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Despite its central role in the protein folding process, the spe-
cific mechanism(s) behind B-sheet formation has yet to be
determined. For example, whether the nucleation of 3-sheets,
often containing strands separated in sequence by many resi-
dues, is local or not remains hotly debated. Here, we investigate
the initial nucleation step of 3-sheet formation by performing
an analysis of the smallest B-sheets in a non-redundant dataset
on the grounds that the smallest sheets, having undergone little
growth after nucleation, will be enriched for nucleating charac-
teristics. We find that the residue propensities are similar for
small and large 3-sheets as are their interstrand pairing prefer-
ences, suggesting that nucleation is not primarily driven by spe-
cific residues or interacting pairs. Instead, an examination of the
structural environments of the two-stranded sheets shows that
virtually all of them are contained in single, compact structural
modules, or when multiple modules are present, one or both of
the chain termini are involved. We, therefore, find that 3-nucle-
ation is a local phenomenon resulting either from sequential or
topological proximity. We propose that $-nucleation is a result
of two opposite factors; that is, the relative rigidity of an associ-
ated folding module that holds two stretches of coil close
together in topology coupled with sufficient chain flexibility
that enables the stretches of coil to bring their backbones in
close proximity. Our findings lend support to the hydrophobic
zipper model of protein folding (Dill, K. A., Fiebig, K. M., and
Chan, H. S. (1993) Proc. Natl. Acad. Sci. U.S.A. 90, 1942—-1946).
Implications for protein folding are discussed.

B-Sheets, a prominent part of protein architecture first pre-
dicted almost 60 years ago (1, 2), provide an important avenue
for folding proteins to maximize the formation of backbone
hydrogen bonds, particularly within their cores, that signifi-
cantly enhance their structural stability. Unlike other promi-
nent types of protein structure such as helices and turns,
B-sheets need not be local in nature, with many involving resi-
dues separated in sequence by hundreds of amino acids. This
non-local nature dramatically complicates the study and pre-
diction of B-sheet formation, as the search for interacting
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strands becomes a whole-sequence endeavor. With the forma-
tion of non-native B-structures now implicated in such debili-
tating diseases as Alzheimer and Parkinson (3), unraveling the
mechanisms of sheet formation has become more important
than ever.

Toward this end, considerable research has been done on
B-architecture, particularly in the past two decades. With the
explosive growth in determined protein structures, statistical
analyses of B-architecture have identified intrinsic B-forming
propensities for each amino acid (4—8), including at strand
ends (9) where a transition occurs from sheet to non-sheet, and
structural studies have investigated such features as B-bulges
(10), sheet twisting (11), and strand topology (12). Data mining
has also revealed interstrand residue pairing preferences that
may assist with structure prediction (6, 7, 13—18), whereas the
importance of hydrophobicity for sheet formation has been
noted (19). Despite these advances, however, the details of sheet
formation remain poorly understood. At an elementary level,
sheet formation is thought to involve an initial nucleation step
wherein two distinct stretches of a polypeptide chain associate
to form a new 3-seed and subsequent growth steps either from
further associations between the two initial strands or from
the association of additional strands from other parts of
the polypeptide chain. The hydrophobic zipper model of Dill
et al. (20), for example, describes sheet growth based on local
hydrophobic interactions beginning with an initial hydropho-
bic interaction that serves to limit subsequent conformational
searches. Correct strand-strand registration is undoubtedly
critical for avoiding excessive non-native sheet formation.

Experimentally, B-sheet formation, like protein folding in
general, is a challenging process to study, as the time frames
involved are rapid, and few intermediates are isolatable. Ini-
tial studies of small peptides and protein fragments rich in
residues with high B-sheet propensities were hampered by
aggregation (21, 22). However, the discovery of small, solu-
ble peptides that are able to form two- and three-stranded
anti-parallel B-sheets dramatically altered the (3-sheet experi-
mental landscape (for reviews, see Refs. 23-25). Since then
numerous experimental (26 —33), theoretical (34), and compu-
tational (35—38) studies have appeared, with most suggesting
that B-hairpin formation depends on some combination of turn
formation and cross-strand hydrophobic stabilization. One
widely held view is that early turn formation controls the kinet-
ics of B-hairpin formation, whereas the subsequent creation of
a cross-strand hydrophobic core provides the thermodynamic
stabilization (27-30, 33—35, 37). This view is not, however, uni-
versal. Other experimental and computational studies report
an opposing 3-sheet formation mechanism, one where nonspe-
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cific hydrophobic collapse occurs first followed by a rate-limit-
ing search through a series of collapsed states for the correct
native alignment (32, 36).

In this work we perform statistical analyses and data mining
on a non-redundant set of protein structures to investigate the
initial nucleation step in B-sheet formation. To focus our anal-
ysis on nucleating features, we have investigated the smallest
B-sheets, particularly those with just two strands that have
undergone nucleation but little if any subsequent growth. Sur-
prisingly, despite using a large dataset, we find that essentially
all two-stranded B-sheets undergo topologically local nucle-
ation; virtually all such sheets are either contained in the same
folding module or involve one (or both) termini of a protein
chain. Implications for both the folding of larger B-sheets and
proteins in general are discussed.

MATERIALS AND METHODS

A non-redundant dataset of protein structures with 40 or
more residues was assembled using the PDB-REPRDB server
(39) consisting of protein chains from the RCSB Protein Data
Bank, release #2007_01_21. Only structures solved by x-ray
crystallography that have resolutions less than or equal to 2.0 A
and R-factors less than or equal to 0.25 were included. Those
with chain breaks or with missing non-hydrogen atoms were
excluded as were membrane proteins and polypeptide chains
that are part of larger structural complexes. To ensure non-
redundancy, only one representative was chosen for the dataset
from among those protein chains that had sequence identities
greater than 30% or structural alignments less than 10 A. In
addition, several chains were found to have the same fold by
visual inspection; in these cases, only one representative was
retained in the dataset. In all, the dataset consisted of 1334
protein chains, listed in supplemental Table ST1.

The DSSP program (40) was used to identify the secondary
structure of each residue in the dataset. Two-stranded sheets with
six or more residues and three-or-more-stranded sheets with
seven or more residues were analyzed in this study (supple-
mental Table ST2). A number of two-stranded B-sheets were
found to be closely associated with larger B-sheets; to avoid the
possibility that the nucleation of these smaller sheets was influ-
enced by these associations, these smaller sheets were also
excluded from analysis. In all, 439 2-stranded sheets, and 2114
three-or-more-stranded sheets were included in our analysis.

B-Propensity values P, for each amino acid r were calculated
using the Chou-Fasman propensity formula (4),

P, = [Sr/sall]/[Dr/Dall] (Ea.T)
where S, and S, are the number of r residues and of all
residues in strands in the dataset, and D, and D, are the total
number of r residues and of all residues in the dataset. Sep-
arate propensity values were calculated analogously for two-
stranded B-sheets, two-stranded B-sheets with eight or less
residues, two-stranded B-sheets with nine or more residues,
three-or-more-stranded B-sheets, and for the edge strands
in three-or-more-stranded 3-sheets.

Interstrand pairing preferences between residues a and b in
two-stranded S-sheets, P ,, were calculated using
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TABLE 1
Residue propensities for various B-sheet environments
Propensities values are calculated as described under “Materials and Methods.”

Two-stranded Three-or-more-

Residue lf\llt sheets stranded sheets
sheets All Smallest” Largest’ All Edge strands

Ala 0.77 0.61 0.62 0.58 0.78 0.68
Val 194 173 1.66 1.84 1.95 1.75
Leu 118 094 0.97 0.90 1.19 1.02
Ile 1.77 147 1.57 1.30 1.79 1.62
Phe 142 138 1.37 1.40 1.42 1.37
Tyr 143 144 1.44 1.44 143 1.28
Met 1 1.06 1.05 1.07 1.00 0.79
Cys 124 116 1.09 1.27 1.24 1.12
Trp 131 144 1.06 2.07 1.31 1.31
His 091 0091 0.84 1.02 0.91 0.93
Glu 0.72  0.87 0.70 1.15 0.71 0.98
Gln 0.77  0.96 0.93 1.01 0.76 0.91
Lys 0.79 1.05 1.01 1.12 0.77 1

Arg 0.93 1.08 1.13 1.00 0.92 1.04
Ser 0.82 0.78 0.84 0.67 0.82 0.94
Thr 1.18 149 1.53 1.42 1.17 1.25
Asp 0.54  0.64 0.65 0.61 0.54 0.58
Asn 0.6 0.67 0.74 0.56 0.60 0.6

Gly 0.63 0.49 0.49 0.48 0.63 0.55
Pro 044  0.74 0.86 0.55 0.43 0.62
Correlations® 0.89 0.94

“ Calculated for two-stranded sheets with eight or fewer residues.
? Calculated for two-stranded sheets with nine or more residues.
¢ Correlations are with the residue propensities for all two-stranded B-sheets.

Pa,b = la,b/Ea,b (Eq.2)

where I, and E_ , are the actual and expected number of times
residues a and b are aligned opposite one another on adjacent
two-stranded $3-strands. E_ ,, is given by,

Eqop = [N#No/N?T*1 (Eq.3)

where N, and N,, are the number of times residues a and b are
found in two-stranded B-sheets, N is the total number of resi-
dues in two-stranded B-sheets, and I, is the total number of
interstrand pairings between strands in two-stranded sheets.
Visual inspection of the sheets in this study was performed
using Pymol (DeLano Scientific, Palo Alto, CA).

RESULTS

Residue Propensities within Two-stranded [3-Sheets—Resi-
due propensities for various B-environments were calculated as
described under “Materials and Methods.” The non-redundant
dataset employed (hereafter referred to as “the dataset”) con-
tains 1334 protein chains containing a total of 2553 3-sheets
(see the supplemental Tables ST1 and ST?2 for lists of protein
chains and B-sheets used in this study). Residue B-sheet pro-
pensities are highly correlated with those reported in other
studies (Tables 1, supplemental ST3), suggesting that our data
base is not unduly biased. Edge and interior strand propensity
values have also been calculated separately (Table 1).

Given a two-step model for B-sheet formation consisting
of initial nucleation followed by subsequent growth, we have
calculated propensity values for two-stranded and three-or-
more-stranded B-sheets separately (Table 1) on the assump-
tion that the former by necessity will contain their nucleation
seeds and, hence, be enriched for nucleating residues. In addi-
tion, given that two-stranded B-sheets consist solely of edge
strands, we have separately calculated edge and interior pro-
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TABLE 2

Interstrand residue pairing preferences from two-stranded B-sheets in the data set
Values are the z scores measuring the differences between actual and expected frequency counts as described under “Materials and Methods.” Values larger than 2.5 are

shown in bold and double underlined.

Ala Val Leu Ile Phe Tyr Met Cys Trp His Glu GIln Lys Arg Ser Thr Asp Asn Gly Pro
Ala 081
Val 114 149
Leu 138 131 137
Ile 073 122 118 186
Phe 059 102 102 128 133
Tyr 137 112 100 093 118 0.88
Met 201 109 073 081 065 152 099
Cys 111 031 144 145 071 077 082 134
Trp 178 075 116 075 123 1.86 112 324 1.28
His 193 082 157 079 105 113 000 000 000 230
Glu 019 077 111 090 060 084 105 052 119 045 053
Gln 063 084 092 083 092 132 070 000 079 113 133 099
Lys 068 087 068 093 066 119 081 083 149 087 257 114 049
Arg 086 069 073 116 148 159 135 000 089 073 234 040 060 0.82
Ser 077 068 039 070 132 056 079 239 1.05 085 089 18 145 132 140
Thr 109 097 035 076 093 077 071 023 032 138 075 100 078 064 121 2.65
Asp 086 061 042 019 056 015 095 000 072 274 101 135 278 173 127 091 061
Asn 075 072 086 049 1.00 020 042 069 047 090 106 220 136 1.04 088 137 120 175
Gly 144 111 094 090 08 1.00 121 150 1.03 033 071 064 025 028 081 131 214 102 074
Pro 104 076 136 059 159 125 165 109 112 000 084 047 027 172 132 099 064 166 121 088

pensity values for the three-or-more-stranded sheets for com-
parison. In all, there are 439 2-stranded 3-sheets in the dataset.
High correlations between residue propensities for 2-stranded
and 3-or-more-stranded B-sheets (r = 0.89) and between resi-
dues propensities for 2-stranded and edge strands (r = 0.94) are
observed. That the residue propensities for two-stranded
B-sheets are more closely correlated to those for edge strands in
larger sheets is not surprising given that both strands in a two-
stranded sheet must not only code for nucleation but, being
edge strands, also discourage further strand associations.
Nonetheless, several residues have moderately higher propen-
sities for 2-stranded sheets than for edge strands in larger
sheets, including (with percent increases shown in parentheses)
Met (34%), Thr (19%), Tyr (13%), Asn (12%), and, unexpectedly,
Pro (19%) (Table 1). A few have lower preferences, particularly
Ser (-17%). Overall, however, no distinguishing trends are evi-
dent in the two-stranded residue propensities that might
account for -sheet nucleation.

To further focus our search for nucleating elements within
B-sheets, we calculated residue propensity values for two-
stranded sheets with eight or fewer residues separately from
those with more than eight residues, again on the assumption
that the smaller ones consist almost exclusively of their nucle-
ation seeds (Table 1). In total there are 328 2-stranded B-sheets
with 8 or fewer residues in the dataset and 111 2-stranded
sheets with more than 8 residues. Notably, few residues show
higher propensity for being in the smaller 2-stranded sheets
than in the larger ones; only Ile (1.57 versus 1.30), Ser (0.84
versus 0.67), Asn (0.74 versus 0.56), and surprisingly, Pro (0.86
versus 0.55) have elevated propensities for the smallest sheets.
Moreover, the elevated propensities for Ile and Ser are very
similar to their propensities for edge strands in larger 3-sheets,
suggesting that the variations observed may simply be random
fluctuations. Again, we do not find any clear trends that might
be related to B-sheet nucleation.
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Interstrand Pairing Preferences within Two-stranded [-
Sheets—As B-nucleation involves an interaction between
two separate parts of a polypeptide chain, we have also
checked for specific cross-strand pairing preferences between
spatially neighboring residues in two-stranded 3-sheets. Previ-
ous studies of pairing preferences have confirmed that cross-
strand residue pairings are non-random, and specific pairing
preferences for various structural environments have been
identified and rationalized (6, 7, 13—18). In the present study we
have restricted our analysis to cross-strand pairing preferences
found on two-stranded 3-sheets to focus on B-nucleating char-
acteristics. Preferences have been normalized against expected
values for the specific residue distributions in two-stranded
sheets, as described under “Materials and Methods.” As seen in
Table 2, general preferences exist between pairs of hydrophobic
residues, and between pairs of hydrophilic residues. Particu-
larly high preferences are seen between pairs of Cys (13.40) and
Thr (2.65) residues as well as between Asp-His pairs (2.74),
Asp-Lys pairs (2.78), Glu-Lys pairs (2.57), and oppositely
charged residues in general, whereas notably low preferences
are seen for pairings of hydrophobic and hydrophilic residues.
Cys-Trp pairings also occur more often than expected (3.24),
but as there are only 7 instances of this pairing in the dataset,
they cannot play a substantial role in B-nucleation. Direct com-
parison of these pairing preferences with those from larger
B-architectures is hampered by the fact that pairings from
larger sheets necessarily involve at least one interior strand, and
interior strands are known to have different residue propensi-
ties in general (6). Nevertheless, all of the favored cross-strand
pairings for two-stranded pB-sheets have previously been
reported to have high occurrence frequencies across 3-sheets
in general (6, 15, 18), suggesting little enrichment exists that
would account for B-nucleation specifically.

We also separately calculated the cross-strand pairing pref-
erences for two-stranded 3-sheets with eight or less, or more
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FIGURE 1. Representative two-stranded f-sheets in the dataset. Common coloration: two-stranded
B-sheets are shown in blue, intervening residues are shown in yellow, relevant stretches of coil are shown in red,
and relevant chain termini are shown in magenta. A, shown is a two-stranded B-sheet encompassing multiple
modules. This sheet has the largest strand separation (499 residues), and the intervening residues compose the
majority of the folded protein. One strand of the sheet is in the C-terminal region followed by a final helix (cyan);
the other occurs in the midst of a long coil region (PDB code 1HSS). B, module capping, with intervening
residues forming a large B-propeller, is shown (PDB code 1K32). C, module capping involving chain termini is
shown (PDB code 2CVE). D, shown is a two-stranded B-sheet in a stretch of extended coil transiting between
two distinct modules. The final helix of one module and the initial strand of the next are shown in cyan (PDB
code 1PNK). E, shown is a two-stranded B-sheet with an intervening structural module that has different
entry/exit points. In this case a long extended coil region connects the entry and exit points together, allowing
for sheet formation (PDB code 1DMR). F, shown is the only case of a two-stranded 3-sheet composed of strands
in different structural modules, not involving a chain terminus. The second intervening module is shown in
green. The coil region joining the two intervening modules is shown in red, and the final exiting coil stretch

cleation. The majority of sheets in
the dataset (273 0f439) have strands
that are separated by 10 residues or
less, including 207, which is sepa-
rated by at most 5 residues (see
supplemental Table ST5 for a com-
plete characterization of all two-
stranded B-sheets in the dataset).
All but two of the 2-stranded
B-sheets with 10 or fewer interven-
ing residues are part of B-hairpins,
with either tight turns or somewhat
more extended turns between the
two strands, as expected given the
short length of intervening coil.
Nucleation in all of these cases is
almost certainly a result of turn for-
mation coupled with chain diffusion
that produces favorable interstrand
interactions akin to what is pro-
posed in models such as the hydro-
phobic zipper model of Dill et al.
(20). The two exceptions are both
parallel 2-stranded B-sheets with
very short intervening stretches of
random coil (PDB code 2CAP, chain
A, residues 276-287; PDB code
1QBA, residues 523-536); nucle-

joining these modules to the rest of the protein is shown in salmon (PDB code 1PBY).

than eight, residues (supplemental Table ST4), again under the
assumption that the smallest sheets should be particularly
enriched for nucleating characteristics. In this case, however,
the small number of larger two-stranded sheets in the dataset
leads to a high signal-to-noise ratio in the pairing preferences
for these sheets, resulting in considerable variation between
these two groups. Nevertheless, we identify those pairings that
satisfy the following criteria:

Pman > 1.5 (Eq.4)
Pman — Plarge >1.0 (Eq.5)
Foman > 12 (Eq. 6)

where P, and Py, are the propensities of a pairing to be in
the smallest and largest two-stranded B-sheets, and F,,, is the
frequency with which a pairing is found in the smallest two-
stranded sheets. This last condition removes rare pairings from
consideration, as their scarcity prevents them from playing a
significant role in nucleation. Cross-strand pairings satisfying
these criteria included (with P, and Py, values in parenthe-
ses): Asp-His (3.99/0.86), Asp-Lys (3.62/1.39), Asp-Gly (2.69/
1.12), Pro-Arg (2.06/0.60), Leu-Leu (1.91/0.26), Gly-Ala (1.90/
0.59), Tyr-Ala (1.80/0.60), Asn-Lys (1.76/0.53), and Phe-Ile
(1.72/0.39).

Strands in Two-stranded B-Sheets—We examined both the
sequential relationship between the strands in two-stranded
B-sheets and the structural environment in which these sheets
are found for distinguishing features that might elucidate 3-nu-
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ation is undoubtedly a local phe-
nomenon for these sheets also, per-
haps involving the formation of an extra turn that aligns the
strands in a parallel rather than antiparallel orientation. A fur-
ther 73 2-stranded B-sheets in the dataset have between 11 and
30 residues separating their stands, and although it would be
tenuous at best to describe such strand separations as local, the
vast majority of these sheets (69 of 73), including the residues
located between their strands, are contained in single, generally
compact structural units, or modules following Ref. 41. The
remaining 4 (PDB code 1PNK, chain B, residues 452—473, Fig.
1; PDB code 2BLF, chain A, residues 237-257; PDB code 1EPT,
chain B, residues 24—47; PDB cod 1EPT, chain B, residues
4.-23) are also local in nature, having either hairpins or some-
what more extended turns between their strands but occur in
the midst of larger stretches of coil that are not properly
described as structural modules per se because of their
extended nature. Most often, the intervening residues between
antiparallel strands separated by 11-30 residues adopt antipa-
rallel architectures themselves, which may include small heli-
ces, additional B-sheets, or just coil stretches running in tan-
dem. In the case of parallel strands separated by 11-30 residues,
the dominant architectures observed are strand-helix-strand
and strand-coil-strand motifs.

In total, then, 346 of the 439 2-stranded B-sheets in the data-
set (79%) have strands that are separated by 30 residues or less,
and all of these are located in single folding modules or, in 4
cases, as compact motifs in stretches of extended coil. Of the
remaining 93 2-stranded B-sheets with larger strand separa-
tions, 58 are composed of strands that are separated by 31-100
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TABLE 3

Structural environments of two-stranded B-sheets with the highest strand separations

aa, amino acid.

PDB code” Strands (length (aa))” Separation® Environment Single module?® Intervening motif”
& P Strand 1¢ Strand 27 ’ &
1HHS(A) 143(4) 646(4) 499 X CT No Multiple
2BMO(A) 13(3) 380(3) 364 NT M No Multiple
1K32(A) 291(4) 652(4) 357 Cap Cap Yes B-Propeller
2BJK(A) 165(9) 507(9) 333 M CT No Multiple
1WTJ(B) 10(4) 327(4) 313 NT CT No Multiple
1Y7B(A) 3(3) 313(3) 307 NT Cap Yes B-Propeller
1DMR 183(3) 438(3) 252 Cap X Yes* o/
1EDT 28(3) 267(3) 236 M CT Yes B-Barrel
2BUM(B) 5(5) 231(4) 221 NT CT Yes B-Ensemble
2GQT(A) 51(3) 265(3) 211 M CT No Multiple
1CIK(A) 2(3) 197(3) 192 NT CT No Multiple
1X7Y(B) 18(4) 199(4) 177 NT Cap Yes alB
1V5E(A) 3(3) 169(3) 163 NT Cap Yes o/
2B3Y(A) 74(4) 234(4) 156 Cap Cap Yes ol
2FAL(B) 9(4) 154(4) 141 NT CT Yes B-Ensemble
1GSL(A) 27(5) 171(5) 139 NT Cap Yes 1 | -Coil
1GNL(A) 223(4) 364(4) 137 Cap Cap Yes ol
1GV4(A) 179(3) 317(3) 135 Cap Cap Yes ol
1ESG(B) 46(3) 183(3) 134 M M Yes o/
1QIR(A) 112(3) 248(3) 133 Cap Cap Yes ol
1EN9(A) 221(3) 356(3) 132 M CT No Multiple
1T1E 14(3) 147(3) 130 NT M Yes Tl
3GRS 158(3) 291(3) 130 Cap Cap Yes ol
1JR2(B) 57(5) 189(5) 127 Cap Cap Yes ol
2GAG(A) 251(3) 381(3) 127 Cap Cap Yes o/
2C65(B) 79(3) 208(3) 126 Cap Cap Yes a-Ensemble
1HYU(A) 324(3) 451(3) 124 Cap Cap Yes ol
1YQZ(A) 115(3) 239(3) 121 Cap Cap Yes o/
1WCW(A) 39(5) 163(5) 119 Cap Cap Yes ol
1ZK7(A) 148(3) 269(3) 118 Cap Cap Yes ol
2CVE(A) 3(3) 121(3) 115 NT Cap Yes o/
1W4X(A) 222(3) 339(3) 114 X M Yes a-Ensemble
107E(B) 51(3) 166(3) 112 Cap M Yes a-Ensemble
1EZW(C) 111(4) 222(4) 107 M M Yes o/B
2DQ6(A) 308(3) 414(3) 103 M M Yes a-Ensemble

“ The PDB code is followed by the chain ID (in parentheses).

? The first residue for each strand is listed followed by the length of each strand (in parentheses).

¢ Number of intervening residues between the strands in the two-stranded $-sheet.

4 Environments: NT, chain N-terminal region; CT, chain C-terminal region; M, module interior; Cap, module cap, just beyond a structural module; X, extended coil region.
¢ Indicates whether the strands and the intervening residues are part of s single, compact structural module. Yes*, Yes, with additional extended topology to join the module

entry/exit points.

/Motifs adopted by interstrand residues. Introduced nomenclature: 1 |, antiparallel architecture, culminating in a B-hairpin turn; 1 |, coil: mostly coil antiparallel

architecture.

residues. To the best of our judgment, a visual inspection of
these sheets reveals that virtually all of them are contained in
single folding modules, either in the midst of these modules or,
frequently, in linker regions just beyond these modules, a rela-
tionship we term module capping (Fig. 1). The only exception
to this rule in our estimation is in protein 1PBY, chain A (Fig. 1);
here, the 2-stranded B-sheet (residues 29-31 and 112-114,
with 80 residues separating the two strands; Fig. 1) appears to be
composed of strands from two distinct, although small, folding
modules.

Of particular interest with regard to 3-sheet formation are
two-stranded B-sheets with large separations between their
strands, as diffusion is unlikely to play a significant role in their
nucleation. In the dataset, only 35 2-stranded sheets have more
than 100 residues between their strands (8% of the total); these
are listed in Table 3. Strikingly, 13 of the top 16 B-sheets with
the largest strand separations involve either the chain N termi-
nus (NT) or the chain C terminus (CT), or both (Fig. 1). In
addition, 20 of the 35 involve strands that cap a single structural
module, occurring in flexible regions (including linker regions
and chain termini) just beyond the module, whereas an addi-
tions 6 are embedded in the midst of single modules. Seven
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clearly span multiple modules, but, notably, in all of these
instances the two-stranded sheets in question involve chain ter-
mini. Two further sheets defy easy module classification (PDB
code IDMR, residues 183—185 and 438 —440; PDB code 1W4X,
chain A, residues 222—-224-and 339 —341). Both cases effectively
cap a single module, but unlike the many other instances of
module capping, the chain entry and exit points for these mod-
ules are not spatially close. To compensate, there is an extended
stretch of coil in one case (PDB code 1IDMR, residues 408 — 437,
Fig. 1) and a long coil/helix stretch in the other (PDB code
1W4X, residues 225-258, supplemental Fig. SF1) that bring
these module entry and exit points together, enabling the cre-
ation of the two-stranded sheets in question. In both cases,
extensive contacts between these extended stretches and other
parts of the protein effectively guide the two strands together.
To summarize, of the 439 2-stranded $-sheets in the dataset,
only 35 have strands separated by more than 100 residues.
Almost all of the sheets with the largest strand separations
involve strands at the chain termini. By inspection, 429 of these
sheets are contained in single structural modules, whereas two
others (PDB code 1DMR and 1W4X, supplemental Fig. SF1,
described above) that are also associated with single structural

VOLUME 285+NUMBER 24+JUNE 11, 2010


http://www.jbc.org/cgi/content/full/M110.120824/DC1
http://www.jbc.org/cgi/content/full/M110.120824/DC1

TABLE 4

Folding Modules Guide 3-Sheet Nucleation

Structural environments of three-or-more-stranded B-sheets with the highest minimal strand separatio

aa, amino acid.

Environment? )
PDB code” No. of strands Min. Sep.” Adjacent strands® length (aa) Single module® Intervening motif’
Strand 1 Strand 2
1R9D(A) 3 95 449(4), 548(4) Cap M Yes a-Ensemble
2BOT(A) 3 74 247(4), 339(4) M Cap Yes a-Ensemble
2B3F(A) 3 64 119(2), 272(5) Cap Cap Yes al/B
1FN9(A) 3 48 127(5), 361(4 M CT No Multiple
1YNH(B) 3 48 14(8), 70(4) NT M Yes Bap
2BEM(A) 3 46 75(9), 130(8) M M Yes 118
1S9R(A) 3 45 20(6), 71(4) NT M Yes Bap
1XGS(A) 3 42 189(3), 276(3 M CT Yes T
2CI3(A) 3 41 14(5), 60(5) NT M Yes Baf
2HBV(B) 3 37 74(4), 115(3) M M Yes Baf
1UG6(A) 8 34 73(5), 112(7) M M Yes Baf
1PAM(A) 3 33 586(9), 636(8) M M Yes 118
2GBO(B) 3 32 84(2), 145(3) Cap Cap Yes o/B

“The PDB code is followed by the chain ID (in parentheses). As defined in Table 3.

® Minimum separation (Min. Sep.) refers to the least number of intervening residues between sequentially adjacent pairs of strands in a B-sheet.

¢ Topologically adjacent strands that are candidates for B-nucleation. In most cases these are the minimally separated strands. In a few cases (bold), different pairs of strands are
considered better candidates for nucleation, as described in “Strands in Larger 3-Sheets.”

4 Environments: NT, chain N-terminal region; CT, chain C-terminal region; M, module interior; Cap, module cap, just beyond a structural module; X, extended coil region.

¢ Indicates whether the strands and the intervening residues are part of s single, compact structural module. Yes*, Yes, with additional extended topology to join the module

entry/exit points.

/Motifs adopted by interstrand residues. Introduced nomenclature: 1 |, antiparallel architecture, culminating in a B-hairpin turn; 1 |, coil: mostly coil antiparallel

architecture.

modules involve extended coil/helical stretches to join the
module entry and exit points together spatially. In seven sheets,
the intervening residues between their strands clearly span
multiple structural modules, but in all of these cases, one or
both of the strands involve the chain termini. Finally, just 1 of
the 439 2-stranded B-sheets in the dataset (PDB code 1PBY, Fig.
1, described above) appears to be composed of strands con-
tained in two separate structural modules.

Strands in Larger B-Sheets—Under the assumption that
larger B-sheets form from smaller ones, the overwhelmingly
local nature, either in sequence or in space, of the two-stranded
B-sheets in the dataset prompted us to examine larger sheets to
see if this phenomenon might be universal. More specifically,
although larger B-sheets are often composed of strands that are
separated by long stretches of intervening residues, we won-
dered whether all B-sheets with three or more strands contain
at least one pair of strands that are contained within the same
structural module. Such pairings would be the most likely can-
didates to initiate B-nucleation because of their sequential and
spatial proximity. Notably, of the 2114 B-sheets with three-or-
more strands in the dataset (supplemental Table ST2), all but 13
contain at least one pair of strands that are within 30 residues of
each other, and none is composed of strands that are all sepa-
rated by 100 residues or more. We examined the structural
features of the 13 B-sheets with the largest minimal strand sep-
arations in the dataset (Table 4). All but one of these sheets
contains three strands, with the exception being a part of an
eight-stranded B-barrel. In 8 of the 13, the strands with minimal
separations are found adjacent to one another in their 3-sheets,
and in all of these cases the strands and their intervening resi-
dues are part of the same structural modules, making these
pairings strong nucleating candidates for their respective
sheets. The minimally separated strands in two further B-sheets
are also adjacent in topology and contained in a single struc-
tural module, but upon inspection, different pairs of strands in
these sheets (PDB code 2B3F, chain A, residues 119-120 and
272-276; PDB code 1XGS, chain A, residues 189-191 and
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276 -278), also contained in single structural modules, may be
better candidates for nucleation because of the more compact
nature of the intervening residues between them (supplemen-
tal Fig. SF1). The minimally separated strands in the remain-
ing three B-sheets in this set (PDB code 1FN9, chain A; PDB
code 1PAM, chain A; PDB code 2GBO0, chain B) are not adja-
cent to one another in their B-sheets. In two of these cases,
however, the other possible strand pairings in these sheets are
both topologically adjacent and contained in the same struc-
tural module (PDB code 1PAM, residues 586 —-594 and 636 —
643, supplemental Fig. SF1; PDB code 2GBO, residues 84— 85
and 145-147, supplemental Fig. SF1), making them prime can-
didates to initiate B-formation. In the third case, the other pos-
sible strand pairing (PDB code 1FN9, residues 127-131 and
361-364) is separated by a collection of helices and coil regions
that is difficult to classify into structural modules. Here, how-
ever, as is the case with two-stranded sheets that involve mul-
tiple modules, one of the two strands in question is found at the
chain termini (supplemental Fig. SF1).

In summary, of the 2114 B-sheets in the dataset with three or
more strands, 2101 contain at least one pair of strands sepa-
rated by at most 30 residues. Without direct examination, it is
reasonable to assume that the vast majority of these pairings
will be in the same structural modules because of sequence
proximity. Moreover, 12 of the 13 B-sheets with minimal strand
separations greater than 30 residues contain at least one pair of
strands that is topologically adjacent and contained in the same
structural module. Finally, as was seen with two-stranded
B-sheets, the only example of a larger -sheet that may lack two
strands in the same structural module has one of its strands at
the chain termini.

DISCUSSION

B-Sheet formation remains an enigmatic process despite its
importance both to the study of protein folding in general and
to the study of several highly debilitating diseases such as
Alzheimer and Parkinson (3). Although the basic model of ini-
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tial nucleation followed by subsequent growth is conceptually
simple, the mechanism by which different parts of a polypep-
tide chain, separated by dozens or perhaps hundreds of resi-
dues, coalesce to nucleate a (-sheet is unclear, particularly
when one considers the complexity and diversity in 3-sheet
architecture seen in many of the protein structures determined
to date. Our approach to studying this problem is to simplify;
we have focused on only the smallest B-sheets in the dataset
under the assumption that these sheets, having undergone
nucleation but little if any subsequent growth, will be enriched
for nucleating characteristics. Our analysis is divided into two
parts, (i) an examination of the residue propensities in two-
stranded B-sheets and (ii) an examination of the structural
environments of these two-stranded B-sheets, including the
structures adopted by the residues between the two strands.
Residue propensity values have long been used to study
elements of protein secondary structure (for a recent review,
see Ref. 42), including B-architecture (4-9). Propensity val-
ues have been reported for a variety of different B-environ-
ments, including edge strand propensities (6), interior strand
propensities (6), B-breaker propensities at the ends of strands
(9), and B-bulge propensities at positions within strands (6), but
to our knowledge distinct 3-nucleating and 3-growth propen-
sities have not been reported. This no doubt stems from the fact
that identifying the initial nucleating location(s) of a fully
formed B-sheet is not generally possible given that protein fold-
ing largely remains a black-box phenomenon. Our examination
of the residue propensities for the smallest sheets finds that they
differ very little from those for larger sheets, particularly those
for edge strands from larger sheets (Table 1). Individual differ-
ences do not present themselves as trends among classes of
residues. Moreover, several of the elevated propensity values
for two-stranded B-sheets are in fact counter-intuitive; both
Asn and Pro, two residues not known for participating in
B-structures, have elevated occurrence frequencies in the
smallest sheets. We attribute this to an increased concentration
of B-breakers in the smallest sheets (both Asn and Pro are
known B-breakers (9)) and not as a reflection of nucleation
capabilities. Overall, we do not find any evidence of unusual
residue propensities in the smallest 3-sheets that might explain
B-nucleation. We also looked to see if there might be specific
interstrand pairings that might be responsible for S-nucleation,
again by comparing pairing frequencies from the smallest
B-sheets with those from larger sheets. Despite different struc-
tural environments (interstrand pairings in larger sheets will
necessarily include at least one residue on an interior strand),
we find that the pairings with elevated frequencies in two-
stranded [-sheets are the same ones already reported in the
literature as having elevated frequencies across 3-sheets in
general (6, 15, 18). Moreover, when comparing interstrand
pairing frequencies for the smallest two-stranded 3-sheets with
those for larger two-stranded sheets, five of the top six pairings
with the highest discrepancies involve three of the top B-break-
ers (Asp, Gly, and Pro) (9), again suggesting that differences
between smaller and larger two-stranded -sheets reflect dif-
ferences in the concentration of 3-breakers and not nucleating
features. Thus, it appears that the smallest sheets are essentially
composed of the same residues in similar arrangements as are
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larger sheets. We, therefore, conclude that B-nucleation is not
driven by particular residues or by specific pairings of residues
across strands.

Tertiary interactions have long been thought to play a major
role in protein folding. In light of this, we have also examined
the structural environments of the two-stranded B-sheets in
the dataset. The most striking observation from this examina-
tion is the degree to which strands in 2-stranded (3-sheets are
local in nature, either local in sequence (63% of 2-stranded
sheets have 10 or fewer residues between their strands) or, more
notably, local in topology. Only 8% of the 2-stranded 3-sheets in
the dataset have strands separated by more than 100 residues,
and of those with the largest strand separations, most involve
chain termini. The most telling observation is that almost all
two-stranded sheets are associated with a single structural
module, either contained within a compact, sequentially con-
tiguous unit or located just beyond such a module (module
“capping”). Although one might expect that the majority of
two-stranded sheets would indeed be contained in a single
structural module, given that most of these sheets have strands
that are local in sequence, it is the degree to which this relation
holds that is unexpected, with almost no exceptions to this rule.
When larger B-sheets with three or more strands are consid-
ered, this rule becomes nearly universal; 99.4% of the 2114
larger sheets in the dataset have a pair of strands separated by 30
residues or less, and of the exceptions only one does not have
two neighboring strands that are part of a single structural
module.

Two-stranded PB-sheet nucleation, then, almost always
occurs in tandem with the folding of a single structural module.
A pertinent question is, therefore, In what order do these two
structural elements arise? That is, does sheet formation precede
the formation of the associated module, thereby constraining
the intervening chain and encouraging module formation, or
does it follow as a result of the folding of this module? Leaving
aside the very real challenge of bringing two distant parts of the
chain together by diffusion alone, we raise two arguments
against early B-sheet formation from our analysis. First, we find
no evidence for a clear nucleation signature in the polypeptide
sequence, nor do we find any interstrand pairing preferences
specific to B-nucleation, making it unclear how correct strand
registration could be reliably achieved. It may be argued that
such signatures may yet be determined; however, we point out
that we are far from the first group to examine patterning
within B-strands, and thus far no specific B-nucleation signa-
tures have emerged after many decades of research (4-9,
13-18). Second, although early B-sheet formation will certainly
constrain the chain in the immediate vicinity of the sheet, this
does not imply that all of the intervening residues must neces-
sarily fold into a single structural module. Specifically, given
that more than 20% of the 2-stranded 3-sheets in the dataset are
separated by more than 30 residues, we would expect that there
would be numerous examples where the intervening chain
folds into multiple structural modules, each perhaps interact-
ing with other parts of the folding polypeptide chain, or cases
where the intervening residues do not adopt a structural mod-
ule at all, instead opting for long stretches of dispersed random
coil. However, except for several instances that involve the
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chain termini, which we discuss below, we find only one
instance where the intervening residues fold into multiple,
small modules (PDB code 1PBY, chain A, residues 29 -31 and
112-114; Fig. 1). These two arguments together with the mag-
nitude of the conformational search required to bring two
nucleating strands together by diffusion alone, strongly suggest
that B-sheet nucleation arises as a byproduct of module forma-
tion and not the other way around. Early, local folding that
results in the formation of a relatively stable, compact struc-
tural module would serve to anchor the two strands involved in
B-sheet nucleation near one another, dramatically reducing the
conformational search required to correctly align them for
B-sheet formation.

Structural anchoring of the two nucleating strands in close
spatial proximity, therefore, appears to be a necessary condition
for B-sheet formation. However, it does not appear to be a suf-
ficient condition. Were it sufficient, the docking of two struc-
tural modules that brought separate coil regions in close prox-
imity might reasonably be expected to produce an intermodule
two-stranded (-sheet. As noted above, however, the only case
in the dataset where the docking of two modules produces a
two-stranded B-sheet is protein 1PBY (Fig. 1). We, therefore,
postulate that, in addition to the rigidity provided by module
formation that holds two nucleating strands in the same vicin-
ity, considerable chain flexibility is also required to enable the
two backbones to properly align themselves in close proximity
for B-nucleation. The docking of two stable, folded modules
presumably lacks sufficient flexibility to foster nucleation,
explaining the dearth of two-stranded B-sheets composed of
strands from different folding modules.

Moreover, a B-nucleation model that involves both rigidity
and flexibility may now adequately account for the remain-
ing exceptions to the single module rule for B-nucleation. In
addition to the one clear exception discussed above (PDB
code 1PBY, Fig. 1), there are seven other two-stranded 3-sheets
in the dataset that involve multiple folding modules (Table 3).
Notably, all have strands that involve chain termini. Moreover,
the only case of a larger B-sheet that does not contain two adja-
cent strands in the same folding module also involves a strand at
the chain termini (PDB code 1FN9, chain A, residues 127-131
and 361-364; supplemental Fig. SF1). Chain termini are gener-
ally very flexible regions, frequently absent in protein structures
determined by x-ray crystallography. If we generalize the
notion of a single structural module to a single folding entity
(module, domain, or entire protein chain) that provides the
needed structural support to keep two regions of coil in close
proximity, and we assume, quite reasonably, that these seven
B-sheets involving chain termini form very late in the folding
process, the basic criteria of rigidity and flexibility apply; these
proteins, largely folded except for the final flexible chain ter-
mini, will anchor the two strands close together to reduce the
conformational search needed for B-formation, whereas the
termini bring the flexibility required to enable correct back-
bone interactions for B-nucleation.

This model of B-sheet formation involving both structural
rigidity and chain flexibility reduces B-nucleation to a local
phenomenon; either local in sequence, when there are few res-
idues separating the two nucleating strands, or local in space, as
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a result of prior folding events that bring and hold the nucleat-
ing strands in close proximity. Our observations of the struc-
tural environments around two-stranded -sheets lend sup-
port to the hydrophobic zipper model of protein folding put
forth by Dill et al. (20), which also asserts that folding is essen-
tially local in nature, either S-local (local in sequence) or T-local
(local in topology). Moreover, a recent study postulating that
sheet nucleation might occur at strand termini based on hydro-
phobic patterning (40) is also consistent with a “zipping” up
model of B-sheet formation that proceeds from the more con-
strained end of the sheet toward the more flexible end. This
conception of B-sheet formation is consistent with a framework
model of folding wherein later events in protein folding build
on earlier ones and suggests that, at least in some stages of
protein folding, folding pathways do exist. Under this model,
proteins solve the Levinthal paradox by topologically local
interactions, where the specific topologies that emerge are
based on probabilities ultimately derived from the underlying
amino acid sequences.
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