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ABSTRACT: Multidimensional heteronuclear NMR spectroscopy has been used to determine almost complete
backbone and side-chain 'H, 1°N, and 13C resonance assignments of calcium loaded Myxococcus xanthus
protein S (173 residues). Of the range of constant-time triple resonance experiments recorded, HNCACB
and CBCA(CO)NH, which correlate C~ and C# with backbone amide resonances of the same and the
succeeding residue respectively, proved particularly useful in resolving assignment ambiguities created by
the 4-fold internal homology of the protein S amino acid sequence. Extensive side-chain 'H and 13C
assignments have been obtained by analysis of HCCH-TOCSY and !’N-edited TOCSY-HMQC spectra.
A combination of NOE, backbone amide proton exchange, 3Jnu, coupling constant, and chemical shift data
has been used to show that each of the protein S repeat units consists of four 8-strands in a Greek key
arrangement. Two of the Greek keys contain a regular «-helix between the third and fourth strands,
resulting in an unusual and possibly unique variation on this common folding motif. Despite similarity
between two nine-residue stretches in the first and third domains of protein S and one of the Ca2*-binding
sequences in bovine brain calmodulin [Inouye, S., Franceschini, T., & Inouye, M. (1983) Proc. Natl. Acad.
Sci. U.S.A. 80, 6829-6833], the protein S topology in these regions is incompatible with an EF-hand

calmodulin-type Ca?*-binding site.

The Gram-negative soil bacterium Myxococcus xanthus
has a complex life cycle (Kaiser et al., 1979; Zusman, 1984;
Rosenberg, 1984; Dworkin & Kaiser, 1985; Shimkets, 1987,
1990) similar to that of eukaryotic slime molds (Kaiser, 1986;
Loomis, 1988). When starved of nutrients on a solid surface,
cells move toward an aggregation center to form a fruiting
body. At thistime,about 90% of cells undergo lysis (Wireman
& Dworkin, 1977), while the remainder differentiate into
dormant, environmentally resistant myxospores. From an
early stage in the M. xanthus developmental cycle, protein S
is synthesized and accumulated as a soluble protein in the
cytoplasm (Inouye et al., 1979a,b). At the onset of lysis and
sporulation, when it accounts for 15% of total protein
synthesized, protein S is released from lysed cells, whence it
diffuses freely to the surface of any nearby spores. Molecules
of protein S then oligomerize to form a protective spore coat
in a process which specifically requires Ca2* (Inouye et al.,
19790, 1981; Teintze et al., 1985). The spore coat may also
be involved in spore-spore interaction in the fruiting body
(Inouye et al., 1979b). The role of protein S inside the
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developing M. xanthus cells is currently unknown.

Protein S is an acidic (pI 4.5), heat-stable Ca?*-binding
protein (Teintze et al., 1991). Its gene has been cloned and
sequenced (Inouyeetal., 1983a,b; Downard etal., 1984). The
sequence indicates that protein S can be divided into four
consecutive, homologous domains, in a manner reminiscent
of other calcium-binding proteins such as calmodulin (Watter-
son et al., 1980) and troponin C (Collins et al., 1973). One
molecule of protein S can bind two calcium ions, with
dissociation constants in the range 2.7-7.6 X 10-° M (Teintze
etal., 1988). ProteinS hastwo regions with sequences similar
to one of the calcium-binding sites of all-helical calmodulin
(Inouyeet al., 1983a). On the other hand, protein S has 19%
identity throughout its sequence (Wistow et al., 1985) to the
vertebrate eye lens By-crystallins (Wistow & Piatigorsky,
1988), which consist almost entirely of S-type secondary
structure (Blundell et al., 1981; Wistow et al., 1983; Bax et
al., 1990a; Lapattoetal., 1991). Ithasbeen proposed (Wistow,
1990) that protein S is evolutionarily related to the S8+-
crystallins, which, like calmodulin and protein S, contain four
internally homologous domains.

Although protein S crystals have been obtained (Inouye et
al., 1980) both in the presence and absence of Ca?*, no three-
dimensional structure is available at present. In order to
elucidate the structural relationship of protein S to calmodulin
and the Bvy-crystallins, the nature of its Ca?*-binding sites
and possible modes of multimerization, we have undertaken
to characterize in detail the three-dimensional structure in
solution of protein S. We report here backbone and side-
chain resonance assignments, secondary structure, and to-
pology of the molecule.

0006-2960/94/0433-2409%804.56/0 © 1994 American Chemical Society
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EXPERIMENTAL PROCEDURES

Protein Expression, Purification, and NMR Sample Prep-
aration. Protein S was overexpressed in Escherichia coli (E.
coli)! by a derivative of the pET11a plasmid carrying a T7
promoter (Studier et al.,, 1990). Protein purification was
carried out by (NH,),SOy4 precipitation followed by ion
exchange chromatography using PAE1000 (Amicon) and
Mono S (Pharmacia). Sample homogeneity was greater than
95% as judged by SDS-PAGE and 2D NMR spectroscopy.
Uniformly !5N- and 13N /13C-labeled protein was obtained by
using SNH,C1 and "NH,Cl/[!3C¢]-D-glucose as the sole
nitrogen and nitrogen/carbon sources in M9 medium.

Uniformly 1°N-labeled protein was dissolved in 95% H,0O/
5% D,0 and uniformly SN /13C-labeled protein was dissolved
in either 95% H,0/5% D,0 or 99.95% D,0. NMR samples
were adjusted to pH 6.7 without correction for isotope effects
and contained 1.6 mM protein S, 10 mM CaCl,, 100 mM
KCl, and 0.5 mM NaNs.

NMR Data Acquisition. All NMR spectra were recorded
at 37 °C on a Varian UNITY-600 spectrometer equipped
with a triple resonance probe head, unless otherwise stated.
Carrier positions used in the various protein S spectra were
as follows: 1SN, 119.5 ppm; 13CO, 175 ppm; 13Ce, 54 ppm;
13Ca/8 43 ppm; 'H, 4.67 ppm. The 2D ’N-'H HSQC
(Bodenhausen & Ruben, 1980) spectrum (Figure 1) was
acquired on a UNITY+ 500-MHz spectrometer equipped
with a pulsed field gradient (PFG) triple resonance probe,
using the enhanced sensitivity method of Kay et al. (1992)
which employs PFG selection of coherence transfer pathways.
The numbers of complex points and acquisition times were as
follows: SN (F,) 400, 240 ms, 'H (F;) 512, 77 ms, 64
transients. The HMQC-J (Kay & Bax, 1990) spectrum was
recorded with the following numbers of complex points and
acquisition times: 1N (F}) 256, 128 ms, 'H (F,) 512, 64 ms,
128 transients.

In order to measure SN{'H} NOEs (Kay et al., 1989), two
types of spectrum were recorded, with and without the NOE
effect. Each of these was recorded twice in a consecutive
series, resulting in a total of four spectra. This permits
averaging of peak intensities to help reduce errors in the
measurements due to spectrometer instability. Each PN{H}
NOE spectrum was acquired with the following numbers of
complex points and acquisition times: 1SN (F{) 180, 90 ms,
'H (F3) 512, 64 ms, 32 transients.

Triple resonance 3D spectra (Kay et al., 1990; Grzesiek &
Bax, 1992a) correlating backbone amide protons were
recorded on the uniformly 1N /13C-labeled H,O sample with
the following numbers of complex points and acquisition
times: HNCO (Kay et al., 1990), 15N (F) 32, 22.9 ms, 13CO
(F,) 64,42.7 ms, 'H (F3) 512, 64 ms (16 transients); HNCA

! Abbreviations: E. coli, Escherichia coli; 2D, two-dimensional; 3D,
three-dimensional HSQC, heteronuclear single quantum coherence; PFG,
pulsed field gradient; HMQC, heteronuclear multiple quantum coherence;
NOE, nuclear Overhauser effect; HNCO, amide proton to nitrogen to
carbonyl carbon correlation, HNCA, amide proton to nitrogen to e-carbon
correlation; HCA(CO)N, a-proton to a-carbon (via carbonyl carbon) to
nitrogen correlation; HN(CO)CA, amide proton to nitrogen (via carbonyl
carbon) to a-carbon correlation; HACA(CO)NH, a-proton to a-carbon
(via carbonyl carbon) to nitrogen to amide proton correlation; HNCACB,
amide proton to nitrogen to «/B-carbon correlation; CBCA(CO)NH,
B-proton to o/ S-carbon (via carbonyl carbon) to nitrogen to amide proton
correlation; HCACO, a-proton to a-carbon to carbonyl carbon correlation;
HCCH-TOCSY, proton—carbon—proton correlation using carbon total
correlated spectroscopy; NOESY, nuclear Overhauser effect spectroscopy;
WALTZ, wideband alternating-phase low-power technique for zero-
residual-splitting; SEDUCE, selective decoupling using crafted excitation;
DIPSI, decoupling in the presence of scalar interactions.
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(Kay et al., 1990), 135N (F}) 32, 22.9 ms, 13C* (F,) 32, 8 ms,
TH (F3) 512, 64 ms (64 transients); HCA(CO)N (Kay et al.,
1990), 15N (Fy) 32, 21.3 ms, 13C= (F,) 32, 7.1 ms, 'H (F3)
512,85 ms (16 transients); HN(CO)CA (Bax & Ikura, 1991)
(recorded on a Varian UNITY-500 spectrometer) SN (F,)
32, 21.3 ms, 13Ce (F,) 32, 9.6 ms, 'H (F3) 512, 64 ms (32
transients); HACA(CO)NH, 15N (F}) 32, 22.9 ms, 'H= (F5)
48, 26.7 ms, 'H (F3) 512, 64 ms (32 transients); HNCACB
(Wittekind & Mueller, 1993), 13Ce/8 (F;) 32, 3.5 ms, N
(F3) 32,229 ms, 'H (F3) 512, 64 ms (64 transients); CBCA-
(CO)NH (Grzesiek & Bax, 1992b), 13C«/8 (F}) 42, 4.6 ms,
5N (F,) 32,22.9ms, 'H (F3) 512, 64 ms (64 transients). The
I5N chemical shift in all of the above triple resonance
experiments was recorded in a constant-time manner (Bax et
al., 1979; Rance et al., 1984; Powers et al., 1991; Grzesick &
Bax, 1992a; Palmer et al., 1992) and coherent proton
decoupling [using WALTZ-16 (Shaka et al., 1983)] was
employed to maintain in-phase heteronuclear magnetization
where possible (Grzesiek & Bax, 1992a; Farmer et al., 1992).
In the HNCACB experiment, CO decoupling during 13Ce/8
chemical shift and 13Ce/-15N scalar coupling evolution periods
was achieved using a SEDUCE-1 13C homonuclear decoupling
sequence (McCoy & Mueller, 1992a,b) generated using a
separate frequency source centered at 175 ppm.

HCACO (Kay et al., 1990), HCCH-TOCSY (Bax et al.,
1990b), and 13C-edited NOESY HMQC (Ikura et al., 1990a)
spectra were recorded on the 1N /13C-enriched D,0 sample
with the following numbers of complex points and acquisition
times: HCACO, 13CO (F)) 64,42.7 ms, 13C2 (F3) 32, 7.1 ms,
IH (F3) 512, 64 ms (16 transients); HCCH-TOCSY, 'H (F})
128, 28.4 ms, 13C2 (F;) 32, 8.9 ms, 'H (F3) 416, 52 ms (16
transients); two HCCH-TOCSYs were recorded, with mixing
times of 8 ms and 16 ms respectively; 1*C-edited NOESY, 'H
(F1) 128, 28.4 ms, 13C2 (F3) 32, 8.9 ms, 'H (F3) 416, 52 ms
(16 transients and a 100-ms NOESY mixing time).

Two 5N-edited NOESY-HMQC (Zuiderweg & Fesik,
1989; Marion et al., 1989a) experiments were recorded with
NOE mixing times of 50 and 100 ms, each with the following
numbers of complex points and acquisition times: 'H (F})
128, 19.7 ms, 15N (F,) 32, 22.9 ms, 'H (F3) 512, 64 ms (16
transients). A N-edited TOCSY-HMQC (Marion et al.,
1989b) experiment was recorded with a 44.4 ms mixing time
using the DIPSI-2 mixing sequence (Shaka et al., 1988), and
the following numbers of complex points and acquisition
times: 'H (F;) 128, 19.7 ms, 5N (F,) 32, 22.9 ms, 'H (F3)
512, 64 ms (16 transients).

Solvent suppression was achieved either by selective pre-
saturation of the H;O resonance (Anil-Kumar et al., 1980;
Wider et al., 1983) or by use of spin lock pulses which
randomize magnetization of protons not attached to !N
(Messerle et al., 1989), or both.

NMR Data Processing and Analysis. Three-dimensional
data sets were processed on Sun Sparc2 and SparclQ
workstations using a combination of software written at
National Institutes of Health (Kay et al., 1989) [for linear
prediction and Fourier transform in the indirectly detected
dimensions] and commercial software (NMR2, New Meth-
ods Research Inc., Syracuse, NY). The programs Capp and
Pipp (Garrett et al., 1991), were used for peak picking and
spectral analysis. Solvent suppression in experiments carried
out in water was improved by convolution of time domain
data (Marion et al., 1989c¢).

Two-dimensional data sets were processed using NMR2
(New Methods Research Inc., Syracuse, NY). A 60° phase-
shifted sine bell and single zero-fill were applied in each of
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Table 1: Nuclei Correlated in Double and Triple Resonance 3D NMR Experiments?

expt CA-1) Het-D Cal-1) COu-1y HN N Ce He CB co
HNCO 4 ] [ ]
HNCA oz n [ ] sl
HN(CO)CA m4 [ ] n
HACA(CO)NH [ [ ] [ ]
CBCA(CO)NH mi w46 (] [ ]
HNCACB 0% ono n | | m!3s mi22
I5’N NOESY [ ] [ ] |} [ ]
ISN TOCSY | ] n w2
HCACO n [ ] mi4

@ Symbols are as follows: W, principal correlations; O, additional, weaker correlations via two bond Jngycag-1y coupling. Numbers of correlations
observed in protein S spectra are given as superscripts, where relevant.
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FiGURE 1: 2D *N-'H HSQC spectrum of uniformly (>95%) !*N-labeled protein S, recorded at 500-MHz 'H frequency with pulsed field
gradient selection of coherence transfer pathways and enhanced sensitivity. Asterisks indicate those backbone cross peaks which remain

unassigned due to lack of signal in 3D NMR experiments. Pairs of cross peaks resulting from Asn and Gln side-chain NH; groups are connected
by horizontal lines.

the dimensions, except in the case of the HMQC-J (Kay & due to scalar coupling. For this purpose, Lorentzian-to-
Bax, 1990) experiment which requires stronger resolution Gaussian filtering was employed with NMR2 parameters G1
enhancement in ¢ in order to allow measurement of splittings = 14.0 Hz (Lorentzian line width to remove), G2 = 8.0 Hz
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Table 2: 15N, 13C, 13CO, and 'H Assignments for Protein S at pH 6.7 and 37 °C¢
residue 5N CcO Ce cs others
Ml
A2 115.3 (1.97) 171.4 51.6 (3.97) 19.8 (1.38)
N3 115.2 (8.28) 177.3 51.6 (5.16) 40.1 (2.53, 2.39)
14 112.2 (7.90) 175.9 60.6 (4.95) 39.7 (2.16) H~ 1.4, 1.3; C*M¢ 20.3 (1.03); C? 14.9 (0.75)
TS 118.5 (8.57) 176.4 62.0 (5.10) 71.6 (3.67) C723.2 (0.66)
V6 119.9 (8.99) 173.2 59.3 (5.07) 32.8 (2.28) Cv22.6 (0.95); 18.8 (0.95)
F7 118.1 (8.59) 177.9 56.5 (5.72) 40.8 (3.46, 3.33)
Y8 122.9 (9.44) 175.6 59.4 (4.60) 37.8 (3.30) H?7.06; H¢6.77
N9 117.3 (8.60) 174.3 51.1(5.39) 40.0 (3.03, 2.50)
E10 121.0(9.27) 175.3 57.8 (3.70) (2.00, 1.90)
D11 115.0 (9.11) 174.2 55.3 (3.09) 38.3(2.67, 2.46)
F12 111.9 (7.68) 174.1 55.3(2.62) 35.2 (2.30, 2.16) H?6.75; He 7.22
Q13 116.3 (6.21) 175.0 53.5 (4.82) 32.6 (2.28, 1.79) Cv33.5(2.39)
Gl4 107.2 (8.53) 172.7 44.1 (4.19, 3.84)
K15 120.9 (7.98) 173.7 58.1 (3.83) 31.6 (1.23) Cv24.9(0.98); H? 0.61; H: 2.74
N16 120.6 (7.82) 174.8 51.7 (5.63) 33.0 (2.21, 1.96)
V17 121.3 (8.13) 173.9 61.6 (4.11) 36.7 (1.56) C721.1 (0.94); 21.5 (0.77)
D18 128.5 (8.51) 175.7 53.3(5.45) 41.9 (2.62, 2.29)
L19 119.8 (8.60) 51.0 (4.98) 42.0 (1.45,1.01) Cv25.9 (1.19); C? 26.7 (0.33), 23.6 (0.17)
P20 60.6 (5.20) 30.7 (2.45, 2.00) Cv 26.3 (1.98); C? 50.7 (3.87, 3.66)
P21 175.5 64.1 (4.21) 31.6 (2.29, 1.89) Hy 1.99; C?49.9 (4.27, 3.53)
G22 112.1 (9.08) 170.1 44.6 (4.02, 3.76)
N23 118.5 (8.10) 173.6 52.1(5.16) 40.1 (2.62, 2.39)
Y24 120.7 (9.41) 174.9 57.3(5.11) 40.4 (3.17,2.78) H?6.89; H¢ 6.76
T25 115.7 (8.77) 174.1 60.9 (4.08) 70.8 (5.12) C722.5(1.30)
R26 124.2 (9.28) 179.5 60.7 (4.11) 29.6 (2.04, 1.80) H~ 1.68; C443.8 (3.25)
A27 121.5 (9.14) 181.3 54.9 (4.20) 18.0 (1.46)
Q28 119.7 (7.64) 179.3 58.7 (4.20) 29.1 (2.62, 2.30) C735.2(2.63,2.53)
L29 120.4 (8.77) 179.2 58.1 (4.01) 39.8 (2.16, 1.40) C¥ 26.6 (1.96); C? 25.2 (0.72), 23.9 (0.63)
A30 123.2 (8.46) 182.2 54.8 (4.11) 17.3 (1.51)
A3l 122.2 (7.74) 178.8 54.4 (4.23) 17.7 (1.62)
L32 118.3 (7.38) 176.4 54.5 (4.42) 42.2 (1.90, 1.68) C7 26.6 (1.92); C?22.5(0.97), 26.1 (0.87)
G33 106.2 (7.80) 173.6 45.0 (4.29, 3.70)
134 122.0 (8.08) 174.7 60.2 (4.29) 37.4 (1.66) C¥27.5(1.38, 1.31); Cv™¢ 17.6 (0.81); C? 15.0 (0.77)
E35 126.4 (7.73) 175.9 55.8 (4.20) 30.6 (2.14, 1.96) C7 36.8 (2.36)
Ni3é 121.3 (8.55) 174.6 54.0 (4.50) 38.3(2.82,2.68)
N37 118.0 (8.08) 54.2 (4.00) 36.0 (3.04, 2.85)
T38 126.3 (7.55) 176.7 -(4.57)
139 124.8 (7.67) 175.9 64.2 (3.89) - (1.68) H~ 1.64, 1.05; C™¢ 17,5 (1.01); C? 14.3 (0.86)
S40 118.6 (8.72) 171.8 59.0 (5.08) 68.1(3.92, 3.17)
S41 110.2 (8.01) 173.6 59.9 (4.30) 64.5 (4.23,4.14)
V42 116.7 (8.97) 174.2 61.0 (5.68) 37.0 (2.24) Cv22.4 (1.12); 22.9 (1.09)
K43 127.1 (9.87) 175.3 56.9 (4.54) 35.1 (1.76, 1.54) Hv 1.32; H? 1.44; C<41.1 (2.30)
V44 122.1 (8.08) 172.0 59.0 (4.40) 33.2 (1.60) C723.6 (0.79), 21.7 (0.79)
P45 61.9 (4.95) 30.4 (2.29,2.04) Cv 26.5 (1.80); C? 51.3 (3.62, 3.55)
P46 177.3 63.6 (4.40) 32.6 (2.41, 1.80) Cv28.3 (2.20); H? 3.71, 3.53
G47 109.1 (9.10) 174.4 44.2 (4.28, 3.82)
V48 120.5 (7.90) 171.6 59.3(5.27) 36.8 (1.87) C722.4 (0.86); 22.4 (0.78)
K49 118.1 (8.70) 173.1 54.9 (4.77) 36.6 (1.99, 1.87) Cv24.8 (1.43); H® 1.64; H¢ 3.11, 3.04
AS0 120.6 (8.67) 174.7 50.2 (4.75) 23.5 (1.40)
I51 120.9 (9.39) 173.9 61.1(4.80) 39.8 (1.76) Hr 1.54, 1.01; CMe 18.5 (0.28); C? 13.9 (0.90)
L52 127.2 (8.74) 174.4 53.6 (4.80) 42.3(1.93,1.02) Cr 28.0 (1.80); C? 27.3 (0.90), 24.8 (0.84)
Y53 118.3 (8.63) 176.7 57.3(5.12) 39.3 (3.43, 3.26) H?7.24; He 6.68
Q54 122.9 (9.32) 176.4 57.1 (4.87) 30.6 (2.20, 2.12) Cv33.3(2.58,2.44); H¢7.47, 7.21
NS5 113.5(8.24) 175.6 50.3 (5.28) 40.2 (2.95, 2.44)
D56 118.2 (8.66) 176.7 53.2 (4.29) 40.6 (2.56, 2.50)
G57 107.0 (8.15) 173.9 46.5 (3.44, 2.88)
F58 114.9 (7.52) 173.4 55.7 (2.54) 34.8 (2.00, 1.88) H?6.78; H¢ 6.65
AS9 121.2 (6.19) 175.5 50.2 (4.85) 22.3(1.34)
G60 105.6 (8.32) 173.7 44.1 (4.31, 3.82)
D61 120.7 (8.29) 174.2 55.7 (4.53) 40.4 (2.55, 2.48)
Q62 115.0 (8.16) 175.3 53.1 (5.76) 33.6 (1.80, 1.28) C733.6 (2.34,1.92)
163 115.7 (8.20) 173.0 60.1 (4.50) 42.3 (1.47) C726.5 (1.49, 1.02); C*™e 17.6 (0.87); C? 13.7 (0.78)
E64 126.7 (8.61) 175.4 54.8 (5.11) 31.3(2.14, 1.95) C737.0(2.18, 2.04)
V65 121.2 (9.50) 175.9 59.8 (5.32) 33.4(2.44) Cv24.0 (1.16); 20.5 (1.04)
V66 114.4 (8.15) 173.4 59.8 (4.73) 33.2 (2.58) Cv21.3 (1.05); 17.5 (1.01)
A67 123.2(7.84) 174.2 50.2 (4.65) 20.0 (1.03)
Né68 115.0 (8.09) 174.0 54.4 (4.94) 36.8 (3.09, 2.95)
A69 130.4 (9.59) 175.0 50.8 (5.20) 19.3 (1.44)
E70 124.4 (8.27) 174.2 57.9 (3.13) 30.1(2.18,1.92) Cv 36.2 (2.26)
E71 112.6 (7.70) 176.0 54.4 (4.99) 32.2 (2.05) Cv35.3(2.32)
L72 177.2 52.8 (4.43) 43.3(1.43,1.12) C726.1 (1.36); C? 22.6 (0.64); 26.3 (0.60)
G73 111.9 (8.49) 175.1 45.4 (4.10, 3.71)
F74 176.5 63.8 (4.45) 31.9 (2.37, 1.96) Cv27.2 (2.07); C*51.0 (3.96, 3.82)
L75 119.7 (7.48) 176.4 53.2 (4.24) 40.1 (1.78, 1.52) Cv 29.1 (1.70); C® 24.3 (0.75); 23.6 (0.70)
N76 120.3 (7.67) 176.4 54.7 (4.19) 36.2 (2.89, 2.70)
N77 122.3 (8.53) 174.7 54.8 (3.78) 35.9 (2.95,2.71)
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Table 2 (Continued)

residue N Cco Ce (o others

N78 115.1 (8.02) 173.0 53.7 (5.03) 41.2 (2.76, 2.17)

V79 176.8 62.8 (3.98) 33.1 (2.10) C721.3 (0.98); 21.0 (0.96)

S80 123.1 (8.94) 171.3 59.4 (4.92) 66.4 (4.10, 3.20)

S81 107.7 (7.81) 173.3 59.1 (4.80) 65.4 (4.20, 3.87)

182 118.4 (9.24) 175.1 61.4 (5.59) 45.8 (1.75) C728.5 (1.61, 1.20); C™e 17.7 (0.97); C? 13.7 (0.67)
RS3 125.6 (9.55) 174.4 56.1 (5.32) 33.0 (1.87, 1.80) Hr (171, 1.61); H? (3.12, 2.80)

V84 125.4 (9.57) 1758 62.7 (4.65) 32.8 (2.68) C722.2 (1.02, 0.98)

185 130.7 (9.16) 174.7 60.3 (4.40) 42.0 (1.53) Cv27.2(1.39, 1.05); C™¢ 17.3 (0.93); C* 14.3 (0.81)
S86 122.7 (8.78) 173.7 59.2 (4.83) 63.1 (3.91, 3.83)

V87 119.6 (7.91) 172.8 58.1 (4.81) 32.8 (2.27) C¥ 22.4 (0.86); 17.6 (0.54)

P88 1779 62.7 (4.38) 31.8 (2.36, 1.95) C¥27.7 (2.08, 1.96); C* 50.0 (3.78, 3.61)
V89 125.9 (8.79) 175.4 65.2 (3.41) 31.4 (2.00) C¥22.1 (1.01); 21.3 (0.84)

Q90 127.2 (7.44) 173.9 52.5 (5.03) 30.9 (2.18, 1.80) Cr33.5(2.38)

P91 172.4 62.1 (4.56) 32.2(2.43,1.84) Cv 27.2 (2.05); C? 50.5 (3.89, 3.65)

R92 112.1 (7.45) 175.4 54.4 (4.65) 33.0 (1.74, 1.61) H 1.50

A93 125.8 (8.16) 175.0 51.0 (4.06) 20.4 (1.16)

R94 118.8 (8.24) 173.4 54.7 (4.63) 33.0 (1.76, 1.61) H 1.70

F95 122.4 (8.94) 174.0 57.7 (4.71) 40.8 (3.21, 3.10) H?7.30; H¢ 7.10

F96 118.0 (8.61) 177.9 56.5 (5.88) 40.1 (3.65, 3.46) H? 7.04; He 7.20

Y97 124.0 (9.52) 60.6 (5.90) 39.9 (3.68, 3.44) H? 7.30; He 7.06

K98 175.9 54.3 (5.02) 35.5(2.30, 2.09) Hr 1.40

E99 119.6 (8.71) 175.9 57.3 (3.75) 30.4 (2.01, 1.95) Cv37.4(2.39)

N100 112.1 (9.40) 174.0 55.7 (2.60) (2.08, 1.97)

F101 112.3 (7.57) 173.4 55.3 (2.90) 34.8 (1.81, 1.65) H?%6.79; He 7.22; Hf 7.04

D102 119.1 (6.39) 175.0 51.5(5.20) 44.1 (2.58, 2.50)

G103 106.2 (8.41) 172.8 44.1 (4.08, 3.92)

K104 121.5 (8.06) 173.4 58.2 (3.90) 32.2 (1.31, 1.20) Hv 0.83; H? 1.00; H¢ 2.94, 2.84

E105 126.2 (8.05) 175.7 52.8 (5.27) 31.4 (1.79, 1.26) C734.9 (1.77)

V106 128.5 (9.03) 173.5 61.8 (4.27) 36.5 (1.65) Cv 21.3 (1.02); 20.94 (0.99)

D107 127.3 (8.56) 174.5 50.9 (6.16) 40.8 (2.59, 2.34)

L108 121.2 (8.67) 50.8 (4.96) 45.6 (1.41, 1.00) Cv 26.2 (1.16); C?22.3 (0.13); 24.0 (-0.30)
P109 173.6 61.1(5.34) 30.9 (2.28, 1.79) Hv 2.08; C?49.7 (3.71, 3.55)

P110 174.9 64.0 (4.13) 32.0(2.23,1.86) H¥ 2.00; C? 50.1 (4.24, 3.44)

Gll1 111.6 (9.17) 170.6 44.5 (4.18, 3.77)

Q112 117.7 (8.00) 174.0 54.0 (5.14) 29.9 (1.77, 1.68) C732.6 (2.19, 2.09); H¢ 6.83, 6.65

Y113 121.4 (9.31) 174.9 57.3 (5.24) 42.2(2.93,2.89) H? 7.34; He 7.00

T114 116.0 (9.01) 174.2 61.0 (4.11) 70.8 (5.09) Cv22.5(1.38)

Q115 124.9 (9.48) 179.5 61.0 (3.97) 29.0 (1.84,1.57) Cr33.0 (2.40, 2.20)

Allé 120.7 (9.02) 181.1 54.7 (4.17) 18.3 (1.41)

E117 118.4 (7.32) 177.8 59.4 (3.79) 30.0 (2.30, 2.09) Cr37.8 (2.62, 2.46)

L118 118.8 (8.89) 178.9 58.6 (3.91) 39.7 (1.56, 1.50) Cv 26.4 (1.88); C3 25.1 (0.62); 24.0 (0.50)
El19 119.0 (7.91) 181.0 59.8 (3.70) 29.3 (2.17, 2.09) Cv36.7 (2.48, 2.29)

R120 121.7 (7.35) 176.9 60.1 (3.70) 30.1 (1.87, 1.80) C%44.4 (3.12, 2.80)

Y121 114.8 (7.44) 175.2 56.7 (5.49) 37.8 (3.60, 2.70) H?7.14; H¢7.00

G122 105.4 (7.75) 175.5 45.2 (4.31, 4.00) .

1123 125.6 (8.80) 172.6 61.1 (3.97) 37.7 (1.60) C727.7(1.50, 0.70); C™¢ 16.9 (0.64); C° 14.0 (0.43)
D124 126.1 (7.51) 176.0 53.8 (4.57) 41.0 (2.65, 2.60)

N125 121.6 (8.86) 175.3 54.5 (4.39) 38.5(2.80, 2.48)

N126 119.3 (7.70) 54.2 (4.67) 41.1 (2.71, 2.58)

T127 (4.60) -(3.13) Cv22.1(0.82)

1128 62.8 (3.93) CrMe 18.9 (1.28); C?12.8 (0.78)

S129 60.5 (4.45) 64.3 (4.08)

S130 109.8 (7.99) 173.9 60.5 (4.43) 64.6 (3.46, 3.26)

V131 117.4 (8.50) 174.4 61.4 (5.30) 38.6 (2.05) C723.7 (1.21); 20.8 (0.54)

K132 126.8 (9.38) 176.3 53.6 (5.15) 34.3 (1.87, 1.76) H 1.47; H? 1.69; C* 41.8 (2.99, 2.90)
P133 174.9 64.2 (4.01) 31.7 (2.59, 1.80) C¥26.2 (2.00); H 4.30, 3.28

Q134 114.6 (8.71) 175.5 55.6 (3.70) 26.8 (2.15) Cv34.4 (2.58,2.12)

G135 103.9 (7.90) 174.4 45.3 (4.11, 3.68)

L136 121.9 (7.45) 176.9 §3.3 (4.54) 42.3 (1.83, 1.40) C726.5 (1.55); C? 22.6 (0.84); 25.4 (0.72)
Al37 124.0 (9.05) 175.2 51.2 (4.82) 18.2 (1.39)

V138 125.6 (7.68) 175.5 61.3 (4.79) 33.4 (2.52) Cv22.2 (1.16); 22.8 (0.97)

V139 130.3 (9.84) 173.8 63.0 (4.38) 33.6 (1.95) C~ 21.3 (0.85); 22.8 (0.20)

L140 125.8 (7.99) 175.3 53.6 (4.68) 40.8 (1.86, 1.26) Cv26.9 (1.96); C? 23.3 (1.07); 27.7 (1.02)
F141 119.0 (8.70) 176.9 56.8 (5.14) 39.5(3.48, 3.43) H?7.25; H¢ 7.20; H? 6.87

K142 123.1 (9.46) 176.6 58.2 (4.39) 34.6 (1.90, 1.86) Hv 1.47; H® 1.68; H¢ 2.69

N143 115.6 (8.29) 174.6 50.3 (5.34) 39.3(2.95, 2.80)

D144 117.2 (8.66) 175.9 52.9 (4.26) 40.5 (2.76, 2.72)

N145 114.4 (9.08) 173.7 54.4 (3.17) 36.7 (2.73, 2.51)

F146 113.5 (7.64) 174.1 56.4 (2.50) 34.5 (1.85, 1.40) H? 6.76; H¢ 6.70

S147 111.2 (6.37) 172.9 56.4 (4.98) 66.7 (3.92,3.74)

G148 106.7 (8.36) 173.2 44.3 (4.27)

D149 118.9 (7.98) 174.3 55.6 (4.48) 41.1 (2.74, 2.42)

T150 110.1 (8.00) 174.8 58.9 (5.34) 72.2 (3.63) C722.9 (0.93)

Lis1 122.5 (8.65) 52.1(4.97) 46.6 (1.88,1.28) C727.0 (1.46); C? 23.2 (1.03); 27.5 (0.92)
P152 176.2 61.6 (5.08) 31.8 (2.36,1.98) Cv27.0 (2.25); C? 51.2 (3.85, 3.68)

V153 126.5 (9.39) 173.9 62.0 (4.24) 34.0(1.92) Cv22.6 (1.02); 20.5 (0.89)

N154 122.5 (8.67) 174.5 52.8 (5.26) 40.4 (3.00, 2.68)
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Table 2 (Continued)

residue 5N Cco Ca C# others

S155 115.8 (8.01) 171.9 56.5 (4.62) 64.9 (3.97,3.93)

D156 121.0 (8.39) 176.1 57.3 (4.62) 40.4 (2.75, 2.60)

Al57 125.6 (8.98) 174.0 48.5 (5.41) 20.2 (1.49)

P158 (4.12) (2.16, 2.05) H 1.84; C? 50.8 (4.33,3.77)

T159 107.2 (7.18) (4.83) (3.90) Hr 1.28

L160 177.6 52.7 (4.60) 41.3 (1.40) Cv 25.9 (1.44); C22.4 (0.73)

G161 110.9 (8.03) 176.7 46.8 (3.92, 3.80)

Al62 178.4 (4.23) (1.48)

M163 114.7 (7.88) 176.7 52.8 (4.64) 31.1 (2.09) Hv 2.75, 2.46; H¢ 2.13

N164 123.8 (8.02) 54.4 (4.31) 37.8 (3.18, 2.72)

N165

N166

T167 175.5 67.1(4.11) 69.3 (4.03) Cr22.6(1.27)

S168 123.5 (9.02) 169.9 59.0 (4.97) 66.4 (4.15, 3.20)

S169 107.4 (7.86) 173.4 59.7 (4.70) 65.0 (4.30, 3.89)

1170 117.6 (8.97) 174.7 61.6 (5.59) 45.5 (1.60) Cr 28.5 (1.55, 1.10); C"™= 18.2 (1.00); C? 13.8 (0.13)
R171 126.7 (9.35) 173.8 56.2 (5.26) 34.2 (2.06, 1.89) Hr 1.68, 1.59; C?43.2 (3.18)

1172 125.4 (9.37) 175.0 61.0 (5.10) 41.3 (2.19) Cv 28.6 (1.95,1.18); CMc 19,9 (0.95); C? 16.1 (1.12)
S173 130.1 (9.19) 176.2 59.8 (4.64) 65.9 (3.94)

a 15N and !3C chemical shifts are given first and the attached 'H chemical shift is in parentheses. The chemical shift reference used for 'H and
13C is 3-(trimethylsilyl)propionate sodium salt. !5N chemical shifts are reported relative to external liquid NH;.

(Gaussian line width to create), and G3 = 0.0 (corresponding
to a maximum at the first point in the FID). 3Jng, coupling
constants were then measured using spectral simulation
(Redfield & Dobson, 1990; Smith et al., 1991) to correct for
the discrepancy between measured and actual 3/yu, values
arising from finite line widths, and for dispersive contributions
to the line shape in F. 3JNH. < 5 Hz was taken to indicate
the presence of a secondary structure, and § secondary
structure was inferred for 3/yyg, > 9 Hz (Pardi et al., 1984).

For all 3D spectra, a 60° phase-shifted sine bell and single
zero-fill were applied in each of the ¢, and 3 dimensions prior
to Fourier transformation, and linear prediction (Barkhuijsen
et al., 1985) was used to double the number of planes in the
t; (1 of HNCACB) dimension of all triple resonance
experiments, except where otherwise stated, from 64 to 128.
Inthe case of the CBCA(CO)NH experiment, linear prediction
was used in both ¢; and ¢, dimensions. This required a different
processing sequence to that used for other triple resonance
experiments. The data was first Fourier transformed in #3
and then subjected to a smoothing window function in ¢, which
has a nonzero value at the end of the interferogram. This was
followed by Fourier transformation in ¢, and then linear
prediction and Fourier transformationin¢;. Aninverse Fourier
transform was then applied to F,, followed by the reverse of
the original ¢, window function and then linear prediction in
t;. Fourier transformation in ¢, yielded the final data set. For
the HNCACB data, an inverse cosine function tuned to 35
Hz (1Jcqp) was applied in the carbon dimension prior to linear
prediction in order to improve the spectral resolution in F;
(Wittekind & Mueller, 1993).

Slowly exchanging amide protons were identified by
recording a series of 1SN-'H HSQC (Bodenhausen & Ruben,
1980) experiments at a range of time intervals beginning
immediately after dissolving lyophilized proteinin D,O. These
data, together with observation of sequential NOEs charac-
teristic of helical or extended secondary structure, allowed
identification of 80 hydrogen bonds.

RESULTS AND DISCUSSION

Resonance Assignment. The methodology used here is
similar to those described in some previous NMR studies of
higher molecular weight (15 kDa and above) proteins, such
as calmodulin (Ikura et al., 1990b), calmodulin complexed

with a 26-residue peptide (Ikura et al., 1991), interleukin-4
(Powers et al., 1992), and interferon-v (Grzesiek et al., 1992).
This method relies on recording a range of three-dimensional
NMR spectra which utilize large heteronuclear scalar coup-
lings to correlate different combinations of nuclei. Table 1
illustrates how such a series of experiments, pairs of which
have a common correlated nucleus other than amide N and
NH, can be used to connect residues through their backbone
and CP resonances. The sensitivity and line widths obtained
in the NMR spectra indicate that protein S is monomeric
under the conditions used for the NMR experiments, despite
the fact that its function involves multimerization on the
myxospore surface. Figure 1 summarizesthe backbone amide
'H and 15N assignments in the 1’N-1H HSQC (Bodenhausen
& Ruben, 1980; Kay et al., 1992) spectrum of protein S.
Backbone and side-chain 'H, 1°N, and !13C chemical shifts are
reported in Table 2.

In order to increase both sensitivity and resolution in the
15N dimension, most of the standard triple resonance exper-
iments [HNCO, HNCA, HCACO, HN(CO)CA, and HCA-
(CO)N (Kayetal., 1990; Bax & Ikura, 1991)] were modified
by introduction of a constant-time 1SN evolution period (Bax
et al,, 1979; Rance et al., 1984; Powers et al., 1991; Grzesiek
& Bax, 1992a; Palmeret al., 1992) and in-phase heteronuclear
magnetization was maintained through the use of coherent
TH decoupling (Grzesiek & Bax, 1992a; Farmer et al., 1992).
Despite these improvements, the signal to noise ratio obtained
in the HCA(CO)N experiment was too low to yield useful
data. The resulting lack of the !N junction point between
adjacent residues caused some difficulty in making sequential
connectivities. This was exacerbated by similarities in
chemical shift and NOE patterns between the four internally
homologous motifs. For example, two stretches (FQGKN-
VDLPPGNYT, 12-25, and FDGKEVDLPPGQYT, 101-
114) are found in motifs 1 and 3 with very similar sequences
and close matching of backbone chemical shifts for most pairs
of corresponding residues. Experiments correlating amide
proton and nitrogen resonances with C and C# resonances
(Grzesiek & Bax, 1992b; Wittekind & Mueller, 1993) were
particularly useful in resolving these ambiguities. A pair of
such experiments was recorded after approximately 50% of
sequential backbone assignments had already been obtained.
The CBCA(CO)NH technique (Grzesiek & Bax, 1992b)
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correlates amide signals with the C2 and C8 resonances of the
preceding residue and the HNCACB experiment (Wittekind
& Mueller, 1993) correlates amide signals with intraresidue
C= and CPf resonances and also, in most cases, with C* and
C# of the preceding residue. The data obtained from these
two experiments helped to resolve a number of uncertainties
in assignment due to degeneracy or close similarity of backbone
chemical shifts. For example, the clear distinction between
C# chemical shifts of N23 (40.1 ppm) and Q112 (29.9 ppm)
aided in placing the stretches consisting of residues 12-25
and 101-114 in their correct sequence locations. Further
facilitation of the assignment process comes from thedistinctive
Ce chemical shifts usually given by glycine residues, and
characteristic C* and C? chemical shifts of alanine, serine,
and threonine. This often allows immediate identification of
these residues in CBCA(CO)NH and HNCACB spectra. In
some cases, once assignments were made for one of a pair of
internally homologous residues, the assignments could be used
to helpinidentification of the other member of the pair. Similar
situations were reported for sequential resonance assignment
of other multidomain proteins such as calmodulin (Ikura et
al., 1990b) and a fragment of troponin C (Findlay & Sykes,
1993). Figure 2 shows several CA(i-1)—Ca(i-1)-N(i)-HN()
connectivities identified in the CBCA(CO)NH spectrum
together with the corresponding CA(i)-C=(i)-N(i)-HN()
connectivities found in the HNCACB spectrum. The as-
signments obtained are in good agreement with the sequential

NOE analysis using ’N-edited NOESY-HMQC (Zuiderweg
& Fesik, 1989; Marion et al., 1989a). Examples of H=(i-
1)-HN(i) and HN(i-1)-HN(i) NOE connectivities from
extended and helical portions of protein S are shown in Figure
3.

Side-chain assignments were obtained by analysis of two
HCCH-TOCSY spectra, one recorded with an 8-ms mixing
time, the other witha 16-ms mixing time. The former provides
direct correlations, the latter both direct and relayed corre-
lations. For certain spin systems, the !SN-edited TOCSY-
HMQC spectrum could also be used for side-chain proton
assignment, although this experiment was used mainly to
provide direct correlations between backbone amide NH and
CeH protons.

The Secondary Structure and Topology of Protein S.
Sequential and short-range ([i — j| < 5) NOEs, 3/ng, coupling
constants and slowly exchanging backbone amide protons are
summarized in Figure 4. As deduced from patterns of
hydrogen bonds and long range (Ji—j|> 5) backbone—backbone
interstrand NOEs (Figure 5), protein S consists of two /8
barrel domains (residues 1-86 and 92-173) connected by a
short linker. Each domain consists of two Greek key motifs,
one of which contains a regular a-helix in addition to the
classical four antiparallel 8-strands (termed a, b, ¢, and d in
each motif), such that the two motifs in each domain are
topologically inequivalent. In each domain of protein S, the
Greek keys form two 3-sheets, each sheet consisting of strands
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FIGURE 4: Summary of the sequential and short (1 <[i - j| < 5) range NOEs involving backbone NH and H*atoms, backbone amide exchange,

3) une coupling constant and deduced secondary structure of protein S.

Line thickness for d,n and dyn sequential NOE connectivities reflects

the intensities of the cross peaks. Residues marked with an asterisk are those which produced cross peaks in a *N-'H HSQC spectrum of
45 min duration recorded immediately after dissolving lyophilized protein S in D,O. Residues marked with S or H are those for which the
3June coupling constant value indicates extended (strand) or helical secondary structure.

a, b, and d from one motif and strand ¢ from the other motif.
The strand residue ranges are 3-8, 15-20, 22-24, and 41-44
in Greek key one, 48-53, 61-65, 68-70, and 81-86 in Greek
key two, 92-97, 104-109, 111-114, and 130-133 in Greek
key three, and 137-141, 149-154, 156-158, and 169-173 in
the fourth and final Greek key. The topologies of the
N-terminal domains of protein S and yB-crystallin (Blundell
et al., 1981; Wistow et al., 1983) are compared in Figure 6.
There are differences in strand lengths and locations, but the
major distinguishing feature is the «-helix of protein S.
Alignment of sequences indicates that yB-crystallin has a
five residue gap at the location of the protein S helix (also see
later). The two regions of protein S (residues 35-43 and
124-132) which have been previously noted to be similar to
Ca?*-binding sequences in calmodulin, appear to consist of
six residues of the irregular loops following strand ¢ in motifs
1 and 3, and also three residues of the subsequent strand d.

This suggests that there is no higher order structural similarity
between these regions of protein S and the Ca2*-binding sites
of calmodulin.

The residues connecting strands ¢ and d of the Greek keys
exhibit slightly different characteristics in the C-terminal
domain (residues 123-129% and 159-168) compared to those
(residues 33—40 and 72-80) in the N-terminal domain. None
of these sets of residues appear to form any regular secondary
structure element. Residues 127-129 and 165-167 gave no
useful signalin any 3D experiment, preventing their sequential
assignment (Table 2), The corresponding residues of the
N-terminal domain produced sufficient signal to allow almost
complete sequential assignments to be obtained (Table 2).
There is evidence from SN{!H} NOE experiments that protein
S1is, overall, a rigid molecule, and that its most flexible portions
are the residues connecting strands ¢ and d in each motif. Of
these, the C-terminal regions would seem to be more flexible
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FIGURE 5: Secondary structure of the two domains of protein S as deduced from long-range backbone—backbone interstrand NOEs and amide
protein exchange data. Hydrogen bonds (dashed lines) and long-range interstrand NOEs (arrows) are shown. The two a-helices (residues
26-32 and 115-122) are now shown. Proline residues are indicated by the letter P.

than their N-terminal counterparts. There are at least six
weak cross peaks in both the gradient-enhanced HSQC
spectrum (Figure 1) and in the '*N{'H} NOE spectra which
must derive from unassigned residues (including 127-129 and
165-167). These signals all have negative or relatively low
I5N{'H} NOE values. Thetwowhich could be measured (0.62
£0.15and 0.55 £ 0.09) are significantly lower than any other
observed for protein S. These results support the notion of
high flexibility in these regions (127-129 and 165-167) of
protein S. It may berelevant tonote here that trypticdigestion
of protein S yields a stable N-terminal fragment only (Inouye
etal., 1983a). Also, preliminary results (S. Eagle & S. Inouye,
unpublished observation) suggest that a fragment consisting
of just the C-terminal domain is less stable than one comprising
the N-terminal domain during overexpression in E. coli.
v-Crystallin shows the same relative domain stabilities
(Rudolph et al., 1990).

Internal Structural Homology. Protein S can be divided
into four homologous regions (motifs), consisting of residues
1-47, 48-86, 92-135, and 136-173, each forming a Greek
key as described above. Analysis of these repeated sequences
shows that motifs 1 and 3 and motifs 2 and 4 have the highest
identities toone another (55% and 46%) (Wistow et al., 1985),
which is consistent with the finding that motifs 1 and 3 each
contain a regular «-helix, whereas motifs 2 and 4 do not. This
pattern of homologies presumably resulted from two successive
gene duplication events, as is found in calmodulin (Watterson
et al., 1980), troponin C (Collins et al., 1973), and By-
crystallins (Wistow, 1990). A previous comparison of protein
S with yB-crystallin (Wistow et al., 1985) indicated that motifs
2 and 4 of protein S most closely match motif 1 of yB-crystallin,
and motifs 1 and 3 correspond most closely to motifs 2 and
4 of yB-crystallin.
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FIGURE 6: Topology of the N-terminal domains of protein S and yB-crystallin. Sequence locations of the 8-strands and a-helix are indicated.

The C-terminal domains have essentially the same topology.
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FIGURE 7: A consensus chemical shift index (Wishart & Sykes, 1993) plot of protein S. The consensus value in this case is given by the sum
of the chemical shift indices for C* and CO minus the index for H*. Consensus values of +1 were zeroed for the purposes of this plot, while
values of £2 and £3 were normalized. Residues for which insufficient chemical shift information is available to calculate a consensus chemical

shift index were assigned a value of zero.

Structural similarities between the motifs are evidenced by
repetition of chemical shift, hydrogen bond, and NOE patterns
(Figure 4 and 5). The consensus (sum of the chemical shift
indices for C*and CO minus that for H*) chemical shift index
(Wishart et al., 1992; Wishart & Sykes, 1993a,b) for protein
Sisshownin Figure 7. Thereis good correspondence between
the type of secondary structure and the consensus value of the
index. Most residues have a positive consensus index, as
expected for a protein which is dominated by 8-type secondary
structure. Residues 33-40, 72-80, 123-129, and 159-168,
which appear to form long loops, constitute the longest
sequences of zero consensus index values. This represents a
combination of incomplete assignments and a tendency toward
random coil in these regions, with potentially relatively high
flexibility [see above (Wishart & Sykes, 1993b]. The four
nonhelical residues which have a negative value of the

consensus chemical shift index (Gly 57, Asn 76, Gly 161, and
Ala 162) all occur outside of the 3-strands either in folded
hairpin or long loops.

The H* and C# resonances of Phe 12, Phe 58, Phe 101, and
Phe 146 all have upfield chemical shifts (Table 2). These
residues occur at positions in the sequence which correspond
to the folded hairpins of vB-crystallin (Blundell et al., 1981;
Wistow et al., 1983), which each have two aromatic rings in
close proximity. An identical sequence separation of pairs of
aromatic residues occurs at these positions in protein S, leading
to the inference that the upfield chemical shifts of Phe 12, Phe
58, Phe 101, and Phe 146 are due to the proximity of a second
aromatic ring, Phe 7, Phe 53, Phe 96, and Phe 141, in each
case. Confirmation awaits determination of a detailed three-
dimensional structure of protein S.
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Each of the -sheets has a similar pattern of long-range
(involving pairs of residues more than five sequence positions
apart) interstrand hydrogen bonds and backbone-backbone
NOEs (Figure 5). In the C-terminal domain, however, the
B-sheet formed by strands bs, a3, d3, and ¢4 appears to contain
two hydrogen bonds fewer than the other three protein S
-sheets. The missing hydrogen bonds are Ser130 HN-Phe96
COand Thr159 HN-Ser129 CO. Inthe former case, Ser130
HN is not slowly exchanging. The reason for the absence of
the latter hydrogen bond is not clear at this point.

The pair of a-helices in protein S is a second structural
feature which gives rise to symmetry of chemical shift and
NOE patterns between the two domains. Thus, the two helical
sections result in two regions of downfield secondary shift of
Ceand upfield secondary shift of C? resonances (Table 2) and
stretches of negative consensus chemical shift index (Figure
7), together with two sequences of characteristic dun(i, i +
1) (Figure 3B), dun(i, i + 3), and d,g(i, i + 3) NOEs (Figure
4). The corresponding sections of both - and §-crystallins
do show some propensity toward helical secondary structure
(Blundell et al., 1981; Wistow et al., 1983; Lapatto et al,,
1991). BB2-crystallin contains short 3¢ helices in these two
sections (Lapatto et al., 1991), although «yB-crystallin has
significant deletions here relative to protein S (five and three
residues in the N- and C-terminal domains of yB-crystallin
respectively). Thus each domain of protein S comprises a
pair of motifs made topologically inequivalent by the presence
of regular a-helical portions. This contrasts from the more
symmetric motifs found in each domain of the 8vy-crystallins
(Figure 6).

CONCLUSIONS

Two- and three-dimensional double and triple resonance
NMR techniques have been successfully applied to obtain
almost complete 'H, 15N, 13C, and 13CO assignments of a
19-kDa protein. This is despite the 4-fold internal homology
of protein S which causes extra difficulty in resonance
assignment due to chemical shift similarities of homologous
residues. Thedata obtained in this study will permit a detailed
three-dimensional structure to be determined. From its
secondary structure and topology, it is clear that protein S
belongs to the Bvy-crystallin superfamily and has little or no
structural similarity to calmodulin and related proteins. The
nonlinear motif correspondence (Wistow et al., 1985) indicates
that protein S and the By-crystallins have evolved by distinct
pathways involving different orders of gene fusion (Wistow,
1990). This divergence is further evidenced by the presence
of the a-helices, one in each domain of protein S, which give
rise to a topology distinct from the classical Greek key motif.

NOTE ADDED IN PROOF

The three-dimensional solution structure of Ca2*-loaded
protein S has been determined recently in this laboratory and
appears in Structure 2 (1994), pp 107-122.
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