3-His-X;o-His-X-His-Xs-Cys motif that probably adopt thes-a-« fold, then it would be expected to fold indepen-

forms a nickel binding sitéFig. 2, bottom. dently as a dimer and to have substantidielical secondary struc-
The N-terminal domain sequences of five NikR proteins wereture. Digestion of full-length NikR with elastase produced a stable

submitted for structure prediction by the method of Fischer and\-terminal fragment with a ma$§,632 Da close to that expected

A
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+
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CopG (2-48)  JQ1664
Y420 (7-53)  P43995
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YbIE (74-120) P75735
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Fig. 1. Ribbon-helix-helix fold and sequence alignmemts.Two views of the Arc repressor diméRaumann et al., 1994lgenerated

using MOLSCRIPT(Kraulis, 1992. B: Alignment of known (top eighy and putative(bottom five ribbon-helix-helix proteins.
Conserved hydrophobic residues are shaded in light gray. Other conserved residues are shaded in dark gray. Every tenth residue is
indicated by(#). *, MetJ sequence fromctinobacillus actinomycetemcomitafnem unfinished genomes databdsee Materials and

method$.
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Fig. 2. Alignment of NikR family identified in BLAST(tblastn) searchegAltschul et al., 1997. Homologous positions in Arc where
alanine substitutions disrupt folding of functioBrown et al., 1994; Milla et al., 1994re marked by®) underneath the N-terminal
domain portion of the sequence. Putative nickel-binding residues in the C-terminal region are identifflédbyery tenth residue

is indicated by(#).

for a fragment extending from residues Metl to Phe53. The cor- The 1-48 N-terminal fragment d&. coli NikR had a circular

responding C-terminal domain fragment of NikResidues 54—

dichroism (CD) spectrum characteristic of a protein with 56%

138) also appeared to be produced by limited proteolysis but was-helix (Fig. 3A). A value of 55% would be expected based on the

observed only at early time points. Residues 49 to 55 oEthmli

proposegB-a-« secondary structure. In equilibrium analytical ultra-

NikR sequence probably form a flexible interdomain linker sincecentrifugation, the N-terminal domain sedimented with a mean
this region is relatively glycine-rich and contains gaps in the align-molecular weight of 11.5 kDa, close to the value expected for a
ment(Fig. 2). Therefore, a slightly shorter fragment consisting of dimer of 6.4 kDa subunitéFig. 4). The secondary structure of the

E. coli NikR residues 1 to 48 with a C-terminal 6His-tag was NikR N-terminal domain was lost in a cooperative fashion in both

cloned, expressed, and purified.

Table 2. Structure predictiof results for
NikR N-terminal domains

NikR Z-scor@

Arc 3.13(1), —
Arc 3.63(2), Mnt 2.64(8)
Arc 4.71(1), Mnt 3.55(2)
Arc 3.97 (1), Mnt 2.38(9)
Arc 3.85(1), —

E. coli (1-48°¢

M. jannaschii(4-51)
Pyrococcus horikoshi{3—-50
Helicobacter pylori(10-57)
Archaeoglobus fulgiduss—52

aStructure prediction used the method of Fischer and Eiser{t8&H
as described in the text.

bZ-scores for 1mykArc PL8 (Schildbach et al., 1995 and 1mnt,
(Burgering et al., 1994 Mnt scores are not listed if they fell below the top
15 hits. The numbers in parenthesis are the ranking of the score.

thermal and GuHCI denaturatidirig. 3B,C), as expected for a
stably folded native protein. Moreover, as expected for a reaction
in which native dimers and denatured monomers are in equilib-
rium, the thermal stability of N-terminal domain was concentration
dependentFig. 3B). Fitting of the GUHCI denaturation data gave
an equilibrium constant of 9.8 1071 M for dissociation of the
N-terminal domain dimer to monometJable 3. These results
support the model that the N-terminal domain Ef coli NikR
adopts a homodimerig-a-« fold.

DNA binding of wild-type and mutant domains

NikR’s function as a genetic repressor suggests that it is likely to
be a sequence specific DNA-binding protéite Pina et al., 1999
and the identification of the N-terminal region as having a ribbon-
helix-helix fold predicts that this domain should mediate DNA
recognition. To test this model, DNase footprinting was used to
assay binding of the N-terminal domain Bf coli NikR to a DNA

°Numbers in parenthesis indicate N-terminal domain residues used fofragment containing theikABCDEpromoter region. As shown in

structure prediction.

Figure 5, the wild-type N-terminal domain protects many of the
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Fig. 3. Biophysical properties of NikR N-terminal domai&. Far-UV CD
spectrum; filled circles, 1.26M WT N-terminal domain; open diamonds,
1.25 uM RA3 N-terminal domain.B: Thermal stability; filled circles,
1.25uM WT N-terminal domain; open triangles, 6.28M WT N-terminal
domain.C: GuHCI stability; filled circles, 6.25«M WT N-terminal do-
main; open diamonds, 6.26M RA3 N-terminal domain. Conditions for
each experiment are described in Materials and methods.

bases in a region extending from base31 to +2 and also me-

diates enhancements of some bases outside of this region. These
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Fig. 4. Analytical ultracentrifugation of 6.2%M NikR N-terminal do-
main, 31,000 rpm, 2%C. The fitted line corresponds to a molecular weight
of 11,550 Da. The expected molecular weight of a dimer of the N-terminal
domain 1-48 fragment with the -LEHHHHHH tail is 13,200 Da.

another prediction of thg-a-a model for the N-terminal domain

of NikR is that a mutation at the first surface position of the
presumeg3-sheet should interfere with DNA-binding but not af-
fect protein stability. To test this we constructed and purified the
Arg3 — Ala (RA3) mutant of the NikR N-terminal domain and
assayed protein stability and DNA protection. As shown in Fig-
ures 3 and 5, when compared with wild-type protein, the RA3
mutation does not substantially alter the CD spectrum or stability
of the mutant protein but does eliminate DNA binding.

The B-a-a superfamily

The prevalence of different superfamilies of transcription factors is
one indication of their relative “evolutionary succeg$abo &
Sauer, 199R Helix-turn-helix proteins probably constitute the dom-
inant superfamily of bacterial repressor and activator proteins. By
contrast, the ribbon-helix-helix group of DNA-binding proteins
has been rather sparsely populatBdumann et al., 1994aHow-
ever, the addition of the CopG and NikR families to tBev-a
class has more than doubled the number of known superfamily
members in the past year alone. Many of the nonNikR sequences
listed in Table 1 may also prove to be superfamily members, and
there may be more examples to discover. NikR homologs are
present in archaea as well as eubactéfig. 2). At present, there
are no validated ribbon-helix-helix proteins in eukaryotes, al-
though a family of plant regulatory proteins does share some of the
sequence features of this familiim et al., 1997.

Role of NikR

results confirm that the N-terminal domain of NikR is responsible The nikABCDEoperon ofE. coli encodes proteins that appear to
for DNA recognition. In preliminary experiments, we have also assemble to form an ABC-type periplasmic transporter for nickel
found that a subset of mutations within the DNA region protected(Navarro et al., 1993; Tam & Saier, 199FhenikRgene is placed

by the N-terminal domain reduce the affinity of NikR for the at the end of this operon but is expressed from its own promoter

operator(data not shown
Based on structural and mutagenic studies in @wwn et al.,
1994, Mnt (Knight & Sauer, 1989 and MetJ(He et al., 1992,

(de Pina et al., 1999Genetic evidence indicates that the primary
function of NikR is to repress transcription of thixkABCDEgenes
when nickel is present at concentrations of 26M or more
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Table 3. Stabilities of wild-type and RA3 NikR N-terminal domain dinfers

Tm Cn m AGy Ky
Protein (°C) (M) (kcal/mol-M) (kcal/mol) (M)
Wild-type 76.9 2.97 2.20 13.59 9.9310° 1!
RA3 78.9 2.90 2.11 13.20 1.92 1010

aProtein solutions of 1.26 and 6.28V1 were used for thermal and chemical denaturation, respectively.

(Navarro et al., 1993; de Pina et al., 1998. coli requires nickel
as a cofactor for hydrogenagkausinger, 198); an essential en-

domain. Indeed, a fragment corresponding to the C-terminal do-
main of E. coli NikR stably folds in solution, is a monomer, and

zyme for anaerobic growth, but excessive uptake by the cell ibinds nickel(P.T. Chivers & R.T. Sauer, unpubl. resiilts
probably toxic. It seems likely that NikR senses high concentra-

tions of nickel through interactions of this metal with its C-terminal
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Fig. 5. Dnase | footprinting of thenikABCDE promoter region by
6.25uM of the wild-type or RA3 N-terminal domain of NikR. The region
protected by the wild-type N-terminal domain is outlined, and the corre-
sponding sequence is shown to the right didhe left strand was labeled
with y3?P-ATP at the 5end. The putative—10 region(Navarro et al.,
1993 and start point of transcription are also indicated.

Validating a-a-« fold

The B-a-a motif is only 45-50 residues in length and contains no
residues that are absolutely conserved. The pairwise identity be-
tween sequences of members of different subfamilies is generally
only 10 to 15%, with only a few cases in which identities are
>20% (Table 4. Consequently, it is easy both to miss new family
members and to predict family members wrongly. For these rea-
sons, it is important to use multiple methods to confirm that a
suspected relative is really a bona fide member of the family. In the
case of the N-terminal domain of NikR, there are a number of
indicators in addition to sequence similarity that support its as-
signment to the ribbon-helix-helix family: the N-terminal domain
of NikR matches best to Arc, @-a-a protein, in structure predic-
tion experiments; this domain is stable to limited proteolysis and
has a CD spectrum expected for a protein with the sarhelical
content as Arc; the native N-terminal domain, like Arc, is dimeric
and shows concentration dependent stability; and mutation of a
predicted DNA-binding residue reduces DNA binding but does not
affect protein secondary structure or stability. This combination of
properties suggests strongly that NikR hg8-a-« fold. We also
note that the pattern of sequence conservation among differ-
ent NikR subfamily members matches closely to the patterns of
structurally and functionally important residues that have been
established by mutagenesis of Arc repressor. Finally, NikR is a
transcriptional repressor and DNA-binding protein and thus shares
common functions with other members of tBev-a superfamily.

It will obviously be important to obtain direct structural informa-

Table 4. Percentage pairwise sequence identity between
ribbon-helix-helix subfamily membétrs

Arc Mnt Metd Tra¥Y  CopG NikR
Arc P03050  — 37 11 17 17 13
Mnt P03049 17 15 13 11
MetJ P08338 15 11 17
TraY P06627 15 19
CopG  P13920 22
NikR  P28910 —

2Pairwise identity of the 46 residue alignment in
identity scores greater than 20% are shown in bold.
PSWISSPROT ID number.

Figure 1. Pairwise
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tion for the N-terminal domain of NikR. In this regard, crystals of GuHCI, and lysis occurred during gentle shaking for 30 min at

this domain have been grown that diffract+@®.5 A, which with 37°C. The lysate was centrifuged, and the supernatant was loaded

some improvement should be suitable for crystallographic analysison a 3 mLcolumn of Ni—NTA resin(Qiagen Inc., Valencia, Cal-
ifornia) that had been pre-equilibrated with five volumes of lysate
buffer. After loading, the column was washed with 25 volumes of

Materials and methods lysis buffer and eluted with three volumes®M GuHCI, 0.2 M
acetic acid. The eluate was dialyzed overnight against 6 L of
Searches and structure prediction 50 mM Tris (pH 7.6), 100 mM sodium chloride. Only about 10%

of the full length NikR protein refolded to a soluble form during
dialysis. The remainder of the protein was insoluble and was re-
moved by centrifugation for 30 min at 12,000 g. In contrast,

more than 95% of NikR N-terminal domain was soluble after

The_ PFW r_:md FFMAKE programs were used _to construct th%ialysis. Protein concentrations were determined using extinction
profile matrix using the3-a-a portions of the top eight Arc, Mnt, coefficients ofesgo = 3,960 M1 cm™ for the full-length protein

MetJ, CopG, and TraY sequences shown in Figure 1. Databasgt PH 7.5 andkses = 2,600 M~ cm~2 for the N-terminal domain
searches were performed on the August 1998 updétease 36 ¢ \ikR at pH 12. Purified proteins were more than 95% pure as
othe SWISSPROTTTEMBL databaseBairoch & Apweiler, 1998 determined by 15% polyacrylamide tricifeDS gel electropho-
using the PFSEARCH program. A threshold score of 100 Wasresis(Schagger & von Jagow, 1987

used. NikR homologs were identified by BLAST searchiA$-
schul et al., 199y of the unfinished genomes databa$etp:// _ _
www.ncbi.nim.nih.goyBLAST/unfinishedgenome.htmiSearches ~ Protease digestion

were performed using the tblastn option and the following Semngsburified NikR (100 M) in 300 uL of 50 mM potassium phos-
expect=10; filter=default; descriptions 100; and alignments100. phate(pH 7.6 was digested with 0.2:M porcine pancreatic elas-
Structure prediction e_mploying the method of F_:ischer_and Eisenfase type IV(Sigma, St. Louis, Missouri Aliquots (20 uL) were
berg was carr_led out using the DOE-UCLA website ser(/lrﬂtp:// taken at intervals from 0 to 30 min, quenched by addition to a tube
WWW.Q0e-mb|.ucla.ed,(peoplle’frsvr/frs.vr.html). The N-termlnal containing 1uL of 0.1 M phenylmethylsulfony! fluoridé PMSF)
domain sequences of five NikR proteins were submitted for struc, 4 loading dyes, and immediately frozen in liquid nitrogen. Fro-
ture prediction with the following options: H3R2o; TOPITS=no; zen samples were boiled for 5 min and analyzed by 15% poly-
HTML.:ye.s; and PROFILESEARCHno. The structural database acrylamide tricingsodium dodecylsulfatéSDS gels(Schagger &
used in this search contained structures for Mnt, MetJ, and twg, - Jagow, 198 After 30 min, the remainder of the reaction was
variants of Arc repressor, PL8 and MYL-Arc. frozen in liquid nitrogen and later analyzed by MALDI-TOF mass
spectroscopy using a PerSeptive Biosystems Voyager DE-STR in-
strument. Masses were correlated with peptide sequences using
PAWS 8.1.1(ProteoMetrick

Database profile searchékithy et al., 1994 were performed
using Version 2.0 of PFTOOL®btained from http/www.isrec.
isb-sib.chyprofile/profile.html) on an SGI INDIGO 2 workstation.

Cloning and protein expression

The nikR gene was cloned by PCR from genomic DNAEfcoli

strain MC1061 using oligonucleotide primers PC180G TTA

ACG CAT ATG CAA CGA GTC ACC ATC ACG-3) and PC101

(5'-ATAATACTC GAGATCTTCCTT CGG CAAGCACTG-3). CD spectra were taken using an AVIV model 60CD spectropolar-

The PCR fragment was digested witidd and Xhd and ligated  imeter(Aviv Associates, Lakewood, New Jergeand a 1 cnpath-

into pET-22b(Novagen, Madison, Wiscongirwhich had been cut  length cuvette. Scans were performed with 3.8 of protein in

with the same enzymes, to generate pNIK100. Protein expressesl buffer[50 mM sodium phosphatgH 7.6] and a 5 saveraging

from this construct has a C-terminal extensigtEHHHHHH) to time at each wavelength. Fractional helicity was calculated assum-

aid in protein purification. DNA encoding the NikR N-terminal ing a mean residue ellipticity of 34,000 degn?-dmol~* for a 100%

domain(residues 1-48was obtained by PCR of the full-length helical protein. Thermal melts were performed with 1,28 pro-

gene using primers PC100 and PCI85ACC TTG CTCGAG tein in S buffer usig a 1 min equilibration time and a 30 s aver-

GTG CTG CTG GGT GGC C-3 and was cloned into pET-22b to aging time for each iC temperature increment. GUHCI melts

generate pNIK101. A plasmid encoding the RA3 mutant of thewere performed with a stirred 2 mL solution of 6.2M protein in

N-terminal domain(pNIK101 RA3) was generated in an analo- S buffer from which aliquots were removed and replaced with an

gous fashion using primers PC101 and PC129A GAT ATA equal volume of 6.25%M protein in S buffer pls 6 M GuHCI.

CAT ATG CAA GCG GTC ACC ATC ACG CTT GAT GAC-3). Equilibration occurred rapidly at each concentration point as judged

Constructs were verified by dideoxynucleotide sequencing usindpy the kinetics of the CD ellipticity change and signals were then

Sequenase Version 2.0 DNA Sequencing Kihited States Bio- averaged for 1 min. Data from thermal and GuHCI denaturation

chemical, Cleveland, OhjoOligonucleotides were synthesized by were fit to a two-state equilibrium model in which native dimers

Integrated DNA Technologies, In¢Coralville, lowa. and denatured monomers are the only populated species, using
For protein purificationE. coli strain BB101(F’ lacl? lac™ nonlinear least-squares fitting and previously published equations

pro*/ ara A(lac-pro) nall argEam rif thi-1 slyDADE3) trans-  (Bowie & Sauer, 1989a

formed with the appropriate plasmid was grown in 0.5 L of LB

broth to an Oy of 1, and expression was induced by addition of Analytical ultracentrifugation

IPTG to a final concentration of 0.5 mM. Cells were harvested 3 h

after induction. The cell pellet was resuspended in 50 mL ofA protein sample containing 6.26M NikR N-terminal domain in

100 mM potassium phosphate, 10 mM TtjsH 8.0, and 6 M S buffer were centrifuged at 31,000 rpm in a Beckman Optima

Circular dichroism
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XLA analytical ultracentrifuge. After 15 h of equilibration, absor- Burgering MM, Boelens R, Gilbert DE, Breg JN, Knight KL, Sauer RT, Kaptein

bance data at 230 nm were recordeé® d& intervals fo 6 h and ?é-igggésfggﬂn structure of dimeric Mnt represébr76. Biochemistry
then @ 1 h intervals for an additional 3 h. Data were fit as de- de Pina K, Desjardin V, Mandrand-Berthelot M-A, Giordano G, Wu L-F. 1999.

scribed previouslySchildbach et al., 1998with a partial specific Isolation and characterization of th&R gene encoding a nickel-responsive
volume of 0.718 Crﬁ.g*:‘- and a solution density of 1.005 gn*?’_ regulator inEscherichia coliJ Bacteriol 181670—674.

Fischer D, Eisenberg D. 1996. Protein fold recognition using sequence-derived

predictions.Protein Sci 5947-955.
Gomis-Rith FX, Sola M, Acebo P, Parraga A, Guasch A, Eritja R, Gonzalez A,
- Espinosa M, del Solar G, Coll M. 1998. The structure of plasmid-encoded

DNA binding transcriptional repressor CopG unliganded and bound to its opeEAI&GO
. . . J 17:7404-7415.
DNase | footprinting was performed as described previoUsty- Hausinger RP. 1987. Nickel utilization by microorganisnMicrobiol Rev
shon et al., 1987; Smith & Sauer, 199&ith some modifications. 51:22—42.
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