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The conversion of peptides and proteins into highly
ordered and intractable aggregates is associated with a
range of debilitating human diseases and represents a
widespread problem in biotechnology. Protein engi-
neering studies carried out in vitro have shown that
mutations promote aggregation when they either desta-
bilize the native state of a globular protein or accelerate
the conversion of unfolded or partially folded conforma-
tions into oligomeric structures. We have extended such
studies to investigate protein aggregation in vivo where
a number of additional factors able to modify dramati-
cally the aggregation behavior of proteins are present.
We have expressed, in Escherichia coli cells, an E. coli
protein domain, HypF-N. The results for a range of mu-
tational variants indicate that although mutants with a
conformational stability similar to that of the wild-type
protein are soluble in the E. coli cytosol, variants with
single point mutations predicted to destabilize the pro-
tein invariably aggregate after expression. We show,
however, that aggregation of destabilized variants can
be prevented by incorporating multiple mutations de-
signed to reduce the intrinsic propensity of the polypep-
tide chain to aggregate; in the cases discussed here, this
is achieved by an increase in the net charge of the pro-
tein. These results suggest that the principles being es-
tablished to rationalize aggregation behavior in vitro
have general validity for situations in vivo where aggre-
gation has both biotechnological and medical relevance.

The conversion of peptides and proteins into highly insoluble
fibrillar aggregates is associated with at least 25 well charac-
terized human disorders, including Alzheimer’s and Parkin-
son’s diseases and various systemic amyloidoses (1, 2). Re-
cently, many natural proteins that have no known links to
human disease have been found to be able to form aggregates
similar to the fibrils associated with clinical amyloid diseases
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(2, 3). This has led to the proposal that both the amino acid
sequences of proteins and the components of the cellular ma-
chinery dedicated to “housekeeping” functions have evolved to
prevent uncontrolled protein aggregation (3, 4). In addition to
its significance in cell biology and medicine, protein aggrega-
tion is a fundamental problem in biotechnology. For example,
the heterologous expression of proteins in bacteria, the de novo
design of novel proteins or the rational modification of existing
proteins, is frequently frustrated by the fact that the polypep-
tide chains aggregate into large assemblies, including inclusion
bodies or amyloid fibrils (5-7).

It is generally accepted that in most cases aggregates such as
amyloid fibrils originate from ensembles of partially unfolded
conformations rather than from the folded and functional
states of proteins (Fig. 1) (1, 3, 8, 9). Consistent with this idea,
amino acid substitutions can promote amyloid formation in
vitro when they destabilize the native state of a protein (10—
18). More recently, it has also been shown from in vitro exper-
iments that mutations can favor amyloid formation when they
facilitate the subsequent step in the aggregation process of
globular proteins (or the primary step for natively unfolded
proteins or for unstructured peptides), i.e. the conversion of
unfolded or partially folded states into oligomeric species (19—
26). Aggregation in such cases has been found to be facilitated
by mutations that either increase the hydrophobicity of the
polypeptide chain or its propensity to convert from a-helical to
B-sheet structure or decrease the overall net charge on the
protein molecule (19-26).

Although the ability to induce amyloid formation in vitro
under controlled conditions has greatly facilitated the identifi-
cation of the underlying physicochemical characteristics that
govern protein aggregation, the importance of such determi-
nants in the highly complex and crowded intracellular or ex-
tracellular environments in vivo has not yet been established.
Indeed, many aspects of the environment in a living organism
can potentially alter dramatically the aggregation behavior of
peptides and proteins. These include the effects of macromo-
lecular crowding (27), the presence of partner proteins or small
ligands binding preferentially to the native state of a protein
(28-30), and the action of molecular chaperones (31, 32), pro-
teases, and other species (31, 33). In addition, ongoing trans-
lation provides in vivo a continuous supply of unfolded or
partially folded protein that facilitates substantially aggrega-
tion of the soluble pool that has already attained the native
state (34). A complete understanding of protein aggregation in
living organisms therefore requires our current knowledge of
the chemistry and physics of protein aggregation to be linked
specifically with the manifestations of such phenomena in hu-
man pathologies and biotechnological systems.
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Fic. 1. Schematic representation of the equilibria existing be-
tween different conformational states of a protein in a cell. As
the polypeptide chain is released from the ribosome, the protein is
assumed to consist of an ensemble of unstructured conformations. The
latter can rapidly collapse into a partially folded state from which either
the native conformation or aggregates can form. Both the native state
and the early oligomeric aggregates are in equilibrium with the par-
tially folded state. The relative quantities of each that are formed
depend on the energetics of these two competing equilibria.

In the present study we have expressed, in Escherichia coli
cells, the N-terminal domain of the E. coli protein HypF (HypF-
N). HypF-N has been found to be able to convert in vitro, under
appropriate conditions, into fibrils that are morphologically
and tinctorially indistinguishable from those associated with
disease (35, 36). The fibril formation process of HypF-N con-
sists of a number of steps during which pre-fibrillar aggregates
precede formation of structured fibrillar species (4, 36). In this
paper we describe how the expression of a range of mutants of
this protein in the cytosol of E. coli cells has provided us with
an opportunity to explore the aggregation of a protein within
the living organism in which it is naturally expressed. Analysis
of a range of mutations and a comparison with a structurally
homologous protein with very different aggregation behavior in
vitro have enabled us to show that a number of important
principles that we and others have put forward from experi-
ments in vitro are also of general validity in vivo.

MATERIALS AND METHODS

Protein Expression and Purification—Protein expression was per-
formed using the glutathione S-transferase (GST)! fusion system. Cul-
tures of E. coli XL-1 Blue cells harboring the pGEX-2T/HypF-N plasmid
were grown overnight at 37 °C in LB medium supplemented with 100
png/ml ampicillin with vigorous shaking. These were then diluted (1:10)
in fresh LB medium and grown until the A4y, reached ~1.0 under the
same conditions. Protein expression was induced for 2 h at 37 °C using
0.2 mM isopropyl B-D-thiogalactoside. Cell lysis and protein purification
by affinity chromatography (glutathione-agarose, Sigma) was per-
formed as described previously (37). HypF-N cleaved from GST was
directly eluted from the column after overnight incubation with bovine
thrombin (50 units, Sigma). Protein purity was checked by SDS-PAGE,
and the final protein concentration was determined by UV absorption
measurements (€,5, = 1.22 ml mg ™' cm ™ '). Mutated genes of HypF-N
were obtained using the QuikChange site-directed mutagenesis kit
from Stratagene (La Jolla, CA). The presence of the desired mutation
was assessed by sequencing the entire gene. All mutational variants
were expressed in E. coli XL-1 Blue cells and purified similarly to the
wild-type protein. The Protein Data Bank code 1GXT was used for the
design of the mutations.

Cloning and Expression of Isolated HypF-N Variants—The genes of
wild-type, F22A, L58A, and L84A HypF-N were cloned in the pET-11a
plasmid (Novagen, EMD Biosciences Inc., Madison, WI). E. coli BL21
cells were transformed with the recombinant vectors and grown with
vigorous shaking at 37 °C in LB medium containing 100 pg/ml ampi-
cillin until they reached an absorbance of 0.5 at 600 nm. 3-ml aliquots

! The abbreviations used are: GST, glutathione S-transferase; AcP,
human muscle acylphosphatase; ThT, thioflavin T.
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of the cultures were diluted in 100 ml of fresh LB medium and grown for
an additional 4 h under the same conditions of shaking and tempera-
ture. No induction was performed in order to maintain low levels of
protein expression.

SDS-PAGE—Cell growth and protein expression for XL-1 Blue cells
expressing each variant fused to GST, and for BL21 cells expressing
some of the variants in their isolated forms, were carried out as de-
scribed above. Cells were harvested by centrifugation of 40 ml of bac-
terial growths, resuspended in 4 ml of phosphate-buffered saline, and
lysed using 1 mg ml ! hen lysozyme (Sigma) and 5 cycles of sonication
for 30 s. 1.5 ml were centrifuged at 14,000 X g for 10 min. The pellet
fraction was resuspended in 1.5 ml of 1% SDS and boiled for 10 min.
Aliquots of 100 ul of both the supernatant and the solubilized pellet
were mixed with 50 ul of 3X sample buffer, and the volume resulting
from the following formula was applied to the gel: 270 ul/(concentration
factor X Agq, at the end of protein expression), where the concentration
factor indicates how many times the cells increase in concentra-
tion after harvesting (10 in our experiments). A 15% SDS-PAGE was
performed at 200 V and 25 mA per gel. Proteins were visualized by
Coomassie Blue staining (0.1% Coomassie Blue, 10% acetic acid, 40%
methanol).

Western Blotting—Proteins separated using SDS-PAGE were trans-
ferred from the gel onto polyvinylidene difluoride membrane (Immo-
bilon-P, Millipore) for 1 h at 400 mA and 25 V using a miniVE Blot
Module (Hoefer). Immunochemical detection of the HypF-N-GST fusion
protein was achieved by incubation with serum collected from rabbits
immunized with purified HypF-N (antibody production was carried out
by Primm s.r.l., Milan, Italy). The serum was diluted (1:1000) in TBS
buffer (10 mm Tris-HCL, 100 mm NaCl, pH 7.5) containing 5% nonfat
dried milk (bovine), 0.05% Tween 20 and incubated overnight at 4 °C
with immunoblots. After washing (0.1% Tween 20 in TBS buffer) the
membranes were incubated with secondary anti-rabbit antibodies con-
jugated with horseradish peroxidase and developed with the enhanced
chemiluminescence kit (both from Amersham Biosciences).

Urea Unfolding at Equilibrium—For each purified protein variant,
the intrinsic fluorescence of 25-30 pre-equilibrated samples containing
0.02 mg ml ™! protein in varying concentrations of urea was measured.
All experiments were carried out in 50 mM acetic acid, 2 mMm dithiothre-
itol, pH 5.5, 28 °C. Measurements were made on an LS 55 spectrofluo-
rimeter (PerkinElmer Life Sciences) using excitation and emission
wavelengths of 280 and 335 nm, respectively. For each protein variant,
the dependence of intrinsic fluorescence on denaturant concentration
was analyzed as described by Santoro and Bolen (38) to yield the free
energy change of the unfolding reaction in water (AGy, ;2°), the de-
pendence of AG on denaturant concentration (m value), and the mid-
point of denaturation (C,,).

Thioflavin T (ThT) Fluorescence—Wild-type and mutated HypF-N
were incubated at a concentration of 0.4 mg ml~* in 50 mM acetate buffer,
pH 5.5, 30% (v/v) trifluoroethanol, 25 °C, at urea concentrations ranging
from 0 to 3 M. After 30 min, 60 ul of each protein sample were mixed with
440 pl of 25 um ThT, 25 mMm phosphate buffer, pH 6.0. The resulting
fluorescence was measured using the LS 55 fluorimeter (PerkinElmer
Life Sciences). The excitation and emission wavelengths were 440 and 485
nm, respectively.

RESULTS

Many Mutants of HypF-N Aggregate after in Vivo Expres-
sion—Wild-type HypF-N and 18 mutational variants having
single amino acid substitutions were expressed in E. coli cell
cultures (Table I). Three groups of variants can be identified
from this set: (i) 8 mutants in which an alanine residue re-
places a buried hydrophobic residue; (ii) 7 mutants in which an
alanine or a glycine residue replaces a proline residue; and (iii)
3 mutants in which a positively charged amino acid replaces a
hydrophilic or a negatively charged amino acid exposed to the
solvent (Table I). To facilitate purification of the proteins from
E. coli cell lysates, all variants were initially expressed as
fusion proteins in which the N-terminal residue of HypF-N
follows the C-terminal residue of GST. Purification of 12 of the
HypF-N mutants failed after expression in E. coli cells (indi-
cated in Table I with a minus or plus/minus sign). By contrast,
wild-type HypF-N and six mutants (indicated in Table I with a
plus sign) could be purified with reasonable yields (~2 mg per
liter of growth medium).
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TaBLE I
Conformational stabilities of wild-type HypF-N and 18 mutational variants having single amino acid substitutions
Mutant Solubility® Experimental AGy, ;120 © Predicted AG 5120 ¢ Experimental AAG, ;1120 ¢ Predicted AAGy, ;120 ¢
ke mol ™1 kd mol ™1 kJ mol ™1 ke mol ™1

Wild-type + 29 +3

F22A - ND* 10.7 + 34 ND 18.3 £ 34
V26A +/— ND 21.6 = 3.4 ND 74 *34
L29A - ND 17.0 + 34 ND 12.0 + 34
L33A - ND 19.6 + 34 ND 9.4 +34
L58A - ND 20.8 = 3.4 ND 8.2+ 34
I80A +/— ND 25.4 + 3.4 ND 3.6 =34
L84A +/— ND 25.1 = 3.4 ND 3.9+34
F88A - ND 8.8 = 3.4 ND 20.2 + 3.4
P54A + 26 + 3 22.8 + 3.4 2.8+ 1.0 6.5+ 3.4
P66A - ND 15.1 + 34 ND 139 + 34
P66G - ND 8.3 3.4 ND 20.7 + 3.4
P67A + 28 + 3 26.0 = 3.4 0.9 = 1.0 3.3*+34
P78A + 29 + 3 22.6 + 3.4 0.2+ 1.0 6.7+ 3.4
P85A - ND 17.6 = 34 ND 114 + 34
P85G - ND 144 + 34 ND 14.6 + 34
Q28K + 31+3 26.5 + 3.4 -2.2+1.0 2.8+ 3.4
E55K + 26 =3 315 +34 3.6 1.0 —22+34
E87K + 29 + 3 30.8 = 3.4 0.7+ 1.0 -1.5=*+34

@ Plus, minus, and plus/minus signs indicate HypF-N variants that are fully soluble, fully aggregated, and partially aggregated after expression
in vivo, respectively. Only mutants with the plus signs could be purified.

® Free energy change of the unfolding transition in the absence of denaturant (AG,, ;/2°). Thermodynamic parameters (AGy, ,/2°, m, and C,,)
were obtained experimentally for the purified HypF-N proteins from the analysis of urea denaturation curves according to a two-state model (38).
In order to reduce the error in AGy, "2, this value was calculated for each variant from the product of the C,, value (midpoint of denaturation)
and the average m value (determined from the dependence of AG on denaturant concentration), according to the procedure described previously
(39). The indicated error values correspond to an estimate of the experimental S.D. (o) based on a large set of data obtained previously with HypF-N
and other proteins. These amount to about 10% of the AG,, ,"2° values.

¢ AGy, 120 values for the variants that could not be purified were calculated by subtracting the AAG,, ,2° values obtained using the Fold-X
algorithm (40) from the experimentally determined AG, ;/?° value of the wild-type protein. The error corresponds to the S.D. (o).
< Stability differences between mutated and wild-type HypF-N. For each mutant the value indicated was obtained by subtracting AG,, ,2° value

of the mutant from that of wild-type HypF-N. The error corresponds to the S.D. (o).

¢ ND, not determined.

To determine the behavior of the HypF-N variants following
expression as fusion proteins, in each case we performed an
SDS-PAGE analysis of both the supernatant (soluble cytosolic
proteins) and the pellet (insoluble proteins) obtained after cell
lysis and centrifugation. Fig. 2 shows the Western blots ob-
tained from the SDS-polyacrylamide gels of the bacterial clones
expressing the hydrophobic core mutants (the corresponding
gels run in parallel without Western blotting are reported in
the supplemental Fig. 5). A large band corresponding to the
molecular weight of the GST-HypF-N fusion protein (37 kDa)
was detected by HypF-N-directed antibodies in the soluble
fraction of the E. coli cells producing the wild-type protein (Fig.
2). This indicates that wild-type HypF-N remains, to a consid-
erable extent, soluble after expression.

For some variants carrying mutations within the hydropho-
bic core, an intense band corresponding to the fusion protein
can be observed only in the pellet lanes (Fig. 2). These mutants
(F22A, L29A, L33A, L58A, and F88A) appear to aggregate
completely after expression in vivo. For other mutants (V26A,
I80A, and L84A), the GST-HypF-N fusion band was clearly
visible in both the soluble and insoluble fractions, indicating
that significant quantities of these expressed proteins aggre-
gated after expression, whereas another fraction remained sol-
uble. The latter mutants could not be purified because the pool
remaining in solution after expression aggregated rapidly dur-
ing the purification procedure. It was shown that the soluble
pool of a protein that initially partitioned between an aggre-
gated and a soluble state continued to migrate to the insoluble
form (34). A number of attempts to purify the aggregating
variants from inclusion bodies using suitable protocols were
performed. All of them failed because of the inexorable aggre-
gation of the mutated proteins during the purification proce-

dure after their solubilization from the inclusion bodies (see
supplemental Fig. 6). Overall, this analysis shows three differ-
ent typologies of behavior of the HypF-N variants: fully soluble
(indicated with a plus sign in Table I), partially aggregated
(indicated with a plus/minus sign in Table I), and fully aggre-
gated (indicated with a minus sign in Table I) after expression.
The difficulty in purifying many of the HypF-N variants arises
from the high propensities of the variants involved to aggregate
after expression.

HypF-N Mutants Aggregating in Vivo Are Less Stable Than
Soluble Variants—The HypF-N variants that could be purified
in reasonable yields, including the wild-type protein, were
characterized in further detail. The conformational stabilities,
after cleavage from the GST protein, were measured by acquir-
ing urea titration curves at equilibrium, using fluorescence
spectroscopy to detect the conformational changes of the pro-
teins accompanying denaturation (Fig. 3). A single sharp tran-
sition was observed for all variants, and urea denaturation
curves were analyzed using a two-state model (38). The values
of the free energy change of the unfolding transition (AG; ;2°)
for all the variants analyzed are listed in Table I. The wild-type
protein was found to have a conformational stability of 29 + 3
kJ mol~ 1. Most interestingly, all the purified variants have
stabilities similar to the wild-type protein, with none display-
ing a AGy, ;2 value lower than 25 = 3 kJ mol ! (Table I).

The conformational stabilities of the variants that could not
be purified because of their aggregation behavior were esti-
mated using Fold-X, an algorithm based on an empirical for-
mula derived from the experimentally determined AG,, 2°
values of over 1000 single mutants from different proteins (40).
Fold-X has been shown to predict the change in the conforma-
tional stability of a protein as a result of specific mutations
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Fic. 2. a, Western-blotted SDS-polyacrylamide gels obtained from
lysates of E. coli cells expressing GST-HypF-N fusion proteins. For each
protein variant, the electrophoretic separations of total protein in both
the soluble (s) and insoluble (p) fractions are shown. Cells expressing no
fusion protein and expressing wild-type HypF-N were used as controls
(C— and WT lanes, respectively). Purified wild-type HypF-N was also
used as a positive control (C+ lanes). Molecular weight standards are in
kDa units. Nonblotted SDS-polyacrylamide gels performed in parallel
from the same protein samples are shown in supplemental Fig. 5. b,
Western-blotted SDS-polyacrylamide gels were obtained from lysates of
E. coli cells expressing basic levels (noninduced) of HypF-N with no
fused GST. The wild-type protein and three representative variants are
shown; the symbols s and p are the same as in a.

(AAG, z2°) within a standard deviation (o) of 3.4 kJ mol !
and an error (20) of 6.8 kJ mol ! from the real value (40). All of
the predicted AAG, ;" 2° values of the purified variants are
similar, within a 20 value of 6.8 kJ mol !, to those determined
experimentally (Table I). All the nine variants that aggregated
completely after expression are predicted to have AAG, 20
values that are destabilized relative to the wild-type by more
than 20 (6.8 kJ mol 1) (Table I). The three variants that were
found to be aggregated only partially after expression were
found to be destabilized to a lower degree, ranging from 3.6 to
7.4 kJ mol ! (Table I).

These results are summarized in Fig. 4a, which shows a clear
distinction between the conformational stabilities measured for
the fully soluble variants, the conformational stabilities pre-
dicted for the mutants that partition initially between the
soluble and aggregated fractions, and those predicted for the
fully aggregating variants. Thus, destabilization of the native
state of HypF-N as a result of mutation results in a dramatic
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Fic. 3. a, representative equilibrium urea-denaturation curves for
wild-type (@), Q28K (4), E55K (X), P78A (M), and the quadruple
mutant E55K/V59R/E77R/E87K (O) HypF-N. The curves were obtained
at pH 5.5 and at 28 °C by intrinsic fluorescence emission measure-
ments. Solid lines represent best fits to the two-state model described
by Santoro and Bolen (38). The data points are reported as the fraction
of the folded protein present at each denaturant concentration, defined
as Vops — ¥,/ — ¥,), where y. and y, are the intrinsic fluorescence
signals of the folded and unfolded states, respectively, and y,,, is the
fluorescence signal at the relevant urea concentration; the thermo-
dynamic parameters obtained from the analysis of the curves are re-
ported in Table I. b and ¢, equilibrium urea-denaturation curves for
GST fused to wild-type HypF-N (b) and the quadruple mutant E55K/
V59R/E7TR/E87K (c). The experimental conditions were the same as
in a.

reduction in the ability of this protein domain to remain soluble
following expression in E. coli cells. Most interestingly, aggre-
gation does not require a degree of destabilization of the native
state to such an extent that the latter is only marginally pop-
ulated under the conditions present in the E. coli cells. Indeed,
we observe aggregation in vivo of mutants having AGy, ;2
values significantly higher than zero, although lower than that
of the wild-type protein (Fig. 4a).

The Solubility of Destabilized HypF-N Variants Can Be Re-
stored by Decreasing the Aggregation Propensity of Their Par-
tially Unfolded States—In an additional set of experiments, we
explored the possibility of producing destabilized variants of
HypF-N that can effectively escape aggregation as a result of a
reduction in the propensity of the partially unfolded state to
aggregate. Because mutations that increase the net charge
have been found to reduce the intrinsic tendency of a partially
unfolded polypeptide chain to aggregate regardless of the posi-
tion of the mutated residue in the sequence (23), three variants
of HypF-N were produced with substitutions that introduce a
substantial change in charge (see legend to Fig. 4b). All sub-
stitutions involved residues that are highly exposed to the
solvent in the native state. At physiological pH (7.4), the quad-
ruple and the two quintuple mutational variants have net
charges of +6 and +7, respectively, compared with a net charge
of —1 for the wild-type protein. These mutants were indeed
found not to aggregate significantly in vivo and could be
purified in reasonable yield. The experimentally determined
AGy, 72° values of these variants are significantly lower than
that of the wild-type protein (Fig. 4b) and are well below the
threshold required for full solubility in the case of the muta-
tions listed in Table I (¢f. Fig. 4, a and b). In the presence of 30%
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FiG. 4. a, conformational stabilities of wild-type HypF-N and 18 vari-
ants, each with a single mutation (reported in Table I). Blue, gold, and
red bars indicate mutants that were found to be completely soluble,
partially aggregated, or fully aggregated after expression in vivo, re-
spectively. b, conformational stabilities for wild-type and all soluble
single variants (blue bars) and three multiple mutants that were solu-
ble despite their relatively low stability (green bars). The latter are a
quadruple mutant containing the E55K/V59R/E77R/E87K substitu-
tions (AGy, z2° = 21 + 3 kJ mol ') and two quintuple mutants with the
additional T5R or Q32K mutations, respectively (both of which have
AGy, ;72° = 18 * 3 kJ mol ™ '). The inset shows the ThT fluorescence
present after incubation for 30 min under denaturing conditions (30%
trifluoroethanol) as a function of the urea concentration for the wild-
type protein (blue circles) and for the quadruple mutant (green circles)
and quintuple mutants (green triangles and squares) HypF-N. ¢, con-
formational stabilities for wild-type AcP and 42 variants, each with a
single mutation. The mutants illustrated in the figure and their con-
formational stabilities have been described previously (23, 41). Blue
bars indicate soluble mutants that could be purified. In all three panels
AGy, 29 errors (corresponding to the standard deviation) are 3.0 and
3.4 kJ mol ! for soluble and aggregated variants, respectively.

(v/v) trifluoroethanol, solvent conditions found to promptly dena-
ture HypF-N after a few milliseconds, the three charged variants
were found to be soluble after 30 min, whereas the wild-type
protein converted into ThT-positive aggregates under these con-
ditions (Fig. 4b, inset). These results indicate that the three
charged variants are substantially more soluble than wild-type
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HypF-N in their partially unfolded states and can escape aggre-
gation in E. coli despite the destabilization of their native states.

Evaluation of the Stabilities and Aggregation Propensities of
HypF-N Variants in the GST-fused and Isolated Forms—Wild-
type, F22A, L58A, and L84A HypF-N variants were also ex-
pressed in E. coli as single domains rather than fused to GST
(see “Materials and Methods” for details). Expression was
maintained at relatively low levels, with no isopropyl B-D-
thiogalactoside induction, in order to mimic more closely the
physiological situation. Similarly to the corresponding GST-
fused proteins, the three destabilized variants were found to
aggregate after expression, whereas wild-type HypF-N re-
mained largely soluble (Fig. 2b). The presence of GST therefore
does not reverse the aggregation behavior of the variants in-
vestigated here.

Because of the difficulty in handling the aggregating vari-
ants in both their GST-fused and isolated forms, it was not
possible to assess whether the GST component affected the
stability of the HypF-N domain in these variants. However, we
could measure the urea denaturation curves of both the GST-
fused and isolated domains for two soluble variants with sig-
nificantly different conformational stabilities, i.e. the wild-type
and the quadruple E55K/V59R/E77R/E87K mutant (Fig. 3, b
and c¢). The wild-type GST-HypF-N fused protein shows a sin-
gle transition, indicating that the two domains denature within
similar ranges of urea concentrations (Fig. 3b). This curve also
shows that the presence of the GST component does not confer
upon HypF-N a stability that is significantly different from
that of the isolated domain (cf. Fig. 3, a and b). The quadruple
mutant showed two well defined transitions, the first occurring
approximately between 2 and 3 M urea and the second between
4 and 5 M urea (Fig. 3c). Analysis of the first transition yields a
AGy 720 value of 18 + 4 kJ mol %, in good agreement with the
value of 21 *+ 3 kJ mol ! determined for the isolated quadruple
mutant. The mutations therefore appear to have similar effects
on the conformational stability of the HypF-N domain whether
or not it is covalently attached to GST.

Comparison between Mutants of HypF-N and AcP—A com-
parison between the present results for HypF-N and the find-
ings of a mutational study of the homologous protein human
muscle acylphosphatase (AcP) sheds further light on the im-
portance of the intrinsic aggregation propensity in determining
in vivo behavior. Wild-type AcP and 42 single mutants have
been expressed previously in E. coli cells, and were then puri-
fied and analyzed using procedures identical to those described
here for HypF-N (23, 37, 41). The experimentally determined
AGy, 72° values range from 0 to 24 kJ mol ?, the wild-type
value being 19 + 1 kJ mol ! (Fig. 4¢). All 42 mutants appear to
be completely soluble within the cells, and all could readily be
purified. The mutational variants include those with substitu-
tions of residues both in the hydrophobic core and on the
surface and of prolines, i.e. very much the same types of mu-
tations that were analyzed in the present work with HypF-N
(23, 41). The very different aggregation behavior of the AcP and
HypF-N mutants can, however, be rationalized in the light of
the fact that the two proteins have aggregation rates that differ
by 3 order of magnitudes under conditions in which both are
denatured (42). This can be mainly attributed to the difference
of hydrophobicity and charge between the two protein se-
quences (42). Thus, just as three multiple mutations of HypF-N
render it soluble in the expression system, AcP can tolerate
destabilizing mutations and remain soluble after expression in
vivo because the partially unfolded state has a low propensity
to aggregate.
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DISCUSSION

Fig. 1 shows a simplified scheme describing the conforma-
tional opportunities for a protein such as HypF-N after biosyn-
thesis in a bacterial cell (3, 43). The protein is synthesized and
released from the ribosome as an unfolded polypeptide chain.
In some cases, ensembles of partially folded conformations can
then be formed rapidly. That this is the case for HypF-N is
indicated by recent in vitro findings showing that under con-
ditions close to physiological the unfolded state of wild-type
HypF-N collapses on the sub-millisecond time scale into a
partially folded state from which the folded state forms within
~50 ms (44). The first early event of aggregation of HypF-N,
which also occurs from the partially folded state, is also rela-
tively rapid and takes place within 5 s (35, 42). Changes of
protein concentrations in an E. coli cell as a result of biosyn-
thesis and degradation occur much more slowly, on the time
scale of hours (43). This implies that although the total amount
of HypF-N within a cell changes with time after induction of
expression, the native, unfolded, partially folded, and initial
aggregated states are in constant dynamic equilibrium.

Wild-type HypF-N does not accumulate in inclusion bodies
after expression, presumably because its rapid folding rate and
high native state stability prevent any significant concentra-
tion of partially folded protein from being present within the
cell. By contrast, destabilization of the native state following
mutation increases the population of the partially folded en-
semble to an extent that is sufficient to convert effectively the
entire pool of the protein into inclusion bodies. Moreover, when
the propensity of such a partially folded state to aggregate
increases as a result of mutation, considerable aggregation can
also take place even if the equilibrium between the partially
folded and native states is not altered. Part of the study de-
scribed here was carried out by expressing HypF-N as a protein
domain fused to GST. When the propensity of a mutational
variant to aggregate is high enough, it is likely that the GST
component is also incorporated in the inclusion bodies. It has
been shown for example that the fusion of the green fluorescent
protein to a protein of interest does not affect the solubility of
the latter (45). More importantly, fusion of proteins of interest
with green fluorescent protein is utilized as a means to distin-
guish soluble and insoluble variants (45). Our control experi-
ments indeed indicate that solubilities of the HypF-N destabi-
lized variants remain low when these variants are expressed
without GST.

The results presented here suggest that a relatively high
conformational stability of the native structure, in which most
of the hydrophobic residues and amide and carboxyl groups are
buried or involved in intramolecular interactions, is a very
effective strategy to enable a protein to escape aggregation
within the cell. The results indicate that, as with aggregation
in vitro, aggregation occurs in the cell from a partially folded
state. Furthermore, self-assembly in vivo appears to be pro-
moted by the same relatively nonspecific driving forces as those
that act in vitro, such as hydrophobic interactions and forma-
tion of extensive B-sheet structure. On the other hand, electro-
static repulsions resulting from a high charge on the protein
molecules hinder this process. Aggregation of a protein in vivo
can be prevented, independently of the stability of the native
state, by mutations that reduce the intrinsic aggregation rate
of the fully or partially unfolded states, for example by increas-
ing its net charge. Such a strategy could be of very great value
in the context of the production of proteins in biotechnology.

Our observations show that aggregation of a protein can
occur when natural buffering and protective mechanisms are
overwhelmed either by a decrease in native state stability or an
increase in the intrinsic propensity of the partially unfolded

Aggregation of HypF-N in the Cell

state to aggregate. This conclusion emphasizes the observed
correlation between the effects of mutations and the onset of
diseases (12, 17, 23, 26). It is a reassuring result in the context
of studies of this type that the physicochemical principles ob-
served through experiments involving simplified noncellular
environments are so relevant to the systems in vivo.

In the familial amyloidotic neuropathy associated with tran-
sthyretin, a protein normally existing as a tetramer, correla-
tions have been observed between disease severity and the
extent of the destabilization of the native tetramer and folded
monomer and the associated acceleration of tetramer dissocia-
tion as a consequence of mutation (15, 17). In addition, natural
mutations of a range of peptides and proteins that are associ-
ated with disease have been shown, in very large majority of
cases, to reduce rather than increase the net charge of the
polypeptide chain (23). Furthermore, natural mutations asso-
ciated with familial diseases and involving peptides and pro-
teins that are natively unfolded generally speed up aggregation
via one of the three mechanisms mentioned in the Introduction
(26). These observations suggest that the mechanisms of action
by which natural mutations mediate pathogenesis are related
to an increased susceptibility to aggregate the corresponding
polypeptide chains either as a result of a destabilization of the
native state or an acceleration of the subsequent conversion of
the partially or totally unfolded state into aggregates. It there-
fore appears that, at least in some cases, the physicochemical
factors that determine protein aggregation in vitro and in the
cell also govern rather directly the pathogenesis of the human
diseases with which protein deposition is associated.
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SDS-PAGE for Comassie staining procedure

6 ml of XL-1 bacterial growths expressing each HypF-N variant were collected, lysed and
centrifuged as described in the Materials and methods section of this work. The soluble
(supernatant) and insoluble (pellet) fractions were separated on a 15% SDS-PAGE. After the
centrifugation step the supernatant was recovered and the entire protein concentration was
determined by the Bradford assay. A supernatant volume containing 20 ug of total protein was
mixed with 5 ul of sample buffer containing 3% SDS and 5% B-mercaptoethanol, boiled for 5 min
and applied to the gel. The pellet was solubilised in 60 ul of the sample buffer by boiling for 15
min. A volume of 3 ul for each sample was applied to the gel. The electrophoresis was performed at
200 V and 25 mA per gel. Proteins were visualised by Coomassie Blue staining (0.1% Coomassie

Blue, 10% acetic acid, 40% methanol).

Figure 5
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Figure 5, legend

SDS-PAGE analysis of lysates obtained from E. coli cells expressing HypF-N mutants
carrying single hydrophobic residue substitutions. For each protein variant the electrophoretic
separations of total protein in both the soluble (s) and insoluble (p) fractions are shown. Cells
expressing no fusion protein and expressing wild-type HypF-N were used as controls (C- and WT
lanes, respectively). Molecular weight standards (in kDa units) are shown on the left side of each
panel. The band corresponding to the HypF-N-GST fusion protein (37 kDa) is indicated in the
cytosolic fraction of cells expressing the wild-type protein, and in the pellet lanes of two
representative mutants, by the arrows. This band, which is absent in the negative control and in the

pellet lane of the wild-type variant, is clearly visible in the pellet fraction of all mutated forms.
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Purification of mutated variants from inclusion bodies

Purification of the aggregating mutants from the inclusion bodies using dedicated protocols (Da-
Wei et al, 2004, Acta Biochim. Biophys. Sinica, 36: 141-146) had been tried hard, with the aim of

determining the AAGyr2° values experimentally. While the mutated proteins were easily re-
solubilised from the inclusion bodies, they inexorably aggregated again during the purification

procedure (Figure 6).
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Figure 6, legend

SDS-PAGE analysis of the fractions collected at the various steps involved in the purification

from inclusion bodies of the F22A HypF-N mutant.

Soluble and pellet lanes correspond to the supernatant (soluble proteins) and the pellet (insoluble,

aggregating proteins) fractions separated by centrifugation of cell lysates.

Denatured IB: pellet fraction solubilised for 24 h in buffer, pH 8.0, containing 8M urea.
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Refolded IB: sample obtained after dialysis against phosphate buffer, pH 7.3, and filtration (0.45
um filter) steps of solubilised IB diluted (1:10) and incubated for 3 d in buffer, pH 8.0, containing
2M urea. This sample, still containing the GST/F22A HypF-N fusion protein, was then applied to
the affinity chromatography column.

Eluted after cleavage: fraction eluted after overnight cleavage with bovine thrombin. There is no

visible band corresponding to the isolated HypF-N.

Eluted with GSH: sample eluted from the column by a washing step involving a solution containing

5 mM reduced glutathione at the end of the purification procedure. A band corresponding to the
isolated GST indicates that binding of the fusion protein to the resin has occurred and suggests that
after thrombin cleavage the isolated HypF-N mutant has aggregated in the column.

Control lane shows bands corresponding to purified GST/HypF-N fusion protein and GST alone,

respectively.
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