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ABSTRACT: To establish the kinetic model of the extension and dissociatigharfiyloid fibrils (fAS) in

vitro, we analyzed these reactions using a surface plasmon resonance (SPR) biosensor. Sopicated fA
were immobilized on the surface of the SPR sensor chip as seeds. The SPR signal increased linearly as
a function of time after amyloigh-peptides (4) were injected into the fA-immobilized chips. The
extension of fA6 was confirmed by atomic force microscopy. When flow cells were washed with running
buffer, the SPR signal decreased with time after the extension reaction. The curve fitting resolved the
dissociation reaction into the fast exponential and slow linear decay phases. Kinetic analysis of the effect
of ABIfA3 concentrations on the reaction rate indicated that both the extension reaction and the slow
linear phase of the dissociation were consistent with a first-order kinetic model; i.e., the extension/
dissociation reactions proceed via consecutive association/dissociatighooité{from the end of existing

fibrils. On the basis of this model, the critical monomer concentrationg[84]d the equilibrium association
constantK) were calculated, for the first time, to be 20 nM anst 3.0’ M1, respectively. Alternatively,
[M]ewas directly measured as 200 nM, which may represent the equilibrium between the extension reaction
and the fast phase of the dissociation. The SPR biosensor is a useful quantitative tool for the kinetic and
thermodynamic study of the molecular mechanisms ¢f f@rmation in vitro.

The deposition of Alzheimer'g-amyloid fibrils (fAS)* Several groups have proposed a nucleation-dependent
in the brain has been suggested to play a central role in thepolymerization model to explain the mechanisms of5fA
pathogenesis of Alzheimer’'s disease (AD), probably as anformation in vitro (7, 10—16). This model consists of two
early event in the amyloid cascade-3). Attempts to reduce  phases, i.e., nucleation and extension phases. Nucleus
the A3 deposited in the brain using peptide vaccine or low formation requires a series of association steps of amyloid
molecular weight compounds, in addition to the prevention S-peptides (4), which are thermodynamically unfavorable,
of fA3 deposition, are under extensive investigatién §). representing a rate-limiting step in amyloid fibril formation.
Amyloid fibril formation is considered as a protein misfold- Once the nucleusiimer) has been formed, further addition
ing and aggregation event, in which the non-native conformer of A becomes thermodynamically favorable, resulting in a
of the precursor protein is thermodynamically stabilized by rapid extension of amyloid fibrils. We and other groups have
template-dependent accumulati®. (Therefore, biophysical  independently developed a first-order kinetic model of fA
investigations, especially from the standpoint of the protein extension in vitro and confirmed that the extension of fA
structure and thermodynamics, are essential to elucidate theproceeds via the consecutive association gfofsto the ends
mechanism of amyloid fibril formation. of existing fibrils (13—16). This model indicates that the net
rate of fAG extension is the sum of the rates of polymeri-
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thioflavin T. Therefore, determination of [M]s the only way to calculate

10.1021/bi020369w CCC: $22.00 © 2002 American Chemical Society
Published on Web 10/26/2002



13490 Biochemistry, Vol. 41, No. 46, 2002 Hasegawa et al.

K. Utilizing a closed system with thioflavin T (ThT) fA[(1—40) were formed from freshly dissolvedsil—
fluorometric assay, we previously estimated {MhdK of 40) (HCI form, code 4379-v, lot no. 501005; Peptide Institute,
fAS extension at pH 7.5 in the presendeloM urea to be Inc., Osaka, Japan) solution as described above. The reaction
10 uM and 16 M1, respectively 13). To elucidate the  mixture (1000uL) containing 50uM ApB(1—40), 50 mM
detailed mechanisms of amyloid fibril formation in vitro, we phosphate buffer, pH 7.5, and 100 mM NaCl was incubated
need to observe directly the depolymerization reaction and for 8 h at 37°C without agitation. After incubation, 5% NaN
determine the kinetic and thermodynamic constants. How- was added to yield 0.05% and stored at°@ without
ever, the dissociation reaction of #As not usually observed  sonication. After the centrifugation of the stock solution at
in a closed system in a physiological buffer condition using 4 °C for 2 h at(1.6 x 10%g, the supernatant contained no
the ThT assay, possibly because of the low JMf the AB, confirming that the extension reaction was completed
extension reaction (less than the order of micromold)) ( with no A3 remaining in the solution.

Therefore, the flow cell system to wash out the released | opilization of /8 on the Sensor Chip of the BlAcore
monomer from the reaction site is required for detecting gjqgensor Freshly extended 4 were prepared just before
preqsely the dissociation of fAin the physiological buffer immobilization. Stored f& were diluted with 7 volumes of
solution. water and sonicated on ice with 20 intermittent pulses (pulse,

Myzka et al. (8) demonstrated that the surface plasmon 0.6 s; interval, 0.4 s; output level, 2) using an ultrasonic
resonance (SPR) biosensor is useful for the analysis of thedisruptor (UD-201; Tomy, Tokyo, Japan) equipped with a
extension _and dissociation reaction of',(i‘Aat an A3 microtip (TP-030; Tomy, Tokyo, Japan). The reaction
concentration less than 14M. The experimental system  mixture in an Eppendorf tube was 950 and contained 50
using an SPR biosensor has several advantages for monitorz\ A g (trifluoroacetate form), sig/mL (equivalent to 1.2
ing the kinetics of f48 extension and dissociation in vitro: uM Ap) sonicated 48, 50 mM phosphate buffer, pH 7.5,
(1) no modification or labeling is required for the detection and 100 mM NacCl. After incubation at 3T for 24 h, the
of AB, (2) a continuous flow cell system keeps thg A mixture was centrifuged at 4C for 2 h at(1.6 x 10%)g.
concentration constant dunng the extension reaction andeﬁ had precipitated Comp|ete|y as measured by the fluo-
keeps the & concentration below [M]during the dissocia-  yescence of ThT. The pellet was resuspended in water,
tion reaction by washing out the releasefl £8) the reaction  gonjcated as described above, and then immobilized im-
can be monitored in real time with a time resolution of-011 mediately on the pioneer sensor chip F1 (BlAcore AB,
s intervals. With this paradigm, they observed the fast and yppsala, Sweden) by amine coupling. The F1 chip has a
slow phases of the dissociation reaction and suggested thakporter (carboxymethyl)dextran chain (approximately 30 nm)
fA 5 extension can be explained by a “dock-lock” mechanism o, the surface than the CM5 chip (approximately 100 nm).
consisting of the reversible and irreversible association stepsthe (carboxymethyl)dextran surface was activated with a 70
of A onto the ends of ff (17). However, they did not ) jniection of a mixture ofN-ethyl-N'-(3-dimethylamino-
characterize the detailed kinetic aspects of the reaCt'on’propyl)carbodiimide hydrochloride anN-hydroxysuccin-
including the effect of /&/fAf concentrations on the exten-  jmide at a flow rate of 5(L/min. The sonicated fA(1—40)
sion/dissociation rates. These studies may be essential tQya5 diluted with 10 mM sodium acetate (pH 4.0) at
obtain several kinetic and thermodynamic constants, thus t0.qncentrations between 9 and A8/mL and then injected
establish kinetic and thermodynamic models offéxten- il the desired immobilization level was achieved. The
sion/dissociation in vitro. remaining activated groups were blocked with a 0

In this study, we confirmed that the increase in SPR signals injection d 1 M ethanolamine (pH 9.0). BlIAcore 1000 and
corresponds to the extension offfAy observing the surface 3000 are equipped with four flow cells in one sensor chip.
of the sensor chip by atomic force microscopy (AFM). We  various densities of f& were immobilized on flow cells 2,
also analyzed the extension/dissociation kinetics ¢f té 3, and 4. The reference cell (flow cell 1) was prepared by
obtain several kinetic and thermodynamic constants. We the above-described amine coupling without addition gf.fA
propose that the exten5|0n/d|s§OC|atlon reaction o M . SPR Analysis of f\Extension and Dissociatioithe SPR
this SPR system can be explained by a first-order kinetic experiments were performed with BIAcore 1000 and 3000
model, as well as by a dock-lock model. (BIAcore AB). BIAcore 3000 was used to monitor both the

extension and dissociation reactions, while BIAcore 1000

EXPERIMENTAL PROCEDURES was used to monitor the extension reaction only. The reaction
was performed at 37C, unless otherwise noted, using the
Preparation of 4 and fA3 Solutions.AB(1—40) (tri- PBS running buffer (50 mM phosphate, pH 7.5, 100 mM

fluoroacetate form, code 4307-v, lot no. 501001; Peptide NaCl, 3 mM EDTA, 0.005% Tween 20). The running buffer
Institute, Inc., Osaka, Japan) were dissolved by brief vor- was continuously degassed with an online degasser (model
texing in 0.02% ammonia solution at a concentration of about SD8023; Tosoh Corp., Tokyo, Japan) throughout analysis.
500uM (2.2 mg/mL) in a 4°C room and stored at80 °C Ap was diluted to 0.1 30 M with the running buffer. For
before assaying (fresh®solution). The solution was clear, the extension reaction, 3250 uL of AS(1—40) solutions

and no fibrillar components were observed by electron was injected into flow cells using a KINJECT mode at a
microscopy (data not shown). No significant ThT fluores- flow rate of 30uL/min. In BlAcore 3000, the same (A
cence was detected by fluorescence spectroscopy. Addition-solution flows through all four flow cells on the sensor chip.
ally, 50 uM A was incubated in 50 mM phosphate buffer, For the dissociation reaction, the sensor chip was washed
pH 7.5, and 100 mM NaCl at 37C; spontaneous fA with running buffer for 60 or 120 min after the end of
formation was not observed at least for 10 days. injection.
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Calculation of the Extension and Dissociation Kinetics. F-4500 fluorescence spectrophotometer. Optimum fluores-
The data were processed using BlAevaluation 3.1. To correctcence measurements of JAvere obtained at the excitation
the instrumental noise and bulk reflective change, each of and emission wavelengths of 445 and 490 nm, respectively,
the sensorgrams of flow cells=2 was subtracted by the with the reaction mixture containingdgM ThT (Wako Pure
sensorgram of a blank cell (flow cell 1) obtained by the Chemical Industries, Ltd., Osaka, Japan) and 50 mM
simultaneous measurement. When the samples of lowglycine—NaOH buffer, pH 8.5. Fluorescence was measured
concentrations were analyzed in the extension reaction, theimmediately after making the mixture and was averaged for
sensorgrams were compensated using the “double referencthe initial 5 s.

ing” (19), since the fluctuation during injection was signifi- ~ AFM. fA 5 was immobilized on a C1 sensor chip (BIAcore)
cant and dependent on the amount of immobilized fibrils. jn which the carboxymethyl residue was directly coupled to
The sensorgram obtained at the load of the sample solutionthe gold thin layer with no dextran chain. Sonicateq3fA
was first referenced by the sensorgram of a blank cell. This were first immobilized onto the surface of flow cells 2 and
sensorgram was further subtracted by the sensorgram of theg with a density of 900 response units (RU). Aubl AS
identical cell obtained at the load of the running buffer, which solution was injected into flow cell 3 until the response
was also referenced by the sensorgram of a blank cell. Theincreased by 900 RU to 1800 RU. The glass support of the
extension rate was calculated as the slope of the linear curvesensor chip was then removed from the plastic support by
fitting to the extension phase. For the dissociation phase, dissolving the adhesives with ice-cold acetone. The AFM
the sensorgram was subtracted only by the sensorgram ofmages of the sensor chip surface were obtained with a
the blank cell (flow cell 1), since the subtraction by the dynamic force microscope (SPI-3800N-SPA400; Seiko In-
sensorgram of the running buffer will cancel the intrinsic struments) equipped with a scanning microcantilever (Sl-
dissociation itself. The response Signal of the initial period DF20; Seiko |n5trument3) at a scan rate of 0.5 Hz. The |ength

of dissociation (6-100 s after the end of injection) was  of fibrils was measured manually on the printouts. Student’s
discarded because of the fluctuation. Noises derived fromt-test was used for statistical analysis.

the flow fill of the syringe pump were also removed. The  gyher Analytical Procedure®rotein concentrations offA
kinetic parameters of the dissociation phase were calculated,,q fA8 solutions were determined by the method of
by the curve_fitting of the compensated sensorgram using gradford ©0) using a protein assay kit (500-0001; Bio-Rad
Igor Pro version 4 (WaveMetrics, Inc., Lake Oswego, OR). | aporatories, Inc., Hercules, CA). Throughout this study, the
Direct Measurement of [M] For the extension reaction, A g solution quantified by amino acid analysis was used as
30uL of 1 or 3uM A solution was first injected, followed o standard. For the statistical evaluation of linearity, linear

immediately by the injection of 24@L of 0—1 uM Af  yegression and correlation coefficients were calculated using
solution using COIJNECT mode. To cancel the intrinsic picrosoft Excel version 98.

fluctuation caused by the injection, the sensorgrams were
processed by the double referencing as described above. ARESULTS
a result of double referencing, the sensorgrams indicated only
the fast exponential phase of the dissociation reaction vide AFM Imaging of the Fibrils on the Sensor Chifphe
infra. extension of immobilized f& was directly observed by AFM
First-Order Kinetic Model of f8 Extension and Dissocia-  (Figure 1). Sensor chip C1 was used for imaging to avoid
tion. As reported previously, the kinetic properties of amyloid the roughness of the dextran-coated surface on sensor chip
fibril extension can be described as F1. The average length of the fibrils in an area ok44
um?was 1524+ 74 nm f = 241) and 265+ 142 nm =
1) 226) for seed fibrils (flow cell 2) and extended fibrils (flow
cell 3), respectively. The average length offan flow cell
3 was doubledd < 0.001) by the extension reaction, well

where [P] is the number concentration of seed fibrils, [M] gypiaining the increase of SPR response (900 RU to 1800
is the concentration of monomeric or dimerig Aand ko RU). Moreover, the number of the fibrils in a% 4 um?

and kg are the apparent rate constants for polymerization 5.a5 remained roughly unchanget= 241 vs 226).
(extensiqn) and depplymerization (dissociation), respectively Reproducibility of the Extension Reactidrhe reproduc-
(13). If tis the reaction time anfft) is the concentration of ibility of the extension reaction was examined by two

ggc\alg:qcrlhz{;se nelwcl:é npg(layCWvﬁ{tl(Zaﬁdaslnto fA during the different protocols. In protocol 1 (A), fA were extended
' q by the 50uL injection of a 10uM A solution, followed by
f(t) = k, [PIIM] — k4[P] = (k,[M] — k. )[P] (2) the dissociation reaction with the running buffer for 60 min.
n ni

As shown in Figure 2A, when A was injected onto
time andk,[P][M] and —k.«[P] denote the rate of poly-

without a lag phase. At the dissociation phase, the SPR
merization and depolymerization, respectively. {an be response decreased continuously even at the end of the
obtained by setting’(t) in eq 2 equal to zero to obtain

dissociation reaction (60 min). As shown in Figure 5, the
[M] ¢ = koii/kon = 1K 3

[P]+ [M] == [P]

curve fitting analysis resolved the dissociation phase into
whereK is the equilibrium association constant.

the fast exponential and slow linear phases. While the fast
exponential phase ended within 30 min, the slow linear phase

ThT Fluorescence Spectroscopll studies were per-
formed essentially as described elsewhé&® 6n a Hitachi

continued at the end of the dissociation reaction (60 min).
Thus, the next cycle was started after 60 min of the
dissociation and repeated 10 times. As shown in Figure 3A,B,
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Ficure 1: AFM image of fA3 on the sensor chip. SonicatedfAvere immobilized on the surface of flow cells 2 (A) and 3 of the sensor

chip C1 with a density of 900 RU. A BM Ap solution was injected into flow cell 3 until the response increased by 900 RU to 1800 RU

(B). Then the surface of flow cells 2 and 3 was scanned using AFM as described in Experimental Procedures. The bar indicates a length
of 1 um.

A B immobilized fA3 (RU) for all flow cells. Since this change
800 80 is similar to the decrease observed without unclogging (0.12
10uM AB 2uM A + 0.046%), detachment of covalently boundpfAnay be

1 ok 1 negligible.
6001~ Finally, to keep the fibril length as constant as possible,
40

400 dissociated with protocol 2. In this protocol (Figure 2B)jfA

were extended by a 3@L injection of 2uM Ap, followed

by the dissociation reaction with the running buffer for 120
min. As shown in Figure 2B, the increase in response by
I the extension reaction was decreased to half by the dissocia-
tion reaction. Since 2000 RU of fAwas immobilized on

the chip, the increase in the 40 RU response corresponds to
a 2% increase in the average length offAAs shown in
Figure 3D, the reduction rate of the response in every cycle
FIGURE 2: Time course of the extension and dissociation g§.fA  is much smaller than that in protocol 1.

Sonicated 4 were immobilized on the flow cells at a density of All of these results may indicate that the reduction of the

2000 RU. In protocol 1 (A), f& were extended by a 50 injection - | b d by th |ati
of a 10uM A solution, followed by the dissociation reaction with résponse In every cycleé may be caused Dy the cumuiatve

the running buffer for 60 min. In protocol 2 (B), fAwere extended ~ €xtension of the fibrils cycle by cycle. This mechanism will
by a 30uL injection of a 2uM Ap solution, followed by the be discussed later. To minimize the effect of repetition, we

dissociation reaction with the running buffer for 120 min. The plot performed all kinetic analyses after the stabilization by five

was created by adjusting the response (RU) at 100 s before the, 1o repetitions. To monitor the reduction of response

start of the injection toy = 0. - . . n
signals, we injected the samesAolution at the beginning

the rate of the extension reaction decreased during the earlyand the end of each session. If the reduction was evident,

cycles but was relatively stabilized after several repetitions. the response signal was compensated by assuming the linear

We performed the following studies to search for the reduction cycle by cycle. Moreover, as Figure 3C indicates,
reason the extension rate decreased cycle dependently, a& direct comparison of the response among three flow cells
well as to confirm that we observe the same phenomenon atmay be reasonable if all flow cells are used simultaneously
every cycle. by the same protocol after several repetitions.

First, the effect of the density of immobilized fAi.e., Effect of A6 and fA3 Concentration on the Extension Rate.
the number concentration of the fibril [P] in every cycle, When various concentrations offAwere injected sequen-
was examined by replotting the data in Figure 3B. As shown tially into the flow cells, a good linearity was observed
in Figure 3C, a linear correlation of the reaction rate with between the & concentration and the extension rate in each
[P] was maintained throughout the cycles. This may indicate flow cell (Figure 4A,B). Similarly, when the A concentra-
that the reduction of the response in every cycle is similar tion was constant, the extension rate was linear in relation
among three flow cells, irrespective of the immobilizegBfA  to the density of immobilized A (Figure 4C). The apparent
density. extension rate constakg, was calculated using eq 2. Since

Second, the detachment of fArom the surface of flow [P] is constant andk,[M] > ko during the extension
cells was examined. When all flow cells were extensively reaction,k,,[P] (RU s M~1) can be approximated by the
washed at a high flow rate (“unclogging” command), the extension rate/[M]. [P] is unable to be determined as an
decrease in SPR response (RU) was 0£8Y.019% of the absolute unit. However, when the sameffAvere im-

[ ' | | fibrils were extended by a short length and then extensively

Response (RU)

20} | I
200

1 1 1 -20 11 1 1 1 1
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Ficure 3: Reproducibility of the extension reaction. (A) Time course of the extension reaction during the repetition with protocol 1. A 10
uM Af solution (50uL) was injected into a flow cell on which 1000 RU of fAwas immobilized. The overlay plot was created by
adjusting the response (RU) at 100 s before the start of the injectiprt0. (B) Effect of the repetition (protocol 1) on the extension rate.
Extension rates were calculated as described in Experimental Procedures and then plotted against the number of repktitanes. fA
immobilized on flow cells 2 4), 3 (M), and 4 @) at a density of 1400, 2370, and 3810 RU, respectively. All flow cells were analyzed
simultaneously. (C) Effect of the repetition (protocol 1) on the correlation between the extension rate and immobilidedsiy. The
extension rates in (B) were replotted against thg tfensity on each flow cell. Extension rates of the repetition cycl®)1 % (), 5 (a),

7 (0), and 10 Q) were displayed. (D) Effect of the repetition (protocol 2) on the extension rate. Extension rates were plotted as i (B). fA
were immobilized on flow cells 28) and 4 @) at a density of 615 and 2020 RU, respectively. These flow cells were analyzed simultaneously.

mobilized on all flow cells, [P] should be proportional to The first model is described by a rate equatiBnig(t)

the density (RU) of immobilized f&. Whenk,[P] obtained composed of exponential and linear decay components as a

from the data between 3 and 201 Ag in Figure 4B was  function of time ¢):

divided by the density (RU) of immobilized {A the

averaged values were 10%55.2, 117.0+ 11.7, and 122.9 R () = Ny — kyyt — t) + N 49 (4)

+ 2.58 st M~ for flow cells 2, 3, and 4, respectively. Thus,

it may be reasonable to consider the calculated app&gent  whereky; andkg, denote the apparent dissociation constants

as a constant. of linear decay and exponential decay, respectiviskys
Dissociation Kinetics.The dissociation kinetics was denotes the coefficient of exponential dechly,denotes a

examined in the same experiment of the extension reactionsignal offset, and, denotes the start point of dissociation.

with protocol 1. At the first three times of a series of A series of dissociation sensorgrams ef3D uM A S for

reactions, the running buffer was injected into all flow cells. each flow cell were analyzed simultaneously using global

As shown in Figure 5A, the sensorgrams obtained by the curve fitting with common constants. The apparent rate

repeated injection of the running buffer completely over- constants and coefficients calculated from this analysis are

lapped with each other. These sensorgrams fitted well with summarized in Table 1 and Figure 6A, respectively. Similar

a linear decay model, and the slopes of the linear fit were results were obtained by the local curve fitting with separate

proportional to the density of immobilized fA[(—1.96 + constants (data not shown). As shown in Table 1, the

0.19) x 1073, (—3.90+ 0.24) x 1073, and (-5.984 0.18) constants of linear decayk4) for each flow cell were

x 1073 RU s *for flow cells 2, 3, and 4, respectively; slope proportional to the density of fA[ke (RU s1) = (1.65 x

(RU s1) = (—=1.57 x 10°9fAB, r = 0.995]. 10 9fAB, r = 0.977]. Interestinglyky; for each cell was
When 130 uM A were injected into flow cells  similar to the decay rate observed by the injection of the

sequentially, the decrease in the response was dependent orunning buffer, indicating thai; is the intrinsic rate constant

both the A3 concentration and the density of immobilized depending only on the density of immobilizedfAOn the

fAS (Figure 5). Curve fitting analyses using the single other hand, the constants of exponential deday) (vere

exponential or linear decay model did not fit well these relatively invariant among flow cells [half-lifg, (In 2/kg)

dissociation sensorgrams (data not shown). Thus, thesewas 5.18, 6.88, and 8.43 min for flow cells 2, 3, and 4,

sensorgrams were fitted with two different biphasic models. respectively]. The coefficients for exponential dechl.d)
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10 Ficure 5: Time course of the dissociation reaction. (Af At a
Flow cell concentration of 830 uM (50 uL) was injected into flow cell 4
4 on which 3810 RU of {4 was immobilized. The three sensorgrams

obtained by the repeated injection of the running buffer completely
overlapped with each other. (B) A 3M Ap solution (50uL)

3 was injected into flow cells 2, 3, and 4 with the immobilized3fA
density of 1400, 2370, and 3810 RU, respectively. The sensorgrams
were obtained and compensated as described in Experimental
Procedures. The overlay plot was created by adjusting the end point
2 of sample injection toc = 0 and then the response (RU) at 100 s
after the end of the injection tp = 0. In both (A) and (B), the
calculated curve using a rate equatiBn.g(t) was overlayed on
each sensorgram except for the three sensorgrams obtained by the

0 10 20 30 40

AB (uM) injection of the running buffer, on which linear curve fitting was
applied (A). Residuals of curve fitting, i.e., difference between
C 10 calculated and observed values, for all cases were plotted on the
AB (uM) upper panels of (A) and (B). The residuals were small throughout
8 the dissociation, indicating that the curve fitting was appropriate.
— Each curve is a representative of duplicate or triplicate analysis
o for each concentration.
E 6
; Table 1: Apparent Dissociation Kinetic Constants Calculated by
5 4 Global Curve Fitting Using Rate EquatioRs-g(t) and Rog(t)
flow RL+&(t) Roe(t)
2 cell ka(RUSD  ke(S)) (Y (Y

2 2.15x 10°% 2.23x10° 351x10°% 1.83x10*
3 4.03x 10° 1.68x 10% 259x 102 1.10x 104
4 6.28x 10°% 1.37x10° 298x10°% 1.77x10*

0 1000 2000 3000
fAB (RU)

Ficure 4: Effect of A3 concentration and immobilized fAdensity wherer; andt, denote the apparent dissociation constants
on the extension rate. (A) Effect of thefAconcentration on the  5f the fast and slow exponential decay, respectively, And

time course of the extension reaction (protocol 133 At a -
concentration of £30 uM (50 uL) was injected into the flow cell and A, denote the coefficients of the fast and slow expo-

on which 1000 RU of 48 was immobilized. The overlay plotwas ~ Nential decay, respectively. As shown in Table 1, the apparent
created by adjusting the response (RU) at 100 s before the start ofdissociation constants; and 7,, were relatively invariant

the injection toy = 0. (B) Effect of A3 concentration on the  among flow cells. While the coefficients for the fast
extension rate. Extension rates were calculated and plotted aga'”sbxponential decayA) were dependent on both the A

the A3 concentration as described in Experimental Procedurés. fA . . .
were immobilized on flow cells Z7), 3 (a), and 4 ®) at a density density and the A concentration (Figure 6B), those for the

of 620, 1780, and 2530 RU, respectively. Correlation coefficients Slow decay £) were dependent mostly on the fAlensity
(r) of linear regression were 0.999, 0.995, and 0.983 for flow cells (Figure 6C). The apparent dissociation constant of the fast

2, 3, and 4, respectively. (C) Effect of immobilized #Alensity decayt; (t1» = 3.8 min) is close to that of Myzka et al.
on the extension rate. The average of the extension rates in (B)(approximately 3 min)18).
was plotted against fAdensity. Correlation coefficients)(of linear L . .
regression were 0.990, 0.995, 0.994, 0.996, 0.993, and 0.976 for 1 | N€ COEfficientsNis; and A, are similar (Figure 6A,B),
(@), 3 (a), 6.5 ©), 10 @), 20 (»), and 30 ®) uM Ap, respectively.  and the apparent rate constakis andz, are also similar
) (Table 1) for each A& concentration and fA density.
were dependent on both the density offfand the A8 Therefore, the fast decay term Rée(t) and the exponential
concentration (Figure 6A). decay term oR_.£(t) were comparable in their contribution
Other investigators used a double exponential model t0 to the total dissociation. The slow decay termRef(t) was
analyze the dissociation reactioh7( 19). For comparison,  glso comparable to the linear decay ternRof(t). Indeed,
we also performed curve fitting using a rate equafReg(t) ke/([P] in RU) and 75, both of which reflect the slow
as a function of timetf: dissociation rate per fibril, are constant among flow cells
. tto) —ot—to) 2—4 (_Table 1). Thus, both biphas?ic decay models can well
Roe(t) = No + Ae + Ae (5) explain the observed dissociation curves. However, to
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Ficure 7: Effect of the contact time of Aonto the immobilized

fAS. (A) Time course of the dissociation reaction. The running
buffer (50uL) and 10-250 uL of 10 uM Ap were injected into

the flow cell on which 3100 RU of f& was immobilized. The
sensorgrams were obtained and compensated as described in
Experimental Procedures. The overlay plot of the dissociation
reaction and residuals was created as described in Figure 5, except
that the response (RU) at 50 s after the end of the injection was to
y = 0. The calculated curve using a rate equatiRneg(t) was
overlayed on each sensorgram except for the sensorgram obtained
by the injection of the running buffer, on which linear curve fitting
was applied. (B) CoefficientSk,s plotted against the contact time.
The calculatedky; and kg, were 2.38x 103 RU st and 2.62x

108 s71, respectively.
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Ficure 8: Direct measurement of [M]A 3 uM Ap solution (30

FicUrRe 6: Calculated coefficients for each dissociation sensorgram uL) was injected into flow cells, followed immediately by the

obtained from the global curve fitting using rate equatiBnsg(t)
andRpg(t). Coefficients for flow cells 2HM), 3 (2), and 4 @) were
plotted against & concentrationNz, (A) is a coefficient for the
exponential decay phase Bf ((t). A, (B) is a coefficient for the
faster exponential decay phaseRpk(t). A, (C) is a coefficient for
the slower exponential decay phaseRpk(t).

analyze the dissociation sensorgrams in the present study,

injection of 240 uL of a 0—1 uM Ap solution. fAG were
immobilized on flow cells 2, 3, and 4 at a density of 1400, 2370,
and 3810 RU, respectively. The sensorgrams were obtained and
compensated as described in Experimental Procedures. The overlay
plot was created by adjusting the start point of the first injection to

x = 0 and then the response (RU) at the start point of second
injection toy = 0.

we prefer to use the former model as described by eq 4,decay Nwns) increased by the increase of the contact time
because the sensorgrams obtained by the injection of the(Figure 7B). Additionally, the calculated; of each sensor-

running buffer fitted well with a linear decay model and the
slopes of the linear fit were proportional to the density of

immobilized fAS.

To examine the effect of progressive stabilization of fA
with time, the contact time was varied (20 s to 8.3 min) by

the injection of 16-250 uL of 10 uM ApS onto the

immobilized fA5 (3100 RU) using protocol 1 at a constant

flow rate of 30 uL/min. Similar to the effect of &

gram was the same as the linear decay constant of the
sensorgram obtained by the injection of the running buffer
(1.98 x 103 RU sY).

Critical Monomer ConcentrationfM] . was obtained by
two different procedures. First, [Mvas directly measured
as shown in Figure 8. When the running buffer was injected
after injection of 3uM Ap, a decrease in the response was
observed. When the/Aconcentration of the second injection

concentration as in Figure 5A, the decrease in the responsevas 0.4uM or more, an increase of the response was

was dependent on the contact time of thesblution injected

(Figure 7A). Global curve fitting analyses with common

constants using a rate equati@n.g(t) fitted well with these
dissociation sensorgramig{= 2.38 x 102 RU s ! andky,

= 2.62x 103 s™Y), and the coefficient for the exponential

observed. At about 0.2M Ag, the change in the response
was not evident in the flow cells, suggesting that the
extension rate and the dissociation rate were balanced
independent of the immobilized fAdensity. Therefore, we
assume 0.ZM as [M]e.
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DISCUSSION

Stability of the Extension Reactionhe reduction of the
response in every cycle may be caused by the cumulative
extension of the fibrils cycle by cycle (Figure 3). As a
characteristic of the SPR detection system, the evanescent
wave penetrates the lower refractive index medium for out
to about 300 nm, and the energy intensity decreases
exponentially with the distance from the metal surfe2® (

In this experiment, freshly extended and sonicated fibrils
were immobilized on the surface of the sensor chip. As
shown in Figure 1A, the immobilized fibrils did not overlap

with each other. Thus the fibril ends, where the extension
and dissociation reaction could occur, may be close to the
metal surface. According to the repetition of the reaction,
entanglement of the fibrils as shown in Figure 1B would

raise the fibril ends to the second or higher layers distant
from the metal surface, thus making the sensitivity of the
SPR signal lower in relation to the distance. This explanation

This procedure was repeated twice, and the reduction of the s in good agreement with the above-described interpretation

extension rate by repetition was compensated by referring to the

reduction of the response (RU) at 26 between two sessions.
The inset shows the Arrehnius plot afidndicates the absolute

of Figure 3.
First-Order Kinetic Model of f& Extension.As shown

temperature. Linear regression and correlation coefficients werein Figure 4A, the time course of the extension reaction was

calculated ( = —0.982).

Second, [M} was calculated by the modified eq 3, i.e.,
[M] e = kost[P)/Kor[P]. When 50uL of 3 uM A solution was

linear, and no other kinetic component was evident. Ad-
ditionally, the rate of reaction was proportional to both the
Ap concentration ([M]) and the density of immobilizedfA

([P]). These results are consistent with a first-order kinetic

injected, the extension rates were 0.333, 0.473, and 0.701model of the extension reaction. This model was built on

RU s for flow cells 2, 3, and 4, respectively. As described
above, the appareri,[P] can be approximated by the
extension rate/[M] from eq 2. Therefore, the appaigrP]
was calculated to be 1.1% 10°, 1.58 x 10°, and 2.34x
10° RU st M1 for flow cells 2, 3, and 4, respectively. If
we presume the apparent dissociation rate constaff]
as the linear decay constarky) (RU s™) of R_ig(t) as
described in Table 1, [M]calculated from the modified eq
3 are 19.4+ 1.3, 25.7+ 2.0, and 27.Gt 2.4 nM for flow
cells 2, 3, and 4, respectively. The calculated {M]about
/10 of the directly measured [M] The implications of these
[M]e will be discussed later.

Effect of the Incubation Temperature on the Extension

the assumption that [P] is constant; i.e., no seeds are
generated during the reaction. Whep #vas injected into
flow cell 1 on which no fA3 were immobilized, no increase

in the response was observed. Moreover, the number of fibrils
in a 4 x 4 un? area remained roughly unchanged during
the extension reaction (Figure 1). Therefore, we conclude
that fA3 extended via the consecutive association gfolto

the ends of {48 with no change in the number concentration
of fAB.

Dissociation KineticsBy the curve fitting analysis, the
dissociation reaction was divided into the fast and slow decay
phases (see Figures 5 and 6 and Table 1). Other investigators
also observed the fast and slow phases of the dissociation

Rate.As shown in Figure 9, the extension rate was greatly .o,ction (7, 18). The half-life of the fast decay phase

dependent on the incubation temperature. The inset in Figure
9 shows an Arrhenius plot. This plot indicates that between

25 and 37°C, a good linearity f = —0.983) was observed

between the natural logarithm of the extension rate and the
reciprocal of the incubation temperature (represented by, the “dock”
absolute temperature). Since the extension rate is ap-

proximated td<,[P][M], the natural logarithm of rate In(rate)
is expressed as
In(rate)= In k,, + In [P] + In [M] (6)

Then from the Arrhenius law, lk,, = In A — EJ/RT, eq 6
can be rewritten as

In(rate)=In[P]+In[M] + InA—E/RT (V)
whereE, is the activation energ\ is the gas constant, is
the absolute temperature, afids the preexponential factor.

From eq 7 and the slope of the Arrhenius pl&, is
calculated as 42.9 kJ mdl (10.3 kcal mot?).

observed in this study (5:28.4 min) is similar to those
obtained by other groups, 10.4 mita7) and 3 min (8).
Therefore, our results may be explained by a dock-lock
model, where the fast and slow decay phases may correspond
and “lock” states, respectivel§q, 18). Esler
et al. (L7) investigated the association/dissociation of radio-
active iodine-labeled A to/from the synthetic f& im-
mobilized on the bottom of the plate with a 100 pM order
of AB. On the other hand, we and Myzka et al8)(
investigated the association/dissociation ¢f #®/from im-
mobilized fAS using a 1quM order of A3, about 10 times
higher concentration than that used by Esler et al. Thus, we
cannot conclude that the data presented in this paper represent
the same phenomena as observed by Esler et al. Further
studies may be essential to elucidate the details of the
transition state of & during the template-dependent folding
in the extension reaction.

As for the slow decay phase, other groups applied an
exponential decay model to this phase, without establishing
a definite kinetic model of the slow decay7 18). We



Kinetic Analysis of fA3 Extension and Dissociation

Biochemistry, Vol. 41, No. 46, 20023497

applied a linear decay model represented by eq 4 to this phasenay be more toxic to neuronal cells than maturg 1A the

and demonstrated that this phasek{it) can be explained
by the dissociation term of a first-order kinetic model
(—ko[P]) in eq 2.

The possibility of progressive stabilization of fAwith

brains of AD patients as well as of AD animal23.
However, these findings may not rule out the role of mature
fAS on the development of AD. Additionally, even if mature
fAS represent the inactive reservoir offArather than the

time was examined by varying the contact time (20 s to 8.3 prima donna of the toxic Aspecies, they may be important

min) of 10 uM Ap onto the immobilized & (Figure 7).
Similar to the result of Myszka et all18), the increase of

as a potential regulator of Alevel in the brain.
Although the A concentration in the cerebrospinal fluid

the contact time increased the dissociation rate (comparewas in the order of picomolar to nanomolar in AD and

Figure 7 with Figure 5A in rel8). The result of curve fitting
using a rate equatioR_,g(t) indicated that the contact time-

normal control groups2d), we and other groups used a
micromolar order of /& in in vitro studies to study the

dependent increase of the dissociation rate was governednechanism of {48 formation @, 6, 7, 10—14, 18). Funato

almost exclusively by the increase of the coefficient for the

et al. 25) quantitated the concentration of insolublB(A—

exponential decayNes). On the other hand, the dissociation 42) in many AD and control brains and found that significant
rate of the slow phasek{;) was constant at least for a few amounts of insoluble A(1—42) had already accumulated
hours. Myszka et al. proposed the progressive stabilizationin the AD brains before the appearance of amyloid burden.

of fA with time by normalizing the dissociation phase by

The threshold concentration of insoluble@—42) for

setting the response at the start of the dissociation phase tamyloid burden was about 400 pmol/g (@) in occipito-

1 (see Figure 5B in ref8). If the slow dissociation rate were

temporal cortex T4 and about 200 pmol/g (Q«®1) in

constant, this normalization would apparently reduce the hippocampus CA1. These results suggest thapaptides

dissociation rate. Thus, we currently conclude that the

may be highly concentrated in the microenvironment before

increase of the.contqct. time may increase the amount of thethe start of fA8 deposition. Interestingly, these threshold
fast phase of dissociation (the “dock state” component) but values are close to [MJobtained in the present study.

may not affect the slow phase of dissociation (the “lock state”
component).

Equilibrium Constants and Energetics of the Reactis.
described above, the calculated [Myas about/,o of the
directly measured [M](20 vs 200 nM). As a result of double
referencing of the sensorgrams, the directly measured [M]

may probably represent the equilibrium between the exten-
sion reaction and the fast phase of dissociation (Figure 8).

By contrast, the calculated [Miepresents the equilibrium

The AB level in the brain is regulated not only by the
production of A3 from 3-amyloid precursor proteins but also
by the proteolytic degradation ofAby neprilysin and other
proteasesp). A first-order kinetic model suggests thatgA
formation in vivo would be regulated by the balance of the
polymerization and depolymerization reactions. Therefore,
reduction of the 4 level in vivo by reducing the production
or by increasing the degradation may prevent or retagdl fA
deposition, not only by reducing the polymerization reaction

between the extension reaction and the slow phase of theput also by giving rise to the depolymerization reaction.

dissociation; thus we can calculateto be 5x 10" M~
with eq 3. The standard free energy chang&y) of the
reaction can now be estimated using the equation:
AG°®° = —RTInK (8)
whereR s the gas constant afds the absolute temperature.
AG?° is calculated to be about 46 kJ mbl11 kcal mot™?)
for calculated [M}. This AG® may correspond to the
difference in the standard free energy betwe@naad fAS.
This AG® is close to the value estimated by Kusumoto et al.
using the Arrehnius equation (about 7 kcal mipl(22).

From the Arrehnius plot in Figure 9, the activation energy
E, was calculated to be 42.9 kJ mél(10.3 kcal mot?),
about half of the value calculated by Kusumoto et al. (23
kcal mol?Y) (22). Although we analyzed the extension
reaction at pH 7.5, they analyzed in 0.1 M HCI (pH1).

In conclusion, we demonstrated that both the extension
reaction and the slow linear phase of the dissociation are
consistent with a first-order kinetic model. On the basis of
the model, we calculated the critical monomer concentration
(IM]¢), the equilibrium association constarK)( and the
standard free energy chang&@®) for the first time. We
believe that the experimental system described in this paper
may prove useful to elucidate the detailed mechanism gf fA
formation in vitro. This system may also be potentially useful
for the study of the effects of various biological substances
and organic compounds on the extension and dissociation
reactions of f48 in vitro.
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