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ABSTRACT: At a hydrostatic pressure of up to 2 kbar, the isolated a-subunit of tryptophan synthase from 
Escherichia coli proved to be a stable enzyme by virtue of specific activity as well as UV absorption and 
fluorescence emission spectra. The protein can therefore be regarded as a suitable effector for the 
investigation of structure-function relationships in the dimeric P2-subunit under the influence of high 
hydrostatic pressure. Complete deactivation of the B2-component in the ad2 bienzyme complex occurs 
above 1300 bar (midpoint of transition for a2apoP2, 790 bar; for a2h010a2, 1057 bar). Sucrose (13%) 
shifts both midpoints of transition to values higher by about 300 bar. As shown by sucrose gradient 
centrifugation and limited trypsinolysis, deactivation of the ,&-dimer is paralleled by dissociation into 
denatured p-chains. At 10 "C, the corresponding dissociation constants K at 1 bar as well as the reaction 
volumes of dissociation AV are calculated as 4.2 x M and - 196 mL/mol for the apo-&-component 
and as 9.8 x M and -632 &mol for the holo-/3z-component in the bienzyme complex. Furthermore, 
large negative activation volumes are determined, reflecting the rate increase with increasing pressure: 
-89 mL/mol for the apo&dimer and -195 mL/mol for the holo-P2-dimer. Pressure release after 
dissociation of the a& bienzyme complex into native a-subunits and completely deactivated P-protomers 
leads to 92% recovery of specific 82 activity in the spontaneously reassociated apo bienzyme complex 
(with t112 = 18 min) and to 78% in the holoenzyme (with tu2 = 27 min), respectively. 

Various procedures have been used to dissociate protein 
complexes in order to understand subunit interaction. Among 
these were thermal transitions and pH changes along with 
different chemical agents such as urea, guanidinium salts, 
inorganic salts, thiols, detergents, and nonpolar organic 
solvents (Klotz et al., 1970; Reithel, 1963; Tanford 1968, 
1970). The occurrence of pressure effects on associating 
protein systems in quench experiments (Jaenicke & Kober- 
stein 1971, Jaenicke, 1981; Seifert et al., 1984a, 1985; Silva 
et al., 1986) and ultracentrifugation experiments (Creighton 
& Yanofsky, 1966; TenEyck & Kauzmann, 1967, Dicamelli 
et al., 1973; Seifert et al., 1984b) have been reported. 

A system that is well-suited for studies of the factors 
involved in protein-protein association is the enzyme 
tryptophan synthase from Escherichia coli. The tetrameric 
@pa bienzyme complex can be regarded as an excellently 
characterized example for the influence of mutual, heter- 
ologous interactions between chemically different subunits 
on catalytic function and structural stability (Miles, 1979, 
1991), and it catalyzes the following reactions: 

a2B2 
indoleglycerol 3-phosphate + L-serine - 

D-glyceraldehyde 3-phosphate + L-tryptophan + 
H2O (1) 
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indoleglycerol 3-phosphate 9 
D-glyceraldehyde 3-phosphate + indole (2) 

(3) 
P2 

indole + L-serine - L-tryptophan + H 2 0  

The a-subunit is a single polypeptide chain with a 
molecular weight of about 29 500 and a sedimentation 
coefficient sO20,~ of 2.7 S (Henning et al., 1962). The p2- 

subunit exists as a tightly associated dimer of two identical 
polypeptide chains, with a molecular weight of about 43 000 
each (Hathaway & Crawford, 1970), and a sedimentation 
coefficient sO20,~  of 5.1 S (Hathaway et al., 1969). The fully 
associated bienzyme complex has a S O Z O , ~  value of 6.4 S 
(Creighton & Yanofsky, 1966, Goldberg & Creighton, 1966). 

Even in the absence of the corresponding a-chains, the 
isolated P2-subunit has been shown to be a remarkably stable 
dimer. It can be reversibly denatured and dissociated in the 
presence of 4.5 M guanidinum hydrochloride at acidic pH 
(Groha et al., 1978) or at high hydrostatic pressure (Seifert 
et al., 1982). Hybridization experiments (Seifert et al., 1985) 
and ultracentrifugal analysis (Seifert et al., 1984b) provided 
clear evidence that the Pz-dimer of tryptophan synthase 
undergoes high-pressure dissociation. 

High pressure is a unique tool to obtain unperturbed 
thermodynamic and kinetic information characterizing de- 
naturation and dissociation equilibria of enzymes. Compared 
to chemical denaturants, high reactivation yields are obtained 
since a comparatively high degree of structural information 
is conserved by applying hydrostatic pressure (Schade et al., 
1980a,b). It has been repeatedly shown that pressures below 
3 kbar do not affect the tertiary structure of single-chain 
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proteins [for a review, see Heremans (1982), Weber and 
Drickamer (1983)], thus validating the use of pressures below 
this limit to promote the dissociation of oligomeric proteins 
into minimally altered subunits (Penniston, 1971; Schmid 
et al., 1979). 

In the present study, we frst  examine the effect of pressure 
on the isolated a-subunit to prove its stability when separated 
from the corresponding ,&-subunit. Then, the role of the 
a-subunit as a positive effector of structural stability on the 
high-pressure denaturation and renaturation of the holo- and 
apo-,%-subunit is defined by equilibrium and kinetic experi- 
ments. 

Finally, we investigate pressure-dependent alterations of 
the state of association of the tetrameric a& system using 
sucrose gradient centrifugation in comparison to conventional 
quench experiments in high-pressure cells. 

MATERIALS AND METHODS 

Tryptophan synthase ,!&-dimers were purified from the A21 
F'A2 mutant strain of E. coli and stored frozen at -75 "C 
according to Bartholmes et al. (1976). Apo-&subunit was 
prepared by incubating the holoenzyme with 3 mM hydroxyl- 
ammonium chloride followed by extensive dialysis (DeMoss, 
1962; Bartholmes et al., 1980). The a-subunit was prepared 
from E. coli strain Bs and stored as ammonium sulfate 
precipitate at 4 "C as described by Kirschner et al. (1975). 
Enzyme concentrations were determined according to Brad- 
ford (1976). Enzymatic activity of the Pz-subunit was 
measured in the presence of a 5-fold excess of a-subunit as 
described previously (Miles & Moriguchi, 1977). The 
conversion of indoleglycerol phosphate to indole and glycer- 
aldehyde phosphate in a coupled system with glyceraldehyde- 
3-phoshpate dehydrogenase was used to measure the activity 
of the a-subunit in the presence of an excess of P2-subunit 
(Creighton, 1970). 

Chemicals. Pyridoxal phosphate (PLP)' and dithioeryth- 
ritol (DTE) were purchased from Serva (Heidelberg, Ger- 
many). Indoleglycerol phosphate was synthesized from 
fructose 1,6-diphosphate and indole in a hollow-fiber mem- 
brane reactor using aldolase, triose-phosphate isomerase, and 
tryptophan synthase (Schwarz et al., 1992). All other 
chemicals were of A-grade purity from Merck (Darmstadt). 
Millipore Q purified water was used throughout. 

Buffer. Unless stated otherwise 0.1 M triethanolamine 
hydrochloride (pH 7.8 at 10 "C), 0.1 M NaC1,2.0 mM DTE, 
and 0.5 mM EDTA were used as the standard buffer. Since 
deprotonation of the buffer cation does not create additional 
charges, the pressure effect on the pH is expected to be 
negligible (Neumann et al., 1973). 

High-pressure Experiments. Determination of pressure- 
dependent deactivation and dissociation of the a$, complex 
were performed in an autoclave with a thermostated high- 
pressure cell that has been described elsewhere (Fleischmann 
et al., 1974). Enzyme samples (0.1 mg/mL /32, 0.3 mg/mL 
a) were incubated at 10 "C for defined time intervals. After 
pressure release, the protein solution was immediately 
removed, and the enzymatic activity of the p2-reaction was 
measured under normal pressure at 25 "C. To prevent 
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Abbreviations: EDTA, (ethylenedinitri1o)tetraacetic acid; SDS- 
PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis; 
PLP, pyridoxal 5'-phosphate; DTE, dithioerythritol; PEG, poly(ethy1ene 
glycol); TEA, triethylamine. 

reactivation during the test, the experimental conditions for 
determining the kinetics of dissociation and association, 
respectively, had to be varied slightly by adding 10 pg of 
trypsinlml of test medium, and the temperature had to be 
lowered from 37 to 25 "C (Seifert et al., 1982). 

Absorbance, under high pressure, was measured on a Zeiss 
DMR 10 spectrophotometer with a quarz pillbox cell 
(LeNoble & Schlott, 1976) using a special filling technique 
(Wieland & van Eldik, 1989). 

Sedimentation velocity experiments, using a density gradi- 
ent, were performed in a Beckmann L7-65 ultracentrifuge 
equipped with an SW 41 Ti swing-out rotor (radial distances 
ro and r,, of the meniscus and the bottom: 6.74 and 15.31 
cm, respectively). Applying 500 pL of enzyme solution (1 
mg/mL B 2 ,  3 mg/mL a )  on top of a 5 2 0 %  sucrose gradient 
(in 0.1 M TEA, pH 7.8, at 10 "C, 0.1 M NaC1, 2.0 mM 
DTE, and 0.5 mM EDTA) centrifugation time at 40000 rpm 
and 10 "C was varied. After centrifugation, samples were 
fractionated to determine the position of the bands by activity 
measurements and SDS gel electrophoresis. The latter was 
performed in the presence of sodium dodecyl sulfate ac- 
cording to Laemmli (1970). Gels contained 15% acrylamide 
plus NN-methylenebisacrylamide and had 1 % cross-linker 
ammonium persulfate. Gels were stained with Coomassie 
blue or silver nitrate. 

Proteolysis of High-pressure Samples by Trypsin. Bovine 
pancreatic trypsin (1 0 200 IU/mg) was made up at 0.1 mg/ 
mL in 1 mM HC1. After high-pressure incubation for 
different times, proteolysis was performed at 25 "C in the 
enzymatic test mixture [ 1 mL of Test-Mix, 100 ,uL of protein 
solution and 100 pL of trypsin (0.1 mg/mL)] and stopped 
by the addition of 10 pL of trypsin inhibitor from soybean 
(1 mg/mL). 

Reactivation Kinetics. Enzyme samples were reconstituted 
under normal pressure at 10 "C after complte dissociation 
of the a$2 complex under high pressure. The reaction 
kinetics were measured by taking aliquots at defined times 
and detecting the enzymatic activity in the &reaction. 

RESULTS 

High-pressure Stability of Isolated a-Subunit. Different 
methods were applied to examine the effect of high 
hydrostatic pressure on the a-subunit of tryptophan synthase 
from E. coli. Enzymatic activity is the most sensitive 
indicator for assessing the native structure of the enzyme. 
After high-pressure incubation at 10 "C, pH 7.8, and 2 kbar 
for 2 h, the enzyme was tested under different conditions. 
To prevent possible refolding reactions during the test, 
varying PEG concentrations were added to the test medium. 
Even after long incubation periods, no significant decrease 
in activity could be determined. Another method to exclude 
renaturation is the addition of trypsin to the test mixture to 
selectively proteolyze denatured a-chains (Seifert et al., 
1982; Chan et al., 1973). This experimental setup also 
showed no differences in activity with respect to the native 
enzyme tested under the same conditions. 

Since equilibrium between structural conformations of the 
protein can be influenced by temperature and pH changes 
as well as by high pressure, these parameters were varied. 
Solutions of a-subunit were incubated at 2 kbar in a 
temperature range from 5 to 37 "C and a pH range from 5.5 
to 7.8. Again, catalytic activity remained constant. 
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FIGURE 1: Absorption spectra of a-subunit from tryptophan synthase 0.1 mg/mL in 0.1 M Tris, pH 7.8, containing 0.1 mh4 DTE and 0.5 
mM EDTA. (A) Spectra of the enzyme (a) without pressure and measured under high pressure: (b) 30-min, (c) 2-h, (d) 4-h incubation at 
1500 bar, 25 OC. (B) Spectra of a-subunit (a) at 24 h at 1500 bar, 25 OC, and of the same sample {b) 1 min and (c) 3 h after pressure 
release. 

In addition, spectroscopic properties like UV absorption 
and fluorescence emission of the protein before, during, and 
after high pressure were compared and found to be quite 
similar. Figure 1A shows UV absorption of a buffered 
solution of tryptophan synthase a-subunit at atmospheric and 
at high pressure (1.5 kbar, different incubation times). Figure 
1B illustrates absorption spectra at different times after 
immediate release of pressure. Only minimal irreversible 
alterations of intensity are observed, as shown by the spectra 
after pressure incubation. Taken together, these results 
demonstrate that the a-subunit remains in its native state 
when exposed to 2 kbar. 

Pressure-Induced Dissociation of the /%-Component of the 
Bienzyme Complex. (A) General Considerations. Deactiva- 
tion of the ,%dimer, within the tetrameric a& bienzyme 
complex at high pressure, is a result of complex structural 
changes finally leading to dissociation into isolated ,!?-chains 
(Seifert, 1983). Therefore a~apop2 as well as a2holo& are 
incubated at high pressure in standard buffer for defined time 
intervals and tested for activity in reaction 3 after pressure 
release. A defined value of residual activity is achieved for 
each pressure. 

Under the approximate assumption of a dissociation 
process 

kl 
P2 2P (4) 

data analysis leads us to the actual p2 concentration, 
calculated from enzymic activity, at any given time 

10,OI+ 102-1 
10,Ol - 102-1 

Q =  

where @2°] is the concentration of the Bz-dimers at zero time 
and 182-1 is the concentration at equilibrium (Seifert, 1983). 

Linearization of the deactivation kinetics according to 

yields the rate constant of dissociation kl, which is connected 
with the rate constant of association k-1 according to 

The volume of activation may be obtained by a plot of In 
kl and In k-1 vs pressure according to 

To determine the midpoint of the j32 ET 2@ transition (pin), 
the final values after reaching equilibrium are plotted vs 
pressure. The solid transition curves can be calculated 
according to 

(10) 
AV In Kp,T = In KpO,T - - R T ~  

Pressure-dependent dissociation of oligomeric a& en- 
zyme can be independently detected using the sedimentation 
velocity of the protein layered on top of a preformed sucrose 
gradient. The pressure gradient along the tube depends on 
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FIGURE 2: (A) Dissociation kinetics of the central apo& part of a2apoP2 (in the presence of 5-fold excess of a-subunit) for selected 
pressures at 10 "C. Determination of the residual activity after defined incubation times at (W) 400, (0) 600, (+) 800, (0) 1000, (0) 1200, 
and (0) 1400 bar. Solid lines were calculated from linearization of the deactivation kinetics according to eq 5 with Bz" and kl from Tables 
1 and 2. (B) Dissociation equilibrium profile including the end points from panel A of the apo-/&-dimer of tryptophan synthase (in the 
presence of a 5-fold excess of a subunit). Solid line was calculated according to eq 10 with K (1 bar) = 4.2 x M as equilibrium 
constant and AV = -196 mL/mol as reaction volume. 

the given dimensions according to 

where p is the pressure, r is the distance from the center of 
rotation, e is the density of solution, and o is the angular 
velocity. Ignoring the density gradient, maximum speed 
(40 000 rpm) yields a pressure range from p(r0) = 1 bar at 
the meniscus up to p(rm)  = 1658 bar at the bottom. 

(B)  Pressure-Induced Inactivation and Dissociation of the 
apo-P2-Component. The solid lines in Figure 2A are 
calculated on the basis of a dissociation process. They 
optimally fit the measured kinetics of inactivation of the 
apoenzyme with an excess of a-subunit under different 
pressures. With increasing pressure, the enzyme is more 
rapidly inactivated. The activation volume for the forward 
reaction is AV,* = -89 mL/mol and for the backward 
reaction is AV-l* = 107 mL/mol. Figure 2B shows the 
pressure-dependent inactivation of the apo-PZ-dimer com- 
posed of the equilibrium values from Figure 2A and some 
additional equilibrium data. The solid curve, the equilibrium 
constant at atmospheric pressure K(l bar) = 4.19 x 
mom,  and the reaction volume AV = -196 mL/mol are 
obtained from the linearization according to eq 10. 

When the same mixture of aZapoP2 with an excess of 
a-subunit is sedimented in a sucrose gradient, two indepen- 
dent peaks result: one exhibiting only a-activity and a 
second one showing exclusively ,&-activity (Figure 6). In 
addition, by assaying the system via reaction 3, a significant 
decrease in sedimentation velocity of the Pz-dimer can be 
observed at about 700 bar. Figure 5 shows the time 
dependence of sedimentation and the corresponding pressures 
calculated according to eq 1 1. Lines are obtained according 
to Martin and Ames (1961) 

with a& complex (Mr = 145 OOO), Bz-dimer (Mr = 86 OOO), 
and /3-monomer (Mr = 43 000). These results unequivocally 
prove dissociation of &dimers into isolated P-chains. 

Table 1: 
Deactivation ( k l )  and Reactivation (k-1) of the BZ-Dimer of 
Tryptophan Synthasea 

Pressure Dependence of the Rate Constants of 

apoenzyme 1 1.0 x 10-5 2.5 x 103 100 (99) 
(1.0 x 10-5) (1.1 x 104) 

400 5.8 x 4.1 x lo2 81 (88) 
600 1.1 x 10-4 1.6 x lo2 75 (60) 
800 1.4 x 6.5 x 10' 65 (26) 

lo00 5.1 x 2.6 x lO'(3.7) 18 (4) 
(9.0 x 10-4) 

1200 1.1 x 10-3 1.0 x 10' 4 (0) 
1400 2.5 x 4.1 0 

holoenzyme 1 3.5 x 3.8 x lo9 100 (100) 
(1.7 x (1.7 x lo8) 

lo00 1.4 x 2.5 x 10' 60 (3) 
(8.5 x (2.3 x 1O-I) 

1200 1.1 x 10-4 0.6 0 
1400 4.0 x 1.3 x lo-* 0 

In the presence of a 5-fold excess of the corresponding a-subunit 
and residual equilibrium concentration @,-). Values in parentheses 
refer to measurements without a-subunit of the isolated pz-dimer 
(Seifert et al., 1985). 

(C) Pressure-Induced Inactivation and Dissociation of the 
holo-P2-Component. Figure 3A shows the time-dependent 
/3-deactivation of the holo enzyme complex with an excess 
of a-subunit at different pressures. The kinetics of inactiva- 
tion of the holo-&enzyme in the presence of a-subunit are 
slowed down distinctly in comparison to the apoprotein and 
to the holo-P2-enzyme in the absence of a-subunit (Seifert, 
1985). Again, the individual rate constants k~ and k-1 (Table 
1) are obtained by linearization of the deactivation kinetics 
(Figure 4, parts A and C). The corresponding activation 
volumes are AVl* = -195 mL/mol and AV-l* = 437 mL/ 
mol. 

The deactivation profile reveals significant differences to 
the apoprotein. The cooperativity of the process in the 
presence of pyridoxal phosphate is appreciably higher in 
accordance with the large reaction volume AV = -632 mL/ 
mol. An equilibrium constant at normal pressure K(l bar) 
= 9.76 x m o m  (Table 2) was used to fit the data. 
The corresponding equilibrium transition curve is shown in 
Figure 3B. The midpoint of the transition p1/2 is shifted 



High-Pressure Effects on Tryptophan Synthase Biochemistry, Vol. 34, No. 6, 1995 1963 

A B 
n 8 100 
U 

h 8 0  
4d 
.A  > 
* A  60 
0 
rd 

+ 

40 

; 
a *  + 2 0  
m 
H 

0 2 0 0  400 600 800 1000 
E o  

, " '  , '  

-, 

t Cminl p b a r 1  
FIGURE 3: (A) Dissociation kinetics of holo-B2 (in presence of a 5-fold excess of a-subunit) upon incubation at selected pressures at 10 O C  
determined from the residual activity at defined times: (0) 900, (M) 1000, (0) 1200, and (e) 1400 bar. Solid lines were calculated from 
linearization of the deactivation kinetics according to eq 5 with 8 2  and kl from Tables 1 and 2. (B) Equilibrium transition profile of the 
holo-Bz-dimer of tryptophan synthase (in the presence of a 5-fold excess of a-subunit), final values from panel A plus additional values 
measured at different pressures. Solid line was calculated according to eq 10 with K (1 bar) = 9.8 x M as equilibrium constant and 
AV = -632 &mol i s  reaction volume. 
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FIGURE 4: (A) Linearization of the deactivation kinetics of the apoenzyme according to eq 7 with /32m from Tables 1 and 2 and Bz0 = 100%. 
Symbols are the same as in Figure 2. (B) Semilogarithmic plot of the rate constants of dissociation ( k l )  and association (k-1) calculated 
from eq 9 (Tables 1 and 2) vs pressure yielding the activation volumes for the forward and backward reaction: (M) in k l ,  (0) in k-1. (C) 
Linearization of the deactivation kinetics of the holoenzyme. Symbols are the same as in Figure 3. (D) Semilogarithmic plot of the rate 
constants of dissociation and association vs pressure yielding the activation volumes for the forward and backward reaction: (M) in kl ,  (0) 
in k - , .  

significantly to higher pressures: 1057 bar as compared to 
749 bar for the apoenzyme. 

When a2holoj32 was sedimented in the presence of an 
excess of a-subunit, a more rapidly sedimenting peak 
appeared containing a- and j3z-subunits (Figures 5 and 6). 
The excess of a-protein was found at the position calculated 
for the free a-subunit. Cases where a and 8 2  appear on 
positions with s-values between those for tryptophan synthase 

~ ~ h o l o j 3 ~  complex and a-subunit could be considered as 
partial association products with a& stoichiometry. Even 
at 1600 bar the holoenzyme complex is only incompletely 
dissociated (Figure 6). Therefore, additional high-pressure 
experiments in an autoclave were performed in the presence 
of 13% sucrose. 

The stabilizing effect of sucrose, in general, holds for 
pressure-induced denaturation, dissociation, and inactivation 



1964 Rimhemisrn. VoI. 34, No. 6, tW5 Sindcm ct al. 

1200  I 
,0* 

(Lcc ct al.. 1979. Lcc & Timashcff. 1981. Ankawa R; 
Timaschcff. 1982; Timaschcff ct a!.. 1982; Scifcn ct al.. 
IOM). Quench cxpcrimcnrs. in thc presence of 135 sucrose. 
show a significant shift of thc cquilihrium transition toward 
higher prcssurcs f<lat;i not shown). The midpoint of thc 
trrinsition (p, of the a:holo/{: tryptophan synrh;isc complex 
i s  pa,,: = 1057 bar in the ahwncc o f  sucrose and pi?: = 13x5 
bar in buffer solution with I35 sucrow. Funhermore. rhc 
calculated dissoci;ition cunv cx hi hits decreased ccmpmtivity 
and a lowcr valuc of thc reaction volume of thc prcssurc- 
induced dcnatuntion f AV = -632  mUmol withour sucrow. 
A\ '  = -305 mUmol with 135  sucmw). Conrplctc dis- 
sociation i s  achicvcd at 1750 bar. a valuc which c;innot he 
reached with SUCMW gradient ccntrifupation in the swinp- 
out m o r  u w l  in this invcsripation. 

In an attempt to show rh;it ccrmplcte dissociation of the 
a.holo/$ into single peptide ch;iins takcs p1;rcc. limited 
trypsin proteolysis was pcrr'onncc! with a:holo/{: complex 
incuhatcd at high pressure in comparison t o  the untrcarcd 
cnzymc (Fipurr: 7,. Applying SIX-PAGE. rhc 1;ittcr i s  
cxpcctcd to bc pmtcoly\cc! into a- 1 cM, = 2 0  5fMN ;in(! a-2 
fragments f M ,  = H.ltM)) and unaffected P-chains (1;inc 1 )  
f Miles R Hipgins. 1979). Tnvinolysis of the isolated native 
/{:-.;uhunit yields /bF,,. P-Frh. and $-F: fragments ;rx shown 
earlier hy Hiigkq-Raihaud and Goldhcrp ( 1077;r.h). >lono- 
mcric /{ i s  cl~-;ivcd rotally into sm;ill prculucts undctcct;ihlc 
in the pel. SIigh-pressure Ic?mplcs of a?holc$: trc;rtcti with 
trypsin thcrctorc cxhihircd different dcprce of' fully digcstcd 
a- and ILfngnicnts and active mcdified complex in dcpcn- 
dencc on incuharion rinw (data not shown). f*'igure 7 fI;incc; 
5-0) shows rh;it aftcr complcte <!c;ictivation ;it 1700 hr. 
followed hy prwsurc relcasc.. neither /{-protein nor Ij-fnig- 

B 

1 2  3 4 5 6 7 8 9  

1 2  3 4 5 6 7 8 9  

mcnts can be crhwmcd aftcr varying incubation times uith 
trypsin. Thc a-suhunit i s  rapidly ( 5  min) clcavcd at Arp 
I X X ,  yiclding an insrahlc a' derivative that undcrgocs 
complctc c!cgradation within 60 min f Milcs a S-iippns. 
l O 7 X  1. Afrcr rcconsritution of rhc a:holo/{: complcx. rhc 
corn-sponding SIX h:inds (lane 3,  are in<listinpuish;ihlc from 
thow o f  thc iiatnc coriiplcx (lane 2 , .  

Nccrc-rirwrion Kinetic-s of t i p -  cirri/  IroIo-P~-Stihtinir.~ in the 
Preserrre of a-.Wwnir. 'The kinetics of renaturation of the 
cn7ymc can he followtx! hy thc wcovcry of catalytic activitv 
of the /l:-suhunit. Staning matcrial is the complctcly 
dcactivarcd protein (25 min. 2 kh;ir. I O  "0. After prcssurc 
rc1c;iw. the crhw-ncd pmgrcsc cimc in the ahwncc of thc 
cof;rctor (Figure H A  i s  ctianctcri7txl hy a half-rime of 18 
min. The process of re;icrivation reaches an cquilihrium 
value of ahout 0 3 .  As dcmcrnsrntcd in Figurc S A .  thcrc 
i s  no sipnific;int diffcrcncc in rhc timc course of reactivation 
of complcrcl y dissoci:itcd a$- complex and of prccsurc- 
dicsoci;itcc! /{.-protein reactiv;ition in thc prcwncc of native 
a-suhurrit ;i&lcd ;it thc hepinning of rhc reconstitution 
PmCC". 
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The yicld of rc,activation of thc holwnzymc is significantly 
lower. and thc pmcss is slower. A t  cquilihriuni only 7 X c i  
activity i\ regainmi. with a half-rim of 27 r i m .  7hc kincttcs 

of rcactivation of holo /{. wcrc dctcnnined in thc prcwncc 
of prcssurc incubated as well as n;itivc a-subunits tFigurc 
XRL ln accorhncc with thc rccults in thc ;ihccncc crt thc 
cof;ictor. thc ciincs with prcscurircd and unpwssuri7cd a 
rcspcctivcly arc simi1:ir. 

As shown in rcccnt publications (Scifcn ct a!.. 1082. 
I984a.h. I W 5 ,  Silva cr al.. I O X t r A  thc isol;itcd [{:-subunit of 
tryptophan synthasc i s  an cxtrcmcly stablc dinwr that cxhihitc 
rc\-er\thlc high-prcscurc dcactiv;irion p;imllclcd by dissoci;i- 
tion into m(rnorncm. The intcciction of' the a- :in(! [{:- 

siihunits in the hicnzymc complex rcprcwnts ;in cxamplc for 
the control of' both thc structure and the c;italytic cfficicncy 
of an cnzymc (!UC t o  mutual stahiliz;ition of tts conctitiicnt 
subunits (Yanot'sky R: Cciwford, 1072 1. For all that. wib arc 
incline(! to suppose that high-prcscurc inactivation of thc 
native c$i{a hicnzymc coniplex for rcaction 3 i\ also duc 
t o  disccrc.i;ition of thc /j:-coriiponcnt into /{-monomcm. 'To 
provc this hypothesis. rhc infliicncc of thc a-cuhunir on thc 
structucil st;ihility of the /{.-subunit undcr high prcssurc h;ic 
bccn invcstig;itcd. 

Sincc such ;in approach rcquircq a cufficicntly stable 
a-subunit. wc fint nw;isum! cnzymc ,activity. L'V :ihorption. 
am! fliiorcsccncc spcctct o f  thc a-chains under high prcswrc. 
As c x ~ t m !  from rhc litcmturc (Hcrcmans. 1982, l!'c8bcr 82 
Drick;imcr. 1083) for monomcnc prorcinc. no significant 
prcssurc cffccts on thc isol;itcd a-subunit wcrc dctcctahlc. 

With thc dcscrikd cxpcrimcntal ;ippmach. combining 
activity mcasurcmcnts with scdimcntation cxpcrimcnts. u c  
c(wld uncquivcxally dcmonstntcb h i t  c!c;ictivatlon of thc a p  
/{.-component of thc a:$.. complex uridcr high prcssurc i c  
;iccomp;inicd by complctc c!is\cxiation into cn7ymatically 
inacri\-c /I-monomcm. On the othcr hand. rcptrding thc 
isol;itcd /{.-dimer (Scifcn ct ;I!.. I O X 2 .  IOX3,. i t  has k c n  
quanrit;itivcly ;inalyzcc! that thc kinetics not only of disccrcia- 
tton hut also of rc;isswi;ition as mcasurc(! vi;i hyhridiz:ttion 
ktwccn nativc and chcmically mcwlifict! /i-ch;iins p:ir;illcl 
the rcspcctivc altccition of cnzymatic xt ivi ty .  On the h:isic 
ot thew carlicr observations. wc calculatcd thc dcgrcc of 
prcssurc-dcpcndcnr dics;cxi;ition of the /i:-cuhunit in thc 
prcwncc of thc comspmdinp a-cubuntts via clctcnnination 
of the rccic!u;il /{.-acti\-ity ;is ;t mcasurc of thc corrccntcition 
of native clinicrs. Additionally. the SDS-PAG1.I rcsulrs of 
trypsinoly\i\ of thc prccsiirc-(lcnatiinzd a?$.-ptrrrcin indicatc 
th;it. directly ;iftcr prcwirc rclc;isc. ;I mixturc of dcn;irurcd 
/I-t'omis and nmvc a-subunits i s  prcwnt (Figure 7) .  Ohvi- 
ously. rcnatuntion t o  yield ;I trypin-resistant ikpccics must 
bc slow conipam! to thc time 1;ipw bctu-ccn prcswrc rclc;iw 
an(! Bctcmin;irion of rcsidu;tl activity. 'I~uK. prcssurc 
dc;ictiv;ition am! rcconctitution cxpcrimntc ot thc PI-suhunit 
;it low tcnrpcf;irurc ( I O  'Cb ;in(! with tnpsin prcwnt in  thc 
enzymatic test ;ire a suitable mrhcw! to crht;iin n4i;ihlc kinetic 
<!;it ;I. 

For thc dissociation of h o b  and a p - P  dimm in thc 
prcwncc of a-suhunitc, hrgc negative nwtion and ;Ktiv;ition 
volunics wcrc found. Considering Rr;iun-Lc Ch:itclicr's 
pnnciplc. i t  is obvious that ;I ncptivc ;tctiv;ition volunw r I V r '  
1c;ids t o  an incrcaw in rc;iction r;itc with increasing prccsurc. 
A ncgativc reaction volumc AV c;iuws ;1 ctrift of thc 
cquilihrium row;in! thc products. Comp;iring rhc rcsiilts of 
our cxpcrimcnts with thc a:/{: complcx t o  rhosc ot' thc 
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isolated&-dimer (Seifert et al., 1985), our findings underline 
the extremely high stability of the Prcomponent in the 
tryptophan synthase complex, especially in the presence of 
its cofactor pyridoxal 5'-phosphate that is bound to K87 in 
the active center of the P-chain (Creighton & Yanofsky, 
1966, Wilson & Crawford, 1965). 

Consequently, the midpoint of the equilibrium transition 
curve for the holoenzyme (Table 1) is considerably shifted 
to higher pressures (870 bar for PZ and 1057 bar for a&, 
respectively) because of the tight interaction between a- and 
Bz-subunits. This result is corroborated by the finding that 
the transition curve exhibits increased cooperativity. Equi- 
librium dissociation constants (Table 2) for the a2holoPz 
complex are found to be smaller by a factor of 120 as 
compared to the isolated holo-B2-subunit (Seifert, 1985). 

In the case of the apoenzyme, the stabilizing effect of the 
a-subunit is much less pronounced. The corresponding 
dissociation constants only differ by a factor of 10 (Table 
2), and the midpoints of the transition curves are located at 
680 bar for p 2  and at 790 bar for a&, respectively. This 
finding is not unexpected. We can deduce from Figure 5 
that, in the absence of the cofactor, the a-subunit dissociates 
from j32 at comparably low pressure. 

The reconstitution of the oligomeric protein after pressure 
release is an essentially reversible process including both 
specific homologous and heterologous interactions of the a- 
and /3-subunits. Since the a-enzyme is known to stabilize 
the native structure of the bienzyme complex (Miles, 1979, 
1991), it may also influence the kinetics of reconstitution 
by accelerating rate-limiting steps or by stabilizing folding 
intermediates andor the final product of reconstitution. 

As indicated by the high yield of reactivation (92%) of 
the apo complex after pressure release, only minimal 
interference between reconstitution and unproductive ag- 
gregation of the enzyme appears to occur. Regarding its 
enzymological properties, the enzyme renaturing with tu2 = 
18 min is indistinguishable from the native one. 

Comparing these results with the reactivation of apo-& 
in the absence of the corresponding a-chains (Seifert, 1983), 
the a-subunit has no significant effect on the rate of 
association of apo-j32. Therefore, we conclude that the 
previously observed cooperative binding of a-subunits to 
apoj32, which is characterized by Kdl = 29 pM and Kd2 = 
0.8 pM, respectively (Bartholmes & Teuscher, 1979), only 
occurs after the independent refolding and association of the 
two B-monomers to yield a native ,&-subunit is complete. 
This view is corroborated by the close similarity of the 
physical parameters deduced from equilibrium experiments 
(as compiled in Tables 1 and 2). 

The reconstitution process of holo-#?Z in the presence of 
the a-subunit is significantly less effective and slower when 
compared to the isolated holo-/32-subunit [a2holoP2, tl/z = 
27 min, 78% activity regain, holopz, t1/2 = 17 min, 96% 
activity regain (Seifert et al., 1982)l. The mechanism of 
reconstitution of the holo complex is characterized by early 
interactions of native a-subunits with /I-chains still involved 
in regaining the correct physiological tertiary and quatemary 
structures. Additional evidence supporting this view may 
be derived from the extremely tight anticooperative binding 
of a-subunits to holo/?Z with Kd = 0.26 nM for the first 
association step [@2 (Lane et al., 1984)l. It remains an open 
mechanistic question whether the intermediate reacting 
untimely with a-subunits is an early stage of a folding 
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monomer or a still uncorrectly folded dimer in the process 
of final reshuffling. On the one hand, the above-mentioned 
hybridization approach (Seifert et al., 1982), which is 
potentially capable of probing the presence of monomers in 
a renaturation mixture, points to a late dimerization step. On 
the other hand, Silva et al. (1986) describe an HPLC 
experiment with renaturing B-chains in which the previously 
pressure-dissociated protein after some 2 min elutes at the 
same volume as the untreated PZ-dimer. Although the 
kinetics of reconstitution of isolated apo- and holo-j32 are 
apparently quite similar, the underlying folding pathway must 
be different at least, in so far as disturbing interactions 
between a and "immature" p2 do not occur in the absence 
of PLP. 
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