PMA or PMA in the presence of CYLD knockdown for 2-3 hours. This allows NF-kB to
become active and stimulate expression of the anti-apoptotic NF-kB target genes. Then we
add TNF-a and CHX at the same time. The CHX is added because TNF-a has two effects;
it induces apoptosis in a transcription-independent fashion, and induces NF-kB to protect
from apoptosis, which requires transcription. By adding CHX and TNF-« at the same
time, the anti-apoptotic effects of TNF-a are blocked (by CHX), leaving only the apoptotic
signalling pathway intact. This is why combined treatment with TNF-o and CHX is such a
powerful inducer of apoptosis. Thus, in this experimental set-up the apoptotic effects of
TNF-o can only be rescued by activation of NF-kB target genes prior to CHX treatment
(that is, through the combined effects of PMA + CYLD knockdown).

Seventy-two hours after electroporation of HeLa cells with the indicated plasmids, cells
were treated with 200 nM PMA for 2-3 hours to stimulate NF-kB activity, followed by a
12-hour incubation in medium containing both 10 ngml™' TNF-« and 10 pgml~" CHX
to induce apoptosis. Viable cells were quantified using the Trypan blue exclusion method.
To inhibit NF-kB activity, medium was supplemented with 10 mM sodium salicylate 3.5
hours before TNF-o addition.
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The tumour suppressor CYLD
negatively regulates NF-«B signalling
by deubiquitination
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NF-kB transcription factors have key roles in inflammation,
immune response, oncogenesis and protection against apopto-
sis"”. In most cells, these factors are kept inactive in the cyto-
plasm through association with IkB inhibitors. After stimulation
by various reagents, IkB is phosphorylated by the IkB kinase
(IKK) complex® and degraded by the proteasome, allowing NF-xB
to translocate to the nucleus and activate its target genes. Here we
report that CYLD, a tumour suppressor that is mutated in
familial cylindromatosis®, interacts with NEMO, the regulatory
subunit of IKK>®. CYLD also interacts directly with tumour-
necrosis factor receptor (TNFR)-associated factor 2 (TRAF2), an
adaptor molecule involved in signalling by members of the family
of TNF/nerve growth factor receptors. CYLD has deubiquitinat-
ing activity that is directed towards non-K48-linked polyubiqui-
tin chains, and negatively modulates TRAF-mediated activation
of IKK, strengthening the notion that ubiquitination is involved
in IKK activation by TRAFs and suggesting that CYLD functions
in this process. Truncations of CYLD found in cylindromatosis
result in reduced enzymatic activity, indicating a link between
impaired deubiquitination of CYLD substrates and human
pathophysiology.

The regulatory subunit of IKK, NEMO (also known as IKK-y),
has an essential role in NF-kB activation and its dysfunction is
associated with several distinct human pathologies’. On applying
the carboxy-terminal half of NEMO as a bait in two-hybrid screen-
ing, we found that it bound specifically to the tumour suppressor
CYLD (Fig. 1a). CYLD was originally identified through positional
cloning of the gene responsible for familial cylindromatosis, an
autosomal dominant disease characterized by benign tumours
derived from cells of skin appendages, which appear predominantly
in hairy areas of the body during adulthood*.

The binding site for CYLD on NEMO was found to correspond to
the last 39 amino acids of the NEMO protein, where a zinc-finger is
located (Fig. 1a). In further two-hybrid tests, CYLD was found to
bind to TRAF2 but not to other members of the TRAF family or to
any of the following signalling proteins: TRADD, RIP, RIP2, NIK,
FADD, cFLIP, caspase 8, APAF1, IAP-1, the p55 TNER intracellular
domain, FAS-IC or A20 (data not shown). The whole TRAF domain
of TRAF2 seemed to be required for the CYLD-TRAF2 interaction
(Fig. 1b). We found that the NEMO-binding site is located between
amino acids 470 and 684 in CYLD, whereas the TRAF2-binding site
is located between CYLD amino acids 394 and 470. Because TRAF2
binds to the sequence motif Pro-X-GIn-X-(Ser/Thr)® and we found
a similar sequence in the TRAF2-binding domain of CYLD (Pro
453-Val 454-GlIn 455-Glu 456-Ser 457), we examined the partici-
pation of this sequence in the TRAF2—CYLD interaction by mutat-
ing Ser 457 to alanine. This mutation abolished TRAF2 binding to
CYLD (Fig. 1c).

CYLD binding to NEMO and to TRAF2 could be also detected in
transfected human embryonic kidney (HEK) 293T cells (Fig. 2a, d).
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Notably, the interaction of CYLD with NEMO was associated with
the appearance of a shifted band of CYLD (Fig. 2a), representing a
phosphorylated form of this molecule (Fig. 2b). The kinase involved
did not seem to be IKK (Supplementary Fig. 1). No interaction was
detected between CYLD and dC385 NEMO, a truncated version of
NEMO lacking the C-terminal zinc-finger, confirming the partici-
pation of this domain in CYLD binding (Fig. 2¢).

As previously noted*, CYLD contains two sequence motifs that
share similarity with the cysteine and histidine boxes found in the
UBP ubiquitin-specific protease subfamily of enzymes with deubi-
quitinase activity>'®. Notably, an evolutionarily conserved motif
located at the C terminus of known CYLD orthologues from various
species corresponds to subdomain III of the UBP histidine box and
is deleted in the shortest truncation of CYLD that generates
cylindromatosis* (Fig. 3a).

We assessed the effect of transfected CYLD on the overall pattern
of cellular protein ubiquitination but observed no obvious
reduction in the extent of conjugation of wild-type ubiquitin tagged
with an influenza A virus haemagglutinin epitope (HA—ubiquitin)
to the cellular proteins. Nor did we observe any effect of CYLD on
the conjugation of ubiquitin in which Lys 63 had been replaced with
arginine (K63R). By contrast, conjugation of ubiquitin in which Lys
48 had been replaced with arginine (K48R) was markedly reduced
(Fig. 3b). These findings suggest that CYLD affects proteins with
ubiquitin conjugated through Lys 63 (K63-Ub) but not those with
ubiquitin conjugated through Lys 48 (K48-Ub). It cannot be
excluded that CYLD also affects other modes of ubiquitin conju-
gation; for example, through Lys 29.

Both TRAF2 and TRAF6 have been shown to act as E3 ubiquitin
ligases and to ubiquitinate themselves through K63-Ub conju-
gation''"". This modification, in contrast to K48-Ub conjugation,
is not associated with proteolysis, but instead triggers signalling
through an undefined mechanism'>. When we co-transfected
TRAF2 or TRAF6 with HA—ubiquitin into HEK 293T cells, poly-
ubiquitination of both proteins was indeed observed (Fig. 3c).
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CYLD CYLD
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- 333 -
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Figure 1 Mapping the binding of CYLD to NEMO and TRAF2 in yeast. Interactions between
the fusion proteins were assessed by filter assays for 8-galactosidase activity. The plus
sign indicates activity within 2 h and the minus sign indicates no activity within 24 h.
Amino-acid coordinates of the deletion mutants of NEMO (a), TRAF2 (b) and CYLD (¢) are
indicated. CC, coiled-coil; LZ, leucine zipper; ZF, zinc-finger; RF, RING-finger; N, TRAFN
domain; C, TRAFC domain; CAP-Gly, putative microtubule-binding motif*; Cys and His,
cysteine and histidine boxes of the UBP catalytic domain; clone 10, the original cDNA
clone identified in the two-hybrid screening.
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Unexpectedly, when NEMO was included in the experiment as
another CYLD-interacting protein, it was also polyubiquitinated.
As with TRAF2 and TRAF6, inhibition of proteasome function had
no effect on the cellular amounts of ubiquitinated NEMO (Sup-
plementary Fig. 2), indicating that this modification does not target
it for degradation.

Transfection of CYLD together with NEMO, TRAF2 or TRAF6
resulted in disappearance of the ubiquitinated forms of the three
proteins (Fig. 3¢c). Notably, co-transfection of TRAF2 with a Ser
457-to-alanine mutant of CYLD, (S/A)CYLD, that could not bind
TRAF2 resulted in a lower degree of deubiquitination as compared
with cells co-transfected with TRAF2 and wild-type CYLD, indi-
cating that the specific binding of TRAF2 to CYLD assists its
deubiquitination (Fig. 3d). By contrast, (S/A)CYLD was just as
potent as the wild-type protein in its ability to act on either TRAF6
or NEMO (Fig. 3d). The truncated version of CYLD originally
isolated during our two-hybrid screen (clone 10 or (AN393)CYLD;
Fig. 1c) showed a restricted substrate specificity. It could deubiqui-
tinate TRAF2 and NEMO, but not TRAF6 (Supplementary Fig. 3).
CYLD also showed deubiquitinating activity in a cell-free assay
(Fig. 3e). Replacement of the putative catalytic histidine residue of
CYLD (Fig. 3a) by an asparagine residue, (H/N)CYLD, resulted in
total loss of its activity, showing that the enzymatic activity of
CYLD, rather than interference caused by binding to NEMO or
TRAF2, was responsible for the observed effect (Fig. 3¢, e). CYLD
did not affect the K48-linked ubiquitination of 3-catenin or IkBa
(refs 1, 14, and Fig. 3f), further indicating that it functions as a
K63-Ub-specific deubiquitinase.

As discussed above, the shortest truncation of CYLD that gen-
erates cylindromatosis (introduction of a stop codon at Arg 936)
eliminates subdomain III of the histidine box*. We therefore
examined the impact of this mutation, (R/X)CYLD, on the enzym-
atic activity of CYLD. We observed a severe reduction in deubiqui-
tinase activity of (R/X)CYLD both in transfected cells and in a
cell-free assay (Fig. 3¢, e). This confirms the role of this domain
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Figure 2 /n vivointeraction of CYLD with NEMO and TRAF2. a, Interaction between CYLD
and NEMO. HEK 293T cells were transfected with the indicated combinations of empty
vector (pc) and expression constructs encoding HA-NEMO or CYLD—Flag (CYLD-F). Cell
extracts were analysed by immunoblotting either directly (IB) or after immunoprecipitation
with antibodies against Flag (IP). Asterisk indicates a retarded CYLD species. b, NEMO—
CYLD interaction results in phosphorylation of CYLD. Lysates of HEK 293T cells
transfected with the indicated constructs were incubated without or with N-phosphatase
(P-ase), and then analysed directly by immunoblotting with antibodies against Flag. ¢, The
zinc-finger of NEMO is required for interaction with CYLD. The experiment was done as in
a; HA-WT, full-length NEMO; HA—AC385, NEMO lacking the zinc-finger. d, Interaction
between CYLD and TRAF2. Extracts were analysed by immunoblotting either directly (IB)
or after immunoprecipitation with antibodies against Flag (IP).
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Figure 3 CYLD is an active UBP deubiquitinase with restricted substrate specificity. a, Top,
alignment of CYLD fragments (lower row) with the consensus of the UBP family, and
conserved residues in UBP proteins (see the Protein families database of alignments and
HMMs (Pfam) at http://www.sanger.ac.uk/Software/Pfam). Asterisks indicate cysteine and
histidine residues implicated in the catalytic mechanism, n indicates a variation in amino-
acid number between UBP proteins. Bottom, degree of evolutionary conservation in the
C-terminal region of CYLD corresponding to block Ill of the histidine box, and the site of the
most distal mutation (R936X) found in cylindromatosis (family TT17), which results in
truncation of the last 20 residues of CYLD*. b, CYLD is a deubiquitinating enzyme affecting
non-K48-linked ubiquitination. HA-tagged human wild-type, K48R or K63R ubiquitin was
co-transfected with empty vector or a construct expressing wild-type CYLD (WT) or
catalytically inactive CYLD (H/N). Overall protein ubiquitination (top) and the expression of
CYLD (bottom) were assessed by immunablotting with antibodies against HA and Flag,
respectively. ns, nonspecific signal. Results are representative of three independent
experiments exposed to achieve similar signal intensities. ¢, CYLD can deubiquitinate
TRAF6, TRAF2 and NEMO in vivo. HEK 293T cells were transfected with pCMV—Flag—
TRAFE, pCMV—HA-NEMO or pCMV-HA-TRAF?2, plus empty vector or a pCMV-HA—
ubiquitin (Ub) plasmid. The effect of wild-type CYLD, His-box-mutated CYLD (H/N), or
C-terminally truncated CYLD (R/X) on ubiquitinated molecules was assessed by
immunoblotting with antibodies against TRAF6, NEMO or TRAF2. d, TRAF2 deubiquitination
by CYLD is controlled by their specific interaction. Conditions were similar to those in €. S/A
is the Flag-tagged S457A CYLD mutant. Numbers indicate the relative extent of
ubiquitination. The relative expression of transfected CYLD constructs is shown below.

e, CYLD has deubiquitination activity in a cell-free assay. Equal amounts of wild-type CYLD
or the two CYLD mutants (H/N, R/X) obtained from transfected cell lysates were incubated
with Flag—TRAF6 beads in deubiquitination buffer (Methods). TRAF6 ubiquitination was
analysed with antibodies against TRAFG. f, CYLD does not affect the ubiquitination of lkBex
or 3-catenin. The analysis was done essentially as in ¢, except that cells were pretreated
with the proteasomal inhibitor MG132 (MG) to allow ubiquitinated molecules to accumulate
for detection. IkBex ubiquitination was induced by co-transfecting cells with IKK2(E/E)'” and
detected with antibodies against IkBo. Ubiquitination of 3-catenin was detected with
antibodies against 3-catenin after immunoprecipitation with antibodies against HA.
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in the deubiquitinase activity and suggests that cylindromatosis
pathology results from defective deubiquitination of in vivo CYLD
substrates.

We assessed the affect of overexpressing CYLD on TNF and
interleukin-1 (IL-1) function and found that it inhibited the induc-
tion of NF-kB by both cytokines (Fig. 4a). This inhibition was
diminished when the enzymatically inactive mutant (H/N)CYLD
was used instead of wild-type CYLD (Fig. 4a). Overexpression of the
mutant (S/A)CYLD, which does not bind TRAF2, also decreased the
inhibitory effect of CYLD on NF-kB activation induced by TNE,
which involves TRAF2, but not its inhibitory effect on NF-kB
activation induced by IL-1, which involves TRAF6 (Fig. 4a).

Overexpression of CYLD also substantially inhibited NF-«B
activation induced by several members of the TNFR and IL-1
receptor/Toll-like receptor families, including TNFR-1, EDAR and
TLR4 (Fig. 4b), as well as by LMP1, TRAF2, TRAF5, TRAF6, RIP,
TRADD and Myd88, of which the effect on TRAF2 was the strongest
(Fig. 4¢c). (H/N)CYLD was only slightly inhibitory to these signal-
ling proteins, whereas (AN393)CYLD strongly inhibited TRAF2-
but not TRAF6-dependent activation of NF-kB (Supplementary
Fig. 3).

Notably, when NF-kB was activated by NIK (a kinase that binds to
and activates IKK1; ref. 15), by Tax (a viral protein that directly
interacts with NEMO and activates IKK'®), or by a constitutively
active form of IKK2 (IKK2(E/E)"), the overexpressed CYLD was
barely inhibitory and no difference was seen between wild-type and
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Figure 4 Overexpression of CYLD inhibits NF-kB activation and this inhibition requires its
catalytic activity. a, CYLD-mediated inhibition of NF-kB activation by TNF-c or IL-183. HEK
293T cells were co-transfected with either empty vector (control) or constructs expressing
wild-type CYLD, (S/A)CYLD and (H/N)CYLD, and NF-«B activation was analysed by a
luciferase assay after stimulation with TNF-cc or IL-13 (10ng ml~" for 4 h). Results are
representative of at least two experiments done in duplicate; bars indicate the s.d. in each
series. Relative expression of the CYLD constructs is shown below the luciferase data.
b, CYLD-mediated inhibition of NF-kB activation by members of the TNFR and IL-1
receptor families. Analysis was done as in a, except that NF-kB was activated by
overexpressing the indicated receptors. Relative stimulation is shown; numbers indicate
the absolute fold activation. ¢, CYLD-mediated inhibition of NF-kB activation by signalling
intermediates. Analysis was done as in a. d, (R/X)CYLD does not inhibit NF-kB activation.
Analysis was done as in a, using TRAF2 as activator of NF-«B.
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(H/N)CYLD (Fig. 4c and data not shown). This indicates that the
overexpressed CYLD is not acting by directly inhibiting the IkBa
ubiquitination step (see also Fig. 3f), the subsequent IkB degra-
dation step, or probably the final step of IKK activation, but rather
functions by inhibiting an upstream event that is required for this
activation. Indeed, although it effectively blocked degradation of
IkB induced by TNF treatment, CYLD had no effect on the
phosphorylation of IkB nor on its degradation in response to
IKK2(E/E) expression (Supplementary Fig. 4). (R/X)CYLD did
not seem to inhibit NF-kB activation (Fig. 4d), further showing
that the negative regulation of NF-kB activation by CYLD is
dependent on its catalytic activity.

To confirm the negative role of CYLD in TRAF-dependent NF-kB
activation, we tried to reduce endogenous CYLD expression through
RNA-mediated (RNAi) interference'® using a pSUPER expression
vector (pSUPER-CYLD)". Expression of exogenous full-length
CYLD, but not of a CYLD truncation mutant lacking the short
interfering RNA (siRNA) target site (AN), was markedly decreased by
expression of this vector (Fig. 5a), showing its efficiency and
specificity in reducing CYLD expression. When transfected with
PSUPER-CYLD, HEK 293T cells showed a roughly twofold increase
in the activation of NF-kB induced by small amounts of TRAF2. By
contrast, the same amount of NF-kB activation induced by Tax was
not changed by expression of the CYLD siRNA, indicating that the
effect was specific (Fig. 5b).

Our study shows that the tumour suppressor CYLD is a member
of the UBP class of deubiquitinating enzymes that preferentially
cleaves non-K48-Ub-conjugated moieties and negatively regulates
NF-kB activation. While this manuscript was in preparation, CYLD
was shown to possess deubiquitinating activity on the basis of
experiments using active-site-directed inhibitors of deubiquitinat-
ing enzymes®. Our data indicate that TRAF2 and NEMO are in vivo
targets of CYLD. The association of CYLD with NEMO and TRAF2,
and probably also cytoskeletal associations imposed on CYLD by its
CAP-Gly motifs*, may allow it to specifically affect other target
proteins. Despite our still limited knowledge of the identity of the
CYLD substrates, our findings clearly indicate that this molecule
controls the ubiquitination of signalling proteins that function
upstream of IKKs, thereby identifying an additional stage of
regulation in the NF-kB pathway. CYLD dysfunction at this stage
may result in excessive activation of NF-kB and trigger cell trans-
formation through increased resistance to apoptosis or pertur-

bation of the cell cycle®. d
a pSuper- b 20
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— = .5 15
o —_— ©
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Figure 5 CYLD is a negative regulator of the TRAF2 and NF-«B signalling pathway.

a, CYLD siRNA efficiently blocks expression of transfected CYLD. HEK 293T cells were
transiently transfected with either empty pcDNA3 (C) or expression vectors encoding Flag-
tagged wild-type CYLD or an N-terminally truncated mutant of CYLD (AN; residues 1-393
deleted). CYLD expression was analysed by immunoblotting with a monoclonal antibody
against Flag. b, Expression of CYLD SiRNA potentiates TRAF-dependent activation of
NF-kB. HEK 293T cells were co-transfected in duplicate with the indicated amounts of a
TRAF2 or Tax expression construct or empty vector (C), plus the Igk-Luc reporter and
either pPSUPER-CYLD (open bars) or control pSUPER (filled bars) plasmids. Analysis was
done as in Fig. 4.
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Methods

Yeast two-hybrid screening

A complementary DNA corresponding to the C-terminal part of the human NEMO open
reading frame (ORF; nucleotides 284-1260) was cloned into the GAL4 DNA-binding
domain (DBD) vector pGBT9 (Clontech). The resulting plasmid pGBT9-NEMO was used
as bait in a two-hybrid screen of a human B-cell cDNA library (Clontech) in Saccharomyces
cerevisine HF7c. Isolation of positive clones and subsequent two-hybrid interaction
analyses using a Matchmaker TwoHybrid System Protocol (Clontech) were done
according to the manufacturer’s instructions. We assessed the binding properties of CYLD
and other proteins in the yeast SFY526 reporter strain (Clontech) using the pGBT9-GAL4-
DBD and pGAD-GH-GAL4-AD vectors. Deletion constructs for two-hybrid mapping
were made by conventional polymerase chain reaction (PCR).

Antibodies and expression constructs

We used antibodies against TRAF2 (H-249, Santa Cruz), TRAF6 (H-274, Santa Cruz),
NEMO (PharMingen and ref. 5), the Flag epitope (M2, Sigma), the HA epitope (a home-
made hybridoma), 8-catenin (Sigma) and IkBa (Transduction Laboratories).

The wild-type ubiquitin expression vector encoding an octameric tandem fusion of
HA-ubiquitin was a gift from M. Treier (EMBL). Both the K48R and K63R HA-ubiquitin
point mutants in a bacterial expression vector were a gift from K.-I. Nakayama (Kyushu
University). For the mammalian expression experiments, we transferred a single copy of
each of the mutant cDNAs into the pcDNA3 vector by using conventional cloning
techniques.

A cDNA comprising the complete ORF of CYLD was obtained by joining the original
two-hybrid clone (clone 10) and a partially overlapping 5'-extending clone obtained from
the IMAGE consortium. The resulting full-length cDNA was used to amplify by PCR the
predicted CYLD OREF, which was subsequently transferred into a pcDNA3 mammalian
expression vector (Invitrogen) that had been modified to include in-frame amino-
terminal AU1 and C-terminal Flag epitopes.

We prepared all deletions and point mutants by conventional PCR and cloning
techniques. The CYLD R936X deletion construct was derived directly from the
C-terminally tagged plasmid pcCYLDwt-Flag and thus contained no epitope tag at its
C terminus. For this reason, the activity of this construct was always compared with that of
untagged wild-type CYLD.

Cell culture and transfection
HEK 293T cells were transfected as described®’. We carried out immunoblot analysis,
immunoprecipitations and luciferase assays as described”.

In vitro deubiquitination assay

Both the enzyme (CYLD-Flag) and the substrate (Flag-TRAF6) were expressed separately
in HEK 293T cells in 10-cm dishes. After immunoprecipitation with antibodies against
Flag, CYLD was eluted by incubation with Flag peptide (Sigma) and added to Flag-TRAF6
beads. The deubiquitination reaction was carried out in 100 pl of deubiquitination buffer
(20 mM Tris-HCI (pH 7.5), 5mM MgCl, and 2 mM dithiothreitol) at 30 °C for 1h. We
resolved the reaction products by conventional SDS-PAGE and analysed them by
immunoblotting.

CYLD siRNA expression vector

The RNAi procedure was done as described". In brief, a double-stranded oligonucleotide
was designed to contain a sequence derived from the 5" end of human CYLD ORF
(nucleotides 232-250) in forward and reverse orientation separated by a 9-base-pair
spacer region (ttcaagaga) to allow formation of the hairpin structure in the expressed
oligo-RNA: sense strand, 5'-gatcccc CCTCATGCAGTTCTCTTTGttcaagagaCAAAGA
GAACTGCATGAGGtttttggaaa; antisense strand, 5'-agcttttccaaaaaCCTCATGCAGTT
CTCTTTGtctcttgaaCAAAGAGAACTGCATGAGGggg. The resulting double-stranded
oligonucleotide was cloned into the BglII and HindIII sites of the pSUPER vector for
expression under the control of the HI RNA promoter.
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In order for any biological system to function effectively, it is
essential to avoid the inherent tendency of proteins to aggregate
and form potentially harmful deposits'™. In each of the various
pathological conditions associated with protein deposition, such
as Alzheimer’s and Parkinson’s diseases, a specific peptide or
protein that is normally soluble is deposited as insoluble aggre-
gates generally referred to as amyloid>’. It is clear that the
aggregation process is generally initiated from partially or
completely unfolded forms of the peptides and proteins associ-
ated with each disease. Here we show that the intrinsic effects of
specific mutations on the rates of aggregation of unfolded
polypeptide chains can be correlated to a remarkable extent
with changes in simple physicochemical properties such as
hydrophobicity, secondary structure propensity and charge.
This approach allows the pathogenic effects of mutations associ-
ated with known familial forms of protein deposition diseases to
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be rationalized, and more generally enables prediction of the
effects of mutations on the aggregation propensity of any poly-
peptide chain.

The ability to form highly organized aggregates such as the fibrils
and plaques associated with the amyloid diseases has been suggested
to be a generic property of polypeptide chains, and not simply a
feature of the small numbers of proteins so far associated with
recognized pathological conditions’. Nevertheless, the propensity of
a given polypeptide chain to aggregate under specific conditions
varies dramatically with its composition and sequence. The pro-
posed generic nature’ and well established common structural
characteristics of aggregates formed from proteins without detect-
able sequence or structural similarity® have encouraged us to
investigate whether the effects of amino acid substitutions on the
propensity of proteins to aggregate can be described by relatively
simple principles that are of general validity. When a protein that is
normally folded starts to aggregate, it does so from at least partially
unfolded states that are present during or immediately following
biosynthesis, or as the result of cellular stress or proteolytic
degradation™’.

Destabilization of the native state that results in an increased
population of partially folded molecules is well established as an
important factor in the pathogenic effects of mutations, when the
diseases are associated with the deposition of proteins that are
globular in their normal functional states®. Nevertheless, this factor
is not sufficient to explain the pathogenic effects of all mutations
associated with such proteins”®, in part because the mutations
also affect the properties of their aggregation-prone unfolded
or partially unfolded states. Clarifying such additional factors
that modulate aggregation from non-native states is of funda-
mental importance for a complete understanding of the relation-
ship between mutation and aggregation behaviour for these
systems. More importantly, however, the peptides and proteins
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Figure 1 Dependence of the aggregation rate on different physicochemical parameters.
Change of the aggregation rate of AcP resulting from mutation plotted against a, the
predicted change of hydrophobicity, b, propensity to convert from an «c-helical to a
-sheet conformation, and €, charge. All aggregation rate measurements were carried
out under conditions in which all the protein variants are substantially unstructured. The
mutations reported in a and b, described previously®, involve residues 16-31 and 87-98
and do not involve change of charge. The mutations reported in ¢, also described
previously'®, were designed to minimize change of hydrophobicity and secondary
structure propensities. Values of AHydr., (AAG coio. + AAG g-co1) and ACharge were
calculated for each mutation as described in Table 1 legend.
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