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ABSTRACT: We have developed a multiwell-based protein aggregation
assay to study the kinetics of insulin adsorption and aggregation on
hydrophobic surfaces and to investigate the molecular mechanisms involved.
Protein—surface interaction progresses in two phases: (1) a lag phase during
which proteins adsorb and prefibrillar aggregates form on the material surface
and (2) a growth phase during which amyloid fibers form and then are
progressively released into solution. We studied the effect of three bacterial
chaperones, DnaK, DnaJ, and ClpB, on insulin aggregation kinetics. In the
presence of ATP, the simultaneous presence of DnaK, DnaJ, and ClpB allows
good protection of insulin against aggregation. In the absence of ATP, DnaK
alone is able to prevent insulin aggregation. Furthermore, DnaK binds to
insulin adsorbed on hydrophobic surfaces. This process is slowed in the

8000

3

s

5 6000 -

o

c

8

° 4000 1 . peptide HI + DnaK

S + peptide)

"E' 2000 -

= + DnaK
0 4 !

0 1 3 4 5 6 7 8

time (h)

presence of ATP and can be enhanced by the cochaperone DnaJ. The peptide LVEALYL, derived from the insulin B chain, is
known to promote fast aggregation in a concentration- and pH-dependent manner in solution. We show that it also shortens the
lag phase for insulin aggregation on hydrophobic surfaces. As this peptide is also a known DnaK substrate, our data indicate that
the peptide and the chaperone might compete for a common site during the process of insulin aggregation on hydrophobic

surfaces.

dsorption of protein on material surfaces is of widespread

importance in fields like cellular biology, pharmacology,
and medicine. It can be quantitatively measured either
biochemically after desorption or in situ by sensitive biophysical
methods, like QCM-D or surface plasmon resonance (SPR).
Protein adsorption is accompanied by conformational changes
upon contact with the material surface, leading sometimes to
protein aggregation. It is not easy to monitor these conforma-
tional changes on the material in a fast, convenient, and
preferentially multiplexed assay. Albeit greatly sensitive,
techniques like attenuated total reflectance Fourier transform
infrared spectroscopy (ATR-FTIR) are not readily available and
do not provide unambiguous information about the nature of
the changes in protein folding.

Within cells, chaperones constitute a set of proteins whose
function is to check the folding state of other proteins, and to
refold them,' ™ using ATP hydrolysis energy to drive protein
disaggregation and renaturation. In Escherichia coli, Bukau and
co-workers identified DnaK, DnaJ, and ClpB as the minimum
set of bacterial chaperones needed to help the cell recover from
a heat shock.* DnaK is an ATPase specific for unfolded hydro-
phobic amino acid stretches. DnaJ forms a complex with DnaK
and stimulates DnaK ATPase activity.” ClpB is a hexameric
ATPase that interacts with aggregated proteins and disaggre-
gates them, in cooperation with DnaK and Dna].*®’
Furthermore, in E. coli, ~250 proteins are disaggregated and
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refolded when DnaK, DnaJ, and ClpB are present, which
supports the broadness of their protein substrates.* Chaperones
detect general conformational unfolding characteristics, rather
than specific targets. In addition, many chaperones work in
complexes; hence, chaperone combination is likely to enhance
the recognition process. We therefore hypothesized that this
protein family could provide new sensors for protein
conformational changes at material surfaces.

We chose human insulin (HI) as a model because its
aggregation has been studied under different physicochemical
conditions.* ' It was shown that HI aggregation is
formulation-dependent and that insulin undoubtedly changes
its conformation upon binding to hydrophobic surfaces, leadin,
to the formation and release of amyloid fiber aggregates.'
From a concentration dependence study, Sluzky et al. deduced
that the HI monomer was the molecular species leading to
aggregation.” Using recombinant chaperones, we observe that
different sets of them are able to prevent HI aggregation by
binding preferentially to surface-bound insulin. Riidiger et al."*
have shown that DnaK binds to the insulin B chain peptide
SHLVEALYLVCGER, and Ivanova et al.'® demonstrated that
the shorter LVEALYL peptide is the minimal sequence that can
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accelerate the lag time of insulin fiber formation at acidic pH in
a concentration-dependent manner. We show that this same
peptide also accelerates the lag time of insulin aggregation on
hydrophobic surfaces and that bacterial chaperones are able to
counterbalance this effect.

B EXPERIMENTAL PROCEDURES

If not otherwise stated, all chemicals were purchased from
Sigma-Aldrich. Experiments were conducted in TBS [25 mM
Tris-HCl (pH 7.4) and 125 mM NaCl]. HI (recombinant,
expressed in yeast) solutions were prepared at 0.5 mg/mL
(86 uM). All solutions were filtered (0.22 pm) before being
used. The LVEALYL peptide was purchased from Genecust
(Luxembourg) and dissolved in 20 mM NaOH at a
concentration of 4.3 mM.

Bacterial Chaperone Preparation and Activity Assay.
The bacterial strains used to produce DnaK (Hsp70), ClpB
(Hsp100), and DnaJ (Hsp40) were kindly provided by B.
Bukau and A. Mogk (Zentrum fiir Molekulare Biologie
Heidelberg, Universitit Heidelberg, Heidelberg, Germany).
His-tagged ClpB and DnaJ were purified using nickel-
nitrilotriacetic acid (Ni-NTA) metal affinity chromatography
columns (Qiagen) according to the manufacturer's instructions.
DnaK was purified as described by Cegielska and Georgopo-
lous'* and McCarty and Walker,"® with minor modifications by
Buchberger et al.'® The refolding activity of the purified pro-
teins was controlled using the malate dehydrogenase (MDH)
renaturation assay.”'” The three proteins and ATP were
essential for the refolding activity (2 + 0.3 nM min™" at 1 uM
DnaK, 0.2 yM DnaJ, and 1 uM ClpB).

Insulin Aggregation Assays. HI aggregation assays were
conducted as eight replicates in plastic 96-well microplates.
Polystyrene (Greiner Bio-One, contact angle of 85 + 4.7°) or
PEO-coated (Corning, contact angle of 3.5 + 5.8°) microplates
were used. In fluorescence assays, black polystyrene microplates
were used (Nunc Nunclon A Surface). The plates were covered
by plastic sheets, incubated at 37 °C, and shaken at 1200 rpm
(Heidolph Titramax, 1.5 mm vibration orbit). At each time
point, the solution was pipetted out of the microwells. Part of
the solution was filtered to remove aggregated HI (100 nm
cutoff). The wells were washed twice with 300 uL of TBS. The
adsorbed HI fraction was desorbed with 100 uL of 5% SDS for
a 1 h agitation at 37 °C. Negligible protein material remained
on the surface thereafter. The total amounts of HI in solution
(nonfiltered), soluble HI, and HI adsorbed in the wells were
determined using the bicinchoninic acid (BCA) assay."*™*' In
addition, turbidity (4 = 600 nm) or thioflavin T (ThT, 20 or
50 uM) fluorescence was directly measured in the wells. Free
and bound forms of ThT were measured at a 4., of 342 nm and
a Ay, of 430 nm and at a A, of 450 nm and a 4., of 482 nm,
respectively,” with a 5 nm excitation and emission slit (Tecan
Infinite M1000).

Kinetic Analysis. The aggregation kinetics proceed in three
phases: a lag phase, where the signal was not statistically
different from the baseline (mean =+ standard deviation), a
linear growth phase, and a plateau phase. Experimentally, the
lag time was defined by the intercept between the linear growth
phase and the baseline. The growth rate was defined as the
slope of the linear phase and the plateau as the maximal value
attained. The parameters were calculated on individual kinetics
corresponding to different samples, and the given statistics
represent the average and standard deviation for each
parameter.
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Protection of Insulin Aggregation by Bacterial
Chaperones. HI aggregation was monitored by turbidity or
ThT fluorescence and confirmed by protein quantification after
filtration at the end of the experiment. The TBS buffer solution
was supplemented with 2 mM MgCl, (TBS-M), because Mg**
ions are needed for the chaperone ATPase activity. Magnesium
itself does not affect HI aggregation. All chaperones were stable
in this buffer. The efficiency of chaperone protection was
expressed as the lag time before the onset of HI aggregation. As
Zn** influences the equilibrium of HI hexamer formation,*
we tested the effect of Zn*" addition (up to 10 M) on HI
aggregation: neither HI aggregation kinetics nor DnaK
protection was modified.

Chaperone Binding Assays. Polystyrene microplates [96
wells, Greiner enzyme-linked immunosorbent assay (ELISA)]
were incubated at 37 °C and 1200 rpm with insulin for various
amounts of time and blocked with 10 mg/mL bovine serum
albumin (BSA) in TBS-M (blocking buffer) for 30 min at room
temperature (RT) with shaking (1000 rpm). DnaK, DnaJ, or
both (diluted in blocking buffer) were then added for 30 min
(RT) with shaking (1000 rpm). The plate was blocked again
with BSA for 30 min (RT) with shaking (1000 rpm).

For DnaK detection, a mouse anti-DnaK (E. coli) mono-
clonal antibody (8E2/2; diluted 1:2500 in blocking buffer) was
used, and for DnaJ detection, a mouse anti-penta-His antibody
(diluted 1:1000 in blocking buffer) was added to each well and
the mixture incubated for 15 min (RT) with shaking (1000
rpm). Finally, a goat horseradish peroxidase-conjugated anti-
mouse antibody (diluted 1:2500 in blocking buffer) was added
to each well and the mixture incubated for 15 min (RT) with
shaking (1000 rpm). Wells were then washed three times with
200 uL of TBS, and 200 uL of ECL substrate solution was
added per well. Chemiluminescence signals were immediately
recorded using a TriStar LB 941 microplate multimode
reader.

To relate luminescence values to the amount of DnaK
adsorbed, a calibration experiment was conducted in parallel.
Increasing amounts of DnaK were incubated in 96-well
polystyrene microplates (Greiner ELISA). The amounts of
adsorbed DnaK were determined using the NanoOrange assay,
according to the manufacturer’s instructions. An ELISA was
performed on the adsorbed DnaK as described previously. A
calibration curve was then obtained that related luminescence
values to the amount of adsorbed DnaK.

B RESULTS

HI Aggregation in the Presence of Hydrophobic
Surfaces. To study the mechanisms of insulin aggregation
on hydrophobic surfaces, we developed a HI aggregation assay
using commercial hydrophilic or hydrophobic 96-well plates, to
allow rapid screening of different experimental conditions. A HI
solution was placed in the presence of hydrophilic or
hydrophobic plastic surfaces and agitated at 37 °C. At the
indicated times, the solution was recovered and filtered to
separate the soluble and aggregated HI pools. The microwell
surface was then washed, and adsorbed HI was desorbed
with SDS. These three protein pools were then quantified
using the BCA assay. In the presence of hydrophilic surfaces,
HI remained soluble for several days and less than 1 ug of
protein was adsorbed on the hydrophilic microwell surfaces
(data not shown). In contrast, in the presence of hydrophobic
surfaces, the concentration of soluble HI remained constant
for ~4 h (lag phase), after which the amount decreased
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sharply to trace amounts (Figure 1A). The amount of aggre-
gated HI in solution increased in parallel at a similar rate.

aggregation lag time (Figure 2A). DnaK alone slightly increased
the lag time, whereas DnaJ was without effect. The combined
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Figure 1. Kinetics of human insulin adsorption and aggregation in
hydrophobic microplates. (A) Amount of soluble (@), aggregated
(A), and adsorbed (M) HI after the indicated incubation time. (B)
Amyloid fiber-bound ThT fluorescence in solution (A) and on the
surface (M) plotted as a function of incubation time. The lag time as
the intercept between the growth rate (—) and the baseline is denoted
with an arrow. Other curves are hand-drawn and provided as a guide
for the eye.

The amount of HI adsorbed on hydrophobic surfaces increased
during the aggregation process, reaching a maximum amount
of ~40 ug.

Amyloidal aggregates are characterized by the formation of
intermolecular f-sheets, which can be probed by the binding of
thioflavin T (ThT), resulting in a characteristic fluorescence
signal. Both the aggregated and the adsorbed HI pools were
stained with ThT, and the fluorescence intensity per microgram
of protein was the same in both pools (Figure 1B). The ThT
fluorescence is therefore a convenient method for monitoring
the appearance of HI aggregates. In the following experiments,
we defined the lag time as the intercept between the linear
growth phase and the baseline of the ThT fluorescence kinetics.
Depending on HI preparations, the lag time varied from 2 to
4 h. Within an experiment, using the same HI preparation in
the same multiwell plate, the lag time was also variable from
well to well, which explains the variation observed in the
aggregation kinetics. HI aggregates exhibited elongated fiberlike
rods with a diameter of 5—10 nm and a length of 50—100 nm
when imaged using electron microscopy (data not shown).
Their morphology and dimensions are similar to those of the
fibers obtained after incubation of insulin at pH 2 and an
elevated temperature.”*>®

Effect of Bacterial Chaperones on Insulin Aggrega-
tion. We then studied whether bacterial chaperones could have
an effect on the kinetics of HI aggregation. In the presence of
1 mM ATP, the simultaneous presence of the three chaperones
delayed HI aggregation as shown by the 9-fold increase in the
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Figure 2. Effect of bacterial chaperones on human insulin aggregation.
A HI solution was agitated in a hydrophobic microplate, in the
presence of DnaK (0.3 #M), DnaJ [0.06 uM (+) and 0.3 uM (++)],
and ClpB [0.3 uM (+) and 0.6 uM (++)] as indicated (A) in the
presence of 1 mM ATP or (B) in the absence of ATP. The aggregation
kinetics were monitored by turbidity, and the lag times were
determined as explained in Experimental Procedures.

presence of DnaK and DnaJ significantly increased the lag time,
to a level similar to that obtained in the presence of ClpB alone.
Moreover, the combined presence of ClpB with DnaK, but not
DnaJ, further delayed HI aggregation in the presence of 1 mM
ATP. When the concentrations of DnaJ and ClpB were
increased (++ vs +), the lag time further increased. These
results show that HI undergoes conformational changes during
the aggregation process that are recognized and could possibly
be repaired by a minimal set of bacterial chaperones. Never-
theless, incubation of 150 pg of final amyloidal insulin
aggregates with DnaK, DnaJ, and ClpB for 24 h does not
allow recovery of more than 1 ug of soluble insulin (data not
shown). This suggests that the three chaperones do not
dissociate final aggregates but more likely block intermediate
aggregation states.

Surprisingly, in the absence of ATP, no protein aggregation
was observed whenever DnaK was present (Figure 2B). The
effect was specific for DnaK because , in the absence of ATP,
the presence of the other chaperones alone or in combination
did not significantly change the HI aggregation kinetics.
Addition of comparable and larger amounts of BSA, which is
routinely used as a blocking agent to cover material surfaces
and works by competitive adsorption, had no effect (data not
shown). The peculiar role of DnaK is further investigated in the
next section.

Prevention of Insulin Aggregation by DnaK in the
Absence of ATP. In the presence of 1 mM ATPyS, a
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nonhydrolyzable form of ATP, DnaK did not prevent HI
aggregation (Figure 3A), which showed that no ATP hydrolysis

A

o
]
a

o
[N

0.075

+ATP
+ADP

0.05 4 +ATPyS

no nucleotide added

optical density (OD600nm)

time (h)

@

0 T T T
10 100

aggregation rate (OD600nm.h)

o
[N
N

1000

ATP concentration (M)

o
)
a

o
o S o
- N
)

optical density (OD600nm)
(=3
o
a

o
x0

2 4 6 8
time (h)

10

Figure 3. Nucleotide requirements for DnaK protection of human
insulin aggregation on hydrophobic surfaces. A HI solution was
agitated in a hydrophobic microplate in the presence of the indicated
chaperones and nucleotides. HI aggregation was monitored by optical
density measurements at 600 nm. (A) The HI solution was
supplemented with 1 M DnaK and either no nucleotide (O) or 1
mM ATP, ADP, or ATPyS (@, A, and M, respectively). (B) The HI
solution was supplemented with 0.3 4uM DnaK, and the aggregation
rate is plotted as a function of ATP concentration. (C) The HI
solution was not supplemented with chaperones (), supplemented
with 0.3 M DnaK in the absence of ATP (A) or with 1 mM ATP
(), or supplemented with 0.3 yuM DnaK and 0.06 uM DnaJ with 1
mM ATP (O).

took place on the HI substrate. Furthermore, addition of 1 mM
ADP also abolished the protective effect of DnaK on HI
aggregation. The similar effect obtained by the presence of
ADP, ATP, or a nonhydrolyzable nucleotide suggested that the
molecular species, active at preventing the formation of HI
amyloidal fibers, was the nucleotide-free DnaK.,,—HI
complex. This fits well with the biochemical properties of this
protein because in the presence of ATP, DnaK indeed has a
decreased affinity for its protein substrate®®>” and hence could
be less protective against aggregation. A series of HI aggre-
gation experiments were performed in the presence of DnaK at
different ATP concentrations ranging from 1 #M to S mM. The
HI aggregation rate was used to measure the effect of added
ATP on DnaK (Figure 3B). An apparent affinity of 2 uM was
determined, which fits with the reported values of the affinity of
DnaK for ATP.*® Furthermore, in the presence of ATP, DnaJ
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increased the protective effect of DnaK on HI aggregation
(Figure 3C). It is indeed known that the DnaK—DnaJ complex
has a hi§her affinity for the protein substrate than DnaK
alone.””?

Several lines of evidence indicate that DnaK prevented early
phases of HI aggregation. First, in the continuous presence of
DnaK, the amount of HI that adsorbed on hydrophobic
surfaces remained small (Figure 4A) and ThT did not stain the
adsorbed HI (Figure 4B, vs Figure 1B). Second, in two-stage
experiments, when the protective effect of DnaK was released
after S h by addition of ATP, HI aggregation took place
after the same lag time observed in the absence of DnaK
(Figure 4C). Similarly, when DnaK was added after incubation
for 1 h, the lag time was reduced by 1 h after the addition of
ATP. This showed that, as long as it was present in a
nucleotide-free form, DnaK prevented the formation of amyloid
aggregates on hydrophobic surfaces. To confirm the early effect
of DnaK, a constant amount of DnaK was added at different
times after the beginning of the incubation. After a 1 h pre-
incubation, DnaK considerably slowed HI aggregation kinetics,
but after 2 h, it had no significant effect, although aggregation
had not yet started (Figure 4D).

DnaK Binds to HI Adsorbed on Hydrophobic Surfaces.
We then determined the minimal amount of DnaK that should
be added as a function of preincubation time to prevent HI
aggregation for at least 18 h (Figure S). This amount increased
very rapidly without exceeding the amount of HI adsorbed on
the surface, on a molar ratio basis.

Because insulin aggregates are present both on the plastic
surface and in solution, we studied the binding of DnaK to the
HI pool adsorbed on the surface and to HI aggregates in
suspensions. BCA and sodium dodecyl sulfate—polyacrylamide
gel electrophoresis (SDS—PAGE) analysis were combined to
quantify the amount of DnaK and HI adsorbed on the surface
or to aggregates in suspension (Table 1). For these
experiments, we used an experimental setup similar to that of
Sluzky et al.® SurfaSil-treated borosilicate beads were incubated
with HI under agitation overnight. After the beads had been
washed, 20 + 2 pg of HI remained adsorbed to the beads. The
HI solution fully aggregated, and 150 ug of HI aggregates was
recovered by centrifugation and washed.

In a first set of experiments, the adsorbed HI pool was
incubated with 8 ug of DnaK, or buffer alone, in the presence
or absence of ATP, for 8 min, and the amount of insulin and
DnaK adsorbed on the beads after the incubation was deter-
mined. The material released in solution after the incubation
was also analyzed by centrifugation, to separate soluble and
aggregated proteins, and the amount of DnaK associated with
the aggregates was also quantified. In the absence of Dnak,
35% of the initially adsorbed HI detached from the bead
surfaces (7 pg/20 pg), corresponding to the spontaneous
detachment of HI aggregates from the surface. In the presence
of DnaK, larger amounts of protein, which contained both
DnaK and HI, were released from the surface (154 ug +
2.4 pg = 17.8 pug). Under these conditions, 77% of the initially
adsorbed HI detached from the beads (15.4 ug/20 ug). This
material could be recovered by centrifugation, showing that it
contained only HI aggregates. Moreover, an ELISA confirmed
that <0.1 g of HI could be recovered in soluble form. No
protein renaturation had thus taken place. A large fraction of
DnaK (2.4 pug of 8 ug) cosedimented with the released HI
material, and small but significant amounts of DnaK (0.2 ug)
remained at the bead surface. This strongly suggested that
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Figure 4. DnaK prevents the formation of prefibrillar insulin aggregates on hydrophobic surfaces. (A) Time course of adsorption of HI on
hydrophobic surfaces in the presence of 0.3 uM DnaK without ATP (@) compared to the adsorption in the absence of DnaK (O). (B) Time course
of amyloid fiber formation on hydrophobic surfaces in the presence of 0.3 yM DnaK without ATP (@) compared to the aggregation in the absence
of DnaK (O). (C and D) Two-stage experiments. (C) A HI solution was incubated in the presence (filled symbols, b—d) or absence (O, a) of 0.3 yM
DnaK. At the indicated time, 1 mM ATP was added to the DnaK-containing sample (b and c) and the HI solution was further incubated. Bold lines
represent the time during which DnaK protects HI from aggregation. HI aggregation was monitored by turbidity. (D) DnaK (0.3 uM) was added at the
indicated time (At) after the beginning of HI agitation in a hydrophobic microplate, and the incubation was further continued for 8 — At hours (@). In
comparison, the kinetics of HI aggregation as measured in panel C (a) is shown (O). HI aggregation was monitored by turbidity after 8 h.
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Figure 5. Stoichiometry of the interaction of DnaK with insulin
adsorbed on hydrophobic surfaces. A HI solution was agitated in
hydrophobic microplates for the indicated preincubation time. DnaK
was then added at different concentrations, and the HI solution was
further incubated for 18 h. The extent of HI aggregation was
determined by ThT staining. A 2-fold increase in the level of ThT
staining over background was used as a criterion for the onset of HI
aggregation. The minimal amount of DnaK needed to prevent the
onset of HI aggregation is represented as a function of preincubation
time. The amount of adsorbed HI is also represented.

DnaK detached insulin aggregates from the bead surface,
remaining associated to them. The time course of this process
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was ~20 min (data not shown). In contrast, no DnaK could be
detected on hydrophilic surfaces where similar amounts of HI
had been preadsorbed (data not shown). Qualitatively similar
results were obtained in the presence and absence of ATP.
However, less insulin was detached, and ~50% of the DnaK
remained bound to insulin aggregates in the presence of 1 mM
ATP.

In a second set of experiments, DnaK (8 ug) was incubated
with HI aggregates that had already been released in solution.
Under these conditions, ~0.5 yg of DnaK was bound to 150 ug
of a HI aggregate suspension. This shows that DnaK does not
bind efficiently to HI aggregates already present in solution.
DnaK therefore binds specifically to HI adsorbed on hydro-
phobic surfaces.

Making use of the affinity of DnaK for insulin adsorbed on
hydrophobic surfaces, we subsequently designed an assay for
the sensitive detection of aggregated insulin on material
surfaces. Insulin (or BSA as a control) was incubated in the
presence of hydrophobic or hydrophilic surfaces for 1 h. The
adsorbed protein (1—2 pg) was incubated with increasing
amounts of DnaK, in the presence or absence of DnaJ and/or
ATP. After the sample had been gently washed, DnaK was
detected using anti-DnaK antibodies in a chemoluminescence

dx.doi.org/10.1021/bi201457u | Biochemistry 2012, 51, 2172—2180
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Table 1. DnaK Binding to HI-Covered Surfaces and HI
Aggregates and LVEALYL Aggregates in Solution”

fraction

released from beads

adsorbed aggregates soluble
Hydrophobic Surfaces, No DnaK Added
human insulin (ug) 11 +2 7+3 <0.1
Hydrophobic Surfaces, with DnaK (8 ug)
human insulin (ug) 46 =1 154 £ 2.5 <0.1
DnaK (ug) 02+01  24+06 54 £07
DnaK:HI molar ratio 277 77

Hydrophobic Surfaces, with DnaK (8 ug) and Aggregated Insulin in Solution

human insulin (ug) 150 + 10
DnaK (ug) 0.5 +£0.2
Molar ratio (HI:DnaK) 4200

Hydrophobic surfaces, with DnaK (1.5 ug)

LVEALYL (ug) 25
DnaK (ug) 0.5
Molar ratio (peptide:DnaK) 4000

“Acid-washed borosilicate glass beads (diameter of 1 mm) were
siliconized by immersion in SurfaSil (Pierce, 10%, w/w) in acetone
and stabilized by being cured at 100 °C for 1 h. The water contact
angle was measured (DSA100 Kriiss) (93.5 + 3.5°). SurfaSil-treated
beads were incubated with HI in TBS-M buffer overnight. The fully
aggregated HI solution was removed, and the beads were washed three
times with 500 yL of TBS-M. The initial amount of HI adsorbed on
the beads was determined. DnaK was then added, in the presence or
absence of ATP, and the beads were further incubated for 1 h at 37 °C
under agitation. The total protein content and the amount of HI or
DnaK were determined in three fractions: the one adsorbed on the
beads, the aggregated one, and the soluble ones released from the
beads and separated by centrifugation (5000g for 10 min). The total
amount of protein was quantified by the BCA assay; the amount of
soluble HI was quantified by an ELISA (12018 mouse monoclonal
anti-insulin antibody), and the amount of DnaK was determined using
SDS—PAGE and Coomassie staining. Quantification was performed
with Image]. For the interaction of DnaK with the aggregated
LVEALYL peptide, the peptide solution was prepared at 1 mM glycine
buffer (pH 2.5). This solution was incubated in hydrophobic 96-well
plates overnight at 37 °C with agitation (1200 rpm). The resulting
aggregates were centrifuged and washed three times in TBS-M buffer
(pH 7.4) before being resuspended and incubated in TBS-M buffer
containing 1.5 ug of DnaK over 30 min. The DnaK/peptide solution
was then centrifuged and washed three times in TBS-M buffer before
SDS—PAGE analysis.

assay (see Experimental Procedures). In Figure 6A, the amount
of adsorbed DnaK is plotted as a function of the total amount
of DnaK. In the absence of DnaJ, small but significant amounts
of DnaK (26 ng) were bound to insulin adsorbed on
hydrophobic surfaces compared to the amount of DnaK
bound on adsorbed BSA (14 ng). In contrast, almost no DnaK
was recovered when insulin was incubated with hydrophilic
surfaces (data not shown). The amount of DnaK bound to
adsorbed insulin was only slightly reduced in the presence of
1 mM ATP (23 ng). In the presence of DnaJ, much larger
amounts of DnaK were bound to adsorbed HI (372 ng), but
not on adsorbed BSA (27 ng). Addition of ATP reduced the
amount of DnaK binding in the presence of DnaJ to 147 ng. To
study the DnaJ requirement for DnaK binding, the amount of
DnaK was kept constant at 2.5 pug (0.18 M) and the DnaJ
concentration was increased (Figure 6B). DnaK binding
reached a maximum for amounts of DnaJ larger than 1.28 ug
(0.16 uM), which corresponds to a 1:1 DnaJ:DnaK ratio. These
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Figure 6. Amount of DnaK adsorbed on surface-bound HI. A 0.5 mg/mL
insulin or 0.5 mg/mL BSA control solution (X) was agitated for 1 h
in a hydrophobic microplate. After removal of the solution, a DnaK
solution was added. (A) The DnaK solution was not supplemented
with ATP (M), supplemented with 1 mM ATP (O), and supplemented
with DnaJ (0.16 4M) in the presence of 1 mM ATP (O) or in the absence
of ATP (®). The amount of adsorbed DnaK was measured using an
ELISA as described in Experimental Procedures and is represented as a
function of the total amount of DnaK added. (B) A 0.18 uM DnaK
solution supplemented with different amounts of DnaJ was added to
the adsorbed insulin (M) and the adsorbed BSA ((J). The amount of
adsorbed DnaK was measured using an ELISA as described in
Experimental Procedures and is represented as a function of the total
amount of DnaJ added. Lines are hand-drawn and provided as a guide
for the eye.

data show that DnaK specifically interacts with HI adsorbed on
hydrophobic surfaces and that the molecular cochaperone DnaJ
reinforces this binding. The weak binding of DnaK in the
presence of ATP is consistent with its lack of a protective effect
against aggregation.

Competition between the LVEALYL Amyloidogenic
Peptide and Bacterial Chaperones during HI Aggrega-
tion on Hydrophobic Surfaces. Recent studies by Ivanova
et al."® pinpointed the role of two HI amino acid stretches that
are likely to change extensively their conformation when HI
spontaneously goes from a soluble form to amyloid aggregates
at pH 2 and 60 °C. These sequences are SLYQLENY (A12—19)
and LVEALYL (B11—17). Both contain hydrophobic residues
and are mainly involved in a@-helices in the HI monomer. In
amyloid fibers, two LVEALYL stretches from two monomers
are assumed to associate into antiparallel extended f sheets
that tightly interact via their hydrophobic side chains. The
SLYQLENY sequence shows similar properties and also con-
tributes to the formation of fibrillar structures. In this model,
the core of HI amyloid fibers is therefore provided by hydro-
phobic interactions between these polypeptides and stabilized
by the stacking of extended f-sheets. To investigate whether
hydrophobic surfaces drive similar conformational changes, we
studied the effect of the LVEALYL and the SLYQLENY
peptides on HI aggregation kinetics. The SLYQLENY peptide
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had no effect on HI aggregation kinetics, whereas the
LVEALYL peptide strongly reduced the lag time in HI
aggregation kinetics at substoichiometric concentrations
relative to HI (Figure 7A). At higher concentrations, the
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Figure 7. Effect of the LVEALYL peptide on HI aggregation kinetics.
(A) A HI solution was agitated in a hydrophobic microplate in the
presence of different amounts of the LVEALYL peptide, and
aggregation was monitored using ThT fluorescence. The lag time
(as defined in Experimental Procedures) is represented as a function of
peptide concentration. (B) Aggregation kinetics of HI alone (O) or HI
supplemented with 26 uM LVEALYL peptide (A), with 0.3 4M DnaK
(@), or with both peptide and DnaK (A). Aggregation was assessed
using ThT fluorescence. Lines are hand-drawn and provided as a guide
for the eye. (C) A HI solution was agitated in a hydrophobic
microplate in the presence of the LVEALYL peptide (8 yM), DnaK
(0.3 uM), and DnaJ (0.16 uM), as indicated. Aggregation was
monitored using ThT fluorescence, and the lag time was determined.
In the presence of DnaK, the lag time extended beyond 10 h.

LVEALYL peptide inhibited the growth of HI amyloidal
aggregates, as reported previously at pH 2."* The effect of the
LVEALYL peptide was observed only in the presence of
hydrophobic surfaces, the HI solution remaining perfectly
stable in hydrophilic multiwell plates, whatever the peptide
concentration. It should be noted that none of the peptides
alone aggregate in hydrophobic or hydrophilic plates under the

same pH, temperature, and concentration conditions.

2178

Riidiger et al. showed that the SHLVEALYLVCGER and
CTSICSLYQLENYCN sequences in insulin bind DnaK."> Both
encompass the aforementioned peptides involved in amyloid
fiber formation (underlined). The same portions of insulin
sequence are likely to be recognized by DnaJ, because it shares
its substrates with DnaK.’ It follows that DnaK should
antagonize the aggregation promoting effects of the LVEALYL
peptide. As shown in Figure 7B, adding 26 yM LVEALYL
peptide reduced the HI aggregation lag time from 2.5 + 0.2 to
1.1 + 0.2 h. The addition of 0.3 yuM DnaK antagonized the
effect of the LVEALYL peptide, extending the HI aggregation
lag time up to 4.2 + 0.7 h and slowing aggregation (Figure 7B).
The presence of DnaJ enhanced the effect of DnaK [lag time of
7.8 £ 0.9 h (Figure 7C)]. More DnaK was needed to block HI
aggregation for longer times. Conversely, ~60 yM LVEALYL
peptide was needed to reduce the lag time to the value obtained
in the absence of DnaK. Moreover, DnaK binds to amyloid
aggregates formed by the LVEALYL peptide alone. Table 1
shows that 0.5 pig of DnaK binds to 25 yug of LVEALYL peptide
aggregates.

B DISCUSSION

DnaK Recognizes a Conformational Change Occur-
ring on HI Adsorbed on Hydrophobic Surfaces. During
aggregation, three pools of insulin were evidenced in this study:
the soluble insulin pool, the final amyloidal aggregates, and
insulin adsorbed on hydrophobic surfaces. In another article, we
show that the latter pool contains prefibrillar insulin aggregates
that are essential intermediates in the pathway(s) leading to
insulin aggregation. The amount of DnaK needed to block
insulin aggregation supports the view that DnaK binds to a
minor portion of insulin present in the adsorbed insulin pool.
The DnaK concentration (0.3—3 uM) is indeed much lower
than the HI concentration in solution. Thus, DnaK cannot
significantly displace the monomer—dimer—hexamer equilibria
and therefore cannot significantly reduce the HI monomer
concentration, which is the form of HI in solution that
aggregates in the presence of hydrophobic surfaces.” Because
DnaK weakly interacts with preformed amyloidal aggregates
released in solution, the binding of DnaK to the end product of
the aggregation reaction cannot explain its inhibitory effect
(Table 1). The target of DnaK is therefore to be found at the
material surface. Because the amount of DnaK needed to block
HI aggregation increases during the lag time (Figure $), we rule
out competitive adsorption at the material surface as the reason
for DnaK inhibition. Moreover, we show that DnaK directly
binds to HI adsorbed on hydrophobic surfaces and to HI
aggregates released from the surface (Figure 6 and Table 1).
We therefore propose that DnaK blocks the formation of HI
amyloid fibers on hydrophobic surfaces, by selective binding to
target sequences in adsorbed HI. One of these targets is likely
to be the hydrophobic LVEALYL peptide, aggregates of which
also bind DnaK (see Table 1 and below).

There is kinetic competition between amyloid fiber growth
and protection by DnaK, which is illustrated well by the effect
of ATP and DnaJ. ATP-loaded DnaK is known to have a lower
affinity for its protein substrate than ADP-loaded DnaK® and
Dna]J, which stimulates ATP hydrolysis on DnaK and reinforces
its interaction with its substrate. Our results suggest that in the
absence of nucleotides, DnaK binds strongly to adsorbed HI
and DnaJ further stabilizes DnaK binding. When the mean
residence time of DnaK on exposed hydrophobic HI stretches
is sufficiently long, the formation of amyloid fibers is inhibited
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(Figure 4). On the other hand, when the residence time of
DnaK is reduced by addition of ATP, aggregates can form
rapidly because of the liberation of previously occupied
hydrophobic growing fiber ends (Figures 3 and 4). Thus, the
absence of ATP, through a substrate affinity increase, allows
DnaK to win the competition between adding a blocking DnaK
to a growing fiber end and an additional HI molecule, which
would promote fiber growth. The competition can also be
promoted by a sufficiently high concentration of the LVEALYL
peptide, which accelerates HI aggregation so that it overcomes
DnaK protection (Figure 7). Although significant amounts of
DnaK are released from the surface (Table 1), together with the
HI amyloid aggregates, it is the surface-bound DnaK fraction
that sets the pace for fiber growth. In the ATP-free state, this
latter DnaK fraction exhibits an affinity for growing fiber ends
that is sufficiently high to block fiber formation. The inhibitory
effect of DnaK on HI aggregation is therefore linked to its
presence on the material surfaces.

The Amyloidogenic LVEALYL Peptide Is Exposed on
HI during Its Aggregation on Hydrophobic Surfaces.
The results of this work and others show that insulin aggregates
are able to form and grow on hydrophobic surfaces. What is the
likely mechanism of this self-assembly process? Up to 40 ug of
HI accumulates on the 2 cm? surface area of a single microwell
during aggregation (Figure 1A). This high surface concen-
tration (0.2 g/m?) corresponds to 50 protein layers, assuming a
uniform coverage of the surface. A consequence of this
observation is that insulin does not merely adsorb on
the plain hydrophobic surface, but on insulin already bound
to the surface. The effect of the hydrophobic surface should
therefore be transmitted from the bottom to the top HI layers,
where incoming HI binds. This implies the existence of global
conformational changes that relay the effect of the hydrophobic
surface. Adsorption of HI molecules on a hydrophobic surface
will itself trigger the exposure of a hydrophobic stretch at the
surface of adsorbed HI. Although we did not evidence these
conformational changes directly, several results support this
hypothesis. (i) DnaK binds to HI adsorbed on hydrophobic
surfaces, which shows that the structure of the HI protein has
changed, exposing one of the two hydrophobic peptides known
to bind DnaK: SLYQLENY and LVEALYL. (ii) The LVEALYL
peptide itself interacts with HI in the presence of hydrophobic
surfaces at a substoichiometric concentration in such a way to
accelerate aggregation. This peptide has been shown to form
antiparallel f-sheets with itself'> and could therefore help
stabilize a conformational change in insulin by binding to inter-
mediate states. (iii) The antagonist effects of the LVEALYL
peptide and DnaK binding on HI aggregation reveal the
presence of the same aggregation intermediates in the adsorbed
HI pool. (iv) DnaK binds to preformed LVEALYL peptide
aggregates. We therefore conclude that the buildup of amyloid
fibers on the hydrophobic surface is due to HI adsorption and
consequent conformational changes, exposing hydrophobic
aggregation-prone sites in the protein. This situation occurs for
some proteins, but not all of them. BSA, for instance, strongly
binds to hydrophobic surfaces but does not accumulate on
them and does not aggregate within an entire week in the
presence of hydrophobic surfaces.

Perspectives. Our results have interesting potential
biochemical and pharmaceutical applications. First, substoichio-
metric DnaK and DnaJ, in the absence of ATP, could represent
a novel and convenient stabilizing additive. Indeed, the low
DnaK concentration (0.3 M), needed to stabilize HI solutions,
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and its selectivity for exposed hydrophobic peptide domains are
characteristics that most traditional stabilizing agents lack. Two
recent papers by Rasmussen et al.>"*> showed that the protein
a-crystallin, a member of the small heat shock protein family
(sHSP), prevents HI aggregation on hydrophobic surfaces.
Molecular chaperones, therefore, represent alternative ap-
proaches to guaranteeing the long-term storage of proteins,
either in solution or in contact with the container surface. One
should nevertheless be aware that DnaK triggers inflammatory
responses and thus cannot be injected into patients.>> DnaK, or
better the DnaK—DnaJ combination, could also provide a
sensitive in vitro assay to test for protein conformational
changes at material surfaces, as shown for HI in this study. By
revealing the presence of hydrophobic stretches exposed at the
surface of proteins adsorbed on hydrophobic materials, this
assay could provide a screening tool for the optimization of
protein stability conditions.
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