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Abstract
Though β-rich self-assemblies comprise a major structural class of polypeptides, a detailed
understanding of the determinants of their structure and stability is lacking. In particular, the roles
of repetitive stretches of side-chains running the long axis of these β-sheets, termed “cross-strand
ladders,” remain poorly characterized due to the inherently insoluble and heterogeneous nature of
self-assemblies. To overcome these experimental challenges, we have established a complementary
experimental system termed “peptide self-assembly mimics” (PSAMs). The PSAMs capture a
defined number of self-assembly-like peptide repeats within a soluble β-rich protein, making
structural and energetic studies possible. In this work, we investigated the role of cross-strand ladders
containing aromatic residues, which are prominent in self-assembling peptides. A combination of
solution data and high-resolution crystal structures revealed that a single cross-strand ladder
consisting solely of Tyr significantly stabilized, rigidified and flattened the PSAM β-sheet. These
characteristics would stabilize each β-sheet layer of a self-assembly and direct sheet conformations
compatible with lamination. Our results therefore provide a rationale for the abundance of aromatic
amino acids in fibril-forming peptides and establish important roles of cross-strand Tyr ladders in
the structure and stability of β-rich peptide self-assemblies.
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It has become clear that polypeptides have inherent ability to self-associate into β-rich
structures. β-rich peptide self-assemblies are associated with a wide range of human protein-
misfolding diseases1; 2 and have been explored as a potential source for nanomaterials.3; 4
Yet despite considerable interest in self-assemblies, there are few systems that enable
quantitative characterization of either their structure or stability. Many self-assembled peptides
are by their nature heterogeneous in terms of size and conformation, insoluble and non-
crystalline. These properties make it difficult to apply high-resolution structural tools that have
been developed for soluble proteins, such as X-ray crystallography and solution NMR
spectroscopy. Equally importantly, these properties make energetic characterization of the self-
assembly processes extremely difficult.

*Corresponding author: Shohei Koide, Department of Biochemistry and Molecular Biology, The University of Chicago, 929 East 57th
Street, Chicago, IL 60637, U.S.A.; e-mail: skoide@uchicago.edu.
1These authors contributed equally.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
J Mol Biol. Author manuscript; available in PMC 2009 October 31.

Published in final edited form as:
J Mol Biol. 2008 October 31; 383(1): 205–213. doi:10.1016/j.jmb.2008.08.031.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



β-rich self-assemblies commonly adopt the “cross-β” structure, characterized by an extendeG
β-conformation with the strands running perpendicular to the long axis of the assembly and
lamination of multiple β-sheets.5 Solid-state NMR spectroscopy and X-ray crystallography
studies have shown that each β-sheet layer can be either parallel or anti-parallel.6-9 Either
orientation of β-strands creates a specific arrangement of side-chains in self-assemblies, termed
“cross-strand ladders”.10 These cross-strand ladders consist of repeating side-chain
interactions running across β-strands within a β-sheet layer (i.e. parallel to the long axis of the
assembly) and arise from the inherently repetitive nature of self-assembly. These side-chain
patterns occur regardless of peptide sequence, as confirmed by recent crystal structures of small
fibril-forming peptides,7-9 and may play a fundamental structural role in β-rich self-assemblies
(Fig. 1A). However, there has been no quantitative characterization of the structural and
energetic contributions of these motifs. Mutations in self-assembling peptides often result in
drastic perturbations that either completely disrupt, destabilize or alter the mode of assembly,
making it extremely difficult to deduce direct effects of mutations in the context of the self-
assembly. Cross-strand ladders (also termed “stacks”) found in the hydrophobic core of β-
helical proteins could potentially be used as a model system to understand these interactions,
but because of extensive interactions of cross-strand ladder residues with the rest of the protein,
most mutations cause severe defects in folding and render detailed characterization and
interpretation impossible.11

In order to elucidate the significance of cross-strand ladder interactions, it is essential to employ
an experimental system in which both constructive and destructive perturbations to self-
assembly structure and stability are accessible to quantitative characterization, while
maintaining a common mode of assembly. To this end, we have developed “peptide self-
assembly mimics” (PSAMs) that capture a self-assembly-like β-sheet structure within a water-
soluble protein (Fig. 1B).12 The PSAMs eliminate the heterogeneity of self-assembly by
covalently linking a fixed number of peptide units into a flat, single-layer β-sheet (SLB) of the
natural protein OspA. The two edges of the linked peptide units are capped by N- and C-
terminal globular domains that prevent lateral assembly and lamination. Using PSAMs as
“host” scaffolds, we can introduce a variety of “guest” mutations into the ladders and study
their effects on sheet structure and stability using well-established biophysical methods. Unlike
other experimental studies of self-assembly, the SLB allows us to isolate intra-sheet
interactions from the inter-sheet interactions, making it possible to characterize the effects of
cross-strand ladders on the basic unit of β-rich self-assemblies. Our hypothesis is that the side-
chains of these ladders influence β-sheet backbone conformation and dynamics, which in turn
affect the structure and stability of a multi-layer assembly. Although the current generation of
our PSAM system only addresses the role of side-chains in the structural context of anti-parallel
self-assemblies due to the strand topology of the OspA host, it can still provide fundamental
information that would be otherwise unattainable.

In this work, we investigated the contribution of cross-strand ladders consisting of Tyr residues.
Because of their prominence in self-assembling peptides, aromatic residues have garnered
considerable attention in models of the nucleation and propagation. For example, it is
hypothesized that π-stacking contributes to inter-strand stabilization as well as fibril
lamination13-17 and that aromatic residues high β-sheet propensity may also be a factor.18
Though aromatic cross-strand ladders are abundantly observed in β-rich assemblies,7-9 the
inability to experimentally probe their roles in a well-defined environment has made it difficult
to test these assumptions. We therefore investigated a series of Tyr-rich ladders grafted into
the PSAM scaffold. Atomic structures and thermodynamic characterization of these molecules
provide a rationale for the importance of aromatics in peptide self-assembly.
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Results
Design of aromatic ladders in a PSAM scaffold

We selected a PSAM containing four homologous β-hairpins comprising a total of eight β-
strands as the host scaffold. It is referred to as “OspA+3bh” (i.e. OspA plus a three β-hairpin
insertion) in our previous publication.12 This large β-sheet scaffold minimizes the context
effects from the N- and C-terminal globular domains (Fig. 1C), and its sequence can be
manipulated efficiently. Furthermore, we have successfully crystallized this PSAM by
employing surface engineering of the globular domains,12 suggesting a good likelihood of
obtaining atomic structures of mutants.

We selected eight residues that constitute a cross-strand ladder in the center of the β-sheet as
the host positions. These positions exhibit particularly regular β-sheet geometry because they
are centrally located within the β-strands (Fig. 1; Table 1). The wild-type host ladder consists
of three repeats of Glu and Lys followed by Glu and Ile (i.e. “EKEKEKEI”), which for brevity
is denoted as (EK)4. Note that this nomenclature does not denote the amino acid sequence of
a contiguous peptide segment, but rather it represents a motif formed across β-strands in the
folded PSAM (Fig. 1C). We produced a total of three mutants. (YY)4 contains eight Tyr
substitutions that form a contiguous ladder. (YK)4 and (EY)4 each contain four Tyr
substitutions and form an alternating pattern of two amino acids. These are all representative
motifs that can exist in self-assemblies of a short peptide containing a Tyr residue (Fig. 1A).

Tyr ladder stabilizes and rigidifies the PSAM
The three PSAM mutants expressed in E. coli were soluble and monomeric, as determined with
size-exclusion chromatography. Urea denaturation experiments, analyzed using a three-state
model containing native, intermediate and unfolded species,19 demonstrated the (YY)4 and
(YK)4 mutants were stabilized by 3.3 and 2.2 kcal/mol, respectively, whereas (EY)4 was
destabilized by 1.7 kcal/mol (Table 2 and Supplementary Fig. 1). These results indicate that a
Tyr ladder can greatly influence the stability of a self-assembly layer.

We performed NMR measurements on the wild-type (EK)4 and (YY)4 PSAMs to characterize
the effects of the Tyr ladder on the solution conformation of the β-sheet. Both proteins exhibited
highly dispersed HSQC spectra characteristic of a well-folded β-rich protein (Supplementary
Fig. 2). Resonances for a total of 48 residues from the invariant globular domains were well
isolated and could be readily assigned from comparisons with previous assignments of smaller
PSAMs.12 The presence of four nearly identical β-hairpin segments in these proteins made it
impossible to assign many resonances. Nevertheless, the available assignments allowed us to
investigate the relative orientations and conformational dynamics between the two globular
domains using residual dipolar couplings (RDCs). Previous studies have established that the
two globular domains are rigid and RDC measurements of residues in the globular domains
can probe the properties of the SLB region (i.e. the region that contains the cross-strand ladder)
that connects the two globular domains.12; 20

We found that while the overall patterns of RDCs for the two proteins are generally similar,
RDCs of the N-terminal globular domain of (YY)4 had larger absolute values than
corresponding RDCs of the wild-type (EK)4 protein (Fig. 2), particularly for residues that are
farther away from the SLB region. We observed a similar trend in comparing the wild-type
OspA (i.e. no β-hairpin insertion) to OspA+2bh (i.e. two β-hairpin insertions), and have
attributed the RDC decreases of OspA+2bh to conformational averaging resulting from an
increased degree of flexibility in the SLB of OspA+2bh.12 The RDC results here likewise
strongly suggest that the globular domains were held in more rigid conformations relative to
each other in the (YY)4 mutant. Therefore, the Tyr ladder rigidified the PSAM.
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Aromatic ladders control β-sheet twistedness
To characterize structural effects of the ladder mutations in detail, we determined x-ray crystal
structures of the (YY)4 and (YK)4 PSAMs at 1.55Å and 2.00Å resolutions, respectively. The
wild-type (EK)4 structure has previously been determined at 1.60Å (Fig. 3A).12 We have not
been successful in crystallizing (EY)4. All structures crystallized in the P212121 space group
and share a similar mode of crystal packing (Table 3), providing an opportunity to characterize
structural consequences of replacing a cross-strand ladder in a well-defined environment.
When the entire molecules were superimposed, (YY)4 showed a considerable difference (Cα
RMSD = 2.74Å) relative to the wild-type structure, while (YK)4 was virtually identical to the
wild-type structure (Cα RMSD = 0.28Å). As expected, the conformations of the N- and C-
terminal globular domains were unaffected by the ladder mutations, as manifested in small
RMSD values (Table 4). Thus, it appears crystal packing does not dictate the global
conformation of these PSAMs, and so the differences between mutants are primarily due to
structural perturbations introduced by the Tyr ladder. Indeed, there are clear differences in the
SLB conformation between (YY)4 and other PSAMs (Fig. 4A). While wild-type (EK)4 and
probably (YK)4 have higher levels of conformational dynamics as described above, the fact
that both crystallized in a similar conformation that is distinct from (YY)4 suggest that the
observed crystal structures of these three proteins highly likely reflect their respective low-
energy structures.

To identify the origin of large difference in the backbone structure between (YY)4 and
(EK)4, we compared backbone dihedral angles of the PSAM structures. However, no
significant changes in the (ϕ, φ) angles were found for the mutated positions in (YY)4 and
(YK)4 or residues immediately adjacent to these mutations (Supplementary Fig. 3), indicating
that the conformational change was not caused by localized differences around the mutation
sites. To further dissect the basis of the structural variations, we analyzed the relative
orientations of adjacent β-hairpin units in terms of rotations about three orthogonal axes termed
Twist, Bend, and Bend', respectively, as we established previously (Fig. 4B).12 Our analysis
revealed the (YY)4 ladder reduced all of these parameters, and as a result the β-sheet bent away
from the face on which the (YY)4 ladder was introduced and was significantly flatter than the
wild type. In contrast, (YK)4 showed marginal differences from wild-type (EK)4, as expected
from its small backbone RMSD. These results suggest that the β-sheet in the (YY)4 ladder, as
a whole, has a distinct conformation from those of (EK)4 and (YK)4 and that these differences
originate from small differences in the backbone conformation of residues throughout these
β-sheets.

Interactions involving the Tyr ladders responsible for structural and stability changes
To elucidate the structural basis for the distinct conformation of (YY)4, we then examined
whether the (YY)4 side-chain conformers were compatible with the more twisted, wild-type
(EK)4 backbone conformation. Tyr side-chain rotamers found in the (YY)4 ladder were grafted
onto the experimentally determined wild-type (EK)4 backbone to form a “hybrid” model. This
model showed steric clashes in two pairs of cross-strand Tyr residues (Fig. 4C). In contrast,
the (YK)4 hybrid, constructed by grafting Tyr at every other position of the wild-type (EK)4
ladder, did not display any steric conflict. This lack of steric conflict is consistent with our
experimental observation that the backbone conformation of the (YK)4 crystal structure is
nearly identical to that of the wild-type. These results suggest that bulky aromatic side-chains
placed in contiguous positions of a cross-strand ladder impose steric restrictions on the β-sheet
backbone conformation, leading to a flat β-sheet. The lack of structural perturbation in
(YK)4 may be due to “buffering” the cross-strand Tyr by less bulky Lys side-chains, which
allow Tyr to be accommodated without altering backbone conformation. Taken together, these
results strongly suggest that sheet flattening by a long Tyr ladder is mainly due to the avoidance
of side-chain clashes.
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The Tyr residues introduced in (YY)4 and (YK)4 make numerous hydrophobic contacts with
neighboring side-chains (Fig. 3A), contributing an additional 336Å2 and 207Å2 of buried
surface area, respectively. This result suggests that increased hydrophobic burial accounts for
the increased stability of (YY)4 and (YK)4 relative to wild-type (EK)4, a view which is
consistent with previous work demonstrating that hydrophobic side-chain packing is a major
determinant of the stability of flat β-sheets.21 Although we do not have an atomic structure of
(EY)4, we speculate that its destabilization may be caused by burial of the Glu carboxylates in
a hydrophobic environment by adjacent Tyr. In contrast, in (YK)4 the amine moieties of the
Lys residues are not significantly buried by the neighboring Tyr residues. Together, these
results indicate Tyr ladders can substantially stabilize flat β-sheet through hydrophobic
contacts, though such effects also depend on the identity of the ladder.

Smaller effects of a shorter Tyr ladder
To test whether the structural and thermodynamic effects of aromatic ladders depend on their
length, we characterized a shorter Tyr ladder using a smaller PSAM scaffold. This scaffold is
the same size as the natural OspA (i.e. no β-hairpin insertions) and contains three anti-parallel
β-strands. These β-strands are homologous in both sequence and structure to those in the 8-
stranded scaffold described above (Fig. 1C). We introduced a ladder consisting of Tyr to this
three-stranded PSAM, termed Y3 (Table 1). As judged by urea denaturation, Y3 did not stabilize
this small PSAM (Table 2) indicating that the thermodynamic effects of a Tyr ladder are
dependent on its length.

We determined the crystal structures of Y3 at a 1.30 Å resolution (Fig. 3B). A comparison of
this structure with the previously determined structure of the wild-type OspA scaffold22
revealed virtually no effect on the β-sheet conformation (Table 4). In the Y3 crystal structure,
the Tyr side-chains splay into regions that cause minimal side-chain contacts (Fig. 3B). This
contrasts with the structure of (YY)4, where the splaying of Tyr side-chains is hindered by the
conformational restrictions imposed by a longer aromatic ladder.

Discussion
The PSAMs in conjunction with “ladder mutations” have provided a unique system to gain
insights into both the thermodynamic and structural perturbations introduced to peptide self-
assemblies by mutations in the underlying peptide unit. We have experimentally demonstrated
that Tyr cross-strand ladders flatten a self-assembly-like β-sheet through steric hindrance of
the Tyr side-chains. The increase in the side-chain packing due to a Tyr ladder also contributes
to enhanced rigidity and stability of the α-sheet. As Tyr has been predicted to be energetically
primed for the formation of flat α-strands,10 and is known to affect the structure of fibril-
forming peptides,23 our work provides insights into the molecular mechanism by which
aromatic residues influence self-assembly morphology and stability.

The effects of introducing Tyr in cross-strand ladders were complex and dependent on the
context and length of ladders. The introduction of four Tyr residues in different positions of
the same host ladder (i.e. (YK)4 versus (EY)4) had dramatically different impacts on stability
(Table 2). Similarly, the short Y3 ladder had little influence on stability, while (YY)4
significantly stabilized the β-sheet. These differences indicate the difficulty of predicting
effects of mutations by extrapolating results from a simpler system and illustrate the importance
of analyzing mutational effects on peptide self-assembly in an appropriate context.

Previous research on the amino acid determinants of peptide self-assembly has focused on the
inherent chemical and structural properties of aromatic amino acids, such as their high β-sheet
propensity18 and tendancy to form stabilizing π-stacking interactions.13; 14 However, a lack
of high-resolution information precluded this type of research from addressing structural
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contributions of aromatics beyond those that can be easily predicted from the generic “cross-
β” architecture. While these properties are undoubtedly important, the present work establishes
an additional rationale for aromatic amino acids that is uniquely observed in the context of
cross-strand ladders. Our description of the flattening and rigidifying effects of aromatic
ladders may be important for rationalizing the prevalence of aromatic residues among self-
assembling peptides. To laminate and form multi-layer β-sheet assemblies, each β-sheet layer
must be devoid of strong twist.12 Also a high degree of flexibility poses a large entropic penalty
for lamination. Thus the abundance of aromatics in self-assembling peptides may therefore be
partly due to their ability to flatten and rigidify sheet conformation.

Computational studies have suggested that single-layer α-sheets are important intermediates
in forming multi-layer assemblies, though they are often inaccessible to experimental
observation.24 Nussinov's group has previously studied Asn ladders in a single-layer sheet by
molecular dynamics simulations, finding that stacking and inter-strand hydrogen-bonding
within the ladder contributed to an energetic “bottleneck” in peptide oligomerization.25
Quantitative thermodynamic data and atomic structures produced by the PSAM approach may
be useful for evaluating and refining such computational studies.

Recent crystal structures of small fibril-forming peptides have provided atomic insights into
the factors stabilizing laminated self-assemblies, showing that the side-chains of self-
assembling peptides form a dry interdigitating “steric zipper” between β-sheet layers.7; 8 It is
interesting that aromatic residues are often found in the “wet interface” of these crystal
structures. Although the current PSAMs only recapitulate a solvent-exposed interface, our
results provide a complementary view of how repetitive sequences of aromatic amino acids at
the single-layer level can stabilize β-sheets and are likely to be relevant to the molecular
mechanism underlying the formation of multi-layer self-assemblies. Together, these results
highlight the importance of both inter-sheet and intra-sheet interactions in the overall stability
of self-assemblies.

Conclusions
The PSAM system is effective at addressing a variety of questions related to β-rich peptide
self-assembly at atomic resolution. This work has revealed structural roles for Tyr in self-
assembly, indicating a long Tyr ladder both flattens and rigidifies a β-sheet layer. Knowledge
gained from this work provides new insights into the sequence determinants of peptide self-
assembly and suggests guidelines for designing flat, self-assembling nanomaterials. The
PSAM approach can be readily adapted to study ladders composed of a variety of amino acids,
which will further clarify the fundamental mechanisms of β-rich peptide self-assembly and
interactions of self-assemblies with small molecules.

Materials and Methods
Sample preparation

Mutagenesis, expression and purification were performed as described previously.19 All
aromatic mutations are listed in Table 1. For crystallization, the mutants were transferred into
the OspAsm1 scaffold as described previously.22 The sm1 scaffold contains mutations in the
N- and C-terminal caps of OspA, which increase crystallization efficiency without perturbing
global structure or the SLB region.

Stability measurements
Urea-induced unfolding measurements were conducted on samples without the cleavage of the
histag in 10mM sodium phosphate buffer pH 6.0 containing 50mM NaCl using an Aviv CD
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spectrometer with a fluorescence accessory and analyzed using a three-state model as detailed
in Table 2 legend.19

NMR spectroscopy
[2H, 15N]-enriched samples of the wild-type (EK)4 and (YY)4 PSAMs were prepared as
described previously. Samples were dissolved in 10 mM sodium phosphate buffer pH 6.0 and
50 mM sodium chloride prepared in 90% H2O and 10% D2O. RDC measurements were
performed with samples placed in stretched 3% acrylamide gels.26; 27 Two-dimensional
sensitivity- and gradient-enhanced 15N TROSY spectra were acquired at 45°C on a Varian
INOVA 600 MHz spectrometer equipped with a cryogenic probe and used to determine
the 1H-15N dipolar couplings.28 Resonance assignments of the globular domains were
obtained by comparing spectra of the (EK)4 and (YY)4 PSAMs with those of wild-type OspA
and variants for which the complete backbone resonance assignments had been established.
29; 30 Because of the presence of repeating sequences and extensive resonance overlaps, only
those resonances that can be unambiguously assigned to residues within the globular domains
were used for RDC analysis. Details of RDC analysis have been described previously.12

Crystallization and structure determination
Crystals were obtained using the hanging-drop vapor diffusion method. Crystallization
conditions are listed in Table 2. X-ray diffraction data were collected using the Advanced
Photon Source at the Argonne National Laboratory. Structures were determined by molecular
replacement using the N- and C-terminal domains (residues 23–131 and 132–273, respectively)
of the PSAM structures 2G8C and 2HKD. Model building and refinements were performed in
the same manner as the wild-type (EK) PSAMs.12

Structure analysis
The parameters Twist, Bend and Bend' were determined as described.12 The alignment and
RMSD calculations were performed using CCP4.31 Dihedral angles were determined using
Dang (kinemage.biochem.duke.edu). All structure images were generated with PyMOL
(www.pymol.org).

Accession Codes
All structures have been deposited in the Protein Data Bank under the accession codes 2OY8,
2OY7, 2OYB.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Cross-stand ladders in self-assembled β-sheets and the PSAM system. (A) Schematic drawings
showing how the sequence and register of a self-assembling peptide determines ladder
composition. A simplified β-sheet is shown as a connection of α-carbons, with side-chain
spheres colored to indicate chemical identity. Only an anti-parallel assembly is shown. (B)
Scheme illustrating the PSAM concept and ladder mutations: a segment of peptide self-
assembly is excised, linked, and capped. Mutations, shown as green spheres, can then be
introduced into ladder positions within the PSAM scaffold. (C) Cartoon representations of the
PSAM scaffolds used (large scaffold i.e. OspA+3bh shown at left; small scaffold i.e. natural
OspA shown at right). The SLB in each scaffold is colored blue with the α-carbons of mutated
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ladder positions shown as spheres. The side-chains of these ladders are all located on the same
face of the β-sheet.
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Fig 2.
Residual dipolar couplings (RDCs) of the backbone amide 1H and 15N pairs of the PSAMs
plotted as a function of residue number. Data for the N- and C-terminal caps of wild-type
(EK)4 and (YY)4 PSAMs are colored red and blue, respectively. The break between the two
corresponds to the SLB, for which amino acid sequence degeneracy prevented resonance
assignments and accordingly no RDC data were obtained.
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Fig. 3.
Crystal structures of aromatic ladder PSAMs. (A) Large scaffold PSAMs. The N- and C-temini
are omitted for clarity. The SLB is in the plane of the page, with the N-terminus above and the
C-teminus below. The side-chain carbon atoms of the central ladder to which Tyr was
introduced are colored in green and those of all neighboring residues are colored in lavender.
(B) Small scaffold PSAMs, illustrated in the same manner. The sequences of the (YY)4 and
Y3 proteins are also shown schematically.
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Fig. 4.
Perturbations of backbone conformation introduced by the Tyr ladders. (A) Each PSAM mutant
was aligned using the most C-terminal β-hairpin of the SLB, denoted as 0 (residues 187-209).
Wild-type (EK)4 is shown in grey and (YY)4 in blue. (YK)4 overlays almost perfectly with
wild-type, and its structure is not depicted. The N- and C-termini along with the turn regions
are omitted for clarity. The backbone of the β-strands are shown as sticks. (B) Values of the
three parameters Twist, Bend, Bend' describing the 3-dimensional rotations of each β-hairpin
in the SLB. Zero values define a perfectly flat, rectangular β-sheet. Wild-type (EK)4 is shown
in grey, (YY)4 in blue, and (YK)4 in red. (C) Over-packing of Tyr ladders revealed by hybrid
analysis. Each strand from (YY)4 was aligned separately with its homologous strand in wild-
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type (EK)4 using all backbone atoms. The adjusted coordinates of the aromatic side-chains
were then grafted onto the wild-type (EK)4 backbone to form the (YY)4 hybrid. Severe steric
conflicts (shown as red dots in the inserts) were judged using Probe.32 Y182 has two side chain
conformers, and the conflicts were observed for its gauche- conformer but not for its trans
conformer.
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Table 1
PSAM aromatic ladder mutations used in this work

Mutant Mutations

Large scaffold
(EY)4 K136Y, K159Y, K182Y, I205Y
(YK)4 E123Y, E146Y, E169Y, E192Y
(YY)4 E123Y, K136Y, E146Y, K159Y, E169Y, K182Y, E192Y, I205Y
Small scaffold
Y3 K113Y, E123Y, I136Y
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Table 2
Stability of PSAMs measured by urea-induced unfolding.

Mutant ΔGUI
3M

(kcal/mol)
ΔGNU

3M

(kcal/mol)
mNI ΔΔGNU

3M

(kcal/mol)

Large scaffold
wt 0.40 (±0.06) 1.54 (±0.10) −1.60 (±0.06) 0
(EY)4 0.79 (±0.05) 3.26 (±0.10) −2.29 (±0.06) 1.72 (±0.14)
(YK)4 0.88 (±0.06) −0.70 (±0.06) −1.77 (±0.06) −2.24 (±0.12)
(YY)4 1.87 (±0.05) −1.75 (±0.06) −2.29 (±0.05) −3.29 (±0.12)
Small scaffold
wt 1.74 (±0.04) 2.71 (±0.01) −2.41 (±0.02) 0
Y3 1.48 (±0.05) 2.29 (±0.05) −1.91 (±0.04) 0.42 (±0.05)

ΔGUI3M is the free energy difference between the unfolded state and the intermediate state at 3M urea. ΔGNU3M is the free energy difference between
the unfolded state and the native state at 3M urea. mNI is the m-value for the transition between the native and intermediate states. The m-values for the
N-I and I-U transitions (mNI and mIU) were allowed to vary, but the total m-value (mNU = mNI + mIU) was fixed at −4.4 and −5.3 for the small and

large scaffolds, respectively, following our previously established method.19 ΔΔGNU is the difference in GNU3M between the wild-type and a mutant

(ΔΔGNU = ΔGNU3M(wild-type) − ΔGNU3M(mutant)). A positive ΔΔGNU value indicates destabilization by a mutation. The values for the wild-type

small scaffold were taken from Yan et al.19
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Table 3
Statistics for crystal structures of PSAM mutants

Protein (YK)4 (YY)4 OspA Y3
PDB code 2OY8 2OY7 2OYB

Data collection statistics
Space group P212121 P212121 P21
Cell parameters a=37.234 a=37.055 a=33.125

b=76.645 b=93.103 b=54.686
c=120.348 c=106.101 c=66.466

β=99.96
Beamline 22-ID 22-ID 23-ID
Wavelength 1.0000 0.97105 0.9793
Resolution (Å) a) 50-2.0 (2.07-2.00) 50-1.5 (1.59-1.55) 50-1.3 (1.35-1.30)
Completeness(%) 98.6 (98.8) 97.9 (95.5) 99.9 (100)
I/σ(I) 20.35 (7.02) 19.82 (2.98) 14.01 (5.36)
Rmerge 

b) 0.096 (0.304) 0.066 (0.497) 0.111 (0.286)
Average redundancy 7.4 (7.3) 4.1 (2.9) 3.4 (3.2)
Refinement statistics
Resolution range (Å) 20.00-2.00 20.00-1.55 20.00-1.30
Reflections used (free) 22533 (1209) 50395 (2690) 54499 (2900)
R factor c) 0.21440 0.19061 0.15535
Rfree d) 0.25456 0.21986 0.18830
RMS deviations
Bonds (Å) 0.017 0.012 0.011
Angles (°) 1.773 1.450 1.393
No. protein residues 315 315 246
No. waters 109 404 450
Average B factor (Å2) 40.024 25.758 11.737
Ramachandran plot statistics
Most favored (%) 91.7 91.3 91.9
Additionally allowed (%) 8.0 8.7 7.6
Generally allowed (%) 0.3 0.0 0.4

a)
Highest resolution shell is shown in parenthesis.

b)
R-merge = ΣhklΣi| I(hkl)i - <I(hkl)> | /ΣhklΣi<(hkl)i> over i observations of a reflection hkl.

c)
R-factor = Σ | |F(obs)| - |F(calc)| |/Σ|F(obs)|.

d)
Rfree is R with 5% of reflections sequestered before refinement. Crystallization conditions are: Y3, 10.0mg/ml protein, 37% PEG400, 0.1M Tris-HCl

pH7; (YY)4, 41.4mg/ml protein, 22% PEG1000, 0.1M HEPES pH7.5; (YK)4, 37.9mg/ml, 31% PEG400, 0.1M Tris-HCl pH9, 2% MPD. Both Y3 and
(YK)4 used the crystallization buffer itself as a cryo-protectant, whereas for (YY)4 used a mixture of 25% glycerol and buffer. Crystals were flash-frozen
in liquid nitrogen prior to diffraction measurements.
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Table 4
RMSD for Cα atoms of PSAM aromatic ladder mutants relative to their respective wild-type scaffold

Mutant N-term domain
(Å)

C-term domain
(Å)

All
(Å)

Large scaffold
(YK)4 0.493 0.132 0.281
(YY)4 0.745 0.399 2.738
Small scaffold
Y3 0.092 0.138 0.170
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