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ABSTRACT. We have characterized the equilibrium and kinetic folding of a unique protein domain, caspase
recruitment domain (CARD), of the RIP-like interacting CLARP kinase (RICK) (RICK-CARD), which
adopts ao-helical Greek key fold. At equilibrium, the folding of RICK-CARD is well described by a
two-state mechanism representing the native and unfolded ensembles. The protein is marginally stable,
with a AGH© of 3.0 & 0.15 kcal/mol and am+value of 1.274 0.06 kcal mot? M~1 (30 mM Tris-HCI,

pH 8, 1 mM DTT, 25°C). While them-value is constant, the protein stability decreases in the presence

of moderate salt concentrations (below 200 mM) and then increases at higher salt concentrations. The
results suggest that electrostatic interactions are stabilizing in the native protein, and the favorable Coulombic
interactions are reduced at low ionic strength. Above 200 mM salt, the results are consistent with Hofmeister
effects. The unfolding pathway of RICK-CARD is complex and contains at least three non-native
conformations. The refolding pathway of RICK-CARD also is complex, and the data suggest that the
unfolded protein folds via two intermediate conformations prior to reaching the native state. Overall, the
data suggest the presence of kinetically trapped, or misfolded, species that are on-pathway both in refolding
and in unfolding.

A unique protein fold, thex-helical Greek key, is found  protein found in the cytosol9( 10). RICK is expressed in
only in the death domain (DB)superfamily. These protein  multiple human tissues and regulates several cellular mech-
domains are small, generally about 100 amino acids, andanisms: apoptosis initiated by CD95 (also called Fas)
consist of sixa-helices folded into a Greek key topology. through enhancement of caspase-8 activation, activation of
The members of the DD superfamily play specific roles in JNK (Jun N-terminal kinase) and N#B, and initiation of
apoptosis, the inflammatory response, or transcriptional inflammatory responses by activating procaspase-1().
activation. It was shown that RICK mediates signal transduction

The DD superfamily includes members containing the responses for both innate and adaptive immune systems and
death domain, the death effector domain (DED), the pyrin is & key therapeutic target for bacterial-induced inflammation
domain, and the caspase recruitment domain (CARB) ( (12, 13). RICK contains an N-terminal serine/threonine
3) The CARD_Containing protein fam||y includes many kinase catalytic domain and a C-terminal CARD. Both the
biologically important proteins that play key roles in essential catalytic domain and the CARD are required for CD-95
mechanisms for cell survival or cell death, (5). The mediated apoptosis and NdB activation @, 10), although
biological function of the CARD domain is to convey cellular only the CARD domain is required for the activation of
signals, and this is accomplished through hetero- or homo- Procaspase-11(4).
oligomerizations that allow the domains to function as  While the amino acid sequence identities of CARDs are
bridging proteins to larger protein complexes 8, 6, 7). quite low (<20%), the structures of several family members
The CARD-CARD interactions are highly specificd) are known and demonstrate the structural homology within
While hydrophobic interactions are considered the primary the family (14—21). All CARD structures show the same
driving force for the interactions, electrostatic contacts topology, thea-helical Greek key, and nearly identical
between surface patches of the CARDs determine the bindingtertiary structures, with minor variationg)( These protein
specificity @). domains are comprised of six antiparaleihelices that

A novel serine/threonine kinase, RICK (CARDIAK, RIp2) tightly surround a hydrophobic core, with many charged

(RIP-like interacting CLARP kinase), is a CARD-containing re3|dues on the surface. The_arrangeme!’lt of the helices results
in a Greek key topology (Figure 1A), in contrast to most
helical bundles in which sequential helices pack adjacently
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Ficure 1: (A) Folding topology ofa-helical Greek key of the DD superfamily (r&6). The helices are represented as cylinders with
orientation indicated by the arrows. The N- and C-termini are indicated as well. (B) Sequence alignment of CARDs. The helical regions
of ICEBERG are indicated above the alignment. The CARDs of RICK, ICEBERG, procaspase-1 (CASP-1), APAF-1, procaspase-9 (CASP-
9), and RAIDD are listed. The homologous regions are highlighted in gray. Proline residues are underlined and in bold. (C) The structure
of ICEBERG (left) and the homology model of RICK-CARD (right). Structures were drawn with Pymol (DeLano scientific, CA). ICEBERG
(PDB code 1DGN) is shown in ribbon diagram with the proline residues in black and the aromatic residues, two phenylalanines, in gray.
The homology model of RICK-CARD in ribbon diagram was generated by Insight Il using ICEBERG (PDB code 1DGN) as the template.
The sequence alignment for modeling is shown in Panel B. The three prolines are colored in black. The aromatic residues, one tryptophan
in helix 1, two tyrosines in helix 3 and 6, and one phenylalanine in helix 5, are in gray.

distance between all pairs of contacting residues in the nativeof the 5-Greek key proteins was shown to be important to
structure 85, 36). Also, there are a fe\#-Greek key proteins,  the stability and the early structure formation of fibronectin
comprised off-strands in the Greek key topology, which type Ill domain é2) and to the equilibrium folding of
have been examined, such as immunoglobulin-like super-pseudoazurin4?2, 49). However, such a motif is not found
oxide dismutase3(7—39), Sy-crystallin @40, 41), fibronectin in the a-Greek key proteins.

type Il domain @2), and azurin 43—45). While the Because of these considerations, we examined the equi-
mechanisms of folding are not known for the complex Greek librium and kinetic folding of RICK-CARD. We show that
key topology, two nucleation models have been suggested.RICK-CARD is a marginally stable protein, and an apparent
The -hairpin model suggests that folding occurs initially two-state folding process can describe the equilibrium
through a longs-hairpin, and then the protein folds up two folding/unfolding. The protein stability decreases somewhat

strands at a timedg, 47). Alternatively, the5-zipper model in moderate salt concentrations but increases in high salt
suggests that a hydrophobic core forms initially via two concentrations, suggesting that surface charge repulsions do
adjacent strands connected by a short Iatg).(In addition, not decrease the protein stability in the absence of salts, as

a highly conserved tyrosine in the “tyrosine corner” motif observed in other small proteinSQ—52). The time course
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of refolding and of unfolding were examined by single protein was concentrated to approximately 50 mL and
mixing, double jump and interrupted refolding stopped-flow centrifuged for 30 min at 14 000 rpm. The supernatant was

techniques. The results show that both the unfolding and dialyzed against buffer A (4C).

refolding reactions are complex and contain multiple phases.

RICK-CARD eluted from a DEAE-sepharose column (2.6

Overall, the data suggest the presence of several partiallyx 25 cm, Sigma) equilibrated with buffer A at°€ using

folded, intermediate, conformations and that the intermediate
are obligatory and on-pathway.

MATERIAL AND METHODS

Reagents Ultrapure urea was purchased from Nacalai
Tesque Inc. (Kyoto, Japan). Dithiothreitol (DTT) was either
from Sigma or Denvil. Trizma-Base (Tris), sodium chloride
(NaCl), potassium chloride (KCI), monobasic and dibasic
potassium phosphate (KRO,, K,HPQO,), sodium sulfate
(NazSQy), isopropyl p-p-1-thiogalactopyranoside (IPTG),
ethylenediaminetetraacetic acid (EDTA), DEAE sepharose
ampicillin, antifoam-C, and DNase | were from Sigma. All
buffers were filtered through either 0.45 or 0.2t filter

membranes. The urea-containing buffers were prepared ag

described previouslys@).

Plasmid ConstructionThe cDNA encoding the CARD
domain of RICK was obtained from PCR amplification using
the template pcDNA3-RICK 1(0) (kindly provided by
Dr. Gabriel Nuiez, University of Michigan). The forward
and reverse primers used for PCR amplification wéere 5
GTCTGCAGCATATGATAGCCCAG-3and 3-GTAAATT-
TAACTCGAGTCATCTAGAAACC-3, respectively. The

sthe following procedure. The protein was loaded onto the
column, and the column was washed with 200 mL of buffer
A. A two-step gradient procedure was used to elute the
protein. First, a linear gradient of buffer A containing 0 to
300 mM NaCl, with a total volume of 500 mL, was used.
This was followed by a linear gradient of buffer A containing
300 to 500 mM NacCl, with a total volume of 500 mL. The
flow rate was 4 mL/min. RICK-CARD eluted between 200
and 250 mM NaCl. The fractions were analyzed by2%5%
SDS-PAGE. The pure protein fractions were pooled,
concentrated, and dialyzed against buffer A. The extinction
' coefficient at 280 nm of RICK-CARD was calculatebd)
to be 8250 M cm™.
Molecular Modeling. The homology model of RICK-
ARD was generated using the homology module of Insight
Il (Molecular Simulation Inc.). The sequences of the CARDs
were aligned based on the conserved residues, hydrophobic
core residues, and the secondary structural elements, and the
alignment used to generate the structural model is shown in
Figure 1B. The NMR structure of ICEBERG, another
CARD-containing protein18), was used as the modeling
template (from Protein Data Bank, accession number 1DGN).
The sequence identity of ICEBERG and RICK-CARD is

PCR product was subcloned into pET21a (Novagen) using 2104,

the restriction enzymdsddd and Xhd. The resulting plasmid
was named pCARD-RICK. The resulting protein, CARD of
RICK (RICK-CARD), is composed of 95 amino acids, from
isoleucine 426 to arginine 519 of RICK. In this construct,
an N-terminal methionine was generated by the cloning
procedure. The calculated molecular mass of RICK-CARD
is 10 917 Da.

Protein Purification E. coli BL21 (DE3) cells were
transformed with pCARD-RICK. Cells were grown in
Fernbach flasks contairgnl L of LB media, ampicillin (50
ug/mL) and antifoam-C (0.003%) at 3 and 300 rpm.
When theAgno Of the culture reached 1.2, IPTG was added
to a final concentration of 0.4 mM to induce protein
expression. The culture was harvest h after induction
by centrifugation for 20 min at 5000 rpm (GS3 rotor, Sorvall)
and 4°C. The cells were resuspended in about 15 mL of
lysis buffer (30 mM Tris-HCI, pH 8, 1 mM DTT, and 1 mM
EDTA) per 1 L of culture, and were broken by French Press
at 16 000 psi followed by centrifugation for 30 min at 14 000
rpm (SA-600 rotor, Sorvall) to separate the soluble and

Fluorescence and Circular Dichroism (CD) Spectroscopy.
Fluorescence emission spectra were obtained with a PTI C-61
spectrofluorometer (Photon Technology International). RICK-
CARD (3 uM) was excited at 280 or 295 nm, and the
emission spectra were measured from 300 to 400 nm. CD
spectra were obtained with a J600A spectropolarimeter (Jasco
Inc.). The protein concentrations for both far- and near-Uv
CD were 57uM, and the samples were in buffer B (10 mM
Tris-HCI, pH 8, 1 mM DTT). The path length of the CD
cells used was 0.1 cm (far-UV) or 1 cm (near-UVv). All
spectra were corrected for buffer signals. The experiments
were done at 25C, and the temperature was held constant
using a circulating water bath.

Equilibrium FoldingUnfolding. Stock solutions of native
RICK-CARD were prepared in buffer A for fluorescence
measurements and in the buffer B for CD measurements.
Stock solutions of unfolded RICK-CARD were prepared in
the same buffers contairgn6 M urea. Both stocks (hative
and unfolded protein) contained the same protein concentra-
tion and were incubated at room temperature for at least 30

insoluble portions. The pellet was resuspended and washednin prior to the experiments. A titrator (Olis Inc.) was used

for 1 h atroom temperature by stirring the pellet in buffer
A (830 mM Tris-HCI, pH 8, and 1 mM DTT) containing 50
mM MgCl, and 0.1 mg of DNase /100 mL of lysate. After

for equilibrium folding studies by fluorescence emission, and
an incubation time of 1500 s was used after each injection.
It was determined that this time is sufficient to allow for

the wash, the solution was centrifuged at 14 000 rpm for 30 equilibration. Samples were excited at 280 or 295 nm, and

min at 4°C. The pellet was dissolved in 5 mL of buffer A
containing 8-9 M urea/l1 L culture, and was incubated on
ice for 1 h. The solution was then centrifuged for 30 min at
14 000 rpm and 4C to remove cell debris. The solubilized
protein was rapidly diluted into ice-cold buffer A containing
0.1 M NacCl, and the solution was incubated for 15 min. The
final protein concentration for refolding was approximately
0.05 mg/mL based on estimation BAsg,. The refolded

fluorescence emission was monitored from 300 to 400 nm.

The emission spectra at each urea concentration were
examined as described previously5)( to determine the
average emission wavelengtii[] using eq 1,

N N
A= 3 (23 (1)

(1)
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wherel; is the fluorescence emission signal at wavelength RESULTS

Ai. The normalized average emission wavelength was plotted

versus urea concentration. The data were fit to a two-state General Properties of RICK-CARDhe CARD of RICK
equilibrium process (= U) described by Santoro and Bolen  (called RICK-CARD) used in these studies is a 95-amino
(56). For the CD experiments, titrations were performed &cid protein that contains six-helices arranged in a Greek
manually by mixing unfolded protein with the native protein. key topology (Figure 1A). With a few exceptions, the amino
A quartz cuvette with 1-cm path length was used in these acid sequence identities of the CARD family members are

experiments. The signal at 220 nm was measured for 120 s/€ss than 20% (see also Figure 1B) €0, 61), although

signals. key topology is conserved 4—21). While the structure of
RICK-CARD has not been determined, we generated a
homology model using the solution structure of ICEBERG
(18) as the template and the sequence alignment shown in
Figure 1B. The results of the model are shown in Figure
1C, where the model of RICK-CARD is compared to the
structure of ICEBERG. The model of RICK-CARD shows
a well-packed core of hydrophobic residues with exposed
charged residues. The least defined region of the RICK-
CARD model is helix 6, but as described below, this is true
of other CARD proteins as well. RICK-CARD contains one
tryptophan, which is located in helix 1, and two tyrosines,
which are located in helices 3 and 6. A single phenylalanine
is located in helix 5. There are no disulfide bonds or
prosthetic groups.

Fluorescence emission spectra of RICK-CARD, using
intrinsic fluorescence probes, are shown in Figure 2A. When
the native protein is excited at 295 nm, which excites only
the tryptophanyl residue, the emission maximum is 330 nm,
demonstrating that the tryptophanyl residue is relatively
buried. The spectrum shifted to 350 nm when the protein
was unfolded in urea-containing buffer, demonstrating that
the tryptophanyl residue is exposed under these conditions.
s In addition to fluorescence emission, we examined the
perature was held constant atZ5 In general, the first jump secondary and tertiary structures of RICK-CARD using near-

was performed with a mixing ratio of 1:1 using two buffer ,nq tar-v circular dichroism. The far-UV CD spectrum
solutions, described below. After a specified delay time, the (Figure 2B) shows double minima at 206 and 218 nm, similar

solution from the first jump was rapidly mixed with a third to that of other CARDs ). The near-UV CD spectrum
solution using a mixing ratio of 1:5. Incupatiqn (delay) times (Figure 2C) shows a minimum at 278 nm. Both signals
from 0.1 to 900 s were used after the first jump. decreased when the protein was incubated in urea-containing
For double jump experiment$7), native RICK-CARD buffer. Overall, the data show that the protein is folded with
(36 M) in buffer A was mixed with buffer A-containing 8  a well-packed tertiary structuren|4 M urea-containing
M urea for the first jump. After various delay times, as buffer, the spectra are consistent with those of unfolded
described in the text, the protein solution was mixed with proteins.
buffer A for the sgcondjump. The signalltrace was monitored Equilibrium Folding of RICK-CARD.The equilibrium
for 200 s. The final protein concentration wagBl, and  fq|ging/unfolding of RICK-CARD was examined by moni-
the final urea concentration was 0.67 M. The native protein y4ring the changes in fluorescence emission upon incubation
signal was determined from the final signal of the experiment urea-containing buffer. The samples were excited either
that used a 900 s delay time. To obtain the signal of the 5; ogg nm, to excite all aromatic residues, or 295 nm, to
unfolded protein, the third_ s_olution, described above, was gycite the single tryptophany! residue. In addition, the
changed to buffer A-containgn4 M urea. changes in CD at 220 nm were determined. Representative
For interrupted refolding experimentsg, 59), unfolded data are shown in Figure 3. The results show that the three
RICK-CARD (36uM) in buffer A-containilg 3 M ureawas  spectroscopic probes overlay, suggesting that the loss of
mixed with buffer A for the first jump. After various delay secondary structure is concomitant with the loss of tertiary
times, as shown in the figures, the protein solution was mixed structure. The experiments were repeated over a range of
with buffer A-containiy 4 M urea. The final urea con- protein concentrations (1-5.2 M) and did not vary from
centration was 3.58 M, and the final protein concentra- those shown in Figure 3 (data not shown). While some
tion was 3uM. The signal for the unfolded protein was CARDs have been shown to form homooligomers at
obtained from the final signal of the experiment that used a higher protein concentrations, RICK-CARD is a mono-
900 s delay time. To obtain the signal of the native protein, mer under the experimental conditions described here (30
the third solution was changed to buffer A-containing 1.5 mM Tris-HCI, pH 8, 1 mM DTT, 25°C, 12 uM or less
M urea. protein).

Stopped-Flow Fluorescence Studigébe kinetic folding/
unfolding experiments were performed using a stopped-flow
spectrofluorometer (SX.18MV, Applied Photophysics, UK).
The temperature was controlled at 25 using a circulating
water bath. The samples were excited at 280 nm and the
fluorescence emission was measured using a cutoff filter of
305 nm. The refolding experiments were done by mixing
stock protein solutions (38M) that had been prepared in
buffer A-containirg 4 M urea (unfolded protein) with buffer
A. The final protein concentration wasud, and a mixing
ratio of 1:10 was used. Stock protein (881) in 4 M urea-
containing buffer was mixed with buffer A-containing urea
between 0 and 4 M, as shown in the figures. For unfolding
experiments, stock protein (33V) in buffer A was mixed
with buffer A-containing urea between 0 and 4 M. The final
protein concentration was;aV, and a mixing ratio of 1:10
was used. The final urea concentrations are shown in the
figures.

Double Jump and Interrupted Refolding Stopped-Flow
Experiments.The experiments were performed with a
stopped-flow spectrofluorometer (SX.18MV, Applied Photo-
physics, UK) using the sequential mixing mode. The tem-
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Ficure 3: Equilibrium unfolding of RICK-CARD. The average
emission wavelength was determined for fluorescence emission
spectra as described in methods. The normalized average emission
wavelength and CD data versus urea concentrations are plotted.
The fluorescence emission data from excitation at Z80 ¢r 295

nm @) of RICK-CARD (3uM) as well as the CD data at 220 nm
(a) of RICK-CARD (6 uM) are shown. The solid line and dashed
line represent fits of the data from excitation at 280 and 295 nm,
respectively, to a two-state equilibrium folding mechanism. The
AGH02 andm-value obtained for excitation at 280 nm are 2.9 kcal/
mol and 1.3 kcal moft M™%, respectively. Thé\GH-° andm-value

for excitation at 295 nm are 3.1 kcal/mol and 1.4 kcal Mo 2,
respectively, at 25C.
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Wavelength (nm) Because of these considerations, we examined the effects
FIGURE 2: (A) Fluorescence emission spectra of RICK-CARD. The Of various salts on the protein stability. o
protein (3uM) in buffer (®) or in 3 M urea-containing buffel) The urea unfolding studies were done in buffers containing
was excited at 295 nm. The fluorescence emission was collectedNaCl, KCI, KH,POJ/K,HPQ,, or NaSQ,. Representative

from 300 to 400 nm. (B) Far-UV and (C) near-UV CD spectra of ; ; ; ; ;
RICK-CARD. The spectra of native protein in buffer (solid line) data for the experiments in which NaCl was included in the

and the denatured protein # M urea-containing buffer (dash line) ~ Puffers are shown in Figure 4A. Overall, the unfolding
are shown. profiles were similar over the entire range of salt, although

the amount of urea required to unfold the protein increased

The results shown in Figure 3 are well-described by a two- between 200 mM ah 2 M NaCl. Similar results were
state equilibrium folding model, representing only the native obtained for experiments in which the other salts were
and unfolded states of the protein. The conformational free examined (data not shown), with the exceptions noted below.
energy,AG™°, and the cooperativity indexmn, determined The data were well-described by a two-state equilibrium
from fits of the data to the two-state equilibrium model are model, and the results of the fits are summarized in Figure
3.0 £ 0.15 kcal/mol and 1.2A 0.06 kcal mot* M1, 4B. Themrvalue did not change significantly in the presence
respectively. Thenvalue is thought to represent the change of salt, indicating that equilibrium folding intermediates are
in surface area of the protein exposed to solvent upon not stabilized under these conditions. At low concentrations
unfolding @2, 63). Scholtz and co-workers64) have of NaCl or KCI, between 0 and 200 mM, the midpoint, or
described a qualitative correlation betweentfrgalue and ureay, decreased from 2.4 t81.8 M urea, and thG":°
the change in the solvent exposed surface are&SQ). decreased from 3.0 to 2.5 kcal/mol. These results suggest
Using their equations, we calculate tReASA of RICK- that in RICK-CARD electrostatic interactions are stabilizing,
CARD to be 8200 A corresponding to 98 residues. This is and the favorable Coulombic interactions are screened at low
in excellent agreement with the number of amino acids of ionic strength. Alternatively, Lee et ab§) have shown that
RICK-CARD, 95. at ionic strengths near physiological values, pairwise Cou-

Influence of Salts on Protein Stabilityong-range electro-  lombic interactions are weak at distances greater than 5 A,
static interactions on the surface of several small proteinsbut in aggregate, the long-range interactions can affect the
(50, 52, 65) have been shown to affect the conformational properties of the protein. For example, long-range, repulsive,
free energy. In some cases, charge repulsions on the proteitinteractions can have a significant effect if not balanced by
surface have been shown to destabilize the native conformafavorable interactions. Thus, it is possible that for RICK-
tion of the protein %0, 52, 65). In addition, CARD-CARD CARD unfavorable Coulombic interactions become more
interactions are known to be influenced by the charged important at low ionic strength. Above 200 mM salt, the
groups on the protein surfac®) (The calculated pl of RICK-  urea,, increased so that 2 M NaCl, AG™° was 7.3 kcal/
CARD is 5.3, although it contains 13 basic and 14 acidic mol. These results are consistent with Hofmeister effé&is (
residues, and the charge of the protein at pH 8, the conditions68). Similar results have been described for the cold shock
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Residuals for fits of the refolding data to two or three

exponential processes are shown in Figure 5B. The results
demonstrate that although the amplitude of the middle phase
is small, the data are fit better to a three-exponential process.

For refolding, the apparent rate constant of the fast phase
is 21 s't, whereas those of the intermediate and slow phases
are 1 and 0.01278, respectively. The intermediate phase
accounts for only~3% of the refolding signal change,
whereas those of the fast and slow phases account3dr
and ~43%, respectively. For unfoldingni4 M urea-
containing buffer, the apparent rate constant of the fast phase
is ~1 s ™1, whereas those of the intermediate and slow phases
are 0.08 and 0.014°§ respectively. Each phase accounts
for about 15% of the total signal change. Overall, the results
demonstrate that there are at least four phases in unfolding
and in refolding: a burst phase within the instrumental dead
time, a fast phase, with a half-time 6f50 ms (refolding)
or ~0.5 s (unfolding), an intermediate phase with a half-
time of ~1 s (refolding) or~10 s (unfolding) and a slow
phase, with a half-time of50 s.

To examine whether the burst phases represent the
formation of transient intermediates, we performed the
experiments in several final urea concentrations, from 0 to
4 M. The results are shown in Figure 5C. For refolding, the
data show that there is a linear decrease of the initial signal
from 4 to 0.5 M urea. This demonstrates that the burst phase
in refolding does not correlate with the formation of a
transiently populated partially folded, or intermediate, con-
o o formation. In contrast, the change in the burst phase

10 100 1000 amplitude is cooperative in the unfolding experiments. The
Salt (mM) data show that the burst phase in unfolding does correlate

with formation of a transiently populated intermediate, and

Ficure 4: (A) Equilibrium unfolding of RICK-CARD in the  in 4 M urea-containing buffer, the burst phase amplitude

presence of NaCl. NaCl concentration ranges frono @ tM is ; 0 :
indicated: 0 (), 33 (M), 50 (a), 100 (»), 300 (), 500 (), 750 accounts for approximately 55% of the total signal change.

(v), 1000 (v), 1500 @#), 2000 ) mM. The solid lines are fits to The burst .p'ha}se amplﬂudes for unfolding were fit to a two-
a two-state equilibrium mechanism, and the results are shown in State equilibrium unfolding model, and th&G":° and

Panel B. (B) Conformational free energy versus salt concentration. mvalue determined from the fits are 2 kcal/mol and 0.93
The AG™:° was obtained from the fits of the equilibrium unfolding  kcal mol2 M2, respectively. These values account for about

of RICK-CARD (3 uM) in the presence of four salts: NaQy), 0 H.0 : .
KCI (O), KHoPOJK,HPO, (@), and NaSQ, (M). The solid lines 70% of the totaAG™° andm determined from equilibrium

0.8 |
0.6 |

0.4 F

Fraction Folded

0.2 f

oo

AG"2° (kcal/mol)

are not fits but are present as a guide. unfolding (Figure 3). _ _
As shown in Figure 5C, the final signal (at100 s)
protein (Csp) from the thermophilic organisBacillus accounts for the total change in signal between native and

caldolyticus (51, 65). As expected for electrostatic inter- unfolded protein. The final amplitudes were fit to a two-
actions that are screened by counterions, the divalent ionsstate equilibrium model, and thdGH*° and m-value
were more effective than the monovalent ions, and the effectsdetermined from the fits are 2.6 kcal/mol and 1.3 kcal Thol
are shifted to lower salt concentrations. The data show thatM 1, respectively. These values are in good agreement
the response is not cation or anion dependent and prob-with those determined from the equilibrium unfolding
ably precludes the binding of ions to specific sites on the experiments (Figure 3). As shown in Figure 5D, the final
protein. signals of unfolding and refolding superimpose to the
Folding Kinetics of RICK-CARDThe time courses of  equilibrium unfolding data, demonstrating that the final
refolding and of unfolding RICK-CARD were examined in  conditions of the kinetic experiments are equivalent to those
single-mixing stopped-flow experiments by monitoring changes at equilibrium.
in fluorescence emission. The data are shown in Figure 5A, In addition to the burst phases, there are three other phases
and several kinetic phases are observed in both experimentsin the refolding and unfolding profiles. The apparent rate
First, a burst phase is present in both the unfolding and constants of the phases were determined in several final urea
refolding profiles. In unfolding, the burst phase accounts for concentrations, from 0 to 4 M, and the results are shown in
approximately 55% of the total signal change, whereas in Figure 5E. For the fast phases, the apparent rate constant,
refolding the burst phase accounts for approximately 65% kons generates a chevron plot, where the midpoint of the
of the total signal change. Second, following the burst phasecurve is approximately 2.7 M ureaimilar to the midpoint
the unfolding data are fit best to a three exponential processdetermined from the equilibrium unfolding data (2.4 M urea).
in which the three phases have similar amplitudes. The For the intermediate phase of refolding,s decreased with
refolding data also are fit best to a three exponential process.urea such that at concentrationd.5 M, the refolding data
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Ficure 5: The unfolding and refolding kinetics of RICK-CARD. (A) The refolding and unfolding signals versus time. The rajiead
unfolded protein signal€X) are indicated. Both unfolding®) and refolding tracesa() are shown. Solid lines represent fits of the unfolding

and refolding traces to a three exponential equation. Parameters obtained from the fits are given in the text. (B) Residuals of fits of the
refolding data 4) shown in panel A. The upper and lower panels are the residuals of two or three exponential fits, respectively. (C) Burst
phase signal of the refolding and unfolding reactions versus urea concentration. The initial signal of refw)ditig (nitial signal of
unfolding @), the final signal [0) from both studies, and the fits (solid lines) are plotted. The initial signals of refolding were fit to a linear
equation. The initial signals of unfolding were fit to a two-state folding mechanism wher&@He® is 2.0 kcal/mol and then-value is

0.93 kcal mot! M~1, The final signals from both studies were fit to a two-state folding mechanism whereGH€ is 2.8 kcal/mol and
them-value is 1.26 kcal mott M~2. (D) The final signals of refolding&) and unfolding @) versus urea concentrations. Both final signals

are superimposed to the equilibrium folding experimedy. (The lines are fits to a two-state folding mechanism. (E) The observed rate
constants Ky,9 for unfolding and for refolding versus urea concentration. Kheis determined from the three-exponential fit from the
unfolding (closed symbols) and refolding kinetics (open symbols). The midpoint from the equilibrium unfolding studies (Figure 3) is
indicated (2.4 M urea). The solid line represents a fit to eq 2. Parameters obtained from the fits are given in text.

were equally well fit to a two-exponential process. For the k =k, exp(—m,_rgurea]RT) +
intermediate phase of unfolding as well as the slow phases,

: . ex urea]RT) (2
kopsdid not vary over 2-fold, suggesting that those rates were ki €XPM—rsl IRT) (2)
independent of the final urea concentration. wherekgps is the observed rate constant of the fast phase,

The data for the fast phases were fit to a two-state kinetic kyn and kyy are the rate constants of refolding and of
mechanism using eq 28, 69) unfolding, respectively, in the absence of denaturant, and
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my-1s and my_ts reflect the change in solvent accessible

surface area between the unfolded and native states, respec—A 0T °
tively, relative to the transition state ensemble. Values of [ o
32 and 0.13 st were obtained fokyy andkyy, respectively, I 7
and values of 0.90 and 0.37 kcal mbM~! were obtained < L
for my_ts and my_ts, respectively. ® 0 k- ° i
The Gibbs free energy anuvalue between the native % [ o 1
and unfolded states of RICK-CARD can be calculated from LW ] :
the kinetic experiments using eqs 3 and 4, respectiasy ( s “r i ]
69). 5
S ,f . ]
AGH® = —RTIn(Ky,/Kun) ®3) - o © .
e @) o © ]
mUN = n\J*TS + n‘}\l*TS (4) OLl_l_l.l.l.l.I._l_l_l.l.unl_l_l_l.l.l.l.ld_l_l_l.l.l.l.u
0.1 1 10 100 1000
The calculations show that the Gibbs free energy of RICK- Delay Time (sec)

CARD is 3.3 kcal/mol, and thervalue is 1.26 kcal molt
M~L These values are in good agreement with those 100
described for the equilibrium unfolding studies (Figure 3), L J
where theAG™© is 3.0+ 0.15 kcal/mol and thenvalue is [ ®
1.274 0.06 kcal mot* M~1, Using eq 5, we calculated the

oo

A= my_1dmyy (5)

B¥ value of RICK-CARD to be 0.71. As described by Chen
and co-workers70), the8* value describes the compactness
of the transition state ensemble relative to that of the native [ ]
state ¥ = 1) and of the unfolded stat@*= 0) ensembles 20 | .
and refers to the position of the transition state on a folding ] ° ]
reaction coordinate. The data presented here demonstrate that oL ° ° ]
the transition state ensemble of RICK-CARD is compact, e
which indicates that many native-state contacts have formed 1 10 100 1000
in this folding reaction. Delay Time (sec)

Double Jump Stopped-Flow Studi€equential mixing, FIGURE 6: (A) Fraction of native protein versus delay time in double

or double jump, experiments were performed to investigate j ;mp experiments. The initiaty) and final signals@) of the signal
further the slow phases observed in the folding reactions of traces were normalized to fraction folded and plotted versus delay

RICK-CARD. In the first jump, the native protein was mixed time. (B) Fraction of native protein versus delay time in interrupted
with urea-containing buffer so that the final urea concentra- refolding experiments. The initial signal was normalized and plotted
tion was 4 M. As shown in Figure 3, this urea concentration versus delay time.

is sufficient to unfold the protein. During the first jump the protein, and WYand U, refer to the unfolded protein in the
time in which the protein was incubated in urea was varied native or non-native isomer, respectively, the double jump
from 0.1 to 900 s. In the second jump, the protein was experiment should reflect the population of molecules with
returned to native conditions, and refolding was monitored. the native isomeric state prior to prolyl isomerization.

This procedure allows one to examine slow equilibration  The results of the double jump experiments for RICK-
processes in the unfolded protein and has been used taCARD are shown in Figure 6A. Surprisingly, the short delay
examine the isomerization of prolyl (Xa&ro) peptide bonds  times resulted in little or no native protein formation upon
(71, 72). The homology model of RICK-CARD (Figure 1C) refolding. The data show a lag phase of approximately 20 s
suggests that the three prolyl residues are found in the trandfollowed by a second phase in which the population of native
configuration in the native protein. However, due to the low protein increases exponentially. At a minimum, the results
sequence identity of CARD proteins (Figure 1B), the rule out the sequential model described above. In that
isomeric states of the prolines are not well determined in mechanism, the non-native isomer develops slowly from the
our structural model. If one of the three prolines resides in unfolded protein, and the population of native protein
the cis isomer, then the unfolded state ensemble woulddecreases with longer delay times. Qualitatively, the two
consist of (1/6)x (5/6) or 11.6% of molecules in their native  phases observed in the double jump experiment are consistent
isomer at equilibrium, if one assumes a cis/trans ratio of 1:5 with the apparent rate constants obtained from the two slow
(43, 73). If two prolyl residues reside in the cis isomer, then phases of the single mixing unfolding experiment (Figure
the unfolded state ensemble would consist of 2.3% of 5A), 0.08 s (1, = 8.6 s) and 0.01478 (t;, = 49.3 s),
molecules in their native isomer at equilibrium. Thus, Xaa respectively. Overall, the results indicate that the intermedi-
Pro bonds in the cis configuration can have significant effects ates that form during the unfolding of RICK-CARD represent
on the population of native isomers in the unfolded state misfolded, or kinetically trapped, species. That is, when
ensemble. Assuming a three state modelNU; = Us) RICK-CARD unfolds for a short time, it is trapped in an
holds for RICK-CARD, in which N refers to the native unfolded-like intermediate state that cannot refold to the

0 -

Fraction Folded (%)
°
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Scheme 1: A Proposed Pathway for Unfolding of
RICK-CARD?

[55 %]

(burst)

(15 %]
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Scheme 2: A Proposed Pathway for Refolding of
RICK-CARD?

[54 %] [3 %] [43 %]
U (305" L (1sh Is (0.012 s")N

2 The percent change in fluorescence emission associated with each  aThe percent change in fluorescence emission associated with each
reaction is shown above and the folding rates are shown below the reaction is shown above and the folding rates are shown below the

reactions. N and U represent native and denatured states, respectivelyreaction. }, and k represent the non-native sequential intermediates
l1, I, and & represent the non-native sequential intermediates on the on the pathway.

pathway.

native state unless the time for unfolding is prolonged. RICK-
CARD is able to refold only after the unfolded species is
formed, and this occurs with a half-time 50 s.

Interrupted Refolding ExperimentBhe interrupted refold-
ing experiment is similar to the double jump experiment
except that it is employed to examine details of the refolding
pathway. In the first jump, the unfolded protein is refolded
for various amounts of time, and then it is returned to urea-
containing buffer, where unfolding is monitored. The initial
signal indicates the amount of native protein formed in
various times of refolding, thus the interrupted refolding
experiment gives a time course for the formation of native
protein. The results for RICK-CARD are shown in Figure
6B. The data demonstrate a lag phase~80 s, in which
there is little or no formation of native protein. Following

exposed during this phase of unfolding. Following the burst
phase, at least three additional kinetic phases occur, with
rate constants of1, 0.08, and 0.014 78, respectively. The
intermediate and slow phases are observed in double jump
experiments in which it was shown that the protein must
completely unfold (to U in Scheme 1) prior to refolding.
The refolding pathway of RICK-CARD also is complex,
and the data are consistent with the sequential folding model
shown in Scheme 2. In this model, the unfolded protein folds
via (at least) two intermediate conformations prior to reaching
the native state. The first step (5 1) is rapid, withKops ~
30 st in the absence of denaturant, and accounts for about
54% of the total signal change. The second steplls)
occurs with an apparent rate of 1'sand accounts for3%
of the total signal change. According to Scheme 2, this
suggests that the fluorescence properties are similar,for |

the lag phase, a second phase occurs in which the population,, 'y This phase is apparent only at low urea concentrations
of native protein increases exponentially. These results (<1.5 M). The slow phase of refoldings(- N) occurs with

provide evidence for the transient population of intermediate,
or partially folded, conformations. Only the second phase
produces native RICK-CARD. The half-time-{00 s) of

an apparent rate of 0.012sand accounts fot43% of the
total signal change. The intermediate and slow phases are
observed in the interrupted refolding experiments, where the

the appearance of the native state correlates well with theyime coyrse is followed for the appearance of native protein.
apparent rate constant for the slow phase in refolding (0.008, th4t experiment, it was shown that formation of the native

s 1, typ = 86 s in 1.5 M urea, Figure 5E).
DISCUSSION

We have characterized the equilibrium and kinetic folding
of a unique protein domain, CARD of RICK, which adopts
a o-helical Greek key fold. We have shown that at equilib-
rium, the folding of RICK-CARD is well described by a two-

conformation occurs only from the slowest phase, consistent
with the sequential model shown in Scheme 2.

The data suggest that for unfolding, most of surface area
is exposed in first step (N> 1,), where them-value was
determined to be 0.93 kcal mdIM~%. On the basis of the
correlation between the-value and the change in the solvent
exposed surface areAASA) described by Scholtz and co-

state mechanism representing the native and unfoldedworkers 64), this represents about 66 of the 95 residues in

ensembles. The protein is marginally stable, with@"*°
of 3.0+ 0.15 kcal/mol and am-value of 1.274+ 0.06 kcal
mol~* M~1 (30 mM Tris-HCI, pH 8, 1 mM DTT, 25°C).
While themrvalue is constant, the protein stability decreases

RICK-CARD. The remaining surface area appears to be
exposed in the second phasgt ;). The data suggest that
the intermediates in unfolding are more like the unfolded
conformation in that most of the accessible surface area is

in the presence of moderate salt concentrations (below 200solvent exposed. For refolding, the data suggest that the fast
mM) and then increases at higher salt concentrations. Thephase (U— 1,) is the major folding reaction for the protein.

results are similar to those of the cold shock protein (Csp)
from the thermophilic organisrBacillus caldolyticus(51,
65) in which it was shown that electrostatic interactions are
stabilizing in the native protein. Above 200 mM salt, the
results are consistent with Hofmeister effedg, (698).

The unfolding pathway of RICK-CARD is complex and
contains several non-native conformations. For unfolding,

This is reflected in the dependencelgfs on urea, demon-
strating that most of the surface area is buried in this phase.
The data indicate that the intermediates in refolding are more
like the native protein in terms of buried surface area rather
than the unfolded protein.

Kinetic complexity in unfolding and refolding reactions
has been observed for other small protei2® 43, 58, 71).

the data are consistent with the sequential unfolding model While the data presented here do not rule out other more
shown in Scheme 1. In this model, the native protein unfolds complicated off-pathway mechanisms, results from the

via three intermediate conformations prior to reaching the
unfolded state. The first step in unfolding,N |4, is rapid
and occurs during the dead time for mixing3 ms). The
AGM"0 and m-value, 2 kcal/mol and 0.93 kcal mdIM~1,

double jump and interrupted refolding experiments are
difficult to reconcile if the intermediates are off-pathway.

Overall, the data for RICK-CARD suggest the presence of
kinetically trapped, or misfolded, species that are on-pathway

respectively, for the burst phase reaction account for aboutboth in refolding and in unfolding. At this point, the nature

70% of the totaAGH° andm determined from equilibrium

of the species is not clear, but the data suggest that the

unfolding. This suggests that most of the surface area isintermediates are important. Recently, an on-pathway, mis-
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folded, kinetically trapped species has been described foracids) {7, 78) indicates that the intermediates may limit the

apo-pseudoazurirdB, 45). Interestingly, that protein also
has a Greek key topology, although it is comprised of
p-strands rather than theGreek key described for RICK-
CARD. In the case of apo-pseudoazurin, folding was shown

search to the native state ensemble.
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