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Abstract: The goal of this study was to examine fibril formation by the heterodimeric eukaryotic
histones (H2A-H2B and H3-H4) and homodimeric archaeal histones (hMfB and hPyA1). The histone

fold dimerization motif is an obligatorily domain-swapped structure comprised of two fused

helix:b-loop:helix motifs. Domain swapping has been proposed as a mechanism for the evolution of
protein oligomers as well as a means to form precursors in the formation of amyloid-like fibrils.

Despite sharing a common fold, the eukaryotic histones of the core nucleosome and archaeal

histones fold by kinetic mechanisms of differing complexity with transient population of partially
folded monomeric and/or dimeric species. No relationship was apparent between fibrillation

propensity and equilibrium stability or population of kinetic intermediates. Only H3 and H4, as isolated

monomers and as a heterodimer, readily formed fibrils at room temperature, and this propensity
correlates with the significantly lower solubility of these polypeptides. The fibrils were characterized

by ThT fluorescence, FTIR, and far-UV CD spectroscopies and electron microscopy. The helical

histone fold comprises the protease-resistant core of the fibrils, with little or no protease protection of
the poorly structured N-terminal tails. The highly charged tails inhibit fibrillation through electrostatic

repulsion. Kinetic studies indicate that H3 and H4 form a co-fibril, with simultaneous incorporation of

both histones. The potential impact of H3 and H4 fibrillation on the cytotoxicity of extracellular
histones and a-synuclein-mediated neurotoxicity and fibrillation is considered.

Keywords: protein folding intermediates; oligomeric proteins; aggregation; amyloid;

domain-swapping

Brief Statement of Significance

Studying the propensity for fibrillation of different

histones under varied conditions provides insights

into the relative contributions of solubility, stability,

and electrostatics in the context of an obligatorily

domain-swapped structure. Fibril formation by histo-

nes, H3 and H4 in particular, has been implicated in

the cytotoxicity of extracellular histones and a-synu-
clein amyloidogenesis.

The histone fold is a dimerization motif com-

prised of three a-helices; the long central helix of

�30 residues is flanked on the N- and C-termini

through b-loops to shorter helices of �10 residues.

Two histone folds dimerize in a head-to-tail orienta-

tion, and the juxtaposed b-loops form a parallel

b-bridge.1,2 A common function of histone-fold-con-

taining oligomers is the formation of protein–DNA

complexes.3 Example macromolecular complexes are

the nucleosome core particle (NCP) and TAFs, Tata-

Binding-Protein Associated Factors of the TFIID
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transcription regulation complex, and the SAGA his-

tone acetyltransferase complex.4–6 The NCP, the basic

repeating unit of eukaryotic chromatin, consists of

�150 bp of DNA wrapped in 1.65 turns around eight

histone proteins—two H2A-H2B heterodimers and an

(H3-H4)2 tetramer. The latter is a dimer of hetero-

dimers that associate via a four-helix bundle formed by

the C-termini of the H3 and H30 histone folds (Fig. 1).

The parallel b-bridges formed upon dimerization make

significant interactions with the DNA backbone.2,7

The four eukaryotic histones of the NCP share a

common dimerization fold with very similar back-

bone structures that overlay with root mean square

deviation (RMSD) values of 1–2 Å, despite sequence

conservation of only 5–10%.8 These histones also

contain polypeptide elements that extend beyond the

canonical three-helix histone fold. All four histones

have poorly structured N-terminal tails that are the

sites of regulatory post-translational modifications

such as acetylation, methylation, and phosphoryla-

tion.9,10 H3 and H2B contain additional N- and C-

terminal helices, respectively, while H2A and H4

contain relatively unstructured C-terminal tails. In

contrast to the high sequence divergence between

the four eukaryotic histones, the individual histones

exhibit high sequence identity across species. For

example, the H3 histones of Xenopus laevis, used in

this study, bovine (used in a previous study of fibril-

lation)11 and humans are 98% identical, with two

differences in 135 residues, and the H4 histones

from the three species are identical across 102

residues.

Beyond the impact of histone equilibrium and

kinetic folding properties on NCP function, the his-

tones are an interesting model system to investigate

protein folding and misfolding. Firstly, the histone

fold is a domain-swapped structure. Secondly, histo-

nes with similar structures fold by different kinetic

mechanisms.12–15

3D domain swapping describes oligomeric struc-

tures where an element of structure (ranging from a

single a-helix or b-strand to an entire globular

domain) is exchanged between monomers such that

the swapped segment makes intermolecular interac-

tions in the dimer that are similar to the intramolec-

ular interactions found in the closed monomer.16–19

Domain swapping has been proposed as a mecha-

nism for the evolution of oligomeric structures, and

is a plausible hypothesis for the evolution of the

dimeric histone fold from a single motif.20 The ca-

nonical three-helix histone fold may have arisen by

duplication and then fusion of two tandem helix-

strand-helix (hsh) motifs (Supporting Information

Fig. 1). Because the hsh motifs are fused directly to

each other in the long central a-helix, there is no

longer a linker or hinge, and thus, the elongated

histone fold must dimerize in an obligatorily 3D

domain-swapped ‘‘closed’’ structure. As illustrated in

Figure 1, there is pseudo-symmetry between the

interactions of the N-terminal half of H3 (blue) and

the C-terminal half of H4 (red) compared to the

N-terminal half of H4 (purple) and the C-terminal

half of H3 (cyan).

In addition to mediating appropriate oligomeri-

zation, 3D domain swapping has been implicated in

the propensity of proteins to aggregate into highly

ordered structures such as crystals,21 polymers,22

fibers,23 and fibrils.24–26 Of particular interest is the

possible connection between domain swapping and

formation of amyloid or amyloid-like fibrils (for

review see Ref. 27). Amyloid fibrils, formed in vivo

by specific proteins, are associated with over 20 pro-

tein deposition diseases, such as the Ab peptide in

Alzheimer’s, a-synuclein in Parkinson’s, b2-microglo-

bulin in dialysis-related amyloidosis, and cystatin C

in amyloid angiopathy. Many proteins not associated

with amyloidogenic diseases can be induced to form

fibrils in vitro, including folded, globular proteins,

and intrinsically disordered proteins (for review see

Refs. 28, 29). Despite biological differences, amyloid

and amyloid-like fibrils share common features,

including a cross-b spine structure.30

It has been proposed that open or ‘‘run-away’’

domain swapping may be a mechanism for protein

aggregation, particularly fibrillation.27 The closed

dimer of the histone fold is a reciprocal swap, with

no open domains lacking a partner. In an open or

run-away domain swap, the domains are not

exchanged in a reciprocal manner; instead there are

open domains that propagate oligomerization and

Figure 1. 3D domain swapping and the structure of

histone oligomers. Ribbon diagram of the (H3-H4)2 tetramer

derived from the structure of the nucleosome core particle

(1AOI.pdb).2 The H3-H30 four-helix bundle tetramer

interface is at the top of the figure. Some regions of the

poorly structured N-terminal tails have been omitted for

clarity. The H3 monomers are shown in green (N-terminal

tail and helix) and blue to cyan (histone fold); the H4

monomers are shown in gray (N-terminal tail and helix) and

purple to red (histone fold). The two of the four b-bridges
are indicated by arrows. The protein structure was

rendered with the program Mac-PyMol (DeLano Scientific

LLC, Portland, OR).
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aggregation to satisfy unpaired domains. Runaway

domain-swapping leading to amyloid-like fibrils has

been observed for T7 endonuclease I26 and an engi-

neered RNase A variant with a highly amyloidogenic

insert of 13 Gln residues.25 Some amyloidogeneic

proteins adopt domain-swapped structures that have

been implicated as precursors for fibril formation,

for example, the human prion protein,31,32 b-2 micro-

globulin,33,34 human stefins A and B, also known as

cystatins A and B,35,36 and cystatin C.24,37

A common theme in the conversion of globular

proteins to amyloid-like fibrils is the population of a

partially unfolded species; the unfolding can be rela-

tively local with most of the protein retaining native

structure or more global unfolding to a stable equilib-

rium or transient kinetic intermediate.38 Fibril for-

mation is generally enhanced by increasing the popu-

lation of these partially unfolded states, often by

destabilizing the native state by mutation or altering

the solvent composition, pH, or temperature.

The goal of this study was to exploit the differ-

ent kinetic folding mechanisms of eukaryotic and

archaeal histones to assess the impact of kinetic

intermediates on the propensity for the domain-

swapped histone fold to form fibrils. The homodimeric

hPyA1 archaeal histone from the hyperthermophilic

Pyrococcus strain GB-3a (optimal growth at 95�C)
folds by a two-state kinetic process at 25�C, with no

detectable transient intermediates.13 The hMfB

homodimer from the thermophile Methanothermus

fervidus (optimal growth at 83�C) shares 85% similar-

ity (57% identity) with hPyA1, but transiently popu-

lates a partially folded monomeric species during

folding. In contrast, the eukaryotic H2A-H2B and

H3-H4 heterodimers populate monomeric and dimeric

kinetic intermediates during folding.12,14,15

Previous studies have shown that eukaryotic

histones can form amyloid-like fibrils.11,39 These

fibrillation studies used a mixture of calf thymus

histones containing H2A, H2B, H3, and H4. Thus,

the fibrillation propensity of the individual histone

sequences was not assessed. This report employs

recombinant Xenopus laevis histones and examines

the fibrillation of individual histone subunits as well

as the eukaryotic heterodimeric pairs.

Results

Fibrillation propensity of different histones

The previously published studies using calf thymus

core histones11 served as a guide in choosing condi-

tions to screen for fibril formation: pH 2 and pH 5

with 1M NaCl at room temperature. In these solvent

conditions (at 37�C), fibrillation of the bovine histone

mixture was detected within 24 h and complete by

60 h. In the current study, the propensity of individual

recombinant histones to form fibrils was assessed by

starting with histone monomers unfolded in 10 mM

HCl with rapid dilution into fibrillation conditions.

Fibril formation was detected by the time-dependent

increase in ThT FL and an SDS-polyacrylamide gel

electrophoresis (PAGE) assay for protein precipitation.

Briefly, following centrifugation, the fraction of the

protein in the supernatant and pellet were quantitated

as a function of time using SDS-PAGE and densitome-

try (Fig. 2).

The unfolded H3 and H4 monomers in isolation

form fibrils when shifted to pH 5, and H4 also forms

insoluble fibrils at pH 2. Fibrillation of H3 and H4

together was also examined, using two initial condi-

tions: (1) an equi-molar mixture of H3 and H4 mono-

mers unfolded in 10 mM HCl (denoted H3 þ H4);

and (2) (H3-H4)2 tetramer in a folded state at pH

7.2 (denoted H3-H4). At pH 7.2, the (H3-H4)2 tet-

ramer and H3-H4 dimers are in equilibrium; how-

ever, at 200 lM monomer before dilution, the tet-

ramer should be the predominant species.40 At pH

values of 5 or lower, the predominant oligomeric

state of H3-H4 is the heterodimer.41 Both combina-

tions of H3 and H4 (initially unfolded or folded)

readily form fibrils when shifted to acidic conditions

Figure 2. Precipitation gel assay for histone fibrillation. A:

Coomassie Blue stained SDS-polyacrylamide gel monitoring

the time-dependence of precipitation of H3 þ H4

monomers initially unfolded in 10 mM HCl. S, supernatant,

P, pellet. B: Densitometer quantitation of the fraction of

protein in the pellet for H3 (lighter symbols, dotted line) and

H4 (darker symbols, solid line) starting from unfolded H3 þ
H4 (red diamonds) or from folded tetramer at pH 7.2 (blue

circles). The lines represent fits of the data to Eq. (1). Error

bars at one standard deviation from multiple experiments

are shown or are smaller than the size of the data points.

Final conditions: 1M NaCl, 50mM acetic acid/sodium

acetate, and 50 mM phosphoric acid/NaH2PO4, pH 5, 23�C
and 30 lM each of H3 and H4 monomers. [Color figure can

be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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with 1M NaCl, with greater efficiency at pH 5 than

pH 2 (Table I). However, despite a common fold,

other histone dimers exhibited markedly different

fibrillation propensities.

For the archaeal homodimers hMfB and hPyA1,

no enhancement of ThT FL or fibril precipitation

could be detected after incubation up to seven days

at pH 5 in 1M NaCl and 60 lM monomer. Additional

solvent conditions and cosolutes were explored to

promote fibrillation (Supporting Information Table

S1). Three general approaches were employed: (1)

addition of macromolecular crowding agents, such as

sucrose, Ficoll, and poly-ethylene glycol; (2) modula-

tion of ionic strength, type of salt, and pH; and (3)

addition of destabilizing cosolutes, such as urea or

ethanol. None of these approaches were successful

in inducing fibril formation.

The propensity for fibrillation was also exam-

ined for the H2A and H2B monomers in isolation

and in combination. At pH 5 and 1M NaCl, minor

increases in ThT FL were detected: 1.2-fold for H2B,

and 2-fold for H2A and H2A þ H2B. These changes

were small compared to the increases observed for

H3 and/or H4 (see below), and no detectable precipi-

tates were observed, even after a month. A series of

additional conditions were surveyed for the combina-

tion of H2A þ H2B (Supporting Information Table

S1). Despite small, variable increases in ThT FL, no

conditions produced aggregated protein precipitates.

There is clearly no correlation between the pop-

ulation of kinetic folding intermediates and fibril for-

mation. The eukaryotic heterodimers, H2A-H2B and

H3-H4, share a multi-state folding pathway,12,14

while hMfB and hPyA1 fold by three- and two-state

mechanisms, respectively.13 Yet only H3-H4 readily

forms fibrils.

There is no apparent relationship between fibril-

lation and decreased stability. The pH dependence of

the thermal unfolding of H2A-H2B and H3-H4 has

been reported, although at lower ionic strengths.41,42

Between pH 4.5 and 5.5, the mid-point of the ther-

mal unfolding transition, TM, for the H3-H4 hetero-

dimer was 50–60�C, depending on the protein con-

centration, while the TM of H2A-H2B was 10–15�C
lower. Thus, H3-H4 is more stable, but forms fibrils

much more readily than H2A-H2B or the individual

H2A and H2B monomers which are only partially

folded even under stabilizing conditions.43 At compara-

ble conditions, the TM values for hMfB and hPyA1 are

>80�C.44 Various reports have shown that histones

are stabilized by increasing ionic strength.11,41,42,44,45

Yet, decreasing ionic strength (thus stability) did not

facilitate fibrillation of hMfB, hPyA1, or H2A þ H2B

(Supporting Information Table S1) and impeded the

fibrillation of H3-H4 (see below). A similar lack of cor-

relation between stability and fibrillation was observed

with wild-type and chimeric human stefins.46

The propensity of the histones to form fibrils

does correlate with solubility. It was previously

known that archaeal histones are highly soluble;

during purification, hMfB and hPyA1 remain in

solution at 60–70% ammonium sulfate at neutral

pH.13 The solubility of the histone monomers and

dimers were determined at pH 5 with 0.5M NaCl

(Table II), conditions where H3 and H4 monomers

did not form fibrils. Under these conditions, the

hMfB and hPyA1 monomers as well as H2A þ H2B

and H3 þ H4 associate to form native dimers,41,42,44

with far-UV circular dichroism (CD) spectra compa-

rable to those observed under typical folding condi-

tions (pH 7.2, 200 mM KCl, data not shown). The

individual H3 and H4 monomers were difficult to

solubilize from a lyophilized state, forming a viscous,

cloudy solution with very little soluble protein.

Nevertheless, upon dilution from 10 mM HCl to

Table I. Representative t50 Values for Fibril Formation by the H3 and H4 Histones

Conditionsa Detection methodb Unfolded H3 Unfolded H4 Unfolded H3 þ H4 Folded (H3-H4)2

pH 2, 1M NaCl ThT FL �16 days <10 min <6 h <6 h
Gel Not detectedc 40 6 10 min �20 days �5 days

pH 5, 1M NaCl ThT FL �1 h <10 min 26 6 4 h 50 6 5 h
Gel 14 61 h 20 6 5 min 98 6 9 h 78 6 7 h

a Final conditions: 50 mM acetic acid/sodium acetate and 50 mM phosphoric acid/NaH2PO4 at 23�C. Protein concentrations
were 30 lM monomer for unfolded H3 and H4 (0.34–0.46 mg/ml) or 30 lM of each monomer for unfolded H3 þ H4 and
folded (H3-H4)2 (0.79 mg/ml). Initial unfolded conditions were 10 mM HCl. Initial conditions for the folded tetramer were
200 mM KCl, 20 mM potassium phosphate, pH 7.2. The values represent the average kinetic response observed in three to
five independent replicate experiments. For conditions where the data were collected with sufficient time resolution to
determine a t50 value with 10% accuracy for each replicate, the errors at one standard deviation are indicated.
b Fibrils were detected by Thioflavin T fluorescence (ThT FL) and a centrifugation/gel-based assay.
c After three months, no precipitable fibrils were observed.

Table II. Solubility of Eukaryotic and Archaeal
Histones at pH 5, 500 mM NaCla

Monomers (mM monomer)
H3 H4 H2A H2B
negligible negligible 10. 3.6

Dimers (mM monomer)
H3-H4 DN(H3-H4) H2A-H2B hMfB hPyA1
0.3 0.95 7 5 3.7

a Conditions: 50 mM acetic acid/sodium acetate and 50 mM
phosphoric acid/NaH2PO4, 23

�C.
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fibrillation conditions, the individual H3 and H4

monomers are initially soluble to at least 30 lM;

thus the fibrillation studies described in this report

were initiated from a soluble species. In contrast to

H3 and H4, the individual H2A and H2B monomers

are soluble to mM levels. The H2A-H2B heterodimer

and the archaeal histone homodimers also exhibit

mM solubility. However, even as a folded hetero-

dimer, H3-H4 is �10-fold less soluble than the other

histones. Apparently, the relatively low solubility of

the H3 and H4 histones, as monomers or hetero-

dimer, facilitates the formation of fibrils.

Characterization of the histone fibrils by
different methods

To confirm that the precipitates identified in the gel-

based assay were amyloid-like fibrils, additional

methods were employed to characterize the aggre-

gates formed by H3, H4, H3 þ H4, and the H3-H4

tetramer, namely ThT FL, FTIR and CD spectros-

copies, and electron microscopy.

A hallmark of amyloid-like fibrils is the binding

of the benzathiole dye Thioflavin T, resulting in a

shift in the excitation and emission maxima and a

large increase in fluorescence intensity.47 ThT is

generally more selective for fibrils than prefibrillar

soluble oligomers or protofibrils, although there are

examples of ThT binding to soluble oligomers.48

A complication is that ThT can also bind in hydro-

phobic cavities of folded proteins.47

As shown in Figure 3, ThT exhibits very little

FL in the absence of protein or in the presence of

urea-unfolded H3 and H4, conditions where fibril

formation is not detected. As an additional control,

ThT FL was monitored in the presence of folded

(H3-H4)2 at pH 7.2. Significant ThT FL was

observed at t ¼ 0, with excitation and emission max-

imum of 430 and 482 nm, respectively, followed by a

slow increase in FL (1.6-fold) that was largely com-

plete by 19 h (Fig. 3). However, there was no indica-

tion of fibril formation by precipitation or turbidity.

Under fibrillation conditions (1M NaCl, pH 5),

higher initial ThT FL was observed in the presence

of H3-H4 (Fig. 3) as well as H3 or H4 alone (data

not shown). The time-dependent increase in ThT FL

for H3-H4 was much slower at pH 5 (Table I) than

at pH 7.2 (native conditions). During fibrillation, the

ThT FL intensity increased 3- to 4-fold for the indi-

vidual monomers and 9- to 14-fold for H3 þ H4 and

H3-H4. The FL emission maxima in the presence of

fibrils was 482 nm, but the excitation maxima

shifted to 450 nm, as observed for most fibrils.47

Similar ThT FL was observed when fibrils were

formed in the presence of ThT or when the dye was

added after fibrillation. In summary, there is a sub-

stantially greater increase in ThT FL under fibrilla-

tion conditions than observed for the native dimer,

demonstrating that ThT can bind to the native his-

tone fold, but there is enhanced binding as fibrilla-

tion proceeds.

At pH 2 and 5, the rate of increasing ThT FL

was more rapid than the detection of protein precipi-

tates by the gel-based assay or turbidity at 500 nm

(Table I; Fig. 3 inset). In most conditions, the

increase in ThT FL was complete before substantial

precipitation was detectable, except for the combina-

tions of H3 and H4 at pH 5. The difference in kinetic

response between ThT FL and precipitation suggests

that ThT recognizes a soluble protofibril state of the

histones. Thus, ThT FL supports the assessment of

the precipitated species as fibrils. However, because

of the relatively slow binding of ThT to the native

fold and the apparent binding to a soluble fibril

state, ThT FL was not an optimal probe for monitor-

ing fibrillation kinetics.

FTIR spectroscopy is well-suited for characteri-

zation of the secondary structural content of fibrils.

The amide I bands between 1700 and 1600 cm�1

reflect the contribution of a-helices, random coil, and

different b-sheet structures (parallel or anti-paral-

lel).48–50 The insoluble pellets formed by the individ-

ual H3 and H4 histones and those formed from

folded tetramer and unfolded H3 þ H4 were exam-

ined by FTIR and compared to that of the native

Figure 3. ThT fluorescence spectra. Low intensity,

overlapping spectra: ThT alone, green circles; H3-H4 at pH

7.2 in 6M urea (light blue symbols) at t ¼ 0, diamonds, and

t ¼ 66 h, triangle. Spectra with (H3-H4)2 at pH 7.2 (dark

blue symbols), t ¼ 0, diamond; t ¼ 19 h and t ¼ 66 h,

upward and downward triangles, respectively. Spectra of

H3-H4 at pH 5, t ¼ 0, red squares. Inset: representative

kinetics of fibril formation by H3 þ H4. The same sample

was monitored by ThT FL, squares, gel precipitation,

circles, and turbidity at 500 nm, diamonds. Conditions:

30 lM each of H3 and H4 monomers with 20 lM ThT at pH

7.2, 0.2M KCl, 20 mM potassium phosphate, 0.1 mM EDTA

(standard folding conditions) or pH 5, 1M NaCl, 50 mM

acetic acid/sodium acetate, and 50 mM phosphoric acid/

NaH2PO4, 23
�C. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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tetramer [Fig. 4(A)]. The FTIR maxima for the

folded tetramer is �1650 cm�1, with a broad

shoulder extending down to 1620 cm�1, consistent

with helical and random coil structure. The four

fibril spectra have two peaks, one centered around

1645 cm�1, and a second peak between 1630 and

1625 cm�1. This latter peak corresponds to b-sheet

structure as expected for an amyloid-like fibril. The

spectra of the folded tetramer and fibrils in Figure 4

are similar to those that have been reported previ-

ously for a mixture of calf thymus histones.11 The

spectra of the fibrils from individual H3 and H4 his-

tones are quite similar to each other. In contrast,

the fibrils from unfolded H3 þ H4 and from folded

tetramer have different ratios of the 1645 cm�1 and

1625 cm�1 maxima, suggesting there may be subtle

differences in the fibrillar structure or the segments

of protein not incorporated into the cross-b fibril

structure. Similar variation in FTIR spectra of his-

tone fibrils has been observed in the studies with

calf thymus histones.11,39

Far-UV CD is less sensitive than FTIR to

b-sheet structure; nonetheless, CD is useful for

assessing the degree of helical secondary structure

in the species initially populated in fibrillation con-

ditions and monitoring the change in secondary

structure during fibril formation [Fig. 4(B)]. The

equi-molar mixture of H3 þ H4, unfolded in 10 mM

HCl, folds rapidly upon dilution into 1M NaCl at pH

2 and pH 5; the initial species under fibrillation con-

ditions exhibit far-UV CD spectra, and thus a-helical
content, that are very similar to those of the folded

tetramer. The far-UV CD spectra of the H3-H4

oligomer are superimposable at pH 5 and pH 2,

where the dimer is the predominant species, and

exhibit slightly greater ellipticity at 222 nm com-

pared to the H3 þ H4 spectra. The similarity in

a-helical content of the (H3-H4)2 tetramer and H3-

H4 dimer has been reported previously.12 Therefore,

the initial species that form fibrils at pH 2 and pH 5

contain a similar amount of helical secondary struc-

ture, regardless of whether the precursory state was

unfolded monomers or the folded tetramer. Upon

incubation, the far-UV CD spectra change from that

expected for an a-helical protein, with double minima

at 222 and 208 nm, to spectra that are indicative of

b-sheet structure with a broad minimum centered

around 216 nm. The time dependent decrease in

ellipticity at 222 nm is comparable to the kinetics

observed by the precipitation gel-based assay (data

not shown). Like the FTIR spectra, the far-UV CD

spectra suggest that there may be subtle structural

differences in the fibrillar structures formed by folded

and unfolded mixtures of the H3 and H4 histones.

The far-UV CD spectra of the H3 monomer at

the initiation of fibrillation at pH 5 indicate a combi-

nation of random coil and helical structure [Fig. 4(B)

inset]. In contrast, the spectra of the H4 monomer

are very similar to that of the fibril formed by H3 þ
H4, suggesting that the isolated H4 monomer adopts

b-sheet structure under fibrillation conditions. Pre-

formed b-structure in the initial soluble species may

contribute to the unusually rapid fibrillation of the

H4 monomer (Table I). After fibrillation is complete,

the far-UV CD spectra of the fibrils formed by H3

Figure 4. Spectroscopic characterization of histone fibrils.

A: FTIR spectra of fibrils formed at pH 5: H3 fibrils, upward

triangle; H4 fibrils, downward triangle; fibrils initiated from

unfolded H3 þ H4, diamonds; fibrils initiated from folded

tetramer, circles. For comparison, the spectrum of folded

tetramer at pH7.2 is shown as a gray, dotted line. The

buffer background spectrum has been subtracted from the

protein spectra. B: Far-UV CD spectra normalized to mean

residue ellipticity: tetramer at pH 7.2, gray crosses and

dotted line; tetramer at pH 5, t ¼ 0 and 196 h, open and

closed circles, respectively; initially unfolded H3 þ H4 at pH

5, t ¼ 0 and 196 h, open and closed diamonds,

respectively; t ¼ 0 spectra for tetramer and H3 þ H4 at pH

2, open squares and triangles, respectively. Inset: t ¼ 0

spectra for the individual H3 and H4 monomers, upward

and downward triangles, respectively. Fibrillation

conditions: 1M NaCl, 50 mM acetic acid/sodium acetate

and 50 mM phosphoric acid/NaH2PO4, pH 5 or pH 2, 23�C
and 30 lM of the individual H3 and H4 monomers or 30 lM
of each monomer for tetramer samples and H3 þ H4

initially unfolded in 10 mM HCl.
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and H4 are comparable to those shown for the com-

bination of H3 and H4 (data not shown).

The macromolecular structure of the histone

precipitates was also evaluated by transmission elec-

tron microscopy (TEM). Supporting Information

Figure 2 shows the structures formed by shifting the

(H3-H4)2 tetramer to pH 5 fibrillation buffer condi-

tions. Similar EM images were obtained for fibrils

formed by the tetramer at pH 2 and by initially

unfolded H3 þ H4 at pH 5 and pH 2 (data not

shown). The TEM images show that the histone pre-

cipitates are not amorphous aggregates. However,

the structures do not exhibit the relatively straight

morphology of classical amyloid-like fibrils, such as

reported previously for fibrillation of the mixture of

bovine histones.11 While the fibril diameter is com-

parable, the morphology of the histone fibrils is

more worm-like. Similar EM images have been

reported for ‘‘immature fibrils’’ formed by human

H2A at elevated temperatures,51 fibrils formed from

individual and combinations of calf thymus histo-

nes,52 and the small, indistinct fibrils formed at pH

4 by the repeat domain of Pmel17 involved in mela-

nosome structure.53

The H3-H4 heterodimer contains the helical his-

tone fold as well as the poorly structured N-terminal

tails that are the sites of a variety of post-transla-

tional modifications that regulate chromatin func-

tion.9,54 Given that both folded, globular, and

intrinsically disordered proteins can form fibrils,28,38

it is of interest to determine whether the folded or

disordered regions of H3 and H4 contribute to the

fibril structure. Fibrils formed by H3, H4, H3 þ H4,

and folded tetramer at pH 5 were subjected to lim-

ited proteolysis and then analyzed by SDS-PAGE

(Supporting Information Fig. 3). The gel mobility of

the H4 proteolysis product was identical whether it

was from an H4 fibril or a fibril formed in the pres-

ence of H3; similarly, the H3 products were the

same whether H4 was present or not. This indicates

that the same regions of polypeptide were involved

in fibrillar structure whether or not both monomers

were present. For ease of analysis, the proteolysis

products of fibrils from the individual histones were

used for further characterization. N-terminal

sequencing showed that the H3 proteolysis products

started at residue 25, retaining �20 residues of the

N-terminal tail. Mass spectrometry indicated that

the polypeptides extended to residue 127 or 115 (of

135 residues), resulting from cleavage in the center

of the third helix of the histone fold or the loop

before this helix. The H4 product started at residue

28, removing most of the N-terminal disordered

region; the polypeptide extended to residue 84–86 (of

102 residues) in the third helix of the histone fold.

Thus, it appears that the majority of polypeptide

protected by the fibril structure is helical in the

native state (Supporting Information Fig. 4).

In summary, the fibrils formed by H3 at pH 5,

H4 at pH 2 and pH 5 as well as the fibrils formed by

the combination of H3 and H4, either initially folded

or unfolded, share many similar features. The fibrils

are positive for ThT FL, form from helical regions of

H3 and H4, contain significant b-sheet structure as

evidenced by FTIR and far-UV CD spectroscopies

and have morphologies consistent with immature

fibrils (or protofibrils) as detected by TEM.

Kinetics of fibril formation by the H3
and H4 histones

To elucidate the mechanism of fibril formation by

the H3 and H4 histones, individually and in combi-

nation, the kinetics of fibrillation were examined

under different conditions, using primarily the gel-

based precipitation assay. Table I lists the t50 values

[Eq. (1) in Methods] for fibrillation at pH 5 and pH

2 at 1M NaCl. The H4 histone forms fibrils rapidly

at both pH values; however at pH 5, the lag times

are reproducibly shorter and the rate of fibril growth

is faster (data not shown). Isolated H3 exhibits

enhanced ThT FL at pH 2, but no precipitates were

detected after three months. In contrast, precipitat-

ing H3 fibrils were observed in less than a day at

pH 5. Similarly, the fibrillation kinetics of H3 þ H4

and the H3-H4 dimer are faster at pH 5, with

shorter lag times and faster rates of fibril growth.

Despite similar lag times at pH 5, the growth rate of

fibrils from the H3-H4 dimer are marginally but

consistently faster than from the initially unfolded

H3 þ H4 [Fig. 2(B)]. This difference in rates may

reflect the subtle differences observed in the far-UV

CD and FTIR spectra. The far-UV CD spectra at t ¼
0 of fibrillation are identical at pH 5 and pH 2 for

H3 þ H4, and similarly for H3-H4 at pH 2 and 5.

Thus, the effect of different pH values on fibrillation

kinetics probably does not arise from structural dif-

ferences between the initial species.

To further examine the effect of pH, fibrillation

was monitored for H3-H4 by the gel-based assay and

turbidity from pH 2 to pH 9 (Supporting Information

Fig. 5). The rate of fibril growth was maximal at pH

4 and 5, with significantly slower fibrillation at

more acidic or alkaline pH values. While the rate of

fibril growth was similar at pH 4 and 5, the lag time

was significantly longer at pH 5 [Supporting Infor-

mation Fig. 5(A)].This pH-dependence could arise

from dynamic differences (e.g., effects on stability

and/or unfolding kinetics) or electrostatic effects

(increased electrostatic repulsion at acidic pH

because of protonation of Glu and Asp residues in

highly basic polypeptides). To differentiate between

these possibilities, further perturbations were

employed, focusing on fibrillation of H3-H4 at pH 5.

As noted above, histones are generally stabilized by

increasing ionic strength; this has been demon-

strated directly for the H3-H4 dimer at pH 5.41
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However, decreased ionic strength inhibited fibril

formation. The t50 value for fibril formation in

0.75M NaCl was 18 days, and no fibrils were

detected after 41 days at 0.5M NaCl. This lack of

correlation with decreased stability at lower ionic

strength suggests the importance of electrostatic

interactions, specifically the screening of electro-

static repulsion with increasing ionic strength.

To test this hypothesis, the positive charge con-

tent of the histones was decreased by deleting the

poorly structured N-terminal tails of H3 and H4 at

the genetic level. The tails are the most charged

region of the histones. For example, the 38 and 19

residues of Xenopus laevis H3 and H4 tails are 29

and 37 mol % basic residues, respectively, with no

acidic residues. In contrast, the structured regions of

H3 and H4 have 8 and 13 mol % excess basic resi-

dues. The DN-H3/DN-H4 tetramer has WT-like sta-

bility.40 Although there are many factors determin-

ing solubility, a protein’s electrostatic properties are

an important contributor, with more net charge often

correlating with higher solubility (e.g., Refs. 55–57).

Despite a reduced net positive charge, the DN-tet-

ramer is more soluble than the full-length tetramer

(Table II). At pH 5 and 1M NaCl, the DN-tetramer

formed fibrils with a t50 value similar to full-length

tetramer. However, in contrast, the DN-tetramer

readily formed fibrils at 0.5M NaCl, with a t50 value

of �90 h. This propensity to form fibrils at lower ionic

strength confirms the importance of electrostatic

repulsion in modulating histone fibril formation.

The t50 values are highly dependent on tempera-

ture (Fig. 5). To characterize this temperature

dependence, fibrillation kinetics for the H3-H4 het-

erodimer at pH 5 were examined. The lag time

decreases with increasing temperature, but the most

significant effect is on the rate of growth. An Arrhe-

nius plot of the growth rates as a function of temper-

ature yielded an activation energy, EA, of 15.4 6

0.6 kcal mol�1. This value is lower than the activa-

tion energies reported for other fibril growth or elon-

gation reactions, for example, 20 kcal mol�1 for

a-synuclein58 and 23 kcal mol�1 for the Ab peptide.59

Interestingly, the enthalpy for unfolding the H3-H4

heterodimer is 15 kcal mol�1 under related condi-

tions (pH 5, 100 mM NaCl, 25�C).41 The DH for

unfolding may be higher in the more stabilizing con-

dition of 1M NaCl. Nonetheless, the similarity

between EA and the DH for unfolding suggests that

there is substantial unfolding of the H3-H4 dimer as

it is added to the growing fibril.

Formation of fibrils containing H3 and H4
The previous studies on bovine histones, containing

H2A, H2B, H3, and H4, detected fibril formation by

ThT FL, TEM, and FTIR.11,39 It was reported that

SDS-PAGE of the insoluble precipitates after the

completion of fibrillation indicated that all four his-

tones were present in the fibrils; however, the fibril-

lation kinetics of the individual histone monomers

were not determined in these studies. Therefore, it

is not certain whether the histones were forming co-

fibrils, with different monomer types present in a

single fibril, or if each histone or pair of histones

was forming independent fibrils with possibly differ-

ent kinetics.

In the current study, the gel-based precipitation

assay monitors independently the kinetics of incor-

poration of H3 and H4 into fibrils. When initiated

from unfolded H3 þ H4 and folded H3-H4, both

monomers are incorporated into fibrils with virtually

identical kinetics under all buffer conditions exam-

ined (e.g., Figs. 2 and 5). Yet in isolation, the H3

and H4 histones exhibit fibrillation kinetics that are

distinct from those observed for H3 þ H4 and H3-

H4 (Table I). For example, at pH 2, H3 does not

form fibrils, while H3-H4 and H3 þ H4 take days to

form fibrils, but H4 fibrillation has a t50 of �40 min.

These observations suggest that H3 and H4 interact

during fibrillation and form a co-fibril, with both

monomers being incorporated simultaneously.

To further test the hypothesis of co-fibrillation,

the kinetics of H4 fibrillation were examined in the

presence of sub-stoichiometric concentrations of H3

and in the presence of ovalbumin (OA) as a control

(Fig. 6). The experiments were performed at pH 2

for two reasons: (1) at pH 2, H3 alone does not ex-

hibit fibril formation by ThT FL or the gel-based

precipitation assay on the time scale for complete

Figure 5. Temperature dependence of fibril growth initiated

from the (H3-H4)2 tetramer at pH 5. The data are from the

gel precipitation assay, showing the fraction of precipitated

protein for H3 (open symbols) and H4 (closed symbols,

solid line). 26�C, circles; 30�C, squares; 37�C, diamonds.

The lines are drawn to guide the eye and do not represent

fits of the data. Inset: Arrhenius plot of the temperature

dependence of the rate of fibril growth as determined from

a linear fit of the precipitation assay data in the exponential

growth time regime. Conditions are described in the legend

of Figure 4.
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H4 fibrillation; and (2) H4 forms fibrils more slowly

at pH 2 than pH 5, simplifying the technical aspects

of the gel-based assay. Increasing concentrations of

OA accelerated H4 fibril formation; the lag times

decrease and the apparent rate of fibril growth is

increased by �1.6-fold at equi-molar concentrations

of H4 and OA. No OA was detected in the protein

pellet, indicating that there is no significant interac-

tion between H4 and OA. The OA-dependent acceler-

ation of H4 fibrillation may reflect a small increase

in macromolecular crowding or some other non-

specific cosolute effect.

In contrast, sub-stoichiometric concentrations of

H3 (1:10 and 1:3) progressively slow the precipita-

tion of H4. Thus, H3 is not acting as a non-specific

crowding agent, and the inhibitory effect is evident

even when <10% of the H4 could be in a heterodi-

meric state. One possible explanation is that the

available H3 is associating with H4 to form a hetero-

dimer, which then forms fibrils at a slower rate,

with a t50 of several days under these conditions.

However, this explanation would predict a rapid pre-

cipitation of H4 alone (�60–70% in the 1:3 ratio),

followed by a slower second phase with precipitation

of both H3 and H4. This is clearly not observed, as

the available H3 precipitates with the same kinetic

response as H4 (Fig. 6). The most plausible explana-

tion is that H3 and H4 interact during fibril growth

and are incorporated into a co-fibril. It seems

unlikely that H4 forms a fibril and H3 is tethered to

the precipitate by native-like heterodimeric interac-

tions. In such a scenario, the proteolysis products

would likely be different between homo-fibrils of H3

or H4 as compared to fibrils formed with both H3

and H4 present. Instead, as described above, similar

sized polypeptides are protected from proteolysis in

homo- and co-fibrils.

Discussion
Multiple spectroscopic methods (Figs. 3 and 4) indi-

cate that the insoluble aggregates detected by the

gel-based precipitation assay (Fig. 2) for H3 and H4,

together or in isolation, are b-sheet rich, amyloid-

like fibrils. The protease-resistant regions of the

fibrils are predominantly helical structures in the

native heterodimer involved in inter-monomer inter-

actions. The enthalpy associated with fibril elonga-

tion, �15 kcal mol�1 (Fig. 5), is consistent with sub-

stantial unfolding of the H3-H4 heterodimer upon

addition to the fibril. The kinetics of fibrillation,

with concomitant precipitation of H3 and H4 even at

substoichiometric ratios (Fig. 6), strongly support

the hypothesis that a co-fibril is formed, containing

both H3 and H4.

Co-fibrillation and the domain-swapped

heterodimer
The formation of a co-fibril by polypeptides with

divergent sequences (despite a common fold) is an

unusual observation. Protein aggregates and amy-

loid fibrils formed in vivo generally consist of pre-

dominantly a single polypeptide species, despite the

complex composition of the protein milieu.60 A few

examples of in vitro formation of co-fibrils have been

described, mostly employing short peptides. One

notable study employed two �10 residue peptides

derived from the amyloidogenic protein transthyre-

tin, combined at ratios of 1:100, as well as 1% of

either transthyretin peptide with bovine insulin.61

The minor components appeared to be randomly

incorporated along the length of the fibril. However,

it was necessary to employ conditions under which

the rate of fibrillation was comparable for the two

components. This is in contrast to the co-fibrils

formed by H4 and H3, at much higher ratios (1:10,

1:3 and even 1:1), which form readily under condi-

tions (pH 2) where H3 alone does not form fibrils. It

seems likely that the ability of H4 to recruit H3 into

fibrils reflects the association of H3 and H4 in a do-

main-swapped structure. It has been noted that suc-

cessful seeding of fibrillation with pre-formed fibrils

requires significant sequence similarity between the

components (e.g., Ref. 62 and references therein).

Consistent with these findings, H4 fibrils failed to

induce fibrillation of H2A or H2B (data not shown).

Co-fibrils between H3 and H4 were observed

when fibrillation was initiated from both acid

unfolded H3 þ H4 or from folded tetramer (pH 7.2).

The rate of fibril growth is consistently faster when

initiated from folded tetramer; the difference is

minor at pH 5 (Fig. 2), but quite significant at pH 2

(Table I). We have observed previously that, unlike

Figure 6. H4 fibrillation kinetics at pH 2 in the presence of

ovalbumin (OA) and H3. H4 alone, circles, and dotted line.

In the presence of ovalbumin, solid lines; 3 lM OA,

triangles; 10 lM OA, diamonds; 30 lM OA, squares. In the

presence of 3 lM H3, triangles and short dashed line; 10

lM H3, diamonds and long dashed line with closed and

open symbols for H4 and H3, respectively. The lines are

drawn to guide the eye and do not represent fits of the

data. Conditions are described in the legend of Figure 4.
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refolding from GdmCl-unfolded monomers, reconsti-

tution of the H3-H4 heterodimer from acid-unfolded

monomers is not always quantitative, with minor

amounts of soluble, misfolded aggregate.40 A possible

explanation for the difference in fibrillation kinetics

is that the presence of misfolded H3-H4 heterodimer

upon dilution from 10 mM HCl [suggested by the

slightly lower ellipticity at 222 nm, Fig. 4(B)] impedes

fibrillation. This explanation is consistent with the

hypothesis that the domain-swapped association of

native H3-H4 is important for co-fibril formation.

Predictors of fibrillation propensity

To elucidate the contribution of primary sequence to

the different fibrillation propensities of the histones,

multiple aggregation/amyloid prediction methods

were employed: TANGO,63 WALTZ,64 Zyggrega-

tor,65,66 and when possible, the structure-based 3D

profile ZipperDB database.67 TANGO, WALTZ, and

Zyggregator accurately predicted that hMfB and

hPyA1 lack regions of sequence prone to aggrega-

tion; however, ZipperDB predicted two non-adjacent

hexapeptides in a2 of hMfB with high fibrillation

propensity. All four methods predicted that sequen-

ces in the N-terminus of a2 in H2A and various seg-

ments of a1, a2, and aC of H2B were aggregation-

prone and amylogenic. The failure to generate fibrils

of hMfB, hPyA1, H2A, and/or H2B under a variety

of conditions (Supporting Information Table 1) sug-

gests that the overall solubility and possibly electro-

static effects of the entire polypeptide strongly offset

the aggregation propensity of local sequences.

WALTZ predicted no amylogenic regions in H3,

but other methods identified three aggregation- and

fibrillation-prone regions in a2 (Supporting Informa-

tion Fig. 4). For H4, TANGO, WALTZ, and Zyggrega-

tor identified the center to C-terminus of a2 and the

a3 helix. For H3 and H4, the predicted sequences in

a2 are protected from proteolysis in the fibril, while

the H4 a3 sequences extend a couple of residues

beyond the protease-resistant segment. Interestingly,

there are tertiary and quaternary interactions in the

native state between the predicted aggregation/

fibrillation-prone sequences (Supporting Information

Fig. 4). The H4 segments in the C-terminal region of

a2 and a3 dock on each other in the folded state. It

is tempting to speculate that such tertiary interac-

tions may facilitate the rapid fibrillation of H4.

Similarly, the central portions of the a2 helices of

H3 and H4 make inter-monomer contacts via

segments of sequence predicted to be aggregation/

fibrillation-prone. These results support the specula-

tion that the domain-swapped structure of the H3-

H4 heterodimer may facilitate co-fibril formation.

Contribution of solubility and electrostatics
Comparison of the fibrillation propensities of the

eukaryotic and archaeal histones and the sequence-

based predictions described above suggest that,

while domain-swapping may contribute to the fibril

formation by H3 and/or H4, the domain-swapped

topology of the histone fold and the presence of

aggregation/fibrillation-prone sequence elements are

not sufficient to facilitate formation of amyloid-like

fibrils. The survey of histone folds and conditions in

this report indicate that solubility and electrostatics

are major determinants of fibrillation propensity.

Several studies have characterized the impact of

electrostatics and the content and distribution of

charged residues on fibrillation of model peptides68,69

and proteins, for example, ribonuclease Sa (RNase

Sa),70 muscle acyl-phosphatase,71 a-synuclein,72 and

b-microglobulin.73 Although the details vary regard-

ing the type of charged residue and sequence/struc-

ture context, the general trend observed across these

diverse systems is that decreased charge facilitates

fibril formation. Three observations indicate that elec-

trostatic repulsion mitigates fibrillation by H3-H4

and H3 þ H4: (1) the requirement of ionic strengths

of > 0.75M for fibrillation by the full-length histones;

(2) the alleviation of this requirement for DN-H3/DN-

H4 which readily forms fibrils at an ionic strength of

0.5M; and (3) slower or no fibrillation of H3 and/or

H4 at pH 2 compared to pH 5; presumably the acidic

residues are more protonated at the lower pH, and

thus the overall charge on the protein is greater. The

highly basic N-terminal tails of H3 and H4 do not

participate in the structure of the fibril, as evidenced

by their susceptibility to proteolysis, but their pres-

ence clearly impedes fibrillation. A similar inhibitory

effect of charged sequences not incorporated into the

structural core of the fibril has been observed for the

acidic C-terminus of a-synuclein.72

As noted in previous reports, the effects of electro-

statics on fibrillation are more complicated than sim-

ple net charge.68,69,72 This is apparent as well for the

histones in this study. The Xenopus H2A and H2B his-

tones used in this study have lower estimated isoelec-

tric points (pI) than H3 and H4, and the H2A-H2B

dimer has lower net basic charge than H3-H4, þ34

and þ38, respectively. However, the less-charged histo-

nes are resistant to fibrillation. The lack of correlation

between charge and fibrillation is even more striking

for the archaeal histones which have a net charge of

þ3 and þ1 for hMfB and hPyA1, respectively.

Solubility is an important determinant of pro-

tein aggregation and fibril formation.55,57 A protein’s

electrostatic properties influence solubility, but there

are additional aspects of protein sequence and struc-

ture that dictate solubility.56 Despite the acknowl-

edged importance, there have been relatively few

studies directly relating solubility to fibrillation pro-

pensity. Using the model system of RNAse Sa and

mutants with varying charge, it was shown the pH

dependence of fibril formation correlates with

changes in the protein’s isoelectric point, pI, where
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it is least soluble.70 A strong correlation between pI

and the pH optimum for fibrillation was also noted

for several other proteins. Similar conclusions

regarding solubility can be drawn for the histones in

this study. The more soluble histones (Table II) do

not readily form fibrils, even if they are less stable,

as is the case for H2A-H2B, relative to H3-H4, under

acidic conditions. However, comparison of fibrillation

by the full-length and DN-H3-H4 tetramers demon-

strates the complicated interplay between charge

density and solubility. The less charged DN-hetero-

dimer is somewhat more soluble, but forms fibrils at

lower ionic strength.

Biological significance

There are no known disease states linked directly to

histone fibrillation. However, aggregation and/or

fibrillation of the nucleosome core histones, particu-

larly H3 and H4, have been implicated in cytotoxic-

ity and a-synuclein amyloidogenesis. Extracellular

histones are cytotoxic in vitro to human endothelial

and mouse epithelial cell lines at concentrations as

low as 20 lg mL�1.74,75 The accumulation of H3 and

H4 has been observed in mouse, baboon, and human

plasma in inflammatory responses induced by sepsis,

with H3 levels reaching �15 lg mL�1.74 Intravenous

injection of histones into mice at low levels led to

symptoms characteristic of sepsis, and higher levels

were lethal. It is plausible that this cytotoxicity is

related to histone aggregation and precipitation. It is

well known that histones induce protein aggregation

upon addition to serum and plasma. Fibrinogen is a

major component of the histone-associated plasma pre-

cipitate75 and associates with H3 through hydrophobic

interactions.76 Electron microscopy suggested that

some aggregates of histones with fibrinogen or fibrin

were rudimentary fibrils.77 Furthermore, during

inflammatory responses to sepsis, neutrophils actively

make neutrophil extracellular traps (NETs) that asso-

ciate with bacterial pathogens, and contain DNA and

the four core histones.78 Interestingly, these fibrous

structures have a diameter of �15 nm, about twice the

diameter of fibrils formed by calf thymus histones.11

A second biologically significant aspect of the

ability of H3 and H4 to form fibrils is their interac-

tion with a-synuclein. Enhanced nuclear localization

of a-synuclein, either through genetic manipulation

to introduce a nuclear-localization signal or muta-

tions associated with familial Parkinson’s disease,

contributed to neurotoxicity.79 In tissue culture and

in vivo, a-synuclein associates with H3 in the nu-

cleus, leading to reduced H3 acetylation and

enhanced neurotoxicity. Furthermore, a mixture of

the core histones drastically accelerates the fibrilla-

tion of a-synuclein at sub-stoichiometric levels.80

Thus, it seems reasonable to speculate that the

ability of H3 and H4 to form fibrils in the test tube

may explain their contributions to the cytotoxicity of

extracellular histones and the neurotoxicity and

fibrillation of a-synuclein.

Materials and Methods

Materials

Thioflavin T was purchased from Sigma (St. Louis,

MO). Proteinase K was from Fisher Scientific (Fair

Lawn, NJ). All other chemicals were of reagent or

molecular biology grade, generally from JT Baker

(Philipsburg, NJ) or Fisher Scientific (Fair Lawn,

NJ). Recombinant full-length and DN constructs of

the H3 and H4 histones were over-expressed in

E. coli and purified as described previously.40

Preparation and analysis of histone fibrils

Conditions for fibril formation were generally 30 lM
monomer in a buffer of 50 mM acetic acid/sodium

acetate and 50 mM phosphoric acid/NaH2PO4 at pH

2 or pH 5 with 0.5–1.0M NaCl at 22�C, unless other-

wise indicated. Kinetic experiments at different con-

ditions were independently replicated three to five

times; the variation in the observed rate was <30%.

For experiments that systematically probed varia-

tion in an experimental condition (e.g., temperature,

pH, or addition of another protein), representative

time-dependent data are shown; the relative changes

in the kinetic response were very consistent between

replicates even if the absolute rates varied by <30%.

The fibrillation reactions were monitored by

spectroscopic methods (see below) and SDS-PAGE.

To determine the time dependence of fibrillation, ali-

quots were taken at various times and centrifuged at

16,000g for 2 min. After removal of the supernatant,

the pellet was washed with buffer and resuspended in

SDS-PAGE loading buffer. Equivalent amounts of

supernatant and pellet were applied to a 14% SDS-

Tricine polyacrylamide gel.81 After staining with

Coomassie Blue, the bands were quantified by densi-

tometry using a Molecular Dynamics Personal Densi-

tometer SI and ImageQuant v4.2 software. The kinetic

data for fibril formation were analyzed using an

empirical expression for a sigmoidal response39:

Y ¼ ðYi þmitÞ þ ðYf þmf tÞ
1þ eð�kðt� t50ÞÞ (1)

The initial and post-fibrillation baselines were

defined as (Yi and mit) and (Yf and mft); in general,

the slope values were 0, and the Yi and Yf values

were 0 and 1, respectively. The apparent rate for

fibril growth is k, and the t50 value is the time

required for 50% of the fibrils to form.

To determine what regions of the H3 and H4

histones contributed to the fibril core, fibrils were

treated with Proteinase K at 20 lg/mL for 10 min at

24�C. Proteolysis was quenched with 1 mM
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phenylmethylsolfonyl fluoride (PMSF), and the

remaining fibril material was collected by

centrifugation at 16,000g for 2 min. The molecular

weights of the solubilized fibrils were determined

with an Applied Biosystems 4800 MALDI TOF/TOF

Analyzer. The solubilized fibrils were also applied to

a 14% SDS-Tricine polyacrylamide gel and trans-

ferred to polyvinylidene fluoride (PVDF) membrane

for N-terminal sequencing, using an Applied Biosys-

tems Procise Protein Sequencer.

Determination of solubility

The individual eukaryotic histone monomers and the

folded histone dimers were dialyzed into 10 mM HCl

then lyophilized. The powder was then resuspended

in a buffer of 500 mM NaCl, 50 mM acetic acid/so-

dium acetate, and 50 mM phosphoric acid/NaH2PO4,

pH 5. The solution was equilibrated at room temper-

ature (�23�C) overnight. After incubation, the sam-

ples were centrifuged and the concentration of the

soluble fraction monitored by absorbance.

Spectroscopic methods

For ThT FL, 20 lM dye was included in the fibrillation

assays. Fluorescence was monitored with an AVIV

ATF-105 spectrofluorimeter (excitation at 450 nm and

emission at 490 nm) or with a Wallac 1420 VICTOR2

multi-label plate reader (excitation at 450 nm, and

emission at 535 nm with a 30 nm bandwidth). Turbid-

ity was monitored at 500 nm in a 1-cm cell, using a

Cary 50 Bio UV-visible spectrophotometer. For kinetic

experiments, generally performed in conjunction with

gel-based assays, spectroscopic measurements were

taken at specific intervals, rather than monitored con-

tinuously, to avoid artifacts from photo-degradation or

instrumental drift. Far-UV circular dichroism spectra

were collected in a 1-mm cell with an AVIV 202SF spec-

trophotometer. FTIR spectra were obtained with a Nico-

let 6700 ATF-FTIR, typically averaging 1000 scans per

spectra. TEMwas performed on a JEOL 1200 EX trans-

mission electron microscope. Samples were prepared on

a Formvar coated copper grid and stained with 1% ura-

nylacetate. Magnification was 50,000–100,000�.
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