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Abstract

SpollAA patrticipates in a four-component mechanism for phosphorylation-dependent transcription control at the
outset of sporulation. We report the refinement of the solution structure of SpollAA by using the automated iterative
NOE assignment method ARIA. To complement the structural data, the protein dynamics were determined by
measuring the T, T» and NOE of the backbon®N-nuclei. The refined structure permits a discussion of the
structural features that are important for the function of SpollAA in the regulation of the sporulation sigma factor
o, and for homologous regulatory pathways prese.iaubtilisand in other bacilli.

Introduction 1994; Diederich et al., 1994; Duncan et al., 1995).
Thus the sporulating bacterium provides a prokary-
The soil bacteriumBacillus subtilis responds to  otic model system for cell differentiation, where the
metabolic stress by entering a pathway of differential cell develops into two different cell types, albeit with
gene expression called sporulation, that is, a single identical genomes. Although several transcriptional
cell divides into two cells in which different genes regulation pathways governing the sporulation process
are expressed. The sporulation process culminates inhave been delineated in detail, structural information
the formation of an enduring cell type, endospore, and on the participant proteins is still scarce.
the lysis of the mother cell (Piggot and Coote, 1976; We present the structure refinement of the response
Losick et al., 1986; Errington, 1996). The temporally regulator SpollAA by using the recently developed,
and spatially distinct activation of sporulation-specific fully automated iterative NOE-assignment procedure
genes is directed by transcription factors called sigma ARIA (Nilges and O’Donoghue, 1998). The overall
factors. The first transcription factor with compart- fold of the dephosphorylated form of the 117-residue
mentalized activity ise"™ in the forespore (Losick protein in solution has been reported earlier (Kovacs
and Stragier, 1992). The phosphorylatable protein et al., 1998). SpollAA is a novelt/p fold devoid of
called SpollAA — together with two other proteins, long loops and unstructured regions. Several calcula-
a specific protein kinase and a protein phosphatase —tions were initially performed to test the applicability
participates in the regulation ef in an ATP/ADP of the ARIA procedure for a protein of this size. Thus
dependent manner (Min et al., 1993; Alper et al., we could determine a high-resolution NMR struc-

O — ture by the ARIA method by using a comprehensive
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from the previously determined overall fold. ARIA and with 23% sequence identity to the SpollAA se-
was also able to calculate the overall fold using the quence fromB. subtilis(M. Huynen and H. Kovacs,
same data set but starting from a random template. unpublished). Conserved in this alignment are, in par-
The precision of the calculation could be enhanced by ticular, the phosphorylatable serine, residues close
implementing ambiguous-helical hydrogen bonds to it and several other key residues for the fold and
(i,i+4 or i,i4+-3) which are readily identified based on function as discussed below; for instance, G20-D23
the primary NOE 3Jyn, and13C* and3CP chemical ~ and G95-L96. The sequence homology suggests that
shift data. The use of the-helical hydrogen bonds this protein corresponds either to SpollAA in the
was, however, not indispensable for the success of theregulation, or to RsbV or RsbS in the homologous
calculation. oB regulatory pathway, although its sequence homol-
The heteronuclear nuclear Overhauser effects ogy to the two latter ones is slightly lower, 18% and
(NOE), longitudinal () and transverse §) relax- 15%. The genes for the proteins participating in the
ation rates of amidé2N in the protein backbone o ando® regulation, respectively, are found in sin-
were measured, thus complementing the structural gle operons in thd3. subtilisgenome (Kunst et al.,
data. The current NMR studies of SpollAA are a 1997), whereas in th#&l. tuberculosisgenome their
step towards elucidating — in terms of the four com- homologues are shuffled (Cole et al., 1998), which
ponent proteins and the nucleotide — the structural complicates their identification.
basis for this distinct mechanism for regulation of Recently, statistically significant homology was
differential gene transcription by™ and homologous  reported between the SpollAA sequence with its bac-
pathways. Investigations of sequence homology (Park terial homologues and the carboxy-terminal, cytoplas-
and Yudkin, 1997) and protein function (see, for in- mic fragments from three human sequences belong-
stance, Duncan et al., 1996; Magnin et al., 1997) ing to the sulfate transporter family (Aravind and
have previously indicated what the structural studies Koonin, 2000). The similarity involves 16 hydropho-
of SpollAA now confirm, that this regulatory mecha- bic residues that are found in the core of the SpollAA
nism has distinct features as compared to the known structure, and G20 which is a conserved position in
phospho-relayed signal transduction mechanisms. the alignment. Based on this homology, Aravind and
SpollAA is classified into a novel fold family in  Koonin define a fold superfamily, called the STAS-
the structural protein database (Hubbard et al., 1999), domain superfamily, which includes the bacterial anti-
since the arrangement of the secondary structure el-sigma factor antagonists (ASA) and the cytoplasmic
ements in the SpollAA structure does not have a domains of the sulfate transporter family (ST); the lat-
counterpart among the known protein folds. The pri- ter comprise a humber of anion transporters both of
mary sequences of SpollAA fdB. subtilisand six eukaryotic and prokaryotic origin.
other bacilli are highly (35 to 83% identity) homol-
ogous (Park and Yudkin, 1997). The sequences of two
other B. subtilis proteins, RsbV and RsbS, are 32% Materials and methods
and 22%, respectively, identical in sequence to Spol-
IAA. These two proteins are known to participate in  Protein purification and®°N-labeling
phosphorylation-dependent regulation of transcription SpollAA from Bacillus subtilis was overproduced
in B. subtilis(Alper et al., 1996), with known func-  in E. coli by using the T7 RNA polymerase sys-
tional and sequence —and thus presumably structural —tem. A detailed description of the purification proce-
homology tos™-regulation. Sequence homologues of dure has been reported previously (Diederich et al.,
the four sporulation-specific sigma factors have also 1994; Kovacs et al., 1998). Methionine-1 was post-
been located in the complete genomeNycobac- translationally cleaved yielding a 116-residue protein
terium tuberculosigCole et al., 1998). The possible with an N-terminal serine. For the uniforrPN-
sporulation sigma factas™ from M. tuberculosishas enrichment the cells were grown on minimal medium
been isolated and in vitro studies suggest that its ac- containing!>NH4Cl as the sole nitrogen source, the
tivation might be instrumental for the dormant state yield being 10-15 mg protein per litre. The maximal
of this organism after infection (DeMaio et al., 1996). SpollAA concentration was about 1 mM in the NMR
Our search in theM. tuberculosisgenome with the  sample buffer which contained 25 mM NacCl, 25 mM
SpollAA sequence confirmed the finding of Cole etal. K,HPQ4, 1 mM dithiothreitol (DTT) and RO (5%
(1998) of a protein sequence of comparative length v/v) at pH 6.4.
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Nuclear magnetic resonance spectroscopy of 1024 complex points in the acquisition dimen-
The NMR experiments were performed on samples sion with a spectral width of 16.66 ppm, and 128
containing 1.0 mM unlabelled or 0.7 mM uniformly  complex points in the indirect dimension with a spec-
15N-labeled SpollAA protein at 25C. The spectrafor  tral width of 41.1 ppm, where thé°N carrier was
the collection of distance constraints were recorded placed at 116.0 ppm. Thug hax = 51.3 ms and

on a homebuilt 750 MHz spectrometer at Oxford timax = 512 ms. For the T-measurements, eight
University and the heteronuclear NOE, heteronuclear spectra were recorded with relaxation delay T set to
relaxation and HNHA-experiments were performedon 10, 60, 100, 300, 500, 700, 1000 and 1200 ms. For
a Bruker DRX 600 MHz spectrometer. All spectra T2-measurements, eight spectra were recorded with
were calibrated against a water frequency of 4.65 ppm the CPMG-type of relaxation delay T set to 16, 32,
at 25°C. Spectral processing was done with FELIX 48, 64, 80, 96, 112 and 128 ms. The equilibration

software (FELIX 2.3, Molecular Simulations Inc.)
and with NMRPipe (Delaglio et al.,, 1995) while
the XEASY (Bartels et al., 1995) program was used
for spectral analysis and determination of the signal
intensities.

delay between the scans was set to 1.2 s in the re-
laxation experiments and to 2.0 s in the heteronuclear
NOE experiment. The Tand T, relaxation exper-

iments were acquired with 32 scans per increment
and the heteronuclear NOE experiment with 20 scans.

The resonance assignments of SpollAA have been The total measuring time was 23 h for the-Jeries,

reported earlier (Comfort, 1998; Kovacs et al., 1998).
NOE cross peaks were collected from 2D-NOESY
spectra in HO and DO of the unlabelled sample and
a 15N-correlated 3D-NOESY spectrum (ibid.). Addi-
tional 2D-NOESY spectra in O were recorded with
mixing times of 50, 75 or 125 ms at the 600 M4
field in order to monitor spin diffusion effects. The
homonuclear two-dimensional NOESY spectra were
typically recorded with a data size of 102812 com-
plex points andimax = 1024 ms,  max = 51.2 ms
and with 48 scans peg-increment. The acquisition
parameters for the three-dimensiodd@N-NOESY-
HSQC experiment werez tax = 48.6 ms ¢H, 512
complex points), 4max = 14.2 ms ¢H, 128 com-
plex points) andtmax = 8.4 ms &°N, 16 complex
points). The!®N-carrier was set to 116.0 ppm. The
mixing time was 125.0 ms and 22 scans were col-
lected per increment giving a total experiment time
of about 70 h. For the coupling constaritsn, a
three-dimensional HNHA spectrum with water-flip-
back (Kuboniwa et al., 1994) was recorded on’thé-

26 h for the h-series and 15 h for each pair of a
heteronuclear-NOE and a reference spectrum without
NOE.

Collection of conformational constraints

The assignment of théH, 1°N and 13C resonance
frequencies has been reported earlier (Kovacs et al.,
1998). The cross peaks in the NOESY spectra were
carefully peak-picked while comparing the presence
and intensity of the signals at different mixing times
to avoid peaks due to magnetization transfer through
spin-diffusion. The NOE cross peaks were volume
integrated by using routines in XEASY. The vicinal
scalar coupling constantgn, were determined from
the ratio of the diagonal and cross-peak intensities
in the HNHA spectrum. The values were compared
to those reported earlier, obtained by curve fitting to
traces extracted from the HMQC-J spectrum. The pre-
viously reported 80 values were confirmed and 12
additional coupling constants were determined. The
coupling constants were converteditdihedral angle

labeled sample. The sweep widths were 16.663 ppm in constraints through the Karplus relation.

the acquisition, 10.414 ppm in the indirect proton and
28.155 ppm in thé>N dimension. The size of the data
matrix was 1024 128x64 complex points ftmax =
512 ms, bmax = 20.5 mMs, i max = 37.37 ms). The
total mixing time was 40.4 ms. Eight scans were col-
lected per increment and the total experimental time
was 3.5 days.

For the determination of th&N longitudinal and
transverse relaxation antH-1°N steady-state NOE
two-dimensional experiments utilizing coherence se-
lection by pulsed field gradients were used (Farrow
et al., 1994). The'>N-correlated spectra consisted

Automated iterative NOE assignment and structure
calculation

The NMR-structure calculations were performed by
using the fully automated iterative method for assign-
ing NOE cross peaks, ARIA, Ambiguous Restraints
for Iterative Assignment (Nilges and O’Donoghue,
1998), which is implemented in the software pack-
age XPLOR (Brunger, 1993). This strategy relies on
the availability of a comprehensive assignment of the
IH-resonance frequencies and frequency lists of inte-
grated cross peaks with a negligible number of noise
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peaks. In the present case three data sets were usedn the initial iterations the reference is mainly based on
2D-NOESY in O and DO, and ®N-correlated intra- and sequential connectivities, while successively
3D-NOESY. At the outset the program performs a an increasing number of medium- and long-range dis-
partial assignment, calibration, violation analysis and tances are included in the evaluation. However, our
merging of the peak lists from different spectra. The experience shows that the reference distances do not
resulting non-redundant set of NOE-based distance re-vary much and the calibration method is rather stable.
straints is used in a simulated annealing calculation of Upper and lower bounds on a distartare set tad
20 structures. Thereafter the NOE analysis is repeated,+/— 0.125¢d?.
now based on the conformation of the seven lowest-  Two ARIA calculations were performed starting
energy structures from the calculation. This procedure either from a random template or the known fold.
is repeated iteratively eight times. The automated as- All the cross peaks were initially without assignment.
signment of the NOE cross peaks is solely based on Restraints that were systematically violated in the cal-
the chemical shifts of the protein protons, allowing for culated structures with lowest energy were removed,
a frequency deviation of/— 0.015 ppm in the acqui-  also when they were assigned. These signals may be
sition dimension and+-/— 0.030 ppm in the indirect  due to noise or spin diffusion. The output assignments
proton dimension. from the latter run were analyzed for two purposes;
A unique characteristic of the method is the use of to localize noise peaks and to identify the secondary
ambiguous distance restraints to treat degeneracy ofstructure elements. The excluded peaks were care-
several resonance frequencies. In the course of the it-fully checked and their presence and intensity in the
erative procedure this so-called dispersion degeneracyNOESY spectra recorded with 50 and 75 ms mixing
is resolved in the following way. The signal intensity times was examined manually. In the final iteration
of an ambiguous NOE corresponds to a distabce 100 structures were calculated starting from the known
that is the sum of the contributions from all the pos- fold. Forty structures with the lowest energy were fur-
sible assignments. Thu is always shorter than any  ther refined in a 9 A shell of solvent water (Nilges
single contributing distance. In the analysis of the cal- et al., 1997) and 33 lowest-energy structures were an-
culated structures an average distance is determinedalyzed. For the visual display and quantitative analysis
for each of the distances corresponding to a possible of the calculated structures, the molecular graphics
assignment. Then each contribution is estimated as asofware MOLMOL (Koradi et al., 1996) was used.
fraction of the sum of all contributions. A cutoff for  The quality of the calculated structures was inspected
accepting or rejecting possible assignments is definedby using the PROCHECK software (Laskowski et al.,
by the user, such that the sum of the accepted contribu-1996).
tions must fulfill the cutoff value. The cutoff (denoted
by p in Table 1) is varied from one iteration to the Analysis of the heteronuclear NOE and relaxation
next. In the beginning it is given a high value, 0.999, data
which means that few possible assignments, if any, are The signal intensities were determined by the maxi-
rejected. In the final iteration the cutoff is set to a low mum integration method in XEASY. Due to overlap, 8
value, 0.80, which results in only distances of similar signals were excluded from the analysis. Uncertainty
size being retained. If a single possible distance fulfills due to noise in the measured peak heights can be ap-
the cutoff, the NOE is assigned unambiguously to this proximated to> 3% in the relaxation measurements
distance. This approach of using the cutoff for the sum and 5-8% in the two sets of heteronuclear NOE exper-
of the individual contributions instead of a straight- iments, based on the baseline signal/noise level in the
forward distance cutoff as the criterion for accepting first spectra of the relaxation series and the S/N level
possible assignments, renders the NOE assignment an the spectra in the presence of NOE. Theahd T
self-adjusting process, where the relative contributions values were obtained by non-linear least squares fit-
rather than the actual distances are compared. ting of the peak intensities to an exponential function.
The calibration of cross-peak intensities against The standard deviations in the curve fits werd 0%.
distances is done automatically in the beginning of In the subsequent analysis the usual equations for the
every iteration. The assigned peaks corresponding tolongitudinal and transverse relaxation time were used
distances<3.5 A in the calculated structures are in- (Kay et al., 1989). These express and T in terms
cluded in the averaging in order to obtain a reference of the spectral density functions and include con-
distance and a corresponding reference volume. Hencetributions from the dipole—dipole and chemical shift
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Table 1. Assignment statistics

Iteration p Violation tolerance  Number of distance constraints

A ambiguous  unambiguous  total
1 0.999 20 1584 229 1744
2 0.99 1.0 1724 535 2259
3 0.98 0.5 1870 825 2695
4 0.96 0.25 1832 1319 3151
5 0.93 0.1 1390 1414 2804
6 0.90 0.25 1138 1600 2738
7 0.80 0.1 955 1655 2610
8 - 0.0 566 1751 2317
92 - 566 1751 2317

@Refinement of the final ensemble in explicit water.
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Figure 1. Number of NOEs per residue determined by (a) the automated routine and (b) manual assignment. Long-range connectivities are
denoted by a solid bar and the total number by an open bar. From the ambiguous data in the automated calculation the first alternative assignment
is included.

no of constraints

anisotropy relaxation mechanisms. For the spectral Results

densities the simple form ofd{) = Swm/(1+ w?tZ;)

was found to be appropriate. This model assumes the The automated NOE assignment and structure

overall tumbling to be isotropic small-step diffusion calculation

of a spherical rigid body, where the order parameter The number of NOE-based distance constraints in the

S? accounts for the initial fast-time-scale averaging of final ARIA iteration was 265 more than in the man-

the reorientational correlation function. The reorienta- ual NOE-assignment reported earlier (Kovacs et al.,

tional correlation timexry; was solved numerically for ~ 1998). It is noteworthy that 145 of the additional dis-

each residue from theyIT> ratio. tance constraints are long-range (including ambiguous
NOEs where the first alternative is a long-range con-
nectivity). The distribution of the distance constraints
per residue, obtained by the automated and manual
assignments, is shown in Figures la and 1b. A con-
ceptual difference between the two NMR-structure
calculations is the use of ambiguous NOEs in the au-
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Table 2. Summary of the constraints and the structure calculation

Conformational constraints
NOE-based distance bounds:

intra-residue {ji| =0 916 40%
sequential i| =1 598 26%
medium range X |j—i| < 4 309 13%
long-range i > 5 494 21%
total 2317
unambiguous 1751 76%
ambiguous 566 24%
Dihedral angle constraints:
3J4Nq based backbone 90
Quality of the calculated structures
Violations: 33 best structurds <NMR=>P
distance bounds>(0.3 A) 1 0
dihedral angle constraints-(5°) 0 0
Ramachandran analySis
residues in the most favoured regions 71.9%
additional allowed regions 24.4%
generously allowed regions 3.3%
disallowed regions 0.4%
Rmsd differencesin A
residues 2-117 backbone N*@nd C  all heavy atoms
0.524+ 0.09 0.95+ 0.09
| helix (T26-L38) 0.22+ 0.06 0.68+0.11
Il helix (S58-K72) 0.24+ 0.07 0.58+ 0.08
Il helix (K88-S94) 0.11+ 0.04 0.84+0.17
IV helix (E106-T112) 0.25: 0.13 0.99+ 0.33
| B-strand (G4-K10) 0.2% 0.06 0.71+0.10
Il B-strand (V13-T19) 0.1% 0.04 0.56+0.11
Il B-strand (H45—N49) 0.1% 0.04 0.34+0.21
IV B-strand (E77—C81) 0.1& 0.05 0.58+ 0.31

3Violated in 17 or more structures out of 33.

PThe mean structure was obtained by averaging the coordinates of the 33 best structures after
superposition of the N, € C' backbone atoms in the structured regions comprising residues
2-113.

CDetermined by the program PROCHECK (Laskowski et al., 1996).

dRoot mean square deviation of the 33 best structures vs. the mean structure. Rmsd calculated
for each region after the superposition of the indicated region.

tomated assignment routine. Twenty-eight percent of tion incorporated additional constraints for backbone

the NOE cross peak assignments in the final iteration ¢ andys dihedrals based on tHé€C* chemical shift.

remained ambiguous, cf. Table 1. In the manual as-

signment procedure the dispersion degeneracy was notStructure of SpollAA

taken into account, although it can be assumed to play The solution structure of SpollAA resulting from the

a significant role for a protein of this size. In the manu- ARIA calculation is represented by the 33 lowest-

ally assigned structure, the characteriaticelical and energy conformers, energy-minimized in a shell of

crossp-strand hydrogen bonds were implemented ex- water; these have a backbone root mean square devi-

plicitly, whereas no H-bonds were used in the current ation (rmsd) of 0.52+/— 0.09 A to their mean. The

calculation. Although the number 88y, coupling rmsd is taken over the backbone atoms of all residues.

constants used here was higher, the previous calcula-The low value reflects the fact that the fold is compact
and well-defined, lacking long unstructured termini
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Figure 3. Per-residue rms deviations for the backbone atoms after
a global superposition to the mean of the 10 best structures from
the automated calculation (solid line) and the manually assigned
calculation (dashed line), and after a superposition of these two
average coordinates (gray line). Under the graph, arrows indicate
B-strands, cylindersi-helical fragments and the position of the
phosphorylatable serine-58 is marked by an asterisk.

in the C-terminus, cf. Figure 1. The superposition of
the conformational spaces spanned by the 10 lowest-
energy conformers from the automated and manual
calculations is shown in Figure 4. Superposition of the
average structures of the two structure bundles yields a
backbone rmsd of 0.77 A for tiiesheet in the protein
core (including residues 4-10, 13-19, 45-49, 77-81)
and a backbone rmsd value of 0.96 A comprising the
first, second and thirdi-helices (including residues
Cure 2. Th |  theohelical and ; . 26-38, 58—72, 88-94), whereas the simultaneous su-
e s e ey socear!  perposion of alla-helcal fragments and-strands
cated in parentheses, see text for details. (b) The three-dimensionalyIeIdS anrmsd of 1.80 A. The differing regions can be
fold of SpollAA, represented by the lowest energy structure from identified through the superposition of the mean coor-
the ARIA calculation. dinates of the two structure bundles; the per-residue
rmsd values after such a superposition are presented

and loops. The data in Table 2 shows that the individ- " Figure 4. The ARIA-calculated structure has fewer
ual secondary structure elements are well-defined, and'€Sidual violations and no backbone torsion angles in
their arrangement is depicted schematically in Fig- disallowed regions.

ure 2. The quality of the structure determination and  SPO!IAA has ana/g-type fold that lacks known
the compactness of the protein architecture are illus- close structural homologues in the structure database

trated by the uniform values of the per-residue rmsd in ©f the Protein Data Bank (Kovacs et al., 1998). Fig-
Figure 3. Compared to the previous structure of Spo- ure 2 shows the alternating order of fhstrands and

IIAA (Kovacs et al., 1998), which was based on aman- -Nelices in the SpollAA-fold, the possible fifth-

ual NOE-assignment, the two structure determinations Strand is indicated in parentheses. The central pleated
are of similar precision (backbone rmsd of 0.52 and P-Sheet consists of foug-strands with the first one
0.63 A, respectively). However, the positions of the " an anti-parallel orientation to the rest. The ex-

secondary structure elements differ slightly, in partic- Perimental data neither confirm nor contradict the
ular the position of the fourth-helix. This reflects the ~ Presence of an additional, short parafiestrand com-

increased number of long-range distance constraintsPrising residues R101-E103 next to the fourth strand
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Figure 4. SpollAA fold. Superposition of the automatically determined structure of SpollAA (dark colour) and the structure obtained by
manual interpretation of the spectra (light colour). Ten lowest energy conformers of each structure were included in the global superposition
(see Table 2, footnote). Image generated by MOLMOL (Koradi et al., 1996). The position of the phosphorylatable serine-58 is indicated by a
sphere.

of residues E77—C81. Residues R101-E103 show thethey differ from the wild type. The mutation G95A
characteristic sequential “HN distance of 2.2 A. does not affect the phosphorylation of SpollAA but
However, only two cross-strand distance constraints abolishes function by impairing the hydrolysis by the
are found between the HN and*Hitoms, involving phosphatase SpollE. The mutant G62D is phosphory-
residues V80 and F102, and C81 and E103, respec-lated, albeit slowly, and is completely unresponsive to
tively. Instead, there are numerous side-chain contactsSpolIE (ibid.). Affinity chromatography indicates that
between the involved residues. Tielices are four  the SpollAA—SpollAB interaction is of hydrophobic
in number. The first two helices are positioned on one character (Duncan et al., 1996). The exposure of the
side of thep-sheet and have numerous NOE-contacts hydrophobic residues illustrated in Figure 5 is likely
to one another. The two shorter helices are located nearto be significant for the SpollAA interaction with the
the C-terminal edge of the centfaktructure. The po-  kinase and the phosphatase.
sition of the lasty-helix comprising residues 106-112
is defined by several distance constraints in the current Dynamics data
structure. The longitudinal and transverse relaxation rates and
Between the second and third helices there is a heteronuclear NOEs are sensitive to motions on dif-
region devoid of charged or polar residues, but ex- ferent time scales. The transverse relaxation ratis T
posing a number of hydrophobic residues. This is also affected by conformational exchange processes,
illustrated in Figure 5. The electrostatic surface nextto provided they take place at a faster rate than the length
the phosphorylatable serine-58 is shown in Figure 5A of the refocusing delay in the CPMG scheme, which,
with the positions of the charged residues indicated. in the present case, was set to 458. The T and
In Figure 5B the exposed hydrophobic residues are T, relaxation times and the heteronuclear NOE of
mapped onto the van der Waals surface, color-codedthe backbone amid&N-nuclei depend on the dipo-
and labeled. Figure 5C displays the solvent-accessiblelar effect of the directly bound amide-proton and the
surface of the protein and makes visible the location chemical shift anisotropy of th¥H-15N bond. At the
of this exposed hydrophobic region between the sec- 15N-resonance frequency of 60.8 MHz the contribu-
ond and the thirdi-helices. Certain residues adjacent tion to thel®N-T; can be estimated to be 76% from
to this region have been shown by mutagenesis to bethe dipolar effect and 24% from the chemical shift
important for the protein function. For instance, al- anisotropy effect. The relaxation times and heteronu-
though the mutant proteins G62D and G95D retain clear NOE for SpollAA at 14.1 T are presented in
their capacity to make non-covalent complexes with Figure 6.
the kinase SpollAB and ADP (Barilla et al., 1999),
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Figure 6. The heteronuclear NOE and the longitudinal and transverse relaxation timasdTT, of the backboné>N-nuclei plotted as a
function of the residue number. Positionse$trands and--helices are indicated by arrows and cylinders, respectively.

The average Tand T, values are 0.46-/— 0.06 s
and 0.13+/— 0.02 s, respectively. The values for
the individual residues are uniform within the limits
of the experimental error; neither; Thor T, values
show a systematic deviation involving a number of
neighboring residues. The overall correlation time,
™M, assuming isotropic reorientation of a spherical
rigid body can be estimated from the/T, ratios
of the individual'®N-nuclei (Kay et al., 1989). The
assumption that SpollAA tumbles as a rigid body is
also justified by the NOE-values, which indicate that
the internal motions are negligible, their contribu-
tion to Ty being about 2.5%. The approximation of
isotropic reorientation is also applied here, although
the three components of inertia of the SpollAA struc-
ture are 1.0:1.2:1.4. The average valuetgf, 5.02
+/— 0.06 ns, was obtained from tha/T> ratios, ex-
cluding eight overlapping and three mobile terminal
residues. This value is in good agreement with the
values determined for proteins of similar size (Farrow
etal., 1994).

An average®N-NOE value of 0.77 was obtained
with a standard deviation of 0.05 from two indepen-

dent measurements. The averages are taken over 105
resolved signals and exclude the terminal residues
116A, 117S and S2. For the two latter residues nega-
tive signal intensities were observed in the presence of
IH-saturation, indicating considerable flexibility in the
termini. Assuming that the protein rotates as a spheri-
cal rigid body in the regimex v > 1, the maximum
15N-NOE would be 0.82, taking into consideration
both thelH-1°N dipolar interaction and the chemical
shift anisotropy (CSA) relaxation mechanisms. Thus,
in SpollAA the internal motions contribute little to the
measured®°N-NOE. The backbone dynamics of Spol-
IAA thus support the presence of a rigid, compact fold
with limited conformational fluctuations.

Discussion

The high-resolution NMR-structure for the 117-
residue protein SpollAA was obtained by the auto-
mated NOE assignment procedure ARIA. Compared
to a manual assignment the ARIA routine localized
a number of additional NOE connectivities, including
several long-distance constraints, which are important
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for the definition of the tertiary fold of the protein. One phosphatase while® is free to exert transcriptional
fourth of the NOE cross peaks consisted of several regulation (Magnin et al., 1997).
contributions due to dispersion degeneracy, a feature  The structure of SpoOF, the response regulator in
that is difficult to account for in a manual spectral as- the SpoOA control system, has been determined by
signment, although it is of considerable consequence NMR (Feher et al., 1997), as well as that of a close
for structure determination of proteins of current size homologue, the chemotaxis protein CheY (Volz and
and larger. It became apparent that the size of the pro-Matsumura, 1991). Recently, the complex of the CheY
tein is close to the limit for the present ARIA protocols  binding domain of the sensor kinase CheA and CheY
for completely automated NOE assignment and high- was published (Welch et al., 1998), where the binding
resolution structure calculation, when the NOE data domain functions as an activator domain. The complex
arise predominantly from homonuclear NOE spectra. structure indicates that in preparation for phosphory-
ARIA has been used earlier in the structure determi- lation the structure of CheY undergoes a cascade of
nation of globular proteins of similar size such as the conformational changes that are propagated through
PH domain of 106 residues (Macias et al., 1994). the protein. NMR studies of the SpoOF structure and
3Jne coupling constants were necessary for the dynamics have given similar information (Feher et al.,
formation of the correct fold in ARIA calculations 1998). The SpoOF on one hand, and SpollAA on the
(data not shown) that started from extended random other, appear to be functionally akin, since both are
conformations. It appears that the dihedral angle con- phosphorylatable stress response regulators in bacte-
straints are indispensable for the correct formation of ria, and haveu/p folds of similar size. The folds,
thea-helices. The correct fold could also be achieved however, differ. In particular, the location of the phos-
in the ARIA runs starting from a random fold when us- phorylation site is dissimilar, the phospho-serine in
ing a-helical hydrogen bonds (allowing for (i3) or SpollAA being located in the N-terminal end of an
(i,i+4) ambiguity), but not when using solely the NOE helix and the phospho-asparagine in SpoOF and CheY
data. In SpollAA thea-helical hydrogen bonds are being on ap-strand. Furthermore, the kinase Spo-
substantiated by ample data indicative of helical sec- IIAB lacks an activation domain analogous to the one
ondary structure; that is, characteristic NOE-patterns, in the SpoOA regulation system. Taken together, the
small 33Ny coupling constants and the deviation of present structural and dynamic data from NMR show
the 13C* and 13CP chemical shifts from the random that SpollAA has a uniformly well-defined, compact
coil values. The calculation starting from the ran- and rigid structure, unlike the SpoOF/CheY structure.
dom conformation converged very well to the correct The number of NOEs and backbone rmsds per residue
fold when bothJyn, coupling constants andhelical are practically uniform throughout the sequence and
hydrogen bonds were used. the observed backborf@N NOE, T; and Tr-values do
The structure of SpollAA corroborates the pre- notindicate local flexibility. Further, the phosphoryla-
vious evidence that the regulatory mechanismsof tion site in SpollAA is on the surface of the protein, in
has unique features and significantly differs, for in- contrast to that of SpoOF or CheY.
stance, from the so-called two-component phospho-  The phosphorylation site in SpollAA is S58 posi-
relay mechanism. Also this mechanism was initially tioned at the N-terminus of the secoaehelix. This
detected inB. subtilis where it activates the sporu- is a favourable location for a phospho-group as it is
lation transcription regulator SpoOA in the presep- stabilized by the helix dipole and by interactions with
tational cell. Sequence homology indicates that the the exposed backbone NH-groups. S58 is also within
two-component phospho-relay is a frequently found 10 A of the N-terminal end of the first-helix. In gen-
signal transduction mechanism in procaryotes (Ap- eral, the observed effects upon phosphorylation can
pleby et al., 1996) and recently its presence in eu- be divided into two categories (Johnson and O'Reilly,
caryotes has been pointed out (Posas et al., 1996).1996), an allosteric conformational change propagated
Although thes™-mechanism, in analogy to the two- through the molecule, as found in SpoOF and CheY,
component phospho-relay, also involves a sensor ki- or a direct, local steric and/or electrostatic hindrance.
nase and an effector (the transcription factor that is An example of the latter is the serine-phosphorylation
regulated), it does not contain a multi-step phospho- of the histidine-containing protein HPr, which is a
transfer pathway. Instead, at the onset of sporulation, component of the phosphoenolpuryvate:sugar phos-
the response regulator SpollAA circulates between the photransferase systemih subtilis The NMR studies
protein kinase (and anti-sigma-factor) and the protein of HPr show that the phosphorylated form is identical
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to the non-phosphorylated form, apart from very lo-

calized effects around the phospho-site (Pullen et al.,

1995). Similar to SpollAA, HPr is phosphorylated at a
serine situated on the N-terminus of @helix. Com-

parisons were made to three other known structures

Delaglio, F., Grzesiek, S., Vuister, G.W., Pfeifer, J. and Bax, A.
(1995)J. Biomol. NMR6, 277-293.

DeMaio, J., Zhang, Y., Ko, C., Young, D.B. and Bishai, W.R. (1996)
Proc. Natl. Acad. Sci. USA3, 2790-2794.

Diederich, B., Wilkinson, J.F., Magnin, T., Najafi, S.M.A., Erring-
ton, J. and Yudkin, M.D. (1994penes Dey38, 2653—2663.

W|th phOSpho_SerlneS ata Slmllar Iocatlon and the con- DUnCan, L, Alper, S, Arlgonl, F, LOSiCk, R. and Stragier, P. (1995)

clusion was drawn that phosphorylation of a serine at

the N-terminal end of an-helix is not likely to result
in a conformational change (Pullen et al., 1995).

Concluding remarks

The refined structure of SpollAA contributes to the

structural characterization of the nucleotide binding

mode of SpollAA, which appears to be different from

the known nucleotide interaction sites. The structure

and dynamics of SpollAA confirm that the SpollAA
fold is dissimilar to its functional homologues CheY

and SpoOF, the response regulators of the bacterial

Science270, 641-644.

Duncan, L., Alper, S. and Losick, R. (199&)Mol. Biol, 260, 147—
164.

Errington, J. (1996)rends Gen.12, 31-34.

Farrow, N.A., Muhandiram, R., Singer, A.U., Pascal, S.M., Kay,
C.M,, Gish, G., Shoelson, S.E., Pawson, T., Forman-Kay, J.D.
and Kay, L.E. (1994Biochemistry 33, 5984—6003.

Feher, V.A., Zapf, J.W., Hoch, J.A., Whiteley, J.M., Mcintosh,
L.P., Rance, M., Skelton, N.J., Dahlquist, F.W. and Cavanagh,
J. (1997)Biochemistry 36, 10015-10025.

Feher, V.A., Tzeng, Y.-L., Hoch, J.A. and Cavanagh, J. (19#BS
Lett, 425 1-6.

Hubbard, T.J.P., Ailey, B., Brenner, S.E., Murzin, A.G. and Chothia,
C. (1999)Nuleic Acids Res27, 254-256.

Johnson, L.N. and O'Reilly, M. (199&}urr. Opin. Struct. Biol. 6,
762-769.

Kay, L.E., Torchia, D.A. and Bax, A. (198Biochemistry 28,
8972-8979.

phospho-relay mechanism which have been well stud- Koradi, R., Billeter, M. and Wiithrich, K. (1996) Mol. Graphics

ied on the molecular level. Both the structural and
dynamic data about SpollAA indicate restricted in-
ternal mobility. This, combined with what is known

of other proteins with a phospho-serine at a simi-
lar location, suggests a local electrostatic effect at
the phosphorylation site rather than a major confor-
mational change. The SpollAA structure has further
significance since, based on sequence homology, it
represents a protein fold superfamily comprising a
number of bacterial phospho-regulators and possibly

also a family of anion transporters of procaryotic and
eucaryotic origin.
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