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INTRODUCTION

The proteins that provide the machinery for growth and maintenance of the

living cell turn-over by complex processes of synthesis and degradation. Thus,

the extended polypeptide chain synthesized on the ribosome collapses to a com-

pact molten globule (MG),1 which subsequently acquires the precise three-

dimensional structure of the functional ‘‘native’’ protein, with or without the

aid of molecular chaperones.2 Evidence has accumulated over the last two deca-

des that many proteins contain extensive disordered regions, and that some

proteins are even completely disordered under physiological conditions.3 These

proteins are termed natively unfolded4 or intrinsically disordered proteins

(IDPs),3 and their involvement in many cellular processes, including transcrip-

tional regulation and signal transduction, has been demonstrated.5,6 Thus, as

well formulated by Dyson and Wright,5 functional proteins fall on a structural

continuum, ranging from tightly packed proteins that are almost completely or-

dered, displaying well-defined tertiary structures, such as acetylcholinesterase,7

through proteins that contain both large ordered and large disordered stretches,

a good example being the p53 tumor suppressor,8,9 on to whole proteins such

as the �440-residue tau protein, which appears to be intrinsically disordered

from its NH2�� to its COOH�� terminus.10 Furthermore, in multidomain pro-

teins, tightly packed and ordered domains may be connected by intrinsically

disordered and flexible disordered linker sequences, as is the case for a construct

that contains the first three zinc fingers of transcription factor-IIIA.11

In general, intrinsic disorder appears to be associated with low complexity,

and with a low content of hydrophobic amino-acids and/or a high net

charge.4,12 Since the recognition of the prevalence of intrinsically unstructured

proteins (IUPs) by Dunker and coworkers,13 a sizeable number of algorithms
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ABSTRACT

Intrinsically unstructured proteins

(IUPs), also known as natively

unfolded proteins, lack well-defined

secondary and tertiary structure

under physiological conditions. In

recent years, growing experimental

and theoretical evidence has accumu-

lated, indicating that many entire

proteins and protein sequences are

unstructured under physiological con-

ditions, and that they play significant

roles in diverse cellular processes. Bio-

informatic algorithms have been

developed to identify such sequences

in proteins for which structural data

are lacking, but still generate substan-

tial numbers of false positives and

negatives. We describe here a simple

and reliable in vitro assay for identi-

fying IUP sequences based on their

susceptibility to 20S proteasomal deg-

radation. We show that 20S protea-

somes digest IUP sequences, under

conditions in which native, and even

molten globule states, are resistant.

Furthermore, we show that protein–

protein interactions can protect IUPs

against 20S proteasomal action. Taken

together, our results thus suggest that

the 20S proteasome degradation assay

provides a powerful system for opera-

tional definition of IUPs.
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have been developed aimed at predicting whether a given

amino-acid sequence is ordered or disordered, starting

with the PONDR predictor of the Dunker group.14 A

recent review compares several of the programs produced

for this purpose.15 Those available so far predict the or-

dered/disordered status of a given sequence based on the

physicochemical properties/energetics of the protein

sequence alone; thus not taking into account the com-

plete folding of the mature protein.

Several methods are currently employed for identifying

and characterizing IUPs in vitro. X-ray crystallography

and NMR spectroscopy are the main tools in 3D struc-

ture determination of globular proteins at atomic resolu-

tion. Lack of backbone coordinates in X-ray structures,

or diminished chemical shift dispersion in NMR experi-

ments, can highlight disordered parts of a protein of

which the bulk is fully folded. However, it is impossible

to use X-ray crystallography to characterize IUPs, since

they cannot be crystallized due to their inherent flexibil-

ity. NMR is a most suitable method for characterizing

such flexible and dynamic structures; indeed, various

NMR techniques have been employed in characterization

of unfolded states of proteins in general, and of IUPs in

particular.16 Other available methods include far-UV cir-

cular dichroism spectroscopy,17 Raman optical activity

(ROA)18 and 2D electrophoresis.19 These latter methods

can provide details about the average conformation of

the polypeptide chain, but do not provide sequence-spe-

cific information. Additional methods, such as size-exclu-

sion chromatography and small angle X-ray scattering,

which provide information concerning the dimensions of

a protein, have also been applied to characterization of

IUPs. Most of these experimental methods demand sub-

stantial amounts of purified protein, special instrumenta-

tion and expertise, and are highly time consuming. Infor-

mation obtained mainly by use of X-ray crystallography,

CD, and NMR, permitted establishment of the DisProt

database that contains proteins that possess at least one

experimentally determined disordered region.20 As al-

ready mentioned, a number of algorithms have been

developed that can predict, based on the amino-acid

sequence, whether a protein is intrinsically unstructured

or contains large disordered segments. Nevertheless, there

is a need of methods for simple and rapid experimental

identification of IUPs and of disordered sequences.

The proteasome degrades the majority of cellular pro-

teins in eukaryotes. It controls the levels of various regula-

tory proteins, and prevents the accumulation of misfolded

mutant and damaged proteins.21 The symmetrical core

20S proteasome consists of 28 subunits arranged in a cy-

lindrical form of four rings. The two inner rings are cata-

lytically active in protein degradation. Two 19S regulatory

complexes associate with the 20S core particle to form the

26S proteasome. The 19S regulatory complex recognizes

the polyubiquitin chains and catalyzes substrate deubiqui-

tination, denaturation, and translocation of the substrate

into the 20S catalytic core for degradation, whereas the

20S proteasome possesses the ubiquitin-independent pro-

teolytic functions.22,23 The architecture of the proteasome

suggests that correctly folded globular proteins in their

native conformation should not be readily susceptible to

20S proteasomal attack unless denatured by the regulatory

19S subunit. It has been proposed that unfolded protein

substrates are fed into the 20S proteasome via their ter-

mini as extended chains and are degraded progres-

sively.24,25 Liu et al.,26 however, have provided evidence

for susceptibility of internal disordered regions to endo-

proteolytic activity of the proteasome.

In the following, we examine the action of the 20S pro-

teasome on a repertoire of folded and IUPs and protein

domains. We show that susceptibility to proteasomal diges-

tion is indeed correlated with intrinsic disorder, so that it

may actually serve as a diagnostic measure. We further

show that proteins in an MG state, although susceptible to

digestion by the potent protease, proteinase K, are protea-

some-resistant, despite their lack of tertiary structure, pre-

sumably due to their being relatively compact. Finally, we

show that a protease-sensitive IUP becomes proteasome-

resistant when complexed with a functional partner.

RESULTS

Degradation of unstructured
proteins by the 20S proteasome

The core 20S proteasome is a large, multicatalytic pro-

tease that degrades proteins to small peptides. The pro-

teolytic properties of the 20S proteasome include ‘‘chy-

motrypsin-like,’’ ‘‘trypsin-like,’’ and ‘‘peptidylglutamyl-

peptide hydrolyzing’’ or ‘‘caspase-like’’ activities.27 In

contrast to the 26S proteasome, the core 20S proteasome

lacks the 19S regulatory subunits that are responsible for

recognizing poly-ubiquitinated proteins and for unfold-

ing protein substrates.27 The core 20S proteasome is,

therefore, considered to be capable of degrading unstruc-

tured proteins.23

To examine if the 20S proteasome is capable of distin-

guishing between folded and unstructured proteins, we

examined its effect on a repertoire of folded and unstruc-

tured proteins and protein domains that were obtained

as [35S]-labeled species by in vitro translation (Fig. 1).

The unstructured protein domains that were tested

include the cytoplasmic domains of gliotactin (Gli), and

neuroligin-3 (NL3), VirE2 and p21. Gli and NL3 are

members of the family of cholinesterase-like adhesion

molecules (CLAMs), so named due to the sequence

homology of their extracellular domains to the synaptic

enzyme, acetylcholinesterase.28 They are transmembrane

proteins that contain both an extracellular ChE-like do-

main and an intracellular domain. The intracellular

domains of both Gli and NL3 viz., Gli-cyt and NL3-cyt

P. Tsvetkov et al.
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Figure 1
Degradation of folded and unstructured proteins by 20S proteasomes. [35S]-labeled proteins, obtained by in vitro translation, were incubated without (2) or with (1)

purified 20S proteasomes at 378C for 1 h. The samples were then subjected to SDS-PAGE and [35S]-labeled bands were detected by autoradiography. (A) Unstructured

proteins: Gli-cyt, NL3-cyt, VirE2, p21; (B) folded proteins: S-SCAM, ER, HNF-4a, human GCase, GOT. In the Foldindex� profiles the green color-coding corresponds to

sequences predicted to be folded, and red corresponds to those predicted to be unfolded.12 The dashed line separates experiments that were run on different gels.
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have been shown to be intrinsically disordered by a num-

ber of methods including NMR, circular dichroism,

ROA, and size-exclusion chromatography29 (Paz et al., in

preparation). The human Cdk inhibitor, p21cip1, is an

IUP protein that plays a critical role in regulating cell di-

vision and DNA replication.30 VirE2 is an Agrobacterium

tumefaciens virulence protein that interacts with the spe-

cific molecular chaperone VirE1 to regulate its aggrega-

tion and its interaction with DNA. Uncomplexed VirE2

forms functional soluble filamentous aggregates that are

capable of binding DNA.31 The fact that various predic-

tion algorithms indicate that VirE2 is unstructured, and

the tendency of uncomplexed VirE2 to form aggregates,

support the notion that it is indeed unstructured.

The folded proteins tested were a set of proteins that

display a well-resolved 3D structure, and were also pre-

dicted to be predominantly folded using Foldindex, with

the exception of S-SCAM (Fig. 1). These include human

S-SCAM, a neural scaffolding protein (PDB ID: 1UEQ)32;

human estrogen receptor (ER), a ligand-induced transcrip-

tion factor nuclear receptor (PDB ID: 1A52/3ERT)33;

human hepatocyte nuclear factor 4 alpha (HNF-4a), a

major regulator of hepatocyte function (PDB ID:1PZL)34;

human acid-b-glucosidase (GCase), a lysosomal enzyme

that degrades glucosylceramide (PDB ID: 1OGS)35; and

human glutamate-oxaloacetate transaminase (GOT), a pyr-

idoxal-phosphate-dependent enzyme that plays a role in

amino-acid metabolism and in the urea and tricarboxylic

acid cycles (PDB ID: 1AJS).36

Incubation of in vitro-translated [35S]-labeled Gli-cyt,

NL3-cyt, VirE2, and p21, all classified as completely dis-

ordered, in the presence of purified 20S proteasomes,

resulted in their complete degradation [Fig. 1(A)]. In

contrast, S-SCAM, ER, HNF4, Gcase, and GOT, all classi-

fied as completely folded, were resistant to degradation

under the same conditions [Fig. 1(B)]. This strong corre-

lation between susceptibility to 20S proteasomal degrada-

tion and the presence of unstructured sequences supports

the possibility that our 20S proteasomal degradation

assay can be used to distinguish between folded and un-

structured proteins.

Time-course analysis of proteinase K
digestion and 20S proteasomal degradation
of folded and unstructured proteins

Limited proteolysis is commonly used as a tool to probe

the conformational features of partially unstructured pro-

teins or to cleave multidomain proteins at domain boun-

daries.37 Proteases of broad substrate specificity, such as

proteinase K, are frequently used for this purpose.38 We

compared the sensitivity of Gli-cyt, an essentially com-

pletely disordered protein domain, and of GOT, an almost

completely folded globular protein, to proteolysis by pro-

teinase K and to 20S-mediated proteasomal degradation.

Whereas Gli-cyt was completely digested after 5 min in

the presence of proteinase K [Fig. 2(A)], degradation by

20S proteasomes [Fig. 2(B)] was much slower under the

experimental conditions employed. GOT was completely

Figure 2
Degradation of GOT and Gli-cyt by proteinase K and by 20S proteasomes. [35S]-labeled GOT and Gli-cyt were incubated with proteinase K (A) and with 20S

proteasomes (B), both at 378C. Samples taken at indicated times were subjected to SDS-PAGE, and the [35S]-labeled bands were detected by autoradiography.

Quantification was as described under Materials and Methods.
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resistant to both proteinase K and to 20S proteasomes

under the same conditions. These results indicate that the

20S proteasomal degradation assay, like limited proteolysis

with proteinase K, may be used to detect unstructured

protein sequences.

Relative susceptibility of proteins in their
native and MG states to proteinase K
and to 20S proteasomes

The concept of the ‘‘molten globule’’ (MG) was ini-

tially used by to describe an intermediate in protein fold-

ing en route from the extended polypeptide synthesized

on the ribosome to the fully folded and functional native

protein.1,39 The term is now more generally used to

refer to a collapsed state of a protein of slightly greater

dimensions than those of the native protein. The MG

state may also be obtained from the native state by

employing mild denaturing procedures. The MG retains

some native secondary and tertiary structure, but lacks

well-packed side chains, and displays increased confor-

mational flexibility relative to the native state, as evi-

denced by the ability of MG species that contain intra-

chain disulfide bonds to undergo spontaneous disulfide

reshuffling.40 We thought, therefore, that it would be of

interest to examine whether the 20S proteasomal degra-

dation assay is capable of distinguishing between the

native and MG state of two proteins for which both

states have been well characterized.

a-Lactalbumin (aLA) is a calcium-binding globular

protein present in mammalian milk, which functions as a

specific modifier of the enzyme, galactosyltransferase.41

The MG state of aLA is one of the best-characterized

folding intermediates, and has been studied intensively

by a variety of physicochemical approaches.42 Transition

of aLA to its MG state occurs at elevated temperatures

(above 508C), at intermediate denaturant concentrations

(3–4M urea), and upon depletion of Ca12 ions.1

Bovine aLA was incubated in the presence or absence

of 5 mM Ca12, and further analyzed either following

incubation with proteinase K or 20S proteasomes. In the

presence of 5 mM Ca12, aLA adopts a fully folded native

conformation and, consequently, is resistant to degrada-

tion both by proteinase K and 20S proteasomes [Fig.

3(A,B)]. In contrast, Ca12-depleted aLA is completely

digested by proteinase K, as is to be expected, since it is

known to be in an MG state [Fig. 3(A)]. However, this

MG state of aLA is not susceptible to degradation by the

20S proteasomes [Fig. 3(B)]. This is in agreement with

an earlier report that even reduction of two of the three

disulfide bridges in aLA, yielding a species that is main-

tained in a compact configuration, does not render it

susceptible to 20S proteasomal degradation.43 To rule

out any nonspecific effects of Ca12 on the capacity of

20S proteasomes to degrade proteins, NL3-cyt was incu-

bated in the presence of the 20S proteasomes either alone

or in the presence of 5 mM Ca12. The presence of the

calcium ions had no effect on the ability of the 20S pro-

teasome to degrade NL3-cyt, confirming their specific

effect on the degradation of aLA [Fig. 3(C)].

To further strengthen the contention that proteins in a

MG state are resistant to 20S proteasomes, we performed

similar experiments on another well-characterized long-

lived MG species, that of Torpedo californica acetylcholin-

esterase (TcAChE). The crystal structure of TcAChE

reveals the presence of a deeply buried free cysteine,7 and

it was subsequently demonstrated that chemical modifi-

cation of its thiol group transforms native TcAChE to a

MG.44 Purified native TcAChE was resistant to degrada-

tion both by proteinase K and by 20S proteasomes [Fig.

4(A,B)]. The MG state of the enzyme was generated by

treatment with N-ethylmaleimide, (NEM), as previously

described44 (see Materials and Methods). While the MG

state of TcAChE was susceptible to proteinase K [Fig.

4(A)], it was resistant to 20S proteasomal degradation

[Fig. 4(B)]. The intrinsically unstructured Gli-cyt served

as a positive control to monitor for the degradative activ-

ity of the 20S proteasomal preparation [Fig. 4(B)]. Thus,

not only are fully folded native proteins resistant to 20S

proteasomes, but also partially unstructured but compact

species.

Complexing of an IUP can protect it from
20S proteasomal degradation

Many IUPs are believed to interact in situ with one or

more partners to form functional complexes.5 Such an

interaction might potentially serve to protect the IUP

from 20S proteasomal degradation. NL3-cyt is known to

form a tertiary complex with S-SCAM and PSD95.32,45

Susceptibility of [35S]-labeled NL3-cyt to 20S protea-

somes was tested in the presence of [35S]-labeled S-

SCAM, of [35S]-labeled PSD95, or of both. Incubation in

the presence of [35S]-labeled HDMX, a human protein,

which is a critical regulator of p53 activation,46 and

which is not expected to interact with NL3-cyt, served as

a control. NL3-cyt was completely degraded by 20S pro-

teasomes (Fig. 5, lanes 1,2), whereas the addition of ei-

ther S-SCAM or PSD95 retarded degradation, and the

addition of both was even more effective (Fig. 5, lanes 3–

5). Thus complexation can indeed protect an IUP from

20S proteasomal degradation; consequently, susceptibility

to 20S proteasomal degradation can provide not only an

assay for identifying unstructured proteins, but also for

screening for putative partners.

DISCUSSION

The fact that many proteins and protein domains are

intrinsically unstructured has only been widely recog-

nized in recent years. It is now believed, based on various

in silico predictors for protein disorder, that at least 25%

Operational Definition of IUPs
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of the sequences in SwissProt contain long disordered

regions, and that in eukaryotes this value may be as high

as 63%.47 The growing awareness of intrinsic disorder in

proteins has, in turn, resulted in growing evidence that

IUPs may play functional roles in such important processes

as transcription and translation, as well as in signaling cas-

cades, such as the complex network of the postsynaptic

density in neurons.48 In view of the growing interest in

IUPs and their functional role, efforts have been made to

develop both in silico and in vitro approaches for the rapid

identification and characterization of IUPs, and for moni-

toring changes in their folding status and susceptibility to

degradation upon interaction with functional partners.

Various in silico predictors of intrinsic disorder use dif-

ferent parameters and algorithms for their analysis, and

by using a number of predictors one can get a more

accurate representation of the protein’s folding state.49

For example, the construct of S-SCAM that we have uti-

lized herein is composed of two WW domains, linked to

a PDZ domain. FoldIndex depicts both WW domains as

disordered [Fig. 1(B)], in contrast to IUPred, which pre-

dicts that they are both mostly ordered (data not shown).

This protein exemplifies the uncertainties involved in use

of the current prediction algorithms. In the 20S degrada-

tion assay, the protein remained stable, indicating that it

is not disordered, as is also suggested by the NMR struc-

ture of its PDZ domain (1UEQ). Thus, the 20S proteaso-

mal degradation assay can give a more operational defi-

nition of IUPs in cases in which different prediction

algorithms yield conflicting results.

We described earlier an assay for the identification of

IUPs that is based on susceptibility to 20S proteasomal

degradation. We have shown that the 20S proteasomes

are capable of digesting only IUPs and unstructured

domains, whereas globular proteins in their fully folded

native conformation are resistant. Our technique is appli-

Figure 3
Degradation of aLA in its native and MG states by proteinase K and by 20S proteasomes. (A) Ca21-depleted bovine aLA was incubated with proteinase K at 378C in the

absence (2) or presence (1) of 5 mM CaCl2; (B) Ca
21-depleted aLA was incubated in the presence of purified 20S proteasomes at 378C in the absence or presence of

Ca21; (C) NL3-cyt was incubated in the presence of purified 20S proteasomes at 378C for 60 min in the absence or presence of CaCl2. Samples were subjected to SDS-

PAGE, and the protein bands were visualized by Gelcode staining (A) or by immunoblot analysis using rabbit anti-aLA antibodies (B) or mouse anti-His antibodies (C).
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cable to proteins that are only partially disordered, such

as p53.8,50 The question arises whether the structured

portion escapes 20S degradation. In the present study, we

used [35S]-methionine-labeled proteins that permit detec-

tion of residual fragments. With the exception of VirE2,

we observed no smaller-labeled fragments after incuba-

tion with the 20S proteasomes, suggesting that the pro-

teins were completely degraded to smaller fragments,

rather than cleaved. However, certain motifs may be re-

sistant to degradation as was reported for the polyQ

chain.51 We have further shown that well-defined prepa-

rations of proteins in a long-lived MG state, in which the

protein is devoid of most of its tertiary structure, but

retains its secondary structure, and is still quite com-

pact,39 are also resistant to the 20S proteasome. Taken

together, our results suggest that the susceptibility to 20S

proteasomal degradation is a simple, rapid, and reliable

method of operationally defining IUPs and unstructured

sequences. In addition, utilization of this method could

lead to the characterization of motifs that sensitize IUPs

to proteasomal degradation. An important issue is

whether IUPs are present as such within the living cell.

Susceptibility to the 20S proteasome in vitro may be

extended in the future to address the issue of the status

of IUPs in vivo, either by inducing the 20S proteasomal

degradation or by selectively blocking 26S proteasome ac-

tivity, but not that of the 20S proteasome. Proteins found

to undergo proteasomal degradation under such condi-

tions are likely to have retained their IU status in vivo.

Both the native and MG conformations of TcAChE

and bovine aLA were resistant to 20S proteasomal degra-

dation, whereas proteinase K digested the MG but not

the native forms. These observations narrow the specific-

ity of the 20S proteasomes to IUPs and other fully

unstructured sequences. The MG species are significantly

more flexible than the corresponding native species,

based on their capacity to undergo disulfide reshuffling40

as well as being highly susceptible to proteinase K. Never-

theless, they apparently do not present sufficiently

extended unstructured sequences to the 20S proteasome

to permit their penetration into its cavity so as to

undergo peptide bond cleavage. Given our demonstration

that folded proteins are resistant to both degradation

methods, that IUPs are sensitive to both, and that pro-

teins in the MG state are sensitive to proteinase K degra-

dation, but resistant to 20S proteasomes, their utilization

in tandem provides a convenient operational tool for dis-

criminating between the three states.

Figure 4
Degradation of TcAChE in its native and MG states by proteinase K and by 20S proteasomes. Native and MG preparations of TcAChE were incubated with proteinase K

at 248C (A), and with 20S proteasomes at 378C, with Gli-cyt, incubated with 20S proteasomes at 378C for 60 min, serving as a control (B). Samples were subjected to

SDS-PAGE, and the protein bands were revealed using Gelcode staining (A), or immunoblot analysis using anti-TcAChE antibodies for TcAChE, and mouse anti-His

antibodies for Gli-cyt (B).
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As mentioned earlier, 36–63% of the proteins in eu-

karyotic proteomes contain long sequences that are

intrinsically disordered in vitro.47 This does not imply

that these IUPs, or protein sequences, are necessarily dis-

ordered in vivo. On the contrary, in many cases convinc-

ing evidence has been presented that they form func-

tional complexes within the cell, adapting a well-defined

conformation upon interaction with their partner(s). We

have, indeed, shown that binding of S-SCAM and PSD95

to NL3-cyt protects it from 20S proteasomal degradation.

This example, taken together with several other reports

(reviewed in Ref. 52), suggests that protein–protein inter-

actions can protects IUPs from 20S proteasomal degrada-

tion. This may be achieved either by masking the

unstructured domain or by folding it. It has further been

argued that their intrinsically disordered character may

enable IUPs to form relatively low-affinity complexes,

thus permitting plasticity and rapid turnover, and, conse-

quently, to serve as hub proteins interacting with multi-

ple partners.53

Since the core 20S proteasome, as such, is present in

eukaryotic cells,23 it is plausible that it would rapidly de-

grade ‘‘free’’ IUPs. Thus, the 20S proteasome might have

an important regulatory function in eliminating excess

IUPs that had not yet been incorporated into functional

complexes. We earlier described the in vivo degradation

of p53, a protein containing substantial IU sequences,8

by a novel mechanism that we named ‘‘degradation by

default.’’52 To demonstrate that degradation by default is

executed by 20S proteasomes, we performed biochemical

analyses, and revealed a tripartite protein complex com-

posed of p53, the 20S proteasome and a third protein,

NQO1.50 In this complex, NQO1 plays the role of gate-

keeper for the 20S proteasome, which, under appropriate

conditions, protects p53 from 20S proteasomal degrada-

tion. Interestingly, it is possible to induce p53 degrada-

tion by default simply by inhibiting NQO1 with known

drugs, such as dicoumarol.50 The same phenomenon was

demonstrated also with several other IUPs (unpublished

observations). Thus, IUPs can serve as substrates for the

20S proteasome also in situ, and their intracellular level

may be controlled by the novel mechanism that we have

proposed.

Finally, we believe that the current terms, namely IUPs

or IDPs, do not adequately describe the functional signif-

icance of this category of proteins. Both terms are inac-

curate, inasmuch as these proteins may become struc-

tured/ordered at given points in time and space, both in

the presence and absence of partners. Furthermore, the

use of the terms IDP and IUP may also give the impres-

sion that these proteins are in some way ‘‘inferior’’ to

structured proteins. This is completely wrong, given the

fact that such proteins are mainly associated with higher

organisms and functions, as can be seen, for example, by

their prevalence at synapses in the nervous system. We

would like to propose that they be called ‘‘4D proteins,’’

based on the fact that their structures are not fixed, as is

generally the case for ‘‘3D proteins,’’ but rather defined

by time and space.

MATERIALS AND METHODS

Reagents and proteins

Proteinase K and calcium-depleted bovine aLA were

obtained from Sigma (St Louis, MO). The G2 dimeric

form of TcAChE was purified from frozen Torpedo elec-

tric organ tissue (Aquatic Research Consultants, San

Pedro, CA) by affinity chromatography, after solubiliza-

tion with phosphatidylinositol-specific phospholipase C,

as described previously.7

Gli-cyt was over-expressed in Escherichia coli BLR

(DE3) cells, and subsequently purified as described.29

NL3-cyt was similarly expressed, with a six-residue His-

tag at its NH2-terminus, but was purified under denatur-

ing conditions, so as to prevent proteolytic degradation.

Thus, immediately after expression, the pellet was lysed

in 8M urea/100 mM NaH2PO4/10 mM Tris, pH 8.0, and

NL3-cyt was captured on an Ni-NTA column (GE

Healthcare, NJ) from which it was eluted with the same

buffer adjusted to pH 4.5. The eluted protein was further

purified by absorption on an SP FF cation exchange col-

umn (GE Healthcare), from which it was eluted using a

Figure 5
Binding of S-SCAM and PSD95 protects NL3-cyt against 20S proteasomal

degradation. In vitro-translated [35S]-NL3-cyt was incubated for 20 min at

378C in the presence or absence of 20S proteasomes, with or without [35S]-

PSD95, S-SCAM or both; incubation in the presence of [35S]-HDMX, which is

not expected to bind to NL3-cyt, served as a control. Samples were subjected to

SDS-PAGE, and [35S]-labeled proteins were detected by autoradiography.
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0–1M NaCl gradient in 50 mM MES, pH 6.0. Finally, the

pure fractions eluted from the cation-exchange column

were pooled and concentrated, with concomitant replace-

ment of the denaturing buffer by 1 mM EDTA/5 mM

DTT/250 mM NaCl/100 mM Tris, pH 8.5, using a 3000

MWCO Vivaspin concentration device (Sartorius, Göttin-

gen, Germany). The concentrated protein was further

purified through a HiLoad 16/60 Superdex 75 pg column

(GE Healthcare) pre-equilibrated with the same buffer

(Paz et al., in preparation). Anti-TcAChE rabbit polyclo-

nal antibodies were prepared by the Biological Services

Antibody Unit of the Weizmann Institute of Science.

Mouse anti-His antibodies were obtained from Sigma,

and rabbit antibovine aLA antiserum was from Bethyl

Laboratories (Montgomery, TX).

Plasmids

In vitro translation was performed using the TNT
1

Quick Coupled Transcription/Translation System (Promega,

WI). The plasmids employed were the following: pET28-

Gli-cyt,29 pET28-human NL3-cyt (encoding amino-acids

731–848), pRSET-human S-SCAM (encoding amino-

acids 302–510), pET28-human ER (encoding amino-acids

296–555), pET28-HNF-4a (encoding amino-acids 141–

464), pET28-human acid-b-glucosidase (encoding amino-

acids 20–516), pET28-GOT (full-length), pRSET-PSD95

(encoding amino-acids 65–393), pET28-VirE2,31 pCDNA3-

HDMX, and pET21-p21.

Proteinase K digestion

Proteinase K (Sigma) digestion of [35S]-methionine-la-

beled proteins was carried out in 6 lL digestion buffer

(150 mM NaCl/100 mM Tris HCl, pH 7.5), at a protein-

ase K concentration of 100 ng/mL, at 378C, essentially as

described by Fontana et al.38 Proteinase K digestion of

recombinant and purified proteins was done at an E:S ra-

tio of 1:500 (w:w), at 378C, except for TcAChE, for

which digestion was at 248C, at an E:S ratio of 1:50, due

to its low thermal stability.54 Samples were then mixed

with Laemmli sample buffer containing 5 mM PMSF,

heated at 958C for 5 min, subjected to SDS-PAGE, and

detected either by Gelcode staining or by autoradiogra-

phy.

In vitro 20S proteasomal degradation assay

Purified 20S proteasomes were generated as described

previously.50 Degradation of [35S]-methionine-labeled

proteins translated in vitro was carried out with 1 lg of

the purified 20S proteasomes in 30 lL of the same degra-

dation buffer as used for proteinase K digestion, at 378C
for 1 h. Sample preparation and SDS-PAGE were as

described earlier, and detection was by autoradiography.

Generation of the Tc AChE MG

A MG species of TcAChE was generated by treatment

with NEM, essentially as described.44 Briefly, 200 lg of

purified TcAChE in 100 lL of 5 mM NEM/100 mM

NaCl/50 mM sodium phosphate, pH 7.0, were incubated

for 20 h at 48C. Excess NEM was separated from the

modified protein on a 5-mL desalting column (GE

Healthcare).
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