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ABSTRACT: Although it is well accepted that the structure of amyloid fibrils is dominated by some form 
of antiparallel p-sheet, there are few details on the secondary structural arrangements of the constituent 
peptides and how these peptides pack together in the fibril. We describe here the use of scanning proline 
mutagenesis to map the secondary structural roles of each residue in amyloidogenic peptide fragments of 
the Alzheimer’s amyloid peptide @IA4. In two series of fragments related to residues 15-23 and 12-26 
of @IA4, we show that Pro replacement of any residue in the amyloidogenic sequence LVFFAED, 
corresponding to residues 17-23, leads to essentially complete loss of fibril formation and to excellent 
peptide solubility. Since peptidyl-prolyl bonds are incapable of forming standard extended chain 
conformations, the results suggest that residues 17-23 make up the @-sheet core of the fibrils formed by 
these fragments. In contrast to the proline replacements, alanine substitutions at residues 17, 18, and 20 
have no effect on fibril formation, while replacement of Phe19 reduces fibril formation to 15% of the 
level found for the wild type sequence. Scanning proline mutagenesis should play a useful role in mapping 
the secondary structural features of larger amyloidogenic peptide sequences, including longer, physi- 
ologically relevant forms of @/A4. In addition, these results suggest explanations for some amyloidogenic 
effects observed in disease-related peptides and also suggest a possible role for aggregation-inhibiting 
insertion of prolines in protein evolution and protein design. 

Amyloid is a highly insoluble, aggregated state of certain 
polypeptide sequences which is associated with a number 
of human pathologies, including Alzheimer’s disease, light 
chain amyloidosis, and familial amyloidosis (Cohen & 
Connors, 1987; Castano & Frangione, 1988; Benson et al., 
1989; Stone, 1990). Although the sequences of these 
polypeptides are not homologous, the morphology of amyloid 
is similar in all diseases. The deposits consist of fibrils which 
are 50-100 A in width and of indefinite length (Cohen & 
Calkins, 1959; Merz et al., 1983; Miyakawa et al., 1986; 
Roher et al., 1986). Biophysical characterization shows that 
the fibrils are rich in P-extended chain, most likely consisting 
of some form of stacked, antiparallel P-sheet called a cross$ 
structure (Eanes & Glenner, 1968; Bonar et al., 1969; 
Kirschner et al., 1986). Ordered structure is also suggested 
by the ability of many amyloid fibrils to display birefringence 
after binding the dye Congo red (Cooper, 1974). The 
existence of familial forms of amyloidosis (Benson & 
Wallace, 1989), as well as data on synthetic peptides (Hilbich 
et al., 1991a,b, 1992), shows that fibril formation can be very 
sensitive to single amino acid replacements. This argues for 
an underlying specific arrangement of polypeptide within the 
ordered fibrils. Unfortunately, the poor solubility and 
paracrystalline nature of amyloid fibrils have restricted 
knowledge of its structure to data from those few biophysical 
methods of modest resolution which can be used on 
noncrystalline solids. Although a higher resolution tech- 
nique, solid state NMR, has recently been applied to fibril 
structure (Spencer et al., 1991), to date there is no convincing 
model of how a particular amino acid sequence is arranged 
within the cross$ structure of a fibril. 
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Although it remains controversial, there is increasing belief 
that the amyloid fibrils formed in the brain in Alzheimer’s 
disease play an important causative link in the pathology 
(Selkoe, 1991; Sisodia & Price, 1992; Multhaup et al., 1993), 
in analogy to other amyloid diseases. These fibrils are 
composed primarily of a peptide called /3lA4, which is 
derived-presumably by proteolysis-from the membrane 
spanning region of a receptor-like molecule called the 
Alzheimer’s precursor protein (Kang et al., 1987). The 
predominant PIA4 peptides isolated from amyloid plaques 
are 40-42 amino acids in length (Roher et al., 1993). As is 
the case with most amyloid diseases investigated, purified 
BIA4, as well as many of its fragments, can be induced to 
form fibrils in vitro without the aid of other biological factors 
(Kirschner et al., 1987). Such synthetic aggregates, generated 
by “aging” solutions of pure PIA4 peptide, have been found 
to be toxic to neurons and other cells ex vivo (Pike et al., 
1991, 1993), supporting an important role for amyloid in 
Alzheimer’s pathology. Studies using PIA4 analogs and 
fragments suggest that PIA4 adopts an antiparallel P-sheet 
composed of strands involving regions near residues 12- 
25 and 30-40 (Hilbich et al., 1991a). 

Systematic replacement of the amino acids in a polypeptide 
sequence with a probe amino acid was introduced to explore 
the individual contributions of amino acids to the biological 
activitylreceptor binding of peptides (Regoli et al., 1974; 
Drouin et al., 1979), and with the advent of recombinant 
DNA methods has been extended to proteins (Cunningham 
& Wells, 1989). Although the most common replacing 
residue used is alanine, in principle such “scanning mu- 
tagenesis” can be performed with any amino acid that is 
diagnostic for a particular effect. For example, scanning 
cysteine mutagenesis has been used to identify sites compat- 
ible with disulfide formation (Kanaya et al., 1991). Since 
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were centrifuged at high speed for 5 min in a tabletop 
centrifuge. The supematant was then analyzed by RP-HPLC 
on a C18 column. The area of the A215 peptide peak was 
integrated, and the amount of peptide represented by the peak 
area was estimated from a standard curve generated using 
related peptides of known concentration (based on amino 
acid composition analysis). 

Circular Dichroism Spectroscopy. Samples for CD were 
mixed at RT in 10 mM phosphate buffer, pH 7.0, to a final 
concentration of 1 mg/mL. Non-proline-containing peptides 
were filtered in a Millipore 0.45 pM filter unit to remove 
some aggregated material. (However, the peptide concentra- 
tion of 1 mg/mL was confirmed on the soluble filtrate by 
HPLC analysis.) Spectra within the range of 180-260 nm 
were read in a Jasco-700 spectropolarimeter. Each spectrum 
represents the average of four repeats run in a 20 mm path 
length cell at a sensitivity of 20 mdeg/cm. 

Electron Microscopy. Peptides were applied to carbon- 
stabilized collodion-coated copper mesh grids and allowed 
to stand for 5 min. Excess material was wicked off and the 
residue negatively stained with 2% aqueous uranyl acetate. 
After 30 s, excess stain was wicked off and the samples were 
allowed to dry. Grids were examined with a JEOL lOOCX 
transmission electron microscope operating at 80 kV. 
Mass Spectrometry. Matrix-assisted laser desorption 

ionization mass spectrometry (MALDI-MS) data for the 
synthetic peptides were obtained on a Versec .“Voyager RP” 
linear time-of-flight instrument. Samples were suspended 
at about 0.3 mg/mL in an a-cyano-4-hydroxycinnamic acid 
acetonitrileItrifluoroacetic acid mixture along with the 8 -32 
fragment of salmon calcitonin (MW = 2708.5) as internal 
standard. Spectra were averaged over about 50 scans, with 
data collected and analyzed using a customizecj version of 
IGOR Pro (WaveMetrics). 

RESULTS 
Many fragments of PIA4 have been described which are 

themselves capable of aggregating into fibrils in vitro 
(Castano et al., 1986; Gorevic et al., 1987; Kirschner et al., 
1987; Halverson et al., 1990; Fraser et al., 1991; Hilbich et 
al., 1991a,b, 1992; Barrow et al., 1992; Caputo et al., 1992; 
Inouye et al., 1993; Jarrett et al., 1993; Pike et al., 1993). 
Since we were already exploring structure-function relation- 
ships in the sequence region 12-26 (Wood et al., 1994), 
which corresponds to one of two extended chain regions in 
models of PIA4 fibril structure (Hilbich et al., 1991a), we 
chose to explore this same region for the effect of introduced 
prolines. As expected from previous work (Fraser et al., 
1991; Hilbich et al., 1991a), we found that the wild type 
12-26 region aggregated to form a precipitate which binds 
Congo red (Table 1). We also designed a smaller peptide, 
P/A4( 15-23), a sequence which other studies have suggested 
forms the core, P-sheet forming region of the 12-26 
extended chain in PIA4(1-40) (Hilbich et al., 1992). 
Unfortunately, the 15-23 peptide composed of the wild type 
sequence of this peptide, QKLVFFAED, was highly in- 
soluble and difficult to work with (data not shown) and, 
therefore, was not pursued. However, we determined that 
the single amino acid replacement peptide, b/A4( 15- 
23;Q15K), is soluble in aqueous acetic acid. This Gln15-Lys 
mutant of the 15-23 peptide forms Congo red binding 
aggregate when exposed to appropriate conditions (see 

the occurrence of the amino acid proline in an extended chain 
is energetically highly unfavorable (Kim & Berg, 1993; 
Minor & Kim, 1994; Smith et al., 1994) due to constraints 
on its ability to support the required peptide backbone 
conformation (Richardson & Richardson, 1989), we consid- 
ered that a corresponding technique using prolines, “scanning 
proline mutagenesis”, might be useful for determining the 
secondary structure features adopted by different portions 
of a polypeptide in an amyloid fibril. We describe here the 
use of this technique to explore the ability of peptides 
consisting of the 12-26 region of PIA4 to support fibril 
formation when containing Pro at various positions. The 
results support models in which the 16-24 sequence 
KLVFFAEDV forms the core of one strand of P-sheet in 
the PIA4 fibril and suggest that scanning proline mutagenesis 
will prove a useful technique for mapping secondary structure 
in fibrils of PIA4 itself as well as other, longer amyloidogenic 
sequences. 

MATERIALS AND METHODS 
Materials. The peptides corresponding to PIA4 (12-26) 

with various proline substitutions were purchased from 
Chiron Mimetopes. The peptides corresponding to PIA4- 
(15-23;QEK) along with the various proline-substituted 
analogs were synthesized using standard Merrifield solid 
phase methods (Tam et al., 1983). All synthetic peptides 
were HPLC purified on a Vydac C 18 reversed phase column 
using linear gradients of buffer B (0.1 % TFA in acetonitrile) 
in buffer A (0.1 % TFA in water). Purity was confirmed by 
analytical HPLC. Correct amino acid compositions of 
purified peptides were confirmed by laser desorption mass 
spectrometry (Table 1). 

Fibrillization of PIA4 Analogs. Peptides were solubilized 
in 0.1% acetic acid at concentrations ranging from 1 to 2.5 
mgImL. For fibrillization studies peptides were incubated 
for 2 h in 25 pL of 50 mh4 2-(N-morpholine)ethanesulfonic 
acid (MES), pH 5.8 at room temperature (RT), and at peptide 
concentrations ranging from 0.26 to 0.49 mg/rnL. The mildly 
acidic pH of 5.8 was used since optimum fibril formation 
of both P/A4( 1-40) and /3/A4( 12-28) occurs in the pH 5.5- 
6.5 range (Wood et al., 1994). In this peptide concentration 
range and under these conditions, both fibril formation and 
the binding of Congo red to fibril are essentially complete: 
thus, the Congo red signal is linear with peptide concentration 
for fibril formation reactions of P/A4( 1-40) when peptide 
concentrations between 0.2 and 1.0 mg/mL are allowed to 
make fibrils (data not shown). All fibrillization incubations 
were set up in duplicate with parallel incubations in a 
microtiter plate well (for Congo red analysis) and in a 1.5 
mL Eppendorf tube (for RP-HPLC analysis). 

Congo Red Binding Assay. Fibrils were detected using 
the Congo red binding method (Klunk et al., 1989). After 
the fibrillization step, 225 pL of a 22.2 pM Congo red 
solution in 5 mM phosphate buffer with 0.15 M NaC1, pH 
7.4, was added to the fibrillization incubation and allowed 
to bind at room temperature. After 30 min, the absorbance 
of the Congo reafibril mixture was read at AS4O and A4*0. 

The concentration of Congo red bound to fibril, or Cb, was 
calculated using the equation: 

C, @M) = A540/25295 - A480/46306 

HPLC Assay. Fibril formation was induced, as described 
above, in a 1.5 mL Eppendorf tube. After 2 h, the tubes 
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Table 1 : Amyloid FormatiodSolubilities of PIA4 Fragment Analogs 

d Z '  d Z '  Fibril 9% Maximal 9i 

Peptide calculated observed Formation2 Fibril Insoluble4 

Format ion3 

VPHQKLVFFAEDVGS 

VHPQKLVFFAEDVGS 

VHHPKLVF FAEDVGS 

VHHQPLVFFAEDVGS 

KKPVFFAED 

KKLEFFAED 

KKLVEFAED 

VHHQKLWFAEDVGS 

KKLVFPAED 

KKLVFFPED 

VHHQKLVFFAPDVGS 

VHHQKLVFFAEEVGS 

VHHQKLVFFAEDEGS 

VHHQKLVFFAEDWS 

KKLVFFAED 

VHHQKLVFFAEDVGS 

1673.33 

1673.33 

1682.27 

1682.87 

1080.82 

1094.84 

1046.84 

1663.33 

1046.84 

I 122.86 

1681.34 

1695.36 

I7 1 I .33 

1753.37 

1096.85 

17 13.34 

1672.9 

1672.9 

1681.9 

1681.8 

1080.6 

1094.6 

1046.6 

1662.9 

1046.6 

1 122.6 

1680.9 

1694.9 

1710.9 

1752.9 

1096.8 

1712.9 

0.33 

0.29 

0.19 

0.06 

0 

0 

0 

0 

0 

0 

0 

0 

0.05 

0. I4 

0.34 

0.4 I 

81.6 

71.0 

45.9 

14.7 

0 

0 

0 

0 

0 

0 

0 

0 

12.3 

33.9 

100 

100 

98.8 

61.7 

43.9 

55.0 

n.d. 

n.d. 

n.d. 

0 

n.d. 

4.3 

0 

7.4 

28. I 

46.9 

96.5 

87. I 

I Masskharge ratio (molecular weight of protonated parent ion) in laser desorption mass spectrometry. * Ratio of concentration of Congo red 
bound to concentration of peptide in assay (see Materials and Methods). 96 calculated using the appropriate control, Pro-free peptide for each 
sequence. 96 insoluble is calculated from the RP-HPLC assay described in Materials and Methods. 

FIG IRE 1: Electron micrograph of fibril formation reactions. Bar inset = 50 nm. (a, Grid containing reaction of the sequence KKLVFF. E D  
incubated at 2 mg/mL in 0.25 M potassium acetate, pH 5.2. Mean fibril width, from 50 measurements, is 45.9 f 6.7 A using Optimas 
image analysis software (Edmonds, WA). (b) Grid containing reaction of a solution of 4 mg/mL KKLVEFAED incubated in the same 
buffer. 

Materials and Methods), and this aggregate displays typical 
fibril structure in electron micrographs (Figure la). We 
therefore used this QlSK mutant of /3/A4(15-23) to explore 
the effect of Pro replacements in a smaller peptide series. 

The degree of fibril formation was quantified by two 
methods: (a) the binding of Congo red, a diazo dye which 
binds amyloid structures (Puchtler et al., 1962), and (b) the 
depletion of soluble /3/A4 monomer as monitored by HPLC. 
The quantitation of Congo red binding to fibril, by monitor- 
ing the shift in the Congo red spectrum upon binding, was 
used previously by Klunk to determine binding constants 
and stoichiometry of binding of Congo red to preformed fibril 

(Klunk et al., 1989). By assuming unchanged binding 
stoichiometry and strong affinity for Congo red binding to 
fibrils regardless of peptide sequence, we adapt the method 
here to quantify the degree of fibril formation. Table 1 
displays the relative fibril formation for the series of peptides 
examined in this work as determined both by the Congo red 
binding method and by estimation of remaining soluble 
peptide using HPLC. In general, the results agree very well. 
Only one peptide, in which a Lys is replaced with Pro, gives 
significant disagreement between the two methods. In this 
case, less soluble peptide is obtained (by HPLC) than is 
expected on the basis of the amount of Congo red binding 
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FIGURE 2: Extent of fibril formation of a series of proline-containing 
peptides relative to the fibril formation in corresponding proline- 
minus sequences VHHQKLVFFAEDVGS and KKLVFFAED. The 
x-axis is the residue number of the amino acid replaced by proline 
corresponding to the data point. The y-axis is the percent of fibril 
formation compared to control peptide as deduced by quantitative 
Congo red binding (0) or the percent insolubilization compared to 
control as determined by quantifying soluble peptide in the 
supemate by reversed phase HPLC (0). See Materials and Methods. 

aggregate. This suggests a significant amount of nonfibrillar 
aggregate, which for this peptide may be attributed to the 
effect of the removal of a charged residue by the Pro 
replacement. The good agreement between these methods 
shown in Figure 2 suggests that the Congo red assay can be 
legitimately used to quantify fibril formation in such experi- 
ments. 

The results in Table 1 and Figures 1 and 2 show dramatic 
effects of Pro replacements on the extent of fibril formation. 
A proline substitution anywhere in the region of residues 
17-23 renders the peptide incapable of binding Congo red. 
Prolines at the neighboring positions, 16 or 24, diminish the 
fibril forming capacity of a peptide by approximately 80%. 
Prolines at position 15 or 25 reduce the capacity by about 
50% whereas prolines at positions 13 or 14 only slightly 
inhibit fibrillization. Since it could be argued that the 
diminution of fibril formation after Pro replacement might 
reflect a specific positive role of the WT amino acid, rather 
than a negative role for the Pro residue, we evaluated a series 
of alanine replacements as controls. Figure 3 shows that, 
of the four residue positions explored by alanine replace- 
ments, three had no effect on fibril formation. Only the 
replacement of Phe19 significantly reduced fibril formation. 
In contrast, proline replacement at all four positions com- 
pletely eliminated fibril formation. The differing extents to 
which the replacement of adjacent phenylalanines with 
alanine affect fibril formation are indicative of the specific 
packing interactions which must be at work in making up 
the fibril structure. 

Importantly, Pro replacement at a particular residue 
influences fibril formation in a similar fashion in both peptide 
series. Replacement of Leu17 or Alaz1 with Pro completely 
eliminates fibril formation in the 15-23 peptide, even though 
the replaced residue is only two residues away from the 
terminus of the peptide. In contrast, in the 12-26 series, 
Pro replacement of the amino acids His14 and Gln15, which 
are 2-3 residues removed from the N-terminus, continues 
to result in good fibril formation, suggesting that residues 
12-15 are not intimately involved in fibril structure. (We 
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FIGURE 3: Relative fibril formation by analogs of p/A4(15- 
23;Q15K), or KKLVFFAED, containing either proline or alanine 
replacements. Data are expressed as a percentage of the fibril 
formation by KKLVFFAED itself, as determined by the Congo 
red binding assay. Structures of the alanine replacement peptides 
were confirmed by mass spectrometry or amino acid composition 
analysis. 
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FIGURE 4: Circular dichroism spectra of KKLVFFAED (-), 
KKLAFFAED (- - -), and KKLEFFAED (- * -) determined as 
descnTed in Materials and Methods. 

have not investigated the possibility that the histidines may 
be more important for fibril formation at higher pH values 
where they are expected to be deprotonated.) A similar 
argument can be made for the lack of importance of residues 
25-26 in fibril structure. 

The fundamental B-extended chain structure of the ag- 
gregated states formed by these peptides, and the ability of 
Pro replacement to inhibit p-extended chain formation, is 
confirmed by examination of spectral properties of three 
B/A4(15-23;Q15K) peptides. KKLVFFAED, KKLMF- 
AED, and KKL,EFFAED were examined by circular 
dichroism (Figure 4), which has been used previously to 
observe the transition of B/A4 peptides from random coil to 
a &sheet structure (Hilbich et al., 1991a,b; Barrow et al., 
1992). The spectra of the two non-proline-containing 
peptides are superimposable, both exhibiting a positive 
maximum at 200 nm and minima at 218 and 228 nm. The 
200 nm maximum and the 218 nm minimum are typical for 
antiparallel B-sheet proteins (Yang et al., 1986). The 
spectrum of proline-containing KKLPFFAED has neither of 
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Table 2: Human Amyloid ProteinsD 
longest length of 

sequence peptide found 
protein lacking Pro in amyloid ref 

atrial natriuretic 28 -26 Westermark, 1994 

amylinb 37 37 Westermark et al., 

PIA4 42 42 Castano & Frangione, 

factor 

1986 

1988 
gelsolin 
cystatin C" 
serum amyloid A 
transthyretind 

apolipoprotein Ale 
Ig light chaid 
PZ microglobulin 
lysozyme 

62 
64 
76 
42 

58 
30- 
39 
70 

70 
110 
74-87 
281 

-85 

99 
130 

-50 -110 

Maury, 1990 
Ghiso et al., 1986 
Prelli et al., 1991 
Westermark et al., 

Nichols et al., 1987 
Kabat et al., 1991 
Connors et al., 1985 
Pepys et al., 1993 

1990b 

a Amino acid sequences were accessed from the Swiss Protein Data 
Base. Amylin is also known as islet amyloid polypeptide (IAPP).' The 
large fragment of cystatin C found in amyloid begins at amino acid 
residue number 11, just before the long Pro-minus sequence 14-77; 
the excised N-terminal decapeptide contains three prolines. The 
smallest transthyretin fragment found in amyloid begins at residue 46, 
at the beginning of the long Pro-minus sequence 44-85. e Native apoAl 
has 243 residues. The fragment found in amyloid is approximately 
the N-terminal85 residues, and this fragment includes the longest Pro- 
minus sequence in the entire 243 amino acid protein, from residues 8 
to 65. f Immunoglobulin light chains vary considerably in sequence, 
so it is practical to only list the range of Pro-minus sequences withm 
which the majority of light chains fall. 

these features; its predominant feature is a minimum near 
200 nm, normally assigned to random coil structure (Yang 
et al., 1986). A similar random coil spectrum was obtained 
for the proline analog KKLVFFCED (not shown). 

DISCUSSION 

It has been well established for over twenty years (Chou 
& Fasman, 1973) that proline residues are found only 
infrequently in P-sheets. There are three characteristics of 
the proline residue which can account for this behavior 
(Richardson & Richardson, 1989): (a) the conformation of 
a peptidyl-prolyl bond (4 = -60") imposed by the proline 
ring is incompatible with peptide bond geometries found in 
typical P-sheets (4 = -120°, = 140°), (b) the ring of the 
proline cannot otherwise sterically fit into the P-sheet 
H-bonding network, and (c) the peptide bond nitrogen of a 
peptidyl-prolyl group is not available to contribute to the 
P-sheet H-bonding network. In fact, a recent analysis of 
P-sheet structures shows that prolines never occur in the 
interior of antiparallel P-sheets (Wouters & Curmi, 1994). 
Such structural analyses are further supported by recent 
studies quantifying the effect on protein stability by substi- 
tuting a surface-exposed P-sheet position with various amino 
acids (Kim & Berg, 1993; Minor & Kim, 1994; Minor et 
al., 1994; Smith et al., 1994). If the fundamental structural 
unit of amyloid fibrils is the P-extended chain, then amy- 
loidogenic sequences should likewise be devoid of an amino 
acid which is incapable of supporting P-sheet formation. (It 
is possible that Pro residues might be accommodated within 
amyloidogenic sequences, if they are located in tums of loops 
responsible for chain reversal.) In fact, in most amyloidosis- 
associated proteins, proline either does not occur at all or is 
found only rarely, leaving long stretches of proline-free 
sequence (Table 2). These observations suggested to us that 
amyloidogenic sequences may be intolerant of Pro replace- 

ment and, in addition, suggested that Pro replacement might 
be a useful diagnostic tool in identifying amyloidogenic 
portions. 

Due to the synthetic difficulties involved in producing a 
series of "full-length'' PIA4( 1-40) analogs, we decided to 
test these hypotheses first on smaller amyloidogenic frag- 
ments of PIA4. The results presented here on the 12-26 
and 15-23 fragments support these concepts and suggest 
that residues 17-23 compose the core of the P-sheet formed 
when these peptides make amyloid fibrils. Since it is 
conceivable that PIA4( 1-40) may undertake fibril formation 
in such a way as to utilize the 17-23 region differently, 
these experiments would have to be repeated on full-length 
peptides to confirm the results for physiologically relevant 
sequences. It is, nonetheless, interesting that other workers 
have also identified the 17-20 region of full-length PIA4 
peptides as being important for fibril formation (Hilbich et 
al., 1992). Further, in agreement with data presented here, 
other work with different amino acid replacements in PIA4 
fragments also suggests that the His-His sequence at residue 
positions 13 and 14 is not involved in cross-p sheet (Fraser 
et al., 1994). The results presented here neither support nor 
contradict models of fibril formation for the full-length 
peptide that suggest an additional important role for the 29- 
42 sequence (Hilbich et al., 1992; Jarrett et al., 1993). 

The work presented here suggests that scanning proline 
mutagenesis carried out on longer sequences, of PIA4 and 
other amyloidogenic polypeptides, should be an effective tool 
for identifying the segments that are intimately involved in 
amyloid fibril structure-important information which is 
currently difficult to obtain. We have also recently used this 
technique to block amyloid formation in another PIA4 
sequence fragment known to be both amyloidogenic and 
toxic, in order to confirm the relationship between toxicity 
and aggregation (Wetzel et al., 1994). 

In solvents which generally favor a-helix formation, PIA4- 
(1-28) exists as an a-helix (Talafous et al., 1994). At the 
same time, the 12-28 sequence and its fragments strongly 
favor P-sheet structure and amyloid formation when incu- 
bated in native buffer around pH 6. Yet again, the insertion 
of a single Pro residue within one of these fragments leads 
to a random coil conformation (Figure 4). These results can 
be understood in terms of the low energy barriers to 
conformational interchange of most peptides in solution. The 
PIA4( 1-28) sequence and its fragments presumably possess 
such flexibility and are thus capable of being held into 
a-helix by appropriate solvent additives, or into P-sheet by 
the thermodynamic driving forces associated with P-sheet- 
mediated aggregation and precipitation. A single Pro 
replacement only modestly alters the spectrum of conforma- 
tions accessible to monomeric peptide in native buffers, but 
it significantly changes peptide thermodynamics by eliminat- 
ing the possibility of @-sheet formation. The intrinsic ability 
of many peptide sequences to adapt either a-helix or P-sheet, 
and the ability of the packing forces associated with the 
formation of both globular and amyloid protein structure to 
influence and control conformation, is presumably the basis 
for the a-helix to P-sheet transitions which must occur in 
the formation of amyloid by predominantly a-helical proteins 
like apolipoprotein A1 (Nichols et al., 1987) and lysozyme 
(Pepys et al., 1993), and which are now thought to be 
important in aggregation and infectivity of prions (Pan et 
al., 1993). 
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Knowledge of the proline effect may contribute to the 
understanding of particular amyloidogenic sequence alter- 
ations which have been described. (1) In human amylin, 
the GALS sequence at residues 24-28 has been implicated 
by other experiments to be the amyloidogenic core; in 
animals which do not exhibit this form of amyloidosis, this 
region contains 1-2 proline residues, whereas in animals 
which do, this sequence region lacks prolines (Westermark 
et al., 1990a). (2) In the senescence accelerated mouse 
( S A M ) ,  the 79 amino acid long polypeptide apoA-I1 is 
deposited into amyloid (Kunisada et al., 1986). Wild type 
murine apoA-11 contains a 45 amino acid long sequence free 
of proline. In the S A M ,  apoA-I1 has undergone two 
mutations rendering it amyloidogenic: Pro5-Gln (extending 
the Pro-minus sequence to 50 residues) and Va138-Ala 
(within this putative amyloidogenic, Pro-minus region). (3) 
The sequence 100-130 is a region of particular interest in 
the PrP protein associated with scrapie and human spongi- 
form encephalopathies (Prusiner, 1992). This region contains 
four of the mutations associated with genetic forms of the 
disease (Prusiner, 1992; Kitamoto et al., 1993), and a peptide 
portion of this region is itself capable of forming fibrils in 
vitro (Gasset et al., 1992; Forloni et al., 1993) and is 
neurotoxic on cultured cells (Forloni et al., 1993). Two of 
the four genetic lesions identified in this region are Pro-Leu 
mutations, at positions 102 and 105 (Doh et al., 1989; Hsiao 
et al., 1989; Kitamoto et al., 1993). (4) The placement of 
Pro residues may contribute to the amyloidogenicity of 
certain immunoglobulin variable domain sequences (R. 
Wetzel, unpublished observations). Such proline effects 
would also be consistent with the view that sequence effects 
on amyloidogenicity of globular proteins can be of two types, 
replacements which destabilize tertiary structure to allow the 
formation of an aggregation-prone folding intermediate 
(Hurle et al., 1994), and replacements which alter the ability 
of exposed segments of the intermediate to undergo effective 
cross-j3 formation (Wetzel, 1994). 

Given its unusual structure and properties, it might be 
expected that proline would generally play an important and 
unique role in the structure and properties of globular 
proteins. For the most part, however, this does not seem to 
be the case. Occassionally, prolines appear to make unique 
structural contributions, such as in the case of some cis 
peptidyl-prolyl bonds, but in many proteins prolines can 
be replaced by other amino acids without greatly influencing 
the folding pattern and/or stability of the product (Alber et 
al., 1988; Kiefhaber et al., 1990; Heming et al., 1992; Texter 
et al., 1992; Tweedy et al., 1993). On the basis of the results 
described here, we speculate that prolines are sometimes 
utilized in protein evolution not for any significant, unique 
contribution they make to the structure and function of the 
native state, but rather for their role in effectively blocking 
potentially devastating off-pathway aggregation reactions, 
such as amyloid and inclusion body formation, during folding 
in vivo (Wetzel, 1994). Formation of “amorphous” protein 
aggregates both in vitro and in vivo is associated with high 
levels of /?-sheet (Clark et al., 1981; Oberg et al., 1994; 
Przybycien et al., 1994), suggesting that proline insertion 
might block other modes of the abnormal assembly of 
proteins besides amyloid formation. Since proline residues 
can be accommodated in most elements of regular and 
irregular secondary structure, including in some helices 
(Alber et al., 1988) and on the edge strands of j3-sheets 
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(Wouters & Curmi, 1994), there would seem to be many 
sites in the polypeptide sequence where aggregation-blocking 
prolines might be inserted without affecting the structure and 
function of the native protein. Whether or not protein 
insertion plays such a role in protein evolution, the above 
reasoning suggests it should be useful in protein design, since 
aggregation in vivo and in vitro is a major barrier to the 
production of novel designed proteins. 
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