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Introduction

The Greek key motif was recognized as a super-
secondary structure by Richardson in 1977
(Richardson, 1977). It is composed of four antipar-
allel B-strands with +3, —1, —1 connectivities. In
two-dimensional graphical representations, the
motif resembles and is named after the repeating
unit of a decorative pattern frequently found on
Greek pottery (Richardson, 1977). A distinguishing
feature of the Greek key is that the first and fourth
B-strands are at opposite ends of the primary struc-
ture, but are adjacent in the motif. All-Greek key
domains invariably comprise a pair of Greek keys.
Richardson proposed a feasible pathway for
acquiring the long range tertiary interactions found
in Greek key proteins whereby the polypeptide
chain folds into a long two-stranded ““B-ribbon”
which then bends in the middle to form the Greek
key (Richardson, 1977). A more recently proposed
folding mechanism involves a different nucleation
structure, the “B-zipper” (Hazes & Hol, 1992). It

Abbreviations used: ANS, 1-anilinonapthalene-8-
sulfonic acid; CD, circular dichroism; CSI, chemical shift
index; FPLC, fast protein liquid chromatography;
HSQC, heteronuclear single quantum correlation; NMR,
nuclear magnetic resonance; NOE, nuclear Overhauser
enhancement; protein S-NTD, protein
S N-terminal domain; TFE, trifluoroethanol; 2D, two
dimensional.
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has been pointed out, however, that the three-
dimensional structures of Greek keys show exten-
sive variability (Hutchinson & Thornton, 1993), so
that a universal folding mechanism for Greek keys
seems unlikely.

The folding mechanisms of the eye lens PBy-crys-
tallins (Jaenicke, 1996), and ylI-crystallin in particu-
lar (Rudolph et al., 1990), have been studied in
some detail. yII-Crystallin is a two-domain protein
in which each domain contains two Greek keys.
The yll-crystallin folding studies strongly suggest
that individual domains fold independently in
two-state reactions (Rudolph et al., 1990). The
experimental data on ylII-crystallin folding are con-
sistent with either the p-ribbon or B-zipper hypoth-
esis and, therefore, cannot be used to validate one
model over the other.

Here we report studies on the structure and
stability of the N-terminal domain of protein S
from Myxococcus xanthus. Protein S is a develop-
mentally regulated, Greek key-containing protein
which forms a multilayer protective coat on the
surface of myxospores and may also function in
cell—cell adhesion in a calcium-dependent manner.
Protein S resembles the [y-crystallins both in
sequence (Wistow et al., 1985) and structure (Bagby
et al., 1994a,b). Each of the two domains of protein
S binds a single calcium ion. The N-terminal
domain is stable in isolation (Inouye et al., 1983) as
is the N-terminal domain of yII-crystallin (Rudolph
et al., 1990). One differentiating feature of protein S
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is an a-helix inserted into a loop in each domain
(Bagby et al., 1994b).

We find that in the calcium-free state, the iso-
lated N-terminal domain of protein S (residues 1 to
92; abbreviated protein S-INTD) is partially folded.
The B-ribbon (Richardson, 1977) and pB-zipper
(Hazes & Hol, 1992) folding mechanisms both
appear to be incompatible with the structure of the
partially folded calcium-free molecule. We propose
a different folding mechanism for protein S-NTD
that is more consistent with the structural data.

Results and Discussion

Structure of calcium-bound protein S
N-terminal domain

Protein S consists of two B-barrel domains (resi-
dues 1 to 86) and (92 to 173) connected by a short
linker (Bagby et al, 1994a). The principal com-
ponents of the domain architecture are two Greek
key motifs, one of which contains an o-helix in
addition to the usual four pB-strands. The two
Greek keys of each domain form two B-sheets,
each sheet comprising the first, second and fourth
strands from one Greek key and the third strand
from the other Greek key. The two sheets lie oppo-
site one another in a wedge or V arrangement.
Two rows of side-chains project from each sheet to
form the hydrophobic core of each domain.

A protein S-like fold is adopted by the By-crys-
tallins, proteins that are responsible for maintain-
ing a smooth gradient of refractive index in the
vertebrate eye lens (Wistow, 1990; Wistow &
Piatigorsky, 1988); the By-crystallins have the same
B-strand topology as protein S, but lack the two
a-helices observed in protein S. A yeast killer toxin
from Williopsis mrakii adopts the same fold as the
By-crystallins (Antuch et al., 1996) and represents a
potential single-domain precursor of the protein
S/By-crystallin structure type (Antuch et al., 1996;
Editorial, 1996) The existence of this single-domain
polypeptide, together with strong evidence that
individual domains of yIl-crystallin fold indepen-
dently (Rudolph et al., 1990), supports the physio-
logical relevance of our studies of the isolated
N-terminal domain of protein S. Spherulin 3a from
the slime mold Physarum polycephalum has been
identified by sequence comparisons as another
potential single-domain precursor of protein S and
the By-crystallins (Wistow, 1990). The three-dimen-
sional structure of spherulin 3a, however, remains
unknown.

The protein S domain interface is formed by resi-
dues from strands F and G and the FG loop of the
N-terminal domain and strand B and the o-helix of
the C-terminal domain (see below for strand
nomenclature). The aromatic ring of Tyrl21
extends from this o-helix to pack against the side-
chains of Val65, Ala67, Ala69 and Leul08. The ring
hydroxyl group of Tyr121 forms two interdomain
hydrogen bonds with the backbone amide groups

of Val66 and Ala67. The domain interface buries
approximately 1100 A? of protein surface area.

We have obtained sequential 'HN, N, **Co and
13CB resonance assignments for both intact protein
S (Bagby et al., 1994c) and protein S-NTD (this
study; chemical shift data to be submitted to Bio-
MagResBank). The chemical shifts are similar. The
average chemical shift changes and root-mean-
square deviations (rmsd) for the different nuclei
are as follows: 'HN 0.11(+£0.18) ppm, N
0.57(+0.88) ppm, *C* 0.28(+0.45) ppm and CP
0.36(+0.53) p&pm. The secondary chemical shifts of
13C* and CP are consequently similar, indicating
that the extent and location of regular secondary
structure is essentially the same in protein S-NTD
and intact protein S (Bagby et al., 1994a,c).

A detailed structural analysis would be required
for rigorous definition of the location and extent of
tertiary structure changes between intact protein S
and its isolated N-terminal domain. However, the
chemical shift differences between corresponding
peaks in protein S and protein S-NTD are mostly
small, reflecting subtle changes in conformation
which may result from variation in sample con-
ditions (in particular, pH and temperature) as
much as from the absence of the C-terminal
domain. For example, a particularly clear demon-
stration of retention of native tertiary structure in
protein S-NTD is provided by the upfield-shifted
amide proton resonances of GInl3 and Ala59
(Figure 1(c)): retention of these characteristic shifts
from protein S to protein S-NTD indicates that the
so-called folded hairpins that connect the first two
strands of each Greek key motif in protein S are
preserved in protein S-NTD. The folded hairpins,
which bring two aromatic rings into proximity, are
a characteristic feature of protein S (Bagby et al.,
1994a) and By-crystallin structures (Bax et al., 1990;
Blundell et al., 1981; Lapatto et al., 1991, Wistow
et al., 1983).

There are two clusters of significant chemical
shift differences between protein S and protein S-
NTD. One comprises residues 65 to 71 that lie at
the interface between domains in the full length
protein. The average chemical shift changes and
root-mean-square deviations for this segment
are '"HN 0.33(+0.31) ppm, N 2.00(£1.01) ppm,
13C* 0.32(£0.30) ppm and CP 0.94(+0.74) ppm.
Removal of the C-terminal domain alters the
chemical environment of these residues by elimi-
nating inter-domain packing interactions. The
other cluster of significant chemical shift changes is
at the C terminus of protein S-NTD, comprising
residues 88 to 92. The average chemical shift
changes and root-mean-square deviations for this
segment are 'HN 0.38(+0.26) ppm, °N 1.01(£1.36)
ppm, *C* 1.30(£1.09) ppm and "CP 0.93(+0.61)
ppm. In intact protein S, these residues also lie
close to the C-terminal domain: they are located
beyond the end of the N-terminal domain and
form part of the inter-domain linker.

The chemical shift similarities between protein S
and protein S-NTD suggest that isolating the
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Figure 1. 'H-">N HSQC spectra of protein S-NTD. (a) Calcium-free protein S-NTD at pH 6.7; (b) calcium-free protein
S-NTD at pH 2.6; (c) calcium-bound protein S-NTD at pH 6.7. For the states of protein S-NTD represented in spectra
(a) and (c), cross peaks have been assigned to the backbone NH groups of specific amino acid residues in the protein
S-NTD sequence: peaks are labeled according to these assignments using the one-letter amino acid code and sequence
position of the amino acid residue. The labeled cross peaks in spectrum (b) are those that are absent in the 'H-°N
HSQC spectrum of calcium-free protein S-NTD at pH 6.7, but that appear in the "H-'>N HSQC spectrum of calcium-

free protein S-NTD at pH 2.6, and that can be assigned by inspection by virtue of distinctive chemical shifts.

N-terminal domain and hence removing the
domain—domain interactions of the intact protein
has little effect on the overall structure of the
domain. Only those portions of the N-terminal
domain that are close to the C-terminal domain in
protein S show significant chemical shift changes
in the absence of the C-terminal domain. In further
support of close structural similarity between pro-
tein S and protein S-NTD, the latter reproduces the
former’s function of calcium-dependent self-assem-
bly on the myxospore surface (Inouye et al., 1981).

Structure of calcium-free protein S
N-terminal domain

The "H-""N HSQC spectrum of calcium-free pro-
tein S-NTD at 30°C contains 115 cross-peaks from
backbone NH groups, compared with 85 cross-
peaks from backbone NH groups for the calcium-
bound molecule (Figure 1(a) and (c)). For a single-
conformation 92-residue polypeptide with six pro-
lines, ideally we expect 86 cross-peaks from back-
bone NH groups. The disparity between the
number of cross-peaks in the "H-""N HSQC spec-
trum and the number of backbone NH groups in
calcium-free protein S-NTD results from confor-
mational exchange processes such that some back-
bone NH groups give rise to multiple NH cross-
peaks at different chemical shifts. Some of the 115
cross-peaks derive from 42 assignable backbone

NH groups. Lack of sequential assignments for the
remaining residues due to apparent absence of sig-
nal precludes determination of the three-dimen-
sional structure of calcium-free protein S-NTD by
NMR. We can, however, construct a coherent pic-
ture of the structure and dynamics of the calcium-
free molecule by combining partial resonance
assignments with CD spectroscopy, urea denatura-
tion and ANS binding experiments.

The far-UV CD spectra of protein S-NTD both in
the presence and absence of calcium contain a
minimum at 218 nm and a maximum at approxi-
mately 200 nm, indicating the presence of B-struc-
ture (Figure 2(a)). The magnitudes of the far-UV
CD bands are marginally smaller in the calcium-
free molecule. The near-UV CD spectrum of the
calcium-bound molecule has five well-resolved
bands between 250 and 290 nm which arise from
the three phenylalanine and three tyrosine residues
of protein S-NTD. In the absence of calcium, the
intensity of these bands is diminished by approxi-
mately one half (Figure 2(b)). While minor changes
in far-UV CD suggest that the secondary structure
of protein S-NTD is relatively unaffected by cal-
cium binding, the tertiary structure appears to be
stabilized significantly by calcium as reflected in
the large changes in near-UV CD.

Calcium-dependent changes in ANS fluorescence
were observed when ANS was added to protein S-
NTD (Figure 2(c)). Calcium-free protein S-NTD
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Figure 2. (a) Far-UV CD spectra of calcium-bound pro-
tein S-NTD (solid line) and calcium-free protein S-NTD
(dashed line). (b) Near-UV CD spectra of calcium-bound
protein S-NTD (solid line) and calcium-free protein
S-NTD (dashed line). (c), ANS fluorescence spectra in
the presence of calcium-bound protein S-NTD (O), cal-
cium-free protein S-NTD (@), and unfolded protein S-
NTD in 8.0 M urea (A).

produced the greatest ANS fluorescence, urea-
unfolded protein S-NTD produced intermediate
fluorescence, and calcium-bound protein S-NTD
under native conditions produced least fluor-
escence. ANS fluorescence increases when the dye
is sequestered in a hydrophobic environment. In
the absence of calcium, therefore, protein S-NTD
exhibits significant exposure of clustered hydro-
phobic groups.
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Figure 3. Urea denaturation of calcium-bound (O) and
calcium-free protein S-NTD (@). Ellipticity at 218 nm
was measured at pH 7.0, 25°C.

The stability of protein S-NTD at pH 7.0, 25°C
was assessed from urea denaturation experiments
monitored by CD at 218 nm (the CD at 218 nm of
protein S-NTD does not change over the pH range
2.5 to 9.0, and temperature range 0 to 80°C; data
not shown). Urea denaturation curves of protein S-
NTD in the presence and absence of calcium
(Figure 3) are atypical and consistent with either
two-state unfolding with a sloping post-transition
baseline (Santoro & Bolen, 1988) or a non-two-state
unfolding process. Calcium binding displaces the
denaturation curve to higher ellipticity values
throughout the urea concentration range. The simi-
lar shapes of the two curves suggest a similar
mechanism and cooperativity of unfolding with
and without calcium. In the presence of calcium,
the curve is also shifted to the right, such that the
C,, increases from 3.76 M to 4.86 M. This indicates
that calcium ions stabilize protein S-NTD, presum-
ably because the folded state has a greater affinity
for calcium than the unfolded state.

Three-dimensional triple-resonance NMR exper-
iments were used to obtain 'HN, ®N, ¥3C* and
13CP backbone assignments of the detectable reson-
ances of calcium-free protein S-NTD. As indicated
on the 'H-"N HSQC spectrum (Figure 1), the fol-
lowing segments could be assigned: 3 to 5, 19 to
33, 46 to 65 (with the exception of residues Ala50,
Tyr53, and GIn62), and 81 to 92. The chemical
shifts of the detectable resonances are similar to
those of the corresponding resonances of calcium-
bound protein S-NTD: the average chemical shift
changes for the different nuclei are 'HN
0.06(£0.05) ppm, "N 040(£0.59) ppm, “C*
0.20(£0.20) ppm and '*CP 0.32(£0.66) ppm. The
values of chemical shift indices (CSI; Wishart &
Sykes, 1994a,b) calculated from the assignable res-
onances of calcium-free protein S-NTD are highly
correlated with CSI values from calcium-bound
protein S-NTD (Figure 4). The conformations of the
segments comprising residues 3 to 5, 19 to 33, 46 to
65 and 81 to 92 in calcium-free protein S-NTD are
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Figure 4. Consensus chemical shift index (CSI; Wishart
& Sykes, 1994a,b) versus protein sequence for (a) cal-
cium-bound protein S-NTD and (b) calcium-free protein
S-NTD. A CSI value of +1 indicates B-conformation and
—1 indicates o-conformation for a particular residue.
The locations of secondary structure elements in protein
S, determined on the basis of NOE and %[y, data
(Bagby et al., 1994a), are shown schematically above
each CSI plot: arrows represent the location of p-strands
and the a-helix is represented by a cylinder.

therefore probably similar to those of the corre-
sponding segments in calcium-bound protein S-
NTD.

Residues in the following segments of the pro-
tein S-NTD sequence could not be sequentially
assigned in the calcium-free molecule due to lack
of signal: 1 to 2, 6 to 18, 34 to 45, and 66 to 80. One
possibility is that intermediate exchange processes
account for the absent cross-peaks, suggesting that
these segments of calcium-free protein S-NTD
exhibit conformational fluctuations. The first two
segments correspond to the N terminus and C-
terminal half of strand A, the AB loop, and the
N-terminal half of strand B, the third segment cor-
responds to part of the CD loop and strand D, and
the fourth segment corresponds to the FG loop,
strand G, and the GH loop. The unassigned seg-
ments are in close spatial proximity, constitute
most of the BADG pB-sheet, and radiate from the
putative calcium-ligating residues Glul0 and

Glu71 (Bagby et al., 1994a). A structural model of
protein S-NTD, including depiction of the regions
most sensitive to calcium binding, is shown in
Figure 5.

Instead of chemical exchange broadening due to
a folding equilibrium within a monomeric mol-
ecule, the absence of cross-peaks could be inter-
preted in terms of an aggregation equilibrium.
Since transient aggregation depends on weak inter-
actions that should be sensitive to protein concen-
tration, the influence of aggregation can be
assessed by comparing NMR spectra recorded at
low protein concentration with spectra recorded at
high protein concentration. The 'H-"N HSQC
spectrum of calcium-free protein S-NTD recorded
using a 90 uM sample (data not shown) displays
similar line broadening characteristics and cross-
peak absences for the same residues as the 'H-'°"N
HSQC spectrum recorded using a 1.5 mM sample.
This indicates that transient aggregation is unlikely
to contribute significantly to the observed line
broadening and cross-peak absences.

Furthermore, the predominant form of both cal-
cium-free and calcium-bound protein S-NTD was
found to be monomeric by three different methods.
Using pulsed field gradient spin-echo spectroscopy
(Dingley et al., 1995; Wu et al.,, 1995), we deter-
mined that the translational diffusion coefficients
of 1.5 mM calcium-free protein S-NTD (molecular
mass based on amino acid sequence =9994 Da)
and calcium-bound protein S-NTD are approxi-
mately 12% and 20% greater than the translational
diffusion coefficient of 1.5 mM chicken egg white
lysozyme (molecular mass based on amino acid
sequence = 14313 Da) and approximately three
times smaller than the translational diffusion coef-
ficient of streptomycin sulfate (molecular mass
1457.4 Da). Assuming that chicken egg white lyso-
zyme is predominantly monomeric at 1.5 mM con-
centration, the larger diffusion coefficients of
calcium-free protein S-NTD and calcium-bound
protein S-NTD compared with that of lysozyme
indicate that both calcium-free protein S-NTD and
calcium-bound protein S-NTD are predominantly
monomeric under the conditions (1.6 mM protein,
%:)H 6.7, 100 mM KCI) used for acquisition of
H-"N HSQC (except the pH 2.6 sample men-
tioned later) and triple-resonance NMR data.

As a second test, NMR samples of calcium-free
and calcium-bound protein S-NTD at pH 6.7 were
injected on to a Superdex-75 HR10/30 FPLC gel fil-
tration column which had been calibrated with
protein standards. The apparent molecular mass
determined by this method were 12300 Da for cal-
cium-free protein S-NTD and 11200 Da for cal-
cium-bound protein S-NTD. The smaller diffusion
coefficient and greater apparent molecular mass of
calcium-free protein S-NTD compared with cal-
cium-bound protein S-NTD reflects a difference in
hydrodynamic radius, possibly resulting from par-
tial unfolding and the consequently less compact
nature of the domain in the absence of calcium.
We also monitored the CD at 218 nm of protein
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S-NTD dissolved in 4.2 M urea, within the tran-
sition region of the denaturation curves of both cal-
cium-bound and calcium-free protein S-NTD
(Figure 3) where the CD is most sensitive to aggre-
gation. The CD was concentration-independent
over a 10 to 400 uM range of protein concentration
(data not shown), indicating that both calcium-
bound and calcium-free protein S-NTD have low
or zero tendency to aggregate.

Residues in the CD (33 to 40) and GH (72 to
80) loops of the N-terminal domain were noted
previously to constitute putatively the most flex-
ible portions of this domain in calcium-bound
intact protein S (Bagby et al., 1994c). Specifically,
the resonance assignments of Asn37, Thr38,
Leu72 and Val79 were incomplete. Unassigned
cross peaks in the 'H-""N HSQC spectrum of pro-
tein S, at least some of which must correspond to
these unassigned residues, displayed negative or
low positive values of the N{'H} NOE, indica-
tive of high flexibility (Bagby et al., 1994c). In cal-
cium-bound protein S-NTD, moreover, the
backbone assignments of Asn36, Asn37, Asn77,
Asn78 and Val79 were incomplete or lacking
altogether. These observations indicate that the
more widespread conformational flexibility evi-
denced in the behavior of calcium-free protein S-
NTD is incipient in the structures of calcium-
bound protein S and protein S-NTD. In this light,
it is pertinent to note another previous obser-
vation that approximately 20% of backbone NH
cross-peaks are absent from the 'H-"N HSQC
spectrum of calcium-free protein S relative to the
'H-">N HSQC spectrum of calcium-bound protein

Figure 5. Ribbon representation of
the three-dimensional structure of
protein S-NTD. The coordinates
were taken from a coordinate set
for intact protein S (Bagby et al.,
1994a), PDB code 1prs, based on
the assumption that isolated pro-
tein S-NTD has essentially the
same structure as in protein S.
White indicates those residues for
which sequential resonance assign-
ments could not be obtained due to
conformational flexibility. Assign-
able residues in which backbone
NH groups exhibit slow two-state
exchange are yellow. Assignable
residues in which backbone NH
groups do not exhibit exchange are
green. The bound calcium ion is
represented by a cyan sphere.
B-strands and the putative calcium
ligands Glul0 and Glu71 are
labeled.

S (Bagby et al, 1994b). These and our other
observations are consistent with the fact that pro-
tein S crystallizes differently in the presence and
absence of calcium (Inouye et al., 1980).

Most of the assignable backbone NH groups
give rise to two peaks of different intensities in the
'H-""N HSQC spectrum of calcium-free protein S-
NTD at 30°C (Figure 1(a)), indicating that the NH
groups are undergoing slow exchange between
two differently populated states. Since the chemical
shifts of the doubled cross-peaks are similar to the
chemical shifts of the cross-peaks in the 'H-""N
HSQC spectrum of calcium-bound protein S-NTD
(Figure 1(c)), we propose that these peak pairs
arise from a two-state exchange involving the
native state and a state with near-native structure.
The locations in the structure of protein S-NTD of
residues undergoing two-state exchange are indi-
cated in Figure 5. The backbone NH groups of the
following residues do not display this chemical
exchange: Gly22, Asn23 , Tyr24, Ala27, Ala3l,
Lys49, Ile51, GIn54, Gly57, Ala59, Val65, Ser81 and
Arg83.

From the results reported above, the structure of
calcium-free protein S-NTD can be ascribed the fol-
lowing features. Based on the partial resonance
assignments, protein S-NTD can be divided into
two subdomains: a calcium-sensitive subdomain
(comprising residues 1 to 2, 6 to 18, 34 to 45 and
66 to 80) which contains the putative calcium-ligat-
ing residues Glul0 and Glu71 (Bagby et al., 1994a)
and undergoes conformational fluctuations in the
absence of calcium, and a calcium-insensitive sub-
domain (composed of residues 3 to 5, 19 to 33, 46
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to 65 and 81 to 92). Since the far-UV CD spectrum
was relatively unaffected by calcium, the calcium-
sensitive subdomain probably retains its B-sheet
structure both in the presence and absence of cal-
cium. The calcium-sensitive subdomain also con-
tains three of the six aromatic residues in protein
S-NTD (i.e. Phe7, Tyr8 and Phel2) and, thus, the
50% reduction of near-UV CD is probably a result
of side-chain mobility of Phe7, Tyr8 and Phel2 in
the absence of calcium. The conformational fluctu-
ations of the calcium-sensitive subdomain expose
hydrophobic surface area that allows ANS to bind.
Residues constituting the calcium-insensitive sub-
domain can be divided into two groups: those that
have a native conformation, and those in two-state
exchange between native and near-native confor-
mations. Calcium binding stabilizes the structure
of protein S-NTD, but the cooperativity of folding
is independent of calcium.

In summary, our structural studies reveal that in
the absence of calcium, protein S-NTD forms two
well-populated intermediate states that are in slow
exchange. The characteristics of the calcium-sensi-
tive subdomain in both intermediates indicate a
lack of well-defined structure, and are similar to
those of a molten globule (Haynie & Freire, 1993;
Kuwajima, 1989). The calcium-insensitive subdo-
main differs between the two intermediates. In the
first intermediate, this subdomain contains a core
of residues with native conformation surrounded
by residues exchanging between native and near-
native conformations. In the second intermediate,

C B ADGTFEH CBADGTFEH

Figure 6. Proposed folding pathway for protein S-NTD.
The structure of protein S-NTD is represented as a top-
ology diagram. Regions comprising the calcium-insensi-
tive and calcium-sensitive subdomains are depicted by
thick and thin lines. Regions of native structure in fold-
ing intermediates are shaded. Hydrogen bonds are indi-
cated by dotted lines. The first intermediate contains the
three potential nucleation sites: the tyrosine corner, the
o-helix, and the EF B-hairpin. In the second intermedi-
ate, the entire calcium-insensitive subdomain possesses
native structure. The calcium-ligating residues (Glul0
and Glu71) are represented by dots in the folded cal-
cium-bound structure.

the entire calcium-insensitive subdomain adopts
native structure (Figure 6).

Basis of calcium-dependent subdomain folding

Glul0 and Glu71 are two of the residues puta-
tively assigned as calcium ligands in a previous
search of the protein S structure for clusters of
backbone and side-chain oxygen atoms suitable for
calcium ligation (Bagby et al., 1994a). In the
absence of calcium, it is conceivable that electro-
static repulsion between negatively charged car-
boxylate side-chains of these putative calcium-
ligating residues contributes to destabilization of
the calcium-sensitive subdomain. We investigated
this possibility by recording a 'H-'>N HSQC spec-
trum of calcium-free protein S-NTD at pH 2.6.
Since a typical pK, of the carboxylate function of
glutamate side-chains is 4.4 (Stryer, 1995), these
side-chains are almost certainly neutral at pH 2.6
and most electrostatic repulsion should, thus, be
removed.

There are 91 backbone NH cross peaks in the
'H-"N HSQC spectrum of calcium-free protein
S-NTD at pH 2.6 (Figure 1(b)). This corresponds
closely to the 86 non-proline residues in protein S-
NTD and 85 backbone NH cross-peaks in the
'H-""N HSQC spectrum of calcium-bound protein
S-NTD at pH 6.7. This numerical similarity and
significant reduction in F1 linewidths relative to
the pH 6.7 spectrum of calcium-free protein S-NTD
suggest that lowering pH removes much of the
intermediate time-scale conformational exchange
that we deem responsible for the absence of cross-
peaks in double and triple-resonance spectra of the
calcium-free domain at pH 6.7. In addition, the
similar chemical shift dispersion pattern displayed
by calcium-free protein S-NTD at pH 2.6 to that
displayed by calcium-bound protein S-NTD at
pH 6.7 suggests that the calcium-free domain has
native-like structure at pH 2.6.

As inferred from the above, most of the protein
S-NTD backbone NH cross peaks that are absent
from the 'H-""N HSQC spectrum of the calcium-
free polypeptide are restored at pH 2.6. Obvious
examples that we can attribute without sequential
assignment of protein S-NTD at pH 2.6, due to
their distinctive chemical shifts, are Aspll, GIn13,
Gly14 and Lys43. Reappearance of the first three of
these peaks close to their chemical shifts in the
spectrum of calcium-bound protein S-NTD indi-
cates, for example, that the folded hairpin of the
calcium-sensitive subdomain is re-established as a
stable, single-conformation motif at pH 2.6. The
results of this experiment support the notion that
electrostatic repulsion between the side-chains of
Glul0 and Glu71 contributes to the destabilization
of the calcium-free domain.

In addition to removing conformational
exchange, lowering pH by four units must reduce
simultaneously the contribution to backbone NH
exchange of labile proton exchange with solvent
protons; indeed, the intrinsic exchange rate of
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backbone amide protons is a minimum at around
pH 2.7 (Connelly et al., 1993). Reduced exchange of
labile protons therefore makes a contribution,
albeit grobably minor, to the observed differences
in "H-"N HSQC spectra between pH 6.7 and 2.6.

These results suggest that subdomain unfolding,
induced by calcium removal, results from loss of
calcium binding energy and from electrostatic
repulsion between putative calcium ligands Glul0
and Glu71. By analysis of the NMR spectra of cal-
cium-free protein S-NTD at pH 6.7, we have deli-
neated the approximate extent to which these
effects propagate through the polypeptide: the cal-
cium-sensitive region forms a subdomain compris-
ing most of the B-sheet, composed of strands
BADG, that lies closer to the protein S-NTD cal-
cium-binding site; the calcium-insensitive region
forms a subdomain comprising the FEHC [-sheet
and parts of B-strands A and B.

Compatibility of the calcium-free structure of
protein S N-terminal domain with the B-ribbon
and B-zipper folding mechanisms

Following Richardson’s original proposal of the
B-ribbon hypothesis (Richardson, 1977), Ptitsyn sta-
ted the mechanism explicitly (Ptitsyn, 1981), and
also proposed a specific pathway for the folding of
yIl-crystallin. The high sequence (19% identity and
47% similarity) and structural homology between
yIl-crystallin and protein S indicates that these pro-
teins share a common folding pathway. Therefore,
Ptitsyn’s pathway may also be applied to protein
S. The pathway involves strands C through H
only. Folding is initiated by formation of the B-turn
between strands E and F, followed by zippering of
the chain into a long two-stranded B-ribbon. For-
mation of the B-ribbon results in the correct associ-
ation and hydrogen bonding of strand-pairs E-F,
D-G and C-H. The B-ribbon then folds once
between strand-pairs E-F and D-G, and then again
between strand-pairs D-G and C-H. These two
folding steps cause the formation of the -arch con-
nections between strands C and D, D and E, F and
G, and G and H, as well as completing the for-
mation of the FEHC pB-sheet. Strands A and B,
which are not included in the B-ribbon folding
pathway, could fold independently into a B-hairpin
and hydrogen bond onto the D-G strand-pair to
complete formation of the BADG B-sheet.

The alternative Greek key folding mechanism
involves nucleation by the B-zipper (Hazes & Hol,
1992), a motif that was detected by structure anal-
ysis in several Greek key f-barrel proteins includ-
ing yll-crystallin. The B-zipper is composed of two
B-strands connected by a short loop forming a
B-arch. The two strands, while not connected by
hydrogen bonds, contain several interdigitated
hydrophobic residues which stabilize the putative
nucleus. The B-zipper motif in yll-crystallin and
protein S is composed of strands D and E, and the
folding pathway involves nucleation through
B-zipper formation followed by addition of adja-

cent strands. As strands add on to the nucleus,
interstrand hydrogen bond interactions and inter-
sheet tertiary interactions form simultaneously.

Our structural studies on protein S-NTD can be
used to evaluate the B-ribbon and B-zipper hypoth-
eses. While the calcium-insensitive subdomain of
protein S-NTD (strands C, E, F, and H and parts of
strands A and B) folds cooperatively into a native-
like state in the absence of calcium, the calcium-
sensitive subdomain (strands D and G and the
remainder of strands A and B) does not form a
well-defined structure. It is, thus, unlikely that the
calcium-sensitive subdomain nucleates the folding
of protein S-NTD in the absence of calcium. The B-
ribbon folding pathway requires pairing of strands
D and G at an early step. These strands, however,
are located in the calcium-sensitive subdomain.
Their specific pairing at an early folding step con-
sequently appears improbable. Similarly, the B-zip-
per folding pathway requires the formation of the
B-arch connection between strands D and E. Since
strand D is unstable in the calcium-free state, it is
unlikely that strand D would contribute to a
nucleation site. Both the B-ribbon and B-zipper
hypotheses thus appear to be incompatible with
the folding of protein S-NTD in the absence of cal-
cium: if protein S-NTD in the absence of calcium
were to fold by one of these mechanisms, then the
calcium-sensitive subdomain would have to pos-
sess stability at an early stage in folding and then
become unstable as folding progresses.

Folding of protein S N-terminal domain via
multiple nucleation sites

We note that the intermediates characterized in
this study are equilibrium intermediates and also
note the possibility that these intermediates do not
necessarily represent kinetic intermediates on the
folding pathway. Equilibrium intermediates with
structurally similar kinetic counterparts have, how-
ever, been observed for several other proteins
including apo-myoglobin (Barrick & Baldwin,
1993), ribonuclease H (Chamberlain et al., 1996)
and cytochrome c (Bai & Englander, 1996).

If the two equilibrium intermediate states of
calcium-free protein S-NTD are similar to kinetic
intermediates that accumulate transiently during
folding, then the simplest model for folding is a
sequential pathway with two intermediates, in
which increasing amounts of native structure are
acquired at each step (Figure 6). In the first inter-
mediate state, Gly22, Asn23, Tyr24, Ala27, Ala31l,
Lys49, 1le51, GIn54, Gly57, Ala59, Val65, Ser81 and
Arg83 (residues with non-exchanging backbone
NH groups) of the calcium-insensitive subdomain
acquire their native conformation, the remainder of
this subdomain is in a near-native conformation,
and the calcium-sensitive subdomain is in a molten
globule-like state. Upon conversion to the second
intermediate state, the entire calcium-insensitive
subdomain adopts native structure and the cal-
cium-sensitive subdomain remains molten-like.
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Binding of calcium to the second intermediate
induces the calcium-sensitive subdomain to fold,
producing the native state of protein S-NTD.

With respect to the folding mechanism of protein
S-NTD in the absence of calcium, we hypothesize
that the first intermediate involves three nucleation
sites formed through local interactions by residues
with non-exchanging backbone NH groups. Of the
13 residues that have non-exchanging backbone
NH groups, only Ser81 and Arg83 lie outside of
these three nucleation sites. The order in which the
folding nucleation sites are described below does
not reflect any known order of importance or
chronology of folding events.

The first nucleus involves o-helix formation in
residues 26 to 32. Residues Ala27 and Ala31 of this
a-helix have non-exchanging backbone NH groups.
Furthermore, analysis of the amino acid sequence of
protein S-NTD wusing helix-coil transition theory
(Doig et al., 1994) and experimentally determined
helix propensity parameters (Chakrabartty et al.,
1994; Rohl et al., 1996) indicates that only residues
26 to 32 possess significant helix propensity. This
segment should therefore form a stable helix (esti-
mated fractional helix content of residues 26 to 32
~10%) in the unfolded state; this region corre-
sponds exactly to the single helix in protein S-NTD.

B-hairpin formation between strands E and F
(residues 48 to 65) establishes the second nucleus.
In the EF B-hairpin, backbone NH groups of resi-
dues Lys49, Ile51, GIn54, Gly57, Ala59 and Val65
do not show exchange, evidencing a single, stable
conformation. Previous demonstrations that small
peptides can form stable B-hairpins in aqueous sol-
ution (Blanco et al., 1994; Searle et al., 1995; Sieber
& Moe, 1996) provide indirect evidence that the EF
B-hairpin serves as a folding nucleus. The EF
B-hairpin is one of four so-called folded hairpins
which are a prominent feature of the protein S and
By-crystallin structures (Bagby et al., 1994a; Lapatto
et al., 1991). In calcium-free protein S-NTD, the EF
B-hairpin may be stabilized by two interactions
that are characteristic of the folded hairpins: the
hydrophobic interaction between the aromatic
side-chains of Phe58 (in the hairpin) and Tyr53 (at
the C-terminal end of strand F); and a hydrogen
bond between the backbone amide of Phe58 and
the side-chain hydroxyl of Ser81 at the N-terminal
end of strand H. The corresponding P-hairpin in
the calcium-sensitive subdomain is formed by
strands A and B. Glul0O, proposed to ligate cal-
cium, is part of this hairpin. We surmise that the
AB B-hairpin does not nucleate folding in the
absence of calcium because the hydrophobic
(between Phel2 and Phe7) and hydrogen bonding
(between Phel2 and Ser41) interactions that stabil-
ize this folded hairpin are outweighed by destabili-
zation due to electrostatic repulsion between the
negatively charged carboxylate side-chains of the
calcium ligands Glu10 and Glu71.

The third nucleation site for folding involves
residues 19 to 24, again part of the calcium-insensi-
tive subdomain. Of these six residues, two are pro-

lines and Gly22, Asn23 and Tyr24 have non-
exchanging backbone NH peaks. The sequence of
this segment, LPPGNY, conforms to the consensus
sequence LxPGxY of the tyrosine corner, a motif
that is a “nearly ubiquitous feature of low-twist
Greek key B-barrel proteins” (Hemmingsen et al.,
1994) such as 7yll-crystallin and protein S. In this
motif, the side-chain hydroxyl of a tyrosine near
the beginning or end of an antiparallel B-strand
forms a hydrogen bond to the backbone of a resi-
due that precedes the tyrosine by 3 to 5 residues
(i.e. Y-3, Y4, or Y-5). The Leu residue in the Y-5
position packs next to the tyrosine ring, further sta-
bilizing the motif. The position of the tyrosine cor-
ner in the structure of protein S is typical of other
tyrosine corners. The medium resolution of the
protein S structure (Bagby et al., 1994a), however,
does not allow unambiguous identification of the
tyrosine side-chain-backbone hydrogen bond. If
the tyrosine corner possesses intrinsic stability then
it may function as a folding initiation site in pro-
tein S-NTD. The ubiquity of the tyrosine corner in
Greek key proteins with different functions
suggests that this motif is involved in the folding
mechanism of Greek keys. The location of the tyro-
sine corner in a structured region of the first fold-
ing intermediate with non-exchanging backbone
NH groups further supports the tyrosine corner’s
involvement in the folding mechanism.

In summary, we hypothesize that the calcium-
insensitive subdomain of protein S-NTD folds via
the formation of three nucleation sites (o-helix, EF
B-hairpin, and tyrosine corner) which are stabilized
by local interactions that persist in the native struc-
ture. These sites may form independently or
sequentially. Interaction between the sites stabilizes
the native-like structure of the calcium-insensitive
subdomain. Folding of the calcium-dependent sub-
domain requires calcium binding, which stabilizes
the subdomain and reduces charge repulsion
between carboxylates of calcium-ligating residues.
While our proposed folding pathway is specific for
protein S-NTD, the B-hairpin and tyrosine corner
could serve as folding nuclei in other Greek key
B-barrel proteins.

Comparison with studies on other
B-sheet proteins

The folding mechanism of apoplastocyanin, a
Greek key-containing copper-binding protein, has
two kinetic phases, both involving trans-to-cis iso-
merization of two prolines (Koide et al., 1993).
Amide proton exchange experiments demonstrate
formation of a kinetic intermediate, in the very
slow refolding phase, with weak protection of
amide protons. This intermediate possesses charac-
teristics similar to those we propose for calcium-
free protein S-NTD, including flexible P-sheets,
altered packing of the hydrophobic core, and loca-
lized tertiary interactions.

In line with yII-crystallin (Rudolph et al., 1990), it
is likely that the domains of protein S fold indepen-



678

Folding of a Greek Key (3-Barrel Protein

dently with the more stable N-terminal domain fold-
ing faster than the C-terminal domain. Furthermore,
since each domain of both proteins contains a tyro-
sine corner (Hemmingsen ef al., 1994) and EF -hair-
pin (Bagby et al., 1994b), these elements are probable
nucleation sites along the folding pathways of both
N and C-terminal domains of both proteins.

Studies to date indicate that B-sheet proteins can
fold through either hierarchical or non-hierarchical
pathways. Intermediates along hierarchical path-
ways contain solely native interactions, whereas
intermediates along non-hierarchical pathways
contain non-native a-helical elements. Protein S-
NTD appears to follow a hierarchical pathway.
Interleukin-1B (Varley et al., 1993) and rat intestinal
fatty acid binding protein (Ropson et al., 1990) also
belong to this class of f-sheet proteins. In addition,
the presence of only native long range interactions
in folding intermediates of protein S-NTD
resembles the TFE-induced intermediate state of
the B-sheet protein tendamistat (Schonbrunner
et al., 1997). Non-hierarchical folding pathways
have been proposed for P-lactoglobulin (Shiraki
et al., 1995) and cellular retinoic acid binding pro-
tein (Liu et al., 1994). The isolated N-terminal Src
homology 3 (SH3) domain of the Drosophila protein
drk (Farrow et al., 1995, 1997; Zhang & Forman-
Kay, 1995, 1997; Zhang et al., 1994) and mamma-
lian GRB2 (Goudreau et al.,, 1994) are in equili-
brium between folded and unfolded states in
aqueous buffer conditions. The structure and
dynamics of the folded and unfolded states of the
drk SH3 domain have been characterized in detail,
permitting comparison with the denatured state in
2 M guanidine hydrochloride. Both unfolded states
sample the a-region of ¢, space suggesting that
turn-like structures that do not persist in the pre-
dominantly B-sheet native form may play a role in
initiation of SH3 domain folding. Unlike the non-
hierarchical helical intermediate of B-lactoglobulin,
the non-native turn-like structures in the unfolded
state of drk N-terminal SH3 domain do not consti-
tute cooperative helical segments. Further studies
will determine which pathway, hierarchical or
non-hierarchical, is utilized by the majority of B-
sheet proteins, and may allow prediction of a hier-
archical or non-hierarchical pathway based on
amino acid sequence.

Materials and Methods

Protein expression, purification, and NMR
sample preparation

Protein S-NTD was overexpressed in Escherichia coli
using a derivative of the pET1la plasmid carrying a
phage T7 promoter (Studier et al., 1990). The protein was
purified by (NH,),SO, precipitation followed by ion
exchange chromatography using PAE1000 (Amicon) and
Mono S (Pharmacia). Sample homogeneity exceeded 95%
as judged by SDS-PAGE and 2D NMR spectroscopy.
Uniformly N and ’N/*C-labeled 3protein was obtained
by using NH,Cl and "NH,Cl/["*C¢]-D-glucose as the
sole nitrogen/carbon sources in M9 medium.

Uniformly '°N-labeled or '*N/'*C-labeled protein was
dissolved in 95% H,0/5% *H,0O. NMR samples of cal-
cium-bound protein S-NTD were adjusted to pH 6.7
without correction for isotope effects and contained
1.6 mM protein S-NTD, 10 mM CaCl,, 100 mM KCl, and
0.05 mM NaNj. In order to make calcium-free protein S-
NTD, desalted, lyophilized protein was dissolved over a
period of one hour in the minimum possible volume of
20 mM sodium phosphate/2 mM EDTA, pH 8.0. The
EDTA was subsequently removed by Sephadex G-25
chromatography. NMR samples were prepared in
100 mM KCl and 0.05 mM NaNj, pre-treated with Che-
lex 100 resin (Bio-Rad).

Circular dichroism spectroscopy

CD measurements were made on an Aviv 62DS spec-
tropolarimeter. Far-UV CD spectra were recorded in a
0.1 cm quartz cell in 1 mM each of sodium borate and
sodium phosphate, 25°C, pH 7.0, and samples contained
either 10 mM CaCl, or 1 mM EDTA. Near-UV CD spec-
tra were recorded under the same conditions in a 1.0 cm
quartz cell. Measurements at 218 nm were made in a
1.0 cm quartz cell in 1 mM each of sodium borate and
sodium phosphate, 25°C, pH 7.0. The concentration of
urea varied between 0 and 8 M, and samples contained
either 10 mM CaCl, or 1 mM EDTA. CD measurements
are reported as mean residue ellipticity at a given wave-
length. Protein concentration in stock solutions was
determined by dissolving aliquots in 6 M guanidine-HC1
and measuring tyrosine absorbance at 275 nm, using
1450 M~'em™! as the extinction coefficient for a single
tyrosine (Brandts & Kaplan, 1973).

Fluorescence spectroscopy

Steady-state fluorescence was measured at room
temperature using a Photon Technology International
QM-1 fluorescence spectrophotometer equipped with
excitation intensity correction and a magnetic stirrer.
Emission spectra from 450 to 600 nm were collected
(Aex =372 nm, 1 second/nm, bandpass =4 nm for exci-
tation and emission). Samples contained 2 uM protein
S-NTD, 2 uM ANS, 1 mM sodium phosphate, 1 mM
sodium borate (pH 7.0), and 20 mM CaCl, or 20 mM
EDTA or 8 M urea.

NMR data acquisition

Unless otherwise stated, NMR spectra were acquired
at 30°C on a Varian UNITY-plus 500 spectrometer oper-
ating at a proton frequency of 499.843 MHz and
equipped with an actively shielded Z-gradient and a gra-
dient amplifier unit. The following carrier positions were
used: B¥CO, 176 ppm; N, 117.5 ppm; *C* 58 ppm;
13C*/F, 43 ppm; 'H, 4.725 ppm (on resonance with the
water frequency). When possible, NMR data were
acquired using sensitivity enhancement (Cavanagh &
Rance, 1990; Kay ef al., 1992) and pulsed-field gradients
for coherence transfer pathway selection and artifact
suppression (Kay, 1995; Keeler et al., 1994). Sensitivity
was further improved by minimizing the degree of
water saturation (Grzesiek & Bax, 1993; Kay et al., 1994;
Li & Montelione, 1993; Stonehouse ef al., 1994).

Two-dimensional "H-'>N HSQC spectra (Bodenhausen
& Ruben, 1979; Zhang et al., 1994) (Figure 1) were
acquired with 128 complex points in t;, 1024 complex
points in t, and 16 transients. The 'H-">N HSQC spec-
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trum of the 90 pM sample of calcium-free protein S-NTD
was acquired with 170 complex points in t;, 1024 com-
plex points in t, and 220 transients. Triple-resonance
spectra were recorded on uniformly *C/"*N-labeled pro-
tein S-NTD with the following numbers of complex
points and spectral widths: HNCO (Kay et al., 1990,
1994; Muhandiram & Kay, 1994) >N (t,) 32, 1464 Hz,
13CO (t,) 64, 1500 Hz, 'H (t;) 1024, 8000 Hz (24 transi-
ents); HNCACB (Muhandiram & Kay, 1994; Wittekind &
Mueller, 1993) 3C*/F (t,) 48, 7625 Hz, N (t,) 28,
1464 Hz, 'H (t;) 1024, 8000 Hz (48 transients); CBCA-
(CONH (Grzesiek & Bax, 1992; Muhandiram & Kay,
1994) ¥C*/P (t,) 48, 7625 Hz, °N (t,) 28, 1464 Hz, 'H ()
1024, 8000 Hz (24 transients); (HB)CBCACO(CA)HA
(Kay, 1993) 13C*/P (t,) 54, 7625 Hz, *CO (t,) 64, 1500 Hz,
'H (t;) 768, 6000Hz (16 transients)) HBHA-
(CBCACO)NH (L. E. Kay, personal communication)
"Ho/B (t;) 50, 3000 Hz, >N (t,) 32, 1464 Hz, 'H (t;) 1024,
8000 Hz (40 transients).

Translational diffusion coefficients were determined
from data acquired using a bipolar pulse pair longitudi-
nal-eddy-current delay pulse sequence (Wu et al., 1995).
These experiments were performed at 30°C on a Varian
UNITY 600 spectrometer using a probe with a 70 G cm™
gradient coil. For streptomycin sulfate (purchased from
Sigma and used without further purification), 14 one-
dimensional data sets were acquired using 48 transients
and gradient pulse durations ranging from 0 to 1.3 ms.
For calcium-free protein S-NTD, calcium-bound protein
S-NTD and lysozyme (purchased from Sigma and used
without further purification), 12 one-dimensional data
sets were acquired using 80 transients and gradient
pulse durations ranging from 0 to 2.4 ms.

NMR data processing and analysis

All spectra were processed and displayed using
NMRPipe and NMRDraw (Delaglio et al., 1995). A 60°
phase-shifted sine bell and single zero fill were typically
applied prior to Fourier transformation in all dimensions
of triple-resonance spectra. In the t; dimension of 'H-">N
HSQC spectra, a 45° phase-shifted sine bell was applied
prior to Fourier transformation, and a Lorentzian-to-
Gaussian filter with NMRPipe parameters G1 =10 Hz
(inverse exponential width), G2=20 Hz (Gaussian
width) and G3 = 0 (corresponding to a maximum at the
first point in the FID) was applied in the f, dimension.
For the HNCACB, CBCA(CO)NH, HBHA(CBCACO)NH
and (HB)CBCACO(CA)HA data sets, linear prediction
(Barkhuijsen et al., 1985) was used to double the number
of planes in the f, dimension. Where necessary, the
residual water signal was reduced using a time-domain
deconvolution approach (Marion et al., 1989). The pro-
grams CAPP and PIPP (Garrett et al.,, 1991) were used
for peak picking and spectral analysis.

Sequential resonance assignments for calcium-bound
protein S-NTD were made using a combination of
HNCACB and CBCA(CO)NH spectra, while those for
calcium-free protein S-NTD were made using a combi-
nation of HNCACB, CBCA(CO)NH, (HB)CBCACO(CA)-
HA, HBHA(CBCACO)NH and HNCO spectra.
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