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ABSTRACT. The diphtheria toxin repressor (DtxR) is an Fe(ll)-activated transcriptional regulator of iron
homeostatic and virulence genesQ@orynebacterium diphtheriaedDtxR is a two-domain protein that
contains two structurally and functionally distinct metal binding sites. Here, we investigate the molecular
steps associated with activation by Ni(1}CGind Cd(I1)Ch. Equilibrium binding energetics for Ni(ll)

were obtained from isothermal titration calorimetry, indicating apparent metal dissociation constants of
0.2 and 1.7uM for two independent sites. The binding isotherms for Ni(ll) and Cd(ll) exhibited a
characteristic exothermieendothermic pattern that was used to infer the metal binding sequence by
comparing the wild-type isotherm with those of several binding site mutants. These data were complemented
by measuring the distance between specific backbone amide nitrogens and the first equivalent of metal
through heteronuclear NMR relaxation measurements. Previous studies indicated that metal binding affects
a disordered to ordered transition in the metal binding domain. The coupling between metal binding and
structure change was investigated using near-UV circular dichroism spectroscopy. Together, the data show
that the first equivalent of metal is bound by the primary metal binding site. This binding orients the
DNA binding helices and begins to fold the N-terminal domain. Subsequent binding at the ancillary site
completes the folding of this domain and formation of the dimer interface. This model is used to explain
the behavior of several mutants.

With few exceptions, ferrous iron [Fe(ll)] is required for repressed in the presence of sufficient bacterial iron levels.
growth and survival, but the concentration of Fe(ll) must be However, when bacterial iron stores drop, virulence gene
carefully regulated). High concentrations of ferrous iron  expression is derepressed. The virulence factors kill neigh-
generate oxidative damage when it is oxidized to the ferric boring host cells, making their stored iron available to the
form, whereas low concentrations prevent the normal func- pathogen.
tioning of a variety of cellular processes. Mammalian cells  Fe(ll) sensing and homeostasis in many Gram-positive
store ferric iron and reduce it to the ferrous form as needed. bacteria are linked to virulence by a family of proteins related
On the other hand, bacteria generally do not store ferric or to the diphtheria toxin repressor (DtxRyvhich was initially
ferrous iron and directly utilize ferrous iron taken into the isolated as the iron-dependent regulator of diphtheria toxin
cell. This direct dependence on environmental Fe(ll) presentsexpression inCorynebacterium diphtheriagd). DtxR has
special problems for pathogenic bacteria, which must com- subsequently been shown to regulate other genes involved
pete for available iron with the host cells. As one solution in iron uptake and utilization. IdeR, the iron-dependent
to this problem, many bacteria link virulence to metal repressor fronMycobacterium tuberculosiand the closest
availability (2, 3). Normally, virulence gene expression is DtXR homologue¥), is proposed to regulate the expression

of more than 45 different gene produc®,(functioning in
some cases as a repressor and in others as an activator of
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Ficure 1: Metal binding sites in Co(ll)-activated DtxR [PDB entry 1cO®8)]. The primary site residues are colored brown and the
ancillary site residues green.

The central role played by DtxR and its homologues in complicated by oxidation of the C102 thiol, there appears
bacterial survival has generated interest in the molecularto be very little difference in the structures of the metal-
mechanisms by which metal binding effects gene regulation bound state of DtxR, suggesting that these different metals
in this family of proteins. This has led to the identification can be used to probe the activation process.
of a hyperactive mutant of DtxR that represses target genes In this work, we focus on characterizing the energetics
at much lower metal concentrations than the wild-type and sequence of metal binding to DtxR, using Ni(ll), Cd-
protein (L0) and to the identification of peptide activators (Il), and Mn(ll). Early studies showed that the binding
of DtxR (11). The introduction of the hyperactive DtxR affinity for Ni(ll) was in the low micromolar range. However,
mutant into virulentM. tuberculosisreduces virulence in  one study exhibited rectangular hyperbolic bindirgy)(
mouse modelsl@), further emphasizing the importance of whereas a second study showed a partially sigmoidal binding
understanding the activation of these proteins. curve £8). A more recent study, performed with rigorously

DtxR contains two structurallyl@—15) and functionally demetalated protein preparations, indicated 2 equiv of metal
(16) distinct metal b|nd|ng sites in the |arger of its two bound by DtxR with an equilibrium dissociation constant in
domains (the N-terminal or N domain; residues Mi123). the low micromolar range for Ni(I)32), but the study was
The primary metal binding site (Figure 1) is formed by the unable to distinguish binding the two separate sites. Here,
side chains of residues M10, C102, E105, and H106 andisothermal titration calorimetry (ITC) was used to investigate
the backbone carbonyl of C102. Mutation of any of these binding the chloride salts of Ni(ll) and Cd(ll) metals. The
residues to alanine completely inactivates the repredspr ( data indicated multiple binding sites with apparent binding
The ancillary site contains the side chains of residues H79, affinities in the nano- to micromolar range. Furthermore,
E83, and H98 from the N domain, and residues E170 and metal binding yielded a unique temporal profile that was
Q173 from the C-terminal domainl{—19) (Figure 1). dissected using site-specific mutants in the primary and
Mutations in the ancillary site reduce repressor activity to ancillary metal binding sites to reveal the specific sequence
varying degrees, but not more than 50%6,(20). The of metal binding. These results were extended by the use of
C-terminal domain (A147#L226) is structurally homologous ~ heteronuclear NMR  relaxation studies. The connection
to eukaryotic SH3 domainsl{—19). Structurally, the N between metal binding and structural ordering was investi-
domain of DtxR exists as a molten globule ensemble of gated by use of near-UV circular dichroism (CD) spectros-
conformers in the absence of metal. This state has a highcopy. Together, the results of this study extend the descrip-
helical character and is weakly dimeric, but lacks fixed tion of metal binding energetics in DtxR and demonstrate a
tertiary structure. Metal binding effects a disordered to specific sequence of events leading to the activation of the
ordered structural transition that folds the N domaid)( aporepressor.
increases the affinity for the dime22), and orients the DNA
binding helices for binding to thix promoter/operator site MATERIALS AND METHODS

(13, 15). Construction of Mutant DtxR GeneBhe H79A and E83A
DtxR binds to and becomes activated for DNA binding ancillary site DtxR mutants were generated previousB) (

in vitro by other metals in the following relative order: Fe- and used without modification. The M10A mutadt) was

(1) ~ Ni(ll) > Co(ll) > Mn(ll) (22—24); Zn(ll) and Cd(ll) subcloned from an expression system based on the pROM

are also bound by and activate DtxR5, although a plasmid @9) into pET-11b by digestion of the PCR-amplified

guantitative comparison of activation by Zn(Il) and Cd(ll) product with Ndd and BanHI restriction endonucleases,

metals has not been published. Structural studies of DtxR followed by ligation into pET-11b digested with the same

activation have utilized Fe(ll), Co(ll), Mn(ll), Cd(11)13, enzymes. The C102A mutatiohg) was introduced into the

17, 26), and Ni(ll) (15, 16). Although the earlier studies were  wild-type DtxR gene via the Quik-Change mutagenesis kit
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(Stratagene, La Jolla, CA) using forward and reverse primerswas soaked in 10% nitric acid overnight and exhaustively
of 5-GTTCACGATGAAGCCGCCCGATGGGAACAT- rinsed with deionized water. Buffer solutions were made
GTCATG-3 and 3-CATGACATGTTCCCATCGGGCG- using deionized water, and dry Chelex resin (50 g/L) was
GCTTCATCGTGAAC-3, respectively. The generation of added with stirring overnight to remove trace metal con-
DtxRASH3 (encoding residues MIN142) was described  taminants. The solution was then filtered using a Q22
previously 80) and used without modification. The sequence filter into dry, acid-treated glassware.

of all constructs used in this work was confirmed by direct Isothermal Titration CalorimetryITC experiments were

sequencing of the expression plasmids. _ performed using a VP-ITC microcalorimeter (Microcal Inc.,
Protein Purification Cells were grown at 37C in LB to Northampton, MA) at 25C. Protein solutions were exhaus-
an optical density (OD) 0of-0.6 at 600 nm, induced by  iyely dialyzed against Chelex-treated buffer B, and the
isopropy thiogalactoside (final concentration of 1 mM) and yjaysate was used to generate the metal stock solutions. Al
harvested by centrifugation 3.5 h after induction. Cell pellets ¢ tions were degassed for 10 min prior to each experiment.

were resuspended in 50 mM Tris buffer at pH 8.0 (buffer iy ations were performed as 50 injectionsul each) of a

A), lysed using a .microﬂuidizer (Microfluidics Cofp-’ 1.5 mM metal stock solution into a 28V protein solution
Newton, MA) according to the manufacturer’s instructions, in the sample cell (1.545 mL) of the calorimeter. DIX8H3

?nnd clarrlfc;ed byt;:enr:rlzu?natlﬁn. ITr(i)r:etlr? cornce;trsatmnrs WEere 35 uM) was titrated with a 60-fold excess of metal as 26
easured spectrophotometrically € prese urea injections (4uL each). Each metal injection requir8 s with

ggégoc:;? &l,)lu(maeisgsu;fg; extinction coefficient of a SOQ s relaxation interval between sgccessive injectiqns: All
e - ) titrations were corrected by subtracting the heat of dilution

DixR. The clarified cell lysis supernatant was chromato- ,pained from the titration of metal into protein-free buffer
graphed over a freshly charged nickel affinity column that solutions. These corrections and subsequent curve fitting

was pre-equilibrated with buffer A. Fractions containing were performed using Origin 7.0 provided by the manufac-
DtxR were concentrated and chromatographed on an anion[urer

exchange column (Q-Sepharose) pre-equilibrated in buffer ) ) ) _
A. DtxR was eluted using a linear gradient of NaCl between  Circular Dichroism Near-UV CD experiments were
0.22 and 0.27 M NaCl. The fractions were pooled, exchanged Performed on an AVIV-202 CD spectropolarimeter (Pro-
into 10 mM HEPES (pH 5.5) containg®® M NaCl and 3 M terion Corp., Piscataway, NJ) at 26. The filtered protein
urea, and Chromatographed using a pheny|_Sepharose hyStOCk was diluted to the desired Concentrationm in
drophobic affinity column (Amersham Biosciences). DtxR 10 mM HEPES buffer (pH 6.8) containing metal at the final
eluted in two different fractions corresponding to the concentration. Samples were equilibrated foh at 4°C
monomeric and disulfide-linked dimeric protein using a linear prior to data collectionA 1 cm path length quartz micro-
gradient of 0 ® 2 M NaCl. Both fractions were pooled, cuvette was used for all spectra. Spectra were collected from
concentrated, and dialyzed extensively against Chelex-treated325 to 250 nm in 0.2 nm increments wi¢ s averaging per
10 mM HEPES (pH 6.85) (see below). increment. Three independent scans were collected for each
DtxR M10A and C102AThe clarified cell lysate was Protein sample (and for each buffer with metal), averaged,
directly loaded on the Q-Sepharose anion exchange columncorrected for absorption by the buffer, and normalized for
M10A and C102A eluted at 0.25 and 0.28 M NaCl, protein concentration. All spectral processing was performed
respectively. The remainder of the purification was identical using software provided by the manufacturer.
to that of wild-type DtxR except that C102A eluted in the NMR SpectroscopyVild-type and mutant DtxR proteins
flow-through on the hydrophobic affinity column. were uniformly labeled with!N in minimal medium
DtxR H79A and E83AThese mutant proteins formed supplemented with 1 g/L*{N]NH,CI (Cambridge Isotope
inclusion bodies when expressed. Therefore, the cell lysis Laboratories, Cambridge, MA) and purified as described
pellet was resuspended in buffer A contagM urea and above. Samples of metal-bound DtxR were prepared by
centrifuged to pellet insoluble material. The supernatant was addition of Mn(I1)Ck or Cd(I)Cl, from freshly prepared 500
dialyzed against buffer A to remove urea and refold the mM stock solutions at the desired stoichiometric ratio.
protein prior to purification as described for wild-type DtxR.  Heteronuclear single-quantum coherence (HSQC) spectra and
DtxRASH3.The cell lysate in buffer A was loaded directly longitudinal relaxation times were measured at@0using
on the Q-Sepharose anion exchange column, with RE&R3 standard experiment8%, 33) on a 720 MHz Varian Inova
eluting between 40 and 80 mM NaCl. The rest of the console. Spectral parameters were 12 001 and 2650 Hz sweep
purification proceeded as for wild-type DtxR. widths digitized by 1024 and 200 complex points in the
Reduction and Demetalatiolthe C102 thiol of apoDtxR ~ and >N dimensions, respectively. Spectra were processed
oxidizes slowly, but metal binding effectively prevents using nmrPipe 34) and analyzed using NMRView3§).
oxidation. Prior to metal binding experiments, all proteins Longitudinal>N relaxation delay times of 10, 140 (twice),
were freshly reduced using a 150-fold excess of dithiothreitol 240, 370, 530 (twice), 760, and 1160 ms were recorded.
(DTT) at 37°C for 1 h, and exchanged into 10 mM HEPES Duplicate spectra were used to estimate the measurement
(pH 6.8) using a desalting column. Reoxidation of the thiol error. Normalized resonance intensities were fitted to a
occurs slowly over the course of-30 h at room tempera-  single-exponential decay. The enhancement in longitudinal
ture. The concentration of free thiol was determined using relaxation rate due to paramagnetic Mn(llR.e was
Ellman’s reagent before and after ITC and CD experiments. determined from the difference R, values of Mn(ll)- and
Preparation of Glassware and SolutionGlassware and  Cd(ll)-bound DtxR. Distances were calculated using the
buffers were rigorously cleaned and demetalated. GlasswareSolomon-Bloembergen equation



Sequence of Metal Binding and Folding in DtxR Biochemistry, Vol. 44, No. 15, 2005675

n = 2O H SIS
Le 15\4n r6 1 1
0.4 4 -
7‘60 + 3TC © 9 0- LII llh. ]

1+ (0g0)° 1+ (g .
¢ ¢ _§ -0.4 4 -
wherewy andwe represent the nitrogen and electron Larmor 0 8_‘ ]

frequencies, respectively,is the nitroger-metal distance, ]
and 7. is the correlation time for the dipolar coupling 12
determined as

1.2 4

. =1, 4 0.6 4
o J
wherer,, 7;, andry, are the electron, rotational, and exchange § 0.04
correlation times, respectively. Other symbols have their c:S_ _0_6_'
standard meanings and valu&)( ;
Mobility Shift AssaysElectrophoretic mobility assays were 1.2
performed essentially as described previougly, 4). All ] i i i i i
protein samples initially contained a 10-fold molar ratio of o 1 20 30 40 50
Ni(ll), and additional metal was added upon addition of Injection number

DNA. All electrophoresis buffers contained 1 mM Ni(ll)-  Ficure 2: Blank-corrected instantaneous heats evolved upon
Cl,. Protein (2«M) was mixed with DNA (90 nM), incubated titration of wild-type DtxR with Ni(l)Ck (top) and Cd(lI)C}

for 20 min at room temperature, and electrophoresed for 20 (bottom).

min at 200 V in a 6% acrylamide prerun gel equilibrated in ) ) ) S
Tris-borate buffer containing 1 mM Ni(IGl Gels were  the instantaneous heat evolutions associated with fitrating

stained with SYBR Gold (Molecular Probes, Eugene, OR) Ni(Il) or Cd(Il) into DtxRASH3 Q0) and the ancillary site

proteins show a single exothermic binding process that
RESULTS saturates at roughly 1 equiv of added metal, indicating that

metal binding at the ancillary site was substantially weakened
in these mutants. Titration with Cd(ll)€fesulted in ag-
gregation and some precipitation as evidenced by the sample
turbidity observed at the end of titrations. This process
probably accounts for the nonsaturating endothermic heats
observed at high metal:protein ratios. Metal-induced ag-
gregation was not observed when titrating with Ni(IRCl

Metal Binding by Wild-Type DtxRFigure 2 shows the
instantaneous heat evolution associated with titration of wild-
type DtxR by Ni(Il)CkL or Cd(Il)Cl,. Binding either Ni(ll)
or Cd(ll) is initially strongly exothermic followed by an
endothermic phase prior to saturation at approximately 4
equiv of metal. The magnitude of the exothermic and
endothermic heat evolution is greater for Cd(ll) binding than

for Ni(Il) binding, but the overall pattern is similar. Titrations M.etal Binding by Primary S'ite Mutantigure 4 S.hOV\.’S
performed at protein concentrations from 3 to8@ at the the instantaneous heat evolutions obtained upon titration of

same temperature had little effect on the overall pattern angNi(l1) or Cd(ll) into C102A and M10A mutantsl) of DixR.

relative amplitudes of the different portions of the binding When_ titr_ate_d with N|CJ M10A exhibited a strong exo-
isotherms. thermic binding profile that saturated by the 15th injection,

A potential complication when interpreting the binding follpvyed_by a second exothermic bir}ding.that saturated'after
isotherms arises from the slow oxidation of the thiol group 28 injections. In response to increasing Ni(ll) concentrations,
on C102. Disulfide-linked dimers are readily formed during C102A exhibited an expthermlc binding process that satu-
purification, resulting in an inactive proteiB7). To ensure “’?‘te‘?' by the fourth injection followed by a Se‘?O.”d gxothermlc
complete reduction of C102, all proteins were reduced with binding process that sgturated at the 16th Injection. On the
excess dithiothreitol for 60 min at 3T and unreacted thiol opher hand_, litrating e|ther_of .the.se mutants with Cd(11)
was removed via buffer exchange. Incomplete reduction or Yi€/ded an initially exothermic binding process that became
residual thiol contamination was readily apparent in the endothermic before saturation. Cd(ll)-induced aggregation

binding isotherms, and data from these samples were notf Poth M10A and C102A was noted.
considered further. A final complication stems from possible ~ DNA Binding by DtxR and Metal Binding Mutantsigure
metal binding by the SH3 domain, as observed in a recent® compares the DNA binding ability of wild-type DtxR with
crystal structure of Co(ll)-activated IdeRg). Addition of that of the ancillary and primary site mutants. In the presence
Ni(I1)Cl , to an isolated SH3 domain construct (residues-144 of saturating Ni(I)C}, DtxRASH3 is able to bind and shift
226) showed weak binding of 1 equiv of metal with an @ high-affinity DNA sequence related to thex promoter
equilibrium dissociation constakt, of ~40uM (not shown). (23, 24) similar to the wild-type protein. H79A shows a
Metal Bmdmg by Anci”ary Site Mutanttn an attempt to weakened ablllty to bind DNA, whereas C102A and M10A
assign the thermodynamic binding sites identified from the are incapable of binding DNA.
calorimetry data with the physical binding sites identified  Metal-Induced Folding of DtxRNe previously established
from genetic and structural analysis of DtxR, metal binding that metal binding induces a folding transition involved in
by various DtxR mutants was investigated. Figure 3 shows the activation of DtxR Z1). Far-UV CD spectra of the apo-
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shown). In contrast, metal binding induces substantial
‘ changes in the near-UV CD spectra, and they were used to
monitor metal-induced changes in protein tertiary structure.
Figure 6A shows the near-UV CD spectrum of wild-type
apoDtxR. The spectrum is dominated by a broad, low-
intensity 1L, transition of tryptophanimax ~ 285 nm) that
overlaps with two intensé., bands £max = 287 and 293.4
nm). The third Ly transition typically associated with
tryptophan 89) is observed at-281 nm but is consistently
lower in intensity than the other two transitions. Transitions
due to tyrosine or phenylalanine residues are much lower in
intensity. DtXR contains a single tryptophan, W104, that is
present at the dimer interface and is near the primary metal
binding site (Figure 1B). Addition of excess Cd(ll) to
apoDtxR inverted and blue-shifted the, transition in a
and holorepressor indicate that metal binding does not inducelinear fashion until 1.5 equiv of metal had been added, after
the formation of significant amounts of new helical structure which there was no further change in this band up to 8 equiv
since there is only a-23% increase in helix content (not of metal (Figure 6B). The molar ellipticity at 287 nm&{[2s7)

1 S Tt ]

ol

o udu

Ficure 5: Primary site mutants do not birtdx DNA. Mobility
shift assay comparing DNA binding ability of wild-type and mutant
DtxR constructs: lane 1, DNA alone; lane 3, wild-type DtxR; lane
4, DtxRASHS3; lane 5, H79A; lane 7, C102A; and lane 8, M10A
(lanes 2 and 6 were empty). Gel run in the presence of 1 mM Ni-
(INCl,. Each lane contained 90 nM DNA, and all but lanes 1, 2,
and 6 contained 2ZM protein.
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Ficure 6: Changes in tertiary structure of DtxR upon Cd(ll)
binding. (A) Near-UV CD spectra of DtxR and binding site mutants
in the absence of metal. (B) Near-UV CD spectra of DtxR and
binding site mutants in the presence of excess CddIJC) Change

in molar ellipticity at 287 nm, P].g7, as a function of the metal:
protein molar ratio. The lines are obtained by b-spline smoothing
and do not indicate fitting to a particular model: wild typs)(
DtxRASH3 @), H79A (»), M10A (¥), and C102A ).

of apoDtxR was 28.4 deg ¢ndmol?, whereas Q],s; was
—15.2 deg crh dmol! at 8 equiv of metal. ThelL,
transitions exhibited a slight blue shift with an increase in

Biochemistry, Vol. 44, No. 15, 200%677

for apo- and holo-DtxRSH3 are 28.3 and-11.2 deg crh
dmol?, respectively, similar to that of wild-type DtxR.
Addition of Cd(Il) to DtxRASH3 induced a linear change
in [®]2g7 until 1 equiv of metal was added, and then remained
constant at higher numbers of metal equivalents. The
and!L transitions for the H79A mutant are weaker than for
the wild-type protein @].s; = 11.95 deg crh dmol™).
Addition of Cd(ll) induces roughly linear changes in the
transition until 1.5 molar equiv, although th@],s; value at
this point (-5.61 deg crhidmol™?) is lower than that of wild-
type DtxR. Near-UV CD spectra of E83A were complicated
by sample precipitation and are not presented.

Structure Change in Primary Site Mutanf8he molar
ellipticities of thelL, transitions in apo-C102A and apo-
M10A mutants are intermediate between that of the apo wild
type and apo H79A protein®gs; = 21.7 and 14.6 deg cin
dmol™ for M10A and C102A, respectively). Addition of Cd-
(1) induces linear changes in tH&, transition of C102A
until approximately 1.5 equiv of metal with a more gradual
decrease observed at higher numbers of equivalents of added
metal @.s7 = —1.98 at 4 molar equiv of metal). The Cd-
(I)-induced structural change in M10A differs substantially
from those of the other proteins. Specifically, there is little
change in the molar ellipticity of th&_, transition through
2 molar equiv of Cd(ll). At higher metal concentrations, the
CD spectrum inverted in response to added metal, although
the final molar ellipticity is reduced (less negative) than for
wild-type DixR.

Domain—Domain Distances during Metal Acttion.
Detailed structural studies of apo-DtxR in solution are
complicated by extensive microsecond to millisecond con-
formational averaging of the entire N domai@l) that
broaden the NMR resonances and prevent sequential chemi-
cal shift assignment. In contrast, the backbone resonances
of the SH3 domain are well-resolved and readily assigned.
The distances expected from residues E170 and Q173 to the
primary (and ancillary) site metal are 12.4 (5.8) and 13.0
(6.7) A, respectively18). To further probe the metal binding
sequence, the distance from SH3 domain backbone reso-
nances to the first metal bound to DtxR was determined from
the enhancement in longitudinal relaxation rates in the
presence of a paramagnetic metal ion [Mn(ll)]. Cd(Il)-bound
DtxR was used as a diamagnetic control for the metal-bound
state. Structural studies by Hol's group have established that
the metal-activated structure of DtxR is nearly superimpos-
able for Mn(ll), Cd(ll), Ni(ll), Co(ll), and Fe(ll) 2, 17,

18). Titrating DtxR with Mn(Il)CL vyielded a binding
isotherm containing the exothermiendothermic pattern
resembling that of wild-type DtxR, indicating that DtxR binds
Mn(ll) ions in the same order as Ni(ll) and Cd(ll) (not
shown). Figure 7A shows the signal decay for the backbone
amide nitrogen of residue E170 of DtxR in the presence 0.8

the metal concentration. Near-UV CD spectra collected under equiv of Mn(ll) or Cd(ll), and Figure 7B shows the reduction

identical conditions for Ni(ll)-activated DtxR are dominated
by Ni(ll) transitions and were not used to monitor metal-
induced structural changes in the protein environment.
Structure Change in Dtx&®SH3 and Ancillary Site Mu-
tants Panels A and B of Figure 6 also show near-UV CD

in T, for this residue and for Q173 (which also coordinates

the ancillary site metal) and Q178 (which does not). The

enhanced relaxation for these and other SH3 domain
backbone nitrogen atoms was transformed into distance to
the paramagnetic metal using the Solom@&loembergen

spectra for ancillary and primary metal site mutants collected equation (Table 1). The distances from the backbone amide
under apo and holo conditions, respectively. Figure 6C showsnitrogen of E170 and Q173 to the paramagnetic center are
normalized progress curves indicating the changes in molar12.9 and 13.5 A, respectively, in the presence of 0.8 equiv

ellipticity as a function of added metal. Th®],s; values

of metal. Increasing the metal concentration to 1.6 molar
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A 10 the proline-rich peptide (Pr) segment that links the N- and

C-terminal domains30). Activation by metal increases the

affinity for dimer formation by~100-fold 22) and induces

084 a folding transition in the N domair2(). The Pr segment is
dissociated from the SH3 domain and interacts with the N
domain, while the SH3 domain participates in coordinating
the ancillary site metall@, 20).

While there have been many studies characterizing the
structure of the apo and holo states, there are few studies on
the activation mechanism itself. Here we address the fol-

= lowing questions: What is the metal binding affinity, and
0.2 can the two physical metal binding sites be distinguished
energetically? Which of the two metal binding sites is bound
first? How is metal binding connected to structure change
004 — : that leads to activation?

0.0 0.2 04 06 0.8 1.0 1.2 Metal Binding by Wild-Type DtxRThe pattern of heat

Time [s] evolution following Ni(ll) or Cd(ll) binding by wild-type

DtxR is distinctive and indicates a series of metal-induced
events, each having a characteristic energetic profile, leading
to activation of repressor function (Figure 2). It is readily
apparent from these isotherms that metal binding by DtxR
is more complicated than binding to two identical, non-
interacting sites. Binding isotherms exhibiting the complexity
seen for metal binding by DtxR have been reported previ-
ously @40—42), but quantitative analysis is not a trivial task.
Given the current state of information regarding metal
binding by the DtxR family of proteins, a semiquantitative
analysis of the binding isotherms has been performed. No
attempt to account explicitly for heat evolution arising from
protonation changes, metal-induced changes in dimerization,
Ficure 7: Paramagnetic relaxation enhancement in Mn(ll)-bound folding, or Cooperat'ive .interactions. betvyeen individual sites
DtxR. (A) Resonance intensity as a function of relaxation delay Was made. The objective was to identify apparent thermo-
for N nuclei in the presence of 0.8 molar equiv of Mn(Il)(or dynamic quantities that could be used to parametrize a

C(?:I('”) (D)dfo)r tr)ef\i\(liue EtI‘:IIJOC%f(IIStXR.d(BI\BI [()Iilf;‘egencg iy (in molecular model for metal activation of DtxR.

milliseconds) between the - and Mn(ll)-bound repressors . ; : ;
determined a%;[Cd(ll)] — Ti[Mn(ll)] indicated within the strue:ture .AS. a .mm'mal dlssecuon of the results, .We consider the
of the metal-bound repressor. The primary and ancillary metal sites Pinding isotherm of wild-type DtxR to contain three overlap-
are indicated as solid circles labeled P and A, respectively. The N ping heat-evolving processes, as shown in Figure 8A. The
atoms are depicted as small spheres. two physical metal binding sites in DtxR coordinate metal
via a combination of oxygen, nitrogen, and sulfur ligands.

Table 1: Distances from the Metal Center to SH3 Domain Residues Therefore, we expect that binding each of the 2 equiv of

0.6

0.4 4

Normalized Intensity

0.8 equiv 1.6 equiv metal will be predominantly exothermic (processes | and Il
AT; (ms) ) AT, (ms) r A in Figure 8A). The endothermic process (process Il in Figure
E170 226 12903 230 585 0.3 8A)_observed in the |_sotherms must arise from _metal-lr_lduced
Q173 126 135t 0.4 270 8306 burial of hydrophobic surfaces associated with folding of
Q178 30 17.6£ 0.3 30 17.2+ 0.5 the N domain, including changes in the interactions between

the N and SH3 domains. Titrations performed over a 20-
old range of protein concentration indicate that changes in
he amount of dimeric protein do not contribute significantly
to the endothermic processes.

A binding model based on two independent sites using
e binding partition function

equiv changes the distances to 9.3 and 7.2 A for these sam%
two residues, respectively. The distance calculated in the 1.6
molar equiv samples reflects enhanced relaxation due to
averaging over all bound species. SH3 domain residues notth
involved in metal binding (for example, Q178) show little
enhancement in relaxation rates upon metal binding. W= (14 K™ + (L + K™
DISCUSSION . ) ,
was modified to analyze the calorimetry dad&)(and fitted

Structural studies of apo- and holo-DtxR in the crystalline to the integrated heats (Figure 8B) to yield the apparent
and solution states provide information about the starting binding parameters for Ni(ll) presented in Table 2. In this
and end points of the activation process. The process startsnodel, K; (n;) and K, (n;) are the apparent equilibrium
with the aporepressor as a loosely dimeric specd (  association constants (and stoichiometries) for the two sites.
containing extensive helical secondary structure, but lacking The model identifies a single high-affinity sit&gf; ~ 200
long-range structural order in the metal- and DNA-binding nM; n = 1.1) with enthalpically driven metal binding and a
domain @1). The C-terminal SH3-like domain is bound to second site of lower affinityp, ~ 1.7 uM; n ~ 2) where
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Ficure 8: Analysis of the Ni(ll) binding isotherm for wild-type
DtxR. (A) Schematic analysis of the binding isotherm for wild-
type DtxR, indicating the decomposition of the observed isotherm
into two exothermic and one endothermic components. (B) Inte-
grated heats obtained upon titration of Ni(Il}Ghto DtxR. The
lines represent fits to models for two independent site¥ ¢nd
three sequential sites+{). (C) Residuals to the fits: &) two-site
model and Q) three-site model.
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Table 2: Equilibrium Parameters for Binding of Ni(Il)io DtxR
Obtained from ITC

AHePPp TAS®P
model Nt Kp uM)® (kcal/molf (kcal/moly

two sites, simultaneous 1.1 0.19 (0.02)-8.1 (0.6) 1.11(0.2)
2.0 1.69(0.03) 8.9(0.7) 16.7(1.2)

three sites, sequential 1 0.16 (0.1)—6.4 (0.3) 2.9(0.2)
1 0.86(0.4) —86(0.9 -0.3(0.01)
1 231(15) 8.7(0.8) 16.4(1.5)

2 Number of sites (fixed at unity for the three-site, sequential model).
b Equilibrium dissociation constant (and fitting errof)Apparent en-
thalpy (and fitting error) associated with each binding evéApparent
entropy (and fitting error) at 298 K associated with each binding event.

The metal binding affinity for Cd(ll) was not quantified due
to complications arising from aggregation at higher metal:
protein ratios.

The Ni(ll) data were also fit to a model based on three
sequential binding sites with binding partition function

W= (1+ KX (1+ Kx)(1+ Kyx)

whereK, represents the apparent stoichiometric equilibrium
constant for binding a single ligand in each site (Figure 8B
and Table 2). The three-sequential site model can also be
interpreted in terms of energetic interactions between the
sites. Figure 8C shows the residuals for binding to the two-
site independent and three-site sequential models. In each
case, there are nonrandom deviations of the residuals from
zero that indicate additional heat-evolving processes that must
be included in a complete binding model, i.e., the dispersive
component in the residuals centered at a molar ratio of 2.
At this point, we cannot distinguish between the two-
independent site and the three-sequential site models because
the fits are equally good based on the redugedalues and
they contain the same degrees of freedom (6). Other binding
models based on two, three, or four sequential or simulta-
neous binding sites yielded statistically poorer fits as judged
from the residuals and reducgé values (not shown).

Thus, the ligand binding data suggest the presence of two
or three energetically distinct binding sites. At this point,
we cannot address the question of cooperativity between the
two metal binding sites or between the two monomers of
dimeric DtxR. Additional spectroscopic and biophysical
studies are under way to further refine the energetics of metal
binding, and they will be reported elsewhere. Here we
continue our analysis assuming the validity of the simpler,
two-independent binding site model.

Metal Binding in Ancillary Site Mutant3.he ancillary site
metal is coordinated by the side chains of residues H79, E83,
H98, E170, and Q173. Mutating any of these residues to
Ala reduces repressor activity by up to 50%,(20). Given
this, it is natural to assume that the ancillary site mutants
would bind 1 equiv of metal and represent a half-activated
repressor. Our data indicate that each of the ancillary site
mutants investigated (H79A, E83A, and DXRH3) does,

the binding is entropically driven (Table 2). These apparent indeed, bind 1 equiv of Ni(ll), consistent with the stoichi-

binding affinities are in rough agreement with existing
estimates of Ni(Il) binding affinity in DtxRZ42) but clearly

ometry detected for H79A previousl®?). Each ancillary
site mutant also binds 1 equiv of Cd(ll) with additional weak

resolve separate binding energies. It has previously beenbinding leading to aggregation at high metal:protein ratios.

pointed out that the two-independent site model is math-

ematically equivalent to binding models that include co-
operative interactions between the two binding sit4.(

Inspection of the binding isotherms indicates that the Ni(ll)
binding stoichiometry is close to unity with an apparent
binding affinity weaker than that observed for the first
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binding process in wild-type DtxR. Furthermore, eliminating
metal binding to the ancillary site has altered the binding
energetics such that the endothermic binding process is
suppressed. The endothermic phase in the binding isotherms
indicates that ancillary site coordination results in substantial 1 /74
changes in the exposure of hydrophobic surfaces. This could . - Helix-1
arise from metal-induced folding of the N doma&1i), from 8% / | R13
changes involving the SH3-like domaiBd), or from both.

Each ancillary site mutant exhibits metal-induced confor-
mational changes in the tryptophan environment that mimic
the changes observed in the wild-type protein, indicating that
they are sensitive to the same metal binding process.
Specifically, thell , transition in the near-UV CD spectra
of DIXRASH3 and H79A changes intensity upon binding
the first metal equivalent. The molar ellipticity of DtXSH3
is identical to that of the wild type in the apo and holo forms.

intici _ i Ficure 9: Detail of the DNA-bound state, indicating the location
In contrast, the molar ellipticity of apo-H79A is lower than of the HTH DNA binding motif relative to the primary metal

that of ihe wild-type protein, indicating that con_formational binding site. Residues D6 and E9 in helix H1 and the ER33
averaging around the tryptophan environment in apo-H79A sait bridge are indicated.

differs from that of the wild type. A similar spectrum is
observed for apo-E83A (not shown). Metal binding effects mains (lower and upper half of the protein, respectively).
an inversion of thell, transition, indicating that metal Mutating residues involved in these salt bridges perturbs the
binding induces a conformational change around the W104 orientation of the DNA-binding helices and reduces repressor
side chain in the ancillary site mutants that is similar to that activity almost as much as primary site mutants and more
in the wild type. However, the final molar ellipticity of the  than the ancillary site mutant4%). Therefore, we anticipate
metal-bound H79A is lower than that of the wild type, thatthe HTH DNA binding subdomain moves as a rigid unit
indicating residual flexibility of the tryptophan side chain upon metal coordination.
or an altered conformation in this mutant. As shown in Figure 9, the primary metal binding site is
Metal Binding in Primary Site Mutant3he primary metal adjacent to other acidic residues and to numerous salt bridges
binding site consists of residues M10, C102, E105, and H106.that connect the metal binding and DNA binding subdomains.
Mutating any of these residues to Ala abolishes repressorHelix 1 contains two acidic residues that are adjacent to or
activity (16). We anticipated that metal binding would be one helical turn away from M10 (D6 and E9, respectively).
reduced to (at most) 1 equiv of metal in the two primary Indeed, some of these residues were identified as possible
site mutants investigated in this study. Instead, we observedmetal coordinating ligands in initial crystal structures of apo-
that both M10A and C102A bound multiple equivalents of DtxR (15, 16). We propose that metal coordination at the
divalent transition metal. Ni(ll) binding yields net exother- primary site in the M10A or C102A mutant involves these
micity, whereas Cd(ll) binding yields a mixed exo- and (or other) acidic residues. This “miscoordination” would alter
endothermic response, similar to that of the wild type. the position of helix 1 and preclude the proper alignment of
Mutating C102 changes the conformational averaging of the helix-turn—helix DNA binding motifs, resulting in an
the tryptophan side chain slightly on the basis of the reducedinactive repressor. Further support for this mechanism comes
molar ellipticity for this mutant. Metal binding effects from the different near-UV CD spectra of the primary site
structural changes similar to that observed in the wild type, mutants compared to the wild-type repressor, which indicate
although the molar ellipticity of the metal-bound state is that the metal-bound structures of these proteins are, indeed,
weaker than that of the wild type. The tryptophan environ- different.
ment in apo-M10A is similar to that of the wild-type and Energetic Differences in Binding Ni(llyersus Cd(ll).
C102A apoproteins, but there is no change in the environ- Miscoordination of the primary metal in C102A and M10A
ment until 2 molar equiv of metal is added, upon which there mutants might perturb the coordination geometry of the
is an inversion in théL, transition, indicating a structural  bound metals, which may explain the distinctly different
transition toward a more ordered form as seen in the wild binding isotherms obtained for nickel and cadmium in the
type and the other mutant proteins. Thus, metal binding in primary site mutants. Ni(ll) is a’dransition ion that prefers
M10A yielded a structural response fundamentally different binding ligands in a tetracoordinated square planar geometry,
from that of the wild type or the other mutant forms. although other coordinations and geometries are observed
Despite binding 2 equiv of metal, these mutants were (46). In contrast, Cd(ll) is a ¥ ion that binds ligands
confirmed to be inactive in gel mobility shift assays (Figure exclusively in a tetrahedral geometry. These differences are
5). An examination of the DtxR structure suggests a possiblereadily apparent in the energetics of coordination. Specifi-
explanation for this paradoxical result. The helturn—helix cally, we see that the Cd(ll) binding isotherm more closely
(HTH) DNA binding subdomain is connected to the metal resembles that of the wild type in having both exo- and
binding sites and the dimerization interface via a series of endothermic portions of the binding curve, whereas the
salt bridges. Specifically, the E2R33 salt bridge probably  binding of Ni(ll) to either primary site mutant does not
functions to maintain the structural integrity of the HTH contain a (net) endothermic phase. The similarity of the wild-
subdomain, whereas the E2BR80 salt bridge is important  type and mutant isotherms for cadmium indicates that this
for connecting the DNA binding and dimerization subdo- metal is bound without substantial changes in the structure
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c dimer affinity in the metal-activated stat22). The burial

R of hydrophobic residues and changes in the SH3 domain
upon coordination of the metal via residues E170 and Q173
contribute to the endothermic phase of the wild-type binding

isotherm.
This model explains the observed primary and ancillary
o site mutant phenotypes. The key event in activation is

primary site binding, which aligns the DNA binding helices
and enhances dimer formation. Ancillary site mutants still
bind metal at the primary site and align the DNA binding
helices, but repressor function is inhibited compared to that
of the wild-type protein, either because the DNA binding
helices are not optimally aligned or because the dimer
interface is weaker (or both). In contrast, primary site mutants
are nonfunctional because the DNA binding helices are not
FicURe 10: Schematic diagram showing the sequence of metal aligned in an orientation that supports binding to toz
binding and structure change during activation of DtxR by divalent promoter.

transition metal ions. The mechanism proposed here provides insights into the

of the holoprotein. On the other hand, accommodating the basis for hyperactivity in the E175K mutaritl). This form'
of DtxR appears to be active at lower metal concentrations,

higher coordination geometry for nickel introduces strain into indicating either a reduced requirement for metal or an

the metal-bound mutant proteins, and probably changes the - - : i
metal binding affinity, resulting in substantially different enhanced metal binding affinityl(). We previously sug

eneraetic profiles for ligand binding by the primary site gested that this mutant functions by establishing salt bridges
9 P ganc 9 by P y with residues in the dimerization subdomain of the N domain.
mutants compared to the wild-type protein.

o L On the basis of the results of this study, we anticipate that
A Mechanistic Model for Metal Aatation of DIXR.The - this would have the effect of increasing metal binding affinity
results of this study allow us to propose a mechanism for i, the primary site. Experiments designed to test this and

metal activation thgt explains the eff_ects_ of known mutants gher aspects of the proposed mechanism are currently
on repressor function. This mechanism is shown SChemat"underway and will be reported elsewhere.
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