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ABSTRACT. A point mutation, lysine 97— isoleucine (K97l), in a surface loop in th®sheet protein
interleukin 13 (IL-15), exhibits increased levels of inclusion body (IB) formation relative to the wild-
type protein (WT) when expressed Escherichia coli Despite the common observation that less stable
proteins are often found in IBs, K971 is more stable than WT. We examined the folding pathway of the
mutant and wild-type proteins at pH 6.5 and 26 with manual-mixing and stopped-flow optical
spectroscopy to determine whether changes in the properties of transiently populated species in vitro
correlate with the observation of increased aggregation in vivo. The refolding reactions of the WT and
K97I proteins are both described by three exponential processes. Two exponential processes characterize
fast events (0.£1.0 s) in folding while the third exponential process correlates with a slow (70 s) single
pathway to and from the native state. The K97l replacement affects the earlier steps in the refolding
pathway. Aggregation, absent in the WT refolding reaction, occurs in K971 above a critical protein
concentration of 1&M. This observation is consistent with an initial nucleation step mediating protein
aggregation. Stopped-flow kinetic studies of the K971 aggregation process demonstrate that K971 aggregates
most rapidly during the earliest refolding times, when unfolded protein conformers remain highly populated
and the concentration of folding intermediates is low. Folding and aggregation studies together support
a model in which the formation of stable folding intermediates afford protection against further K971
aggregation.

Understanding the factors responsible for the aggregationstudied must be available in addition to a consistent method
of expressed proteins is a problem of importance not only of modulating aggregation. Consequently, recombinant hu-
in biotechnology but also in the health-related industries. man interleukin B (IL-1/)! is an excellent model system
Deposition of insoluble protein aggregates results in the for characterizing the effects of point mutations on the
formation of inclusion bodies during the bacterial expression competition between on-pathway folding events and off-
of recombinant proteins3(-8) as well as a variety of pathway aggregation. The wild-type protein (WT) is found
pathological conditions in mammals, including Alzheimer’'s predominantly £90%) in the soluble fraction of whole-cell
and other amyloid-related disease stat8s $-12). A lysates when expressed at 37 in Escherichia coliand a
common characteristic of protein deposition diseases, as wellnumber of point mutations have been identified that show
as inclusion body formation during bacterial expression, is dramatic effects on the levels of inclusion bodies formed
the sensitivity of the extent of aggregation to point mutations (>90% insoluble) 4, 16, 173. Of particular interest is the
in the protein of interest3; 4, 11, 13. The common belief =~ mutation in the surface loop 8®9 that replaces the
is that single amino acid replacements creating off-pathway positively charged lysine side chain at position 97 with the
association events are mediated either by intermediates ohydrophobic side chain of isoleucing& see Figure 1 and
by native states, as a single mutation is thought to be unlikely Materials and Methods). This mutation K971 results in a
to be able to alter significantly the unfolded biopolyma&4) native state that is thermodynamically more stable than the
However, it is known that mutations can and do affect the wild-type protein yet is found predominantly in inclusion
stability and transient structure of the unfolded stdt8).( bodies when expressed at 32 in E. coli. No alteration in
Thus, the effects of point mutations on aggregation formed the kinetics of the slow step in folding, nor the ribosomal
during protein folding may help identify the species and synthesis rates, nor protetichaperone interactions have been
factors involved in protein deposition. found with this mutation17). FTIR analysis indicates that
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= . a flow rate of 3 mL/min. Purity was judged to be greater
N\ than 95% as assessed by SEFAGE. Protein concentrations

V’ were calculated by using an experimentally determingsl

A\ =11.26 mM cm (21). Mass spectral analysis and DNA
’ sequencing identified the mutant 1l3las a K97I variant,

and not K97V as it had been previously reportéd Purified
protein was dialyzed extensively into 10 mM MES buffer
containing 2 mM EDTA, 90 mM NaCl, and 1 midme at
pH 6.5 for all experiments discussed.

Equilibrium FluorescenceEquilibrium unfolding titrations
were measured by use of intrinsic tryptophan fluorescence
emission intensityd2, 23. Protein samples were diluted to
varying final denaturant concentrations and equilibrated
overnight. Protein concentrations ranged from 6 toubM8
in separate experiments. Fluorescence spectra were acquired
on a Fluoromax-2 spectrofluorometer (SPEX, Edison, NJ).
Fluorescence emission was measured as total intensity over
FIGURE 1: MOLMOL representation4d) of the solution structure  the 300-450 nm emission range after excitation at 293 nm.

of human interleukin & (45) down thef-barrel with secondary Manual-Mixing FluorescencéJnfolding experiments were

structure elements as defined by Kabsch and Sad@prResidues — initiated by addition of native IL-8 stock into a cuvette to
demonstrating early amide-proton protection are shown as dark inal GAnHCI concentrations ranaing from@% M and final
strands. Residues demonstrating late amide-proton protection aref ging

shown as light strands. The residue-@® loop microdomain is  IL-1 concentrations ranging from 6 to 2éM. Refolding
indicated and the extended side chain of lysine 97 is shown. experiments were initiated by dilution of unfolded II5-&t

. , L o . 2.2 M GdnHClI to final GAnHCI concentrations ranging from
K971 inclusion bodies in vivo and aggregates in vitro contain g 2 15 1.4 M and final IL-B concentrations ranging from 6
a significant and similar degree of secondary structure, yety, 36uM. The kinetics of folding reactions with relaxation
both are different from the native statedy. times greater than 10 s were measured by the time-dependent
We now report the results of manual-mixing and stopped- change in fluorescence emission at 343 nm (slit 1 mm) while
flow optical experiments on the folding reaction of WT and  oycitation was at 293 nm (slit 1 mm) with a Fluoromax-2

K971 at pH 6.5 and 28C. Using kinetic analyses of both  gpactrofluorometer equipped with a Neslab RTELL tem-
folding and aggregation, we have determined that K971 self- harature controller.

associates when unfolded conformers predominate and tha Stopped-Flow Fluorescenc€olding reactions with re-

formation of stable folding intermediates protects against |5xation times less than 10 s were monitored with an Applied

furtr_]elr.association.. We have proposed structural Qetails OfPhotophysics SX.17MV (Applied Photophysics, London)
the initial aggregation stage and how aggregation is SUbse'stopped-flow unit with a path length of 0.1 cm. Refolding
quently prevented during the folding process, a prerequisite gy heriments were initiated by a 1:10 dilution of unfolded
to any further studies of the final insoluble aggregates. IL-18 at 2.2 M GdnHCI, except where indicated, into varying
MATERIALS AND METHODS final IL_-1ﬁ conce_:ntrations and final _Gdnl_—|_CI co_ncentrations.
Unfolding experiments used 1:1 ratio mixing sizes such that
Expression and Purification of ILAland K971.The gene 1 part native IL-B dilutes into 1 part GdnHCI buffer.
encoding either wild-type IL{2 (WT) or the K97l sequence  Excitation was at 293 nm and emission was collected through
variant were subcloned into a pET 24-d vector (Novagen) a >320 nm cutoff filter. Each kinetic trace is the average of
and transformed int&. coli BL21(DE3) cells. Cells were  10—20 data acquisitions.
grown in LB to an ORqy of 0.8 and protein expression was Interrupted Refolding Experiment$he reverse double-
induced with IPTG at a final concentration of 1 mM. jump experimentZ4)
Rifampicin was added 45 min after induction to a final
concentration of 0.1 mg/mL. Three hours after induction, step 1 step 2
cells were harvested by centrifugation at 109€8r 30 min. unfolded (t) folded
Purification of IL-15 was based on the procedure of
Meyers et al. 20) but with a number of modifications. Cells was performed to measure the time-dependent production
were resuspended in 10 mM Kg®.2 mM EDTA, 5 mM of native wild-type and K971 protein. Folding (step 1) was
DTT, and 1 mM PMSF at pH 8.0 and then lysed by initiated by diluting 4 parts unfolded protein in 3.0 M
sonication at £C, followed by centrifugation at 43@0for GdnHCI with 9 parts buffer to reach a final buffer concentra-
30 min. Soluble IL-P in the supernatant was made 80% tion of 0.8 M GdnHCI. After various timest), refolding
saturated in ammonium sulfate and then precipitated by was interrupted by transferring the solution into a final
centrifugation as above. The pellet was then dissolved in GAnHCI concentration of 4.5 M (step 2). Partially folded
buffer A (25 mM NH,OAc, 2 mM EDTA, and 1 mM3me intermediates present immediately prior to step 2 are
at pH 4.5) and dialyzed overnight in buffer A at°’€@. extremely unstable (0.8 M GdnHCI refolding conditions),
The dialysate was centrifuged as above, filtered, and unfold quickly during step 2, and are therefore not measured.
applied to a Resource S cation-exchange column (PharmaciaHowever, under these conditions, the population of native
equilibrated in buffer A. IL-B was eluted in a 40 column  IL-1/ unfolds at the expected ratest,,~ 400 s). Conse-
volume linear gradient of 25240 mM NH,OAc, pH 4.5, at quently, native IL-B at each time point; can be reliably

Residue 86-99
Loop

unfolded
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quantitated by the amplitude of the resulting unfolding kinetic
exponentialzsepa All amplitudes were normalized to the
amplitude recovered from step 2 on 100% native protein.
No amplitude was observed when unfolded |8-B.0 M
GdnHCI) was diluted into the final conditions (4.5 M
GdnHCI), confirming that measured amplitudes could result
only from native IL-15 formed from folding after step 1 and
not from extraneous processes. Spectroscopic conditions were 0 5 10 15 20

Residuals

Fluorescence (Volts)
© 0 0 o0 o o
AN O N A O

as described under Manual-Mixing Fluorescence. 2 B
Stopped-Flow Light Scatteringrotein aggregation during {.,) 82

refolding was monitored with an Applied Photophysics =30

SX.17MV (Applied Photophysics, London) stopped-flow unit § o8l

with a path length of 0.1 cm. Aggregation was initiated by § 06|

a 1:10 dilution of IL-33 from 2.2 M GdnHCI (except where o

noted) to the indicated final ILAAconcentrations of protein LTg_ 0 0’( !

and final GAnHCI concentrations. Aggregation was measured ' 0

by light scattering at a wavelength of 500 nm and collected B 0.8
at a 90 angle through & 320 nm cutoff filter. Each kinetic S c N
trace is the average of 20 data acquisitions. = 2.6 A
Fraction AggregatedRefolding experiments were initiated 824 -
by a 1:10 dilution of IL-} from 2.2 M GdnHCI, except & 7
where noted, to the indicated final ILBlconcentrations of 3 22y
protein and 0.4 M GdnHCI. Samples were centrifuged at S 00{ ‘ . . 1 . T
w

700Qy and the completeness of th(_a aggregate separat.ion was ) 0 1000 2000 3000 4000 5000 6000 7000
assessed by the absence of turbidity at 500 nm. The dissolved
protein concentration was measured by the absorbance at
280 nm and calculated by use of the extinction coefficient FIGURE 2: Real-time kinetic fluorescence measurements during the

€280= 11.26 mM* cm~t and the Beer Lambert relationship refolding of WT IL-15. (A) Refolding from 2.2 to 0.2 M GdnHClI
1) by stopped-flow mixing. Individual data pointg @re shown along

) . S . . with the 3-exponential fit-). (Inset) Residuals of the kinetics fit
Data Analysis.Equilibrium data were fit as described g three exponential processes 7, andzs. (B) Refolding from
previously @). Manual mixing kinetics, stopped-flow kinet- 2.2 to 0.2 M GdnHCI by manual mixing. Under these conditions,
ics, and interrupted refolding data were fit global®b) to the displayedr; process is characterized by a decrease in fluores-

; i i cence with time. (C) Refolding from 2.2 to 1.0 M GdnHCI by
eq 1 using the Marquardt algorithn2) and in-house manual mixing. Under these conditions, the displayeg@rocess

Time (seconds)

software: is characterized by an increase in fluorescence with time. Given
, the change in sign for the amplitudemfbetween panels B and C,
: interpretation of amplitude changes over GdnHCI concentrations
Alt) = ZA, exp(t/t;) + A(w) 1) for the three kinetic processes 7, andzs will be ambiguous.
The number of kinetic processggelaxation timer;, signal equilibrium value. This nonmonotonic change in fluorescence
amplitudeA of each exponential kinetic processand the intensity as a function of time measures the population of a
final signal valueA(e) at equilibrium were determined using highly fluorescent intermediate formed prior to the native
the fit quality represented in the chi-squargd) (/alues 27), protein and is consistent with the finding of a populated

the random dispersion of residuals, and the logical consis-intermediate with pulse-labeling techniques, ). The
tency of the generated fitting parameters. The relaxation time calculated fit of the data to a three-exponential process is
T equals the inverse of the observed rate constant (ikged1/  shown for comparison (Figure 2A). The plot of the residual
and does not directly measure the microscopic rate constanierrors for the fit of the data to a three-exponential equation
for a kinetic process2g). is given in the inset to Figure 2A. As demonstrated in Figure
2 panels B (0.2 M GdnHCI) and C (1.0 M GdnHCI), the
RESULTS slowest process has either a negative (Figure 2B) or positive
Equilibrium FluorescenceThe equilibrium transition for ~ (Figure 2C) fluorescence amplitude, depending upon the final
K97I IL-18 is shifted to higher denaturant concentrations, denaturant concentration in the refolding jumps. This ob-
consistent with a 0.9 kcal/mol increase in thermodynamic Servation is consistent with the changes in equilibrium
stability of the native protein with mutation, as observed fluorescence measurements of the native state observed at
previously (L6, 18, 22. 0.2 and 1.0 M GdnHCI, respectively. Global analysis of both
Fluorescence Measured Kinetigs plot of the change in ~ WT and K97l refolding data consistently fit best to three
fluorescence intensity above 320 nm as a function of time exponential processes and are designatedsg$ast), 7>
for a stopped-flow refolding jump of WT IL{from 2.2 to (medium), andr; (slow). Analysis of both WT and K97I
0.2 M GdnHCl is given in Figure 2A. The first 20 s of the unfolding data under all conditions consistently fit best to
reaction are shown for clarity. The initial increase in one exponential process and is designatéslow). The two
fluorescence intensity is characterized by two exponential faster processes observed in the refolding reactionand
processes and is followed by a slow process in which the 7, were not observed in unfolding by either manual-mixing
decay in fluorescence intensity approaches the expectedor stopped-flow techniques (data not shown).
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FiGURE 3: Manual mixing kinetic fluorescence measurement of Figure 4: Stopped-flow kinetic fluorescence measurements for

folding and unfoldlng kinetic parameters fO( WA/, refolding refolding kinetic parameters Whg/z3 (0), WT A1, (O), K97I

(©), WT Ay/7; unfolding @), K971 Ai/7; refolding (), and K971 Adts (2), and K971Ax, (V). Error bars represent 95% confidence

A/, unfolding (@). (A) Amplitude A; of 7; folding/unfolding intervals. WT and K97Rg/z; are not shown above 1.0 M GdnHCI

process with respect to final GAnHCI concentration. (B) Relaxation pecause the amplitudi can no longer be resolved. (A) Amplitude

time of ; folding/unfolding process with respect to final GdnHCI (in PMT volts) of kinetic folding processes WA, WT A, K971

concentration. The values of are essentially identical for WT A, and K97IA,. (B) Relaxation time of WTrs, WT 15, K971 73,

and K971, as observed previously7. and K97I 7, folding processes with respect to final GdnHCI
concentration. The values of K97, do not follow simple

Fluorescence-detected folding kinetics for both WT and denaturant concentration dependence.
K971 were performed over a series of denaturant concentra-
tions and 18uM protein. The observed amplitud® and lower than WTA; at 0.2 M GdnHCI but increases to the
slow relaxation timer;, determined in manual-mixing Vvalue of the WTA; at 0.8 M GdnHCI and behaves similarly
experiments as a function of final denaturant concentration, to WT at higher GdnHCI concentrations. Although a
are given in Figure 3. The refo|ding relaxation timevaries quantitative interpretation of the amplitudes is precluded (See
from 30 s under strongly refolding conditions (0.2 M above), it is nonetheless clear that the major amplitude
GdnHCI) to 1900 s in the transition region (1.0 M GdnHCI), differences between K971 and WT occurAq.
where solution conditions support the formation of a highly  In Figure 4B, the WT relaxation times andz, at 18uM
fluorescent nativelike specied ). Unfolding relaxation protein display the characteristic denaturant concentration
times vary from 160 s under strongly unfolding conditions dependence expected for a protein folding reac@h K971
(5 M GdnHCI) to 3100 s in the transition region (2 M z3is slightly accelerated with respect to WJand increases
GdnHCI). Neither the observed relaxation times nor the logarithmically from 50 ms at 0.2 M GdnHCI to 780 ms at
fluorescence amplitudes for the slow process differ 1.0 M GdnHCI. In contrast, K97, displays kinetic behavior
appreciably between the WT and K971 mutant proteins, that does not follow simple denaturant concentration depen-
consistent with previously published observatioh6) ( dence. K97Iz, displays a relaxation time of approximately

In Stopped-ﬂow fluorescence experiments, an initial 1S, which is independent of GdnHCI concentrations below
increase in fluorescence intensity observed in refolding 0.6 M, as opposed to W#, which decreases to 260 ms at
experiments at 18M protein is described by two exponential 0.2 M GdnHCI. Repeated experiments<(with different
processys andte. Interpretation of the GdnHCI dependence Protein preparations demonstrate that differences between
of the amplitudes ofrs and 75, A; and A, is unreliable WT and K97l are reproducible and statistically significant,
because the amplitud® changes from negative to positive as shown by 95% confidence intervals in Figure 4. Above
at increasing GdnHCI concentrations (Figure 2A) and affects 0.6 M GdnHCI, K97Iz; is denaturant-dependent and similar
the fitted values of\s, Az, andAy. Therefore, a qualitative ~ in rate to WT z,. For both WT and K971 above 1.0 M
analysis of fluorescence amplitudes follows. The observed GdnHCI, thezs process is no longer observable and
amplitudesA; andA; for both the WT and K97I protein are ~ reaches a maximum near 4 s.
shown as a function of final denaturant concentration in  Interrupted Refolding Experimentét pH 5.0, the fast
Figure 4A. The major difference in amplitudes of the fast processes in the refolding reaction of the WT protein are
processes between WT and K971 isAn K971 A, is much not a result of parallel paths to the native prote). (To
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test whether native WT and K97l also accumulate from a < 0.035
single folding route at pH 6.5, we performed interrupted 2:1 A
refolding experiments24). The time-dependent recoveries 2 0030 *%O\O—O/O\O/O\Q/O
of the native-state amplitude during step 2 of the interrupted S 0025k
folding experiment (see Materials and Methods) for both WT %:j Vo A,
and K971 are each accurately fit to a single-exponential £ 0.020 - VNV-
process. The relaxation time for this process is 420 s for the g IRVARRVARAVASAYS
WT and 370 s for K97 (data not shown), consistent with 5 0015 _%[}A/Dxﬂémﬂ}@ A
the slowest refolding process, as seen in Figure 3B. If a % 0.010 b " i A,
fast refolding processt{ or 7,) also led to native protein g
production, a significant amount of native-state amplitude S 0.000{ ' ‘ L L {
would be observed during step 2 at the earliest time paint ( 0 10 20 30 40
= 10 s), which is not the case here. 1.5 5
Variation of Initial Denaturant Concentration3o address - VIV
whether residual structure in the unfolded state under high e VAR
denaturant concentration is responsible for the observed g 10r SV T2
differences in the, process for the WT and K971 proteins, 'i W
a series of experiments were performed auMprotein in S V)
which theinitial GdnHCI concentrations in the refolding % 05
reactions were varied. The amplitudes and relaxation times 2 0 —0 (1] o
for the refolding processes for both WT and K971 are
independent of the initial unfolding conditions. 00 | AP DD D A AN AT
Aggregation.The final protein concentration in refolding 0 1'0 2‘0 3‘0 4‘0

was varied to determine whether protein association could
account for the observed differences in theamplitude and
the 7, relaxation time at 0.4 M final GdnHCI for K971 as  Ficure 5: Effect of increasing protein concentration from 3 to 48
compared to WT (Figure 4). We observed protein association#M on measured folding parameters W73 (O0), WT Aj/z, (O),
during K97I refolding by two detection methods: (1) K97IAdzs(a), and K971AJT, (V). (A) AmplitudesA; andA; of

Protein Concentration (uM)

e P respective kinetic processesandz, measured during the refolding
fluorescence at 293 nm excitation, 32400 nm emission, of WT and K971 at 3-48 uM protein. (B) Refolding relaxation

timestz andt, measured during the refolding of WT and K97I at
3—48 uM protein. K971 amplitudeA, decreases 2-fold and K97l
relaxation timer, increases 2-fold as concentration is increased,
indicating an association process during K971 refolding not present
in WT refolding.

and (2) light scattering at 500 nm.
When the refolding relaxation times andz, of WT and

K97l are observed by stopped-flow fluorescence with 0.4

M final GdnHCI, only ther, process of K971 is dependent

on protein concentration (Figure 5). The rate decreases
2-fold and the normalized amplitudé&, (PMT voltsj«M)
decreases 40% as the protein concentration is increased from
3 to 42uM. i

Protein association during refolding in 0.4 M final GAnHCI |

K971

Wild Type

was followed more directly by stopped-flow light scattering 06
at 500 nm. A plot of the signal change at 500 nm as a 0.5
function of refolding time for WT and K97l is given in 0.4

. . . Light
Figure 6. As IL-BB contains no chromophores that either Scattering ,

absorb or emit light at this wavelength, any observed signal Vo)
change can be attributed to particulate formation as a result
of protein aggregation. Over the range of protein concentra-
tions measured,-348 uM, WT did not show any appreciable
increase in light scattering. At 18M K971, there is no
measurable change in the optical signal with time. However,
at higher protein concentrations, K971 displays measurable

light scattering occurring within the first seconds of acquisi-
tion.

Light scattering behavior during refolding was also studied
while first varying the initial GdnHCI concentration (Figure
7A) and then varying the final GdnHCI concentration (Figure
7B) with a constant protein concentration of 0.55 mg/mL
K97I. Variations in theinitial GdnHCI did not affect the
light scattering behavior of K971 at either 0.4 or 0.6 M final
GdnHCI (Figure 7A). This is consistent with the indepen-
dence of the folding process to initial unfolding conditions

Ficure 6: Stopped-flow light scattering behavior during refolding

of WT and K971 at increasing protein concentrations from 3 to 48
uM. (Left panel) Time dependence of light scattering in WT
refolding versus protein concentration. (Right panel) Time depen-
dence of light scattering in K971 refolding versus protein concentra-
tion. Both panels A and B are represented on the same scale. At a
final GdnHCI concentration of 0.4 M GdnHCI and protein
concentrations> 18 uM, K971 exhibits light scattering behavior
consistent with aggregation.

as monitored by fluorescence (see above). However, increasdemonstrated a reduction in the light scattering amplitude,

ing thefinal GAnNHCI concentration in the refolding process

which is due to a drop in aggregation (Figure 7B).
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, 0.3 Ficure 9: Analysis of stopped-flow light scattering data during
Light 5 refolding of K97! to 0.4 M GdnHCI and 42M K97I: Light
Scattering . . L L .
(Volts) scattering intensity in volts over-2 s after mixing and time
0.1 derivative of light scattering imvolts/Atime over 0-2 s after
o mixing whereAtime interval= +0.005 s. The decrease of the time
N ’ derivative, taken together with the observed folding rates, supports
’/79,/ a model in which aggregation takes place before stablefiL-1

Ficure 7: Effect of initial and final GdnHCI concentration during
refolding of K971 on stopped-flow light scattering behavior. (A)
Light scattering at initial GAnHCI concentrations 2.2, 3.0, and 4.0
M and final concentrations 0.4 and 0.6 M. (B) Light scattering at
an initial GdnHCI concentration of 2.2 M and final concentrations
0.4, 0.6, 0.8, and 1.0 M. Initial GAnHCI concentration does not
affect the extent of aggregation, while increasing the final GdnHCI
decreases aggregation.

structure formation.

K97l concentration. The percent of K971 aggregation at any
final protein concentration in Figure 8 has been shown to
be independent of the initial concentration of unfolded protein
prior to dilution and refolding (data not shown).

DISCUSSION

Protein aggregation is a problem in the recovery of

10 80 bioactive recombinant proteins and may also lead to patho-
. @ logical conditions in vivo and in vitro. Although many
08 L 104 proteins aggregate under native conditions, it may be that
pathological or recombinant protein aggregation reactions
- . - : .
2 . are mediated through association of a nonnative spegjes (
g oer ] 18 g 11, 12, 19, 36-38). If nonnative states are responsible for
g ‘ S aggregation, it is essential that they be characterized. In the
§ o4l 14, 2 current study, we performed kinetic experiments under
§ =~ conditions where folding and aggregation compete to gain a
better understanding of these processes.
02r 198 Aggregation Occurs Prior to Stable Intermediate Forma-
tion. At elevated protein concentrations the mutation of K97
0.0 : ‘ ‘ : : 0.0 to isoleucine affects early events in the folding reaction of
0 20 40 60 80 100 120

M [K971]

Ficure 8: Fraction of K971 aggregated in post-refolding equilib-
rium relative to soluble K971 as a function of the total concentration
of K971. The fraction of aggregated K97l was determined quan-
titatively through UV absorbance at 280 nm of the dissolved protein
(©) and qualitatively through solution turbidity at 500 n®)( The
relatively low fraction of K971 aggregate<60%) during refolding

experiments supports an aggregation model mediated by an early,

transiently populated species.

Aggregation was quantified by measuring the fraction of

IL-15 (Figures 4 and 5), particularly the folding process
and the extent of self-association. With regard to increasing
protein concentration, the correlation between the lowered
amplitude and rate of the refolding process (Figure 5) and
the increasing amplitude of light scattering (Figure 6)
indicates that folding and aggregation are competing pro-
cesses in K97I.

Figure 9 shows the intensity of light scattering and its time
derivative plotted as a function of time. The time derivative
of the observed light scattering signal is directly proportional

K97l found in the dissolved and precipitated fractions after to the concentration and the square of the molecular weight
the completion of folding at 0.4 M final GdnHCI. The of the species involved in aggregatid@®). The aggregation
percentage of protein found in the precipitated fraction was rate should be maximal under conditions where the aggregat-
assayed by the observed sample turbidity at 500 nm and bying species is most highly populated, as the aggregation
quantitating the amount of protein remaining in the soluble reaction is at least second-order in the concentration depen-
portion (Figure 8). There is good agreement between the twodence. The time derivative of the light scattering intensity
sets of data, which indicates a cooperative transition betweenis dependent on the aggregation rate, and consequently the
the soluble and insoluble percentage as a function of total concentration of the associating species. Therefore, if ag-
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gregation occurs when the unfolded populations predominate,multimers between the monomer and the stable aggregate
the time derivative is expected to start from its maximum are linked through reversible solution equilibri#&2). These
value and subsequently fall as the species depopulates. If ameversible off-pathway multimeric intermediates would be
intermediate (I) aggregates, the time derivative is expectedexpected to alter folding rates. Consistent with this nucleation
to rise and fall in concert with the transient population of model, the K97lz, folding rate is observed to slow at
this species. If the native state (N) aggregates, the timeincreasing K971 concentrations (Figure 5B).

derivative should initially be zero and increase with a rate  Aggregation in Context of the Folding Modeht low
reflecting the population of the native protein. protein concentrations, WT and K97I display similar mul-

By use of the measured folding rates (Figure 4A) and the tiphasic refolding kinetics over a range of denaturant
light scattering data (Figure 6) at 42/ K97l and 0.4 M concentrations at pH 6.5 and 2&. Therefore, the folding
GdnHCI, the most probable aggregating species can bemechanism is not likely altered by the mutation. The two
identified. The light scattering time derivative falls from an fast processes{ andzs;) are associated with the population
initial maximal value to nearly zerd & s after the initiation of highly fluorescent intermediate species (Figure 2A).
of folding (Figure 9). This same result is found at all protein Interrupted refolding experiments indicate that only the slow
and GdnHCI concentrations investigated. Consequently, ther; process results in the formation of the native protein. Thus,
species whose predicted aggregation explains these observahere are no parallel pathways to N. These results are
tions is the unfolded ensemble U. The aggregation of U is consistent with either the folding model given by Scheme 1
also supported by the observation that refolding at 0.4 M or Scheme 2. Under strongly folding conditions, the forward
GdnHCI and 42¢M K971 produces a relatively low fraction  reactions predominate, while under strongly unfolding condi-
(<50%) of aggregated protein (Figure 8), since a less tions, the reverse reactions dominate. The effect of denaturant
transient species would be expected to partition a largeron the forward and reverse rate constants can yield a complex
fraction of protein to the aggregated state. Since the initial effect on an observed as the denaturant concentration is
guanidine concentration does not affect the observed ag-changed8, 29. However, a rigorous analysis of the folding
gregation kinetics (Figure 7A) and the unfolded protein in reaction under all denaturant concentrations, which would
high denaturant is not observed to associate, it is theyield microscopic rate constants, is precluded in this case
properties of the unfolded ensemble under native conditionsbecause of the opposing fluorescence amplitudes of4he
that lead to aggregation. While folding events in proteins 7, andt; reactions (see Results, Figure 2A). Nevertheless,
can occur on a microsecond time scale resulting in the our three observable rate processes indicate a minimum of
formation of an early species in the dead time of stopped- four species involved in folding. The observedalues under
flow mixing, in the case of IL-8, the entirety of the signal  strongly refolding conditions approximate the microscopic
between unfolded and native folding is accounted for in rapid rates and can be associated with three specific transitions.
quench/pulse labeling experiments as well as stopped-flow/
circular dichroism kinetic measurement®).(There is no Scheme 1
evidence suggesting production of a stable structured inter- 13 T, T
mediate in the dead time of mixing. However, it is possible U I < L, N
that an unstructured folding intermediate or hydrophobic
collapse of the unfolded proteid@) could occur in the dead
time and be involved in aggregation.

K971 Aggregation Is Consistent with the Nucleation Model.
Aggregation is absent during refolding to protein concentra-
tions at and below 1@M K971 in 0.4 M GdnHCI (Figures
6 and 8). However, aggregation is observed by light
scattering at final protein concentrations of/2l and above
in 0.4 M GdnHCI. Thus, there is a critical protein concentra-
tion above which protein aggregation occurs. Similar critical ~ With the appropriate modification of kinetic rates, either
concentrations are observed in both refolding experiments Scheme 1 or Scheme 2 can explain the observed concentra-
(32, 35, 38, 4) and in the static aggregation of theSA  tion dependence of folding rates (Figure 5B) and aggregation
peptide 42). To explain this phenomenon, Harper and (Figures 6 and 8) in K97l. However, in either scheme,
Lansbury 42) have proposed the necessity of nucleation, aggregation would initiate from the unfolded ensembile. In
i.e., the thermodynamically unfavorable formation of a either Scheme 1 or 2, the aggregation rate decreases as
nucleus which, having attained a certain size, is stable andintermediates accumulate on the time scale ofrtfigrocess
readily incorporates additional monomeric protein units into (Figure 9). A simple model of K971 folding and aggregation
a growing aggregate. is shown in Figure 10A. The unfolded ensemble, with the

Nucleation-initiated aggregation exhibits no detectable hydrophobic isoleucine at position 97, competes between
aggregation at low protein concentrations followed by a formation of folding intermediates at ratesandz, and rapid
dramatic increase in visible aggregation immediately above association in a nucleus that, once formed, will irreversibly
thecritical concentration that is, the concentration at which  lead to larger aggregates. In Figure 10B, wild-type JL-1
substantial numbers of nuclei have formed. Consequently, containing a charged lysine at position 97 deters association
the observation of a critical concentration between 18 and of the unfolded form to a nucleus and thereby prevents
21 mM in K971 aggregation supports the nucleation-growth aggregation.
model for the K97I association process. Furthermore, the Intermediate Formation and Commitment to Folding.
nucleation model necessarily requires that a number of Recent experimental evidence has supported the idea of

Scheme 2

Y u\\
slow \ ” N
/
Uy



582 Biochemistry, Vol. 39, No. 3, 2000 Finke et al.

A K97l hydrophobic surface area available for protein association
in this loop (Figure 10A), whereas the wild-type lysine would
Unfolded Intermediate Native serve as a positively charged deterrent (Figure 10B). Once
’_3“2_ Ho " a structured intermediate is formed, this hydrophobic mi-
reversible Ho ieversibie HE crodomain may pack against strands1® and no longer
HO have a propensity to associate. FTIR studies indicate that
N the final K971 aggregates contain a high degree of nonnative
roversivie SN HO g Nucleus p-sheet structure3@). The unfolded protein may acquire
Ho e B-sheet structure through both the association reaction and
n the folding of-strands involved in the aggregation nucleus.
A similar aggregating structure has been supported in
reversible Aggregate amyloid formation from the Alzheimer's peptideSA43).
Monomeric A3 contains exposed nonnative hydrophobic
B Wild Type structure even though /Aamyloid fibrils contain a high
Unfolded Intermediate Native degree of-sheet structure. .
T4/t HE 14 m IL-15 appears to belong to a class of proteins that form
HE —— éé = ® amorphous aggregates from the association of species in the
® reversible imeversible unfolded ensemble. This behavior contrasts with the ordered

N~ fibrillar aggregates obtained from amyloidogenic proteins,
RN HO H8| | Lcleus whlgh appear to pppulate aggregating speC|es'sIowa under
roversbe equilibrated conditions and subsequently to folding. Whether

® @ this difference exists due to the kinetic difficulty of organiz-
n ing transient unfolded structures into amyloid precursors or
>k from the inherent structures of the building blocks themselves

imeversible  No Aggregate poses an interesting challenge to future research.
Ficure 10: Aggregation model of K97l. (A) Unfolded K97I
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