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ABSTRACT: The cytidine repressor (CytR) is a member of the LacR family of bacterial
repressors with distinct functional features. The Escherichia coli CytR regulon comprises nine
operons whose palindromic operators vary in both sequence and, most significantly, spacing
between the recognition half-sites. This suggests a strong likelihood that protein folding
would be coupled to DNA binding as a mechanism to accommodate the variety of different
operator architectures to which CytR is targeted. Such coupling is a common feature of
sequence-specific DNA-binding proteins, including the LacR family repressors; however,
there are no significant structural rearrangements upon DNA binding within the three-helix
DNA-binding domains (DBDs) studied to date. We used nuclear magnetic resonance

(NMR) spectroscopy to characterize the CytR DBD free in solution and to determine the high-resolution structure of a CytR DBD
monomer bound specifically to one DNA half-site of the uridine phosphorylase (udp) operator. We find that the free DBD populates
multiple distinct conformations distinguished by up to four sets of NMR peaks per residue. This structural heterogeneity is
previously unknown in the LacR family. These stable structures coalesce into a single, more stable udp-bound form that features a
three-helix bundle containing a canonical helix—turn—helix motif. However, this structure differs from all other LacR family
members whose structures are known with regard to the packing of the helices and consequently their relative orientations. Aspects
of CytR activity are unique among repressors; we identify here structural properties that are also distinct and that might underlie the

different functional properties.

In Escherichia coli, nine operons that encode transport proteins
and enzymes involved in ribonucleotide salvage and degrada-
tion pathways are regulated by the cytidine repressor protein
(CytR),"* a member of the lactose repressor (LacR) family of
bacterial repressors.” Members of this widespread family have
been found in all bacterial genomes examined, with more than
1000 members identified.* Most of the 13 LacR family members
in E. coli regulate genes for specific catabolic pathways in response to
nutrient availability."” These regulators bind as homodimers to
palindromic DNA operators.

LacR family DNA-binding domains (DBD) share a high degree
of sequence similarity; e.g,, the LacR and CytR DBDs are 36%
identical and 68% similar. The DBDs contain canonical helix—
turn—helix (HTH) motifs® with several shared structural features.
In the four LacR family DBDs whose structures are known
(LacR,® PurR,” FruR,® and CcpA®), the first helix contacts the
DNA and positions the second helix in the major groove of the
recognition site. The third helix docks onto helices 1 and 2 with
minimal contact with the DNA. Mutational analysis has identi-
fied several amino acids within the CytR DBD and in particular
within helix 2 that are essential for repressor function in vivo,"
suggesting that CytR helix 2 recognizes DNA as it does in other
LacR family DBDs.

CytR-regulated promoters are unique in that the central
spacers that separate the recognition motifs vary significantly in
length, ranging from 0 to 9 bp.'! Consequently, the operators to
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which CytR binds differ in both the distance between and the
register of the recognition site grooves. This raises the question
of how the structure of CytR accommodates these variations.
CytR’s regulatory properties are also unique among LacR family
repressors in that these rely on interactions with the cyclic
AMP receptor protein (CRP). The requirement for long-range
allosteric interactions raises the possibility that the DBD
structure is modulated to communicate details of the operator
sequence to CRP.

The structures of many other DNA-binding proteins have
been defined in various bound states.">"> It is common for DNA-
binding proteins to undergo some degree of protein folding
coupled to recognition of a specific DNA sequence.'*'> When
free in solution, DNA-binding proteins show large variations in
structure; for examlp71e, the LacR DBD is well-ordered, whereas
DtxR'® and LEF-1'7 are molten and relatively unstructured. In
the case of LacR, the structure of the HTH DNA-binding domain
remains largely intact whether it is bound either specifically or
nonspecifically to DNA or is free.'® A fourth helix in LacR, called
the hinge helix, does fold completely only upon binding to a full
operator. In many cases, a linker or capping helix is the element
that folds upon binding DNA; this has been termed an “inducible
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snap-lock” mechanism of DNA recognition.'> Understanding
how protein folding events are coupled to efficient binding to a
specific DNA sequence is essential for building a complete model
of their mechanism and details of their function in the cell. A
reasonable starting point for addressing these questions is to
compare the structures of bound and free states.

We have used nuclear magnetic resonance (NMR) spectros-
copy to investigate the structure and properties of the CytR
DNA-binding domain both free in solution and bound to a
recognition site-containing oligonucleotide. In the bound state,
the CytR DBD contains a HTH motif common among other
proteins that interact with DNA; however, it is distinct when
compared to the conformations of the other four LacR DBDs
whose structures are known.'® We find another notable differ-
ence in that the CytR DBD free state populates multiple stable
conformations. Thus, operator—DNA binding is accompanied
by a disorder to order transition in which the disordered state is
an ensemble of distinct conformations.

B EXPERIMENTAL PROCEDURES

Protein Expression and Purification. The 67 N-terminal residues
of CytR that comprise the DNA-binding domain (MKAKKQETAA
TMKDVALKAK VSTATVSRAL MNPDKVSQAT RNRVE-
KAARE VGYLPQPMGR NVKRNES) were expressed in E. coli
strain  BL21(DE3)pLysS transformed with expression plasmid
pSS584DBD. This contains the coding sequence cloned into the
Ndel and BamHI sites of pS$584."” "*N-labeled protein and **C- and
"*N-labeled protein were prepared by growing the cells in Neidhardt’s
minimal medium®® with kanamycin and chloramphenicol containing
[**N]ammonium chloride as the sole nitrogen source and either
unenriched glucose or [**C] glucose as the sole carbon source with
expression induced by isopropyl [3--thiogalactopyranoside. Cells
were lysed by sonication in 50 mM sodium phosphate, 1 mM EDTA
(pH 7.7), and 1 mM Pefabloc, with Complete, mini EDTA protease
inhibitor tablets (Roche Applied Science, Indianapolis, IN) added.
Soluble extract was prepared by high-speed centrifugation (43000 rcf)
for 45 min at 4 °C. The soluble fraction resulting from precipitation
with 60% ammonium sulfate was dialyzed (molecular weight cutoff of
3500) into SO mM sodium phosphate, 30 mM NaCl, and 1 mM
EDTA (pH 7.6). CytR DBD was isolated by chromatography on a
MonoS column (GE Healthcare) that was eluted using a NaCl
gradient. The CytR DBD eluted as the major peak at ~0.5 M NaCl.
Peak fractions were pooled, dialyzed into SO mM sodium phosphate,
30 mM NaCl, and 1 mM EDTA (pH 6), and concentrated. The
purity was above 95% as assessed by sodium dodecyl sulfate—
polyacrylamide gel electrophoresis and MALDI mass spectrometry.
The concentration was determined using an extinction coefficient
(Azg0) of 0202 L g ' em ™ calculated from the amino acid com-
position.”" All NMR experiments were performed with samples in a
90% H,0/10% D,0O mixture in 50 mM sodium phosphate, 30 mM
NaCl,and 1 mM EDTA (pH 6). Samples for structure determination
contained 1 mM [“N,”*C]CytR DBD with 1.2 mM natural
abundance udp halfsite DNA (5-ATTTATGCAACGCA-3') or
0.4 mM ["*N]CytR DBD and 0.6 mM natural abundance udp half-
site DNA. The free DBD samples contained 1 mM ['°N]CytR DBD
or 1 mM [N,"*C]CytR DBD.

Circular Dichroism (CD). CD spectra of CytR in the far-UV
range (190—240 nm) were recorded at 1 nm wavelength intervals
using a Jasco model 715 CD spectrometer. CytR DBD was
dialyzed into 10 mM sodium phosphate buffer (pH 6.0), contain-
ing 0.03 M Na,SO,. The temperature was controlled with a Peltier

device. Measurements in the far-UV range, from 260 to 190 nm,
were taken using a DBD concentration of 0.26 g/L (3.4 uM)
using a 2 mm path length cell. Spectra were recorded with 1 nm
intervals as an average of 25 scans at a scan rate of 50 nm/min.
Buffer spectra alone were subtracted using Spectra Manager. No
smoothing of the spectra was used at any point. The background-
subtracted far-UV CD spectrum of CytR was used for secondary
structure analysis using CDSSTR as implemented in CDPro”*
optimized for 190—240 nm reference protein data sets SP43 and
SDP48. Results of these six fits were averaged to yield the
predicted composition reported.

Thermal melting was monitored at 222 nm. Data were collected
as the temperature was first increased from S to 70 °C at a rate of
1 °C/min and then decreased to 5 °C. Faster rates led to
unacceptable hysteresis in heating and cooling phases. Averaged
values from heating and cooling phases were plotted as mean
residue ellipticity Oy (degrees square centimeter per decimole
per residue) versus absolute temperature (Figure 2A). Nonlinear
least-squares analysis with Origin was used to fit these data to the
equations

Oops = [On +mn(T — Ti)fw + [0p + mp(T — Ti)](1 — f)

(1a)

S = /{1 +exp[(=AH/R)(1/T —1/Tw)l} ~ (1b)

where 0, is the observed ellipticity, @ and O, are ellipticities
of native and denatured protein, respectively, at the melting
temperature, Ty, my and mp, are temperature-dependent slopes
for native and denatured ellipticities, respectively, fy is the
fraction of native protein at temperature T, and AH is the
enthalpy of unfolding.

Analytical Ultracentrifugation (AUC). High-speed sedimen-
tation equilibrium and sedimentation velocity experiments were
conducted in a Beckman XL-A analytical ultracentrifuge using
interference optics. '°N-labeled DBD prepared for NMR struc-
tural analysis was analyzed in NMR buffer [SO mM sodium
phosphate, 30 mM NaCl, and 1 mM EDTA (pH 6.00)]. To
mimic the high concentrations used in the NMR experiments,
DBD was loaded into four-channel, sector-shaped cells at con-
centrations of S, 2.5, 1.25, and 0.63 g/L. Interference data were
acquired after sedimentation to equilibrium in an AN-60 Ti rotor
at 20K, 30K, and 40K rpm and 20 °C. Water blanks were
subtracted from the data. The multiple channels of data obtained
at different speeds and loading concentrations were analyzed
globally according to models accounting for only a single species,
both with and without nonideality, or two species in a self-
association equilibrium™® using Nonlin.** Sedimentation velocity
was determined at a DBD concentration of 0.63 g/L and a speed
of 60K rpm. Data were analyzed using Sedfit*® to determine the
sedimentation coefficient distribution, c(s). A value of the partial
specific volume (v = 0.7343) was calculated from the amino acid
composition®® and the buffer density from the composition, both
using SedNterp.”’

Oligonucleotide Preparation. Deoxyribonucleotides were
purchased from IDT Technologies (San Diego, CA). It was
dissolved in 10 mM TRIS (pH 8) and 0.1 M NaCl at a
concentration of 1 mM. Complementary single-strand oligonucleo-
tides were annealed to double strands by mixing equimolar quantities,
heating to 80—85 °C in a water bath for 10—15 min, and cooling
overnight to room temperature by shutting off the water bath heating,
Resulting double-stranded oligonucleotides were exchanged into
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50 mM sodium phosphate (pH 6) containing 30 mM NaCl and
1 mM EDTA and concentrated to 2—5 mM using Centricon-YM3
concentrators (molecular weight cutoff of 3000 from Millipore).
Oligonucleotides for binding experiments were purchased as
products purified via high-performance liquid chromatography.
Each double-strand sequence contained one strand with the §'-
phosphate conjugated to Alexa 532 or Oregon Green 514 fluo-
rescent dye through a six-carbon linker. A 7% excess of unlabeled
complementary oligonucleotide was used to ensure complete
annealing of the dye-conjugated DNA to the double-strand
sequence.

DBD—DNA Binding Affinity. Steady-state fluorescence mea-
surements were taken using an SLM 8100 instrument equipped
with a double-grating excitation monochromator and a single-
grating emission monochromator. Fluorescence was excited at
530 nm and emission measured at 580 nm, both with an 8 nm
band-pass. Fluorescence intensity was recorded for 2 min at each
position of the excitation and emission polarizers. Anisotropy
was calculated from the average intensities according to

<1‘> = (Ivv - GIvh)/(IW + ZGIvh) (2)

where I, and I}, are the intensities at the excitation polarizer in
the vertical position and vertical and horizontal positions of the
emission polarizer, respectively. The G factor

G = Ihv/Ihh (3)

was calculated from the average of several measurements of free
labeled DNA.

Binding titrations were conducted in 50 mM phosphate buffer
(pH 6) containing 30 mM NaCl and 1 mM EDTA. Aliquots of
DBD from a S mM concentrated stock were added to a solution
of Alexa 532-labeled DNA (~100 nM) in 4 mm X 10 mm quartz
cuvettes at a temperature of 20 £ 0.1 °C maintained with a
Peltier device. After each addition of protein, we incubated the
cuvette in the thermoregulated cell holder for 10 min prior to
taking intensity measurements to ensure that equilibrium had
been attained. Anisotropy values were analyzed as a function of
DBD concentration using nonlinear least-squares analysis in
Origin 7 according to

(r) = (bound — Tfree)[exp(2.303 In[DBD])
— AG°/RT]/[1 + exp(2.303 In|DBD]) — AG°/RT| +r, (4)

where r, is the free labeled DNA anisotropy in the absence of
protein, #,,,,, is the anisotropy of the DBD—DNA complex, AG®
is a standard free energy of binding, and R and T are the gas constant
and absolute temperature, respectively. Dissociation constants are
calculated with the equation k; = 1/K, = exp(AG°/RT).

Hydrogen—Deuterium Exchange. Samples (pH 6) were
lyophilized and then resuspended in D,O immediately prior to
collection of >N HSQC spectra. Collection of NMR data was
initiated 10 min following resuspension.

NMR Structure Determination. NMR data were acquired
on a Varian Inova 800 MHz spectrometer. Data processing was
performed using NMRPipe,”® and spectra were analyzed using
CCPNMR Analysis.”® With the exception of residual dipolar
coupling (RDC) measurements, all spectra used for structure
determination were recorded at 35 °C. Backbone assignments
were performed using 1SN HS(lC,30 HNCACB,***! and CBCA-
(CO)NH?**! spectra manually with the aid of MARS.***
Mixing times (Tm) in NOE experiments range from 50 to 200 ms.

Side chain assignments and NOE (nuclear Overhauser effect)
restraints were derived from N NOESY-HSQC (z,, =
150 ms),>* "N TOCSY-HSQC (7, = 50 ms),** *C NOESY-
HSQC (7., = 100 ms), and HCCH-TOCSY spectra.*® Backbone
dihedral angles were predicted using TALOS from NH, CA, and
HA chemical shift information.>® ¢ angles were also calculated
using J couplings from the HNHA experiment.’” RDC measure-
ments for the backbone NH bonds were obtained using the IPAP
(Inphase Antiphase) experiment.”® Aligned data were collected
with 0.4 mM DBD and 0.6 mM udp half-site DNA in 4% CI12ES
PEG/hexanol (r = 0.85—1) bicelles at 25 °C as described
previously.*”** The sample was allowed to incubate for 4 days
at room temperature, at which point alignment was confirmed via
a D,0 peak splitting of 14 Hz.

Structures were calculated using Xplor-NIH, version 220,44
simulated annealing protocols incorporating NOEs, dihedral
angles, and RDCs. Anneal scripts were similar to those described
in ref 43 with the addition of an internal variable module for
dynamics minimizations using torsion angle space for incorpor-
ating the RDC data. RDCs were incorporated with direct input of
per residue changes in coupling (hertz). Initital Da and rhombi-
city values were calculated using Xplor-NIH.** The Da and
rhombicity values were then allowed to optimize during the
simulated annealing. NOE potential energy calculations were
conducted using the sum averaging method. Initially, an ex-
tended structure generated with random ¢ and 1 angles that
were energy minimized (Powell minimization, 1000 steps) was
used as the starting structure. Simulated annealing consisted of
three steps: 20 ps high-temperature dynamics at 3000 K with
experimental restraints but with no van der Waals term, a 100-
step cycle or 0.2 ps with van der Waals turned on (radius and
force constants incrementally increased; force constants for
angles and improper dihedral angles adjusted), and a gradual
cooling to 25 K with a time step of 12.5 ps (all force constants
increased to final values). The structure generated was subjected
to 500 steps of energy minimization using the conjugate gradient
Powell algorithm. Several rounds of calculations were performed,
with each round generating S0—100 structures. After each cycle,
the structure with the lowest energy was used at the beginning
structure for the subsequent calculation. Refinement was per-
formed similarly with a less drastic high-temperature dynamics
step. The 10 lowest-energy structures of a run of 100 are
presented here (Figure 3; statistics in Table 1). The structures
and constrains have been deposited in the Protein Data Bank
(PDB) (entry 2L8N). The chemical shift assignments have been
deposited in the Biological Magnetic Resonance Data Bank
(BMRB) (accession number 17419). An additional set of struc-
tures was further calculated using the same constraints and
refinement script with the torsion angle database (RAMA)
included. This ensemble of structures can be viewed as PDB
entry 2LCV and BMRB entry 17634. Including the torsion angle
database results in a slightly improved rmsd, but also a slight
increase in the number of violations and an improvement in the
relationship to experimental values (see Table 1).

Structures were visualized using UCSF Chimera.* Contact
maps were generated using MOLMOL.** Where possible, sequential
assignments of the CytR DBD free state were made on the basis
of HNCACB/CBCA(CO)NH and NOESY (t,, = 150 ms)/
TOCSY (7, = 75 ms) data.

Definition of exposed residues in the CytR DBD free state was
determined using addition of gadodiamide (OmniScan, Nycomed,
Melville, NY) followed by collection of the two-dimensional
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Table 1. Structural Statistics for the Ensembles of the 10
Lowest-Energy CytR DBD Structures Calculated without or
with the Xplor-NIH Torsion Angle Database

total no. of NOE restraints (for 47 amino acids) 5SS
intraresidue 232
sequential 134
medium-range 148
long-range 41
no. of other restraints 113
RDC 36
dihedrals 77
28LN 2LCV©
restraint violations (average)
NOE violations >0.3 A 0 0
dihedral violations >5° 0 0.1 £03
mean rmsd from experimental restraints
NOE (A) 0.032 + 0.001  0.043 = 0.003
dihedral (deg) 0.645 £ 0.048  0.867 =+ 0.166
RDC (Hz) 0.093 £ 0.012  0.138 % 0.035
mean rmsd from idealized
covalent geometry
bonds (A) 0.003 £ 0.000  0.002 % 0.001
angles (deg) 0.440 £ 0.006  0.417 £ 0.019
impropers (deg) 0.301 £ 0.008  0.400 =+ 0.031
RDC Statistics
Refactor” (%) 089 +015 1334039
Da’ (Hz) —7.45£ 040/ —7.30 & 029/
7.14 + 0.53 7.25 £ 0.46
rhombicity 0.62 + 0.06 0.63 & 0.04
backbone rmsd (A)
relative to average coordinates 1.07 0.96
[9-55 (N, Ca, C)] (A)
Ramachandran plot (%)
residues in the most 83.5 84.2
favored region
residues in additional 14.4 142
allowed region
residues in generously 2.1 1.6
allowed region
residues in disallowed region 0.0 0.0

“ Equation 3 from ref 57. ” Because the rhombicity is close to 0.66 (2/3),
the sign of Da is indeterminate. Within each group of 10 lowest-energy
structures, approximately half (4 of 10 in 2L8N and S of 10 in 2LCV) of
the values were negative and the remaining were similar in magnitude,
but opposite in sign. Two Da values are shown for each structure
averaged from either the positive or negative group. “ Structure calcula-
tion included Xplor-NIH torsion angle database.

(2D) NOESY spectrum to determine which peaks were
affected by the paramagnetic reagent. *’ A sample of free CytR
DBD was lyophilized and resuspended in D,O and 4.1 mM
gadodiamide.

Maximal exchange rates for conformational changes were
calculated using the following equation

Uk = 75 = Va/a(va —vy) (s)
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Figure 1. ""N—'H HSQC spectra of the CytR DBD (A) alone at
20 (black) and 35 °C (cyan) and (B) bound to udp half-site DNA at
20 (black) and 35 °C (magenta). Sixty-three peaks are expected from
the backbone amide protons. The DNA:protein molar ratio was 1.5.
(C) "*N—"HHSQC spectra of the CytR DBD bound to udp half-site DNA.
Amide signals were protected from exchange after the lyophilized sample
was resuspended in D,O for 10 min. When a similar free-state DBD sample
was resuspended in D,0, no peaks were detected within 10 min.

where k, is the rate of exchange at coalescence of the multiple
peaks displayed, 74 is the lifetime of the nucleus at coalescence,
and v, and v are the frequencies in hertz for the two states.*®

B RESULTS

We began our studies of the DBD free state and first assessed
the structure and stability of the protein by collecting >N HSQC
NMR spectra over a range of temperatures. As the temperature is
increased, the dispersion of the peaks is reduced, indicating that
the protein unfolds until only one set of random coil-like signals
is obtained at 35 °C (Figure 1A). Notably, below the melting
transition, the "N HSQC spectrum reveals more amide signals
than expected from the 63 non-proline amino acids. Specifically,
at least 87 distinct peaks are identified.
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Figure 2. CD and AUC of free CytR DBD. (A) Circular dichroism spectra of free CytR DBD at 20 °C. The line represents the best fit using CDSSTR
(CDPro).** The inset depicts the melting curve at 222 nm. (B) Sedimentation velocity indicates a single monomeric species with a sedimentation

coefficient of 0.89 S.

The structure and stability of the free-state DBD were probed
further using CD spectroscopy. The far-UV CD spectrum
(Figure 2A) indicates primarily o-helix and random coil. The
secondary structure composition was estimated using CDSSTR
as implemented in CDPro.”* The reconstructed spectrum that
gave the best fit (Figure 2A) predicts a helical content of 22% at
20 °C, with the remainder predicted to be random coil. This is
equivalent to only 15 residues in a helical conformation, slightly
more than half the number of helical residues that we find in the
bound form (see below). Thermal unfolding of this residual
structure was induced when the solution was heated from S to
70 °C and monitored by the ellipticity at 222 nm (inset of
Figure 2A). A clear transition was observed between sloping
baselines, with a midpoint near 35 °C. The increase in ellipticity
indicates the loss of helical structure. The transition was reversed
and the initial ellipticity recovered upon cooling, suggesting a
reversible two-state transition. Accordingly, the data were ana-
lyzed using the van’t Hoff equation to obtain the melting
temperature (Ty,) and the enthalpy and entropy of unfolding.
This yielded the following values: T,,, = 33.3 £ 2.6 °C, AH® =
202 + 4.7 kecal/mol, and AS° = 66 + 16 cal mol™' K.
The enthalpy and entropy changes are 2—3-fold lower than
might be expected for a protein of this size.*” This is consistent
with the low degree of order suggested by the CD and NMR
analyses.

Many of the extra peaks in the >N HSQC spectrum occur as
doubled signals, suggesting that the DBD alone may populate
multiple conformations at lower temperatures (ie, 20 °C).
MALDI mass spectrometry confirmed a single-length chain of
the correct molecular weight; thus, multiple signals are not a
consequence of degradation. One possible explanation for multi-
ple signals in the free state would be multiple oligomeric states.
We performed AUC (interference optics) on an NMR sample to
assess the possibility of multiple species as this might provide an
explanation for multiple spin systems. The sedimentation coeffi-
cient distribution obtained from sedimentation velocity analysis
of DBD is shown in Figure 2B. This yields a sharp and slightly
skewed peak consistent with a single, thermodynamically non-
ideal sedimenting component with a sedimentation coeflicient
of 0.89 S. Compared to the value for the equivalent sphere of
the monomoeric protein (1.33 S), this suggests that the free DBD
is monomeric with an extended structure.

The sedimentation equilibrium data (not shown) are also
consistent with DBD as a single, thermodynamically nonideal

component. The highest concentrations observed at the base of
the cell were approximately 20 g/L, yet even with such a high
concentration, attempts to fit for self-association did not yield a
lower limit to K, for association, even to dimer. In contrast, when
nonideality of a single species was considered, the rmsd de-
creased by a factor of 2 and a well-bound value of the second virial
coefficient was obtained [B = (1.20 & 0.21) x 10> mol mL
g ?]. Both the improvement of the fit and the tight confidence
intervals suggest a reasonably accurate estimate of the nonide-
ality, consistent with the velocity data given above.

AUC analysis yields an apparent molecular mass of 9000 +
310 Da if the partial specific volume calculated on the basis of
amino acid composition (v =0.7434 mL/g) is used. The apparent
molecular mass is signiﬁcantly greater than the predicted molec-
ular mass of the monomeric *N-containing protein, 7489.6 Da.
However, the calculated partial specific volume does not account
for either "N (which increases protein density) or the solvent
electrostriction and the strong likelihood of territorially bound
anions (Cl~ or PO4>") due to the very high net charge (+9) of
the protein. Overestimation of 7 by 0.03—0.04 mL/g would
account for the difference between the fitted and monomeric
molecular masses. The extra density contributed by "*N would
account for approximately one-third of this. Taken together, the
data suggest that the free DBD is strictly monomeric and that
self-interactions are dominated by repulsive nonideality.

We also characterized the structure and stability of the CytR
DBD bound to an operator half-site. CytR operators are com-
prised of inverted repeats of an 8 bp recognition motif separated
by variable spacing ranging from 0 to 9 bp.""*° The experiments
described here use the natural operator left half-site of udp
(5'-ATTTATGCAACGCA-3'); this was chosen because it is a
better match to the consensus recognition motif defined by SELEX
(Systematic Evolution of Ligands by EXponential enrichment) "'
than the right half-site. In the presence of the udp half-site DNA,
we find a single set of well-dispersed DBD peaks in the NMR
spectrum. This peak pattern exists at 20 °C and remains above
35 °C (Figure 1B). The structural consequences of DNA binding
are reversible for DNA substrates; removal of DNA results in the
return of the original DBD HSQC spectrum that reflects multiple
protein conformations. We used the fluorescence anisotropy of a
dye-conjugated (Alexa 532) DNA substrate to monitor the
binding of the CytR DBD to DNA. Results of titration experi-
ments (Figure 3) indicate that the CytR DBD binds the udp
operator left half-site. We analyzed titration data assuming a 1:1
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Anisotropy

log[DBD]

Figure 3. DBD—DNA binding affinity. Binding of CytR DBD to the
udp left half-site at 20 °C and pH 6, as monitored by the steady-state
anisotropy of the dye-conjugated oligonucleotide. The solid line in-
dicates the fitted curve for udp half-site DNA with a kp of 9.6 & 4.0 uM.
This has been transformed to a fraction bound scale on the ordinate
using the fitted vales of rgee and round-

stoichiometry between monomeric protein and DNA according
to eq 4 (Experimental Procedures). These data fit well to our 1:1
binding model that yields a binding free energy change (AG®)
of —6.41 £ 0.12 kcal/mol and a corresponding equilibrium
constant for dissociation (kp) of 9.6 & 4.0 uM. The results show
that the DBD is fully bound to the udp half-site DNA under
conditions under which NMR spectra are recorded where the
concentrations exceed 0.4 mM.

Hydrogen exchange is another useful measure of protein
stability. Rates of intrinsic exchange between amide protons and
water are fast at pH 6.0, where we characterized the CytR DBD.
Consequently, when the protein is transferred into D,O, NMR
amide signals corresponding to exposed positions will disappear
entirely. In the case of the free-state DBD, no peaks were
detectable in the NMR "N HSQC spectrum within 10 min of
the transfer into D, 0, revealing complete amide proton exchange. In
contrast, with the DBD bound to the udp half-site, we find that 30
peaks are present in the NMR spectrum following resuspension
in D,O (Figure 1C). These amide protons of the DBD—
DNA complex exchange more slowly than those exposed to solvent,
suggesting that they are involved in stable secondary structure
or are buried within the protein interior or the protein—DNA
interface.

Structural Analysis of the CytR DBD. Using standard 'H,
ISN, and BC triple-resonance NMR experiments, we assigned
the spectra of CytR DBD in the presence of the udp promoter
half-site DNA substrate. We chose 35 °C as this temperature
provided the best spectra. Chemical shift assignments were
completed for amino acids 3—67 by assigning sequential con-
nectivities derived from HNCACB and CBCA(CO)NH data.
Side chains were assi%ned usin3g HCCH-TOCSY data. NOEs
were catalogued from "°N and "*C NOESY-HSQC spectra. The
structure of the DBD —udp half-site complex was determined on
the basis of 555 NOEs, 77 dihedral angles, and 36 dipolar
couplings (Table 1). The family of 10 lowest-energy structures
(rmsd = 1.07 A) corresponding to amino acids 9—S5 is presented
here (Figure 4A). The N- and C-termini of the construct were
not included in the structure calculation because of a lack of
structural data. Our structure reveals a three-helix bundle con-
sistent with other LacR family members. The CytR DBD helices
vary in size [helix 1 having seven residues (12— 18), helix 2 having
six residues (23—28), and helix 3 having 13 residues (38—50)].

Figure 4. Ensemble of NMR structures of the CytR DBD in the
presence of udp half-sitt DNA (positions resistant to exchange). (A)
Solution structures of the CytR DBD in the presence of the udp half-site
at 35 °C. An ensemble of the 10 lowest-energy structures of amino acids
9—5S is presented with an rmsd of 1.07 A relative to the average
structure (PDB entry 28LN). N and C denote the amino and carboxy
directions, respectively. The structure adopts a helix—turn—helix fold as
is common for DNA-binding domains. (B) Positions (colored red)
stabilized by DNA binding that become resistant to hydrogen exchange
mapped onto a single structure.

1 60
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Figure S. Conformational shifts in the free CytR DBD. In the free state,
the CytR DBD exhibits regions of multiple distinct conformations.
Colored purple are those amino acids with three or four conformations;
residues colored orange show two conformations. Gray represents all
other remaining residues that have been assigned where only one signal
was clearly identified. Bold denotes the amino acids that are conserved
throughout the LacR family. Prolines are colored red.

Helices 1 and 2 comprise a helix—turn—helix motif common to
DNA-binding domains. Helix 3 docks against both helices 1 and 2,
which also occurs in other LacR family DBD structures. The 30
positions resistant to exchange in the CytR DBD —DNA complex
(Figure 1C) are distributed within the three helices (Figure 4B).
Unfortunately, NOEs between the protein and DNA were not
present at any mixing time tested. Our construct does include
residues corresponding to the fourth (hinge) helix; however, this
region is disordered on the basis of random coil chemical shifts, a
lack of NOE data, and immediate backbone hydrogen exchange.
Notably, LacR forms the hinge helix only when bound to a
symmetric full-site DNA operator.”"

Although the NMR data for the free state are complicated by
the presence of more than one set of signals, we were able to
characterize a substantial portion of the CytR DBD in the absence
of DNA. Assignment of peaks in free-state NMR spectra was
accomplished by a combination of three-dimensional NOESY
and HNCACB/CBCA(CO)NH analyses and side chain identi-
fication based on TOCSY data. We were not able to make
complete assignments, but sequential connectivities were suffi-
cient to define peaks corresponding to 26 residues (Figure S).
These signals provide information about most of the protein;
however, we are missing assignments for signals corresponding
to residues of helix 2 in the bound state. We assigned at least one
set of peaks for positions 8—11 at the N-terminus, positions
14—17 in helix 1, positions 21 and 22 in the first turn, positions
29—32 in the loop after helix 2, positions 38—41, 47, and 48 in
helix 3, and positions 51—54, 59, and 67 at the C-terminus in the
free state. In some cases, we were able to assign multiple sets of
signals to a single position (highlighted in Figure S).

The dispersion of the peaks in the >N HSQC spectrum and
NOE patterns indicate that the domain alone does have
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Figure 6. Spectra of free CytR DBD. (A) 2D NOESY spectrum, amide region, depicting the large number of backbone amide—amide contacts consistent with
helical conformations. (B) 2D NOESY spectrum in D,0, aromatic region, showing two distinct sets of resonances for TyrS3, the only aromatic side chain in the
construct. (C) Regions of the "N HSQC spectrum demonstrating multiple signals for specific residues, Val 21, Val 51, and Leu 4.

Figure 7. Model of CytR DBD-bound DNA and comparison to other
LacR family members. (A) Representative structure of CytR DBD (PDB
entry 28LN) (magenta) aligned along helix 2 with DBDs of other
members of the LacR family: LacR (PDB entry 1CJG), PurR (PDB entry
IPNR), FruR (PDB entry 1UXC), and CcpA (PDB entry IRZR) (gray).
DNA from the LacR, PurR, and CcpA structures is present as well
(black). The CytR DBD structure is different from that of the family in
that a relative shift occurs between helix 2 and helices 1 and 3. (B)
Helical shift in CytR DBD compared to LacR DBD. As seen in panel A,
the other LacR family DBD structures maintain similar helical orienta-
tions. Here the LacR DBD (blue and cyan) helices are depicted as
cylinders for comparison of the CytR DBD structure (red and magenta).
With the structures aligned at helix 2, it is evident that the flanking ends
of both helices 1 and 3 move outward.

structural features; this is supported by 59 backbone NOE
patterns consistent with turns and helical conformations (for
example, amide—amide NOEs in Figure 6A). CD data suggest
that roughly 15 residues contribute to the helical signal. Of the
NMR peaks assigned, NOE patterns provide evidence of helical
conformations within both helices 1 and 3. Although we are
lacking assigned signals for helix 2, unfolding of this helix could
account for the decrease in helical content predicted by CD when

the protein is not bound to DNA. Alternatively, the free-state
structure we see by NMR could represent one folded population,
whereas the CD signal represents the average ensemble, including
unfolded populations whose signals are unassigned in our
NMR data.

As revealed by the number of peaks the >N HSQC spectrum,
there are multiple signals for individual positions throughout the
sequence, implying multiple conformations. For example, a 2D
TOCSY spectrum in D,O of the aromatic region reveals two sets
of peaks for the single tyrosine™ at the end of helix 3 (Figure 6B).
As the tyrosine side chain is not buried or restricted by packing, it
is unlikely that the ring is in slow exchange. A 2D NOESY spectrum
in the presence of the paramagnetic gadodiamide reagent showed
that the ring is exposed to solvent under the experimental conditions.
Interestingly, these sets of ring peaks have distinct NOE patterns
consistent with multiple side chain rotomer conformations.
Analysis of the HNCACB spectrum indicates that there are at
least 20 spin systems with Cg peaks in the alanine range, double
the number of alanine signals expected from the DBD sequence.
Of the seven alanines we assigned, we found one set of signals for
each spin system. The 13 remaining unassigned alanine spin systems
could include (1) a second conformation of those we assigned,
(2) multiple conformations for the three unassigned alanines, or
(3) a combination of systems 1 and 2. Finally, the 2D TOCSY
spectrum indicates only nine sets of peaks in the range for the
seven glutamine and asparagine side chain signals. Thus, when
the DBD is free in solution, it does not conform to a single
structure. Our analysis reveals that the multiple conformations
are most apparent when considering backbone signals. In con-
trast to the backbone amide signals, as the side chain length
increases, the side chain signals become degenerate and appear to
represent one species. "N HSQC peaks assigned to the same
backbone amide proton vary as much as 0.617 ppm in 'H and
1.25 ppm in N [Leu 54 (Figure 6C)], indicating a rate of
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Figure 8. Comparison of the CytR DBD to other LacR family DBD structures. (A) Representative structure of CytR DBD (PDB entry 28LN) (magenta)
aligned along helix 2 with the LacR DBD. Side chains of conserved residues are depicted for helix 3 to indicate a translation, but not a rotation, of the helix
occurs. (B—F) Contact maps of CytR (PDB entry 2L8N, lowest energy), LacR (PDB entry 1CJG, lowest energy), PurR (PDB entry 1PNR), CcpA (PDB
entry IRZR), and FruR (PDB entry 1UXC). Contacts between 2 and 6 A are indicated (fading from black at <2 A to white at >6 A). Above the diagonal,
backbone—side chain contacts are indicated. Below the diagonal, side chain—side chain contacts are shown. Helices 1—3 are indicated in panel B. The
region of protein depicted in each was chosen on the basis of alignment of the three helices. The blue boxes highlight the interactions between helix 3 and
the end of helix 2; there is a notable lack of these contacts in the CytR DBD structure as compared to those of the other LacR family members.

conformational exchange slower than 0.0045 and 0.022 s ' Structurally, the DNA-bound CytR DBD has features that are
(eq 5). "N HSQC spectra were recorded as a function of similar to those of other DBDs in the LacR family. When the
temperature. We find that the protein unfolds before coalescence sequences of CytR, LacR, PurR, FruR, and CcpA are aligned by
can be achieved, indicating that the conformational exchange is conservation, the helices are all the same within two residues in
slow compared to the rate of unfolding. length and comprise the same regions in sequence. We hypothe-
size that the CytR DBD makes contact with the DNA via the
second helix as in other members of the LacR family and as is
B DISCUSSION typical for HTH motifs (Figure 7A). These four are the only
other family members for which the structures of the DBDs
are known. For LacR, PurR, and CcpA, the relative positions of the
DNA remain similar, indicating a common theme. However,
comparison of the structures reveals that the CytR DBD differs
from the DBDs of the other LacR family members in the relative
) ) ] ° orientation between helix 2 and helices 1 and 3. Helix 1 positions in
turn—helix H'lotlfj. The tl.uree hehces f9rmed in the bound st:itte LacR and CytR differ by an angle of 33°; helix 3 positions differ by
(two short with six and eight amino acids each and one long with an angle of 15° (Figure 7B). The average rmsd between LacR family
13 amino acids) are arranged such that the middle helix is almost DBDs is 2.67 A; however, the rmsd between the LacR DBD and
perpendicular to the other two that are antiparallel. Dipolar CytR DBD structured regions is considerably larger, 4.33 A.

Although no X-ray structure of CytR in any form has been
produced to date, we have been able to use NMR spectroscopy to
determine the structure of the CytR DBD bound to the udp half-
site and characterize the free state. When associated with DNA,
the DBD is a three-helix bundle containing a canonical helix—

couplings define the relative angles between helices making the We generated contact maps for CytR and LacR family DBDs
helix orientations more accurate in our CytR DBD structure than (Figure 8B—F) to illustrate differences in packing between these
what would be calculated with NOE restraints alone. Hydro- proteins. Notably, CytR DBD is more loosely packed than LacR;
phobic groups such as valine and alanine form a hydrophobic specifically, there are fewer interactions between the end of helix
core, while 15 positively charged arginine and lysines cover the 2 and helix 3 in CytR. Helix 2 is shifted in the CytR DBD,
surface of the DBD providing an electrostatic attraction to the opening the structure so that the end of the helix does not
negatively charged DNA backbone. interact with helix 3. Residues 29 and 30 in CytR are more
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Figure 9. Activity mutants highlighted in the CytR DBD structure. The
mutations (V1SA, A24V, S27F, and L30S) found by Barbier et al.’ of
partially inactive CytR in vivo are depicted here in cyan ball-and-stick
representation on the structure of CytR DBD bound to the udp half-site
(PDB entry 28LN). The lowest-energy structure of the ensemble was
chosen for this display. Two of the positions, 15 and 30, are involved in
protein packing. The other two positions, 24 and 27, are on a solvent-
exposed face of the protein and would therefore be available to interact
with DNA.

exposed to solvent compared to the corresponding residues in
the remainder of the LacR family structures. In addition, both the
relative angles of the helices (described above) and the docking
of helices within the CytR DBD are distinct when compared to
those of other LacR family members in their DNA-bound forms.
Helix 3 displays a significant translation, keeping the same side
chains exposed albeit in different locations (Figure 8A). Thus,
threading the CytR sequence through an existing LacR family
coordinate file would not have produced an accurate model.

In the other LacR family structures, many of the amino acids
that interact with the DNA backbone are conserved residues. Our
model of the CytR DBD in which helix 2 binds in the major
groove (Figure 7A) results in most of the same conserved
residues interacting with the DNA backbone (K13, S22, T23,
A24, R28, D34, K3S, V36, and S37) despite changes in the
orientation of the first and third helices. In LacR, two noncon-
served residues, 17 and 18, contact the promoter sequence
specifically at bases T7 and G8. Our model recapitulates this
recognition feature seen in LacR with corresponding residues 23
and 24 in CytR. As mentioned earlier, mutational analysis located
four DBD positions (Figure 9) that resulted in E)artially active
forms of CytR (V15A, A24V, S27F, and L30S).'° The first of
these mutants, CytR-V15A, does not contact DNA but is buried
at the interface of helices 1 and 3; mutation here could disrupt the
folding of the DBD by destabilizing this interaction. The next two
activity mutants, CytR-A24V and -S27F, are both located on helix
2 and are predicted to contact the DNA, although only A24V is in
a position in our model to interfere directly with base-specific
DNA binding. The mutation equivalent to CytR-S27F is LacR-
S21F; mutation of LacR-S21F results in a more severe effect with
complete inactivation of the protein. This amino acid is closer to
the DNA backbone in LacR compared to our model of CytR.

The last of the mutants, CytR-L30S, is the most exposed, located
in the loop immediately following helix 2. However, it is oriented
in such a way that it contacts the start of helix 1 through the
M12 side chain and thus disruption may impact folding interac-
tions as in CytR-V15A. Thus, the structure reveals that two of the
mutations known to affect DNA binding are actually expected to
affect the protein structure and are not predicted to contact DNA.

Data for determining the structure were collected at 35 °C. We
found the protein alone melted at 33 °C; thus, the CytR DBD is
stabilized by binding to the udp half-site. Specific residues
stabilized by DNA binding are revealed as those amides found
to be resistant to hydrogen exchange (Figure 4B). Specifically,
DNA binding stabilizes all three helices and some loop structure
compared to the free state, which exchanges immediately despite
the helical implications of the CD and NMR data.

The free-state CytR DBD structure is strikingly different from
that of the bound state, including regions with as many as four
distinct conformations that are not a consequence of oligomer-
ization. On the basis of a count of NMR peaks, two conformers
are present in the free state in the regions containing helices 1 and
2 in the bound state; toward the end of helix 3, three to four
conformations are seen. These folds are moderately stable at
20 °C but do not confer protection from exchange with D,O.
The structures of the unbound forms are significantly different
when the CytR DBD is compared to others in the LacR family. In
the case of both LacR and CcpA DBDs, the helices and their
relative positions are maintained regardless of state (bound or
free) with only slight changes in side chain conformations.”>>*
The PurR DBD structure varies slightly between bound and
unbound forms; however, structures of the bound form also
contain the ligand-binding domain.”** The CytR DBD is quite
different from these structures, adopting a more varied set of
conformations when free in solution. Although the CytR DBD is
identified as a member of the LacR family by homology, the
consensus amino acids are insufficient to fold the free form of the
protein. It is possible that the other members of the LacR family
possess nonconserved residues that enhance protein folding, and
these are missing in CytR. Another explanation for the structural
difference of the free states could be that the CytR sequence
contains antifolding residues that imbue additional flexibility for
functional reasons. For example, CytR also contains two addi-
tional proline residues (at positions 33 and 57) compared to
other LacR family proteins (which have one conserved proline at
position 55). Proline cis—trans isomers can be responsible for
the multiple stable conformations found in the CytR DBD free
state. Similar occurrences are described by Whittaker et al.>®
Although two additional prolines unique to the CytR DBD are
not DNA-contact groups, they may nevertheless play a functional
role by modulating the populations of conformations present in
the free state. In addition, positively charged groups may also play
a role in destabilizing a single fold in the free state. The CytR
DBD has a net charge of +9, whereas the LacR DBD has a net
charge of +3 (however, the net charges relative to those of other
LacR family members do not vary as drastically; PurR DBD has a
net charge of +5 and CcpA a net charge of +7). The high charge
density within the CytR DBD should oppose folding until these
charges are neutralized by DNA binding.

In contrast to members of the LacR family, the CytR DBD free
state is actually more like that of the DNA binding protein, LEF-1,
where proline 68 has been attributed to structural heterogeneity.
Members of the sequence-specific subclass of high-mobility
group domains (including LEF-1) have flexible free states that
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coalesce into a single structure upon target interaction.'” Similar
to the findings for LEF-1, the CytR DBD exhibits a significant
increase in order and stability upon binding with target DNA. In
both cases, it is arguable that the free protein retains some of its
secondary structure but that a single tertiary structure is a
product of sequence-specific DNA interactions.

The energetic balances of the CytR system are quite interest-
ing. Protein folding of the bound conformation must be unfavor-
able; if not, the DBD would populate the DNA-bound structure
even when free in solution. Therefore, favorable interactions with
DNA drive unfavorable protein folding for the CytR DBD.
Spolar and Record have previously considered the balance of
energies between protein folding and DNA binding and con-
cluded that an entropic contribution drives association.'* Hird
addressed the function for the mechanism of coupled folding in
recognition and suggested that in general, a lack of a preformed
interface allows for rapid scanning of target surfaces in a non-
committal manner with a rapid off rate.’® Thus, although the
CytR DBD has unique structural features within the LacR family,
including a disordered free state, it displays a protein folding-
coupled binding that is common to other DNA-binding proteins.

CytR operons are distinct in the LacR family because the 8 bp
inverted repeats are separated by 0—9 bp. This corresponds to a
difference in spacing of 31 A and a 310° rotation along B-form
DNA between recognition sites. Consequently, CytR must undergo
dramatic structural rearrangements to recognize these different
sequences. It is possible that the CytR DBD prolines stabilize
four conformations in the free state, each unique for a specific
architectural target; however, this would depend on the DBD
accessing these conformations immediately before target binding
potentially after nonspecific binding to the DNA had already
occurred. Changes in the DBD structure may not be sufficiently
dramatic to completely accommodate the changes in spacing;
however, they could occur in conjunction with changes in the
ligand-binding domain and ultimately communicate to CRP.

Accession Codes
Protein Data Bank entries 2L8N and 2LCV. Biological Magnetic
Resonance Data Bank entries 17419 and 17634.
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