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ABSTRACT. Recent experimental and theoretical studies in protein folding suggest that the rates and
underlying mechanisms by which proteins attain the native state are largely determined by the topological
complexity of a specific fold rather than by the fine details of the amino acid sequences. However, such
arguments are based upon the examination of a limited number of protein folds. To test this view, we
sought to investigate whether proteins belonging to the ubiquitin superfamily display similar folding
behavior. To do so, we compared the foldingnfolding transitions of mammalian ubiquitin (mUbi) with
those of its close yeast homologue (yUbi), and to those of the structurally related Ras binding domain
(RBD) of the serine/threonine kinasaf that displays no apparent sequence homology with the ubiquitin
family members. As demonstrated for mUbi [Krantz, B. A., and Sosnick, T. R. (2B@@hemistry 39
11696-11701], we show that a two-state transition model with no burst phase intermediate can describe
folding of both yUbi andraf RBD. We further demonstrate that (1) all three proteins refold at rates that
are within 1 order of magnitude (1800, 1100, and 370fser mUbi, raf RBD, and yUbi, respectively),

(2) both mUbi andaf RBD display similar refolding heterogeneity, and (3) the folding free energy barriers

of both mUbi andaf RBD display a similar temperature dependence and sensitivity to a stabilizing agent
or to mutations of a structurally equivalent central core residue. These findings are consistent with the
view that rates and mechanisms for protein folding depend mostly on the complexity of the native structure
topology rather than on the fine details of the amino acid sequence.

During the past decade, simplifying concepts of protein comparing structurally related members often involved
folding behavior have emerged from the study of many proteins, which have a discernible sequence homology (i.e.,
single-domain, two-state folding proteind—9). A key similarities in their fine sequence detaild)1-13, 15, 16,
finding has been that the complexity of the native-state search21, 22). In the study presented here, we thus sought to
(measured by the folding rate of a protein) is, surprisingly, examine whether folding rates and mechanisms of structur-
correlated to a “contact order”, a parameter which quantifies ally related members belonging to the ubiquitin superfamily
the average sequence separation that exists between residu@se similar in the absence of apparent amino acid sequence
making contact in the native structure of a proteif)( The conservation. We chose the ubiquitin-like topology as a
existence of such a correlation between a parameter thatmodel for two reasons. First, the ubiquitin superfamily
describes the complexity of structural topologies and folding represents a remarkable example of structural versatility: its
rate is supported by both experimental and theoretical members display large sequence variation, various binding
evidence. Experimentally, folding rates of homologous surface locations, and many unrelated functia®3.(In a
proteins (1) and highly mutated variant42, 13) were found recent version of the SCOP database (May 2003), where
to be relatively similar, and transition-state structures, structures are grouped by fold, superfamilies, and families,
characterized by value analysis, of structurally homologous up to six sequence-distant families exhibit the characteristic
protein pairs have been found to be consendet-(16). On ubiquitin-like fBappas secondary structure arrangement
a theoretical basis, several studies using low-resolution (24). Second, the folding of mammalian ubiquitin (mUbi)
models with Gelike approximations could be used to predict has been studied extensively over the past decade, but the
folding rates and the folding transition-state structure with interpretation of its folding mechanism has remained the
good succesd{—19). These results highlight the importance subject of controversy. In the mid-1990s, Roder and co-
of native-state topology versus fine details of the polypeptide workers reported the existence of a putative “burst phase”
chain sequence as a determinant of protein folding rates andntermediate in the refolding of mUP"W at a low denaturant
mechanisms4). concentration (a transition thought to take place during the

However, these arguments are built upon studies of amixing period of the stopped-flow apparatus), which also
limited number of protein folds. Furthermore, folding studies appeared to be correlated with a rate constant rollover at 25
°C (25, 26). The authors proposed that their results could
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Ficure 1: Tertiary and secondary ribbon structures of mUbi eafdRBD and their primary structure alignment. Amino acids with displayed

side chains include Phe 45 and Val 26 for mUbi and Trp 114 and Leu 8&af&BD. Phe 45, mutated in this study to Trp, and WT Trp

114 ofraf RBD were used as fluorescent probes to monitor the foldingolding transitions, while Val 26 and Leu 82 correspond to the
structurally equivalent central hydrophobic residues that were mutated in previous studies and this study. The alignment of the primary
structures was derived from both tertial¥1) and secondary structure alignments. The tertiary and secondary structure representations
were based on solution structures of the proteins using WebLab ViewerLite version 3.2 and P@Bgsusspectively (PDB entries 1UBI

and 1RFA).

be fit to a three-state model and interpreted as support for In this work, we demonstrate that the foldingnfolding

the existence of an early hydrophobic intermediate that is transition of the ubiquitin family and superfamily members
rapidly populated at the initiation of folding2{). On the mUbi, yUbi, andraf RBD can be described well by an
other hand, Krantz and Sosnick have recently demonstratedapparent two-state model, refold with similar rate constants,
that a two-state model could adequately describe the foldingand show similar refolding heterogeneity. To further compare
mechanism for mUbi under conditions in which the fastest the folding mechanism of sequence-unrelated mUbirafid
phase is not lost in the dead time of the stopped-flow RBD, we then present evidence to demonstrate that both
apparatusZg, 29). Studies of additional ubiquitin superfamily  proteins display equivalent folding free energy barrier

members could thus aid in resolving this controversy. variations when subjected to the same set of perturbations.
For these reasons, we decided to compare the folding Our results suggest that these proteins fold via similar folding
unfolding pathway of mUbi to that of its closgaccharo- pathways and thus reinforce the idea that the folding energy

myces cergsiae yeast homologue, yUbi (sequence 96% landscapes of proteins are relatively insensitive to the fine
identical), and, by contrast, to that of a structurally related details of the amino acid sequences.

protein displaying no apparent sequence homology with the

ubiquitin proteins (Figure 1). Among the different super- MATERIALS AND METHODS
family membersyaf RBD was identified as a good model Protein Constructions and Expressiofhe yUbi coding

for these studies because (1) its topology is virtually identical sequence was amplified by a standard PCR procedure from
to that of ubiquitin, despite an apparent lack of sequence the Sal engineeredsaccharomyces cerisiae UB14-derived
identity (<11%) 30, 31), (2) it contains a single, partially  Ubi gene 83) and cloned without further amino acid addition
buried tryptophan residue that could provide a fluorescent into a modified version ofEscherichia coliexpression
probe for monitoring the foldingunfolding transition (see  plasmid pQE-32 (Qiagen). The mUbi coding sequence was
Trp 114 in Figure 1), (3) it does not contain covalent disul- obtained by (1) amplifying the yUbi cDNA using & 5
fide bonds, and (4) it has two proline residues, Pro 64 and oligonucleotide which contains mUbi amino acid mutations
Pro 93, which are fixed in drans conformation in the (S19P, D22E, and S28A) and (2) cloning the PCR product
native structure of the protein, thus ensuring that only a small into the yUbi expression vector using tigd site, which
ratio of unfolded protein will be trapped in the slow rate- encodes amino acid positions 9 and 10 of the yUbi coding
limiting prolyl isomerization at the initiation of refolding  sequence. The Phe 45 Trp mutation was introduced into
(32. both ubiquitin coding sequences by replacing the wild-type



Folding Mechanism of Ubiquitin Superfamily Members

(WT) nucleotides using a megaprimer PCR strategy).(
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and precipitating the L82A mutant with 80% ammonium

Theraf RBD coding sequence was amplified by a standard sulfate at 4°C, and (6) resuspending the protein pellet with

PCR procedure from the pWD333 plasm&b), and cloned

into a modified version of pQE-32 with two extra amino
acids added at the N-terminal extremity of the coding
sequence (MG). Mutants L82l, L82V, and L82A were

buffer E [2.5 M Gdn-HCI (ultrapure grade from ICN), 50
mM Tris-HCI (pH 7.5), and 0.5 mM DTT] and applying it
on a Sephadex G50 column (Pharmacia) equilibrated with
buffer E. The fraction containing the protein was further

amplified from the parental sequence using a megaprimersubjected to dialysis using buffer B or buffer E for unfolding

PCR strategy34) to replace the appropriate nucleotides and
cloned back into the WTaf RBD expression vector. Coding
sequence mUbBt®W andraf RBD were alternatively cloned
into a modified version of pQE-32 containing a polyhistidine
tag. His-mUbi™*W and Hig-raf RBD thus contain the
following amino acid insertions at their N-termini: MHH-
HHHHG and MHHHHHHSMG, respectively. The coding

or folding experiments, respectively. The protein purity was
confirmed with Tricine SDSPAGE and the protein con-
centration later adjusted using Biomax-5 kDa Ultrafree
centrifugal filter device (Millipore). The typical yield was
50 mg of pure protein/mL for WTaf RBD and mutants.
Data Collection All experiments were performed in 25
mM sodium acetate buffer (pH 5.0) (ubiquitins) or in 50 mM

sequences and promoter of the different expression vectorsTris buffer (pH 7.5) with 0.5 mM DTT af RBD). The
were verified by sequencing. Expression vectors were temperature was kept constant at 25 0.1 °C unless

transformed intoE. coli BL21 strain containing theacl
repressor ifranson a separate pREP4 plasmid. Cell cultures
in ampicillin- and kanamycin-containing media were grown
to an OQyo of 0.8, and induced with 1 mM IPTG. After
growing for 6 h, the cells were harvested by centrifugation
and flash-frozen in liquid nitrogen.

Protein Purification All proteins were resuspended in a
minimal amount of buffer A [50 mM Tris-HCI (pH 8.0)]
and sonicated on ice in 5 mL samplesd@b of buffer A per

otherwise specified. All measurements were taken using an
Applied Photophysics SX18.MV stopped-flow fluorimeter
with excitation wavelengths set to 285 nm (ubiquitins) or
281 nm (af RBD) with a bandwidth of 2.5 nm. Fluorescence
emission spectra were monitored by taking fluorescence
measurements every 2 nm between 300 and 400 nm using a
bandwidth of 5 nm, while equilibrium and kinetic denaturant
dependence studies were performed by reading fluorescence
intensity using a high-pass glass filter with 320 nm (ubi-

culture volume). His-tagged proteins (used for double-jump quitins) or 305 nm raf RBD) cutoffs. All equilibrium

experiments only) were purified at a high concentration stability curves were generated by using the equilibrium end
(~500uM) with Ni—NTA resin using the standard manu- point of 10 s for folding or unfolding kinetic traces. Three
facturer’s procedures (Qiagen). The eluted protein solution 10 s relaxation traces, each containing 1000 data points
was then subjected to extensive dialysis to eliminate tracesdistributed in a logarithmic scale, were averaged for all
of imidazole. Purification of untagged proteins started with kinetic experiments. Refolding experiments were carried out

the addition of 50 mM MnClto precipitate DNA followed
by a centrifugation to remove cell debris (these were
recovered for mutantaf RBD L82A; see below). For the

by mixing 1 volume of the denatured protein (in 6.0 or 4.5
M Gdn-HCI solutions for ubiquitin proteins araf RBD,
respectively) with 10 volumes of solutions with denaturant

ubiquitin proteins, the supernatant was heated for 5 min at concentrations ranging from 0 to 7.0 M. Unfolding experi-
80 °C and rapidly cooled, and the precipitated protein was ments were performed by mixing 1 volume of native protein
removed by a second centrifugation. Purification was carried (in 1.0 or 0.5 M Gdn-HCI solutions for the ubiquitins @&f

out with an 80% ammonium sulfate precipitation at@

RBD, respectively) with 10 volumes of solutions with

followed by size exclusion chromatography on a Sephadex denaturant concentrations ranging from 7.0 to 0 M. Kinetic

G50 column (Pharmacia). The typical yield was 50 mg of
pure protein/L as confirmed by Tricine SBPAGE. Puri-
fication of WT raf RBD and both mutants L82I and L82V

experiments performed on theaf RBD L82A mutant
required different conditions because of its low stability. The
unfolded sample only required a 2.0 M Gdn-HCI solution,

was carried out by (1) applying the supernatant on a 15 mL while in the unfolding experiment, a 1:1 mixing was used
cationic resin (S Sepharose from Pharmacia) equilibrated into prevent aggregation by lowering the concentration of the

buffer A (raf RBD pK; ~ 8.9), (2) elutingraf RBD with
200-250 mM NacCl fractions using a NaCl gradient, (3)

protein sample. The final Gdn-HCI concentration of each
experiment was determined by refractive index measurements

concentrating the protein by ammonium sulfate precipitate with an Abbe 60 refractometer (Bellingham & Stanley Ltd.)

(80% at 4°C) and resuspending it in a minimum amount of
buffer B [50 mM Tris-HCI (pH 7.5) and 0.5 mM DTT], and
(4) applying the concentratedf RBD sample to a Sephadex
G50 column (Pharmacia). Purification of mutant L82A was
carried out by (1) washing cell debris with 50 mL of buffer
A and recovering the pellet from a second centrifugation,
(2) resuspending this pellet in buffer C [6 M urea, 50 mM
Tris-HCI (pH 8.0), and 0.5 mM DTT] and recovering the
supernatant from a third centrifugation, (3) applying the

using an independent set of dilutions. Final protein concen-
trations employed in single-jump experiments were set to
approximately 20 or 1M for the ubiquitins orraf RBD
based on an extinction coefficient of 6990 or 5875\t

280 nm, respectively36). His-tagged proteins were used in
double-jump experiments because they could be purified at
the much higher concentrations required to achieve the 1:77
dilution of protein needed in these experiments. These began
with rapidly unfolding 2 volumes of native His-tagged

supernatant on a 10 mL cationic resin (S Sepharose fromproteins (in 1.0 M and 0.5 M Gdn-HCI for mUbi andf

Pharmacia) equilibrated in buffer C, (4) elutiraf RBD with
200—-250 mM NacCl fractions using a NaCl gradient in buffer

RBD, respectively) in 5 volumes of concentrated Gdn-HCI
solutions (8.0 and 6.3 M Gdn-HCI for mUbi amdf RBD,

C, (5) reducing the urea concentration using dialysis againstrespectively). After a 10 s delay, these samples were then

a 20x volume of buffer D [0.4 M NaSQO, (enzyme grade
from Fisher), 50 mM Tris-HCI (pH 7.5), and 0.5 mM DTT]

subjected to rapid refolding using 1:10 mixing with low
denaturant concentrations. Final protein concentrations em-
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ployed in double-jump experiments were set to approximately ordinate axis. This procedure was used in order to avoid
10 uM. propagated errors due to extrapolation of the data in absence
Equilibrium analysisusing a two-state model of denatur- of denaturant. mUbf*W values at 8C were taken from the
ation, in which only the native and denatured states are chevron curve reported in ref5, while mUbf#5" values
populated at equilibrium (see eq 1), was applied to the entire measured in 0.4 M N&O, and of the different mutants at

set of fluorescence data extrapolated to infinky,§dmHch) position 26 were taken from re26. The two-statekg:°
using the fit made on the kinetic traces in the denaturant values were not reported in the latter article because of the
unfolding and refolding studies (see Kinetic Analysis). presence of a burst phase and rollover at low denaturant

concentrations. However, on the basis of the recent demon-
F, SdmHCl = [ CdmHCl 4 | GAMHCl oy pGdn-HCI— stration that a two-state deviation in the folding of mEBY/

Ho0 ) _ Hy can be attributed to the disappearance of the fast two-state
AGTTYRTIL + expmGdn-HCI = AG O)/R-I] (1) transition in the dead time of the stopped-flow experiment

Equation 1 assumes that the fluorescence intensity of the(28), we extrapolate#t=":° from the kineticme, my, andky"°
native and unfolded stateByC9™HC' andFGemHCY are linear values and from the equilibriu@ses, values (all determined
functions of Gdn-HCI concentration (Gdn-HCI). The model in absence of the burst phase) using eq 4:

also assumes that the difference in free energy between the |, o H,0

denatured and native state&@) varies linearly with the K¢~ = eXPIRTIN k™ 4 myCyy, + MCogo)/RT] (4)
denaturant concentration, with a slopefAG™:° represents
the difference in free energy between the two states in the
absence of denaturant. The fraction of folded prot&ig) (
was obtained from the raw stability curve data using the
following transformation:

¢ valueswere calculated from both the foldingd{ =
AAG:—y/AAGe-y) and unfolding experimentspé = 1 —
¢u = 1 — AAG+-{/AAGe-y) by evaluating differences in
the folding or unfolding free energy barrier obtained fol-
lowing mutation of WT amino acids to alaninAAGg—y
Fy= (FmdeHC' _ FuedeC|/{1 + exp[(MGdn-HCl— was determined from unfolding equilibrium experiments.

AGHZO)/RT]})/FNGdn_HCI (2) RESULTS

Reversibility of the Folding-Unfolding Transition of yUbi
and raf RBD We first tested for the reversibility of folding
and unfolding of both the Phe 45 Trp mutant of yUbi
(yUbiF45") andraf RBD as previously demonstrated for the
human ubiquitin (mUB*™) (25). To do so, we compared
the intrinsic fluorescence spectra and the unfolding free
energies of the native and renatured states. Figure 2A shows
that native (empty symbols) and renatured-state (filled
symbols) fluorescence emission spectra are the same at a
similar concentration withmax values at around 340 and 330
nm for yUbi*W (squares) andaf RBD (circles), respec-
tively. On the other hand, the denatured states (6.0 M Gdn-
HCI) of both proteins (dotted symbols) display very similar
fluorescence spectra (withhax right shifted toward 350 nm)
that are nearly identical to the fluorescence spectrum of free

o H.0 tryptophan in 6.0 M Gdn-HCIx%) at an equivalent concen-
N Kops = IN[ke™" exp(=meGdn-HCI) + tration. The large change in fluorescence intensity observed
kUHzo exp(—m,Gdn-HCI)] (3) following denaturation of both proteins indicated that intrinsic
fluorescence would provide a sensitive probe for the fold-
The observed relaxation ratgys is the sum of the refolding  ing—unfolding transitions for both yUb{®" andraf RBD.
and unfolding rateskfé and ky, respectively) at any Gdn-  We generated equilibrium stability curves of native (filled
HCI concentration. The logarithms kf andky are assumed  symbols) and renatured (empty symbols) states of both
to be linear functions of the denaturant concentration with proteins by monitoring changes in the fluorescence intensity
slopesme andmy, respectivelyks"2° andk,H° are the rates  versus Gdn-HCI concentration (Figure 2B). Similar, highly
of folding and unfolding in the absence of denaturant, cooperative fluorescence intensity transitions were obtained
respectively. Standard deviations were obtained from the bestwith midpoint concentrations of denaturatid®sg.,) of 2.88
fit of the data. To minimize the error in the fit, the rates of £ 0.01 and 2.93: 0.02 M for yUbf*>" and 2.01+ 0.03
the fastest phase derived from the four-component fit at very and 2.03+ 0.03 M for raf RBD for native and renatured
low denaturant concentrations were not taken into accountstates, respectively. A two-state equilibrium modeling of the
when comparingaf RBD chevron curves generated under curves using nonlinear regression analysis of data fit to eq 1
different conditions (Figure 9A) or with different mutants (see Materials and Methods) revealed unfolding free energies
(Figure 10B). in water AGH0) of 6.4 4 0.3 kcal/mol (native) and 6.8

Intrinsic folding ratesat 0.5 M Gdn-HCI k- 0.5 M), and 0.3 kcal/mol (renatured) for yUR#W and 5.44- 0.7 kcal/
intrinsic unfolding rates at 3.5 M Gdn-HCk( 3.5 M), were mol (native) and 5.t 0.6 kcal/mol (renatured) foaf RBD.
obtained from a Chevron curve fit of the data points shifted These results show that native and renatured forms of both
to the left, such thaks 0.5 M andky 3.5 M intersect the  proteins display similar characteristics and further suggest

Kinetic Analysis Following the dead time determination
of the stopped-flow apparatud?), all the kinetic traces were
transformed by adding 0.7 ms (proper setting of the initial
reaction time) and removing all experimental data acquired
before 3.5 ms. Kinetic parameters of the different traces were
obtained by using the nonlinear regression analysis program
Kaleidagraph (version 3.6, Synergy Software). All unfolding
kinetic traces could be described well by either a single
exponential or a constant function (unfolding experiments
carried out under native conditions). Folding kinetic traces
could require up to four exponential terms at low denaturant
concentrations to be properly fit. Relaxation rates observed
for the unfolding and the major refolding transitions were
fit to a two-state model (chevron curve) according to eq 3.
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Ficure 3: Fraction folded vs denaturant (A) and free energy of
unfolding (B) of mUbF43W (a), yUbiF45W (O), andraf RBD (O) at
25°C. Fractional equilibrium values and free energies of unfolding
were obtained by transforming equilibrium stability curves of
unfolding experiments (see Figure 2B and Materials and Methods)

states (dotted symbols, in 6.0 M Gdn-HCI). Fluorescence emission With @ two-state transition model; see eq 2. Thermodynamic

spectra of free tryptopharx( and a 6.0 M Gdn-HCI solution)

are also shown. All sample concentrations were adjusted tdiLO
(B) Equilibrium stability curves of native (empty symbols) and
renatured (filled symbols) states of yU#iV (squares) ancaf RBD
(circles) at 25°C. Fluorescence intensities were taken from the
equilibrium end points of unfolding (native) and folding (renatured)
kinetic traces (10 s) using 320 and 305 nm cutoff filters for yei
and raf RBD, respectively. The solid lines are results of least-

parameters are reported in Table 1.

Folding and Unfolding Kinetics of the Ubiquitin Homo-
logues and raf RBDTo characterize the kinetic behavior of
mUbiF5Y, yUbiF45W, andraf RBD, we analyzed the folding
and unfolding relaxation following chemical denaturant
jumps (Gdn-HCI) at 25°C, again using the intrinsic

squares-fit analysis of the experimental data based on a two-stateryptophan fluorescence as a probe. Unfolding traces could

folding—unfolding model; see eq 1 in Materials and Methods. The
cooperativity valuesni) and theAGHC are reported in Table 1.
Raw fluorescence data were transformed to reétRBD and
yUbiF45W denatured-state fluorescence to the same value.

that yUb#5W andraf RBD can be unfolded and refolded in
a reversible manner.

Free Energy of the FoldingUnfolding Transition of the
Ubiquitin Homologues and raf RBO'he equilibrium stabil-
ity curves of yUbf*3W (squares) ancaf RBD (circles) were
then transformed into the more convenient fraction folded

be fit to a single-exponential equation (data not shown), while
up to four exponential terms were required to properly model
the folding reactions. Figure 4 shows typical folding kinetic
traces obtained for mUB®Y, yubi*W, andraf RBD at
various Gdn-HCI concentrations (see Materials and Methods
for details). Observed intrinsic folding and unfolding rate
constants (empty and filled symbols, respectively) and the
amplitudes of the different folding transitions are reported
in Figure 6.

To assess whether a burst phase is observed within the

representation shown in Figure 3A and compared to thosemixing time of the stopped-flow apparatus following initia-

for mUbIF45W., As shown previously by CD equilibrium
experiments 8), the Csoy, for yUbiF45W was shifted to the
left compared to that of mUBb#Y (2.884- 0.01 and 3.78t
0.02 M Gdn-HCI, respectively; see Figure 3 and Table 1).
However, despite this significant shift, the unfolding free
energy of the yeast homologue extrapolate® M denatur-
ant (AG™°) was found to be only marginally smaller than
that of mUbF*W (6.4 £+ 0.3 and 7.04+ 0.4 kcal/mol,
respectively) as reflected by a larger determinedhalue for
yUbiF45W compared to that of mUBW (2.24+ 0.1 and 1.80

+ 0.07 kcal mot! M™%, respectively; see Figure 3B).
However, both ubiquitins were found to be more stable than
theraf RBD (Figure 3B). The cooperativities of the transi-
tions for both proteins, as quantified by values, were
similar but not identical within the experimental error for
all three proteinsréf RBD having the highest value, 26

0.3 kcal mott M™Y.

tion of folding or unfolding experiments28), we then
extrapolated the initial fluorescence values of the kinetic
traces using the best-fit exponential or sum of exponential
terms for each curve. Figure 5 presents both the extrapolated
initial (circles) and final (squares) fluorescence intensities
of all refolding and unfolding experiments performed on
mUbi™W, yUbiFW andraf RBD. For refolding experiments
(empty symbols), initial fluorescence values (circles) for all
three proteins showed no significant signs of deviation from
the fluorescence intensity obtained for free tryptophan under
similar conditions &). For the unfolding experiments, the
extrapolated initial fluorescence value®)(of all three
proteins were not found to deviate from linearity. Final
extrapolated fluorescence values obtained from both folding
and unfolding experiments fit well to the equilibrium stability
curve (solid line). Additional refolding experiments per-
formed onraf RBD in the presence of 0.4 M NaO, (a
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Table 1: Folding Thermodynamic and Kinetic Parameters of m&i yUbi*5V, andraf RBD at 25°C Measured in Folding (f) and

Unfolding (u) Experiments

Csood mp AGH0 ¢ Rde RTI’Tle kFHZOe kUHZO e ﬁTf

mUbi™5W  equilibrium 3.76+ 0.02 1.9+ 0.1 7.2+ 0.4
3.78+£0.02 1.80+0.07 7.0:04

kinetic 3.79+£0.09 2.13+0.04 8+1 140+ 0.03 0.73:0.03 1800+ 100 0.0021+ 0.0006 0.66
yUbiF4W  equilibrium 2.93+£0.02 23+0.1 6.8+ 0.3
2.88+£0.01 2.2+0.1 6.4+ 0.3

kinetic 3.02+0.04 2.15£0.02 6.4+04 1.45+0.01 0.70+£0.01 370+ 10  0.0078&t 0.0008 0.67
raf RBD  equilibrium 2.03+0.03 2.5+ 0.3 5.0+ 0.6
2.01+0.03 2.7+ 0.5 5.4+ 0.7

kinetic 1.68+0.08 2.75£0.06 4.9+04 2.17+0.05 0.58£0.01 1100+ 100 0.31+ 0.03 0.79

2 The Csoy values are in units of moles of Gdn-HCI per lit€The m values are in units of kilocalories per mole per moles of Gdn-HClI per liter.
¢ The free energies of folding\G) are in units of kilocalories per molé.The kineticm values for folding and unfoldinghg= andmy, respectively)
were multiplied by the factoRT (gas constant times the temperature) for the comparison with the equilibmivadues.® The rate constants are
in units of inverse secondsThe 3t values were determined from tHTm/myi, ratio.
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Ficure 5: Extrapolated initial (circles) and final (squares) fluo-
grescence intensity observed during folding (empty symbols) and
unfolding (filled symbols) kinetic experiments with mUHW,
yUbiF4W andraf RBD at 25°C. Times signs show the fluorescence
intensity of free tryptophan vs Gdn-HCI concentration. Extrapolated
data were obtained from the simplest exponential functions that fit
to the folding and unfolding traces (see Figure 4 and Materials and
Methods). Extrapolated infinite points of unfolding experiments
(filled squares) were fit to an equilibrium stability curve (eq 1).
Fluorescence data obtained from the folding experiments and the
free tryptophan samples were set relative to the data from unfolding
experiments.

FiGURE 4. Stopped-flow kinetic refolding traces of mUHY,
yUbiF4W and raf RBD at different denaturant concentrations.
Denatured protein samples were mixed with various Gdn-HCI
solutions using a 1:10 ratio. Fluorescence emission was monitore
by using 320 nm (ubiquitin proteins) and 305 nraf(RBD) cutoff
filters. Kinetic traces were fit to single-exponential or multiexpo-
nential functions by using nonlinear regression analysis. The noise
is reduced at the end of theaf RBD folding experiment by
acquiring data in the oversampling mode (fewer acquisitions can
be averaged for each point when using the logarithmic distribution
of the points on the time axis).

condition known to further stabilize hydrophobic interactions)
did not reveal further deviation of the initial fluorescence
intensity signal on traces measured at Gdn-HCI concentra-going from denatured to native states, and vice versa, can
tions as low as 1.5 M [relaxation folding experiments be ascribed to a series of exponential components, suggesting
performed at a lower Gdn-HCI concentration with 0.4 M that there is not a rapid, sub-millisecond burst-phase inter-

Na,SO, were too fast to be analyzed with our conventional mediate for the ubiquitins or fataf RBD.

stopped-flow apparatug®)]. These results demonstrate that ~ Analysis of the refolding kinetics of both mUB#" and

for all three proteins, the intrinsic fluorescence amplitude yUbi¥W, at low Gdn-HCI concentrations<@.4 M for
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FIGURE 6: Kinetic relaxation rates of folding (empty symbols) and
unfolding (filled circle) transitions of mUB#W, yUbiF45W, andraf
RBD as obtained from the best fit functions of the 10 s stopped-
flow kinetic traces (see Figure 4). Relative amplitudes of the folding
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obtained from kinetic data; see the Discussion), thus sug-
gesting that the ubiquitin homologues fold and unfold via a
unique transition-state ensemble (minor folding transitions
not considered; see the Discussion).

raf RBD refolding at low denaturant concentratior<)(6
M Gdn-HCI) displays a four-phase profile (Figure 6). At 0.41
M Gdn-HClI, the fastest phase accounts for around 60% of
the refolding amplitude®). It is followed by three additional
transitions accounting for30% (), ~3% (A), and 7% &)
of the total amplitude. As observed for mUbi, the folding
rates of the additional transitions do not depend on denaturant
concentration. The relaxation rate of the major folding
transition (O) matches the unfolding relaxation rat®)(
around Csoy With no apparent deviation of folding and
unfolding rates from the two-state chevron curve. Thermo-
dynamic parameters obtained faaf RBD kinetic experi-
ments (Table 1) are consistent with those obtained from the
equilibrium measurements, thus suggesting that the folding
and unfolding transition proceeds via a unique transition-
state ensemble (minor folding transitions not considered; see
the Discussion).

We then performed double-jump experiments to assess
whether the additional transitions observed in mUbi eafd
RBD refolding could be due to a slow proline or non-prolyl
amino acid isomerization everZ, 39). Re-examination of
muUbi refolding relaxation, acquired in oversampling mode
(noise reduction strategy; compare mUbi refolding traces
obtained in Figure 7 versus Figure 4), revealed a fourth slow
minor phase with a very low amplitude (FigureT4 ~ 2%).

This four-phase refolding profile obtained for both proteins

transitions are also shown (inset) with the exception of the slowest is well supported by the comparison of residuals obtained

phase forraf RBD, which displays~8% of the total refolding
amplitude. Circles, squares, triangles, and times signs correspon
to the different observed transitions. The main transition rates of
both folding and unfolding experiments were fit to a chevron
equation (eq 3).

mUbiFWand <1.6 M for yUbi***W), shows that more than
one exponential term is required to properly fit the traces
(Figure 6). For mUBI*YW, approximately 80% of the total
refolding amplitude occurs in a fast two-state-like transition
(O); two slower minor phases account for the remaining
amplitude [0 and A; see Figure 6). As increasing amounts
of Gdn-HCl reduce the rate of the predominant fast transition,

CLrom fitting the traces to three or four exponential compo-

ents (see the bottom of Figure 7). From the relative
amplitude of the four-component fit, it is evident that the
two fastest transitions observed for both mUbi aatiRBD
refolding are not affected by the delay used to equilibrate
the unfolded state (see the inset). However, the relative
amplitude of the third transition for both proteins, and of
the fourth transition foraf RBD, are significantly diminished
when only 10 s is allowed for equilibration of the unfolded
state after the denaturation of the native protein. Notably,
all three additional transitions display similar rate constants
for both proteins (see the inset, left).

both denaturant-independent minor phases are incorporated Comparison of the chevron curves of all three proteins
into the same unique transition. On the other hand, the (Figure 8) reveals that the lower stability @ff RBD can be

folding of yUbi™W at low denaturant concentrations can be
fit using the sum of only two exponentials (Figure 6): the
middle transition observed in mUB#Y folding (squares) is
probably already incorporated in the main folding transition
of yUbi*W, the latter being 5 times slower in the yeast
homologue (1800 vs 370 respectively; sek"° in Table

1). For both ubiquitins, observed folding rates of the main
transition ©) match the observed unfolding rate®) @round
the Csoe Values determined from the equilibrium experiments.

attributed to an increase of the unfolding rate [see extrapo-
lated unfolding rates< — —)] rather than a decrease in the
folding rate. The folding rate afaf RBD (circles) was found

to be even closer to that of mUtt™W (triangles) than that of
yUbiF5W (squares). On the other hand, the denaturant
dependencies of the folding and unfolding rates for the
ubiquitin homologues n= and my values, respectively)
displayed similar values (see Table 1). One common
interpretation of kinetian values is that they measure the

Subsequent fitting of these observed rates to a two-staterelative degree of compaction of the transition-state en-
chevron curve equation (see eq 3 in Materials and Methods)semble. From the following ratione/(me + my) [called the

showed no apparent deviation from linearity (rollover) at low
or high denaturant concentrations. Finally, the thermody-

St value (7)], one can evaluate whether the transition state
is more denatured-like or native-like. Tlfie values of the

namic parameters obtained from the kinetic data (Table 1) ubiquitins were nearly identical (0.66 and 0.67 for mtg¥

correspond well to those obtained from equilibrium measure-

ments (although then value obtained from the equilibrium
experiment on mUB#W was found to be smaller than that

and yUbF*5%W, respectively; see Table 1) but slightly more
denatured-like than that ofaf RBD (0.79). However,
comparable variations ifir are observed among members
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Wil b ine of raf RBD at 8°C (O) and with 0.4 M NaSO, (O). Fluorescence
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E e l;l o identical) 2); cold shock proteins frorBacillus caldolyti-
S dple MMEMmr——— WW cus Bacillus subtilisis and Thermotoga maritiménave 5t

Ficure 7: Effect of double jump (2ble-jump, rapid unfolding and values of 0.91, 0.93, and 0.86, respectively, despite their

refolding) on therefoding heterogeneiy of His-mOBr (a1 055 S NS AN inetic Variation of raf RBD
n- and Hisra at 0. n- al .

Acquisition of the relaxation traces in the oversampling mode following Various PerturbationsHaving established that the
revealed an additional fourth transition (T4) in the refolding of mUbi  general folding behavior of the ubiquitins araf RBD is
that was not detected in experiments represented in Figure 4 (Seesimilar we set out to probe the folding mechanisnraf
residuals of the best three- and four-exponential component fits at ’ - . . .

the bottom, 3ple and 4ple, respectively). Dashed lines (double-jump RBD by performing perturbﬁtlon studies that had previously
experiments) and solid lines (classic single-jump experiments) been performed on mUBPY. The folding-unfolding be-
represent four exponential functions obtained from the best fits of havior of mUbF**W has been studied with respect to
the refolding traces. Ratek)(and amplitudes of the four transitions  temperature changes, addition of a stabilizing agent, and

derived from single-jump experiments (white and light gray : :
rectangles for mUbi andaf RBD, respectively) and double-jump mutations of a central core residue (Val 2@p(26). We

experiments (black and dark gray, respectively) are shown as insetsPerformed precisely the same studiesrahRBD. For the
Gdn-HClI concentrations and the temperature were set to obtain themutations, we chose the structurally equivalent position Leu
best kinetic resolution of the different transitions. 82 in raf RBD that corresponds to Val 26 in mUtiW
(Figure 1). Figure 9 presentaf RBD equilibrium stability
curves (panel A) and chevron curves (panel B) at@
(circles) and with 0.4 M NgO, (squares). Under both
conditions, the observed folding and unfolding rate constants
of raf RBD fit a chevron curve and the equilibrium
parameters are well estimated by the kinetic data within
experimental error (see Table 2). While addition o£81@,
increases both folding rates and stabilities of the folded forms
(reduction of the unfolding rate), lowering the temperature
led to a reduction of the folding rate, despite also increasing
the unfolding free energy barrier. Figure 10 presents the
equilibrium stability curves (panel A) and chevron curves

1800 s andky© = 0.0021 1. For yUBFSW k0 — 370 52 (panel B) ofraf RBD mutants L82A ©), L82V (O), and

andk "0 = 0.0078 L. Forraf RBD, k:0 = 1100 st andky™:2 L82I (@). All mutants display apparent two-state unfolding
= 0.31 s See Table 1 for the complete list of the parameters transitions withm values similar to that of the WT protein

obtained from the fits. (see Table 2). From the equilibrium stability curves (Figure
10A), we observed that all mutants appear to be less stable

of protein families. For example, yeast, bovine, and rat ACBP than WTraf RBD (see Table 2). The reduction in stability

havefr values of 0.57, 0.61, and 0.69, respectively, despite for mutants L82| @) and L82V () was caused by an

In (k)

[Gdn-HCI] (M)

FiIGURE 8: Comparative chevron curve plots of mEBIY (a),
yUbiF4W (0), andraf RBD (O) at 25°C. For mUbf4W, kgH0 =
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Table 2: Folding Thermodynamic and Kinetic ParametereabRBD at 8°C with 0.4 M NaSO, and ofraf RBD with Different Central Core

Residues at Position 82

me AGHZO b RTI’Tta RTm,a kFO.SMc kU3.5M c AAG¢aUd AAGxﬂFe

25°C equilibrium  2.7£ 0.5 5.4+ 0.7

kinetic 251+ 0.06 4.66+0.08 1.92+-0.04 0.59+0.01 148+7 9.2+ 0.2 - -
8°C equilibrium 2.7+ 0.3 5.3+ 0.6

kinetic 250+ 0.02 4.1+01 2.01+0.02 0.64+:0.01 14.9+04 2.05+ 0.08 1.45+ 0.04 0.91+ 0.02
N&SO, equilibrium 3.3+ 0.7 10+ 2

kinetic 257008 7.5+0.1 1.83+0.05 0.73+:0.03 7000+1000 3.9£0.2 —2.3+0.1 0.51+ 0.04
L82I equilibrium 2.3+ 0.2 3.7£04

kinetic 27+0.1 3.6+£0.2 2.06:£0.09 0.63£0.02 240+ 20 90+ 3 —0.29+0.08 —1.35+0.03
L82v equilibrium 2.6+ 0.4 3.6+ 0.6

kinetic 252+ 0.08 2.7+£0.2 1.83+0.07 0.69+0.01 88+ 3 160+ 5 0.31+0.05 —-1.69+0.03
L82A equilibrium  2.55+0.08 1.15+ 0.03

kinetic 2.6+0.2 0.4+ 0.2 1.7£0.1 0.89+0.02 5.2+ 04 440+ 30 1.98+ 0.07 —2.294+0.05

aThemvalues are in units of kilocalories per mole per moles of Gdn-HCI per fit€he free energies of folding\G) are in units of kilocalories
per mole. KineticAG values were determined by addidg\G:—¢ and subtractindAAG:—y from the WT kineticAG. ¢ The intrinsic rate constants
are in units of inverse seconds. To avoid error propagation resulting from extrapolation, the rate of fgldisgeported at 0.5 M Gdn-HCI and
the rate of unfoldingky) is reported at 3.5 M Gdn-HC!. AAG;—y with a mutation or change in conditions (%) (RT In kSMWESC) — (RT In
ke SM)x, e AAG:—¢ with a mutation or change in conditions (®) (RT In ky3SMw@SC) — (RT In k35M)x,

Fluorescence (V)

In k

[Gdn-HCI] (M)

Ficure 10: Equilibrium stability curves (A) and chevron curves
(B) of raf RBD mutants L82| @), L82V (O), and L82A Q). All
samples were adjusted for an after-mixing concentration @fM5
(except for the L82A mutant which was a5 uM for unfolding
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Ficure 11: Comparison of differences in the free energy barrier
of folding (A) and unfolding (B) obtained when various perturba-

tions are used to affect foldirgunfolding pathways for bothaf

experiments). Fluorescence intensities are the equilibrium end pointsRBD (gray rectangles) and mubi (white rectangles; data taken from
of a 10 s stopped-flow unfolding reaction. The dashed line '€fs25and26). Mutations to Ala, Val, Leu, and lle are introduced

represents the Wiaf RBD equilibrium and chevron curves at 25
°C.

increase in the unfolding rates, while the lower stability of

L82A could be attributed to both a decrease and an increas

of its folding and unfolding rates, respectively.

on a structurally equivalent position in both proteins (see Figure
1). The NaSO, concentration was 0.4 M. (C) Free energies of
unfolding extrapolated from the kinetitlAG values (light gray
and white forraf RBD and mUbi, respectively) or measured from

the equilibrium curves (dark gray and black faf RBD and mUbi,
é'espectively) are compared.

Figure 11 summarizes the effect of the different mutations stabilizing agentAAG; .y values obtained from the differ-

performed at an equivalent central core residue on laifth
RBD (gray) and mUBW (white) (see Materials and
Methods for details on the extrapolation of the two-state
folding transition rate of mUB#Y mutants). Free energy
differences in the height of the folding (Figure 11A) and
unfolding (Figure 11B) barriers obtained at’8 and with

ence betweeAG: .y in the presence and absence of 0.4 M
Na&SQO, are —2.3 + 0.1 and—2.1 kcal/mol, respectively),

and (3) by mutations at a structurally equivalent position.
For both proteins, the fastest folding mutant was the
isoleucine substitution, followed by leucine, valine, and
alanine, for the last of which folding was found to be even

0.4 M N&SQ, are also shown. The key result revealed here slower than in the WT proteins at € (AAG;—y for the

is that folding free energy barriers for botaf RBD and
mUbi™W are perturbed in the same manner (Figure 11A):
(1) at lower temperaturesAAG: -, values obtained from
the difference betweenG: .y at 8°C and that at 25C are
1.45 4+ 0.04 and 1.45 kcal/mol, respectively), (2) by the

mutation to alanine= 1.98+ 0.07 and 2.0 kcal/mol foraf
RBD and mUbi*5Y, respectively). Interestingly, faster fold-
ing mutants of both proteins are not the most stable;
unfolding experiments reveal that the unfolding free energy
barrier is maximal for the naturally selected amino acid
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(indicated by asterisks in Figure 11B). Northey and co- concentration (from 40 to 10-$and from 0.4 to 0.0253
workers reported similar results in a study on an SH3 domain. for the middle and slowest transitions, respectively). In
They demonstrated that the folding rate could be significantly contrast to these results, Krantz and Sosnick reported from
accelerated by replacing amino acids located at positions thatheir two-state analysis that three to five exponential terms
are loosely packed in the transition stage< 0.3) with those were needed to properly fit the data over an extended time
having bulkier side chains even though these mutationsrange £8). In both reports, minor phases were proposed to

reduce the stability of the native stat0y. be due to small populations of slowly refolding molecules
with cis-prolyl peptide bonds preceding proline residues
DISCUSSION [mUDbi contains three prolines in its coding sequence (Pro
o . 19, Pro 37, and Pro 38)]. In the study presented here, four
Ubiquitin Homologues and raf RBD Fold and Unfalta exponential terms were required to model the refolding

an Apparent Two-State Mechaniswiie have demonstrated  kinetic traces of mUB#W andraf RBD at low denaturant

that the folding and unfolding of ubiquitin homologues mUbi - concentrations during the first 10 s (Figure 7). The additional
and yUbi and ubiquitin superfamily membeaf RBD can  transitions observed in both proteins were found to have
be described well by an apparent two-state mechanism. Thisgjmj|ar rate constants and were relatively insensitive to Gdn-
conclusion is supported by four observations: (1) the Hc| [Figure 7 (inset, left) and Figure 6]. Furthermore,
convergence of observed folding and unfolding rate constantsgoyble-jump experiments suggest that the second transition
around the equilibrium-determinéloy (Figure 6, shoulder  opserved during the refolding of both proteins does not
region), (2) the absence of rollover in the chevron curve at gisplay the characteristics of a probis—transisomerization.
both low and high denaturant concentrations (Figures 6 andjts amplitude is similar even when the protein is refolded
7), (3) the absence of any relevant burst phase observed ifrom a nearly homogeneous population of taélns amino

the folding and unfolding process (Figure 5), and (4) the acid conformations. However, the third transition in both
similar extrapolation of the thermodynamic parameters for proteins displays the characteristics of a slowly refolding
the folding—unfolding transition from the kinetic and equi- population containingis peptide bonds preceding non-proly!
librium experiments (Table 1). Thus, mUbi results obtained (esidues. Its rate~8 and~7 st for mUbi and raf RBD,
from our study are in good agreement with the recent study respectively), amplitude (4.5 and 7.1%, respectively), and
of Krantz and Sosnickg) in which careful analysis of the  dependence on equilibration time are similar to the behavior
fast refolding trace of mUB#>" acquired within the detection o a transition first described by Pappenberger and collegues
limit of the stopped-flow apparatus shows no burst phase (39). The fourth transition observed faraf RBD also
under conditions where an intermediate has been suggeste ppeared to be sensitive to equilibrium time, and displayed
to exist @5, 26). However, it is interesting to note that the 3 rate and an amplitude that are characteristic of paiyt
equilibrium experiment performed with mUB#" yielded  transisomerization 82). No such amplitude variation could

Smaller-thlan-elxpectemil values (1.8Gt 0.07and 1.9: 0.1 pe observed for the slowest transition of mUbi. However, it
kcal mol™* M~ for the unfolding and refolding end point s relevant to note that this later phase remained hardly
experiments, respectively, compared to 2:4t30.04 kcal  detectable because of both its low rate constant and relatively

mol~* M~ for the kinetic experiment). This slight discrep-  small amplitude. Finally, it is interesting to note that a
ancy was not observed for yUit" for which both folding  previous pulse deuteriushydrogen exchange experiment
(2.3£ 0.1 kcal mot* M) and unfolding (2.2t 0.1 kcal ~ (41) has already characterized three minor phases in the
mol™* M) equilibrium-determinedn values were similar  refolding of mUbi, which have rate constants similar to the
to those extrapolated from kinetic data (2.250.02 kcal  three minor transitions identified in this study. In this study,
mol~* M~). By using various probes, Khorasanizadeh and amide hydrogen exchanges of residues 59, 61, and 69 were
co-workers also obtained equilibrium-determimadralues protected at a significantly slower rate45 s1) than the
smaller than those determined from kinetic experiments (2.2 majority of the other amide protons, whereas amide protons
kcal mol* M™) (25): 1.9 + 0.1 kcal mof* M~* using  of almost all amino acids also haell2% of their complete
fluorescence at 353 nm, 18 0.1 kcal mof* M~* using  amplitude protected at a rate of 7:sA fourth minor phase,
NMR peaks of His 68 Chkl and 2.0+ 0.1 kcal mott M~ accounting for~8% of the complete protection amplitude
using molar ellipticity at 222 nm. On the other hand, Krantz for most protons, was also identified with a rate constant as
and Sosnick found similam values under the same condi-  sjow as 0.07 st. More experiments are needed to determine
tions in both their equilibrium and kinetic experiments: 2.18 \whether the second transition observed in both mUbi and
+ 0.02 kcal mof* M~ (CD equilibrium experiments) and  raf RBD refolding could represent a late intermediate
2.17 £ 0.04 kcal mot* M™%, respectively 28). accumulating along the folding pathwag9j.

Similar Folding Heterogeneity in the Refolding of the  The Ubiquitins and raf RBDThe Same Fold and a Similar
Ubiquiting and raf RBD As demonstrated earlier, the folding Folding Rate and Mechanisrmis discussed by Plaxco and
mechanism ofaf RBD and yUbF**W can be described well  colleagues, no cases have been reported for which a
as a two-state process when considering only the majorhomologous set of proteins exhibits folding rates that differ
fastest refolding transition. However, many additional minor by more than 1 order of magnitude when their stabilities are
phases are also observed during the refolding of both proteinsgaken into accoun#). However, conservation of folding rate
at low denaturant concentrations. In their folding studies with and mechanism within proteins displaying sequence homol-
mUbi*®W, Khorasanizadeh and co-workers also observed two ogy could also be linked to the conservation of key folding
slower and smaller-amplitude transitions during the first 100 residues 42). Thus, to further explore the extent to which
s of the folding relaxation trace2€). For both transitions,  folding behavior of a protein is determined by the complexity
rate constants decreased with an increase in the denaturandf its fold rather than by the fine details of its sequence,



Folding Mechanism of Ubiquitin Superfamily Members

Biochemistry, Vol. 43, No. 26, 2008457
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similar amino acids are inserted at a structurally equivalent

position. ¢ value analysis performed on the structurally REFERENCES

equivalent position in both proteins yields similar medium
values as determined from substituting WT amino acids with

alanine (0.47 or 0.46 faaf RBD, 0.63 or 0.44 for mUBbi*sW 2.

usingAAG: ., or AAG:— ¢, respectively; see Table 2). Such
values suggest that the central buried amino acid in the
a-helices of both proteins displays approximately half of its
native stability in the transition state. These observations

suggest that, in addition to their similar folding rate constants, 4

raf RBD and the ubiquitins also fold via similar mechanisms.

How Insensitie Are Folding Rates and Pathways to Fine
Sequence DetailsThe results presented above provide a
clear example of folding rate and mechanism conservation

within ubiquitin superfold members. However, no apparent 6.

fine sequence detail conservation can be observed in the
alignment of mUbi andaf RBD primary structure (Figure

1). Other comparative studies of structurally similar but not 7.

obviously homologous proteins have also led to similar
conclusions. Chiti and co-workers showed that the transition
states of the topologically related human muscle acylphos-

phatase (Acp) and activation domain of procarboxypeptidase 9.

A2 (ADA2h) have remarkably similar structures, despite their
very low level of sequence identity (13%)4). The authors
also showed that large folding rate differences between these
proteins (0.24 and 9005 respectively) were consistent with
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