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ABSTRACT. Anticoagulation factor Il (ACF Il) isolated from the venomAgkistrodon acutus an activated
coagulation factor X-binding protein in a &adependent fashion with marked anticoagulant activity.
The equilibrium unfolding/refolding of apo-ACF II, holo-ACF I, and ¥breconstituted ACF Il in
guanidine hydrochloride (GdnHCI) solutions was studied by following the fluorescence and circular
dichroism (CD). Metal ions were found to increase the structural stability of ACF Il against GdnHCI and
irreversible thermal denaturation and, furthermore, influence its unfolding/refolding behavior. The GdnHCI-
induced unfolding/refolding of both apo-ACF Il and3bACF Il is a two-state process with no detectable
intermediate state, while the GdnHCI-induced unfolding/refolding of holo-ACF Il in the presence of 1
mM Ca* follows a three-state transition with an intermediate staté" @ms play an important role in

the stabilization of both native and | states of holo-ACF Il. The decalcification of holo-ACF 1l shifts the
ending zone of unfolding/refolding curve toward lower GdnHCI concentration, while the reconstitution
of apo-ACF Il with TE" ions shifts the initial zone of the denaturation curve toward higher GdnHCI
concentration. Therefore, it is possible to find a denaturant concentration (2.1 M GdnHCI) at which refolding
from the fully denatured state of apo-ACF Il to the | state of holo-ACF Il or to the native state36f Tb
ACF Il can be initiated merely by adding the 1 mMaaons or 10uM Tbh3* ions to the unfolded state

of apo-ACF II, respectively, without changing the concentration of the denaturant. Usftigagba
fluorescence probe of €5 the kinetic results of metal ion-induced refolding provide evidence for the
fact that the first phase of Pb-induced refolding should involve the formation of the compact metal-
binding site regions, and subsequently, the protein undergoes further conformational rearrangements to
form the native structure.

Anticoagulation factor Il (ACF 11} is a nonenzymatic N
anticoagulant from the venom @éfgkistrodon acutusvhich
has marked anticoagulant activity with a unique anticoagulant
mechanism, for it forms a 1:1 complex with activated
coagulation factor X (FXa) in a Ca-dependent fashion and
thereby blocks the amplification of the coagulation cascade
(4, 2). ACF Il is a member of coagulation factor IX/
coagulation factor X-binding protein family. The proteins
of this family have very similar amino acid compositions
and high homologous sequences and form 1:1 complexes
with coagulation factor IX/activated coagulation factor X
or coagulation factor X/activated coagulation factor X and
prolong the clotting time3—6). All bindings are dependent
on C&*' ions. In this family, the crystal structures of
coagulation factor IX/factor X-binding protein (habu IX/X- B chain
bp) (7) and coagulation factor IX-binding protein (habu IX- _ _ _ )
bp) @) purified from the habu snake have been reported. Ficure 1: Ribbon model of the heterodimer polypeptide chains of

: . . . habu IX/X-bp. The C& ions and Trp residues are indicated as
The ribbon model of habu IX/X-bp is shown in Figure 1 large balls and small balls, respectively. The picture was drawn

with Protein Data Bank file 1IXXT).
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43, Glu 47, and Glu 120 in the B chain, in habu IX/X-bp as
well as in habu 1X-bp.
ACEF Il consists of two chains with N-terminal amino acid
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that the first phase of Pih-induced refolding should involve
the formation of the compact metal-binding site regions.

sequences similar to those of habu IX/X-bp (unpublished MATERIALS AND METHODS

data), and both proteins have a similar amino acid composi-

tion (1). ACF Il has two C&"™-binding sites with different
association constant values, (3#10.3) x 1® M~tand (1.7
+ 0.4) x 10* M1 respectively 2), which are similar to that
of habu IX/X-bp, respectively. Recently, the size of ACF Il
was determined to be 7.2 ng13.3 nmx 3.1 nm by atomic

Chemicals Lyophilized venom powder was provided by
the TUN-XI Snakebite Institute (Anhui, P. R. China).
Guanidine hydrochloride (GdnHCI, ultrapure) and,Ob
(99.9%) were obtained from Sigma Chemical Co. (St. Louis,
MO). Chelex-100 was purchased from Bio-Rad Laboratories
(Richmond, CA). Rabbit brain thromboplastin was made by

force microscopy (unpublished data), within experimental the Institute of Hematology, Chinese Academy of Medical

errors, which is similar to the sizes of habu IX/X-bp and

Sciences (Tianjin, P. R. China). All other reagents were of

habu IX-bp. In addition, ACF Il has a secondary structure analytical reagent grade. Milli-Q purified water was used
similar to that of habu IX/X-bp (see Results). It therefore is throughout.
reasonable to assume that the fold does not differ much Protein Purification and PreparatiorACF Il was purified

between ACF Il and habu IX/X-bp or habu IX-bp. Thus,
ACF Il should containa-helix and-sheet conformations
with similar structures of CGa-hinding sites to habu IX/X-
bp and habu IX-bp.

ACF 1l is devoid of hemorrhagic and lethal activities,

by the method described previously.(The apo-ACF Il was
prepared by dialysis of purified ACF Il against a suspension
of Chelex-100 (Bio-Rad) (1 g/L) in 0.01 M Tris-HCI (pH
8.0). ACF Il concentration was calculated from the absorp-

tion coefficient A1 = 30) at 280 nm and the relative

which may be useful both as a basis for designing antico- molecular weight M, = 29468). ThO; was dissolved in
agulant drugs and as a convenient tool in exploration of the concentrated HCI by gentle heating to dryness and then
complex mechanisms of the coagulation cascade. The bindingdissolved in Milli-Q superpure water, and the pH value was

of ACF Il to FXa is dependent on the concentration of Ca
ions, and the maximal binding of ACF Il to FXa requires a
concentration of Cd ions of 1 mM. We expected that
analysis of the effect of Caions on the structural stability
of ACF Il would be useful for improving our understanding
of the function of C&" ions in the binding of ACF Il to
FXa. To examine the role of €aions in the conformational
stabilization of ACF Il, studies on guanidine hydrochloride-

adjusted to 6.0 with HCI or NaOH. The solution of €a
ions was prepared from Ca@h Milli-Q water. The solutions

of Th®" and C&" were standardized by titration with standard
EDTA solution. Tris-HCI buffer used was freed from any
possible contamination of multivalent cations by passage
through a column (25 3 cm) of Chelex-100. GdnHCI was
determined to be metal-free by extraction with dithizone (6
mg/L) in carbon tetrachloride. All utensils used during the

(GdnHCI-) and thermal-induced denaturation and metal ion- experiments were made metal-free by soaking M HNO;

induced refolding of ACF Il were carried out in this paper.

for 24 h and then by extensively rinsing with Milli-Q purified

Th*, as a fluorescence probe, has been widely used to studywater.
protein structural characteristics and therefore is expected Steady-State Fluorescence Measureméditfuorescence

to be used as a fluorescence probe oftGa monitor the
mechanism of the unfolding/refolding of ACF II.

Protein folding/unfolding is a highly cooperative process.

measurements were performed on a Shimadzu RF-5000
spectrofluorometer using a 10 mm quartz cuvette. The sample
temperature was kept at 25:C with a circulating water

It has recently been demonstrated that the folding/unfolding bath. In all experiments, the samples were excited at 295
of small globular proteins occurs via a two-state process, nm, and the bandwidths for excitation and emission were

while the folding/unfolding of larger proteins-(L00 amino
acids) is complex and often involves the formation of
intermediate(s) 4—11). Protein folding/unfolding can be
affected by factors such as pressut@-14), temperature
(15-18), pH (19—23), and disulfide bond24—26). Recently,

both set to 5 nm. Each spectrum is the average of three
consecutively acquired spectra. All spectra were corrected
by subtracting the spectrum of the blank, lacking the protein
but otherwise identical to the sample.

Circular Dichroism (CD) MeasurementD measure-

the effects of metal ions and anions on protein unfolding/ ments were carried out with a Jasco J-720 spectropolarimeter.
refolding have received considerable attention. It has beenThe instrument was calibrated with10-camphorsulfonic
demonstrated that metal ion-induced conformation changesacid. All of the CD measurements were made af@%ith

in several enzymes lead to stabilization of the proteins during a thermostatically controlled cell holder. Far-UV CD spectra

protein folding/unfolding 27—31). In addition, without

were collected between 200 and 250 nm with a scan speed

changing the concentration of the denaturant, the refolding of 20 nm/min and a response time of 1 s, at a protein
of several proteins can be induced simply by adding anions concentration of 0.10 mg/mL, in quartz cells of 1 mm path

(32, 33) or cations 84).

length. The obtained values were normalized by subtracting

The present investigation supports the fact that metal ionsthe baseline recorded for the buffer having the same

not only significantly increase the structural stability of ACF

concentration of salts under similar conditions. The data were

Il against GdnHCI and thermal denaturation but also induce expressed in mean residue ellipticit§] jn deg-cn?-dmol,

the refolding of the unfolded apo-ACF Il merely by adding
1 mM C&" or 10 uM Th®" to the unfolded apo-ACF Il

which is defined as€]] = 100q{lIc) 1, wherefops is the
observed ellipticity in degreeg; is the concentration in

without changing the concentration of the denaturant, and residue moles per liter, arlds the length of the light path
furthermore, metal ions can influence the unfolding/refolding in centimeters.

behavior of ACF Il. Using TB' as a fluorescence probe of

Denaturation and Renaturation ExperimerSglutions for

Ca*, the metal ion-induced refolding kinetic studies suggest the denaturation and renaturation experiments were prepared
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from stock solutions of protein and GdnHCI prepared in 20 The fraction of each species is
mM Tris-HCI buffer, pH 7.6. The concentration of the

concentrated stock solution of GdnHCI was determined fy = /(1 + Ky + Ky Kip)
refractometrically 85). According to the method described _

by Muzammil et al. 82), in denaturation experiments, to a i = KL+ K+ KiKip) (7)
stock protein solution were added different volumes of the fo = Ky Kip/(1 + Ky, + Ky Kip)

buffer first, and the denaturant was added last so as to get

the desired concentration of denaturant. On the other hand,The free energy change corresponding to each equilibrium

for renaturation experiments, to a stock protein solution were constant is

added different volumes of concentrated denaturant solution

first, the mixture was incubated for 4 h, and finally buffer AGy =~ RTInKy;  AGp=—RTInK;p (8)

was added to get desired denaturant concentration. The final

solution mixture for both the denaturation and renaturation

experiment was incubated for 12 h at 2& before

fluorescence measurements. Y="1Yy+ Yo (9)
Refolding Kinetic Measurementor the refolding kinetic

measurements, 1 mL of the sample solution was continuouslyFor the three-state model

excited at 295 nm, and the emission intensity was collected

at 340 nm for intrinsic fluorescence or at 545 nm folTh Y=fY+fY + 1Y (10)

fluorescence with a response time of 2.0 s. The data were . L ) :
collected in the time scan mode after the refolding process Nerefi represents the fraction of species j (as defined in eq

was initiated by adding ZL of 0.5 M C&* or 2 uL of 5 3andeq7) .antfj is the mola}r signal of species j. The signals
mM Tb3" ions and continued for at least 40 min. The kinetic corrgspondlng to the. r]atlve and the unfolded statg are
experiment was carried out three times to ensure that thecOnsidered as local fitting parameters that have a linear
results were reproducible. dependence on denaturant:

Irreversible Thermal DenaturatiorApo-ACF Il (1 ug/
mL) and holo-ACF Il (1ug/mL) in 20 mM Tris-HCI buffer
(pH 7.6) were incubated in the absence and presence of
mM CacCl, respectively, at the desired temperature for 30
min, followed by quenching in ice for 5 min, and finally,
the anticoagulant activity of the protein was measured using
a modification of the plasma prothrombin time (PPT) assay

as described p_reviousl;l_)(. . “baseline” of species j. The signal of the intermedi3tejs
Data Analysis.Unfolding and refolding curves were described by the nondimensional param@«86)
analyzed using either two-state or three-state mechanisms.

Two-State Mechanisrithe two-state model is represented Y, =1 -2)Yy+2ZY, (12)
as

IThe measured signa¥, is assumed to contain contributions
from each species. For the two-state model

__ O
Y, = Y°+ oy[GdnHCI] (11)

]WhereYjO is the molar signal of species j at zero denaturant
andq; is a “slope” describing the dependence of sigval

on denaturant concentration. In the denaturant range where
the unfolding process does not make a significant contribu-
tion to changes in the spectroscopic, eq 11 describes the

whereZ is considered to be a global fitting parameter.
N<D (1) AG corresponding to each equilibrium constant is assumed
to be linearly dependent on [GdnHCI] denoted here(hy

where N and D are the native and denatured states, . . i : i
essentially as described in detail previousdy)(

respectively. The equilibrium constant is defined as

K = [D)/[N] 2) AG = AG’— mC=m(C,, — C) (13)
The fraction of each species is in which AG® andAG represent the free energy of unfolding
. or refolding in the absence and presence of GdnHCI,
fy=U(A+K); f=KI(1+K) 3) respectively,Cy, is the midpoint concentration of GdnHCI

required for unfolding or refolding, ana stands for the slope

of the unfolding or refolding curve &, and is a measure

of the dependence &G on denaturant concentration.

AG = — RTInK () Th(a_ ther_modynam_ic and spgctroscopic parameters were
optimized in global fits by nonlinear least-squares analysis
whereRis the gas constant affds the absolute temperature. using the MarquardtLevenburg algorithm in a routine of
Three-State Mechanisimhe three-state model used in the software.
global analysis is36)

The difference in free energy between the native and the
unfolded statesAG, was calculated by the equation:

RESULTS

Steady-State Fluorescence of Tryptoph@he intrinsic
where N, I, and D are the native, intermediate, and denaturedfluorescence of Trp residues in ACF Il was used for studies
states, respectively. The two equilibrium constants describingof its unfolding/refolding behavior. As there are 14 Trps in
the system are defined as ACF Il (1), the overall changes in fluorescence reflect global

changes in protein structure, and average microenvironments
Ky = [1/IN]; Ko = [DI1] (6) of Trps can be assessed. The inset figure in Figure 2 shows

N<|<D (5)
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0.30 extensively disordered structure. The | state is stable in the
08555 GdnHCI concentration range 1.92.20 M. The second
transition, which corresponded to the unfolding of | state,
starts at around 2.25 M GdnHCI and finally slopes off to
the D state at 3.30 M GdnHCI concentration with a further
increase of fluorescence intensity and a further red shift of
the Amax from 350 to 354 nm, suggesting that a few folding
v — 2 conformations probably exist in the | state which contains
0.10 z : 7 T Wa”i!:"g'“ ‘"m)é some local _h_ydrophobic regic_)ns around some Trps.

GdnHO! (W) _ The transitions of GdnHCl-induced unfolding and refold-

ing of apo-ACF Il in absence of Ga follow a two-state

Ficure 2: GdnHCl-induced unfolding and refolding of ACF Il in mechanism, while GdnHCl-induced denaturation of holo-

0.02 M Tris-HCI buffer, pH 7.6, 28C. The protein concentration ] : ;
of 1 uM was used in the study. Unfoldinglj and refolding ©) ACF Il follows a three-state mechanism. The thermodynamic

transitions of apo-ACF Il and unfoldingaj and refolding ¢) and spectroscopic parameters were obtained by nonlinear
transitions of holo-ACF Il were monitored by measurement of least-squares analysis for the two-state transition of apo-ACF
fluorescence at 340 nm after excitation at 295 nm. The curves are|l according to eq 9 and by the global analysis for the three-
the fitting curves based on experimental points by nonlinear least- siate transition of holo-ACE I according to eq 10. ThE?,

squares analysis for the two-state transition of apo-ACF Il according : - .
to eq 9 and by the global analysis for the three-state transition of Cm, andmvalues obtained for the GdnHCl-induced unfolding

holo-ACF Il according to eq 10. The inset figure depicts the intrinsic  transition of apo-ACF Il are 4.66- 0.08 kcal mot*, 1.17
fluorescence spectra of apo-ACF | in native (1) and 2.1 M GdnHCI £ 0.04 M, and 3.92t 0.06 kcal Mt mol™?, respectively.
unfolded (5) states and holo-ACF | in native (2), 2.1 M GdnHCI The AG\° C.\', and my, values obtained for the first
intermediate (3), and 4.9 M GdnHCI unfolded (4) states. transition (N< 1) of holo-ACF Il are 4.99+ 0.10 kcal mot?,
fluorescence emission spectra of apo-ACF Il and holo-ACF 1.59 &+ 0.03 M, and 3.14+ 0.11 kcal M mol™%, respec-

Il in native, 2.1 M GdnHCI, and 4.9 M GdnHCI unfolded tively. Value of AGy,° represents the difference in free energy
states by exciting the protein at 295 nm. It is notable that between the native and the intermediate states of holo-ACF
the GdnHCl-induced unfolding causes the fluorescence Il in the absence of GdnHCI. However, it is more difficult
emission intensities of both apo-ACF Il and holo-ACF Il to to accurately calculatAGp° of holo-ACF Il because, below
increase with the red shift of emission maximutRax 2.1 M GdnHClI, the intermediate state is not stable and will
suggesting that both native apo-ACF Il and holo-ACF Il change to the native state; as a result, the free energy of
assume a compactly folded structure in which most Trps andunfolding AGp should not linearly depend on [GdnHCI]
quenchers, such as the charged carboxyl and/or amino group$elow 2.1 M GdnHCI and using eq 13 will lead to a wrong
in the interior protein, are adjacent as observed for bovine value for AGp°. According to the method of Muzammil et
B-lactoglobulin 88). As shown in Figure 2, GdnHCl-induced al. (32), the free energy change of holo-ACF Il in the
denaturation of apo-ACF Il was found to be a single-step presence of 1 mM Ca associated with the N> | < D
process with no detectable intermediate state(s). The transitransition can be calculated by summing the free energy
tion starts at around 0.65 M GdnHCI and slopes off at 1.85 change of the individual steps, i.&AGn° andAGp*, since

M GdnHCI with a red shift of thelmax (from 339 to 354 AG, as a thermodynamic parameter, does not depend on the
nm). The refolding transition curve of apo-ACF Il essentially path. Value ofAGp* represents the value obtained from
superposes on its unfolding transition curve, which shows extrapolation oAGp values up to the starting of the process
the GdnHCIl-induced denaturation of apo-ACF Il is revers- (I < D), 2.1 M GdnHCI. TheAGp*, C,®, andmp values
ible. Ca&" ions (1 mM) were present during holo-ACF Il associated with the second transition<ID) of holo-ACF
unfolding/refolding, since the occupation of the boti?Ga Il are 1.38+ 0.04 kcal mot?, 2.57+ 0.09 M™%, and 2.86+
binding sites requires a concentration ofCens of 1 mM 0.08 kcal Mt mol ™, respectively. ThAGioC of holo-ACF

(2). GdnHCl-induced denaturation of holo-ACF Il was found 1l in the presence of 1 mM G4, i.e., the free energy change
to be a two-step process with accumulation of an intermediateassociated with the transformation of the N state to the |
state in a different manner to apo-ACF Il. A Similar transition state and finally to the D state, was calculated to be 637
curve was obtained for the refolding of holo-ACF 1, 0.13 kcal motl. A comparison of the free energy changes
suggesting that GdnHCI-induced denaturation of holo-ACF of apo-ACF Il and holo-ACF 1l during GdnHCl-induced
Il is also reversible. GdnHCI-induced denaturation of holo- unfolding clearly indicates that th&Gi,° of holo-ACF Il
ACF |l is approximated to a three-state transition, and the in the presence of 1 mM Cais greater than the\G° of
mechanism for unfolding/refolding of holo-ACF Il is rep- apo-ACF Il in the absence of €3 and the difference is
resented as eq 5. The slight linear decrease of fluorescencdéound to be 1.77 0.13 kcal moft. These results demon-
intensity of holo-ACF Il with no obviougmax shift at low strate that C& ions in holo-ACF Il markedly stabilize its
concentrations of GdnHCI, less than 0.80 M, was observed, conformation.

which was assumed the solvent perturbation effect on its  Similar results are obtained for equilibrium parameters of
fluorescence and therefore was regarded as a baseline. Theefolding transitions of apo-ACF Il and holo-ACF 1l in
first transition of holo-ACF Il unfolding which corresponded GdnHCI solution compared to their unfolding transition. The
to the transformation of the N state to the | state starts at AG® C,, andm values obtained for the GdnHCI-induced
around 1.10 M GdnHCI and completes at 1.95 M GdnHCI refolding transition of apo-ACF Il are 4.4Z 0.07 kcal
concentration with the increase of fluorescence intensity andmol™2, 1.21 4 0.02 M, and 3.64+ 0.05 kcal Mt mol™1,

a significant red shift of thénax from 339 to 350 nm, which  respectively. TheAGy,°, C,, andmy, values obtained for
indicates that the unfolding | state of holo-ACF Il has the first refolding transition (N> 1) of holo-ACF Il are 5.12
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Ficure 3: GdnHCI-induced unfolding of T¥-reconstituted ACF
I1'in 10 uM Tbh3" and 0.02 M Tris-HCI buffer, pH 7.6, 25C. The
concentration of TB™-ACF Il is 1 uM. Unfolding transitions of
Tb3*-ACF Il were monitored by measurement of Trp fluorescence
at 340 nm M) and TE" fluorescence at 545 nn®j, respectively,
after excitation at 295 nm. The curves are the fitting curves based

on experimental points by nonlinear least-squares analysis according,

to eq 9. The inset figure shows the intrinsic fluorescence spectra
of Th¥™-ACF Il in the native (1) and 4.9 M GdnHCI unfolded (2)
states.

+ 0.13 kcal mot?, 1.504+0.02 M, and 3.414 0.08 kcal
M~1 mol™1, respectively, while theAGp*, C,'®, and mp
values associated with the second refolding transitiorr (I
D) of holo-ACF Il are 1.41+ 0.02 kcal mot?, 2.62+ 0.03
M™%, and 2.944 0.08 kcal M* mol™?, respectively. The
difference of refolding free energy (& D) for holo-ACF

Il in the presence of 1 mM Céa and apo-ACF Il in the
absence of Cd is 2.11+ 0.15 kcal mot?. The result also
suggests that Caions increase the conformational stability
of holo-ACF Il to the similar extent as determined from its
unfolding transition.

Th*" Steady-State Fluorescendé®" has higher affinity
to ACF Il than C&" and can completely replace both“Ca
in holo-ACF II. The apparent association constants of'Th
are (2.14+0.2) x 10/ M~tand (1.0+ 0.1) x 10" M~ (39).
The binding of TB" to ACF Il causes the intrinsic
fluorescence of ACF Il to decrease and results in the
characteristic fluorescence emission of*THrom its 5D,
excited state tdF; (j = 6, 5, 4, 3) state at 488, 545, 580,
and 620 nm, respectively, by excitation at 295 r38)( This
characteristic emission of ¥h upon its binding to ACF Il

Xu et al.

turation of TE"-ACF Il was found to be a single-step process
with no detectable intermediate state(s) when studied by both
intrinsic fluorescence and Fhfluorescence. The transition
monitored by the measurements of intrinsic fluorescence at
340 nm shows that the abrupt unfolding ofTHACF Il starts

at around 2.06 M GdnHCI and completes at about 3.30 M
GdnHCI with a red shift of thé.em (340— 352 nm), while

the transition monitored by the measurements of'Th
fluorescence at 545 nm shows that the abrupt unfolding of
Tb3*-ACF Il starts at around 2.09 M GdnHCI and completes
at about 3.20 M GdnHCI. The midpoint of the red shift of
the Aem Of Trps occurs at around 2.60 M GdnHCI, within
experimental errors, which is very similar to the midpoint
(2.65 M GdnHCI) for the change of the Themission
intensity. These results demonstrate that the unfolding of
Tb**-ACF Il leads to the disruption of both compact®h
inding regions at the same time and breaks the nonradiative
energy transfer from Trp residues to both bound*Tibns.

Using a two-state (N> D) mechanism, thaG°, C,, and
m values for the GdnHCIl-induced unfolding transition of
Tb*"-ACF Il were obtained to be 7.26 0.11 kcal mot?,

2.60 + 0.03 M, and 2.794+ 0.04 kcal M* mol™* as
monitored by the measurements of intrinsic fluorescence at
340 nm and 7.48: 0.20 kcal mot?, 2.65+ 0.05 M, and
2.82+ 0.12 kcal M mol™* as monitored by the measure-
ments of TB" fluorescence at 545 nm, respectively. A
comparison of the free energy changes of'FACF Il and
holo-ACF Il during GdnHCl-induced unfolding clearly
indicates that theAGP of Th®"™-ACF Il is greater than the
AGoia of holo-ACF 11, and the difference is found to be
0.89+ 0.13 kcal mot?! as monitored by the measurements
of intrinsic fluorescence at 340 nm. The result suggests that
Th3"-stabilized ACF Il exhibits higher resistance to GdnHCI
denaturation than holo-ACF II.

CD MeasurementsTo test if the unfolding transition
monitored by fluorescence reflects a disruption of the overall
structure of the protein or just a local unfolding, we analyzed
the GdnHCIl-induced denaturation of ACF Il using far-Uuv
CD spectroscopy. All native apo-ACF I, holo-ACF I, and
Tb3"™-ACF Il have a similar far-UV CD spectrum (data not
shown). Thea-helix andf-sheet contents of holo-ACF Il

is due to the nonradiative energy transfer between Trps andhave been estimated to 18.6% and 26.2%, respectively, using

the bound TB" ions in ACF Il (40). Considering that the
structural changes of the Tbbinding sites should affect
the characteristic emission of I we measured the changes
in emission intensity both at 340 nm and at 545 nm during
equilibrium unfolding of TB*-ACF Il to determine whether

a method reported by Chen et a1j. Similar results were
obtained for apo-ACF Il (17.8% faw-helix and 25.5% for
p-sheet) and for TH-ACF Il (19.1% fora-helix and 25.2%
for S-sheet), which suggests that both?Cand T8+ have
no obvious effect on the secondary structure of ACF Il. The

Th®* could be used as a fluorescence probe to monitor the secondary structure contents of habu IX/X-bp on the basis

structural change of the €abinding sites during unfolding/
refolding.

Because occupation of both metal ion-binding sites of ACF
Il requires 10uM Tb3* and high concentration of Ph will
cause the precipitation of Fhions at pH 7.6, 1M Th®*
was present during the unfolding of SBACF II. Figure 3
shows the GdnHCIl-induced unfolding of IBACF Il as

of the X-ray structure are 19.0% far-helix, 24.6% for
p-sheet, and 56.4% for other structur&s. Within experi-
mental errors, the-helix ands-sheet contents of holo-ACF
II, apo-ACF Il, and TB" -ACF Il are very similar to habu
IX/X-bp, which further suggests that ACF Il probably has a
backbone structure similar to that of habu IX/X-bp.

The changes in ellipticity at 222 nm for the protein

monitored by the measurements of the intrinsic fluorescenceincubated in various concentrations of GdnHCI were used

at 340 nm and the Pb fluorescence at 545 nm, respectively,
by exciting the protein at 295 nm. The GdnHCl-induced
unfolding of TB"™-ACF Il induces an increase in the

to construct the stability profiles. As shown in Figure 4, all
transition profiles of apo-ACF Il, holo-ACF II, and Tb
-ACF Il show a single step with no apparent intermediate

fluorescence intensity of Trps and decreases in the intensitiesstate(s). Using a two-state mechanism, A@°, C,,, andm

of the four fluorescence peaks of 3'tat 488, 545, 580, and
620 nm (inset figure in Figure 3). GdnHCI-induced dena-

values for the GdnHCI-induced unfolding transition of apo-
ACF I, holo-ACF IlI, and TB"-ACF Il monitored by the
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Ficure 4: GdnHCl-induced changes of the far-UV CD spectra of
ACF Il in 0.02 M Tris-HCI buffer, pH 7.6, 25°C. The protein
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222 nm of apo-ACF Il @), holo-ACF |l (@), and TE*-ACF I

(a). The curves are the fitting curves based on experimental points
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The transition of TB™-ACF Il monitored by the measure-
ments of ellipticity at 222 nm shows that the abrupt unfolding
of Th®™-ACF Il starts at around 1.74 M GdnHCI and
completes at about 3.20 M GdnHCI (Figure 4). The normal-
ized transition curves for GdnHCl-induced unfolding ofTH
ACF Il monitored by the measurements of ellipticity at 222
nm and fluorescence at 340 nm or at 545 nm are nearly
superimposable (data not shown). These results further
indicate that the GdnHCl-induced unfolding process of"Th
ACF Il is single step without the accumulation of detectable
equilibrium intermediate(s). ThAG® (7.22 + 0.12 kcal
mol~1) estimated from the far-UV ellipticity during GdnHCI-
induced unfolding is similar to that based on fluorescence
spectroscopy (7.26: 0.11 and 7.48+ 0.20 kcal mot?
monitored by the measurements of fluorescence at 340 and

by nonlinear least-squares analysis according to eq 9. The inset245 NM, respectively) and is also greater thantB.a” of

figure shows the far-UV CD spectra of holo-ACF Il in the native
(1), 2.1 M GdnHCl intermediate (2), and 4.9 M GdnHCI unfolded
(3) states.

measurements of ellipticity at 222 nm were calculated to be

4.65+ 0.08, 4.97+ 0.16, and 7.22- 0.12 kcal mot?, 1.12
+ 0.03, 1.60+ 0.04, and 2.49 0.05 M, and 4.16+ 0.10,
3.11+ 0.08, and 2.9G: 0.05 kcal Mt mol™2, respectively.

The transition of apo-ACF Il monitored by the measure-
ments of ellipticity at 222 nm shows that the abrupt unfolding
of apo-ACF Il starts at around 0.66 M GdnHCI and
completes at about 1.80 M GdnHCI. Th&C (4.65+ 0.08
kcal mol 1) estimated from the far-UV ellipticity is similar
to that based on fluorescence spectroscopy (46008 kcal
mol). The normalized transition curves for GdnHCI-

holo-ACF 1l based on fluorescence spectroscopy (6t37
0.13 kcal mot?). These results further prove that 3Th
stabilized ACF Il exhibits higher resistance to GdnHCI
denaturation than the holo-ACF II.

Metal lon-Induced Refolding of ACF IBecause Cd and
Tb3" ions can increase the structural stability of ACF I,
higher concentrations of denaturant are required to induce it
to unfold for holo-ACF Il and TB"-ACF Il than for apo-
ACF II. It is possible to find a denaturant concentration at
which refolding from the fully denatured state to the
intermediate state or to the native state could be initiated by
adding the metal ion to the unfolded state. It is obvious from
Figures 2 and 3 that, at 2.1 M GdnHCI, apo-ACF Il is in the
denatured state, while holo-ACF Il and *rbACF Il are in
the | state and the native state, respectively. Therefore, it

induced unfolding of apo-ACF Il monitored by the measure- might be possible to perform a refolding jump from the
ments of ellipticity at 222 nm and fluorescence at 340 nm unfolded state of apo-ACF Il to the | state of holo-ACF I
are nearly superimposable (data not shown). These resultdy adding the C# ions or from the unfolded state of apo-

further suggest that the GdnHCl-induced unfolding process ACF Il to the native state of T9-ACF Il by adding the

of apo-ACF Il follows a two-state (N> D) mechanism
without the accumulation of stable equilibrium intermediate-
(s).

The transition of holo-ACF Il monitored by the measure-
ments of ellipticity at 222 nm shows that the abrupt unfolding
of holo-ACF Il starts at around 1.04 M GdnHCI and
completes at about 2.78 M GdnHCI (Figure 4). The normal-
ized transition curve for GdnHCI-induced unfolding of holo-
ACF Il monitored by the measurements of ellipticity at 222
nm and the normalized transition curve for the GdnHCI-
induced first transition (N 1) of holo-ACF Il monitored

Tb3" ions to the unfolded state of apo-ACF Il. Such
transitions could be monitored by fluorescence measure-
ments. It was found that, without adding metal ions, unfolded
apo-ACF Il exhibited no change in intrinsic fluorescence
spectrum aftel h at 2.1 MGdnHCI concentration. The
intrinsic fluorescence intensity of apo-ACF Il began to
decrease after addition of 1 mM €ato the unfolded apo-
ACF I, and the fluorescence intensity of ¥bbegan to
increase with the decrease of the intrinsic fluorescence
intensity of apo-ACF Il after addition of 10M Th3" to the
unfolded apo-ACF Il. The quenching of Trp fluorescence
by C&* and TB" and the enhancing of Fb reflect the

(data not shown), suggesting that the two-state transition of metal ion-induced refolding of the protein. There were no

holo-ACF Il monitored by the measurements of ellipticity
at 222 nm corresponds to the first transition<N) of holo-
ACF Il monitored by the fluorescence at 340 nm. The
unfolding AG® (4.97 + 0.16 kcal mot?) estimated from the
far-UV ellipticity is similar to AGy,° of the N<> | transition

of holo-ACF Il based on fluorescence spectroscopy (4:99
0.10 kcal mot?!). However, the existence of the second

further changes of the fluorescence spectra observed after
40 min of refolding, indicating that the refolding process
was completed within this time.

The refolding kinetics was monitored by Trp fluorescence
at 340 nm and by Tb fluorescence at 545 nm after addition
of metal ions to the unfolded apoprotein. Figure 5 shows
the representative kinetic traces. The kinetics cff@aduced

unfolding transitions monitored by the fluorescence measure-refolding monitored by Trp fluorescence at 340 nm could

ments, i.e., |<= D, was not detected by far-UV CD

not be satisfactorily fit to a single-exponential function. A

measurements. These results further demonstrate that thgum of two-exponential terms best fits the refolding curve

unfolding | state of holo-ACF Il is extensive disordering of

yielding refolding rate constant values of 0.08200.0009

the native structures only with retaining a few secondary and 0.0091+ 0.0002 s* for the faster and slower phases,

structures.

respectively. The kinetics of Ph-induced refolding was also
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1.0 DISCUSSION
S 0.8 One of the most intriguing observations in the present
§ 06 study is that C& ions not only increase the structural
e stability of ACF Il but also influence its unfolding/refolding
é 0411 behavior. The GdnHCI-induced unfolding/refolding of apo-
g o2y ACF Il in the absence of Ca is a two-state process with
00 ‘ ‘ | | . no detectable intermediate(s), while the GdnHCI-induced
"0 50 100 150 200 250 300 unfolding/refolding of holo-ACF Il in the presence of 1 mM
t (Sec) Ca" follows the three-state transition with an intermediate

FiIGURE 5: Metal ion-induced refolding of apo-ACF Il from the ~ State. As shown in Figure 2, the decalcification of holo-ACF
unfolded state in 2.1 M GdnHCI and 0.02 M Tris-HCI buffer, pH Il shifts both the initial and ending zones of the unfolding/
7.6, monitored by measurement of fluorescence by excitation at refolding curve toward lower GdnHCI concentrations and

295 nm. Refolding was initiated by addition of 1 mM a0, ; i i i i
quenching of Trp fluorescence at 340 nm) o ARl Th** (O abolishes the formation of intermediate in the absence of

quenching of Trp fluorescence at 340 nm; enhancing of Th" Cat" ions. It can be deduce from these results that @ans
fluorescence at 545 nm) to4M apo-ACF Il in 2.1 M GdnHCI. should play an important role in the stabilization of the
All curves were obtained after fitting to a sum of two-exponential structures of the native and | states. The | state should be
terms based on experimental points. unstable at higher GdnHCI concentration in the absence of
Ca&*" ions; as a result, the GdnHCI-induced unfolding/
1004 "‘D-Ow::\ refolding of apo-ACF Il in the absence of &ais a two-
g 80 O\O state process with no intermediate.
£ 60 \ \ As shown in Figure 2, the two transition curves for the
8 40l E’\ \ unfolding and refolding of holo-ACF Il in the presence of 1
g LG mM C&" are almost superimposable, which suggests that
b 201 \ \o\ the intermediate state should be an on-pathway intermediate.
= o o000 On the basis of this assumption, the goodness of the fit of a
30 40 50 60 70 80 90 three-state equilibrium model (K- | <= D) by the global
Temperature °C analysis for refolding of holo-ACF Il further demonstrates

FIGURE 6: lrreversible thermal denaturation of apo-ACF Il and that the intermediate state is on-pathway for refolding of
holo-ACF Il in 0.02 M Tris-HCI buffer, pH 7.6. The irreversible  holo-ACF L.
thermal unfolding transitions of apo-ACF IJj in the absence of The different unfolding/refolding transition curves for

Ca&* and holo-ACF Il ) in the presence of 1 mM CGa were ~ ) . .
determined by monitoring the loss in their anticoagulant activity holo-ACF Il and apo-ACF Il suggest that the intermediate

associated with the increase in temperature. The protein concentra®f h0lo-ACF Il should still have calcium bound. Addition
tion was 1.Qug/mL. Data are expressed in terms of relative activity 0of 1 mM C&" to the unfolded apo-ACF Il causes the intrinsic

using the activity of native holo-ACF Il as reference (100%).  fluorescence intensity of apo-ACF Il to decrease (Figure 5),
while unfolded apo-ACF Il exhibits no change in intrinsic
best fitted to a sum of two-exponential terms yielding fluorescence spectrum after addition of 5 mM*Na the
refolding rate constant values of 0.02620.0005 and 0.0046  unfolded apo-ACF Il (unpublished data), which reveals that
+ 0.0002 s* for the faster and slower phases, monitored by Ca*-induced fluorescence quenching of unfolded apo-ACF
Trp fluorescence at 340 nm, and rate constant values ofll is not due to the change of the ionic strength of the
0.0408+ 0.0006 and 0.0044 0.0001 st for the faster and  solution. Because CGaions have no direct quenching (such
slower phases, monitored by J¥bfluorescence at 545 nm,  as collisional quenching and energy transfer quenching) effect
respectively. on the fluorescence of tryptophan (unpublished datadt-Ca
induced fluorescence quenching of unfolded apo-ACF I
should be attributed to the complex formation between
protein and C&, and this binding then induces the formation
of the intermediate and perturbs the microenvironment

Irreversible Thermal Denaturationrreversible thermal
denaturation studies on apo-ACF Il and holo-ACF Il have
been conducted by incubating the protein at variable tem-

per?tyr(la)s for 3.? min ?rr: d levalpag]ng thet_denatulrat;on tc_)f_:he around the relevant tryptophan residue(s) and therefore causes
protein by monitoring the oss in their anticoagulant activity 16 fjorescence quenching of protein. This result further

associated with the increase in temperature. Figure 6 ShowSgicates that the intermediate of holo-ACE Il still has
the effect of increasing the temperature on the loss of the c51cium bound. However, we cannot infer whether the
anticoagulant activity in the temperature range 6F90°C. jntermediate has one or two calciums bound from the present
For both apo-ACF Il and holo-ACF II, a sigmoidal decrease data. Further investigation is necessary to clarify this issue.
in activity with increasing temperature was observed. HOW-  The | state of holo-ACF Il at 2.10 M GdnHCI seems to
ever, a difference in the temperature corresponding 10 haye the following characteristics: (i) the loss of native
irreversible thermal denaturation of the protein under these strycture, according to the significant increase of intrinsic
conditions was observed between apo-ACF Il and holo-ACF flyorescence intensity from the N state to the | state; (ii) the
Il. Figure 6 clearly shows that the decalcification of holo- |oss of most secondary structure as indicated by marked
ACF Il results in about a BC left shift of the irreversible  change of far-UV CD spectra from the N state to the | state;
thermal denaturation curve, which indicates that**€a (i) the retention of a few folding conformations within local
stabilized holo-ACF Il exhibits higher resistance against hydrophobic regions, as judged from the fact that the second
thermal denaturation than apo-ACF II. transition from the | state to the D state of holo-ACF Il results
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in a further increase of fluorescence intensity by 30% with  Protein activity can be regarded as the most sensitive probe
a red shift of thelmax from 350 to 354 nm and a further for studying the changes in the protein conformation during
decrease of ellipticity at 222 nm by 21%; (iv) the exposure denaturation as it reflects subtle readjustments at the active
of the most Trp residues, based on the significant red shift site. However, it is very difficult to trace the change of the
of the intrinsic fluorescence from the N state to the | state; anticoagulant activity of ACF Il during its unfolding and
(v) the retention of calcium bound. refolding. Anticoagulant activity was determined using a
It is obvious from Figures 2 and 3 that the GdnHCI modifica’;ion of thg plasma prothrombin time (PPT) assay
concentrations required for the complete unfolding of holo- @S described previousiy). When we measured the antico-

ACF Il and TE*-ACF Il are almost identical, but the binding agulant activity of ACF Il during its unfolding and refolding,
of Tb* ions to ACE Il shifts the initial zone of the We found that GdnHCIhad a marked effect on its PPT. Even
though, in the absence of ACF Il rabbit plasma did not clot
in 0.30 M GdnHCI after 12 h incubation of the plasma with
thromboplastin and 5 mM Ca. A plausible explanation is

that GdnHCI is a competitive inhibitor of the trypsin-like

denaturation curve toward higher GdnHCI concentration, thus
abolishing the formation of intermediate in the presence of
10 uM Tb®" ions. In other words, T ions have stronger

ionic potentials and are able to more strongly stabilize the =< . . . o
native conformation of ACF Il than & ions, which can serine proteases in the coagulation cascade. It is also difficult

be inferred from the greater free energy chang of Th®*- _to trace the Chaf‘ge of the binding abi”FV of ACF Il to FXa
ACF Il than theAGyw? of holo-ACF I1. Therefore, a higher in the dena'_[uranon process for a possible reason that FXa,
concentration of GdnHCI is required to induce the protein ast a prots_ml, mayf g% lsIISC(;d a:lfg?tgd bty GddRWCIAéIthTIr
unfolding, at which the | state should be unstable; as a result,ex e_ns![vg Ol2a|\);|31|§ o Hbl buff n H’fga uret . .00'1 M
Th®*-ACF Il has undergone a single-step transition with no against U. fs- uffer (pH 7.6) containing 1 m

" .
detectable intermediate in the presence ofllOTh3! ions. Caz_ to remove _G_dnl_—|CI, I almost recovered the full
anticoagulant activity in the native state, suggesting that

Interestingly enough, by comparing the denaturation GgnHCl-induced denaturation of holo-ACF Il is reversible.
profiles of apo-ACF II, holo-ACF II, and TH-ACF I, we It has been reported that habu IX/X-bp undergoes a
found that, under appropriate denaturing condition (2.1 M gnformational change upon binding ofCéons and forms
GdnHCI), a refolding jump could be initiated. Indeed, we 4 crystal only when 3 mM C4 ions are present, indicating
were ab_le to initiate refolding of unfolded apo-ACF Il simply  that it adopts a loose, amorphous conformation and a rigid,
by adding 1 mM C& or 10 uM Th3". Fluorescence  grdered conformation in the absence and presence 8f Ca
measurements show that both refolding processes from thegns, respectively4?). Similarly, holo-ACF Il exhibits much
unfolded state of apo-ACF Il to the | state of holo-ACF Il hjgher resistance to GdnHCI denaturation than the apo-ACF
induced by 1 mM C# and from the unfolded state of apo- || “indicating it should have a significantly more compact
ACF i to the native state of T-ACF Il induced by 10 conformation than the apoprotein. The stabilizing effect of
#M Tb*" are best fit to a sum of two-exponential terms, cz* ions on the overall structure of holo-ACF Il was also
suggesting a faster and a slower folding population in both confirmed by studying the irreversible thermal denaturation
processes (Figure 5). It is interesting to note that similar of apo-ACF Il and holo-ACF II. From these results, we
refolding rate constant values of the slower phase (0.0046speculate that Ga ions may play similar roles in keeping

+ 0.0002 and 0.0044 0.0001 s*) for the process of TH- protein structure and function for ACF Il as well as for habu
induced refolding were obtained by measurements of Trp |X/X-bp.
fluorescence at 340 nm and *Tbfluorescence at 545 nm, It has been reported that the two?Caons in habu IX/

but the refolding rate constant values of the faster phasex-pp can be all replaced by trivalent lanthanide ions such
(00262 + 0.0005 and 0.0408: 0.0006 Sl) were very as LT and Smt (7) The sites of L&' and St in heavy_
different as monitored by Trp fluorescence at 340 nm and atom soaked crystals of habu IX-bp are identical with that
Tb*" fluorescence at 545 nm. Thfluorescence measure-  of Cz2* (8). Similarly, trivalent lanthanide ions, such as3Nd
ments can detect the first and the last phases, while Trospe+, Ewt, G, and TB*, can completely substitute the
fluorescence measurements can detect the second and thez* ions in holo-ACF II. The binding of T ions to ACF
last phases. The fastest refolding rate associated with thejl has been analyzed by equilibrium dialysis, and twé*Fb
first phase was obtained from Thfluorescence measure-  binding sites are identified in the presence of @ Th®*
ments, indicating that T ions are rapidly bound to the  (39). Th3*, as a trivalent ion, has stronger ionic potential
protein initially and the fastest step should involve the and therefore has stronger stabilization of the conformation
formation of the compact metal-binding site regions. Sub- of ACF Il than holo-ACF I, as inferred from the higher
sequently, the protein undergoes further conformational initial zone of the denaturation curve of ¥BACF Il than
rearrangements, which correspond to the second step andhat of holo-ACF 1. However, the binding of ACF Il with
the last step to form its native structure as observed from FXa is dependent on €aions, while trivalent lanthanide
the further decrease of the intrinsic fluorescence and theions, such as Nd, Sn#*, E®*, Gd**, and TH*, are all
further increase of TH fluorescence. Although we cannot ineffective to induce the binding (unpublished work). The
infer the detailed picture of the pathway of the metal ion- particular GdnHCl-induced transition profile of holo-ACF
induced refolding from the present data, it is certain that the I, compared to that of apo-ACF Il and THACF II, reveals
metal ion-induced refolding of apo-ACF Il could be per- that C&" ions play unique roles in stabilizing the specific
formed without changing the concentration of the denaturant. conformation of holo-ACF Il. The Ca ion-stabilized
Further investigation is necessary to elucidate the structurespecific conformation of holo-ACF Il should be helpful to
of the intermediate state and the mechanism of the metalits recognition of the structure of FXa, thereby promoting
ion-induced refolding. the association of two proteins. However, trivalent lanthanide
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ions have stronger ionic potentials in contrast witi'Gans;
thus, the TB" ion-stabilized conformation of F-ACF I

may be unsuitable for its recognition of the conformation of

FXa and cannot support the binding of 3TkACF Il with

FXa. Another possible reason for the dependence of the

binding of ACF Il with FXa on C&" ions may be that FXa
itself is a C&*-binding protein with multiple C&-binding

sites and the binding of Caions to FXa also induces the

conformational changes of FX43—47). Thus, the binding

of C&" ions to ACF Il and FXa not only induces the
conformational change of ACF Il but also induces the
conformational change of FXa, and both conformational
changes might be essential for the recognition of each other.

CONCLUSIONS

Metal ions not only increase the structural stability of ACF
Il against GdnHCI denaturation and irreversible thermal
denaturation but also influence its unfolding/refolding be-
havior. The GdnHCI-induced unfolding/refolding of apo-
ACF Il and TB*-ACF Il is a single-step process with no
detectable intermediate state, while the GdnHCI-induced
unfolding/refolding of holo-ACF Il in the presence of 1 mM
Cat follows the two-step transition with an intermediate
state. C&" ions play an important role in the stabilization

of both native and | states of holo-ACF Il. ¥bstabilized

ACF 1l exhibits higher resistance to GdnHCI denaturation
than the holo-ACF Il. It is possible to induce refolding of

the unfolded apo-ACF Il merely by adding 1 mMaons

or 10uM Th3" ions without changing the concentration of
the denaturant. The kinetic results of metal ion-induced
refolding provide evidence for the fact that the first phase
of Th*t-induced refolding should involve the formation of
the compact metal-binding site regions, and subsequently,
the protein undergoes further conformational rearrangements

to form the native structure.
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