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ABSTRACT. To elucidate the role of conserved proline residues of the tryptophan syntlsag®init from
Escherichia colin stability and folding, equilibrium and kinetic studies of the unfoldimgfolding induced

by guanidine hydrochloride for six mutaatsubunits (Pro— Ala) were carried out by peptidyl circular
dichroism and aromatic fluorescence measurements at pH 7 af@.29hese results were analyzed
assuming the presence of one intermediate (1) state in the denaturation process. (1) For all mutant and
wild-type proteins, the Gibbs energy changeGgi,0) in water between the native (N) and | states
coincided with the differenceAG*yn,0) — AG*n,0) between the activation Gibbs energy changes in
water for the unfolding AG*y,0)) and refolding AG¥1,0)) reactions. This means that the early folding
intermediate of thex subunit corresponds to the equilibrium intermediatdsniH,0) Values of all mutant
proteins decreased compared with that of the wild-type protein. Gibbs energy chdBgg,6)) in water
between | and the denatured (D) states was not substantially affected by the substitat&ias,o) and
AGHn,0) decreased and increased, respectively, for all mutant proteins. (2) Six conserved prolines played
roles in stability and folding of thet subunit in a different manner: prolines 28 and 96 by stabilizing the

N state and prolines 28, 96, 132, and 207 by destabilizing the | state. The contributions of prolines 57
and 62 to the stability were marginal. (3) Cis proline 28 was not the origin of the slow phase in the
refolding kinetics assumed to arise from the-dians isomerization reaction of proline.

A unique three-dimensional structure of a protein is 1992; Herning et al.,, 1991). On the contrary, there is a
essential for its biological function. The three-dimensional proline residue which increases the stability by substitution
structure is determined by the information described in the (Green et al., 1992). These results indicate that the role of
amino acid sequence. Decoding the information is one of a proline residue in stability and folding of a protein changes
the main problems in modern life science research (Gros & depending on the location of each proline. However, the
Tocchini-Valentini, 1994). For this purpose, it is essentially details remain to be elucidated.
important to find the contributions of individual amino acids  In a series of studies on the stability and folding of the
to the stability and folding of a protein. subunit and its mutants of tryptophan synthase friém

Among amino acids constituting a protein, a proline cherichia coli(Yutani et al., 1977, 1979, 1980, 1982, 1984,

residue has unique aspects in the stability and folding of a 1987), we have focused on highly conserved proline residues

protein [for reviews, see Kim and Baldwin, (1982, 1990), @mong thea subunits of bacteria. Thet subunit is

Nall, (1994), and Schmid (1992)]. The occurrence of the constituted of 268 residues without a disulfide bond and has
cis isomer of imido bonds (X-Pro) is greater than those of 19 proline residues. A previous paper has revealed, based

non-proline residues (Stewart et al., 1990; MacArthur & on calorimetry, that the cc_)nserved_ proline residues W.it.h low
Thornton, 1991). The cistrans isomerization of proline thermal fact_ors play_crumal roles in the thermal stability of

peptide bonds is involved in protein folding (Garel & theqsubumt (Yutani et al., 1991). Some of the consgrved
Baldwin, 1973; Brandits et al., 1975; Kim & Baldwin, 1982, Proline residues have also played an important role in the
1990 l\iall, 1594; Schmid, '1992)f Proline resid’ues a’re stimulation of enzymatic activities of the tryptophan synthase
therefore recognized to be of special significance in stability (Ogasahara et al., 1992). :

and protein folding. The replacements of proline residues Although the X-ray crystallographic structure of the

. o . subunit monomer fronk. coli has not yet been determined
often lead to large changes in stability and folding (Kelley '
& Richards, 1987; Matthews et al., 1987; Wood et al., 1988; the structure of the tryptophan synthasg, complex from

Hurle et al., 1991; Schultz & Baldwin, 1992; Schultz et al., tsoalgne%r;ilgaettyhp:guﬂlég':gﬂiriﬁ;’ 1?2?@222@%%:?(1
1992; Mayr et al., 1993: Tweedy et al., 1993). However, in -’ q 9y

some cases, decreases in stability by replacements of proline%Om E. coli and S typhimuriumis very high. Figure 1
are small (Alber et al., 1988: Chen et al., 1992: Green et al. isplays the locations of the six conserved proline residues

"in the tryptophan synthase$, complex fromS. typhimu-
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of the . subunit fromE. coli, in which one of the prolines

at positions 28, 57, 62, 96, 132, or 207 (Figure 1) was
replaced by alanine. The equilibrium and kinetic results were
described by the denaturation Gibbs energy change and the
activation Gibbs energy change, respectively. Combining
both energy changes, we will discuss the role of the prolines
in stability and folding in terms of the energy levels of the
states in the folding pathway of the subunit.

MATERIALS AND METHODS

o Subunits and ChemicalsMutant a. subunits fromE.
coli (P28A, P57A, P62A, P96A, P132A, and P207A), in
which each of the conserved prolines residues at position
Ficure 1: Positions of the six conserved proline residues inothe 28, 57, 62, 96, 132, Or. 207 was Su.bStltUted by alanm.e' were
subunit of tryptophan synthawﬂz Comp|ex fromS. typh|mur|um COﬂStrUCted as deSCI’Ibed (Yutan' et al, 1991), USIng the
(Hyde et al., 1988). Arrowheads represent the prolines at positions Amersham oligonucleotide-directed mutagenesis system. The
28, 57, 62, 96, 132, and 207. wild-type and mutantx subunits were purified as described
i i i i previously (Yutani et al., 1987). The purified wild-type and
rium. Prolmes 57 .and 62 are 'Iocqted in a flexible loop. 1, tanta subunits gave a single peak on FPLC (MonoQ,
Proline 132 is also in a _Ioop, Wh!Ch is at th_e contact surface Pharmacia). Guanidine hydrochloride (GUHCI) (specially
betweena and 8 subunits. Proline 28 is in the turn of a prepared reagent grade) from Nacalai Tesque (Kyoto, Japan)

loop which connectg sheet 1 and helix 1. The imido bond a5 ysed without further purification. Other chemicals were
of proline 28 is the only one in a cis configuration the of reagent grade.

native state among the 19 proline residues. Proline 96 is in Protein concentrations of the wild-type and mutant

f strand 3. Proline 207 is in the I(_)op folloyving helix 6 subunits were estimated from the absorbance at 278.5 nm,
It has been proposed that an intermediate state in theusingE1%=4.4 with a cell having a 10-mm light path length
denaturant denaturation process of ¢heubunit consists of (Adachi et al., 1974; Ogasahara et al., 1980).

an intact N-terminal domain (Residues-188) and an S . ; .
. . . . Equilibrium Studies GuHCI-induced denaturations of the
unfolded C-terminal domain (residues 18268) (Yutani et proline mutants were monitored by CD at 222 nm as

aI.,.19(§3t2r; M|Ie(sj elt ?lth 1.9?2)' I—éqvi[/evi:ri rfc%nt!y,t\r/]ve hal\ée described (Yutani et al., 1979). CD measurements were
revised the model of the intermeciate state 1o be in th€ MOeN ., e oyt with a Jasco J-500 recording spectropolarimeter.

globule state (Ogasahara et al., 1993). This intermediate has Kinetic Experiments of Unfolding and Refoldinghe

a substantial peptidyl CD spectrum without a specific ordered : . . .

tertiary struct%rg agjudgeg by aromatic NMRpand near-UV reactions of unfolding and refold_lng were monitored by CD

CD spectra and is in a thermodynamically denatured stateat 222 nm and the fluorescence intensity above 300 nm with
excitation at 280 nm. CD measurements were carried out

based on the calorimetric study (Ogasahara et al., 1993). . B . :
Furthermore, it has been reported that the undetectable earlﬂlit;:r?g‘]?]z(t:ﬁj d7Zglgesigi)dplgg-?I%(x:ggsgl?r:glnettse\:vt;)r/eacgrarlﬂatfjal
folding mtermgdlate n the refolding k_|.ne.t|cs .Of . W'.Id' out with a Jasco J-720 recording spectropolarimeter equipped
type o subunit is eqw_valent to the equilibrium '”tem??d'ate with a stopped-flow controller Model SFC-5 attached to a
(Oggsahara & Yutanl,.1994).. Most reports on stability and mixing device (Ohtsuka Electronics) with a 1:10 volume ratio
foldmg of thea subunlt_ and its mutant proteins hav_e been of two solutions. Fluorescence stopped-flow experiments
interpreted on the basis of the “old model” (Yutani et al., were carried out with a Photal RA-401 stopped-flow spec-
'T’?vset dlgilélMiggg\)Ns l_?;v\?;'\};g?ee’éeﬁfaztyefst f?ghwll\sjlg?-' trophotometer equipped with a mixing device with a 1:10
y v ' . pap volume ratio of two solutions (Ohtsuka Electronics). The

thews' group haye reported that_ the C-.termlnal _foldmg u”nlt systems for the CD and fluorescence measurements were as
adopts an organized structure in the intermediate (Tuji et described previously (Ogasahara & Yutani, 1994)

al., 1993; Chen & Matthews, 1994). They have also reported The kinetic data were analyzed by software for curve-

that the intermediate contains approximately 40% of the fitting (Sugaware et al., 1991) by a nonlinear least-squares
secondary and tertiary structures found in the native Statemetr?o d uging " y q

and that the environments of all four histidines in the N-
and C-terminal domains in the intermediate state are altered kit
relative to those in the native state from NMR study (Saab- A(t) — A() = zAie )
Rincon et al., 1993). On the other hand, Choi and Hardman
(1996) have suggested that the intermediate ofitkabunit whereA(t) is the value of CD or fluorescence intensity at a
is heterogeneous, consisting of two species of a stablegiven timet, A(«) is the value when no further change is
partially unfolded form of the N-terminal domain attached observedk; is the apparent first-order rate constant of the
to either a completely folded or completely unfolded form ith kinetic phase, and is the amplitude of théth phase.
of the C-terminal domain by using tryptophan fluorescence All of the equilibrium and kinetic experiments were
as a probe for the tryptophan-containiagsubunit. performed in 20 mM Tris-HCI buffer containing 0.1 mM
In this paper, to elucidate the role of the conserved proline EDTA and 0.1 mM dithioerythritol at pH 7 and 2&. The
residues in the folding of thew subunit, we performed concentrations of the subunits were 0.040.05 mg/mL for
equilibrium and kinetic studies using guanidine hydrochloride CD measurements using a cell having a 10-mm light path
as a denaturant for the conservative proline mutant proteinslength, and 0.10.15 mg/mL for fluorescence measurements
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using a cell with 2-mm light path length. For calculation of A

the mean residue ellipticity for the subunits, the mean o000k T 'O Y
residue weight was taken as 107.5. —_ " & ]
g -4000 | (A) 4
A 4
RESULTS N"\; 6000 - N (@) -
Equilibrium Studies GuHCl-induced denaturations of the 2 -soco | 4 1
proline mutantx subunits were monitored by CD at 222 nm g 10000 L a® 1
at pH 7 and 25C. The negative CD values at 222 nm of g ~ 40
the mutant proteins except for P207A are similar to that of 5 -12000 - .
the wild-type protein, but that of P207A is significantly lower & 14000 1 Ao ]
than the value of the wild-type one (Yutani et al., 1991). E L o
The near-UV CD spectra of all of the mutant proteins are & -iso0f ® @@= 4
similar to that of the wild-type protein (Yutani et al., 1991). 00 05 10 15 20 25 3.0
Figure 2 shows two typical transition curves observed from GUHCI Concentration (M)
the changes in CD values at 222 nm (Figure 2A) and the
normalized denaturation curves of six mutant proteins with B

that of the wild-type protein (Figure 2B). The transition

curves below 1.5 M GuHCI for P28A, P132A, and P207A
clearly shifted to lower concentrations of GUHCI, and that
of P96A largely shifted to the lower concentrations over the
whole range compared with that of the wild-type protein
(Figure 2B). The curves for all of the mutant proteins were
biphasic as well as those for the wild-type and other mutant
o subunits monitored by peptidyl CD and aromatic fluores- s e 1 2 3 o 1 2 3
cence (Yutani et al., 1979, 1980, 1984, 1987). To estimate = s 10 o1aoA ..,..
the Gibbs energy change of denaturation in the absence of 5 los .
GuHCl, the denaturation curves for the mutant proteins were § 0.6
analyzed by the three-state denaturation model assuming the 8 0.4
presence of one intermediate in the denaturation process as 0.2
described (Yutani et al., 1979). The Gibbs energy changes 2 ool
in water obtained are represented in Table 1. The total Gibbs 2 I T3
energy change\Gnaw,0)) Of all proline mutants were lower 8
than that of the wild-type protein, indicating the destabiliza- c 191 p2o7a
tion by the substitutions. 08
Unfolding and Refolding KineticsUnfolding and refold- 0.6
ing reactions of the mutant proteins were initiated by GuHCI 0.4
concentration jumps from 0 and 3.0 M, respectively, to 0.2
various concentratinos of GUHCI at pH 7 and 25 and 0.0p eo™
monitored by the changes in CD at 222 nm and the o 1 2 3 o 1 2 3
fluorescence intensity above 300 nm excited at 280 nm. The GuHCI (M)

kinetic progress curves were analyzed using eq 1. Figure 3pgure 2: GuHCl-induced denaturation curves of the proline
shows the typical kinetic progress curves of P28A measuredmutanta subunits at pH 7 and 2. (A) Typical nonstandardized
together with the theoretical fitting curves. In both cases of Eg)nsg?;ACUm?SPn;gzﬂor?g) b% mea?ur%mtants ?f CtD at 222 nm.
H H H H ) . ormalize enaturation curves
untolding an_d refoldln_g, th_e kl_netlc curves for aII_ of the monitored by CD at 222 nm. The fraction of denaturation (fd)
mutant proteins _examln_ed in thls_reporF cou_ld be fltt_ed t0 & \yas calculated from the equation#d(yn — Y)/(ya — Ya), wherey,
single exponential or biexponentials with high quality, the vy, andyy are the CD values at 222 nm at a given GUHCI
same as reported for the wild-type protein [see the residualsconcentration, in the absence and in the presence of 3.2 M GuHClI,
in Figures 1C,D and 2 in Ogasahara and Yutani (1994)]. respectively. The closed circles are the experimental data for the

T foldi . fitted inal mutant proteins in which each of the conserved prolines has been
e uniolding progressions were fitted to a single expo- gy pstituted with alanine. The solid lines represent the simulation

nential in eq 1 for P28A, P96A, and P207A, and to curves analyzed assuming the three-state transition using the
biexponentials in concentrations aled¥ M GuHCI for P57A, experimental points [eq 9 of Yutani et al. (1979)]. The dotted line

P62A, and P132A as well as that of the wild-type protein as is the simulation curve analyzing the data points for the wild type
reported (Ogasahara & Yutani, 1994). For the biexponential P"O®n
unfolding, the amplitude of the fast phase was larger than concentration of GUHCI (curve a in Figure 3). The unfold-
that of the slow phase in all cases, indicating that the fast ing—refolding reactions of the proline mutant subunits
phase predominanted in the unfolding reaction. The ob- were completely reversible. In all the mutants, the time-
served total amplitudes were almost 100% for all the mutant dependent changes in CD values were well fitted to a
proteins. biexponential function in the native region for each mutant
For the refolding reaction, most of the CD values at 222 protein below 0.40.7 M GuHCI and to a single exponential
nm rapidly recovered within the dead time (20 ms) of the in the transition zone of denaturation.
stopped-flow apparatus. After this burst phase, the negative Amplitudes of Detected and Undetected Phases in Refold-
CD value increased toward the equilibrium value in a given ing Kinetics Table 2 presents the amplitude for each phase
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Table 1: Gibbs Energy Changes in Water of GuHCI-Induced Denaturation of the Proline Mutant and Wild-Byfeinits of Tryptophan
Synthase at pH 7 and 2%?

AGnd(HZO) (kJ/moI) AGni(HZO) (kJ/moI) AGid(HzO) (kJ/moI) AAGnd(HzO) (kJ/moI) AAGni(HZO) (kJ/moI) AAGid(HzO) (kJ/moI)

wild type 343+ 0.1 17.7+0.8 16.7+ 0.6

P28A 26.3£0.1 9.5+ 0.5 16.9+ 0.3 —8.0 —8.2 0.2
P57A 323+ 0.1 16.7+ 0.2 157+ 0.1 —2.0 -1.0 —-1.0
P62A 33.0+£ 0.3 14.8+ 0.7 18.2+ 0.4 -13 —-2.9 15
P96A 25.4- 0.6 11.0+:0.2 144+ 0.4 —8.9 —6.7 —2.3
P132A 29.9+0.2 13.9+0.3 16.1+ 0.3 —4.4 —-3.8 —0.6
P207A 29.4 10.2 19.2 —4.9 —75 2.6

& AGnd(ny0) AGnin,0), andAGign,0) represent the denaturation Gibbs energy changes in water between the states of the native, intermediate, and

GuHCl-induced denatured stateAAGng,0), AAGni,0), aNdAAGigw,0y Show the differences in the Gibbs energy changes of the proline mutant
and wild-typea subunits? The values for P207A are taken from Yutani et al. (1991).

2000 : T ! In the wild-type a subunit, the CD values at 222 nm
3 recovered at an undetectable early stage in the refolding

reaction have been reported to be almost independent on the
] GuHCI concentration below 0.9 M and aré®500 deg cril
. dmol on the average [Figure 4 in Ogasahara and Yutani
(1994)]. The value corresponds to that of the equilibrium
intermediate (Ogasahara et al., 1993). CD values at 222 nm
of the early folding intermediates of the proline mutant
] proteins were also independent of the GuUHCI concentration
s - and were nearly equal to the wild-type values (data not

4(')0 600 800 shown), suggesting that the early folding intermediates of
all mutants have structures similar to that of the wild-type

rotein.
Ficure 3: Typical kinetic progress curves of unfolding and P .
refolding for P28A monitored by CD at 222 nm at pH 7 and 25 The amplitudes of the fast phase out of the two phases
°C. The unfolding and refolding reactions were initiated by observed in the refolding kinetics were greater than the slow-

concentration jumps of GUHCI from 0 and 3 M, respectively, by phase amplitudes for all proteins, indicating that the fast

Eg?réjfﬁgﬁﬁﬁfp?sag?ob& 2’71dMS,t?bp)pg%ﬂ(l"g;t;/?c(ga)oa&etlhggsm, phase is predominant in the refolding reaction. Replacement

(d) 00 2.23 M; (€) 0t0 2.86 M. Small open circles are data points. Of CiS proline at position 28 (P28A) did not abolish the slow
The continuous lines represent the theoretical curves for single- orphase (Table 2). This suggests that the slow phase is not

biexponential fittings according to eq 1. The best-fit values of due to cis-trans isomerization of cis proline at position 28.
parameters are as follows: (&)= 6.48x 103s1, A =0.75x .
10% k, = 1.54x 102s% Ay = 1.71 x 10°%; (b) ky = 1.68 x Dependences of Apparent Rate Constants of Unfolding and

10251 A;=9.41x 107% (c) ky = 5.75x 102571, A; = 1.00; Refolding Kinetics on GuHCI Concentratioffrigure 4 shows
(d)ki=2.05x 101s,, A/ =9.76x 10} (e) ks = 1.42s%, A the GUHCI concentration dependence of the logarithm of the
=13L apparent rate constarkugy) for each phase observed in the
unfolding and refolding kinetics. For all the mutant proteins,
the logkapp values of the major fast phases in the unfolding

-4000 |-

-6000 |-

-8000 |

-10000 [

-12000 |-

-14000 -

[6] at 222 nm (deg cm?/dmol)

-16000 |-

0 200
Time (sec)

Table 2:  Amplitude of Each Phase in Refolding Kinetics of the
Proline Mutant and Wild-Type. Subunits of Tryptophan Synthase

at a Final GUHCI Concentration of 0.27 M at pH 7 and 25 and refolding kinetics increased and decreased, respectively,
A (%) A (%) A (%) with increasing concentrations of GuHC_I, ch_aractenzeql by
e 57 00 ) a V-shape with a minimum near the midpoint of the first
‘é,vfg_BAype 75 171 75.4 step transition of the equilit_)rium denaturation (Figure 2) of
P57A 7.1 315 61.4 each mutant. The unfolding rates of P28A, P96A, and
P62A 55 28.6 65.9 P207A were higher than that of the wild-type protein. These
PI6A 11.3 21.9 66.8 mutant proteins were less stable than the others (Table 1).
P132A 6.4 28.6 65.0 )
P207A 74 256 67.0 In PS7A, P62A, and P132A, the ldg,, values for the major

A and A are the amplitudes of the slow and fast phases, fast and minor slow phases of the unfolding kinetics were

respectively, in the refolding kinetics is that of the undetected phase, ~a/most the same or slightly higher relative to the wild-type
in which the early folding intermediate is formed. The amplitudes were ones. For the refolding kinetics, the ldg,, values of the

obtained from the refolding kinetics monitored by CD at 222 fffihe minor slow phases for the mutant proteins were independent
values for the wild-type subunit are taken from Ogasahara and Yutani  of the concentration of GUHCI and almost equal to the wild-
(1994).

type one.

_ o . o For P28G, P57A, P96A, and P207A, the lkg, values

of the refolding kinetics in the native region in all mutant easured by fluorescence intensity above 300 nm showed
proteins. The amplitudes for the undetected burst phasegood agreement with those from the CD measurements for
accounted for 6175% at a final GUHCI concentration of  poth the unfolding and the refolding kinetics (Figure 4). This
0.27 M. This suggests the presence of the intermediate staténdicates that the disruptions and formations of the secondary
formed at an early stage of the refolding reactions for the and tertiary structures of the mutant proteins simultaneously
proline mutants as well as the wild-type protein (Ogasaharaproceed like those of the wild-type protein (Ogasahara &
& Yutani, 1994). Yutani, 1994).
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' 09 Gibbs energy change in water for the refoldingQ&* ,0))
O PasA % o PeBA was slightly higher (Beasty et al., 1986; Tsuiji et al., 1993).
a DISCUSSION
-2 %‘ Energy Profile among the Na#, Intermediate, Denatur-
A ant-Induced Denatured, and Transition Statd@he stability
kS 1 2 3 and folding features of a protein are determined by the energy
— : levels of the states existing in the folding pathway, involving
'8 Or P57A Or P132A the native, denatured, intermediate, and major transition
k23 states. For understanding the role of the amino acid residue
o - }A/A/ in the stability and folding of a protein, it is important to
x% 2 % » AQ find the effect of substitution on the energy level of each
o) = state under physiological conditions. Although the absolute
Lo 8 ; 5 s 8 ; 5 - values of the energies of the states cannot be experimentally

obtained, the change in the energies between any states can
be estimated. For the subunits, we estimated the Gibbs

J P207A . .
op Pe2A 0 A energy changes in water between states, assuming the three-
A ] state denaturation mechanism, and also the activation Gibbs
A (AN

energy changes in water, assuming that the major fast phases

2 ;} ° 2 I >A‘ of the unfolding and refolding reflect the major transforma-
tion between the native (N) and GuHCI-induced denatured
-3 ] 3 5 3 ¥ ) 3 (D) states. According to the assumption that the early folding
GUHCI (M intermediate corresponds to the equilibrium intermediate (1)

u (M) state (Ogasahara & Yutani, 1994), the major transitioi (T

FiGurRe 4: GUHCI concentration dependences of the logarithms of state was postulated to lie between the N and | states, because
the apparent rate constankg() for unfolding and refolding of the  the reaction of the D to | states was too fast to follow. The

proline mutanto. subunits at pH 7 and 28C, compared those of : : ;
the wild-typea subunit. The logk,p, values of the unfolding are energy profile of the ynfoldlngrefoldlng prpcegs of the. .
as follows: @) fast phase monitored from CD at 222 nm) Glow subunit can then be illustrated as shown in Figure 5. This

phase from CD at 222 nm;v] fast phase from fluorescence profile indicates the following relations:
intensity above 300 nm with excitation at 280 nm. For the log
kapp Of the refolding, @) fast phase from CD at 222 nntJ) slow ) — _ :
pr’;gse from CD a? 23)2 nm(go fast phase from the quorIescence AGii1,0)= AGna0) ~ AGin,0) (3)
intensity. Solid lines represent GUHCI concentration dependences
of the log kapp Of the fast and slow phases in the unfolding and AGni(H 0= AG*U(H o)~ AG*r(H 0) (4)
refolding reactions monitored from CD at 222 nm for the wild- 2 2 2
type a subunit from Ogasahara and Yutani (1994).
o . _ AGhin,0) Can be obtained in different ways: equilibrium (eq

Activation Gibbs Energy Changes of Unfolding and 3) and kinetic (eq 4) experiments. The valuesA@ix,o)
Refolding ReactionsChanges in the kinetic rate constants obtained from the equilibrium (eq 3) and kinetic (eq 4)
induced by amino acid replacements could reflect changesmethods for the mutant proteins coincided well with each
in the energy level of the transition state existing in the other within experimental error as shown in Table 4, although
unfolding—refolding process. The activation Gibbs energy a discrepancy of 1.9 kJ/mol for the wild-type protein was
change AG*,0) in water to the transition state can be the maximum among the proteins. The agreement of the

calculated from the rate constaritg:(o)) in water by Eyring's  values ofAGp,0y Obtained from eqgs 3 and 4 indicates that

equation (Eyring, 1935): the energy profile for the states under the unfolding
. refoplding process of the subunit illustrated in Figure 5 is
AG ,0)= RTIn(kg T/hky, ) (2) reasonable. This also confirms the validity of the proposal

that the early folding intermediate corresponds to the
whereks and h are the Boltzmann and Planck constants, equilibrium intermediate (Ogasahara & Yutani, 1994) and
respectively. Because linear relationships were observedsupports the “revised model”, in which the intermediate
between the GuHCI concentration and lkg, values for corresponds to the denatured state in water, that is, a molten
the major fast phase of unfolding kinetics in all mutant globule state, because the equilibrium intermediate is in a
proteins, we estimated the unfolding rate constants in waterdenatured state from a thermodynamic point of view (Ogasa-
(kun,0)) by extrapolationd O M GuHCI concentration from  hara et al., 1993). This means that the early folding
the linear correlations. The refolding rate constants in water intermediate is a molten globule state and corresponds to a
(k«n,0)) Were also estimated by extrapolatian®t M GuHCI denatured state that equilibrates with the native state under
concentration from polynomal regression of the GuHCI physiological conditions. The fact that the difference
concentration dependences of the kagvalues of the major  between the activation Gibbs energy chang&s{(;,0) —
fast phases for all mutant proteins. Table 3 presents the rateAG* 1,00 = —RT In(kuyn,0/k,0)] of the unfolding and
constants in water and the calculated activation Gibbs energyrefolding reactions coincides withG,0) (Table 4) for all
changes. The value of the activation Gibbs energy changeproline mutants supports the validity that the major transition
in water for the unfolding4G*,¢+,0y) in Table 3 for the wild- (T state in the folding pathway of thesubunit lies between
type protein is equal to the reported value obtained using the N and | states and the | state is the initial state of folding
urea as a denaturant at 26 and pH 7.8 and the activation of the a subunit under physiological conditions.
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Table 3: Kinetic Parameters of Refolding and Unfolding Reactions in Water of the Proline Mutant and Wild:Sudeunits of Tryptophan
Synthase at pH 7 and 2%?

kf(HZO) (>< 10t Sfl) ku(HZO) (X104 Sfl) AG*r(HZO) (kJ/moI) AG*U(HQO) (kJ/moI) AAG*r(HZO) (kJ/moI) AAG*U(HZO) (kJ/moI)

wild type 1.24 214 78.2+0.2 94.0+ 0.6

P28A 0.21 5.10 82.6 0.5 91.8+0.3 4.4 —2.2
P57A 1.07 1.77 78.6 0.3 94.4+ 0.3 0.4 0.4
P62A 0.94 3.17 78.20.3 93.0+ 0.4 0.7 -1.0
P96A 0.35 4.09 81.x11 92.4+ 0.2 3.1 —-1.6
P132A 0.73 3.56 79.5 0.3 92.7£ 0.2 13 -13
P207A 0.52 8.32 80.4 0.8 90.6+ 0.4 2.2 —3.4

akqn,0) andkye,0) represent rate constants in water for the major fast phases in the refolding and unfolding reactions, respectively, monitored by
CD at 222 nm. AG¥u,0) andAG¥ 4,0 represent the activation Gibbs energy changes in water for the refolding and unfolding reactions, respectively.
AAGHp,0) and AAGH w0y Show the differences in the activation Gibbs energy changes of the proline mutant and wild-syinits® The
values for the wild-typex subunit were calculated from the GUHCI concentration dependences of thgJoglues from Ogasahara and Yutani
(1994).

Table 4: Comparison of Gibbs Energy Changes in Water between
the Native and Intermediate States Obtained from Equilibrium and
Kinetic Methods of the Proline Mutant and Wild-TypeSubunits

of Tryptophan Synthase at pH 7 and 25
AGi,0) AGhit,0f° AAGhin,0°
(kJ/mol) (kJ/mol) (kJ/mol)
wild type 17.7+ 0.8 15.8 1.9
) P28A 9.5+ 0.5 9.3 0.2
e P57A 16.7+ 0.2 15.9 0.8
L P62A 14.8+ 0.7 14.1 0.7
2 P96A 11.0+ 0.2 11.0 0
g P132A 13.9£ 0.3 13.2 0.7
P207A 10.2 10.3 -0.1

& AGnin,0) represents the Gibbs energy changes in water between
the native and intermediate state¥alues from the equilibrium method
in Table 1.°Values obtained from the kinetic parameters [eq 4,
AGiig,0) = AG¥,0) — AGHw,0)] as shown in the energy profile in
Figure 5.9 AAGnin,0) is the difference i\ Gyig,0) Obtained from the
equilibrium (footnoteb) and kinetic (footnotec) methods.

Ficure 5: Energy profile between the states in the unfolding and . . .

refolding process under physiological conditions. D, %, dhd N for each state in the folding pathway of the wild-type and

represent the GuHCl-induced denatured, intermediate, transition, proline mutantx subunits should be compared. In displaying

and native states, respectively. the energy profiles, we adopted the following postulations:
In short, the | state in Scheme 1 corresponds to the (1) The GuHCI-induced completely denatur_ed (D) state could

intermediate state in the equilibrium denaturation. The P& Suspected to be close to a randomly coiled form, although

refolding rate from the D to | states is too fast to follow, SOMe proteins in the denatured states have been reported to

and this reaction is lost in the dead time of the apparatus.h@ve residual structures even at high concentrations of
The major transition (1) state, thus, lies between the N and denaturants (Shortle & Meeker, 1989; Dill & Shortle, 1991;

| states. Neri et al., 1992; Saab-Rincoon et al., 1993, 1996). If so,
the D state should be at the same energy level for all proline

Scheme 1 mutant proteins. (2) The energy levels of the D state for
Do <|<N the proline mutants are lower by 5.0 kJ/mol than that for

the wild-type protein at 28C, if the difference in backbone

Contribution of the Conseed Proline Residues to the contribution to the entropy between alanine and proline
Stability of thea. Subunit The differences in the Gibbs residues has been estimated to be 4 cal/(mol K) (Nemethy
energy changeXAGn,0), AAGhi,0), aNdAAGign,0)) and etal., 1966). Figure 6 displays the energy level of each state
the activation Gibbs energy changeAAG*,0) and for the wild-type and mutant proteins when the Gibbs energy
AAG*y,0) between each proline mutant and the wild-type level in the D state of the wild-type protein is taken as a
o subunit display the following distinct features. (1) reference, and that of each proline mutant is 5.0 kJ/mol lower
AGhin,0y for all proline mutants decreased (Table 1). (2) than that of the wild type. These energy profiles indicated
AGig,0y decreased for P57A, P96A, and P132A, increased that the energy levels of the | state for the all proline mutants
for P62A and P207, and was almost insensitive for P28A were lower than that of the wild type, but these decreases in
(Table 1). (3) The changes ilGni,0) exceeded those in  the energy level of the | state were almost equivalent to the
AGigm,0) except for P57A, with the result that the decreases decrease due to the entropy effect (5.0 kd/mol) of the alanine
in total Gibbs energy changeAGnq,0)) came mainly from replacement for proline as mentioned above for P28A, P57A,
the decreases iAGn,0) (Table 1). (4) For all mutant  P62A, and P132A, although the decrease of P96A was
proteins except for P57AG*,0) decreased aniG¥ 4,0, slightly smaller and that of P207A larger than the value of
increased (Table 3). the entropic effect. This means that conformations around

To explore the role of the individual proline residue at the alanines substituted at positions 28, 57, 62, and 132 in
each site in stabilization of the subunit, the energy profiles  the | state are similar to those in the D state.
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o, EE\, 3T BEIAN For P96A,AGhin,0) and AGign,0) Were decreased by 6.7
80 and 2.3 kJ/mol, respectively, compared with those of the
20 Lypa | 2o |PETAFE2A PIGA 1E2ARZ07A wild-type protein (Table 1). The energy levels of the | and
N states are decreased and increased, respectively, as in the
6oy =l case of P28A (Figure 6). However, the decrease in the
50¢ energy level of the | state of P96A was smaller than that in
40t the D state (5 kd/mol), resulting in the decreases in both
= a0l AGhi,0) andAGign,0)- Thus, it is revealed that proline 96
g ool acts to stabilize ther subunit by stabilizing the N state and
< by destabilizing the | state. The energy level of the | state
g o1 for P96A was higher than that of P28A and lower than that
0 g I ‘g of the wild-type protein. This suggests the presence of some
-10 _i conformation retained around proline 96 in the | state, whose
ool CEUHUEEE R 1 conformation is different from that in the D state. Less
a0l g mobile proline 96 ing sheet 3 plays an important role in
w0 tightly maintaining thes strand in the N state, although a

propensity for formation of # sheet for a proline is lower
than those for other residues (MacArthur & Thornton, 1991).
! The decrease iNG of the heat stability of P96A relative to
subunits at pH 7 and 25C. The energy levelXGnqw,0) of the . . . -
GuHCl-induced denatured state (D) for the wild-type protein is the wild-type one is attributed to the decrease in enthalpy

taken as a reference. The energy levels of D for all proline mutants change by calorimetric study (Yutani et al., 1991). This
(AGngy0)) are postulated to be lower by 5 kJ/mol than that of the agrees with the present result that proline 96 plays an

FIGURE 6: Energy levels for states in the folding process under
physiological conditions for the proline mutant and wild-ty@e

wild type, which is the Gibbs energy change at°®5due to the

difference [4 cal/(mol K)] between the backbone entropies of alanine
and proline residues (Nemethy et al., 1966). On the bases of the

energy levels of DAGnq,0)) for eacha subunit, the energy levels
of the intermediate (1), native (N), and transitiori Etates were
calculated fromAGig,0) AGrit,0) and, the average &G, *,0)
andAG/*u,0), respectively, from Tables 1 and 3. The dotted lines
represent the energy levels for thg T, and N states of the wild-
type a. subunit, respectively.

important role in stabilizing the N state. On the other hand,
replacements of prolines in tifiestrands of nuclease change
the Gibbs energy by only a small amount (Green et al., 1992).
For P207A AGhi,0) andAGig,0) Were decreased by 7.5
kJ/mol and increased by 2.6 kJ/mol, respectively (Table 1).
The energy level of the | state decreased more than the
decrease due to the entropic effect of the D state, but the
energy level of the N state was unchanged (Figure 6), leading

For P57A and P62A substituted at the flexible positions to a large decrease iRG,0y and an increase iNGign,0).
exposed to solvent, the decreases in the energy levels of thelhis indicates that proline 207 plays a role in stabilization
I, N, and T states were nearly equivalent to the decrease in of the a. subunit by largely destabilizing the | state. The
the energy level of the D state (5 kJ/mol) (Figure 6), resulting decrease in the stability of this mutant protein is also
in little effect on the stability shown as the difference between attributed to the decrease in enthalpy change (Yutani et al.,
the energy levels of the two states (Table 1). This means1991).
that the conformations around prolines 57 and 62 in the I, On the other hand, for P132A, the energy level of the N
N, and T states are similar to each other and to those of the state was unchanged, but that of the | state decreased by the
D state. Replacement of cis proline 55 in RNasggwhich same amount as the decrease in the D state, indicating that
is exposed to solvent, has led to only a small decrease inproline 132 plays a role in stabilizing the subunit by
the stability of this protein (Kiefhaber et al., 1990). destabilizing the | state due to entropic effect. Calorimetric

In the case of P28AAGin,0) Was reduced by 8.2 kd/mol  study has shown that this mutant protein is destabilized due
relative to that of the wild-type protein, but the change in to entropic effect (Yutani et al., 1991).

AGig,0) Was slight (Table 1). Figure 6 suggests that the  The energy levels of the | states for P96A and P207A were
origin for the decrease in the stability of P28A comes from far from those of the entropic effect due to the substitution
both an increase in the energy level of the N state and aof proline with alanine (Figure 6). This means that those
decrease in that of the | state. The decrease in the energyroline residues affect the stability of the molten globule state
level of the | state was comparable to that of the energy of theo subunit. It has been reported that the molten globule
level of the D state (5 kJ/mol). Therefore, proline 28 state in a-lactaloumin is stabilized by the amino acid
contributes to stabilization of the subunit by stabilizing substitutions which raise the hydrophobicity of the residues
the N state by 3.2 kd/mol and by destabilizing the | state by (Uchiyama et al., 1995).

5 kJ/mol. Proline 28, which is in turn on a loop connecting  Role of the Conseerd Proline Residues in Folding of the
helix 1 and long3 sheet 1, might strengthen these secondary a Subunit In all the proline mutant proteins, the amplitudes
structures, and both helix 8 and helix Bydrophobically of the fast and slow phases in the refolding kinetics in the
interacted with3 sheet 1 in the N state (Yutani et al., 1991). native region were similar to those of the wild-type protein
It has been reported that the drastic destabilization (about(Table 2), and the CD values for the early folding intermedi-
20 kJ/mol) of cis proline mutants in RNase T1 (Mayr et al., ate obtained from the amplitudes of the undetectable phase,
1993) and carbonic anhydrase Il (Tweedy et al., 1993) are which were almost independent of GuHCI concentration,
attributed mainly to the unfavorable cis alanine peptide bond were also similar to those of the wild type. The rate
retained after substitutions (Mayr et al., 1994; Tweedy et constants for the unfolding and refolding reactions monitored
al., 1993). The same event may not occur in the cis-P28A by peptidyl CD and aromatic fluorescence were almost the
of the o subunit, because the decreaséiB.,o) for P28A same for the mutant proteins examined (Figure 4). The rate
was smaller than those of the above cis proline proteins. constant of the slow phase of the refolding appearing in the
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native region was similar for all mutant and wild-type or simplified the kinetic curves for RNase A (Kelley &
proteins, which is assumed to be due to the proline Richards, 1987; Schultz et al., 1992), RNase T1 (Kiefhaber
isomerization reaction. The results indicate that the substitu-et al. 1990), and nuclease (Kuwajima et al., 1991). For
tions of the conserved proline residues do not affect the refolding reactions of the wild-type and proline mutant
folding pathway itself of thex subunit but change the rate subunits, the rates of the slow phase observed in the native
constants of the major unfolding and refolding reactions region were of the order of 18 s™* and independent on
(Figure 4). GUuHCI concentration (Figure 4). The activation enthalpy
The unfolding and refolding reactions in water of all of the slow phase of the subunit has been similar to that
mutant proteins were more rapid except for P57A and slower, of the proline isomerization reaction, whose rate constants
respectively, than those of the wild-type protein, resulting have not depended on urea concentration and pH (Crisanti
in the decreases ING*w,0) and increases iINGFyu,0) (Table & Matthews, 1981). It was expected that the slow phase in
3). These changes ING*,1,0) andAG*4,0) in the opposite the refolding of thex subunit comes from the isomerization
direction are attributed to decrease\Git,0) (€q 4). The of cis proline at position 28. However, the replacement of
decreases iNAG*,n,0) and increases iMG*,0) Were proline at position 28 did not eliminate the slow phase in
especially large in P28A, P96A, and P207A (Table 3), which refolding kinetics and did not reduce the relative amplitude
were less stable than the other mutant proteins (Table 1).of the slow phase (Figure 4 and Table 2). This indicates
This indicates that prolines 28, 96, and 207 play a crucial that the slow phase in the refolding kinetics of theubunit
role in raising the activation energy from N to the D states does not originate from cis proline 28.

and in accelerating the refolding rate by destabilizing the I There are some possible explanations for the fact that the
state. slow phase does not come from cis proline at position 28 in
As postulated that the energy level of the D state of each theq subunit. The first possibility is that some trans proline
mutant protein is lower by 5 kJ/mol than that of the wild- residues in the native state convert to the cis form in the
type protein (Figure 6), the energy levels of thiestate for  denatured state. If so, the isomerization of cis to trans forms
P57A, P62A, P132A, and P207A decreased comparably with occurs in the folding process, resulting in the appearance of
the decreasing energy level of the D state. However, thethe slow phase. It has been suggested that prolines in a
energy level of the Tstate for P96A was higher than those random chain might possess something on the orderef 10
for the other mutant and wild-type proteins, and that for P28A 3004 cis character (Torchia, 1972; Evans & Rabenstein, 1974;
was similar to that of the wild-type protein, although the Keim et al., 1974; Brandts et al., 1975; Raleigh et al., 1992).
energy levels of the N states for P96A and P28A were similar This possibility could be greater than the following two
to each other but higher than that of the wild type (Figure possibilities, because thesubunit contains 19 prolines. In
6), indicating destabilization of the*Tstate for P96A. It fact, recently, Saab-Rincon et al. (1993, 1996) have suggested
has been reported that the conformation of the transition statethat the His92 Pro93 peptide bond of the. subunit is
in the folding pathway for chymotrypsin inhibitor 2 is presentin both trans and cis isomers in higher concentrations
affected by amino acid replacements, using many mutantsoef urea, where the secondary structure is entirely disrupted
(Itzhaki et al., 1995). and the tyrosine residues are exposed to the solvent based
In the unfolding kinetics for less stable P28A, P96A, and on NMR studies. The second possibility is that proline is
P207A, the minor slow phase appearing in the wild-type involved in an equilibration of cistrans isomers in the native
protein in the GUHCI concentrations above 1.8 M was not state. The existence of two native species of cis and trans
observed (Figure 4). It has been reported that the biphasicisomers has been suggested by NMR studies on nuclease
unfolding of RNase A may arise from the presence of two (Markley & Jardetzky, 1970; Fox et al., 1986; Evans et al.,
interconvertible native species (Sugawara et al., 1991). It 1989; Alexandrescu et al., 1990) and Calbindi (Thazin
has been discussed that the molecular origin of the slowet al., 1989). The third is that alanine 28, after replacement
phase in the unfolding kinetics of the Wild-typnesubunit of cis pro”ne 28 of theo. subunit, may retain a cis
may also come from two interconvertible native species conformation in the native state. The non-proline cis peptide
(Ogasahara & Yutani, 1994). However, this interpretation pond is retained after replacement of cis proline with alanine
seems to be inconsistent with the disappearance of the slowin RNase T1 (Mayr et al., 1994) and carbonic anhydrase I
phase in the three mutant proteins. Because of the disap{Tweedy et al., 1993). The mutant RNase T1 involves a
pearance in the less stable mutant proteins, this suggests thajlow phase due to isomerization of the cis-Ala peptide bond
the slow phase may come from some small structure such(mayr, et al., 1993). On the other hand, RNase H containing

as a core, which is easily disrupted in the labile mutant two cis prolines shows only a single phase in the refolding
proteins or may be related to the residual structure at higherkinetics (Yamasaki et al., 1995).
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