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ABSTRACT: An Escherichia colisensor kinase, ArcB, transfers a phosphoryl group to a partner response
regulator in response to anaerobic conditions. Multidimensional NMR techniques were applied to determine
the solution structure of the histidine-containing phosphotransfer signaling domain of ArcRgHPt

which has a phosphorylation site, His717. The backbone dynamics were also investigated by analyses of
the °N relaxation data and amide hydrogen exchange rates. Furthermore, the protonation states of the
histidine imidazole rings were characterized by mean4iadind'>N chemical shifts at various pHs. The
determined solution structure of HRE contains five helices and forms a four-helix bundle motif like
other HPt domains. The obtained order parame&#tg,'H} —1°N heteronuclear NOE values, and chemical
exchange parameterR;,, showed that thet-helical regions of HR{cs are rigid on both picosecond to
nanosecond and microsecond to millisecond time scales. On the other hand, helix D, which contains
His717, exhibited low protection factors of less than 4000, indicating the presence of fluctuations on a
slower time scale in helix D. These results suggest thaitPthay undergo a small conformational
change in helix D upon phosphorylation. It was also shown that the imidazole ring of His717 Kas a p
value of 6.76, which is similar to that of a solvent-exposed histidine imidazole ring, and that a pair of
deprotonated neutral tautomers are rapidly exchanged with each other. This is consistent with the solution
structure of HP4g, in which the imidazole ring of His717 is exposed to the solvent.

Bacteria respond to various changes of the environment, An Escherichia colisensor kinase, ArcB, phosphorylates
such as osmotic stress, anaerobic conditions, and chemicathe partner response regulator, ArcA, in response to anaerobic
concentrations, through intracellular signal transduction conditions 4). ArcB is a hybrid sensor kinase containing
systems. The mechanism most widely used is phosphotransmultiple phosphorylation domains: a histidine-containing
fer signaling, in which protein phosphorylation and dephos- phosphotransfer (HPt)signaling domain and a receiver
phorylation events take place sequentially to transmit the domain in addition to the receptor and histidiflenase
signals from the environment to regulatory systems involving (transmitter) domains, which are the two domains constituting
transcription factors 1). The mechanisms for bacterial a typical sensor kinaseb). Recent in vitro studies have
phosphotransfer signaling are collectively referred to as “two- Yielded a scheme for the phosphorelaying in the multistep
component regulatory systems”, which are composed of Signal transduction from ArcB to ArcAd). First, a phos-
“sensor kinase” and “response regulator” protei®s [n a phoryl group is transferred from His292 in the histidine
typical two-component system, a signal captured by the kinase domain to. Asp576 in the receiver d.omaln and
receptor domain of a sensor kinase is transferred to theSubsequently to His717 in the HPt doma#).(This phos-
receiver domain of the corresponding response regu|atorph0t'ransfer occurs within a molecule. Finally, Asp5_4 of ArcA
through the relaying of a phosphoryl group from a histidine '€C€ives the phosphoryl group from the HPt domalr} of ArcB.
residue in the histidinekinase (transmitter) domain of the "€ Phosphorylated ArcA modulates the expression of the
sensor kinase to an aspartate residue in the receiver domai§€nes related to the respiratory systems. Interestingly, the
of the response regulator (His-to-Asp phosphorelay). Re- buddmg.yeasSaccharomyce§ cansiae utilizes a_S|m|Iar
cently, two-component systems have also been found in mechanism for osmoresponsive signal transduction, and the

: ; : component that corresponds to the HPt domain, Ypdlp
archaea and eukarya, including yeast, fungi, and plats ( (YPD1), exists independently of the other components as a

protein @, 7). Thus, in addition to unidirectional signal
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transduction, the HPt domains may mediate signal-branchingacquired with the mixing time of 100 m43J). For dihedral
events, such as cross-talk, integration of multisignals, signal angle constraints, a 2Bnp.-resolvedH—1N heteronuclear
feedback, adaptation, and modulation through phosphatasesnultiple-quantum correlation (HMQC-J) spectrum was ac-
in the multiple His-to-Asp phosphorelay signaling mecha- quired (L3). Most experiments in which amide protons were

nisms (). directly detected included the combination of the sensitivity-
Recently, the crystal structure of the HPt domain (Thr654 ~€nhancement and gradient-echo methods for the indfifect

Lys778, 125 amino acid residues) Bf coli ArcB (HPtarcs) dlmenspns 13). The other indirect dimensions were re-

was solved at 1.57 A resolution (PDB code, 2A0B) 9). corded in the States-TPPI manné6), Samples dissolved

Furthermore, the crystal or solution structures of the fol- in 90% H0O/10%2H.0 were used for the experiments for
lowing HPt domains have been determined: Ypdlp f@m  detecting amide protons directly, and samples dissolved in
cereisiae (6, 7)' P1 domain of CheA fronk. coli (10)' and 998%2H20 were used for the other experiments. The NMR
dimeric SpoOB fromBacillus subtilis(11). All these struc- ~ data were processed and analyzed using the NMRPipe
tures commonly have a four-helix bundle motif and a version 1.7 17) and Pipp version 4.2.418) software
histidine residue as the phosphorylation site at a similar Packages, respectively.

position. However, little is known about the dynamic Structure CalculationThe NOE-based constraints derived
properties of these HPt domains (proteins) or about the from strong, medium, and weak cross-peaks were categorized
character of the histidine residue directly involved in the andassumed to correspond to the upper limits for interproton
phosphotransfer, except for the results of nuclear magneticdistances of 3.0, 4.0, and 5.0 A, respectivelg)( Pseudoa-
resonance (NMR) analyses of the phosphotransfer domaintom corrections were applied to the upper bound constraints
of CheA (10, 12). Here, we report the structure of HRE involving methyl, methylene, and aromatic ring protons as
determined by NMR, the backbone dynamics based on thedESCl’ibEd 19) The NOE list was not filtered for removal
15\ relaxation data and on the rates of the amide hydrogen Of constraints of no structural value. The distance constraints
exchange with the solvent, and the characters of the histidinefor hydrogen bonds applied for slowly exchanging amides
residues based on the results of pH titration of their imidazole Were 2.8-3.3 A for N—O pairs and 1.82.3 A for H-O

rings. pairs. A pair of these constraints was applied to each
hydrogen bond to restrict both the length and angle of the
EXPERIMENTAL PROCEDURES bond. The hydrogen bond constraints dnhelices were

estimated on the basis of the short- and medium-range NOE

Sample PreparationFor NMR experiments, uniformly  patterns that are typical ai-helices (9). The backbone
13N- or **N-,'3C-labeled HP4.s was produced by growing  torsion anglesg, were estimated from the scal@hnia
Escherichia coliK-12 strain DZ225, carrying plasmid  coupling constants derived from the 2D HMQC-J spectrum.
pSU2DH, which contains the gene of HRY4, in M9 minimal The angle constraints used wer&0 + 20° for 3Jynne <
medium containing 0.5 g/E&5NH,CI, without or with 1.0 g/L 2.0 Hz,—60 =+ 40° for 3Jynme > 2.0 and<4.0 Hz, and—120
[U-*C]-p-glucose, respectively. The expressed proteins were 4- 40° for 3Jynne > 8.0 Hz.
purified by DEAE-Sepharose (Pharmacia) and Mono-Q At the stage of structural constraint collection, program
(Pharmacia) ion-exchange and Sephacryl S-100 (PharmaciapyANA version 1.5 (molecular dynamics in a torsion angle
gel-filtration chromatographies as describ8f Gamples for  space with 25 000 steps) was us2@)( Finally, an ensemble
NMR measurements typically comprised 1.5 mM k&t of 100 structures of HRts was calculated with program
50 mM KHzPO,—KzHPG, (pH 6.5 at 37°C), 50 mM KCl, X-PLOR version 3.85121). The standard simulated anneal-
and 1 mM dithiothreitol (DTT) in 90% kD/10%°H,0 or ing protocol (sa.inp file) with 24 000 steps at a high
99.8%°H,0. temperature (1000 K) and 12 000 steps for the cooling

NMR SpectroscopyMost NMR spectra were acquired at process was used. The 30 best structures were analyzed with
310 K with a Bruker DMX500 or DRX500 spectrometer the MOLMOL (22) and AQUA-PROCHECK-NMR 23
equipped with a triple resonanctH( °N, and*3C) probe software packages. The secondary structure elements were
with self-shielded triple-axis gradient coils. THe, >N, and determined on the basis of the results of AQUA-PROCHECK-
13C resonances of the backbone were assigned using a&NMR analysis 23).
combination of multidimensional and multiresonance spec- Measurement of®N R;, R;, and NOE.Spectra for>N
tra: 3D HNCO, HN(CA)CO, CBCA(CO)NH, CBCANH, longitudinal relaxation ratesR;, >N transverse relaxation
HNCA, HN(CA)HA, HBHA(CBCACO)NH, and HBHA- rates,R,, and {H}—1°N steady-state heteronuclear NOE
(CBCA)NH (13). The resonances of the side chains were values were acquired at 310 K with a Bruker DRX500
assigned using 2D TOCSY, 3D H(CCO)NH, (H)C(CO)NH, spectrometer operated at thbl frequency of 50.7 MHzH
HCCH-TOCSY, and*N-edited TOCSY spectral@). In frequency, 500.23 MHz). The pulse sequences including the
particular, the resonances of the aromatic side chains werecombination of the sensitivity-enhancement and gradient-
assigned using 2D TOCSY, (HB)CB(CGCD)HD, and (HB)- echo methods for the indireétN dimensions were used in
CB(CGCDCE)HE spectrald). The methyl groups of the these experiment24). R; relaxation was measured with
leucine and valine residues were stereospecifically assigneddelays of 5, 65, 145, 245, 365, 525, 755, and 1145 ms and
by means of constant-time (28 ms) alddc-resolved*H— R, relaxation with delays of 14.4, 28.8, 43.2, 57.6, 72.0,
13C heteronuclear single-quantum correlation (HSQC) ex- 100.8, and 144.0 ms. The delay betwé# 18C° pulses in
periments using 15% fractionalk?C-labeled HP4g dis- the Carr-Purcel-Meiboom-Gill (CPMG) sequence for the
solved in 99.8%°H,0 (15). For interproton distance R, measurements was 9Q6. In the heteronuclear NOE
constraints, 2D NOESY, 3EPN-edited NOESY *C-edited experiment, a relaxation delay of 3.0 s beféiresaturation
NOESY, and 4D®C, %C-edited NOESY spectra were for 3.0 s was applied for the NOE enhancement spectrum,
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while a relaxation delay of 6.0 s withotitl saturation was  models. The uncertainty for each parameter was estimated
applied for the reference spectrum. The saturation was by means of Monte-Carlo simulations. All analyses were
achieved with 120 'H pulses applied every 5 ms. The performed using program MODELFREE-4.126].
numbers of complex points and spectral widths were 200 Model-free analysis with an assumed anisotropic rotational
and 1013.7 Hz and 512 and 7002.8 Hz for th¢ andH diffusion model was performed as follows. First, tRgR;
dimensions, respectively. ThéH carrier was set to the ratios for the residues that had significant internal motions
frequency of the water resonance (4.7 ppm), and'the manifested by{'H} —1°N steady-state NOE values of less
carrier was set to 119.8 ppm. For tiR, R;, and NOE than 0.65 were excluded. Then, tiR/R; ratios for the
measurements, 32, 32, and 64 scans were accumulatediesidues that were assumed to undergo chemical exchange
respectively. All data sets were processed with the programby satisfying the inequality|,((To(— T)/(To00— ((T10— T1)/
NMRPipe (7). Lorentz-to-Gauss transformations were ap- [T} > 1.5 SD, were also excluded, whefl is the
plied to bothH and**N dimensions prior to the respective reciprocal ofR,, [T,Lis the averagd, value, and SD is the
Fourier transformations. standard deviation of the left-hand side of the inequali).(
Estimation of'>N R;, R,, and NOE.A series of peak  The magnitude and orientation of the axially symmetric
heights at the fixed amide resonance position for each residuerotational diffusion tenso), were initially estimated from
was collected from all the spectra. The root-mean-squarethe remainingR./R; ratios and the molecular coordinates of
(rms) deviations of the background noise were used as theHPf g (9) with program R2_R1_DIFFUSION in the MOD-
uncertainties of the measured intensities in the NOE experi- ELFREE-4.10 package26). On the basis of the estimated
ment. The uncertainties for tH andR, experiments were D tensor, model-free analysis with the axially symmetric
estimated from the pairwise rms differences of duplicate anisotropic diffusion model was performed. The procedure
spectra, which were obtained with the shortest relaxation was the same as that employed for the isotropic diffusion
delays under the same conditions. E&glandR; value was model except that the diffusion tens@r, and the molecular
determined by fitting a series of measured intensities to a coordinates were used instead of the single overall rotational
two-parameter functior(t) = lo exp(—Ry 2t), wherel(t) is correlation time,rm.
the intensity after time delay andly is the intensity at time Hydrogen Exchange Experimen&mples ot°N-labeled
zero. Nonlinear least-squares fitting according to the Lev- HPt g dissolved in 50 mM phosphate buffer, pH 5.5 and
enberg-Marquardt method2b) was employed for optimiza- 6.5, containing 50 mM KCI and 1 mM DTT were lyophi-
tion of the values of they and R, > parameters using the lized, dissolved ifH,O, and immediately applied to a Bruker
program CURVEFIT 26). Only results withy? values DRX800 spectrometer, which had been previously tuned and
smaller than the simulated ones at the 95% confidence levelset at 310 K. A series of HSQC spectra were acquired every
were used. Herey? equalsS{lc(t) — le(t)}%oi? (I(t), the 15-60 min at 50 points within 2118 min after dissolution
intensity calculated from the fitting parameteigit), the (pH 5.5) and at 33 points within 1093 min (pH 6.5). The
experimental intensityy;, the uncertainty of the experimental N and 'H dimensions were recorded with 64 and 1024
value), and summation was performed for the available complex points with spectral widths of 1622 Hz centered at
experimental data set. The uncertainties of Faeand R, 119.4 ppm and 13 021 Hz centered at 4.70 ppm, respectively.
values were estimated by Monte-Carlo simulations. The The combination of the sensitivity-enhancement and gradient-
{'H} —'5N steady-state NOE values were determined from echo methods was used for the indir&dt dimension 13).
the ratios of the peak intensities with and without proton Linear prediction and Lorentz-to-Gauss transformation were
saturation lyoe/Inon-nog). The uncertainties of the NOE  applied to ®N and *H dimensions, respectively. Each
values were estimated according to the error propagationspectrum was processed identically. THe-*5N cross-peaks
equation 25). in the first spectrum were picked with Pipp softwafe)
Model-Free AnalysisAn initial estimate of the overall —and a series of peak heights at the fixed resonance position
rotational correlation timeg,,,, was obtained from the mean for each residue was collected from all the spectra. Amide
of the Ry/R; ratios that were limited to within one standard proton exchange rates,,, were determined by fitting a series
deviation (SD) 24). In the model-free analysis developed of peak heights to the exponential functid(t) = o exp-
by Lipari and Szabo Z7), with an assumed isotropic (—ked) + C, wherel(t) andlo are the peak heights after time
rotational diffusion model, the following five dynamic delaytand at time zero, respectively, a@ds the correction
models were applied according to Mandel et 26)( The for a baseline offset. The uncertainties of Kagvalues were
models and the combinations of optimized internal motion estimated by Monte-Carlo simulations with the rms devia-
parameters were (M1$2, (M2) S2 and 7e, (M3) S? and tions of the spectral noise. Protection factoRs, were
Rex, (M4) S?, 7o, andRey, and (M5)S 2, S?, andte.s Where calculated with the equatiof®, = k/kex, Wherek,. denotes
S? s the square of the order parameter, which representsthe amide proton exchange rate in a random chain conforma-
the degree of spatial restriction of the internal motians tion (29). The k. values were calculated according to the
the effective correlation time of the internal motidRy is method of Bai et al. taking the primary sequence, temper-
the chemical exchange rate, and subscripts f and s represerdature, and difference between the pH and pD into account
fast and slow time scales, respectively. The data were fitted (29). The free-energy for local transient unfoldingG, was
to each of the five dynamic models with, fixed at the obtained according to the equatiagxGG = RTIn P, whereR
initially estimated value, and one of the dynamic models was is the Boltzman constant.
statistically selected for each backbone amiith spin by pH Titration of Histidine Residuesleteronuclear multiple
means of Monte-Carlo simulations aRestatistical tests as  bond 'H—'N correlation (HMBC) experiments were per-
described26). Then,r, and the internal motion parameters formed with a DMX500 spectrometer as describ@d(The
were simultaneously optimized with the selected dynamic samples used typically comprised 6.8.7 mM **N-labeled
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Ficure 1: The structure information obtained in the NMR experiments. Summary of the sequential and medium-range NOE connectivities,
secondary structure, chemical shift indices, amide hydrogen exchange rat&spapdoupling constants for HRtg. The NOE connectivities

are represented by bars, the size of which indicates the NOE intensity (strong, medium, or weak). The dgigtion for example,
represents the connectivity between thproton resonance of a residug §nd the amide proton resonance of the subsequent residue (

1) in the sequence. Amide protons that were exchanged with the solvent slowly at pH 6.5 and 310 K are indicated. Residues with exchange
rates of>0.07 minm * are indicated by open circles, ones=0.02 and<0.07 mir! by half-closed circles, and ones ¢0.02 mirr? by

closed circles. The three-bond scalar coupling constants betweentigpinand *H*(3Jynne) < 3.0 Hz are indicated by open boxes3.0

and <5.0 Hz by one-third closed boxes5.0 and<8.0 Hz by two-thirds closed boxes, ard.0 Hz by closed boxes. The chemical shift

indices (CSI) 81) are plotted forH®, 13C=, and!3C' resonances. The upper bars represehitlower bars,—1; and horizontal lines, 0. The

figure was produced with the programs VINCE (1996, Rowland Institute for Science) and DYAOA (

HPtarce, 50 mM KH,PO,—K,HPQ,, 50 mM KCI, 1 mM except for those of the N-terminal two residues and the sixth
DTT, and 10%°H,0. For measurements at pHs higher than one (Thr654, Thr655, and Ser659). TRd—°N amide
8.5, 50 mM Tris-HCI buffer was used instead of the signals of these residues were not observétiin'>N HSQC
phosphate buffer. Small aliquot§ DN NaOH or HCI were spectra, probably due to conformational averaging or rapid
added to adjust the pH value at 6:@.3 intervals. For amide hydrogen exchange with the solvent. For the side
suppression of théJ-coupled 'H—'N coherence in the chains, 93% and 90% of the expectétland3C resonances
imidazole ring of a histidine residue,'8N 90° pulse was were assigned, respectively. All the methyl groups of the
applied after'H evolution for 5.56 ms. A secont¥N 90° 14 leucine and 10 valine residues were assigned stereospe-
pulse was applied aftéid evolution for 65.56 ms for the cifically by using 15% fractionally3C-labeled HP#.g (15).
coherence transfer from the carbon-attached protons to theFigure 1 shows the sequential and medium-range NOE
2J- or 3J-coupled nitrogens. ThEN dimension was recorded  connectivities, amide proton exchange ratdsy1, coupling

in the States-TPPI mannetf). Data sets were typically  constants, and chemical shift indices (CSI) &€, He,
acquired with 400 and 1024 complex points with spectral and '3C’' resonances 3{). The o-helical regions were
widths of 5100 Hz (100.7 ppm) centered at 200.3 ppm and characterized by NOE cross-peaks betweentlpeoton of
6010 Hz centered at 4.7 ppm for tH& and*H dimensions, residuei and the amide proton of residue- 3 (dang,i+3)) Or
respectively. After Fourier transformation of both dimen- i + 4 (dug,+4). The locations of thex-helices were also
sions, spectra were phased in i dimension and then indicated by characteristic deviations of thé®, 13C%, and
calculated in the absolute-value mode in thedimension. 3C' chemical shift values from those for random coils with
The 'H and >N chemical shifts obtained at various pHs CSI of —1, +1, and+1, respectively 1), slow rates of
between 3.69 and 9.41 were fitted by means of a nonlinearexchange of the amide protons with solvent deuterons due
optimization procedure to the Hendersgfiasselbalch equa-  mainly to the formation of the relevant hydrogen bonds, and
tion, Oops = [Oxn + Ox1OPHPKI]/[1 + 10PH-PKI], wheredops small 3Jynme coupling constants<(4 Hz).

is the observed chemical shift, ani, and o« are the Structure CalculationsThe three-dimensional structure of
chemical shifts for protonated and deprotonated imidazole ypy, .. was calculated by means of the X-PLOR simulated
rings, respectively. annealing standard protocol on the basis of 1188 nuclear

Overhauser effect (NOE)-derived interproton distance con-
RESULTS straints, 83¢ dihedral angle constraints, and 77 hydrogen
Resonance Assignmeni&he H, 15N, and3C chemical bond constraints. Degeneracy of the aliphatic proton reso-
shifts were assigned by means of the multidimensional andnances often made it difficult to assign long-range NOE
multiresonance NMR methods usiHiy- or 15N-,13C-labeled ~ Cross-peaks in the 3B*C-edited NOESY spectrum. The
HPtycs. The main chain was assigned unambiguously by amb|g_U|ty in these aSS|gnm_ents was effectively eliminated
taking advantage of the well-resolved carbofC(*3C’) by using the 4D*°C,**C-edited NOESY spectrum, from
chemical shifts in the combination of 3D HNCO and HN- Which 156 long-range|i(— j| > 4) NOE-based constraints
(CA)CO spectra. This advantage is particularly great for Were collected.
helix-rich proteins such as HR{s, whose'H* and 3C* A total of 100 structures were calculated. Of these, 30
resonances tend to be confined to narrow frequency rangesfinal structures, which showed the lowest energy values, no
Well-resolved=3C? chemical shifts were also useful for main  distance constraint violation 6f0.5 A, and no dihedral angle
chain assignment by means of the combination of 3D CBCA- constraint violation of5°, were selected. Superpositioning
(CO)NH and CBCANH spectra. The resonance assignmentsof these 30 structures is shown in Figure 2a, and the
for the backbone amidéH and*>N nuclei were completed  constraints used and the structural statistics for the final
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b

a

Ficure 2: Tertiary structures of HRtg. (a) A stereoview of the best-fit superpositioning of the final 30 structures, which were calculated

by means of the simulated annealing procedure of X-PLOR 3.851 The backbone heavy atoms (N¢,@&nd C) of the regions colored

blue (Glu662-Ala775) are superimposed. The disordered N-terminal four residues are not included for clarity. The side chains of the
noncharged and buried residues, whose solvent accessibility values are less than 20%, are also shown in magenta. (b) Schematic ribbon
drawing of the representative solution structure. The secondary structure elements and both end residuesiudlieaate shown. The

side chains of the three histidine residues (His717, His730, and His763) and GIn739 are also shown as a ball-and-stick model. The figure

was drawn with the programs MOLSCRIP32j and RASTER3D %3).

Table 1: Structural Statistie$or HPtarcs

total number of distance constraints 1265
intraresidual 178
sequential |f —j| = 1) 316
medium range|( — j| =< 4) 413
longrange (i —j| > 4) 281
hydrogen bonds i

number of dihedral angle constraints 83

maximum violation of distance constraints 0.13A

maximum violation of dihedral angle constraints °1.3
maximum violation of van der Waals distances 0.34 A
rms deviations from experimental constraints

distance 0.0086- 0.0006 A

angle 0.113t 0.037
rms deviations from idealized covalent geometry

bonds 0.0014- 3.55x 105 A

angles 0.486: 0.002

impropers 0.35% 0.002
X-PLOR potential energyHota) 167.7+ 1.91
PROCHECK Ramachandran plot statistics

(residues Glu662Ala775)

residues in most favored regions 88.7%

residues in additional allowed regions 10.2%

residues in generously allowed regions 1.1%

residues in disallowed regions 0.0%

rms deviations from mean coordinate positions
(residues Glu662Ala775)

backbone heavy atoms

all heavy atoms

0.452 A
0.927 A

@ These statistics comprise the ensemble of the final 30 simulated
annealing structures (Thr654.ys778) calculated with X-PLOR 3.851
(22). All variances quoted arg-1 SD.

The direction of the molecule in (a) is almost the same as in (b).

in disallowed regions of a Ramachandran pR8)( X-PLOR

and DYANA (20) provided almost the same structures. The
average DYANA target function value of the best 30
structures that were selected out of the 100 calculated ones
was 0.79+ 0.10 (1 SD). The rms deviations of the total 60
structures that were calculated with X-PLOR or DYANA
were 0.511 A for the backbone heavy atoms and 0.965 A
for all heavy atoms in the same region as described above.

Structure DescriptionAs displayed in Figure 2a, the
backbone of residues Glu662la775 and hydrophobic side
chains have been well defined. In contrast, the N-terminal
eight residues have not been well-defined owing to the small
number of medium- and long-range NOEs (Figure 1). The
X-ray study of HP.g at 1.57 A resolution by Kato et al.
(9) also showed that the electron density of the N-terminal
five residues (Thr654Asn658) and C-terminal two residues
(Lys777 and Lys778) was missing and that the temperature
factors, which represent the dynamic disorder due to the
temperature-dependent vibration of the atoms in a crystal,
for the subsequent N-terminal five residues (Ser68R663)
were more than 30 A The solution structure determined in
this experiment and the crystal structure are almost the same.
The mean and distribution of the pairwise rms deviations
between the crystal structure and each of the 30 solution
structures were 1.29 0.07 A (1 SD) for backbone heavy
atoms of residues Glu662Ala775.

HP1acg has a kidney-shaped and allstructure consisting

structures are summarized in Table 1. The rms deviationsof five helices (B-F) (Figure 2b). In the crystal structure
of these structures from the average structure were 0.452 A(9), residues Lys660Leu664 have been assigned to helix
for the backbone heavy atoms in the whole sequence exclu-A, but this region does not adopt a helical conformation in

ding the amino (N)-terminal eight residues and carboxy (C)-
terminal three residues (Glu662la775) and 0.927 A for

the solution structure. This region protrudes and is flexible,
as indicated by the small heteronucldaH}—>N NOE

all heavy atoms in the same region. The structures in this values <0.51). The locations of the other helices<{B) in

nonterminal region exhibited good geometry, with no residue

the solution structure are the same as those in the crystal
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motion. The negative NOE values for the N-terminal four
residues indicate the presence of significant flexibility in this
region, and this feature is consistent with the finding that
the conformation in this region diverged owing to a lack of
long-range distance constraints. The overall rotational cor-
relation time,rn, estimated from the mean and uncertainty
(6.00 & 0.33) of the 65R,/R; ratios that were limited to
within 1 SD was 8.60t 0.31 ns. This value is comparable
to those determined for other globular proteins with similar
molecular weights.

Backbone Dynamic3he model-free approach developed
by Lipari and Szabo27) provides information on the overall
and internal mobilities of a molecule. THeN Ry, R,, and
NOE data were first fitted to dynamic models (M%) under
the assumption of isotropic rotational diffusion with thg
value fixed at 8.60 ns. Subsequently, one of the dynamic
models was chosen for each ami#dl spin according to
the statistical selection protoc&€). The numbers of spins
selected for the respective dynamic models were 31 (M1),
39 (M2), 1 (M3), 11 (M4), and 9 (M5). Of the total 92
resonances, no model was successfully fitted to the relaxation
data of Trp746, which may undergo complicated motions
on various time scales. Internal motion paramet&s & 2,

S?, Tef, Tes and Rey) as well asz, were simultaneously
optimized finally using the dynamic model selected for each
spin. As a resultz, was determined to be 8.68 0.03 ns,
which was almost the same as the value estimated initially
from the limitedR./R; ratios and used for the model selection
(8.60 ns). The relaxation data for all theN spins were
simultaneously fitted well with the, value of 8.63 ns to
the respective dynamic models assigned initially. The reduced
structure. Helices €F are arranged in an up-and-down %2 for the overall fitting was 1.21, showing that the fitting
topology, forming a four-helix bundle motif. The remaining was moderately good.
helix, B, lies on long helices C and F and covers the loop ~ We also analyzed the relaxation data under the assumption
between short helices D and E. Helices C and F bend aroundof axially symmetric rotational diffusion. ThB:/R; ratios
the center of each helix. The phosphorylation site, His717, for the residues that may exhibit significant internal motions
is located in the center of helix D, and its imidazole ring is (Leu664, Leu670, Gly678, and lle754) or conformational
exposed to the solvent. exchange (Gly716, Leu731, Gly735, and Trp761) were
15N Relaxation DataTo characterize the dynamic proper- €xcluded according to the criteria described in Experimental
ties of HPh.s, we determined®N longitudinal relaxation ~ Procedures 28). When an axially symmetric rotational
rates,Ry, 1°N transverse relaxation rate®;, and{H} —15N diffusion tensorD, is fit to the remaining 83,/R; ratios
steady-state heteronuclear NOE values, atikdrequency  and to the molecular coordinates of g4, the magnitude
of 50.7 MHz, by analyzing proton-detectéid—°N hetero- and orientation oD were initially estimated. The fitting
nuclear correlation spectra &IN-labeled HP4.s. Reliable result was better with the coordinates of the crystal structure
peak heights were obtained for 102 backbone amide reso-0f HPtawcs (9) (reducedy?, 0.54) than with the coordinates
nances out of the expected 119. The peak heights for theof the solution structures (reducgé, 1.05+ 0.11). Thus,
other resonances could not be obtained owing to the spectrathe coordinates of the crystal structure were used in the
overlapping.R; andR; values were calculated by nonlinear following model-free analysis with an anisotropic diffusion
least-squares fitting of monoexponential curves to the model. The numbers of spins selected for the respective
experimental data, and NOE values were calculated from dynamic models were 23 (M1), 15 (M2), 0 (M3), 25 (M4),
the ratios of the peak heights in the spectra acquired with and 29 (M5). The average correlation time derived from the
and without the'H saturation. FoR;, R,, and NOE, 102, finally optimized diffusion tensor (12, + 4Dp) was 8.08
92, and 99 relaxation parameters were reliably obtained, = 0.02 ns, and the ratio of the principal values of the
respectively (Figure 3). The 10% trimmed means and diffusion tensor P,/Dp) was 1.37+ 0.02, whereD, andDp
distributions were 1.73: 0.05 s ! for R; and 10.38+ 0.60 are the longitudinal and transverse elements of the diffusion
s~ !for R.. The steady-state heteronuclear NOE values weretensor,D, respectively. The orientation of the longitudinal
uniformly high throughout the sequence except for in the axis of the diffusion tensor, which was determined on the
N-terminal and C-terminal regions. The mean and distribu- model-free analysis, was close to that of the inertia moment

a

Séo G‘IIO GéO 6;!0 7(‘)0 71IO 72;0 750 71|10 7;0 7&0 7'IIO
Residue number
Ficure 3: Plots of amide!™>N R;, R, and NOE against residue
numbers. The data were measured at'fine frequency of 50.7
MHz, which corresponds to ¥ frequency of 500.23 MHz: (a)
longitudinal relaxation rate®;; (b) transverse relaxation ratds;
(c) heteronucleaf'H} —15N steady-state NOE values defined as
Inoe/ Inon-noE, Wherelnoe and Inon-noe are the peak intensities
with and without!H saturation, respectively. For plots-g, the
error bars indicate 1 SD values of the uncertainties of the data.
The secondary structure is indicated at the top.

tion of the NOEs for this nonterminal region (Leu664
Ala775) was 0.73t 0.06. Generally, small NOE values

tensor, which was estimated from the molecular coordinates
(1.3 difference). The reduceg? for the overall fitting was

reflect the presence of a picosecond to nanosecond time scal®.97, showing that a slightly better fitting result was obtained
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Ficure 4: Internal motion parameters determined on model-free analysis with assumed isotropic rotational diffusion. Plots of order parameters,
S? (a), and chemical exchange rat&s, (b), against residue numbers. The error bars indicate 1 SD values of the uncertainties estimated
by means of Monte-Carlo simulations. The secondary structure is indicated at the top. (c) Mapping of the regions exhibiting internal
motions on a picosecond to nanosecond time scale characteriZéipy!>N NOE values of<0.55 (cyan) o1S2 values of<0.8 (green).

All the residues in the N-terminal (Thr65451u662) and C-terminal (Thr77#6Lys778) regions are assumed to have small NOE values

from the apparently descending curves of the NOEs at both ends of the sequence. (d) Mapping of the regions exhibiting very small
conformational exchange on a microsecond to millisecond time scale characterRgd/bjues of>1.0 s tand<2.0 s (blue). The side

chain of the phosphorylation site, His717, is also shown in magenta. The secondary structure elemenishefites are labeled. The

figures in (c) and (d) were drawn with the program MOLMGC22Y.

under the assumption of axially symmetric rotational diffu- the uncertainty of the data (5.3% on average). For more
sion than under that of isotropic rotational diffusion. significant analysis under the assumption of anisotropic
The order parameter§?2, determined with the isotropic  rotational diffusion, a wider dispersion &/R; ratios with

and anisotropic models showed no statistically significant smaller uncertainties is required: for example, 1 SD of 20.4%
difference. Uniformly high order parameteiS? (0.86 + for Ry/R; dispersion, which was observed with the same static
0.044), were obtained throughout the sequence except formagnetic field (50.7 MHz) for a nucleotide excision repair
the loop between helices E and F and the N-terminal 10 protein, XPA @2). Furthermore, the internal motion param-
residues, for whicl82 could not be obtained (Figure 4a,c). eters, especiallyes and Rey, obtained on analysis with an
Generally, a rigid part of a protein in terms of a picosecond anisotropic model are often affected by orientational devia-
to nanosecond time scale exhibits hi§h values of about  tion of the relevant amide NH bond vector from its accurate
0.85, and a flexible part exhibits lo®2 values of smaller ~ coordinates. For these reasons, it is difficult to judge which
than 0.8. The higls2 as well as high NOE values obtained model is statistically more appropriate for analysis of the
for HPta.cs indicate that the overall structure excluding both relaxation data of HRI:s. However, it is clear from the
terminal ends is rigid on a picosecond to nanosecond time obtainedRe values that there seems to be no large motion
scale. The loop connecting helices E and F and the on a slow time scale (microseconds to milliseconds) through-
subsequent three residues of helix F (Ser7ABp748) out the sequence except for the N-terminal 10 residues, for
exhibited relatively lowS2 values of about 0.73 and effective  which Rex could not be obtained. In addition, although there

correlation times for slow internal motions, of about +3 may be slow time scale motions in the vicinity of His717,
ns, suggesting that this region undergoes motions on athey are very small.
nanosecond time scale. Amide Hydrogen Exchange Rates and Protection Factors.

Rex values determined by model-free analysis indicate a The exchange of the amide protons of [gRtwith solvent
region undergoing conformational exchange on a microsec-deuterons was monitored by recording successive HSQC
ond to millisecond time scale. The model-free analyses with spectra after dissolution éfN-labeled HP4.s, which had
the isotropic and anisotropic diffusion models revealed a been already lyophilized in 4@, in 2H,0. The experiments
slightly different feature of th&., values. For the isotropic  were carried out at pH 5.5 and 6.5 so that the exponential
model, Rex values of larger than 1.0°s' were obtained for  decays caused by a wider range of exchange rates could be
Gly711, Gly716, Ala723, Gly735, and Trp761, all of which monitored. Of the 119 total backbone amide protons of
are located spatially near the phosphorylation site, His717 HPt,, at least 78 and 72 exhibited exchange rates slow
(Figure 4b,d). In contrast, no residue exhibite&e value enough to be measured in the experiments at pH 5.5 and
larger than 1.0 s for the axially symmetric rotational 6.5, respectively. The exchange rates for the other amide
diffusion model. protons were too fast to be detected, except for those of

A simple comparison between the redugédralues for Ala663 and GIn737, whose resonances overlapped in the
overall fitting with the isotropic (1.21) and anisotropic (0.97) HSQC spectra. The fitting of monoexponential curves to the
models seems to indicate that the anisotropic model is slightly experimental data was successful for 74 (pH 5.5) and 66
better than the isotropic model for analysis of the relaxation (pH 6.5) residues. Protection factoBs,were calculated for
data of HPf.s. However, the dispersion of théN Ry/R; 50 amide hydrogens with larger exchange rate§.025
ratios of HPks was not large (1 SD, 8.4%) compared to min* at pH 6.5) using the data obtained at pH 5.5 and for
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a Interestingly, all the residues in helix D, which contains

r the phosphorylation site, His717, show relatively low protec-
= sx10t b tion factors of less than 4000 compared with those observed
2 . E for the other helices (1006860000) (Figure 5a). These low
~E $x10 protection factors for helix D indicate that helix D may
o 3x10t experience local transient unfolding on a millisecond to hour
3 2x10t F time scale more often than the other helices.
g _— Effects of pH on the HistidinéH and >N Resonances.

For characterization of the imidazole rings of all three
0

e o bt T8 T T T T T8 a6 710 histidine residues of HRtg, His717, His730, and His763,
Residue number 2D *H—""N HMBC spectra were acquired with uniformly

N-labeled HPf,s at various pHs between 3.69 and 9.41.

The resonances of the imidazole protons attached to carbons,

i.e., @—proton (HY) and G—proton (H?), were assigned

by means of the correlations betweef?ldnd @ nuclei in

the 2D (HB)CB(CGCD)HD spectrunif) and by means of

the intraresidue NOEs betweer??-and H! nuclei in the

2D NOESY spectrum (Figure 6a, inset). In the 2D HMBC

spectra obtained at pHs lower than 8.2, three cross-peaks

corresponding to H—N°1, H%2—Ne<, and H2—N°! were

observed for each histidine residue. Most of thé-HN<2

cross-peaks exhibited very weak intensities. The spectrum

obtained at pH 6.87 is shown in Figure 6a as an example. In

the spectra obtained at pHs higher than 8.4, cross-peaks

derived from His763 were not observed, and those derived

from His717 were broadened in th#® dimension, probably

owing to exchange of the labile protons®itand H?) with

the solvent. Figure 6b,c shows the pH titration curves for

the N2, N°%, He!, and H? chemical shifts.

The K, values were estimated by fitting the Henderson
Hasselbalch equation to the pH titration data. THe\mlues
estimated from the respective titration curves fot, HHo2,

N<?, and N* coincided with one another for His717 and
His763, with average values of 6.76 and 7.09, respectively
FIGURE 5: Protection factors estimated from amide hydrogen (Figure 6b,c). These values are close to thgyalue of 6.9
exchange rates. (a) A plot of protection factd®sagainst residue  for a solvent-exposed imidazole ring, which was found in a
numbers. The error bars indicate 1 SD values of the uncertaintiesstudy on a model tripeptide, Gly-His-GI\33). This agree-
esr“maiedi bSi’ng“ieat”S do;'\{'ﬁgtteécazg ?\L”;U'ai‘ﬂongf tThZe Sr%‘t?g(’:‘t?éir:y ment is consistent with the observation that these two
?z;cl:g:g.?l'hsé resi((:jzees for which tﬂe amide F?15)/dr%gen excﬁange rate§mIdaZOIe rings are exposed_tq _the SOlyent in the determined
were too fast to be detected in the proton/deuteron exchangeStructure, the solvent accessibilities being 32.5%, 26.7%, and
experiments are drawn in gray. The residues vt 10 and 11.0% for His717, His763, and His730, respectively (Figure
<4000 are drawn in light bluez4000 and<10 000 in orange, 2b).

and >10 000 in magenta. The side chain of the phosphorylation |+ nas peen reported that deprotonated and protonated
site, His717, is also shown in green. The secondary structure. . 15 .
elements for thet-helices are labeled. The figure in (b) was drawn imidazole**N _mJCIe' usually resonate at about 250 and.l70
with the program MOLMOL 22). ppm, respectively34). However, both K and N* nuclei

of His717 at high pH resonate at about 205 ppm, which is
28 with smaller exchange rates@.025 mim * at pH 6.5) almost the midpoint of these extreme resonances. Therefore,
using the data obtained at pH 6.5, according to Bai et al. N2 and N'-deprotonated neutral tautomers, with an almost
(Figure 5a). A protection factor represents the extent to which equal population of each tautomer, are likely to be exchanged
an amide hydrogen is protected from exchange with the at high pH rapidly compared to the difference between the
solvent, thereby indicating the local stability around the two resonances (about 4 kHz). This result is different from
amide hydrogen. The helix regions exhibited relatively high that obtained for the phosphorylation site, His48, of chemo-
protection factors compared to the loop regions (Figure 5b). taxis-specific protein kinase CheA. The pH titration
In particular, the central part of helix C and the whole of experiment involving the phosphotransfer domain of CheA
helix F were largely protected®(> 10 000). In contrast,  showed that the R-deprotonated tautomer is dominant for
helix B, both ends of helix C, helix D, and helix E were less His48 (NH/N°*H tautomeric ratio, 3/7) at high pH with fast
protected P < 10 000). The Gibbs free-energy for local tautomerization; thus, the authors suggested tH*aHNs
transient unfolding of the helical regions was estimated for protected from deprotonation by a possible hydrogen bond
the amide protons for which the protection factors were involving N°*H as the hydrogen donor. The crystal structure
available. The average values per residue were 4.92 (helixof HPtacg Suggests that GIn739 in helix E forms a hydrogen
B), 4.96 (helix C), 4.64 (helix D), 5.31 (helix E), and 5.74 bond with the imidazole N atom of the phosphorylation
kcal/mol (helix F). site, His717, in helix D, such that theNsite is exposed to
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a state. Furthermore, this result is consistent with the report
: that mutant Q739A of HR{.g, in which glutamine at residue
Wrs0 - - 739 is replaced with alanine, exhibits the same activity as
ne2 . 180 the wild type 85), indicating that a hydrogen bond between
Het w2 His717 and GIn739 does not exist or, even if one exists, it
is too weak to generate an unequal tautomeric ratio.

% N31” &
Held H763 §H52

NE2

" 190
Hég ' . TN ghﬁ?

- H717 NO1

DISCUSSION

Possible Small Conformational Change Upon Phospho-
rylation. Recently, NMR*N relaxation and mutagenesis
studies on the inactive form of Bacillus subtilisresponse
: regulator, SpoOF, showed that the region surrounding the
AN, : ) phosphorylation site, Asp54, has significék values (5-

v - 30 s 1), which are indicative of motions on a microsecond
5o T ) p to millisecond time scale3@). It was also shown that the
1H chemical shift (ppm) locations of these residues with the slow time scale motions
correlate with the surfaces for the interactions with other
b ' ' ' ' ' ' ' ‘ proteins involved in signal transduction, such as KinA
2101 :;::;Z;j; (kinase), RapB (phosphatase), and SpoOB (phosphotrans-
- W77 N (678) ferase). The authors have concluded that regions with large
Rex values are associated with conformational changes upon
phosphorylation 36). Examples of actual conformational
changes upon phosphorylation of the active site aspartate
residues in response regulator proteins have been reported
for the chemotaxis protein CheY37, 38), the nitrogen-
H730 NE2 (5.83) 1 fixation regulatory protein FixJ3Q), the sporulation regula-
tory protein Spo0A40), and the nitrogen regulatory protein
NtrC (41). In particular, for NtrC, phosphorylation induces
large conformational changes around the active site, including
displacement off-strands anda-helices, and induces a
register shift and axial rotation of a heli®).

The o-helical regions of HR{.;z are rigid on both
picosecond to nanosecond and microsecond to millisecond
W47 HET (6.24) time scales on the basis of hi@¥, high NOE, and no or
H763 HE' (7.07) 4 very smallRex values. In contrast, there is inhomogeneity as
H730 K2 (5.85) to much slower time scale motions. The protection factors
H763 H32 (7.13) of HPtarcs, Which were determined from the amide hydrogen
H717 2 (6.76) ] exchange rates, show the presence of fluctuations (breathing
R T motior_ls) ona s!ower time scale (mill?seco_nd to_hour) in _helix

H D, which contains the phosphorylation site, His717 (Figure
P 5b). The very smalR. values of between 1.0 and 2.0 5
FIGURE 6: The pH titration of the histidine imidazole rings. (a) A jn the vicinity of His717, which were obtained on the model-

portion of the 2D'H—15N HMBC spectrum acquired with a ; . . . .
DMX500 spectrometer withN-labeled HPics at pH 6.87 and free analysis under the assumption of isotropic rotational

310 K. The cross-peaks correlate the resonancési$fand 1H<! diffusion (Figure 4d), might represent an influence of the
with those of15N°%1 and 15N<2 within a histidine imidazole ring.  fluctuations inferred from the low protection factors in helix
The connectivities in each imidazole ring are indicated by a D.
guadrangle. The chemical structure of an imidazole ring in the | | ith SpOOE. which exhibits sl ti .
protonated and positively charged form, which is usually assumed n ana ogy wi - POUF, which exni ! S S_OW motons .|n
at acidic pH, is shown in the lower left corer. At high pH, either the region surrounding the phosphorylation site, the slow time
N<2 or N°* is deprotonated and a neutrat’N- or N<?H-tautomer scale fluctuations in helix D of HRtg may imply that a
Is formed, respecilvely. The chemical shiits of the imidazene", conformational change occurs in helix D upon phosphoryl-

N (b), "H?, and’H< (C) nuclei of His717, His730, and HiS763  4ii0n of His717. However, HRts exhibits no or much
are shown as a function of pH. The curves represent the Hender- I | in the vicini f Hi d with
son-Hasselbalch equations that fit best to the data. The apparentSMallerRex values in the vicinity of His717 compared witt
pK, values estimated by nonlinear least-squares fitting are shown the Rex values observed for SpoOF. Therefore, a possible
in parentheses. conformational change in HR4s induced by phosphorylation

o of His717 is likely to be much smaller than the conforma-

the solvent §, 9). A similar hydrogen bond has also been tional changes in response regulators such as SpoOF and NtrC
proposed for the crystal structure of yeast Ypdlp, which is (41). In a study on the phosphotransfer domain of histidine
structurally similar to HR§cs between the corresponding kinase CheA, it was found that the backbone dynamics in
atoms, i.e., @ of GIn86 and N! of His64 6, 7). However, the region around the phosphorylation site, His48, were rigid
the pH titration results for HREs showed that neither  and that only small perturbations of the amide chemical shifts
tautomer of His717 is dominant in HR4s in the solution were observed in this region upon phosphorylatits).(The

15N chemical shift (ppm)

2001 H763 N81 (7.03) |

190} H730 N31 (5.30) |

180

15N chemical shift (ppm)

O

851

H730 HE' (5.24)
8.0 1

7.5F

7.0t

1H chemical shift (ppm)
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authors, therefore, suggested that a possible conformationab.8 x 10* at the center of helix F (Figure 5). In contrast,
change upon phosphorylation of His48 is localized and small higher protection factors of a 1@rder have been reported
(10). A possible conformational change in helix D of Hig for BPTI (43), thioredoxin @4), and calbindin D9k45). The
upon phosphorylation may be as small as that of the highest protection factor for oxidized equine cytochrotne
phosphotransfer domain of CheA. Since the well-determined is as high as 3« 10 (46). Obviously, HPt..s experiences
crystal structure of helices D and E and the loop between transient local unfolding much more frequently than these
them in HP%cs (9) well matches the crystal structure of the proteins. On the other hand, the ribosomal protein L9, a 149
corresponding regions of yeast Ypd1p (rms deviation for C amino acid protein with an extremely elongated and flattened
atoms, 0.298 A)§), Ypdlp is expected to exhibit a similar  shape, exhibits lower protection factors of the order of 2
dynamic character to HRts and CheA. 1C® (47). Interestingly E. colichemotactic protein CheYa(

The pH titration experiment showed that the imidazole parallel protein composed of 129 amino acids), which may
ring of the phosphorylation site, His717, has a similgx p  interact with HP4cg (48), has the same order of protection
value to that of a solvent-exposed histidine imidazole ring. factors as HRfcs, with a maximum of 6.0<x 10* (49). This
The determined solution structure of HR$ also demon- similarity in the overall magnitude of the protection factors
strated that the imidazole ring of His717 is exposed to the may imply that transient local unfolding of almost the same
solvent. This supports the assumption that a large confor-dynamic order is associated with the possible interaction
mational change would not be required for His717 to receive between CheY and HR¢s.

a phosphoryl group from Asp576 in the intramolecular  Unusual Character of His73@oth *H and**N chemical
receiver domain and to donate it subsequently to Asp54 in shift changes of His730 are confined to narrow ranges in a
the response regulator, ArcA, because these histidine andyide pH range compared to those of His717 and His763.
aspartate residues involved in phosphotransfer could easilyaithough the apparentify values, which were estimated by
come into contact with each other in the absence of a largefitting to the respective I, Hel, N2, and N* titration curves
conformational change of HR¢s. Response regulators FixJ  of His730, diverge between 5.24 and 5.85, it is clear that
(39 and NtrC @1) undergo significant conformational the averagelg, value of 5.55 is significantly lower than that
changes upon phosphorylation. Especially in FixJ, backboneof g solvent-exposed histidine-6.9) (Figure 6b,c). Similar
motions of up 6 6 A have been observe®9). On the ftitration curves were reported for the-€protons (M) of
contrary, the phosphotransfer domains of ChéA) (and  the histidine residues in human, horse, and sperm whale
ArcB are likely to undergo only small conformational metmyoglobins %0). The curve for human metmyoglobin,
changes upon phosphorylation. Considering these availablefor example, exhibited a total chemical shift change of 0.76
examples, the localized and minor conformational changesppm, a downfield shift at high pH (resonance at 7.78 ppm),
in HPt domains upon phosphorylation in contrast to the large and a low [, value of 5.8 60). The authors suggested that
conformational changes in response regulators may be ahe low K, value is caused by a positively charged
common feature of His-to-Asp phosphorelay signal trans- environment around the imidazole ring, perhaps due to
duction because both HPt domains and response regU'atOfﬁearby |ysine residues. In HRE, however, there is no |ysine
exhibit respective similarities in their three-dimensional or arginine residue withi9 A from His730. Instead, a metal
structures. Although the possible conformational change jon, zr?*, was suggested to coordinate to His730, Glu756,
around the phosphorylation site of HR is probably small,  Glu760, and symmetry-related Asp748 in the crystal structure
it might facilitate fitting to the different binding partners  of HPt,g (8). Therefore, the low I, value of His730 may
including the intramolecular receiver domain and the re- pe due to the positive charge of the coordinating metal ion.
sponse regulators when HRg serves as a mediator in the  Furthermore, the cross-peaks of His730 in HMBC spectra
multiple His-to-Asp phosphorelay syster) ( are sharp even at pHs up to 9.1 but broaden out at pH 9.4 to
NMR analyses of the phosphorylated form of W  become undetectable, and its?NMnd N'* chemical shifts
could make it possible to discuss straightforwardly the are well separated at high pH. These results indicate that
presumed structural difference between the phosphorylatedihe exchange between the pair of deprotonated tautomers of
and unphosphorylated proteins. Owing to the following His730 is suppressed at pHs below 9, probably because the
reasons, unfortunately, structural analyses of the phospho-imidazole ring is rather buried in the molecular surface

rylated form of HPk.g are not easy at present. A small (solvent accessibility, 11.0%) and is also involved in the
amount of HP4cg has been shown to be phosphorylated in metal ion coordination.

vitro by incubating the protein with purified cytoplasmic Although we performed HMBC and HSQC experiments
membrane containing intact ArcB in the presence of ATP | . o sample containing 40 mM EDTA at pH 6.5 to

(42). However, the p.repare.lti.on of a large amount of Fhe determine whether the unusudgvalue is due to the effect
phosphorylated protein sufficient for NMR study, according ¢ 5 metal jon, no significant chemical shift change was
to this procedure, would be difficult. In addition, a procedure hqened in the spectra. Thus, the metal ion might coordinate

for separation of phosphorylated HR# from unphospho- strongly enough not to be detached from His730 by EDTA.
rylated HPkwcs has not been established yet to the best of \yg are continuing to investigate the unusual character of
our knowledge. Furthermore, the lifetime of the phospho- 5730 and its biological implications.

rylated state in the membrane mixture for phosphorylation

is estimated to be as short as about 30 ndig).(Hence, CONCLUSION

analyses of the phosphorylated form of ikt must await

further experiments. In summary, the solution structure of the histidine-
Protection FactorsHPt g exhibits protection factors of ~ containing phosphotransfer domainf coli sensor kinase

a 10 order of magnitude on average, with a maximum of ArcB was determined by means of multidimensional NMR
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techniques using uniformA?N- or >N-,1*C-labeled samples.
The structure contains five helices<8), of which helices
C—F form a four-helix bundle, which is a common motif
for HPt domains. In the crystal structure determined previ-
ously @), an N-terminal region composed of five residues
(Lys660-Leu664) was assigned to helix A, but in the
solution structure, this region is too flexible to adopt a helical
conformation. The backbone dynamics were also investigated
by analyses of amidé®N longitudinal and transverse
relaxation rates anfi'H} —1°N heteronuclear NOE values
under the assumption of isotropic or axially symmetric
rotational diffusion. The obtained order paramet&3%, as
well as heteronuclear NOE values showed that the overall
structure of HP#tg, except for both terminal ends and the
loop connecting helices E and F, is rigid on a picosecond to
nanosecond time scale. The sniRl| values obtained under
the assumption of isotropic diffusion suggested that minor
microsecond to millisecond time scale motions might occur
in the vicinity of the phosphorylation site, His717. Slower
time scale fluctuations in the backbone were studied as the
rates of exchange of the amide protons with solvent
deuterons. Uniformly low protection factors 4000) in helix

D, which contains His717, indicated that helix D undergoes
a breathing motion involving local transient unfolding more
frequently than the other helices. Taking these dynamic data
and available examples of other HPt domains into consid-
eration, we propose that Hig undergoes a conformational
change in helix D upon phosphorylation but that it is small
and localized. Furthermore, the protonation states of histidine
imidazole rings were characterized by means of pH titration
experiments. The results showed that ti& palue of the
imidazole ring of His717 (6.76) is close to that of a solvent-
exposed imidazole ring~6.9) and that the pair of depro-
tonated neutral tautomers are exchanged rapidly. This is
consistent with the solution structure of HR$, in which

the imidazole ring of His717 is exposed to the solvent. Since
the HPt domains exhibit a structural similarity to one another
(51), the characters of the internal dynamics and the
phosphorylation site histidine, which are reported here for
HPtarce, are expected to be common to other HPt domains
as well.
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SUPPORTING INFORMATION AVAILABLE

Two tables containing the internal motion parameters of
HPtacs (S2 S 2 e andRey) obtained by model-free analyses
under the assumption of isotropic or anisotropic rotational
diffusion and the results of the pH titration experiments for
the histidine imidazole rings. This information is available
free of charge via the Internet at http://pubs.acs.org.
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