
Y�box binding protein 1 (YB�1) is a mammalian

multifunctional DNA� and RNA�binding protein local�

ized both in the nucleus and the cytoplasm and involved

in many cellular events such as storing, reproduction, and

expression of genetic information [1�3]. In the cell, YB�1

can interact with actin [4] and tubulin cytoskeletons [5].

Besides, it can be actively secreted from cells through a

non�classical pathway, bind to Notch�3 receptors, modu�

late receptor activation, and act as an extracellular mito�

gen [6, 7].

Human YB�1 with a molecular mass of 36 kDa (324

residues) consists of three domains: a small Ala�, Gly�,

and Pro�rich N�terminal domain (N�domain), a central

cold shock domain (CSD), and a large C�terminal

domain (C�domain) formed by alternating clusters of

positively and negatively charged residues. Each cluster of

the C�domain comprises about 20�30 amino acid

residues; there are four clusters of either charge [8]. CSD

is an extremely conserved domain. Bacterial proteins

consisting solely of this domain are known as major cold

shock proteins because low temperature triggers

enhanced synthesis of some of them to provide adaptation

and growth of bacteria under these conditions [9].

Bacterial cold shock proteins and YB�1 CSD have identi�

cal β�barrel spatial structure [10].

YB�1 is rich in proline, glutamine, arginine, and

glycine; the first two of these amino acids are known to

contribute much to protein disordering in solution [11].

Structural predictions using various algorithms also

showed N� and C�domains of YB�1 as disordered [12,

13]. Thus, YB�1 falls in the category of natively disor�

dered proteins.

Previously, it was shown that purified YB�1 in solu�

tion, as well as YB�1 in association with RNA at a high

YB�1/mRNA ratio, formed multimers up to 800 kDa [14,

15]. According to electron microscopy (EM) and atomic

force microscopy (AFM), these multimers are 9�10 nm

high, and their diameter is 35�40 nm [16]. The current

study revealed that in buffer with 2 M LiCl, commonly

used to remove RNA from the protein [17], YB�1 formed

vastly extended fibrils. Below, we describe these fibrils.

MATERIALS AND METHODS

YB�1 purification and formation of fibrils. Recombi�

nant YB�1 was synthesized from the plasmid pET�3�1�

YB�1 in Escherichia coli and purified as described previ�

ously [18] with minor modifications. In brief, the bacter�

ial cells were disrupted by ultrasonication in 20 mM Tris�

HCl, pH 7.6, 2 M NaCl, 0.5 mM phenylmethylsulfonyl

fluoride. Cell debris and ribosomes were removed by con�

secutive centrifugation. The supernatant was diluted with

three volumes of 20 mM Tris�HCl, pH 7.6, and loaded

onto a Heparin�Sepharose column (GE Healthcare,
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Sweden). YB�1 was eluted with 20 mM Tris�HCl, pH 7.6,

2 M NaCl, dialyzed against 20 mM Hepes�KOH, pH 7.6,

500 mM KCl, and loaded onto a Mono S 4.6/100 PE col�

umn (GE Healthcare). The protein was eluted by a 0.5�

2 M KCl gradient and finally purified by gel filtration on

a Superose 12 10/300 GL column (GE Healthcare)

equilibrated with 20 mM Hepes�KOH, pH 7.6, 1 M KCl.

Fractions containing pure YB�1 were concentrated and

dialyzed against 20 mM potassium�phosphate buffer,

pH 7.4, 150 mM KCl. The OD280/OD260 ratio was 2, thus

showing the absence of nucleic acids in the protein sam�

ple. Protein concentration was determined from absorp�

tion at 280 nm, with the extinction coefficient taken as

1.37 mg⋅ml–1⋅cm–1.

To obtain YB�1 fibrils, samples containing

0.1 mg/ml YB�1, 20 mM Hepes�KOH, pH 7.6, 2 M LiCl

were incubated at 30°C for 15 min and then at 4°C for

indicated time periods.

Atomic force microscopy. For AFM studies, 5 µl of

YB�1 in 20 mM Hepes�KOH, pH 7.6, 2 M LiCl was

applied onto either freshly cleaved mica or highly ordered

pyrolytic graphite (HOPG) and left for 15 min (mica) or

5 min (HOPG) in a humid chamber. The substrate�

deposited samples were washed twice with bidistilled

water and air�dried. The AFM analysis was made using a

NTEGRA VITA scanning probe microscope (NT�MDT

Company, Russia) with a standard NSG 03 (NT�MDT)

silicon cantilever. The resonance frequency of the can�

tilever was 62�123 kHz, and its length was 100 µm. Tips

with an apex curvature radius of 10 nm were used. The

samples were probed in semi�contact mode in air.

Electron microscopy. After incubation in 20 mM

Hepes�KOH, pH 7.6, 2 M LiCl, YB�1 samples were

adsorbed onto copper grids coated with 0.5% formvar in

chloroform for 2 min, stained with 1% uranyl acetate

(aqueous solution) for 1 min, and examined using a JEM�

100C microscope operating at 80 kV.

RESULTS

YB�1 forms fibrils. According to the AFM analysis,

YB�1 incubation in 20 mM Hepes�KOH, pH 7.6, 2 M

LiCl results in fibril formation. AFM images of these fib�

Fig. 1. AFM images of YB�1 fibrils. Mica�deposited samples after 24�h incubation (a, b) and HOPG�deposited samples after 48�h incubation

in 20 mM Hepes�KOH, pH 7.6, 2 M LiCl (c, d).
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rils are presented in Fig. 1. As seen, the length of the fib�

rils increased from 0.5�1.5 µm (24 h incubation; Figs. 1a

and 1b) to 3�6 µm (48 h incubation; Figs. 1c and 1d).

After 30 days of incubation of YB�1 under conditions

of high ionic strength, the length of the fibrils exceeded

10 µm (Fig. 2). Magnified images (Figs. 2c and 2d) show

that YB�1 fibrils tend to associate with one another to give

structures of a higher order, like ribbons or bundles.

As follows from all these AFM images, there is a dis�

tinct periodicity in the YB�1 fibrillar architecture. On

both graphite and mica as substrates, the average repeat

unit was 50�52 nm, and the fibril diameter was about

20 nm.

We also applied EM to study YB�1 fibrils. As soon as

after 1 h incubation of YB�1 in 20 mM Hepes�KOH,

pH 7.6, 2 M LiCl, EM revealed 1 µm long fibrils (Fig.

3a), as well as small aggregates. After 24 h incubation, the

fibril length increased to 1.5 µm, with concurrent

decrease in the number of small aggregates (Fig. 3b). The

fibril diameter was about 15 nm.

Peculiarities of YB�1 fibrillar architecture. The mag�

nified EM images (Figs. 3c and 3d) of YB�1 fibrils after

24 h incubation clearly demonstrate their helical or

zigzag�like shape. Like in AFM images, the repeat unit is

seen to be about 50�52 nm.

According to EM, the fibrils are polar, because there

is a difference between their ends (Figs. 4a and 4b): one

end (“closed”) is much better stained with uranyl acetate

than the other (“open”).

The magnified AFM images (Fig. 5) show some

details of the YB�1 fibrillar architecture. As seen, the fil�

aments comprise separate asymmetric units of 20 × 25 nm

each.

DISCUSSION

This paper is the first report that in solution YB�1 can

form extended fibrils with a length amounting to >10 µm.

Almost as soon as the ionic strength is increased to 2 M

LiCl, YB�1 polymerization begins to give particles of vari�

ous size seen on EM images (Fig. 3a). With time, small

protofibrils virtually disappear to give place to fibrils reach�

ing 10 µm in length (Fig. 2). Note that the formation of

YB�1 multimers is a two�step process: first, they mainly

gain length, and then, they get drawn up “in parallel” with

one another. This means that their “head�tail” interactions

are much more pronounced than “side�by�side” ones.

The helical or zigzag�like shape of the fibrils (with a

repeat unit of 50�52 nm), clearly seen on EM images, is

shown by AFM as a finer structure composed by separate

asymmetric 20 × 25 nm units (Figs. 5a and 5b).

According to EM, the fibrils display distinct polarity,

since there is seen a difference between their ends. One of

Fig. 2. AFM images of YB�1 fibrils after 30�day incubation in 20 mM Hepes�KOH, pH 7.6, 2 M LiCl. HOPG� (a, c) and mica�deposited (b,

d) samples.
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Fig. 3. EM images of negatively stained YB�1 after 1�h (a) and 24�h (b) incubation in 20 mM Hepes�KOH, pH 7.6, 2 M LiCl. Magnified

images (c, d) show YB�1 after 24�h incubation.

Fig. 4. EM images of terminal fragments of YB�1 fibrils: “closed (a) and “open” (b) fibril ends.

Fig. 5. Magnified AFM images of HOPG�deposited YB�1 fibrils demonstrating their modular structure (a, b).
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these, presumably growth initiating, shows much better

staining with uranyl acetate, while the other, probably

length gaining, demonstrates a lower staining ability (Fig.

4).

Biological reasons for and consequences of the fibril�

forming capability of YB�1 are at the interface between

two sets of available data. One of these is connected with

multifunctionality of the protein, i.e. its ability to interact

with many cellular partners, which has been widely

reported in the literature [1, 19]. The other deals with

protein fibrils and their role in the cell’s life, which has

never been discussed as applied to YB�1.

Subcellular fibrils are known to be vital for the cell’s

existence. For example, elements of the cytoskeleton,

such as microfilaments (made of actin), microtubules

(made of tubulins), and intermediate filaments (made of

proteins that differ from tissue to tissue), are responsible

for a number of basic cell functions, namely, the cell

shape and movement, as well as subcellular compartmen�

talization and transport of large cell particles and

organelles. Apart from these, in the cell there can appear

the so�called amyloid fibrils that embarrass the cell’s life

and provoke a number of diseases [20]. Amyloid fibrils are

insoluble aggregates that originate from some soluble pro�

teins. Besides, quite a number of structurally different

proteins can in vitro undergo polymerization to give the

so�called amyloid�like insoluble fibrils. Although such

polymerization usually requires conditions other than

physiological ones, two mechanisms sufficiently well

describing the process of appearing of amyloid�like fibrils

(refolding and gain�of�interactions) have been proposed

[21].

According to the latest reports, there are amyloids

unrelated to diseases. These are called functional amy�

loids [20]. A well�studied example of a functional amyloid

is the protein curlin from E. coli used by it to colonize

inert surfaces and mediate binding to host proteins [22].

A second example involves amyloid fibrils formed in aer�

ial hyphae of the filamentous bacterium Streptomyces

coelicolor from proteins secreted by this bacterium and

called chaplins [23]. As well as in bacteria, the formation

of similar fibrils was observed in animal cells. Specifically,

the protein Pmel17 responsible for the epidermal produc�

tion of the melanin pigment has been reported to form a

functional amyloid [24]. In secretory granules of the

endocrine system, a number of peptide and protein hor�

mones are kept for a long time in the form of amyloid�like

structures without being toxic for the organism [25].

Consequently, living systems can use the amyloid struc�

ture as a functional state of some proteins. In its turn, this

means that within a functionally normal system proteins

can exist in either soluble or aggregated amyloid�like

form.

As far as we know, YB�1 can hardly be assigned to

either of the above groups. It belongs to natively disor�

dered proteins that are either fully disordered or contain

large disordered sequences. This type is represented by

prion proteins Ure2p [26], Sup35p [27], and Rnq1p [28]

from Saccharomyces cerevisiae, as well as HET�s from

Podospora anserine [29], an unfolded β�amyloid polypep�

tide (42 amino acid residues) responsible for Alzheimer’s

disease, and α�synuclein (140 residues) responsible for

Parkinson’s disease and other forms of senile dementia

[20]. These proteins and YB�1 have the following com�

mon features, although their functions are completely

different.

First, the domain composition: in prions, there are

“prion” and “functional” domains [30]; in YB�1, there

are the N�domain, CSD, and the C�domain. It is reason�

able to suggest that one of the YB�1 domains can be a

“prion” (“functional”) one, although which of them can

be believed to act as such is still an open question.

Second, polarity: prion filaments are always polar,

and YB�1 fibrils possess polarity as well.

Third, the amino acid composition: the prion

domains Ure2p, Sup35p, and Rnq1p are extremely rich

in asparagine and glutamine and have a relatively low

level of charged and hydrophobic residues, and YB�1 is

very rich in glutamine too.

Fourth, the fibril shape: as seen in microphotos,

prion protofibrils are surrounded by globular domains.

These are asymmetric relative to the fibril axis and form

precessing projections that make the filament zigzag�like

in shape [30]. Here we report that YB�1 fibrils are helical

or zigzag�like in shape with a repeat unit of 50�52 nm,

and have a finer architecture shown by AFM and EM

microscopy.

Lastly, the key factor of prion aggregation is their

charge. A decreased charge increases the rate of fibril for�

mation [31]. Sometimes, this results from interaction

with molecules possessing a compensating charge [32,

33]. Although a partial neutralization of the negative

charge can stimulate aggregating at the purely electrostat�

ic level, α�synuclein containing paired clusters of the

opposite charges undergoes aggregation much faster, pro�

vided its NAC�sequence (functional sequence) is unpro�

tected [34]. Similarly, the C�domain of YB�1 comprises

alternating clusters of positively and negatively charged

amino acids. Supposedly, the role of 2 M LiCl buffer con�

sists in shielding these clusters.

As it follows from the above, there are some common

features in the mechanisms of fibril formation by all

natively disordered proteins [35], and hence, the available

information on this group of proteins can be most helpful

in studying YB�1. Presently, it is necessary to understand

(i) the mechanism of YB�1 fibril formation and (ii) the

relationship between the reported here ability of YB�1 to

form extended fibrils and its canonic function of interac�

tion with many cellular partners. Experimental studies in

these directions can serve as a good basis for revision of

the present concept of relationship between protein

aggregation and protein functions.
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In spite of numerous differences in structural details

of amyloid and amyloid�like fibrils reported in the litera�

ture, they share a number of common well�established

features, among which the most distinguished are growth

in one direction, an unbranched shape, peculiar staining

with Congo red and thioflavin T, and availability of the

cross�β�structure that manifests itself through specific

fibril�typical diffraction [21]. So far, we have provided

evidence that two of these, the growth in one direction

and the unbranched shape, are true for YB�1.

The available data on YB�1 fibril formation hardly

allow proposing a mechanism of this process, since nei�

ther the role of the disordered N� and C�ends of YB�1

(3/4 of the molecule length), nor that of its cold chock

domain is known. A certain contribution can be made by

studies of mutants containing various YB�1 fragments

and temperature dependence of the fibril formation

process, as well as polymerization�induced changes in the

YB�1 secondary structure. It is these problems that are

currently in the focus of our attention.
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