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Abstract: Amyloid formation is associated with devastating diseases such as Alzheimer’s, Parkin-
son’s and Type-2 diabetes. The large amyloid deposits found in patients suffering from these dis-

eases have remained difficult to probe by structural means. Recent NMR models also predict

heterotypic interactions from distinct peptide fragments but limited evidence of heterotypic packed
sheets is observed in solution. Here we characterize two segments of the protein amyloid b (Ab)

known to form fibrils in Alzheimer’s disease patients. We designed two variants of Ab(19–24) and

Ab(27–32), IFAEDV (I6V) and NKGAIF (N6F) to lower the aggregation propensity of individual pepti-
des while maintaining the similar interactions between the two segments in their native forms. We

found that the variants do not form significant amyloid fibrils individually but a 1:1 mixture forms

abundant fibrils. Using ion mobility-mass spectrometry (IM-MS), hetero-oligomers up to decamers
were found in the mixture while the individual peptides formed primarily dimers and some tet-

ramers consistent with a strong heterotypic interaction between the two segments. We showed by

X-ray crystallography that I6V formed a Class 7 zipper with a weakly packed pair of b-sheets and
no segregated dry interface, while N6F formed a more stable Class 1 zipper. In a mixture of equi-

molar N6F:I6V, I6V forms a more stable zipper than in I6V alone while no N6F or hetero-typic zip-

pers are observed. These data are consistent with a mechanism where N6F catalyzes assembly of
I6V into a stable zipper and perhaps into stable, pure I6V fibrils that are observed in AFM

measurements.

Keywords: amyloid; aggregation; co-assembly; ion-mobility mass spectrometry; X-ray
crystallography

Introduction
The formation of amyloidogenic, proteinaceous fibrils

has applications in both materials1–3 and biological

science.4–7 However, it is this latter application that

interests us here, due to amyloids being associated

with devastating diseases such as Alzheimer’s, Par-

kinson’s and Type-2 Diabetes.4–7 Biological amyloido-

genic structures are characterized by the assembly of

hundreds to thousands of monomer subunits into a

thermodynamically stable fiber-like structure.4–6 The

classical amyloid b (Ab) fibrils found in the brains of

Alzheimer’s disease patients have a relatively
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uniform 10 nm diameter and the presence of amyloid

fibrils is strongly correlated with the disease.7 Full-

length Ab is natively disordered and aggregation

prone, encompassing multiple segments capable of

nucleating fibril growth.8,9 Prior research has isolated

different fibril assemblies termed polymorphs that

differ in morphology, structure and seeding capaci-

ties.8–11 These polymorphs are increasingly found to

have prion-like characteristics as one polymorph can

propagate indefinitely in vitro11–13 and in vivo.9,14–17

Crystal structures of shorter segments have thus far

only yielded homotypic steric zippers - two self-

complementary b-sheets, giving rise to the spine of an

amyloid fibril - although there is evidence from NMR

studies9,18–25 and cyroEM26 that different segments

can indeed form heterotypic interactions. (Here we

note that the term “heterotypic” used in this work

describes interactions between distinct peptides/pro-

tein fragments with no intramolecular linkage). It has

also been proposed that distal Ab segments can asso-

ciate to form the spines of amyloid fibrils, yielding an

aggregate morphology different from those of individ-

ual segments.9 However, there has not yet been

detailed supporting evidence from structural analysis.

Such an aggregation cascade might involve structural

rearrangement at an early oligomer level or more

likely the formation of oligomers capable of nucleating

self-assembly of unstructured monomers.27 An under-

standing of this assembly process and possible hetero-

fibrillar structures can provide insight for develop-

ment of potential therapeutic strategies for neurode-

generative diseases28 as well as new scaffolds for

biomaterials.1–3 Here our priority is to investigate the

interactions between distinct Ab peptide fragments in

solution that do not themselves form fibrils and deter-

mine whether fibril formation can be observed in the

mixture. Recently several high resolution NMR struc-

tures of full-length Ab(1–40) and Ab(1–42) were

reported by the Glockshuber, Meier, Riek, Tycko, and

Griffin laboratories.21–25,29,30 These NMR structures

showed detailed interactions between different b-

sheet segments created by the stacking of monomers

in a specific conformation. They also included the

identities of residues forming salt-bridges and hydro-

phobic interactions revealing subtle differences in the

assembly of Ab(1–40), Ab(1–42) and their familial

mutants. Hence, the heterotypic interactions between

b-sheets are unambiguously critical for the aggrega-

tion and self-assembly of the full-length Ab.

Previous studies have shown that when a pep-

tide with a strong aggregation propensity is mixed

with a weakly aggregating peptide, the heterotypic

interactions lead to aggregation inhibition despite

the formation of hetero-oligomers.31,32 Hence, in

order to promote possible heterotypic assembly the

pair of peptides must both be weakly aggregating

and the heterotypic pair potentially strongly aggre-

gating. Possible driving forces for peptide association

can arise from hydrophobic33,34 or electrostatic inter-

actions,35,36 hydrogen bonding and p-stacking,37

each of which must be considered in selecting a sys-

tem capable of heterotypic assembly.

A recent NMR study by Nowick and co-workers

of cyclic peptides derived from Ab(17–23) and

Ab(30–36) by unnatural amino acid modification

showed that co-assembly can occur38 but evidence of

such an interaction in native peptides (without cycli-

zation and unnatural amino acid modification) in

solution is lacking. Here, we use a combination of

ion-mobility mass spectrometry (IM-MS), X-ray crys-

tallography and atomic force microscopy (AFM) to

investigate the co-aggregation of two mutated Ab

segments residing on the opposite sides of the loop

in the strand-loop-strand monomeric state of an

aggregating Ab(1–42)30,39 that is found in the loop

region of Ab(1–42) fibrils.

Results and Discussion

Ab hexapeptide selection and mutation

The first step of our study is to come up with possi-

ble peptide fragments having poor aggregation pro-

pensities but may assist fibril growth when

incubated together. We utilized ZipperDB (https://

services.mbi.ucla.edu/zipperdb/),40,41 that had been

successfully used in the past,42,43 to search for two

Ab hexapeptides that satisfy three conditions: (a)

contain pairs of hydrophobic residues (e.g., isoleu-

cine, leucine, phenylalanine, etc.) that can nucleate

aggregation,36,44 (b) possess opposite net charges to

reduce aggregation propensities of individual pepti-

des and to make association favourable,33,34 and (c)

have Rosetta Energy (RE) of approximately 220

kcal/mol (the NNQQNY peptide model has an RE of

223 kcal/mol, and aggregates relatively weakly in

water43). Briefly, each six-residue segment (not con-

taining a proline) from the protein sequence is

threaded onto the NNQQNY structure backbone,

and the energetic fit is evaluated by using the Roset-

taDesign program.45 Additionally, the segments

should possess some native interactions in the con-

text of full-length Ab. There are two Ab hexapepti-

des (see Fig. S1) that meet these requirements:

Ab(19–24) (19FFAEDV,24 RE 5 219.3 kcal/mol) and

Ab(27–32) (27NKGAII,32 RE 5 223.5 kcal/mol), both

located in the loop region of Ab in its fibrillar form

according to the atomic models obtained from previ-

ous X-ray39 and NMR studies (Fig. 1).18,20,46

Previous NMR studies by Tycko, Smith, and co-

workers suggested that the salt-bridge between Asp

23 and Lys 28 is critical for Ab(1–40) (the most dom-

inant isoform of Ab)47,48 to adopt a strand-loop-

strand structure.49 Also in Ab(1–40), a similar struc-

ture is stabilized by hydrophobic interactions

between Phe 19 and Ile 3230,49,50 and hence we

chose the second fragment 27NKGAII32 to contain
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Lys28 and Ile32. This peptide was previously shown

to form fibrils.9 Therefore, we decided to make a sin-

gle mutation on each peptide fragment to weaken the

aggregation propensity of Ab(27–32) while maintain-

ing the overall identity of the amino acids. The muta-

tion made on each peptide, I6V (IFAEDV, RE 5 217.8

kcal/mol) and N6F (NKGAIF, RE 5 223.7 kcal/mol),

allowed p-stacking to be weakened in homo-oligomers

but be strengthened in hetero-association. Of note,

N6F has lower Rosetta energy than I6V, suggesting

higher aggregation propensity but as we will show it

only forms a small amount of short fibrillar

aggregates.40,41

N6F and I6V have poor aggregation propensities

individually but an equimolar mixture forms

abundant fibrils

We evaluated the aggregation propensity of incu-

bated I6V and N6F samples using atomic force

microscopy (AFM). Figure 2(A,B) shows representa-

tive AFM images obtained from the pure I6V and

N6F samples after 2-day incubation in water at 250

lM. I6V peptide [Fig. 2(A) and Fig. S2] formed only

spherical aggregates with an average height of

2.25 nm and no mature fibrils. N6F peptide [Fig.

2(B) and Fig. S3] also formed spherical aggregates

(average height 5 2.5 nm) in addition to some short

and branched fibrils. These observations are consis-

tent with the Rosetta energy scores suggesting that

the fibril formation propensity of N6F is higher than

that of I6V. Next, we aggregated the peptides

together in a 1:1 stoichiometric ratio. Long fibrils

(4.0–6.0 nm in height) are abundantly visible in the

AFM image of the mixture [Fig. 2(C): Note the

length axis is 10 times that of Fig. 2(A) and 2(B)].

These data indicate that interactions between I6V

and N6F can promote fibril formation that is other-

wise limited in the pure samples.

We used a Thioflavin-T (ThT) assay to qualita-

tively compare the b-sheet content in the pure sam-

ples of I6V and N6F to their mixture (see Fig. S4).

The increase in ThT fluorescence intensity upon

fibril binding makes it a sensitive and efficient

reporter. The b-sheet content of I6V is much lower

Figure 2. Representative AFM images of I6V and N6F incubated for 2 days at 250 mM in water. (A) I6V shows the formation of

spherical aggregates, (B) N6F forms a mixture of spherical and short fibrillar aggregates, and (C) the mixture of I6V and N6F

populates long fibrils. The scale of panel C is an order of magnitude larger than the other two panels (20 3 20 mm2 vs. 2 3 2

mm2) to illustrate that the aggregation in the mixture had led to the formation of long amyloid-like fibrils and the phenomenon is

not region-specific.

Figure 1. Ab(1–42) primary sequence and fibril structures of Ab(1–42) and Ab(1–40) obtained from solid-state NMR (PDB 2MXU

and PDB 2LMN, respectively). Ab(19–24) and Ab(27–32) segments are shown in red and green, respectively.
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than N6F, which is consistent with their RE (–17.8

kcal/mol vs. 223.7 kcal/mol). In the mixture, the b-

sheet content increases to the same level as that of

the pure N6F. We note that ThT is only sensitive to

b-sheet formation, which is a necessary but not a

sufficient condition for fibril formation. We will fur-

ther explain this observation in light of IM-MS and

X-ray crystallography data presented below.

Crystal structures of I6V and N6F reveal

different steric zippers
To gain atomic resolution insight into the packing

polymorphism of these peptides, we used X-ray crys-

tallography. The peptides were put in crystallization

trials individually and in a 1:1 mixture (X-ray dif-

fraction and refinement statistics can be found in

Table S1). Both peptides formed needle-like micro-

crystals and their structures were determined. I6V

crystal structure [Fig. 3(A)] shows anti-parallel b-

strands stacked face-to-back. Two sheets interact with

each other via interactions between Glu 4 and Phe 2.

It is a Class 7 zipper8 with water molecules present

between the mating sheets as well as outside. Since

Glu 4 is a charged residue and Phe 2 is a hydrophobic

aromatic residue, the interaction between the two

sheets is relatively weak. The sheets also do not dis-

play segregated dry and wet interfaces as seen in typi-

cal amyloid steric zippers.8,44

Since the early report by Sawaya et al.,8 several

steric zipper crystal structures were solved by the

Eisenberg laboratory including not only strongly

aggregating peptides, but also some weakly aggre-

gating peptides.44 We have shown that while the for-

mation of a steric zipper is critical for fibril

formation, the propensity strongly depends on the

stability of the zipper structures.44 From Figure

3(A), the presence of weakly packed sheets in I6V

suggests that resulting fibrils would not be strongly

Figure 3. (A) I6V (IFAEDV) forms a Class 7 zipper. Water molecules are colored in red and each sheet in gray and orange.

Hydrogen bonding along the sheet is shown on the right. (B) N6F (NKGAIF) forms a Class 1 zipper. The crystal structure shows

two different interfaces encapsulating a dry interior. Phosphate and water molecule are colored orange and red.
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bound and the formation of globular aggregates

could well be competitive in solution.51

The N6F crystal structure [Fig. 3(B)] shows par-

allel b-strands stacked via main carbon chain hydro-

gen bonding forming a tight hydrophobic interface; a

Class 1 zipper.8 There are two different interfaces

encapsulating dry interiors. The mating b-sheets are

tightly packed via face-to-face interactions between

Phe 6 and Ala 4 or back-to-back interactions

between Ile 5 from mating sheets. Both interfaces

have high shape complementarity (Sc; 0.88 and

0.85) and large buried surface area (Ab; 324 and 312

Å2). The atomic structure of N6F is identical to the

atomic structure of the native 27NKGAII32 structure

that was previously determined9 with the two inter-

faces intact. Since previous work showed that

NKGAII formed fibrils,9 and here we showed that

N6F adopts identical steric zipper structures but

formed only a few short fibrils, the mutation indeed

decreased the aggregation propensity of this peptide

as we expected. Furthermore, our ThT-assay showed

that the mixture has similar b-sheet content as N6F,

indicating that the oligomers (which could be either

homo or hetero-oligomers) in the mixture have simi-

lar b-sheet content to N6F, but probably adopt a dif-

ferent steric zipper polymorph as they can later

form fibrils.

Comparing the two crystal structures, N6F has

almost twice the Ab of I6V (324 Å2 vs. 172 Å2) and

also higher Sc (0.88 vs. 0.66) suggesting a stable

interaction and higher aggregation propensity44 in

agreement with our AFM data where some short

fibrils are observed competing with globular

aggregates.

IM-MS data reveal stable, b-rich hetero-

oligomer formation by the two peptides

Next, we turned to IM-MS to characterize the early

oligomer formation of the segments in isolation and

in the mixture. Since the natural charge state of I6V

is 22 and that of N6F is 11, we performed IM-MS

experiments in both positive and negative polarity.

Figure 4(A–C) shows the mass spectra of I6V, N6F

and the mixture obtained in negative mode MS.

Each peak is annotated with the oligomer number to

charge ratio. The data obtained in positive mode are

shown in Figures S5 and S6 and additional data in

negative mode are shown in Figures S7 and S8. The

oligomer composition of each of the mass spectral

peaks can be determined by obtaining their arrival

time distributions (ATDs) with an example given in

Figure 4(F). From these experiments we determine

that negative mode IM-MS of pure I6V and N6F

samples show the formation of monomers, dimers

and tetramers, whereas positive mode IM-MS shows

at most dimer.

Further analyses of the dimer and tetramer

cross sections reveal that both peptides form

globular, non b-sheet oligomers in the IM-MS data

and their cross sections are in good agreement with

the isotropic model51 [rn 5 r1 3 n2/3, see Fig. 4(D,E)

and also Table S2 and S3]. This data is consistent

with our microscopy data showing I6V formed only

globular aggregates.43,51 There is a small deviation

at the tetramer stage of N6F, consistent with the

fact this peptide formed some short fibrils [Fig.

2(B)]. The presence of limited, non b-sheet oligomers

is consistent with a low propensity to aggregate for

both peptides.

When the two peptides are mixed, large hetero-

oligomers up to decamers are detected in both nega-

tive [Fig. 4(C)] and positive polarity (Fig. S6). In

negative mode, there are mass spectral peaks corre-

sponding to hetero-dimer (p 1 q)/z 5 (1 11)/–1 at m/z

1342, hetero-tetramer (3 1 1)/–2 at m/z 1364, and

hetero-decamer (5 1 5)/–4 at m/z 1678, where p and

q are the oligomer numbers of I6V and N6F, respec-

tively and z is the total charge of the complex. More

hetero-oligomers are found in the positive mode IM-

MS data including dimer, trimer, pentamer, hex-

amer, and decamer. Starting at heterodimers, the

calculated cross sections begin to deviate positively

from the isotropic predictions, as shown in Figure 5.

Overall, we observed heteroligomers of the size

of n 5 2, 3, 4, 5, 6, and 10 in positive polarity and

n 5 2, 4, and 10 in negative mode polarity. For the

heteroligomers with the same total oligomer number

the compositions may be different as evidenced by

different values of m/z, indicating that they are dis-

tinct species. Since I6V is negatively charged and

N6F is positively charged in solution, performing

IM-MS experiments in both polarities captured a

range of different species. Heteroligomers at other

sizes may exist, but we couldn’t capture them due to

either abundance or the low mass resolution of the

instrument used to obtain the negative polarity

data.

The (3 1 1)/–2 tetramers [see Fig. 4(F)] adopt

both a compact structure (rexp 5 447 Å2) and an

extended, likely b-rich structure (rexp 5 550 Å2).52

Furthermore, the mass spectral peaks corresponding

to (p 1 q)/z 5 (3 1 1)/–2 and p/z 5 2/–1 oligomers are

more intense than their counterparts, namely

(p 1 q)/z 5 (1 1 3)/–2 and q/z 5 2/–1 [see Fig. 4(C)],

which qualitatively suggests that I6V is more prone

to form both homo- and hetero-oligomers than N6F

in the equal molar mixture. This observation is

important because it suggests that an incorporation

of a small quantity of N6F assists the formation of

non-isotropic I6V oligomers. In a recent study in

which IM-MS was coupled to IR spectroscopy, we

showed that oligomers that deviated positively from

the isotropic prediction are b-rich structures.52

Hence, N6F may be able to seed I6V structural

assembly in the mixture that is not possible in the

pure sample.

Do et al. PROTEIN SCIENCE VOL 00:00—00 5



In general there are two plausible pathways for

co-assembly of the two peptides. In the first path-

way, the peptides co-assemble to form hetero-

oligomers such that both I6V and N6F contribute

relatively equally to fibril growth. The second path-

way involves the formation of “seeded” fibrils result-

ing from one peptide (N6F) seeding the formation of

I6V oligomers which subsequently form a new kind

of steric zipper that nucleates fibrils of only I6V.

More will be said on this shortly.

X-ray crystallography of the I6V and N6F

mixture reveals a new polymorph of I6V
Crystallization trials of I6V and N6F mixed in equi-

molar amounts yielded crystals composed of I6V

only, albeit in a different polymorph which we refer

to as “form 2” (Fig. 6). No heterotypic structure of

mixed I6V and N6F was obtained. I6V form 2 is a

Class 8 steric zipper with a face to back orientation

of mating sheets.8 The interactions between Phe 2

and Glu 4 in form 1 are replaced by the same resi-

due type interactions between opposite Phe 2 and

Glu 4. While Phe–Phe interaction is favorable, Glu–

Glu interaction places the two negative charges in

close proximity. The shape complementarity and

buried surface area (see Table I) of I6V “form 2” are

higher than I6V “form 1” [Fig. 3(A)].

These X-ray crystallography data are consistent

with a mechanism where N6F catalytically induces

I6V to adopt a different class of steric zipper that is

more stable than the zipper formed in neat I6V solu-

tions. Collectively all of the data provide both the

observation of, and a possible mechanism for, the

first example of linear peptide fragments derived

from Ab where facile fibril formation occurs in the

mixture but very limited or no fibril formation occurs

in the pure samples.

To assess whether a fully heterotypic oligomer

mechanism is plausible, rather than the catalytic

mechanism mentioned above, two possible models of

Figure 4. Negative ion nano-ESI-Q mass spectra of (A) I6V alone, (B) N6F alone, (C) I6V incubated with N6F at 1:1 molar ratio.

The peptide concentrations were 150 mM (in 20 mM of ammonium acetate, pH 7.4). The peaks of I6V and N6F homo-oligomers

are annotated with respect to their n/z where n is the oligomer number and z is the charge, whereas the I6V and N6F hetero

complex peaks are reported as (p 1 q)/z where p (in red) and q (in blue) are the oligomer numbers of I6V and N6F, respectively.

The oligomer growth curves are given in (D) I6V homo-oligomers and (E) N6F homo-oligomers. (F) Representative ATD of

hetero-tetramer composed of three I6V and one N6F. Cross section unit is Å2.
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heterotypic I6V/N6F steric zipper were constructed

and are given in Figure 7. In the first model (model

A in Fig. 7), the steric zipper is formed by two mixed

b-sheets in which I6V and N6F peptides intercalate

each other. The zipper interface between the two

mating sheets is similar to that of I6V form 1. One

major difference is that in form 1 of I6V the side

chains of Glu and Phe are in close proximity, which

can create an anion-p interaction which is not favor-

able. In model A, such interactions are weakened

since the two side chains are further away from

each other. However, the Sc and Ab scores of this

model are quite low; Sc 5 0.69 and Ab 5 172 Å2,

which are comparable to I6V form 1 (Sc 5 0.66,

Ab 5 172 Å2) but worse than I6V form 2 (Sc 5 0.73,

Ab 5 208 Å2).

In the second model (model B in Fig. 7), the ste-

ric zipper is composed of two homotypic sheets of

I6V and N6F. In this case, the Glu residues of I6V

peptides stack along the fibril axis. The presence of

Glu in the zipper interface is thought to contribute

negatively toward the stability of the zippers in both

models. However, the Glu residues in our proposed

models are either not interacting (model A) or

stacked in one direction (model B). The Sc and Ab

scores for this model are 0.65 and 204.9 Å2, respec-

tively, which are better than model A and I6V form

1, and comparable to I6V form 2. While this hetero-

typic zipper model might exist in solution we have

no evidence for it as it was not captured in the crys-

tallization trials, while the I6V form 2 zipper was

captured supporting the N6F catalysis mechanism.

Summary and Conclusions
AFM, IM-MS, and X-ray crystallography were uti-

lized to investigate fibril formation of neat hexapep-

tides designed from Ab protein and a mixture

containing the two hexapeptides. We have shown

that Ab hexapeptides that only weakly assemble on

their own can interact heterotypically when mixed

together and form fibrils and that b-sheet formation

occurs early in the hetero-oligomer assembly pro-

cess. Both negative and positive mode IM-MS detect

large, non-isotropic heteroligomers composed of I6V

and N6F peptides. In the pure peptides I6V is less

aggregation prone than N6F. However, in the mix-

ture I6V becomes more prone than N6F to form both

homo- and hetero-oligomers. Structural studies with

X-ray crystallography reveal a polymorphic form of

I6V steric zipper (Class 8)8 when crystals are formed

from the mixture in support of the formation of

more stable I6V homofibrils. The IM-MS data indi-

cate that hetero-oligomers are readily formed in the

mixture of I6V and N6F that are b-sheet rich.

Hence, the data are consistent with a model in

which N6F acts primarily as a catalyst in the

Figure 6. X-ray crystallography data of equal molar mixture of I6V and N6F. I6V forms a Class 8 zipper (form 2) in the presence

of N6F. It composed of pair of anti-parallel b sheets. Water molecules are colored in red and each sheet in gray and orange.

Figure 5. Scatter plot of the ratios of experiment to isotropic

cross sections; E(p,q) for hetero-oligomers detected in posi-

tive (red) and negative (blue) mode IM-MS experiments. The

size of each dot is scaled linearly with the values of E(p,q).

The larger the dot size the greater the deviation from isotro-

pic and hence the greater the b-sheet content.43 The raw

data can be found in Table S4 along with the method for

determining dot size.
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mixture of N6F and I6V promoting a new I6V steric

zipper and perhaps pure I6V fibrils.

An interesting and important aspect of protein

aggregation lies in the ability of different segments

within a protein, or parts of different proteins to

promote association and fibril formation. Our study

provides an example of two distinct segments in Ab

protein that can promote fibril formation when

mixed together. Our work has implications not only

for the mechanism of folding and assembly in Ab,

but also in the design of intrinsically non-

aggregating peptides that might carry a variety of

functional probes and only assemble when mixed

with another designed peptide. Such a strategy can

have wide applications in materials research and in

medical and environmental science.

Materials and Methods
A full description of methods is given in Supplemen-

tary Material. Briefly, for IM-MS samples were dis-

solved in water to the desired concentration, loaded

into gold coated nanoESI capillaries, and electro-

sprayed on home-built instruments.53,54 Positive

mode data were collected on an IM-MS instrument

consisting of a nano-electrospray source, an ion fun-

nel, a 2-m long drift cell, an exit funnel and a quad-

rupole mass analyzer.54 Negative mode data were

collected on another IM-MS instrument having a

shorter drift cell (�5 cm).53 In both cases, the ions

are pulled through the drift tube under the influence

of a weak electric field. At the end of the drift tube

ions of a particular oligomeric state are mass

selected and their arrival time distribution (ATD) is

Figure 7. Proposed models of heterotypic N6F/I6V steric zippers. N6F is shown in blue and I6V is shown in magenta. In model

A, the steric zipper is composed of two hetero-b mating sheets. In model B, the two mating sheets are homo b-sheets of I6V

and N6F.

Table I. Shape Complementarity (Sc) and Buried Surface Area (Ab, Å2) of the Different Structures Determineda

Peptide and Model
IFAEDV
(Form 1)

NKGAIF
(Interface 1)

NKGAIF
(Interface 2)

IFAEDV
(Form 2) Heterotypic Model A Heterotypic Model B

Sc 0.658 0.877 0.845 0.725 0.470 0.69
Ab 172 324 312 208 172 205

a Notice that the form 2 of IFAEDV (crystallized in the presence of NKGAIF) has higher Sc and Ab compared to form 1. Ab
was calculated using AREAIMOL by subtracting the solvent accessible area of one strand from a pair of sheets. Shape com-
plementarity was calculated for a pair of sheets.
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recorded. The arrival time is related to the collision

cross-section of the ion (see Supplementary Mate-

rial). For AFM images aliquots of the same peptide

sample solutions were drop cast onto freshly cleaved

mica slides and imaged on a MFP-3D-SA instrument

(AsylumResearch, Santa Barbara). X-ray crystals of

peptide solutions were grown in hanging drop VDX

plates (Hampton Research, Aliso, Viejo, CA) and all

data were collected at Advanced Photon Source (Chi-

cago, IL) beam lines 24-ID-E. Atomic coordinates

and structure factors have been deposited in the

Protein Data Bank as 5TXD for N6F, 5TXJ for I6V,

and 5TXH for I6V form 2.
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