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Structural Basis of Protein Kinetic Stability: Resistance to Sodium Dodecyl Sulfate
Suggests a Central Role for Rigidity and a Bias Towa8heet Structure
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ABSTRACT. The term kinetic stability is used to describe proteins that are trapped in a specific conformation
because of an unusually high-unfolding barrier that results in very slow unfolding rates. Motivated by the
observation that some proteins are resistant to sodium dodecyl sulfate (SDS)-induced denaturation, an
attempt was made to determine whether this property is a result of kinetic stability. We studied many
proteins, including a few kinetically stable proteins known to be resistant to SDS. The resistance to SDS-
induced denaturation was investigated by comparing the migration on polyacrylamide gels of identical
boiled and unboiled protein samples containing SDS. On the basis of the different migration of these
samples, eight proteins emerged as being resistant to SDS. The kinetic stability of these proteins was
confirmed by their slow unfolding rate upon incubation in guanidine hydrochloride. Further studies showed
that these proteins were also extremely resistant to proteolysis by proteinase K, suggesting that a common
mechanism may account for their resistance to SDS and proteolytic cleavage. Together, these observations
suggest that a rigid protein structure may be the physical basis for kinetic stability and that resistance to
SDS may serve as a simple assay for identifying proteins whose native conformations are kinetically
trapped. Remarkably, most of the kinetically stable SDS-resistant proteins in this study are oligomeric
pB-sheet proteins, suggesting a bias of these types of structures toward kinetic stability.

Kinetic stability is a poorly understood property of a select
group of naturally occurring proteins that are trapped in their o "
native conformations by an energy barrier and consequently & Z
are resistant to unfolding. Kinetic stability can be best g s
explained by illustrating the unfolding process as a simple 2 “g
equilibrium reaction between two protein conformations, the = =
native folded state (N) and the unfolded state (U), separated N U
by a higher energy transition state (TS) (Figure 1). Because Reaction Coordinate Reaction Coordinate

the height of the TS barrier determines the rate of folding Ficure 1: Free-energy diagram to illustrate the higher unfolding
and unfolding, kinetically stable proteins possess an unusu-energy barrier for a kinetically stable protein under native (A) and
ally high energy TS, which results in extremely slow denaturing (B) conditions as compared to that of a normal protein

unfolding rates that virtually trap the protein in its native (represented by the dashed line).

state (Figure 1A). Even though the overall change in Gibbs (yherthermophilic protein)d illustrate the kinetic adapta-
free energy 4G) may be favorable for unfolding under o of proteins that must retain enzymatic function in
extreme solvent conditions, such as high concentrations of .y gitions where degradation might easily take place. In
denaturant, the high activation energy of the TS significantly 5qgition, thermodynamic stability alone does not fully protect
slows down the unfolding rate (Figure 1B). It has been nyeins that are susceptible to irreversible denaturation and
suggested that the presence of a high kinetic energy barrieryyqregation arising from partially denatured states that
separating the folded and unfolded states is an evolutionaryhecome transiently populated under physiological conditions
feature intended to allow proteins to maintain activity in the (4). Therefore, the development of a high kinetic energy

extreme conditions they may encounter in vivh.(The barrier to unfolding may serve to protect susceptible proteins
examples of the kinetically stable proteiadytic protease against such harmful conformational “side-effects”.

(extracellular enzymejly, Escherichia colOmpA (bacterial The physical basis for kinetic stability is poorly understood
membrane proteinj2), and pyrrolidone carboxyl peptidase  ang no structural consensus has been found to explain this
. . _ phenomenon. In previous studies, the addition of hydrophobic
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Kinetically Stable Proteins Are Resistant to SDS

been suggested to be a major factor in their slow unfolding
because of the formation of ion pai& (L0). However, there
is evidence that some kinetically stable proteins retain their
slow unfolding rate even at low pH, where electrostatic
interactions should be significantly weaken8dX1). Thus,
it appears that no common structural feature exists to explain
kinetic stability, and perhaps this property may be achieved
by different means, depending on the individual protein.
Under native conditions, kinetically stable proteins have
limited access to partially and globally unfolded conforma-
tions (12). These properties impart a strong proteolytic

resistance by reducing the occurrence of accessible confor-

mations susceptible to proteolytic attack?( 13). Some

kinetically stable proteins have also been found to be resistant

to denaturation by sodium dodecy! sulfate (SD®mong
them are thg-sheet proteins streptavidit4), transthyretin
(15), P22 tailspike proteinl®), and theE. coli membrane
protein, OmpA B). We hypothesized that the decreased rate
of local and global unfolding of kinetically stable proteins

also accounts for their resistance to SDS-induced denaturation 52M

and that this property may be common to all kinetically stable
proteins. Therefore, to further probe the relationship between
kinetic stability and SDS resistance, over 30 proteins,
including some known to be SDS-resistant and/or kinetically
stable, were studied. Eight proteins were found to resist
denaturation by SDS, and these were shown or confirmed
to be kinetically stable and resistant to proteolysis by
proteinase K. Interestingly, these proteins are mostly oligo-
meric with a very high content gf-sheet structure. The

results below suggest that a rigid three-dimensional structure

may be the physical basis for kinetic stability and that the
resistance of certain proteins to denaturation by SDS may
be used as the basis for a simple assay to identify kinetically
stable proteins, with the potential of being adaptable for
various high-throughput applications.

MATERIALS AND METHODS

SDS-Polyacrylamide Gel Eectrophoresis (PAGE) Assay.
Lyophilized proteins were obtained from Sigma [papain
(PAP), chymopapain (CPAP), avidin (AVD), and superoxide
dismutase (SOD)] and Calbiochem [streptavidin (SVD),
serum amyloid P (SAP), and transthyretin (TTR)]. Salmo-
nella phage P22 tailspike protein (TSP) was a gift from J.
King (MIT). All of the remaining proteins (Table 1) were
obtained from Sigma with the exception of catalase, which
was purchased from Calbiochem. Stock solutions (1 mg/mL)
of all proteins studied except PAP, CPAP, and TSP were
made using 10 mM sodium phosphate buffer (PB) (pH 7.0).
Stock solutions (1 mg/mL) of PAP and CPAP were prepared
with 25 mM 2-amino-2-hydroxymethyl-1,3-propanediol (Tris)
and 1 mM EDTA (pH 5.3). The stock solution of the TSP
was 0.8 mg/mL in 50 mM Tris and 2 mM EDTA (pH 7.6).
All electrophoresis samples containe8 ug protein and 1%

1 Abbreviations: ADH, yeast alcohol dehydrogenase; AVD, avidin;
f2M, f2-microglobulin; BLA, bovine a-lactalbumin; ConA, con-
canavalin A; CPAP, chymopapain; GAPDH, glyceraldehyde 3-phos-
phate dehydrogenase; GdnHCI, guanidine hydrochloride; PAP, papain;
PB, phosphate buffer; SAP, serum amyloid P; SIPAGE, sodium
dodecyl sulfate-polyacrylamide gel electrophoresis; SOD, copper/zinc
superoxide dismutase; SVD, streptavidin; TSP, P22 tailspike protein;
TIM, triosephosphate isomerase from porcine muscle; TTR, transthyre-
tin; Tris, 2-amino-2-hydroxymethyl-1,3-propanediol.
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Table 1: List of Proteins that Were Analyzed by SBISAGE to
Assay for SDS-Resistance

number of
protein 2 structure subunits SDS stable

ADH mixed 1 no
AVD p 2 yes
f amylase o 1 no
carbonic anhydrase mixed 1 no
catalase o 1 no
CPAP mixed 1 yes
chymotrypsin mixed 2 no
ConA p 2 no
y crystallin p 1 no
S glucoronidase mixed 2 no
GAPDH a 6 no
hemocyanin mixed 6 no
hemoglobin o 2 no
hyaluronidase o 1 no
insulin mixed 1 no
BLA mixed 1 no
luciferase o 2 no
lysozyme mixed 1 no

B 1 no
neuraminidase s 1 no
PAP mixed 1 yes
TSP p 3 yes
pectin lyase A B 2 no
rhodanese mixed 1 no
ribonuclease A mixed 1 no
rubredoxin s 1 no
SAP B 5 yes
SVD p 4 yes
SOD B 2 yes
TTR B 4 yes
TIM o 2 no
trypsin B 1 no
urease mixed 2 no

SDS in 0.125 M Tris (pH 6.8). Protein samples were
unheated or boiled for 10 min prior to analysis by SBS
PAGE, using 15% Acrylamide Pager Gold precast gels
(Cambrex) and 0.1% SDS in Tris/Glycine buffer (pH 8.3)
as the running buffer. The gels were then stained using
Coomassie blue.

Proteolysis. For limited proteolysis experiments, the
concentration of the proteins was determined by weighing
the lyophilized protein on a microbalance. Each proteolysis
reaction mixture contained about 0.5 mg/mL protein and 5
ug/mL proteinase K (Fisher Scientijiecn 25 mM Tris and
1uM EDTA (pH 8.3) and was incubated at 26 for 48 h.
The reaction was stopped with a solution of 251
phenylmethylsulfonyl fluoride and 4% SDS in 0.125 M Tris
and 3.4uM 1,4-dithiobL-threitol (pH 6.8). Samples were
boiled and gel electrophoresis was performed using 16%
acrylamide Novex precast gels (Invitrogen). Running buffer
was 0.1% SDS in Tris/tricine buffer (pH 8.1).

FluorescenceUnfolding kinetics induced by guanidine
hydrochloride (GdnHCI) were monitored using an F-4500
fluorescence spectrophotometer (Hitachi, Danbury, CT). The
concentration of GdnHCI was determined using an Abbe
Mark Il refractometer (Leica, Buffalo, NY). Protein solutions
(0.05 mg/mL) in 25 mM PB and 0.20 M sodium chloride
(pH 7.2) were treated with GdnHCI solution made using the
same buffer, to a final concentration of 6.6 M. The excitation/
emission wavelengths used were 275/350 p2M), 275/
360 nm (BLA, ConA, GAPDH, and TIM), 280/320 nm
(ADH), 295/360 nm (CPAP and TTR), 295/350 nm (PAP),
295/340 nm (SAP and TSP), 280/330 nm (SOD), 295/333
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Ficure 2: SDS-PAGE assay of SDS-resistant proteins (A) and the non-SDS-resistant control group (B). Identical protein samples were

either unheated (U) or boiled (B) for 10 min immediately prior to loading onto the gel.

nm (SVD), and 280/340 nm (AVD). Kinetic traces were concentrations and extrapolating ® M (Figure 4A). The

analyzed by fitting to a sum of exponentials. native state unfolding rate constants for TTR)(and SVD
(14) were obtained from the literature. The unfolding rate
RESULTS AND DISCUSSION in the absence of denaturants for all of the SDS-resistant

SDS-Resistant Proteins: An Assay for Kinetic Stability. Protéins was found to be very slow (Table 2), with protein
The initial step of our study involved the identification of half-lives ranging from 79 days to 270 years. Thus, the fact
SDS resistance from a group of 33 proteins (Table 1). Among that all of the SDS-resistant proteins are also klnetlca!ly
these were a few control proteins (SVD, TTR, and TSP) that stable, suggest that the latter property may be responsible
were known to be both kinetically stable and SDS-resistant. for the former.

SDS resistance was assayed by comparing the migration on To further test the correlation between kinetic stability and
a gel of boiled and unboiled protein samples containing SDS SDS resistance, we selected a group of six proteins that did
(Figure 2). Proteins that migrated to the same location on not exhibit resistance to SDS and analyzed their unfolding
the gel regardless of whether the sample was boiled werebehavior in varying concentrations of GdnHCI. The group
classified as not being stable to SDS (Figure 2B). Those Was chosen to represent a variety of structural characteristics,
proteins that exhibited a slower migration when the sample and consisted of porcine TIM, GAPDIA2M, BLA, ConA,

was not boiled were classified as being at least partially and ADH. At 6.6 M, the unfolding of these proteins was
resistant to SDS-induced denaturation (Figure 2A). The too fast to detect with a standard fluorescence spectropho-
slower migration is a sign of decreased SDS binding and tometer (data not shown). The lack of kinetic stability
consequently of a lesser overall negative charge of the-SDS  exhibited by these proteins was further demonstrated by their
protein complex compared to the fully SDS-bound proteins. native unfolding rates, which ranged from 14 min to 19 h
Of the proteins tested, eight were found or confirmed to (Figure 4B and Table 2).

exhibit resistance to SDS, including SOD, SVD, TTR, TSP,  The above results support the existence of a correlation
CPAP, PAP, AVD, and SAP (Table 1 and Figure 2A). between kinetic stability and resistance to SDS-induced

To probe the kinetic stability of our SDS-resistant proteins, denaturation. Therefore, SB®AGE could serve as a simple
we used fluorescence spectroscopy (Figure 3) and demon-method for identifying and selecting kinetically stable
strated their slow unfolding rates even in 6.6 M GdnHCI at proteins. This method has the advantage that proteins can
20 °C. To gather further evidence of the kinetic stability be easily tested for kinetic stability without having to carry
exhibited by these proteins under native conditions, their out unfolding experiments. Also, only microgram amounts
unfolding rate constants in the absence of the denaturant weref sample are needed, and the method is potentially suitable
obtained by measuring the unfolding rate at different GAnHCI for identifying kinetically stable proteins present in cell



Kinetically Stable Proteins Are Resistant to SDS

1 T T

1

o©

Relative Fluorescence
o

T

avidin

papain

L
4000

'tr"ar'\sthyr'etin

S8t A g ] —&#— SOD
: -8 —e— CPAP
grel —w— SAP
o
%1-4— -10 AP BRI AR AT BT ST AR A
512 Rl 0 1 2 3 4 5 6 7
i) 0.9

i 1 oss|

0.8 0.8 .

0 1000 2000

3000

1

0

2000

L L L
4000 6000 8000

0.9

P22 tailspike protein |

Biochemistry, Vol. 43, No. 35, 200411251

—7— PAP
—a— TSP

05 5":, superoxide dismutase_

0.8 -
0.7 1
0.6 -
0.5 F

o
©
b

©
T

o ©

o
«
T

0.4

03

0.2
0

Relative Fluorescence

0.8 |-

800

4000 200 400 600
T 1 T T T

0.95 serum amyloid P | ;Y I PRI P I R R

0o % ] 0 1 2 3 4 5 6
’ [GdnHCI] (M)

e Ficure 4: Unfolding rates of the SDS-resistant proteins (A) and

! : ) 1 non-SDS-resistant control group (B) under nativelike conditions
are shown by extrapolating the unfolding rate determined at different
concentrations of GdnHCI to 0 M. Thg intercept of each
extrapolation curve indicates the unfolding rate of the native protein
(Table 2).

o
©
a

0.85

o
©
o

0.8 -

Relative Fluorescence

" oo07s b

L

o7l

0 ‘ 20;0 4000 0 80 WéO ZAO ' 320
Time (s) Time (s)
Ficure 3. Fluorescence-detected unfolding kinetics of the SDS- )

resistant proteins upon incubation in 6.6 M GdnHCI at “Z) with SDS because of charge repulsioBl); However,
Relative fluorescence was obtained by dividing each data point by proteins with a high ratio of basic to acidic residues on the
the first point of the native protein baseline. No missing amplitude g ,rface are not necessarily more susceptible to being
was observed, indicating that the observed kinetic trace accountsdenatured by SDS. We calculated the ratio of basic to acidic

for the full-unfolding transition. . ; A o
residues on the eight SDS-resistant proteins in our study and

extracts without need for purification. From an application Obtained a value of 1.2 0.2, which is slightly higher than
perspective, this assay has the potential of being adaptabléhe ratio (0.95) that we calculated for the average protein
for high-throughput applications to enhance the kinetic based on amino acid composition.
stability of proteins of interest. This could lead to proteins  To explore the correlation between SDS resistance and
with greater shelf life and/or decreased tendency to aggregatethe structural rigidity that makes some proteins resistant to
consistent with the suggestion that the deterioration of an proteolytic cleavage, our SDS-resistant and non-SDS-
energy barrier between native and pathogenic states as aesistant proteins were subjected to a proteolytic susceptibility
result of mutation may be a key factor in the misfolding and test using the nonspecific and aggressive protease, proteinase
aggregation of some proteins linked to amyloid diseasesK, at a protease to protein ratio of 1:100. As shown in Figure
(4, 18). 5A, the SDS-resistant proteins remained largely intact after
Why Are Kinetically Stable Proteins Resistant to SDS? 48 h of incubation with proteinase K at 2&. Only TTR
SDS is an anionic detergent and a strong denaturant ofand SAP exhibited a small degree of degradation by
proteins when present at concentrations above its critical proteinase K (Figure 5). The remarkable degree of resistance
micelle concentratiom{7 mM in water) @9, 20). Although to proteolysis exhibited by the kinetically stable/SDS-resistant
there are examples in the literature of proteins that are notproteins is uncommon among proteins and hints at the
susceptible to denaturation by SDS, it is not clear what unusual degree of structural rigidity that they possess. In
chemicat-physical property is responsible for this resistance. contrast, of the 25 non-SDS-resistant proteins that we studied,
It has been shown that there is no correlation between 18 were completely degraded and 7 proteins exhibited some
thermodynamic stability and SDS resistan2#&) ( Although degree of proteolytic resistance. A representative group (same
it has been suggested that surface charges in a protein caas in Figure 2B) is shown in Figure 5B. These results show
modulate SDS resistance, there is no general effect. Forthat, whereas kinetically stable proteins are resistant to
example, very acidic proteins, such as pepsin, will not interact proteolytic cleavage, kinetic stability is not a requirement

6000
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Ficure 5: Proteolytic resistance of the SDS-resistant proteins (A) and proteolytic susceptibility of the nonresistant control group (B) are
determined by incubating them for 48 h with proteinase K using a protease/protein ratio of 1:100 (w/w) and boiling the samples prior to
loading onto the gel.

Table 2: Unfolding Rate Constant and Half-Lives of Proteins resistance is influenced not only by the exposure of the

Resistant and Not Resistant to SDS unfolded chain, but also by sequence determinants within
SDS-Resistant the unfolded protein that may caused these proteins to be
kent (s€CY) kunt (SECY) unfolding poor substrgtes for proteolytic deg.radandﬁ)( Thu;, SI:?S.
protein  in 6.6 M GdnHCI  in 0 M GdnHCP half-life resistance is a much more effective probe for identifying
AVD 21 x 103 81x 101 270 years proteins with high kinetic stability.
TTR 3.2x 102 9.0x 101; 244 years Our results point to kinetic stability as the molecular basis
PAP 1.5% 10~ 1.3x 10 165 years i :
TSp 10w 102 16 %109 13 years Iﬁr tgtla:) rSeS|st§r:cetof s?me ptrﬁt?ms totScI?S(.j Becausl,e e?ch gf
SOD 17% 103 6.0x 109 3.7 years e -resistant proteins that we studied was also foun
CPAP 1.6x 1074 8.8x 10°° 2.5 years to be resistant to proteolysis by proteinase K, we propose
SVD 1.0x 10 25x 1078 318 days that, like in the case of proteolytic susceptibility, resistance
SAP 4.0x 1072 1.0x107 79 days to SDS is linked to the reduced occurrence of both local-
Not SDS-Resistant _ and global-unfolding transitions in these proteins. Like
_  kuni (sect) ~ kuni (sec?) unfolding proteases, SDS bhinding appears to rely on transitions between
protein _ in6.6M GdnHCI  inOMGdnHCR _ half-life protein conformations, moments of weakness in which the
ADH unobservablé 1.0x 107 19h protein is susceptible to SDS binding, and thereby entrap-
gm unobservable 28107 15h ment. Kinetically stable proteins are characterized by unusu-
unobservable 1.6 10~ 12 k¢ L SO
£2M unobservable 4.9 104 24 min' ally low structural flexibility (12, 23). The structural rigidity
ConA unobservable 5.3 104 22 min of kinetically stable proteins results in suppression of partial
GAPDH unobservable 8210 14 min unfolding. Furthermore, Truhlar et al. have shown that it is

aThese values were obtained by extrapolating the linear plots in not only the barrier toward global unfolding, but also the
Figure 4 b 0 M GdnHCI. Because of the long-range extrapolation, high cooperativity of the unfolding transition of kinetically
these values may have errors greater than Z5¢alue obtained from stable proteins that results in its protease resistance (and

ref 17. ¢ Value obtained from ret4. ¢ Rate was too fast(1 s%) to : S . .
observe by conventional manual mixing fluorescence spectroscopy. presumably SDS resistance) by limiting partial-unfolding

eValue obtained from re28. f Value obtained from reg9. transitions g4). Thus, this may explain why unless provided
with energy in the form of heat (e.g., through boiling),
for proteolytic resistance. The different requirements for SDS kinetically stable proteins infrequently assume such open
and protease resistance may be due to the nonspecific bindingonformations under native conditions and are therefore
of SDS to unfolded proteins in contrast to the specific binding resistant to SDS.

requirement of proteases. While a protease requires the Implications for the Physical Basis of Kinetic Stabiligy.
binding of specific structural elements to its active site to key to understanding kinetic stability in proteins may lie in
initiate protein cleavage, SDS appears to only require accessetermining the physical basis for their structural rigidity,
to the interior of the protein. It has been shown that proteasebecause this appears to be a common property of kinetically
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stable proteins 12, 23). Arguably, the most compelling
evidence that rigidity may be the key physical requirement
for protein kinetic stability comes from the observation that
proteins become highly rigid and kinetically stable when
incubated in very high concentrations of organic solvésf (
26). In such an environment, the absence of bulk water
presumably reduces the energetic driving force for partial
and global unfolding, thereby increasing rigidig6j. Under

a normal aqueous environment, kinetically stable proteins
may owe their rigidity to the lack of weak points on its
surface where bulk water could penetrate to induce local and

Streptavidin

global unfolding. Consistent with this idea, recent work by p~se
Machius et al. has shown that kinetic stability can be o’ 71
increased by introducing hydrophobic mutations at the Sy
surface of the protein to stabilize and rigidify regions that { ‘Q
may be involved in local unfolding5j. Furthermore, ad O L
strategically located metal ions, disulfide bonds, salt bridges, ALY 4
and hydrophobic residues at the surface may be useful for §

enhancing the kinetic stability of a given protein by serving
as molecular “clips” or “staples” to avoid water penetration,
resulting in rigid structures where partially unfolded states
are not sampled under nativelike conditions.

Are there any structural features that may bias a protein
toward possessing kinetic stability? In an attempt to better
understand the structural basis for kinetic stability, we
performed a rudimentary structural analysis on our pool of
SDS-resistant proteins based on their structure coordinates
obtained from the Protein Data Bank (PDB) (Figure 6). Each
protein was found to exhibit specific stabilizing character-
istics, including disulfide bonds (PAP, CPAP, and SOD),
oligomeric interfaces (all except PAP and CPAP), and bound
metals (SOD). Amino acid composition calculations based
on the PDB coordinates likewise yielded no common trend
in the amino acid content and no consistent deviation from
the amino acid composition found in natural proteins,
implying that no correlation exists between kinetic stability
and primary structure. However, the presence of predomi-
nantly -sheet and oligomeric structures emerged as a
common characteristic of most of the kinetica”y stable Ficure 6: Ribbon diagrams of the SDS-stable proteins reveal a

; ; ; ; ; high content of oligomeri@-sheet structures. Coordinates were
proteins that we studied. Itis plausible that the higher Contentobtained from the Protein Data Bank using the following PDB

of nonlocal interactions if-sheet proteins may allow for  .jjes: SOD, 1SPD: SVD, 1SWU: TTR, 1GKE: TSP, 1TYU:
higher rigidity than ina-helical proteins. Although clearly  CPAP, 1YAL: PAP, 1PPN; AVD, 1RAV; and SAP, 1SAC.

not all oligomerics-sheet proteins are kinetically stable/SDS-

resistant (see Table 1), the apparent bias for kinetic stability conCLUSION

in oligomeric 5-sheet proteins may serve to prevent them

from aggregation. When induced to assume a partially or  |n summary, our results suggest that SDS-resistance is a
globally unfolded conformatioryj-sheet proteins are par-  common property of kinetically stable proteins and that
t@cularly s.usceptible to misfold_ing gnd aggregation, poten- gpg pAGE may be used as a simple assay to probe for
t'ﬁ”y Ie?ﬁlrg% to prpéeln msfo{dmg d![seas;]éESIt. It hfs, been  |inetic stability in purified proteins or protein extracts. We
\S/a?i\(l)vlTS nZggti?/\éoéesig%ringtggigg l;*za:h Zz tﬁreopelglcselrjr;s:n i O;t)ropose that, analogous to proteol_ytic susceptibility,_ proteiqs
loops, 3 bulges, prolines, and charged residues at the end ofbeC(.)me vulnerable to d_enaturatl_o_n by SDS during their
B sheets 27). Perhaps kinetic stability may be another partial- and glopgl-unfoldlng transitions. Hoyveve.r,.bec.ause
strategy used by nature to minimize the potential for protein ©f (e nonspecific nature of SDS denaturation, it is highly
misassembly. It will be interesting to determine how effe(?tllve in detecting proteins that'possess hllgh kinetic
widespread this property is among other oligomeric and/or stablllty_. Together,.the.se resgl.ts prowde compelling support
B-sheet proteins and whether it correlates with their tendencyfor the idea that kinetic stability is a common property of
toward aggregation. Despite the apparent bias to@m}ubet rlgld protein structures. We antiCipate that our kinetic Stablllty
proteins, the observation of kinetic stability and SDS assay may allow us to build a larger database of kinetically
resistance in PAP and CPAP, which are monomeric proteinsstable proteins, thus paving the way for further studies geared
containing aro. and a8 domain, shows that these properties toward understanding the relationship between kinetic stabil-
are also accessible to other proteins. ity and protein structure.

Papain Serum Amyloid P



11254 Biochemistry, Vol. 43, No. 35, 2004

ACKNOWLEDGMENT

We are grateful to Jonathan King for providing the P22
tailspike protein sample, to Anne Robinson for the picture
of the P22 tailspike trimer, and to Jinhyuk Chung for critical
reading of the manuscript.

REFERENCES

1.

10.
11.

12.

13.

Cunningham, E. L., Jaswal, S. S., Sohl, J. L., and Agard, D. A.
(1999) Kinetic stability as a mechanism for protease longevity,
Proc. Natl. Acad. Sci. U.S.A. 961008-11014.

. Ohnishi, S., and Kameyama, K. (203cherichia coliOmpA

retains a folded structure in the presence of sodium dodecyl sulfate
due to a high kinetic barrier to unfoldinBjochim. Biophys. Acta
1515 159-166.

. Kaushik, J. K., Ogasahara, K., and Yutani, K. (2002) The unusually

slow relaxation kinetics of the folding-unfolding of pyrrolidone
carboxyl peptidase from a hyperthermophi®grococcus furiosus
J. Mol. Biol. 316 991-1003.

. Plaza del Pino, I. M., Ibarra-Molero, B., and Sanchez-Ruiz, J. M.

(2000) Lower kinetic limit to protein thermal stability: A proposal
regarding protein stability in vivo and its relation with misfolding
diseasesProteins 40 58—70.

. Machius, M., Declerck, N., Huber, R., and Wiegand, G. (2003)

Kinetic stabilization oBacillus licheniformist-amylase through
introduction of hydrophobic residues at the surfakdiol. Chem.
278 11546-11553.

. Mansfeld, J., Vriend, G., Dijkstra, B. W., Veltman, O. R., Van

den Burg, B., Venema, G., Ulbrich-Hofmann, R., and Eijsink, G.
H. (1997) Extreme stabilization of a thermolysin-like protease by
an engineered disulfide bondl, Biol. Chem. 27211152-11156.

. Pozdnyakova, |., Guidry, J., and Wittung-Stafshede, P. (2001)

Copper stabilizes azurin by decreasing the unfolding rvateh.
Biochem. Biophys. 390.46—-148.

. Rietveld, A. W., and Ferreira, S. T. (1998) Kinetics and energetics

of subunit dissociation/unfolding of TIM: The importance of
oligomerization for conformational persistence and chemical
stability of proteinsBiochemistry 37933-937.

. Solis-Mendiola, S., Gutierrez-Gonzalez, L. H., Arroyo-Reyna, A.,

Padilla-Zuniga, J., Rojo-Dominguez, A., and Hernandez-Arana,
A. (1998) pH dependence of the activation parameters for
chymopapain unfolding: Influence of ion pairs on the kinetic
stability of proteinsBiochim. Biophys. Acta 138863—372.
Jaenicke, R., and Bo, G. (1998) The stability of proteins in
extreme environment&urr. Opin. Struct. Biol. 8738-748.
Cavagnero, S., Debe, D. A., Zhou, Z. H., Adams, M. W. W., and
Chan, S. I. (1998) Kinetic role of electrostatic interactions in the
unfolding of hyperthermophilic and mesophilic rubredo>@io-
chemistry 37 3369-3376.

Jaswal, S. S., Sohl, J. L., Davis, J. H., and Agard, D. A. (2002)
Energetic landscape ofi-lytic protease optimizes longevitiy
through kinetic stabilityNature 415 343—-346.

Rupley, J. A. (1967) Susceptibility to attack by proteolytic
enzymesMethods Enzymol. 1005-917.

14.

15.

16.

[Eny

20.

21.

25.

26.

27.

28.

29.

8.

Manning and Cdlo

Kurzban, G. P., Bayer, E. A., Wilchek, M., and Horowitz, P. M.
(1991) The quaternary structure of streptavidin in utkeBiol.
Chem. 26614470-14477.

Colm, W., and Kelly, J. W. (1992) Partial denaturation of
transthyretin is sufficient for amyloid fibril formation in vitro,
Biochemistry 318654-8660.

Chen, B.-l, and King, J. (1991) iACS Symposium Series
(Giorgiou, G., and Bernardez-Clark, E. d., Eds.) pp 1192,
American Chemical Society, Washington, D. C.

. Lai, Z., McCulloch, J., Lashuel, H. A., and Kelly, J. W. (1997)

Guanidine hydrochloride-induced denaturation and refolding of
transthyretin exhibits a marked hysteresis: Equilibria with high
kinetic barriersBiochemistry 3610230-10239.

Kelly, J. W. (1996) Alternative conformations of amyloidogenic
proteins govern their behavioCurr. Opin. Struct. Biol. 6
11-17.

.Reynold, J. A., Herbert, H., Polet, H., and Steinhardt, J. (1967)

The binding of diverse detergent anions to bovine serum albumin,
Biochemistry 6937—-943.

Jones, M. N., Skinner, H. A., and Tipping, E. (1975) The
interaction between bovine serum albumin and surfact&iss,
chem. J. 147229-234.

Nelson, C. A. (1971) The binding of detergents to proteins,
Biol. Chem. 2463895-3901.

. Parsell, D. A, and Sauer, R. T. (1989) The structural stability of

a protein is an important determinant of its proteolytic susceptibil-
ity in Escherichia colj J. Biol. Chem. 2647590-7595.

.Yuan, C., Li, J., Selby, T. L., Byeon, I.-J. L., and Tsai, M.-D.

(2999) Tumor suppressor INK4: Comparisons of conformational
properties between p64A and p18K4C, J. Mol. Biol. 294
201-211.

. Truhlar, S. M., Cunningham, E. L., and Agard, D. A. (2004) The

folding landscape o$treptomyces griseysotease B reveals the
energetic costs and benefits associated with evolving kinetic
stability, Protein Sci. 13381-390.

Zaks, A., and Klibanov, A. M. (1988) Enzymatic catalysis in
nonaqueous solventd, Biol. Chem. 2633194-3201.

Partridge, J., Moore, B. D., and Halling, P. J. (1989Chymo-
trypsin stability in aqueous-acetonitrile mixtures: Is the native
enzyme thermodynamically or kinetically stable under low water
conditions?J. Mol. Catal. B: Enzym. 611—20.

Richardson, J. S., and Richardson, D. C. (2002) Nagisileet
proteins use negative design to avoid edge-to-edge aggregation,
Proc. Natl. Acad. Sci. U.S.A. 92754-2759.

Harushima, Y., Kuwajima, K., and Sugai, S. (1988) Hydrogen
exchange of the tryptophan residues in boviedactalbumin
studied by UV spectroscopyrotein Sci. 7 1564-1574.

Corazza, A., Pettirossi, F., Viglino, P., Verdone, G., Garcia, J.,
Dumy, P., Giorgetti, S., Mangione, P., Raimondi, S., Stoppini,
M., Bellotti, V., and Esposito, G. (2004) Properties of some
variants of humag2-microglobulin and amyloidogenesik,Biol.
Chem. 2799176-9189.

B10491898



