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Abstract: The interaction of left- and right-handed polylysine chains (poly(p-lysine) and poly(L-lysine)) results
in a dramatic increase in the propensity to form aggregated f-sheet structure (and amyloid-like fibrils),
which is reflected by an approximately 15 °C decrease of temperature of the o-helix-to-5-sheet transition.
While a relative volume expansion of 13—19 mL-mol~! accompanies the o-to-3-transition in a single
enantiomer, this does not hold true for the mixture, which, along with substantially more negative heat
capacity changes, points to a lower solvent-entropy cost of the transition as the possible thermodynamic
driving force of the diastereomeric aggregation. The underlying solvational mechanism may be one of the
decisive factors responsible for the spontaneous protein aggregation in vivo and, as such, may shed new
light on the molecular basis of amyloid-associated diseases.

Introduction polypeptide allows one to explore conveniently the recently
voiced hypothesis of the aggregation as a common generic
feature of proteins as polymers taking place whenever native
protein tertiary contacts are overruled by “polymer-like” main-
chain interaction$.

Thef-pleated sheet precipitates formed upon mixing of poly-
(L-lysine) (PLL) and polyg-lysine) (PDL) solutions were first
reported in a concise communication by Fuhrhop €t Ehe
relevance of this finding becomes clear only now, when protein
aggregation, once associated with the banality of spoiled protein  There is a wealth of studies on structural transitions in
samples, has become a major puzzle in bioscience. The shift ofPolylysine. At pH (pD) above 11.1, increasing temperature
interest toward protein aggregation is caused by the realizationinduces thex-to--transition and aggregation in Pland the
that this phenomenon lies behind several neurodegeneratives@me is expected for its enantiomer. The process is reversible
diseasedthe BSE crisi$,and may have important implications only at low concentrations. In acidic or neutral environments,
for early stages of cancerogenesis (e.g., ref 4). The presenth€ither helical nor extended structures of polylysine are
understanding of its mechanisms offers little more than pointing €nergetically possible because of repulsive forces between
to partial destabilization of a native protein as a prerequisite POsitively charged side-chain residues. On the other hand,
for its aggregatiofs. compensation of the polylysine’s charges through interactions

There are several reasons why polylysine is an excellent, yetWith a negatively charged polyglutamic acid allows both
probably simplest, model for protein aggregation studies. First, Polypeptides to assemble infesheet even at pB- 7.9 Several
it undergoes amx-helix-to3-sheet transition, the hallmark of ~ factors have been implicated to affect tfido-f-transition in
protein aggregatioh Second, it binds Congo Red, an amyloid- POlylysine. Those promoting hydration of the polypeptide (e.g.,
specific organic dy&.Third, it forms fibers with an amyloid-  high hydrostatic pressut were shown to favor the helical

like morphology? Finally, the sequenceless character of the conformation, while the generally dehydrating lipidic bilayérs
and anesthetié$ have the opposite effect. The first to report

IPoIish Academy of Sciences. the occurrence of th8-pleated sheet precipitates after mixing

University of Dortmund. ; _

(1) Fuhrhop, J. H.; Krull, M.; Bldt, G. Angew. Chem., Int. Ed. Engl987, PLL and PDL SOIUtIO_nS were F.Uhrhop and CO \_/vorkjers_.
26, 699-700. Although there are studies addressing stereospecific interactions

(2) Sipe, J. D.; Cohen, A. S. Struct. Biol.200Q 130, 88—98.
(3) Jackson, G. S.; Clarke, A. Rurr. Opin. Struct. Biol.200Q 10, 69—74.
(4) Lee, A. S.; Galea, C.; DiGiammarino, E. L.; Jun, B.; Murti, G.; Ribeiro, (8) Fandrich, M.; Dobson, C. MEMBO J 2002 21, 5682-5690.

R. C.; Zambetti, G.; Schultz, C. P.; Kriwacki R. W. Mol. Biol. 2003 (9) Ismail, A. A.; Mantsch, H. HBiopolymers1992 32, 1181-1186.
327, 699-709. (10) Carrier, D.; Mantsch, H. H.; Wong, P. T. Biopolymers199Q 29, 837—

(5) Fink, A. L. Folding Des.1998 3, R9—R23. 844.

(6) Jackson, M.; Haris, P. |.; Chapman, Biochim. Biophys. Actd989 998, (11) Carrier, D.; Mantsch, H. H.; Wong, P. T. Biochemistryl99Q 29, 254~
75—79. 258.

(7) Klunk, W. E.; Pettegrew, J. W.; Abraham, D.1).Histochem. Cytochem. (12) Chiou, J. S.; Tatara, T.; Sawamura, S.; Kaminoh, Y.; Kamaya, H.; Shibata,
1989 37, 1273-1281. A.; Ueda, I.Biochim. Biophys. Actd992 1119 211-217.

3762 m J. AM. CHEM. SOC. 2004, 126, 3762—3768 10.1021/ja039138i CCC: $27.50 © 2004 American Chemical Society



Low-Volume Pathway To Form /3-Sheet Aggregates

ARTICLES

of PLL and PDL with sugar&>14the phenomenon of stereospe-
cific cooperative aggregation of polylysine’s enatiomers has not

spectrum, a corresponding,® spectrum was subtracted. All data
processing was performed with GRAMS software (ThermoNicolet,

been explored any further. The diastereomeric self-assembly ofUSA)- o _
enantiomers is not unique to polylysine and has been observed Circular Dichroism. The concentrations of samples of pure PLL

for other compounds (e.g., refs 15 and 16). As we show here,
for polylysine, this phenomenon is of quite intriguing nature,

because as opposed to the interaction of polylysine with
polyglutamic acic it is not driven by simple charge compensa-

tion, but an efficient chain/solvent packing in the 3D hydrogen-

bonded polypeptide networks. We suggest that a similar
explanation may apply to amyloidogenesis of proteins. The
driving force of the diastereomeric aggregation appears to be
increased water entropy gained by the packing mode of
polylysine chains. The fact that the process occurs at a
temperature at which single enantiomers form thermodynami-

cally stable helical conformations proves that these structures

remain, even at low temperature, in a dynamic equilibrium with
aggregation-competent intermediate states.

While circular dichroism (CD) and Fourier transform infrared
(FTIR) spectroscopy, as well as differential scanning calorimetry
(DSC), are well-established techniques for monitoring structural
and solvational transitions in proteins, pressure perturbation
calorimetry (PPC) is an efficient method yielding precise data
on the apparent volume expansion coefficientdf the protein
as a function of temperature, which sensitively depends on
perturbations in hydration caused by temperature- or denaturant
induced unfolding and aggregatidhThrough integration of a
PPCa vs T plot with temperature, a relative volume change
accompanying the transition can be calculated. BRET plots
largely reflect the kosmotropic (mostly hydrophobic) or chao-
tropic (polar and charged) character or amino acid side-chain
residues interacting with the surrounding solvent. A more
comprehensive description of the theory, methodology, and
applications of PPC was given elsewhéfe-®

Materials and Methods

Samples.PLL and PDL of approximately 27 kD molecular weight
were purchased from Sigma, USA. Typically, the samples were
prepared by dissolving the polypeptide in eitheHmost of the CD,
DSC, and PPC measurements) oOFTIR) at 1 to 2 wt % (0.05 wt
% for CD measurements) concentration. pD (pH) of the samples was
adjusted to 11.6 with diluted NaOD (NaOH). To prevent spontaneous
heat-induced aggregation, all sample handling was done in an ice-bath

Fourier Transform Infrared Spectroscopy. For acquisition of FTIR
spectra, Caftransmission windows and 0.05-mm Teflon spacers were

and PDL were verified spectrophotometrically at 225 nm. The spectra
were recorded on a JASCO J-715 spectropolarimeter equipped with a
thermostated cylindrical cell (1-mm path length) from 260 to 190 nm
under continuous nitrogen purge. Temperature was increased in a
stepwise manner from 10 to 7€ at a heat rate of 20C/h. The CD
spectra were expressed as mean residue elliptiityn degcn?-dmol™.

Atomic Force Microscopy. Fibrillar samples for AFM-imaging were
obtained through a prolonged incubation (120 h) of mixed 1.5 wt %
solutions of PLL and PDL in kD, pH= 11.6, at a temperature below
the conformational transition of a single enantiomer {2). Subse-
quently, the sample was applied onto freshly cleaved mica (muscovite
mica from Plano GmbH, Wetzlar, Germany). After drying the samples
in air (1-2 h), the data were acquired in tapping mode on a MultiMode
AFM microscope equipped with a Nanoscope llla Controller from
Digital Instruments (Santa Barbara, CA, USA). Commercial silicon
cantilevers (“NCHR” from Nanosensors, Neuchatel, Switzerland) with
42 N/m stiffness and 300 kHz resonance frequency were used.

Differential Scanning Calorimetry. Differential scanning calorim-
etry measurements were carried out on a VP DSC calorimeter from
MicroCal (Northampton, MA). The calorimeter’'s sample cell was filled
with ca. 0.5 mL of solution, while the reference cell was filled with a
matching buffer. In all measurements, a scan rate oPQh was
applied.

Pressure Perturbation Calorimetry. Pressure perturbation calo-
rimetry measurements were carried out on the VP DSC calorimeter
equipped with MicroCal’'s PPC accessory. An extensive description of
the technique is placed elsewhéfé?2°Five bar gas (B pressure jumps
were applied to samples during all PPC cycles. Under the same
experimental conditions, a set of reference sampléfer, buffer-
buffer, buffe—water, and waterwater measurements was carried out
each timé? In all measurements an effective 2G/h scan rate was
applied. The value of partial specific volume of polylysine used for
the volumetric calculations was 0.71 &gre.

Results

Figure 1A presents temperature-inducetb-3-refolding and
aggregation of PDL (top) and PLL (bottom) upon gradual
heating from 10 to 70C at 20°C/h scan rate, monitored by
far-UV CD. The two minima (maxima for PDL) at 208 and
222 nm in the initial spectra are typical farhelical structures.
The positive values of ellipticity of PDL are expected for any
left-handed polyamino acid. The data show that for a pure
enantiomer the transition starts above°80and is complete at
50 °C, reflected by the single ellipticity peak at 216 nm. The

used. The temperature in the cell was controlled through an external fla}t spectrum in the centgr correqunds to the equimolar racemic
water-circuit connected to a PC-controlled thermostat. All FTIR spectra Mixture of both enantiomers. Figure 1B shows how the
were collected on a Nicolet Nexus FT-IR spectrometer equipped with conformational transition in polylysine affects the infrared amide
a liquid nitrogen-cooled MTC detector. For each spectrum, 256 |I' band. The characteristic splitting of the band into two
interferograms of 2 cnt resolution were co-added. The sample chamber components-minor peak (F(o,)]) at 1682 cnt! and major

was continuously purged with G@ree, dry air. From each sample’s  peak (p(wr,0)]) at 1612 cnil—is typical for an antiparallel
B-shee At 20 °C, the interaction of the mixed basic solutions
of PLL and PDL has enhanced a fast conformatiandb-£-
transition and, on a time scale of several days, has led to the
formation of amyloid-like fibrils, whose AFM images are shown

in Figure 2. Judging by the shear thickness, the defect-rich fibrils
represent apparently various stages of structural assembly: from
protofibrils to mature amyloid-like forms. It should be stressed
that, although the time scale of the incubation is similar to that
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Figure 2. AFM images of fibrils obtained after 120 h incubation of an
equimolar mixture of 1.5 wt % solution of PLL and PDL in water, pH
11.6.

major spectral componerit(r,0)] in the racemig3-sheet spectra
is blue-shifted by roughly 2 cmi. This apparently holds true
at high temperature, i.e., the once-formed racefpisheet
remains stable even under conditions that could favor competi-
tive L-only and p-only (-sheet aggregates. In the case of
hydrogen-bonded structures, like this one, a blue-shift of the
amide | band equals a weakening of the interchain hydrogen
: : : : : : bonding.
1720 1700 1680 1660 1640 1620 1600 The fact that for the pure enantiomers the transition is
reversible and, under the experimental conditions, thermody-
) A ion i POL 4PLL b dual namically controlled has become a good starting point to use
ﬁg’tﬁé 'fr((mz (fg(:f }t{,%lsgtloz%tr(':,h s(’:;%p};g, mon’ito?ggrggll#g?ﬁugacgé the FTIR data presented in Figlure 3A to calculate corresponding
The flat spectrum in the center corresponds to the equimolar, racemic Van't Hoff's AH values AH, (Figure 3C and Table 1). Because
mixture of both the enantiomers, 0.05 wt % solutions ¥OHpH = 11.6. of different molecular weight distributions of the samples, the
(Ié)/ r? stc(:)a[; trgr;%oonnic:; ;sz;pFo% F%I,razdazlt;nesf:ﬂg J;Zn?fég ;OD"fi:Diltli_)‘? values ofAH\,H and A.S"H’ the corresponding entropy change,
The arrows indicate directions of spectral changes with temperature. must be judged cautiously. Moreover, the values calculated for
the racemic samples would not bear any thermodynamic
warranting the fibrillization of a single enantiomer, PEnly meaning because of the irreversibility and clearly biphasic
mixed enantiomers would form the fibers at 20, namely, character (Figure 3) of the transition. The implied endothermic
below the temperature that triggers the conformational transition character of thex-to-S-transition has been confirmed by DSC
in a single enantiomer of polylysine. The inherent lack of optical scans shown in Figure 4A. The peaks’ positiohg)(correlate
activity in the equimolarly mixed PDI+ PLL samples rules roughly with the midpoints of the transition estimated through
out application of CD for monitoring of conformational transi- FTIR, although the separation between the transitions for single
tions in the sample. On the other hand, tho-S-transition and mixed enantiomers becomes 2D. The previously ex-
affects the infrared spectra of polylysine essentially in the same pressed caution as to the thermodynamic validityAbf and
manner, whether this occurs in the pure enantiomers or their ASvalues applies to the data obtained through DSC (Table 2).
mixture. Therefore, the infrared data may be used for drawing Nevertheless, in either case the transition appears to proceed
quantitative plots of the transition degree. This has been donewith marked positiveAHcaicd and AScaicd = AHcaied Tm Values.
accordingly in Figure 3A. The two curves plotted for the pure These values agree roughly with the van’'t Hofksl, values
enantiomers are very similar. The minute differences between calculated from either the FTIR data (Table 1) or DSC data
them are certain to reflect minor variations in molecular weight (Table 2), proving a marked degree of cooperativity of the
of both samples. The third curve (mixed enantiomers) reveals transition. The relative decrease in heat capadity,j deepens
a dramatic decrease (by roughly i16) of temperature of the  when the transition leads to the diastereomgrigheet.
o-to-p-transition. Apart from this change, and the process DSC and CD have also been used to address the issue of
becoming irreversible, the FTIR data reveal one more difference. preferential stoichiometry of the PDI+ PLL assembly.
Namely, as shown in ensuing Figure 3B, the position of the Although for a system of self-assembling enantiomers only the
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Wavenumber [em™]
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Figure 3. (A) a-to-S-transition in the chiral and racemic polylysine samples
monitored by FTIR spectroscopy, 2 wt % solutions ipCD) pD = 11.6,
scan rate 20C/h. The degree of transition is approximated by the relative
intensity of thes-sheet content at 1612 crh (B) Spectral position of the
[-sheet §(7,0)] component of the amide band. (C) The corresponding
van't Hoff plots; f, mole fraction off-sheet structures.

Table 1. AH,y and ASy4 Values Corresponding to the
o-to-f-Transition in Polylysine Calculated from the FTIR Data
According to the van't Hoff's Equation and the Data Shown in
Figures 3A,C2

range of temp considered AHy ASyy
sample (°C) (kJ mol™4) (kJ K™t mol™?)
PLL 33-37 458 @32) 1.48 ¢0.12)
PDL 30-37 345 ¢17) 1.10 ¢0.05)

a Error bars given in parenthesis reflect only deviations derived from
the linear regression calculations.

1:1 stoichiometry is plausible, as any other would, in the end,
violate the symmetry of interactions law, a question remains
whether the diastereomeifizssheet is capable of incorporating

E
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E
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Figure 4. (A) DSC scans of PLL (black solid line) and PDL (thick gray
line) and their equimolar mixture (black dashed line). (B) DSC scans of
PDL + PLL mixture at the molar ratios 1:2 (black solid line) and 2:3 (thick
gray line). The polypeptides were dissolved igCHat 2 wt % concentration,
pH = 11.6, and the scan rate was 20/h.

Table 2. AHcaicd and AScaca Values Corresponding to the
o-to-p-Transition in Polylysine Calculated According to the DSC
Curves and the Data Shown in Figure 4A2

Sample Tm (QC) AHva AHca\cdh AScalcdC AcpC
PLL 41 (1) 452 @7) 306 &7) 0.97 &0.02) —4.1 (0.2)
PDL 40 1) 383 (@7) 389 (&7) 1.24 (-0.02) —5.4 (+0.2)

PLL+PDL 21@2) =233 =342  1.16{0.02) —8.1(+0.8)

a Error bars are given in parenthesis. For the mixture, the data are of
limited value because of the irreversible nature of the transifiom kJ
mol=t. ¢ In kJ K™t mol™1.

Figure 5 illustrates analogous experiments with 50 and 100%
excesses of the left-handed polylysine monitored by CD. Should
a small fraction of the excess enantiomer be trapped in the (L
D) -sheet, this would act as a conformational label permitting
a look into the secondary structure of the otherwise racemic,
thus invisible in CD, aggregate. Despite the approximately 20-
fold concentration decrease, as compared to the DSC experi-
ment, the course of conformational changes in Figure 5
corresponds closely to the changes seen in Figure 4B. Namely,
the excessive PLL undergoes the transition either at a temper-
ature typical for single enantiomer (Figure 5A: the large 100%
excess partially “rejected” by the {tD) g-sheet) or at the much

an excess of one enantiomer. Figure 4B shows that at a relativdlower temperature of the diastereomeric transition (Figure 5B:
50% excess of PLL, the endothermic peak becomes markedlythe 50% excess incorporated in the{D) $-sheet).

asymmetric. A 100% excess of PLL renders the DSC curve

The PPC data are shown in Figure 6. The negative slopes of

composed of two peaks: one as for an equimolar mixture of the a vs T plots are expected for any (monomer or polymer)

PLL + PDL, while the other is typical for a single enantiomer.

chaotropic amino acid, such as PLL, its optical isomer PDL, or

J. AM. CHEM. SOC. = VOL. 126, NO. 12, 2004 3765
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Figure 5. (A) Far-UV CD spectra of 1:2. (B) 2:3 PDi PLL mixtures at
different temperatures. The effective concentration of an optically active
excess of PLL is 0.05 wt %, pk+ 11.6.
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Figure 6. PPC plots of PLL, PDL, and their equimolar mixture. The
polypeptide was dissolved at 2 wt % concentration, $H.1.6, and the
effective scan rate was 2C/h.

their mixture. The minute differences between PLL and PDL
PPC curves are again likely to reflect different molecular weight

distributions of the samples. Thus, as expected, in a parallel

PPC experiment on pure monomers]ysine andL-lysine
(where no molecular weight distribution problem exists),

3766 J. AM. CHEM. SOC. = VOL. 126, NO. 12, 2004

Table 3. Volumetric Effects upon the a-to-S-Transition in
Polylysine Calculated According to the PPC Plots and the Data
Shown in Figure 62

sample Tm (°C) AV (mL mol™)
PLL 40 (£2) 19 @&1)
PDL 40 £2) 13 1)
PLL + PDL ~0

a8 The value of molecular weight of polylysine taken for the DV
calculations was 27 200-giol~%. The error bars are given in parenthesis.

identical oo vs T plots were obtained (data not shown). An
important and well-reproducible difference between any of the
enantiomers and the mixture consists of the presence of a local
peak around the transition temperature only for the pure
compounds. Such a feature in a PPC plot signifies a volume
expansion of the system. The volume expansion upon the
transition for PLL and PDL is estimated to be 19 and 13
mL-mol~1, respectively (Table 3). Given the average molecular
weight of the samples (27 kD) and the partial specific molar
volume of polylysine (0.71 cfg~1), these values translate into
relative volume changes of 0.1 and 0.07%, respectively. The
data show no measurable volumetric effect when the diastereo-
meric -sheet is formed, however.

Discussion

Irrespective of the stereochemical composition, the FTIR
spectra of polylysine in3-sheet conformation are virtually
identical, which implies that the antiparallel fold is maintained
upon the diastereomeric self-assembly. The transition in the
racemate begins at a temperature at which each of the single
enantiomers remains in the stabldnelical conformation (Figure
3A). This proves that, at least above °I5, the helical structures
of PLL and PDL must be in a dynamic equilibrium with an

aggregation-prone intermediaté): ( a*ﬁl. It has been sug-
gested recently that intermediate stages obthe-S-transition

in polylysine may be populated by distinguishable conformations
of the lysine side chain&.It appears that the transition can be
triggered off either reversibly by a temperature-induced change
in the equilibrium constank, or irreversibly through converting

of the aggregation intermediatek, into the diastereomeric
[-sheet until the whole helical content of both the enantiomers
has undergone the reaction. In the time scale of all the FTIR,
CD, DSC, and PPC measurements carried out in this study, only
early 5-sheet aggregates are likely to occur, which, only when
given enough time for further structural rearrangement, trans-
form into fibrillar structures, such as shown in Figure 2. The
fibrils appear to have more defects than those composed of a
single enantiomer observed by Fandrich and Dol§$one may
speculate that the pronounced irreversibility of the diastereo-
meric aggregation has some contribution here, as this, on the
molecular scale, would be likely to reduce the chains’ capability
of a topological rearrangement of a once-fornfiestrand. The
minor nonideality of correlation between the FTIR and DSC
data (vide the corresponding intertransition 15 and °20
separations), as well as the visible asymmetry of the DSC peaks
(Figure 4A) and the sigmoidal plots (Figure 3A), can be
explained in terms of slightly different molecular weight
distributions in the samples. Namely, these are likely conse-

(21) McColl, I. H.; Blanch, E. W.; Gill, A. C.; Rhie, A. G. O.; Ritchie, M. A,;
Hecht, L.; Nielsen, K.; Barron, L. DI. Am. Chem. So2003 125 10019~
10026.
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quences of subpopulations of chains interacting with different sharing and reduction of the thermodynamically unfavorable
mutual affinity and facing various activation energy barriers on component of polypeptide hydration: the highly structured
the transition pathway. The 2 crhblue-shift reported for the ~ water. The radically more negative values of the heat capacity
diastereomeri@-sheet (Figure 3B) indicates weaker interchain changeAC,, upon the formation of the diastereomefisheet
hydrogen bonds, which are likely to bring about larger separa- support this claim (Table 2). Namely, the data imply that the
tions between the polypeptide chains as compared to the chiraldecrease in the number of water-polypeptide contacts is more
fp-sheet. Interestingly, such a “horizontal” expansion of the substantial when the diastereomeftisheet is formed. In other
diastereomerigg-sheet must be compensated profusely by a words, the racemi@-sheet aggregate imbibes less water than
perpendicular (or “vertical”) compression of the multistranded the single enantiomep-sheet doe& This is in excellent
B-sheet layerd! since the PPC data show an overall volume accordance with the 2D-FTIR study by Muller et al., who
decrease (Figure 6, Table 3). The volume expansion observedshowed that a red-shift in the amidebland of PLL would not
during thea-to-5-transition in a single enantiomer is a sum of only signify strong hydrogen bonding, but strong hydration of
contributions from low-density low-entropy water around the the polypeptide backbone as wéllin light of this finding, the
partly hydrophobic, thus water-structuring lysine side chains, blue-shift reported here suggests a reduction in the amount of
and to some extent changing void volumes. We might speculatewater participating in the hydration of diastereomeisheet.
and mention that the low-density water around hydrophobic On the other hand, the corresponding retardation of the decrease
residues (if mainly hydrophobic!) consists of more pentagonal of o observed above 4%C in PPC (Figure 6) suggests that the
ring structures, as described earfief3We believe that the latter ~ diastereomerig@-sheet traps water more tightly.
contribution does not dominate, because the polypeptide, unlike The data presented in Figures 4A and 5 show that the
folded proteins, has a flexible structure, permissive to a rapid diastereomeric self-assembly has, as expected, a 1:1 preferential
solvent exchange and penetration. Therefore, the observed smaltatio, but at the same time, the process permits some nonideality,
volume expansion most likely stems from the larger amount of and a small excess of one enantiomer may be trapped in the
structured water trapped betwegrsheet strands compared to  stoichiometric I-D f-sheet, subsequently following the tem-
the helical state. In light of the study by McColl et al., the perature-induced transition in the manner typical for the “host”
volume expansion could be related directly to the transient structure. This flexibility reminds us of the cooperative character
conformational state of the side chafidJnder closer scrutiny,  of the a-to-3-transition in PLL itsel?> The work reported that
the PPC plot in Figure 6 reveals another interesting difference PLL samples of a broad molecular weight distribution undergo
between the structural transitions in mixed and pure enantiomersthe structural transition at an intermediate temperature compared
of polylysine. As has been stated in the Results section, theto the ingredient chains.
positive, yet quickly decreasingvs T dependencies reflect the The preferential self-assembling interactions of peptides of
chaotropic character of lysine and are expected to be identicalopposed chirality are neither unique to polylysf nor
for both enantiomers. The minor differences seen in the figure generally expecte#f. The existence of extended flat multi-
in the low-temperature range (Figure 6) may again be attributed strandeds-sheets in pure PLL has been recently implicetfed.
to the different distributions of molecular weights in the samples. We propose that a similar structure is maintained in the
As expected for a mixture of equal amounts of PLL and PDL, diastereometrig-sheet, though it becomes more horizontally
the initial values ofo are intermediate with respect to the (along the interchain hydrogen bonding) expanded and vertically
ingredient enantiomers. However, at temperatures aboV€45  (perpendicular to the chains) collapsed.
the apparent thermal expansion coefficient corresponding to the  The juxtaposed spectroscopic, calorimetric, and volumetric
diastereomerig-sheet is slightly larger than that for the chiral data convey a picture of the drastic changes in the polypeptide’s
B-sheet aggregates. This effect cannot be explained by anythingoreferences for thg-sheet fold and the simultaneous aggrega-
other than a stronger binding (and hindered release) of watertion stemming from fine coupling of its own structure and the
molecules in the diastereomefiesheet. solvent-structuring properties. The dramatically increased pro-
The diastereomeric self-assembly is apparently a more pensity to aggregate is accompanied by a marked decrease in

effective way of packing the chains, also in terms of the overall water—polypeptide contacts and the restrained flexibility of the
reduction of hydrating water. A number of hydrophobic solvating water molecules. Apparently, similarly constrained
compounds have been shown to promote extended structuresvater molecules (compared to the protein native state) are a
in PLL.22 These predominantly small and geometrically flexible distinguished feature of amyloids, which when formed are
molecules, such as halothane, are fit to partition into the accompanied by negative heat capacity changes (e.g., refs 19
hydrational layers of PLL and, possibly through sharing common and 27) and reveal unmatched resistance to heat- (e.g., ref 28)
low-density water, reduce the entropic costs of the formation and pressure-denaturation (e.g., ref 29), both of which are
of the extended structure. Although no explicit volumetric data enhanced by the presence of flexible water molecules. A number
of this effect were put forward, high-pressure FTIR spectroscopy of studies implicated a profound connection between hydro-
showed a marked stabilization of the polylysingdssheet phobic and hydrophilic hydration of a polypeptide and its
structure against pressure!? i.e., the volume increase ac-
companying thex-to-g-transition in polylysine is apparently (24 Muller, M.; Buchet, R.; Fringeli, U. RIl. Phys. Cheml996 100 10816-
reduced in the presence of hydrophobic molecules. It seems tha{25) Dzwolak, W.; Muraki, T.; Kato, M.; Taniguchi, YBiopolymersin press.
in the case of the diastereomeric self-assembly, the particular(ze) Esler, W. P.; Stimson, E. R.; Fishman, J. B.; Ghilardi, J. R.; Vinters, H.

)

)

)

) - . . V.; Mantyh, P. W.; Maggio, J. EBiopolymers1999 49, 505-514.

geometry of the ED side chains’ packing enables effective (27) Lohner, K.; Esser, A. FBiochemistry1991, 30, 6620-6625.

(28) Appel, T. R.; Wolff, M.; von Rheinbaben, F.; Heinzel, M.; RiesnerJD.
Gen. Virol.2001, 82, 465-473.

(22) Teeter, M. M.Proc. Natl. Acad. Sci. U.S.A984 81, 6014-6018. (29) Duboais, J.; Ismail, A. A.; Chan, S. L.; Ali-Khan, Bcand. J. Immunol.

(23) Head-Gordon, TProc. Natl. Acad. Sci. U.S.A.995 92, 8308-8312. 1999 49, 376-380.
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propensity to aggregate (e.g., refs 30 and 31). It thus appearshe experimental conditions) propensity to form intermolecular
that polypeptide hydration may be one of the key aspects of 5-sheets, this becomes overruled through their solvent-mediated
the protein aggregation phenomenon. A very recent study interactions. In vivo, a similar role may be played by proteins’
addressing this problem in a case study on transthyretin (theamino acid side-chain residues, which, while sharing low-density
protein recognized to form in vivo amyloids in onsets of familial water, may lead the protein, through the aggregation, to a free-
polyneuropathies) proved that the disease-associated pointnergy minimum that is inaccessible to the conformation of a
mutations simply induce dramatic changes in protein hydration, single molecule.

and the same effect can be evoked by a physical process of
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