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ABSTRACT. The folding process of the acylphosphatase fi®atfolobus solfataricugSso AcP) has been
followed, starting from the fully unfolded state, using a variety of spectroscopic probes, including intrinsic
fluorescence, circular dichroism, and ANS binding. The results indicate that an ensemble of partially
folded or misfolded species form rapidly on the submillisecond time scale after initiation of folding. This
conformational ensemble produces a pronounced downward curvature in the Chevron plot, appears to
possess a content of secondary structure similar to that of the native state, as revealed by far-UV circular
dichroism, and appears to have surface-exposed hydrophobic clusters, as indicated by the ability of this
ensemble to bind to 8-anilino-1-naphthalenesulfonic acid (ANS). Sso AcP folds from this conformational
state with a rate constant of ca. 5'sat pH 5.5 and 37C. A minor slow exponential phase detected
during folding (rate constant of 0.2 sunder these conditions) is accelerated by cyclophilin A and is
absent in a mutant of Sso AcP in which alanine replaces the proline residue at position 50. This indicates
that for a lower fraction of Sso AcP molecules the folding process is rate-limited by thas isomerism

of the peptide bond preceding Pro50. A comparative analysis with four other homologous proteins from
the acylphosphatase superfamily shows that sequence hydrophobicity is an important determinant of the
conformational stability of partially folded states that may accumulate during folding of a protein. A low
net charge and a high propensity to fomhelical structure also emerge as possibly important determinants

of the stability of partially folded states. A significant correlation is also observed between folding rate
and hydrophobic content of the sequence within this superfamily, lending support to the idea that sequence
hydrophobicity, in addition to relative contact order and conformational stability of the native state, is a
key determinant of folding rate.

The recent sequencing of the genomes of a number ofacid sequence adopts a globular structure or remains natively
living organisms have enriched our databases with countlessunfolded (). Using published data on the conformational
open reading frames potentially able to code for an equivalentstabilities and folding/unfolding rates of a large number of
number of amino acid sequences. To fully exploit the proteins and mutated variants, Serrano and co-workers have
impressive mass of sequence information so far achievedachieved the goal of predicting, with a fair level of accuracy,

we have to gain a full knowledge of the protein folding code, the conformational stability of the native state of a protein
thatlls, that complex set of rules th{:\t deter.mlne the CONVersiony¢ choice, the change of stability upon mutation, and even
]?f "t'?earl tﬁnd CljJ_nstruc_:tureldtarr;mo agd sdequilnces INt0 e chanisms of protein folding), Structural determination
functional three-dimensional Structures. onsiderablé progress,¢ i, folding transition states for structurally related proteins
in our understanding of how proteins fold has come from . o .

) X . has allowed topology to be identified as an important
comparative analyses of different protein systems that havedeterminant in folding mechanism$-(6). The relative
allowed principles of general applicability to be obtained. gm ; ' )

The comparison between sequences of proteins known gocontact ordgr of a P“?te'”’ that IS, .the.average .dlstance
exist in unstructured states under physiological conditions Petween residues forming an interaction in the native state,
with those known to fold into a globular structure has first 1S @n established important determinant of folding rate for
of all allowed the prediction to be made on whether an amino Single-domain proteins’J. Although in these and other cases
the achieved possibility of predicting characteristics of
T The Dipartimento di Scienze Biochimiche in Florence is supported protein folding has to be considered a starting point for

gylthelealian Ml?R (Progittzfé%% "';0|din?t digOttetine’aﬁ(;é Tefa_ _further refinement analyses, rather than a definitive attain-
el codice genetico” and L. , Progetto “Strutture ed interazioni o . .
molecolari di prodotti genici”, Settore “Genomica Funzionale”) and ment, it is becoming clear that the comparison between
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a)

b)

mACP —————--STAQSLKSVDY EVFGRVQGVCFRMYTEDERRKIGVVGWVENTSKGTVT GOVQGPE DKVNSMKSW LS KVGSPS-SRIDRTNFSNEKTISKLEYSNESIRY
ctAckF ==m-m-- AEGNTLISVDYEIFGKVQGVFFRKHT QREGKKLGLVGWVONTDRGTVQG) LOGPI SKVRHMOEW LE TRGSPK-SHI DRANENNEKVILKLDYS DEQIVK
Sso AcP MKKWSDTEV FEMLK EMY ARV YGLVQGVGFRKFVQI HATRLG IKGYAKNLPDGSVEVVAE GYEEALSKL LER IKQ-GPPA-REVEKVDYS -~ FSEYKGEFEDFETY
HypF-N -————== MAKNTSCGVQLRIRGKVQGVGFRPFVWQ LAQQLN LHGDVCNDGDG-VEVR LRED--- PETFLVQLY-QHCPPLARI DSVEREPFIW--SQLFTEETIR

Ficure 1: (a) Three-dimensional structure of Sso AcP obtained using the modeling procedure of the SwissPDBViewer software and the
structure of ctAcP as a reference template and (b) sequences of mAcP, ctAcP, Sso AcP, and HypF-N aligned on the basis of sequence
identities. Residues conserved in all four proteins are underlined and shown in bold.

In this work, we investigate the folding mechanism of a fashion with no detectable misfolded or partially folded
newly cloned protein, the acylphosphatase from the hyper-intermediates populated even at the lowest denaturant
thermophilic archaeo®ulfolobus solfataricu¢Sso AcP): concentrations§g, 9), HypF-N forms a partially structured
The investigation of this acylphosphatase adds to our state during folding 10). Under conditions close to physi-
previous studies on human muscle acylphosphatase (mAcPplogical, this intermediate state is significantly more stable,
(3, 8), human common-type acylphosphatase (ctA®) (  has a stronger affinity for ANS, and has a higher intrinsic
and the N-terminal acylphosphatase domain offkeheri- fluorescence than the fully unfolded proteitO). Another
chia coli HypF (HypF-N) @0). These proteins share suf- impressive difference between these systems involves the
ficiently high sequence similarities (all pairs have sequence rate at which they fold. mAcP, ctAcP, and HypF-N fold with
identities higher than 22%) to suggest a common origin from rate constants of 0.2% 0.04, 2.3+ 0.5 and 80+ 15 s'?,

a unigue ancestor and allow classification within a single respectively 8—10). Differences also exist as to the involve-
acylphosphatase-like superfamily (Figure 1). The structural ment of proline residues in slow and low-amplitude folding
determination of mAcP, ctAcP, and HypF-N has basically phases10).

revealed the same ferredoxin-like topology, consisting of &  The results presented in this manuscript for Sso AcP
five-stranded antiparallgl-sheet facing on two antiparallel  contribute to introduction of a higher variability in the folding
a-helices (1-13). Although the structure of Sso AcP has process of this superfamily than previously determined. We
not yet been determined, the close sequence identity withyyj|| show that Sso AcP forms an ensemble of partially folded
the previously characterized acylphosphatases and proceduregonformations even more stable than that observed for HypF-
of structure modeling allow the same gross topology to be N, folds with a rate intermediate between the two extremes
deduced for Sso AcP (Figure 1). of mAcP and HypF-N, and displays a slow folding phase
Despite their common origin and structural similarity, that originates from a proline residue that is absent in all
previous inspection of the folding processes of MACP, CtACP, other acylphosphatases. The considerable heterogeneity
and HypF-N has revealed different features. While mACP opserved in the folding behavior within the acylphosphatase
and ctAcP have been found to fold in an apparent two-state syperfamily and the analysis of such variability presented
here sheds further light on the determinants of protein

! Abbreviations: AcPDro2, acylphosphatase no. 2 frbmmela- folding.
nogaster ANS, 8-anilino-1-naphthalenesulfonic acid; ctAcP, human
common-type acylphosphatase; CypA, cyclophilin A; far-UV CD,
circular dichroism in the far ultraviolet; GdnHCI, guanidinium chloride; MATERIALS AND METHODS
HypF-N, N-terminal domain oE.coli HypF; mAcP, human muscle . . - -
acylphosphatase; Sso AcP, acylphosphatase 8uolfolobus solfatari- Materials. Bovine cyclophilin A (CypA), 8-anilino-1-
cus naphthalenesulfonic acid (ANS) and guanidinium chloride
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(GdnHCI) were purchased from Sigma-Aldrich. Benzoyl
phosphate was synthesized and purified as describ@d (
DNA oligonucleotides were purchased from M-Medical
(Milano, ltaly).

Purification of Sso AcP and Its Mutated Varianithe
gene coding for Sso AcP was originally inserted in a pEMBL
plasmid. The DNA fragment corresponding to the Sso AcP

Bemporad et al.

The unfolding experiments were initiated by dilution of the
native protein into solutions containing GdnHCI at concen-
trations ranging from 3.5 to 6.5 M. The refolding reactions
were similarly initiated by a dilution of the GdnHCI-
denatured Sso AcP into solutions containing concentrations
of GdnHCI between 0.2 and 3.5 M. The dead time was
generally 10.4 ms. The unfolding and refolding traces were

gene was amplified by PCR using two primers that contained f@tted to simple and double exponential functions, respec-

the restriction sites foBanH| and EcoRIl. The resulting
amplified fragments were first purified using the Qia Quick
Purification Kit by Qiagen, digested witBarrHI and EcoR|

for 2 h, purified again, and then ligated into the pGEX-2T
plasmid, previously digested with the same restriction
enzymes. After the resulting plasmid was checked with DNA
sequencing, this was transformed irio coli DH5a cells.
Gene expression in the Did5cells and purification of the
resulting protein were carried out as described for mAdp. (
Protein purity was checked by SB$olyacrylamide gel

tively, to determine the rate constants of unfolding and of
the two phases of folding, together with their relative
amplitudes. The fitting procedure was made using the general
equation

n

y(t) = ) A exp(-kt) + g

(1)

wherey(t) is the fluorescence signal recorded as a function
of time, Ay andk; are the amplitude and the rate constant of

electrophoresis and electrospray mass spectrometry. Théhe ith phase, respectively) is the fluorescence value at

resulting sequence of the protein is WHKKWSDTEV-
FEMLKRMYARVYGLVQGVGFRKFVQIHAIRLGIKG-
YAKNLPDGSVEVVAEGYEEALSKLLERIKQGPPAAE-
VEKVDYSFSEYKGEFEDFETY. The Gly-Ser dipeptide at
the N-terminus results from the cloning in pGEX-2T. The
following methionine residue is residue no. 1. An extinction
coefficient g0 of 1.24 cmm* mg! mL was used to

determine protein concentration by UV absorption measure-

ments. Mutants of Sso AcP were obtained using the

equilibrium, andn is the number of observed phases.
Folding Kinetics Monitored with Far-UV CDrolding of
Sso AcP was monitored with far-UV CD at 222 nm using
an Applied Photophysics PiStar-180 stopped-flow device
coupled to a CD detection system (Leatherhead, U.K.). The
folding reaction was initiated by an 11-fold dilution of 0.715
mg ML Sso AcP denaturedi6 M GdnHCl into refolding
buffer. Final conditions were 0.065 mg mLSso AcP, 0.55
M GdnHCI, 50 mM acetate, pH 5.5, 3TC. Immediately

QuickChange site-directed mutagenesis kit from Stratagene &fter injection, the ellipticity at 222 nm was followed for up
The presence of the desired mutations was assessed by DNAC 50 s. The dead time of the experiment was 20 ms. The
sequencing. All the mutants were expressed and purified Méasurement was repeated 35 times, and the resulting traces
similarly to the wild-type protein. were averaged to obtain a trace with a maximized signal-

Equilibrium Studies with Intrinsic Fluorescence and Far to-noise ratio. The signal of the buffered solution with no
. © " proteinw r from the aver race. The aver
UV CD.Fluorescence spectra from 290 to 450 nm (excitation protein was subtracted from the averaged trace. The averaged

at 280 nm) were acquired for 21 equilibrated samples trace from 00 2 s was fitted to a single-exponential function
containing 0.04 mg mt Sso AcP and different concentra- (eq 1). No detectable changes of ellipticity were found after

2s.
tions of GdnHCI, ranging from (t6 M in 50 mM acetate : o ; ;
’ ) ; o Folding Kinetics Monitored with ANS Fluorescence.
pH 5.5, 37°C. Spectra were acquired using a PerkinElmer 9

Folding of Sso AcP was monitored in the presence of ANS
LS 55 (Wellesley, Massachusetts). CD spectra from 210 to .. L ) ; ;
260 nm were also acquired for 26 equilibrated samples using the Bio-Logic stopped-flow fluorimeter. The folding

o 1 . : : reaction was carried out by a 10-fold dilution of 0.5 mg L
containing 0.2 mg mt! protein and different concentrations Sso AcP denatured in 5.5 M GdnHCl into refolding buffer
of GdnHCI, ranging from 0 to 6.3 M, under the same

o . . containing 11uM ANS in 50 mM acetate, pH 5.5. Final
conditions. Spectra were acquired using a Jasco J-810;qjitions were 0.05 mg mit Sso AcP, 0.55 M GdnHClI,
spectropolarl_meter (Great Dunmow, Essex, Umte_d King- 99 uM ANS, 50 mM acetate, pH 5.5, 37C. Immediately
dom). The ratio of fluorescence values at the two major peaksa1‘ter injection, the emission of the dye above 475 nm was
(312 and 355 nm) and the mean residue ellipticity at 222 (5, yeq ysing an excitation wavelength of 370 nm. The dead

nm were plotted VErsus GdnHCI concentra_t?on. The WO time of the stopped-flow measurement was 10.4 ms. The
resulting plots were fitted to a two-state transition according resulting ANS fluorescence trace was fitted to a double-
to the equation described by Santoro and Bol&6),(to exponential function (eq 1)

obtain the free energy difference between the unfolded and Folding in the Presence of CypBolding of Sso AcP was

the native states in the absence of denatura@(7), the  stydied in the presence of CypA on the Bio-Logic stopped-
dependence oAGy-r on GdnHCI concentratiom value), flow apparatus by monitoring intrinsic fluorescence emission
and the midpoint of denaturatioiCy). above 320 nm with excitation wavelength of 280 nm. Folding
Folding and Unfolding Kinetics Monitored with Intrinsic ~ was initiated at 28C by a 30-fold dilution of 0.6 mg mt*
FluorescenceUnfolding and refolding reactions were fol- Sso AcP denatureahi6 M GdnHCI into a refolding buffer
lowed using a Bio-logic SFM-3 stopped-flow device coupled containing 0.1 M Tris/trifluoroacetic acid, pH 8.0 and CypA.
to a fluorescence detection system (Claix, France). An Final protein and GdnHCI concentrations were 0.02 mgmL
excitation wavelength of 280 nm and a band-pass filter to and 0.2 M, respectively. Final CypA concentrations ranged
monitor emitted fluorescence above 320 nm were used. All from 0 to 0.6uM.
the experiments were performed in 50 mM acetate, pH 5.5, Enzymatic Actiity Measurementshe enzymatic activity
37°C, at final protein concentrations of 0.62.04 mg mL™. of Sso AcP was measured by a continuous spectrophoto-
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metric method, using benzoyl phosphate as a substrate as 0.86 T T T

previously describedl(). All enzymatic activity measure-
ments were subtracted by the spontaneous hydrolysis of the
substrate measured in the absence of Sso AcP. Sso AcP (0.3
mg mL™%) denatured in 5.5 M GdnHCI was diluted 10 times
into a refolding buffer to yield final conditions of 0.03 mg
mL~! protein, 0.55 M GdnHCI, 50 mM acetate buffer, pH
5.5, 37°C. At regular time intervals, starting from 35 s after
initiation of the refolding reaction, 5@L of the resulting
sample was added to 930 of 5 mM benzoyl phosphate
freshly dissolved in 50 mM acetate buffer, pH 5.5. As a
control experiment, 5QuL of Sso AcP dissolved at a L T e —
concentration of 0.03 mg nmtt in 0.55 M GdnHCI, 50 mM [GdnHCI] (M)

acetate buffer, pH 5.5, 3TC, were mixed with 95@.L of 5

mM benzoyl phosphate dissolved in 50 mM acetate buffer,

0.84 1

0.82

0.80

0.78

0.76

fluoresc. 342 nm / fluoresc. 355 nm

2000 [ :
pH 5.5. The enzymatic activity after refolding is expressed
as percent of that measured in the control experiment. 2‘(_: or
RESULTS N% 2000¢
—_ . . § -a000f
Equilibrium Denaturation.The denaturation of Sso AcP -y
was studied at equilibrium at pH 5.5, 8T, using GdnHCI S 6000
as a chemical denaturant and intrinsic fluorescence and far- \-’g
UV circular dichroism as spectroscopic probes to detect -5‘-“ -8000
conformational changes of the protein following denaturation. =
Sso AcP contains seven tyrosine residues and a single R ,

tryptophan residue, the latter at position 4, a region that 0 1 2 3 4 5 6
i\g)pegrs t'?h pe rather ur;rs]tructured in alfylp;hggghataﬂgs t(h [GAnHCI] (M)
. For this reason, the major peak a nm in the A .

. -FIGURE 2: Equilibrium GdnHCI-denaturation curves of Sso AcP
f!uorescence spectrum does no_t unde_rgo_ any evident trans"monitored in 50 mM acetate buffer, pH 5.5, 37 using (a) intrinsic
tion from 0 © 6 M GdnHCI, while a significant, although  fluorescence and (b) far-UV CD. Fluorescence data are reported
weak, decrease was observed from ca. 8.5 M GdnHCI as the ratio of the intrinsic fluorescence values at 312 and 355 nm
for the small peak at 312 nm that typically arises from (excitation of 280 nm). Mean residue ellipticity data are reported
tyrosine residues. Remarkable changes within this range ofat 222 nm. The continuous line in each plot represents the best fit

denat A trati Iso detected in the far-UV of the data points to the two-state equation described by Santoro
CTDna ura{l concentration were also detected In the far-UV 4n4 golen 16). The parameters derived from the fitting procedures
spectrum.

are reported in the text.
The two plots reported in Figure 2 show the changes of

the ratio of intrinsic fluorescence between 312 and 355 nm trations ranging from 0.2 to 3.5 M. At all denaturant
(excitation 280 nm) and mean residue ellipticity at 222 nm concentrations investigated here, the resulting traces were
following progressive addition of GdnHCI. From these fitted satisfactorily by double-exponential functions (eq 1),
curves, the equilibrium unfolding of Sso AcP appears to be indicative of two major phases in the refolding process. A
a reversible and cooperative event. The main thermodynamicrepresentative refolding trace, obtained in the presence of
parameters of the unfolding reaction were inferred from the 0.55 M GdnHCI, is shown in Figure 3a. The fast and slow
equilibrium curves assuming a two-state model and using phases have apparent rate constants ott540 and 0.26

the equation described by Santoro and BolBs).(Analysis
of the curve obtained with far-UV CD led to values of 48
4 kJ mof?, 11.34+ 1.1 kd mott M~1, and 4.2+ 0.1 M for

=+ 0.05 st under these conditions (Table 1). The fast phase,
with a relative amplitude of 92% 2%, accounts for the
majority of the fluorescence change upon folding (Table 1).

the free energy change upon unfolding in the absence ofNo further changes of fluorescence were observed after the

denaturantz(xGBz_OF), the dependence &Gy—_r on denatur-
ant concentratiomf value), and the midpoint of denaturation
(Cn), respectively. Despite the poor signal-to-noise ratio of
the curve obtained with intrinsic fluorescence, values of 45
+ 7 kJ mof?, 10.54 2.5 kI mot* M~1, and 4.3+ 0.2 M
were obtained for the\G;”}, m, and C,, values, respec-
tively, in close agreement with those obtained with far-Uv
CD.

Folding and Unfolding Kinetics Monitored with Intrinsic
Fluorescence The kinetics of the folding and unfolding
processes of Sso AcP were investigated at pH 5.55G7
using a stopped-flow fluorimeter. The folding reaction was
initiated by diluting GdnHCI-denatured Sso AcP in refolding

buffer and studied in the presence of final GdnHCI concen-

slow phase. In addition, the enzymatic activity of Sso AcP
after the slow phase is identical to that of the native protein
that has not undergone unfolding (data not shown). This
indicates that the folding process has gone to completion
after the slow phase.

To assess the occurrence of early conformational changes
within the dead time of the stopped-flow experiment, the
fluorescence signal of fully denatured Sso AcP at 0.55 M
GdnHCI, determined by linear extrapolation from fluores-
cence measurements performed at high GdnHCI concentra-
tions, was compared with the value extrapolated to time zero
of the recorded fluorescence trace. The significant discrep-
ancy between these two fluorescence values indicates the
existence of an additional burst-phase that occurs on the
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080 Table 1: Rate Constantk)(and Relative AmplitudesA) for the
S 0.50 1 Two Observed Phases of Sso AcP Folding Monitored by Different
s 085p ] Methods
[ (a) ]
§ 080k 0.80 ] fast phase slow phase
2 \ b spectroscopic probe k(s A (%) k(s A (%)
a [ 0.70 f h ——
o 075 ] intrinsic fluorescende 5.4+ 1.0 9242 0.26+0.05 8+2
S ] far-Uv CD* 40420 nd nd nd
= 070 0.60 . - . . ANS fluorescence 594+1.0 80+4 0.32+0.05 20+4
© 0.0 0.5 1.0 15 20
2 ] a Experimental conditions were 50 mM acetic acid, 0.55 M GdnHCI,
065 ZL‘__‘ ] pH 5.5, 37°C. All traces were acquired after dilution of GdnHCI-
£ r J denatured Sso AcP in refolding buffer. Recorded traces were analyzed
00 b b L L Lo by fitting to a double-exponential function (eq 2)Folding reaction
0 5 10 15 20 25 30 monitored with intrinsic fluorescence emission above 320 nm with an
time (s) excitation wavelength of 280 nm. Final protein concentration was 0.02
mg mi~2. ¢ Folding reaction monitored with far-UV CD at 222 nm.
2000 L S B S S B R Final protein concentration was 0.065 mg#lThe slow phase was
] not detectable (nd) due to its low relative amplitude and the relatively
0 3] poor signal-to-noise ratio in the recorded tratEolding reaction
il (b) ] followed in the presence of 99M ANS by monitoring fluorescence
o 2000 ] emission above 475 nm with an excitation wavelength of 370 nm. Final
S 4000k E protein concentration was 0.05 mg Tl
Ng [ ]
o, -6000F . AR A AN A A AR RS
8 6 expected plot ]
~ 3 for a two-state folding 1
6 r 3 4 - ]
“=-10000- b X ]
120001 L L 2r
0.0 0.5 1.0 1.5 2.0 x
c
time (s) = or
1385 T T T 2r
§ 130 E 4:
:; 125 b 3 Iy [ \ L1 Ll ! 1
e 3 ] 1 2 3 4 5 6 7
o ! ]
§ 120 ] [GdnHCI] (M)
6 15§ E Ficure 4: Dependence of the rate constants for the fast phase of
2 100 . : . ] folding (@), slow phase of folding £), and unfolding ©) on
o 1107 00 05 10 15 20 7 GdnHCI concentration in 50 mM acetate buffer, pH 5.5,°8%7
<Z( ] The rate constants for the folding process were not determined
105F E between 2.2 and 3.3 M GdnHCI due to the partial or total
100 e superimposition of the two phases under these conditions (see text
0 5 10 15 20 25 30 for further details). The continuous line represents the expected
time (s) profile of the rate constants for the major fast phase of folding and

unfolding if a two-state model accounted for the folding of Sso
AcP. The expected profile was traced from th&;2%, m, andCy,
values measured at equilibrium with far-UV CD and the unfolding
rate constants measured with fluorescence. Deviation of the
C / observed rate constants for folding from theoretical values at the
protein concentration of 0.065 mg mt, and (c) ANS fluorescence  |ow GdnHCI concentrations indicates deviation from a two-state
and protein concentration of 0.05 mg miLInsets in panels aand  mechanism under these conditions. Folding and unfolding rate

¢ report the same folding traces of the corresponding panels constants extrapolated in the absence of denaturant are 504
expanded to show the first 2 s. The filled square in panel b ang (6.1+ 1.0) x 106 5L,

represents the mean residue ellipticity of the fully unfolded protein

extrapolated at the reported conditions from values measured at . .
high GdnHCI concentrations. No detectable change of CD signal _ 1€ unfolding process of Sso AcP was examined by
was observed after 2 s, most probably due to the poor signal-to- GANHCI concentration jump experiments at final denaturant

noise ratio that masks possible exponential phases with small concentrations ranging from 3.5 t0 6.5 M. The obtained traces

ﬁmpHIUdeS- In panel c, fthebdatada,&?\l éeported ag peécer]é Oft_thelwere all fitted satisfactorily to monoexponential functions,
uorescence emission of unboun measured under identical; . 4: . : .
conditions. In all three panels, the continuous lines through the dataIndlcatlng that the unfolding reaction appears to be a

points represent the best fit of the data to double-exponential MoNophasic process at all GdnHCI concentrations studied
functions (eq 1). The rate constants and relative amplitudes for the here. The dependence on denaturant concentration of the two
two observed exponential phases obtained from the equations ofrate constants for folding and of the unique rate constant for
best fit are reported in Table 1 for all three experiments. unfolding was determined (Figure 4). From 2.2 to 3.3 M
GdnHCI, the major fast phase of folding does not occur on
submillisecond time scale and corresponds to a markeda time scale distinct from that of the minor slow phase. Under
increase of the fluorescence emission intensity. these conditions, accurate determination of the two rate

Ficure 3: Representative folding traces of Sso AcP obtained in
0.55 GdnHCI, 50 mM acetate buffer, pH 5.5, 3Z. The folding
process was followed with (a) intrinsic fluorescence and protein
concentration of 0.02 mg mt, (b) far-UV CD at 222 nm and
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constants of folding is problematid®) and contributes to  measured with intrinsic fluorescence (Table 1). Because of
creation of a blind area in the resulting plot (Figure 4). At the poor signal-to-noise ratio, it was not possible to detect
GdnHCI concentrations lower than 2.2 M and higher than any subsequent slow and low amplitude change of the CD
3.3 M, the fast phase is distinct from the slow phase, making signal, corresponding to that of the second phase observed
it possible to determine its rate constant (Figure 4). It is clear with fluorescence.
that the major fast phase for folding has a decreasing The folding of Sso AcP was also followed at a final
dependence on GdnHCI concentration as the denaturaniGdnHCI concentration of 0.55 M in the presence of the
decreases in concentration (Figure 4). This phenomenon fluorescent dye 8-anilino-1-naphthalenesulfonic acid (ANS),
consisting of a downward curvature in the plot oklmersus which is known to bind to exposed hydrophobic regions of
denaturant concentration, is often referred to as roll-oer ( proteins £6). After the dead time of the refolding experiment,
10, 19—-23). ANS fluorescence was found to be ca. 35% higher than that
The natural logarithm of the rate constant of unfolding extrapolated for the fully unfolded protein under the same
appears to have a positive and linear dependence on GdnHCtonditions, the latter being similar to that of ANS in the
concentration, at least at concentrations higher than 5 M absence of protein (Figure 3c). This suggests that folding of
beyond the unfolding transition region (Figure 4). The solid Sso AcP proceeds through the formation of metastable,
line reported in Figure 4 indicates the profile that the major patrtially folded species with significant unburied hydrophobic
rate constant for folding should have if Sso AcP folded in a clusters. The trace recorded after the dead time shows a
two-state fashion (traced on the basis of the parametersbiphasic decrease of ANS fluorescence with rate constants
determined with far-UV CD at equilibrium and the observed of 5.9+ 1.0 and 0.32+ 0.05 s%, in agreement with those
unfolding rate constants). The considerable discrepancyobtained using intrinsic fluorescence and far-UV CD as
between observed and expected rate constant for folding inspectroscopic probes (Table 1). When the second slower
the absence of denaturant clearly indicates deviation from aprocess reaches equilibrium the fluorescence value is only
two-state model for folding of Sso AcP. Folding appears to 3% higher than that of unbound ANS indicating only weak
be ca. 140-fold slower than that expected on the basis of abinding of ANS, if any, for the native state (Figure 3c).
two-state mechanism. Proline IsomerizationThe lack of a marked dependence
Such a deviation has been observed for a number ofof the slow exponential phase of Sso AcP folding on
proteins and generally attributed to the formation, on the denaturant concentration suggests that this phase arises from
submillisecond time scale, of partially folded intermediates proline cis-trans isomerism27). The folding process of Sso
under low-denaturant solvent condition4, (L0, 19—23). AcP was followed in the presence of catalytic amounts of
Transient aggregation during folding or modifications of the bovine cyclophilin A (CypA), a peptidyl-prolyl isomerase
folding transition state with denaturant concentration have that catalyses the cidrans interconversion of X-Pro peptide
also been indicated as possible causes of roll-overs of thisbonds 27). Folding was followed at pH 8.0, 28, and in
type @4, 25). However, the rate constants and relative the presence of low concentrations of residual GdnHCI (0.2
amplitudes of the two exponential phases observed duringM), conditions found to be optimal for CypA catalys2gj.
folding do not change with protein concentration, at least in We found that while the rate of the fast phase was not
the range of 0.0040.3 mg mL*! (data not shown). This  perturbed by CypA, the slow phase was significantly affected
observation rules out the involvement of transient protein with an acceleration of over 2-fold at the highest concentra-
aggregation to account for the observed roll-over. Moreover, tion of CypA utilized (Figure 5a).
the jump of intrinsic fluorescence during the dead time of A site-directed mutagenesis approach was also employed
the stopped-flow experiment suggests that the roll-over arisesto identify which proline residue is responsible for the
from the accumulation of an intermediate, rather than observed slow phase of folding. Sso AcP has three proline
modifications of the transition state with denaturant. residues at positions 50, 76, and 77. Three single mutants
Folding Kinetics Monitored with Far-UV CD and ANS of the protein, each with a proline residue replaced with
FluorescenceTo investigate further whether an ensemble alanine, were therefore produced. The folding reactions of
of partially folded species accumulates within the dead time the three variants and the wild-type protein were studied at
of the stopped-flow experiments, the refolding reaction of a final GAnHCI concentration of 1.1 M, pH 5.5 and 3Z,
Sso AcP was followed with far-UV CD at 222 nm. Similarly using intrinsic fluorescence as a spectroscopic probe. The
to the experiment in which fluorescence was used as anP76A and P77A mutants of Sso AcP were found to fold with
optical probe, the refolding reaction was started by diluting, two exponential phases displaying rates and relative ampli-
with a stopped-flow device, the GdnHCI-deantured protein tudes comparable to those of the wild-type protein (Table
to a final denaturant concentration of 0.55 GdnHCI. The 2). By contrast, the P50A mutant folds with a single
resulting CD trace shows that a considerable increase of CDexponential phase (Table 2 and Figure 5b). This unique
signal occurs within the dead time of the instrument (Figure kinetic phase, which accounts for 100% of the recovery of
3b). Immediately after dilution, the mean residue ellipticity native fluorescence in this mutant, has a rate lower than that
jumps from a value of-750 + 1500 deg crh dmol of the fast phase observed for the wild-type and other protein
(corresponding to that of the unfolded protein and extrapo- variants (Table 2). This is probably due to a decelerating
lated from values measured at high denaturant concentratioreffect of the amino acid substitution on the folding process
where the protein is fully unfolded) to a value 68800+ of Sso AcP. Importantly, however, no slow phase is observed
700 deg cridmol™. As the protein refolds, the ellipticity in the folding process of this variant. The change of
undergoes a slight increase up to the value of the nativefluorescence observed during the unique exponential phase
protein (Figure 3b). Such a change occurs with a rate constantcorresponds to the sum of the two phases observed for the
of 4.0 + 2.0 s, which is, within experimental error, that wild-type protein (Figure 5b). These results indicate that the
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Y o e B B I B~ g acids, as opposed to polar uncharged amino acids, and a high
22:_ { ] stability of secondary structure elementl)( Recently,
“t (a) ] particular importance has been attributed to the high content
2-0;- Lo ] of charged residues and to ion pair networking at the protein
o 18F R 3 surface 82). Sso AcP contains a relatively high number of
<, b slow phase 3 both charged (32% for Sso AcP versus 25.5% for ctAcP and
I ] mACcP) and hydrophobic residues (56% for Sso AcP versus
1.4¢ N E 43% for mAcP and 48% for ctAcP), thus supporting the
12F fast phase 3 central importance of this modification in the amino acid
B A ] content between mesophilic and hyperthermophilic proteins.
5 ] Our data show that the increased stability of Sso AcP is the
0 e e 06 consequence of a decreased rate constant for unfolding, rather
[CypA] (uM) than an increased rgte for foldi|f1§—_(10). Indeed, Sso AcP
was found to fold with a rate similar to that of ctAcP and
100 et even lower than that of.Hpr—.N. This is in agreement wit'h
the comparative analysis carried out on cold-shock proteins
o ool  (b) ] from different organisms, showing that proteins with higher
gﬁg stability do not necessarily fold faste33).
3 § 80 ] An Ensemble of Partially Structured Conformations Form
ga | during Folding of Sso AcPSso AcP folds via a mechanism
2= ] that involves at least two steps. After removal of denaturant,
.g% 70} wild-type ] the unfolded state collapses on the microsecond time scale
= :L ] into an ensemble of partially folded conformations. This
£ sop = converts subsequently into the fully folded state with a rate
[ PSOA ] constant of ca. 52 under the conditions of temperature
0] S U S S and pH studied here. A small fraction of Sso AcP molecules
0 10 20 80 40 50 folds more slowly with a rate constant of ca. 0:2.4n this
time (s) case, the folding process is rate-limited by the—tigns

FIGURE 5: (a) Effect of CypA on the fast and slow phases of Sso conversion of the Leu49-Pro50 peptide bond. Formation of
AcP folding. The folding reaction was monitored at a protein @ burst-phase intermediate state that precedes formation of
concenotrati_on of 0.02 mg mtt in 0.2 M GdnHCl, 0.1 M Tris, pH the native structure is revealed by three distinct lines of
g'g' 28 é:t'e'g tge grt'?:egﬁhcg 'g‘t:geggr']n%a%]am“k'ﬁs_ of(jc¥p,At.hData evidence: (i) a mean residue ellipticity similar to that of the
fa[st r(.F; r:md slf)v(/ (l)sphasesrin the psreseﬁ(eo of'&e,pAO;ndethe native state is reached within an instrumental dead time of
corresponding values in the absence of enzykge The continuous @ few milliseconds, well before the observed fast and slow
lines represent best fits to linear functions. Panel b shows Folding phases of folding occur (Figure 3b); (ii) the maximum affinity
traces recorded with intrinsic fluorescence for wild-type and PSOA for ANS, with consequent increase of its fluorescence, is

Sso AcP. Final conditions were 1.1 M GdnHCI, 50 mM acetate, ; ; i} i
pH 5.5, 37°C. The kinetic parameters for the observed exponential found just after the dead time of our stopped-flow experi

phases are reported in Table 2. ment; ANS fluorescence decreases as the protein folds
through the two observed exponential phases (Figure 3c);

Table 2: Rate Constantk)(and Relative Amplitudes) for (iii) a roll-over is observed in the plot reporting the natural
Folding of Wild-Type and Proline to Alanine Mutants of Sso AcP logarithm of the rate constant for the fast phase versus
fast phase slow phase denaturant concentration; the folding rate in the absence of
mutant K(s Y A (%) K(s Y A (%) denaturant is ca. 140 times slower than that expected for a

WO- mechanism (Figure 4).
wild-type 3.9+ 0.7 90+ 2 0.080+ 0.030 10+ 2 two-state mechanis ( gure )

P50A 2.0+£04  100+1 Factors Influencing the Population and Stability of
P76A 5.0+ 0.8 91+3  0.075+0.030 9+ 3 Intermediate States in Protein Foldin@n the assumption
P77A 4.6+0.7 9243  0.080+ 0.030 8+ 3

that the intermediate and unfolded states fold through the
2In all cases, final conditions were 0.04 mgTprotein, 1.1 M same transition state, the conformational stability of this
GdnHCI, 50 mM acetate, pH 5.5, 3T. intermediate state can be determined using

slow phase of folding of Sso AcP is entirely attributable to H,0 20 LHa
the cis-trans isomerism of the Leu49-Pro50 peptide bond. AGZ) = _RTIn(k?—U/kF—(I)) )

DISCUSSION where AG'? is the free energy change for the conversion

The Enhanced Thermodynamic Stability of Sso AcP Resultsf the unfolded into the intermediate state in the absence of
from a Modification of Folding and Unfolding RateSso  denaturantkf?} is the observed folding rate starting from
AcP displays a conformational stability higher than any the intermediate state in the absence of denaturant, and
acylphosphatase from mesophilic organisms so far studiedkEicL’J is the folding rate constant from the unfolded state in
(8—10, 29, 30). The high stability of proteins from hyper- the absence of denaturant extrapolated from the equilibrium
thermophiles is due to a number of adaptive mechanismsand unfolding rate data as shown in Figure 4. Our results
including a high content of hydrophobic and charged amino allow a value of—12.5+ 2.0 kJ mot? to be obtained for



Folding of Sso AcP Biochemistry, Vol. 43, No. 28, 2008123

AG'S. A similar analysis applied to the intermediate state
forming during folding of HypF-N and using previously
published datal(0) yields a value of-2.6 4= 0.3 kJ mof*

for AG;”0. Values higher than 0 kJ midi hold for the A

G,HES parameter that may potentially pertain to any folding
intermediate of mAcP and ctAcP, because no intermediate
states appear to be significantly populated during the folding
processes of these two protei®s ). These results indicate
that the intermediate state forming during the folding process
of Sso AcP, consisting of an ensemble of either partially
folded or misfolded conformations, has the highest confor-
mational stability relative to the unfolded state among the
acylphosphatases so far characterized. This agrees with the
idea that the stability of a protein refers to the native state
as well as any intermediates of its folding proce3s énd
references therein). Interestingly, the scale of the four proteins
considered here, established on the basis of the stabilities of
the intermediate states, mirrors that established on the basis
of the stabilities of the native states.

While the heterogeneity found in the stabilities of protein
folding intermediates supports the view that the distinction
between two-state and multistate folding simply depends on
whether the intermediate states under refolding conditions
are sufficiently stable for experimental detectiah 4), it
is interesting to investigate what factors determine the
stabilities of such intermediate states. The ensemble of T —
partially structured conformations detected during folding 0 20 40 60 80 100
of Sso AcP is reminiscent of the molten globule state given sequence number
the high content of secondary structure and the solventrigure 6: Hydropathy (a) and-helical propensity (b) profiles of
exposure of hydrophobic cluste@5. Since partially folded  the sequences of Sso AcP (thick continuous line), mAcP (thin

states of this type are stabilized by hydrophobic interactions continuous line), ctAcP (dotted line), and HypF-N (dashed line).

; hali The hydropathy profile was obtained using the scale of hydropho-
between fully or partlall_y_formealx hellce_s 89, we h_ave bicity values of the 20 amino acid residues edited by Rosed®n (
analyzed the hydrophobicity and propensity to farrhelical The reported hydrophobicity value for each amino acid residue

structure of the sequences of mAcP, ctAcP, HypF-N, and represents the average hydrophobicity of a window of nine residues
Sso AcP (Figure 6). The two proteins forming intermediate centered on that residue, except for residues at the C- and N-termini
states during folding, that is, Sso AcP and Hypf, possess ~ Where i windows o yse(;i. TMeIiI;:aI pLop;ensity profile

: . : L or each sequence was obtained using the whole sequence as an
sequences V.Vlth the hlghe_st peaks, less n_egatlve minima Ognput for the AGADIR algorithm 47) and plotting the calculated
hydrophobicity, or both (Figure 6a). The highest hydropho- propensities for each amino acid residue. High values indicate high
bicity of these two proteins relative to mAcp and ctAcP also hydrophobicity andx-helical propensities. In panel a, a value of
results from the average hydrophobicity values calculated zero indicates a hydrophobicity equal to a stretch of nine glycine
from the entire sequences (see legend to Figure 6). In"esidues. In panel b, a value of zero indicates no propensity to form

.. a-helical structure. Sequences were aligned to obtain the highest
addition, Sso AcP and HypF-N have net charges-dfand superimposition of identical residues. The numbering of the

+1, respectively, while ctAcP and mAcP have net charge sequence reported in the figure refers to that of mAcP and ctAcP.
values of +6 and +5. The relatively high hydrophobic ~ Average hydrophobicities calculated for the entire sequences are
content and a charge state close to neutrality can favor the—0.478,—0.717,-0.552, and-0.416 for Sso AcP, mAcP, ctAcP,

; ; ; and HypF-N, respectively (less negative numbers indicate higher
rapid hydrophobic collapse of the unfolded protein for Sso hydrophobicities). Average-helical propensities are 9.79, 3.27,

AcP and HypF-N before the polypeptide chain reorganizes g4, and 1.42% for Sso AcP, mAcP, ctAcP, and HypF-N,
to form the native conformation. Nevertheless, differences respectively.

in hydrophobicity and net charge among the four proteins |q\yest hydrophobicity among the proteins considered here

analyzed here cannot explain why the intermediate state ofierefore explaining why potential folding intermediates

Sso AcP is more stable than that of HypF-N because the emain undetectable (see Figure 6a and legend to Figure 6).

latter appears to be more hydrophobic. The importance ofi-helical propensity in determining the
Thea-helical propensity profiles reveal that Sso AcP has appearance of partially folded species during folding also

a relatively large propensity to form-helical structure in results from the comparison of structurally related proteins

at least two distinct regions (Figure 6b). The Sso AcP peaks from other superfamilies. Im7 and Im9, tvio coli proteins

are significantly more intense than the largest peaks of the sharing considerable sequence identity and belonging to the

HypF-N sequence and remarkably more marked than thoseColicin E immunity family, fold with different behaviors

of the ctAcP sequence, the latter possessing very little because only Im7 populates a partially structured species

propensity to formo-helices (Figure 6b). mAcP also has a during folding 3). While the two proteins have equivalent

relatively large propensity to form-helical structure atleast  hydropathy profiles, Im7 has a higherhelical propensity

in one region of the sequence. Nevertheless, mAcP has than two of the four segments adopting helical structure in the

hydropathy

a-helical propensity
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native state (analysis of hydrophobicity anehelical pro- 5
pensity is performed similarly to that for acylphosphatases,
see legend to Figure 6). The higheihelical propensity of
Im7 also results from the average values that are 2% and 3t
1% for Im7 and Im9, respectively. The engrailed home-
odomain fromDrosophila melanogastefEn-HD) and the
c-Myb DNA-binding repeat Il from mouse (c-Myb) belong
to the homeodomain-like superfamily. Although En-HD has
a slightly lower hydrophobicity than c-Myb, its higher
propensity to formo-helical structure is compelling (average r
values are 8.44% and 2.73% for En-HD and c-Myb, 2 e
respectively). Interestingly, only En-HD collapses into a -0.75 -0.65 -0.55 -0.45 -0.35
partially folded species before attaining the native staée ( hydrophobicity
S. Gianni, personal communication).

In summary, combination of hydrophobicity, net charge, 6 .
and propensity to formu-helices can help rationalize the (b) S50 AP
tendency of proteins to form folding intermediate states.
Since the variability in sequence among homologous proteins
is sufficiently high to generate differences in these determi-
nants, it is not surprising that intermediates states are
sufficiently stable for experimental detection only in a few .
members of a protein superfamily. or ClACP

Hydrophobic Content of a Polypeptide Chain Is a Deter-
minant of Its Folding Ratéwithin the acylphosphatase-like B o o
superfamily, a significant correlation is found between ’ ’ o
folding rate and hydrophobic content of the sequence, the hydrophobicity
latter simply defined as the average hydrophobicity of the Ficure 7: Correlation between rate constant for folding and
amino acid residues composing the sequence (Figure 7a)hydrophobic content of the sequence for five acylphosphatases. The
Sso AcP is the protein that most deviates from the line of reported values of folding rate constant are those truly observed

. oo . . . (a) or extrapolated from a two-state model, that is, assuming that
best fit, a finding probably attributable to the relatively high  foiging starts from the unfolded rather than intermediate state (b).

stability of the intermediate state that causes its folding rate All rate constants refer to identical experimental conditions (50 mM
to decrease more than those for the other proteins (Figureacetate buffer, pH 5.5, no denaturant, 3. The rate constants
4). Despite this deviation, theandp values of the analysis for Sso AcP considered in this plot were obtained at'@8after

o : _ obtaining a plot similar to that reported in Figure 4 at’28 rather
show that the correlation is significant (Figure 7a). Interest than 37°C (data not shown). To add statistical significance to our

ingly, a significantly correlation between folding rate and analysis, we have also included in the plot the folding rates of a
sequence hydrophobicity is also observed when the folding new acylphosphatase that is currently under investigation om
rate constant is that extrapolated from a two-state model, melanogaster(AcPDro2) (M. Ramazzotti et al., unpublished).

that is,kﬂi% as opposed tdiEE? (Figure 7b). This indicates Folding rate constants for mAcP, ctAcP, and HypF-N are reported

) . g . elsewhere §—10). The p values lower than 0.05 indicate that the
that the correlation described in Figure 7a is not due to correlationg are)sigmﬁ'?:am_

artifacts arising from the formation of burst-phase intermedi-

ates in some proteins. The folding rate of proteins of the hydrophobicity are the main determinants of folding rate for
acylphosphatase-like superfamily is not found to correlate proteins of the acylphosphatase superfamily.
with any other sequence—reIaHteOd factors. Plots of folding rate 5 gtatistically significant correlation between folding rate
versus parameters such A&, helix propensity, or net a4 sequence hydrophobicity was also found for proteins
charge of the sequence all prodycealues higher than 50%  gisplaying the ferredoxin-like topology, provided the folding
(data not shown). rate is considered at the midpoint of chemical denaturation
It is well-known that folding rate correlates well with the to level out differences in conformational stabilities between
relative contact order of a protein, that is, the average distancethe proteins 10). Furthermore, amino acid substitutions
of residues forming an interaction in the native state divided aimed at increasing the hydrophobicity at positions that are
by the number of total residues, and other related metrics not involved in the folding nucleus can accelerate the folding
such axp, that is, the number of pairs of sequence-distant process39—41). The relatively fast folding in the presence
residues that are in contact in the native state3{, 398). of a high hydrophobic content can probably be attributed to
Since the three-dimensional structure has been solved forthe ability of hydrophobic moieties to facilitate encounters
only three proteins from this superfamily, it is difficult to between distinct portions of the polypeptide chain and,
assess whether relative contact order or other related metriceonsequently, stabilize the transition-state ensemble. It has
are important determinants of folding rate from an analysis also been attributed to the ability of nonnative hydrophobic
performed with acylphosphatases only. The folding rate of contacts to provide additional energetically accessible path-
those acylphosphatases for which the structure is knownways to the native state, therefore stabilizing the transition
correlates well, however, with the line of best fit obtained state ensemble by addition of an entropic bond$).(
using a large set of structurally unrelated proteins3(). It Following these results from independent lines of investiga-
can therefore be concluded that relative contact order andtion, it can be proposed that the hydrophobic content is an

HypF-N ®

(a)

AcPDro2

|nkH2O

InkH20
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important factor, in addition to relative contact order, in that the govern the hyperthermostability of proteins and the
determining the folding rate of a protein. mechanism by which proteins fold.

Proline Residues Responsible for Slow Foldingiis Are
Not Consered. Within the acylphosphatase superfamily, the REFERENCES
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