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ABSTRACT

The assexlly mechanism of the apo-tryptophan synthase complex of
E. coli was investigated in the presence of rhodamine~isothiocyanate
{RITC) and anilinp-naphthalene-sulphopate (ANS) Tluorescence dyes,
as well as bromo-phenol-blue (BPB} absorbance dye, using a stopped-
flow apparatus. Full enzyme activity of the tryptophan synthase
caaplex is achieved in two steps involving the binding of e-subunit
and pyrodoxal-5'-phosphate (PLP} ligands io the aposy-dimer to form
the wyBy(PLP),-complex. The first step of activation, which is

the formation of wpapogs-complex, is investigated here.

Equilibrium dialysis measurements were used to obtain the thermo-
dynamic binding parameters for the aapofp-complex. In sodium-pyro-
phosphate buffer pH 7.5 two a-subunits bind cooperatively to apog,-
dimer but o potassium-phosphate buffer pH 7.5 the binding is either

non-cooperative or negatively cooperative.

The intrinsic protein absorbance and fluorescence changes resulting
from assembly of subupits into the ajapos,-complex are small. Larger
signal changes are obtained by performing the subunit assembly in
the presence of BPB absorbance and ANS and RITC fluorescence dyes.
In low concentration: these dyes were found not to affect the rate

or extent of assembly to any significant degree.

Fluorescence titrations of ANS and absorbance titrations of B8PB
show that these dyes bind reversibly to the a-subunit, the apogp-
subunit and the ajapop,-complex, Large fluorescence or absorbance

changes are obtained when excess a-subunit is mixed with apogy-subunit




in the presence of ANS or BPB. The signal changes observed were
used to monitor the course of apapoBp-complex assembly. However,
when excess apoBy-subunit was mixed with a-subunit the fluorescence

of the RITC dye, covalently bound to a-subunit, was monitored.

Using a stopped-flow apparatus, excess apo,-subunit was rapidly
mixed with a-subunit and the fluorescence of the RITC dye was moni-
tored. Additfon of a-subunit was shown to proceed in itwo steps:
an {nitial wg-protomer is formed which subsequently isomerises to

the equilibrium state.

Mixing excess a-subunit with 2p0Bs-subunit, in the presence of ANS
or BPB dyes, produced more complex signal changes. Here addition
of a-subunit proceeds in three steps; addition of two ec-subunits
to form the ayz” and apB, intermediates with subsequent fsr:;merisatian

to the equilibrium state.

Since both the partially satvrated oBy-complex and the saturated
azBy-complex underge similar isomerisation reactions, the two o8-

potomers within the op8,-complex behave independently.
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1. INTRODUCTION
1.1 Structure of &. eoli Tryptophan Synthase

Tryptophan synthase {L~serine hydro-lyase (adding indoleglycerol-
phosphate) EC 4.2.1.20] is a multimeric enzyme catalyzing the terminal
reaction in the bicsynthesis of tryptophan {reaction 3 in Table 1).
The presence of Sryptophan synthase in bacteria and yeasts has been
reviewed by Crawford {1975), Tryptophan synthase from E. coiZ
consists of two o-subunits and one @p-dimer which combine to form
the tetrameric a,B,-complex. Yanofsky & Crawford (1972) have reviewed
the structure and reactive properties of the native enzyme and Miles
(1973) has reviewed the structure, function and subunit interactions

of the tryptephan synthase-complex.

The o-subunit has a molecular weight of 28 727 with 268 amino acid
residues of known sequente but lacks any tryptophan residues {Yanofsky
et al., 1981). The a-subunit is normaily monomeric and does not

form dimers or higher order multimers (Jackson & Yanofsky, 1969).

The cofactor, p~ -oxal-5'~phosphate {PLP) which is essential for
reactions 2 and 3 (see Table 1}, is bound through a Schiff base
linkage to an g-amino group of a lysine residve within the active
site of the g -dimer (Fluri et ai., 1971}, The 8;-dimer has a mole-
cular weight of 85 8§76 wits 397 rasidues of known sequence (Yanofsky
et ab., tal7" Each g-chain has two tryptophan residues which
accounts for the higher absorption at 280 nm than that of the u-
subunit. Although the gp-subunit exhibits dissociation into monomers,
it exists predominantly as a dimer in both the holo (+PLP} and

2po{~PLP) farms (Hathaway, 1972).

- aud




TABLE 1 ‘

Reactions catalysed by tryptophan synthase

and ts subunits




TABLE 1

Reaction
1. indole~3-glycerol-phosphate =—=
indote + D-glyceraldehyde-3-phosphate
4 PLP "
2. indole + L-serine —— L-tryplophan + H,0
i ; PLP
3. indole-3-glycerol-phosphate + L-serine ———

L~tryptophan + D-glyceraldehyde-3-phosphate + i,0

Catalysed by

a 5 6282

B2 azBp

gy




Tryptophan synthase displays mutual activation of subunits whereby
the individual o-subunit and g,-subunit activities are markedly
enhanced by the binding of the second subunit {see reactions 1 and
2 in Table 1). This phenomenon has prompted many workers to study
the conformational states and functional roles of the separate and
complexed subunits in order to understand this mutual zactivation

process.

1.2 Properties of Tryptophan Synthase and its Subunits
1.2.1  The a-subunit

The a-subunit which normally exists as a monomer, may be induced
to form dimers that -complex with and stimulate the g,-subunit to
full activity., This dimerisation 1is achieved at high o-subunit
concentrations in the presence of urea and is not physiologically
important (Jackson & Yanofsky, 1969). The partial reaction catalysed
by the oa-subunit {see reaction 1 in Table 1) proceeds a hundred
times faster when the a-subunit is in the ayBs-complex (Yanofsky &
Crawford, 1972). The mechanism of the reverse of this reaction
{indole+D-glyceraldehyde-3-phosphate +  indole-3-glycerolphosphate) is
similar whether catalysed by the a-subunit alone or by the az8y-~
complex (Weischet & Kirschner, 1976a,b). However, the affinities
for certain Tigands are alterad when the a-subunit is in the agBy-

complex.




Ligand Binding Properties of the a-subunit

The a-subunit binds 1 mele of indole at its active site (K; = 18 mh)
and 1 mole at a second site (Kd = 1.5 mM), whereas the a,8;-complex
binds indole weakly to as many as 4C sites (Kd = 30 mM) and strongly
to 1 or 2 sites (KcI = 1.2 mM) {Weischet & Kirschner, 1976b). Indole-
3-propancl-phosphate has been found to be a competitive inhibitor
of 1ndoIe»3-g]yceru1~phosphate and binds to the o-subunit with a
lower affinity than to the «pB,-complex (Kirschmer et al., 1975).
These altered binding properties, together with temperature-jump
studies of indole-3-propanol-phosphate binding to the ea-subunit,
indicete that the o-subunit must exist in at least three distinct

conformations {Kirschner & Wiskocil, 1972).

Further indirect support for this hypothesis derives from the re-
acti’vity of N-ethyl-maleimide with the «-subunit. Protection against
reaction is effected by indole-3-prepanci-phosphate binding (Hardman
% Yanofsky, 1965) while sensitisation is effected by indole binding
(Freedberg & Hardman, 1971). These effects are probably achieved
by stabilisation of different conformations of the c-subunit by

the respective ligands (Kirschner & Wiskocil, 1972).

Unfolding of the a-subunit

The binding of the holog,-subunit to the o-subunit protects the
a-chain from extensive degradation by trypsin, yielding instead,
an active nicked «-subunit derivative. The protection of cleavage

sites may bhe due to either the masking of the a-subunit by the
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8y-subunit or the conformational transitionsin the e-protein subse~

quent to holog,-subunit binding (Miles & Higgins, 1978). The nicked
«-subunit derivative can be dissociated into two fragments (a-1
and «~2) by treatment with urea, Upon removal of the urea those
two fragments refold inte the active o-subunit derivative and are
therefore thought to represent separate folding domains of the a-

subunit (Higgins et al., 1979},

The intact e-sviunit may be unfolded by high concentrations of urea
or guanidine-hydrochloride. The urea induced unfolding proceeds
through two jntermediates {(deroted by I, and 'Iz) to two unfolded
forms (denoted by U, and U} with the intermediates inter-converting
via the cis-trans fisomerisation of a proline residue (Matthews &

Crisanti, 1981).

The guanidine-hydrochloride induced unfaiding of the intact a-subunit
involves an intermediate with only one of the separately folding

domains of the e-chain in an unfolded form as shown below.

Native form - Intermediate - unfolded form
a-1, o-2 intact o-1 intact a1, w-2 unfolded

«-Z unfolded

These separately folding domains of the intact o-subunit corrcipond
_to the e-1 and o-2 folding domains of the nicked o-subunit (Yutani
et al.,1980; Miles et al., 1982}, Lane & Kirschner (1983c) used
the existence of these two autonomously folding domains to pictorially
represent the a-subunit as consisting of two globular unequal sized

spheres.

W




1.2.2 The g,-subunit

The physiological reaction catalysed by the holog,-subunit (see
reaction 2 in Table 1) proceeds fifty times faster when complexed
with the o-subunit. In addition several non-physiological veactions
which are catalysed by the holos,-subunit are dinhibited by the

addition of the a-subunit (Yanofsky & Crawford, 1972). '

The twe molecules of PLP are bound through a Schiff base linkage
to the c-amino group of lysine which may be reduced to a single
covalent boand with sodium-borohydride {Wilson & Crawford, 1965).
Removal of bound PLP requires lengthy dialysis against tris-HCe
buffer, brief dialysis against p-mercapte-ethanol and L-serine or
brief treatment with hydroxylamine (Miltes, 1978). Conversion of
the hology-subunit to the apoBy-subunit decreases the solubility
of the protein in ammonium sulphate solutions (Adachi & Miles, 1874}
but without Joss of the antigenic deteyminants of the g,-subunit
(Zalkin et al., 1980) Therefore the tertiary structures of the

hology-subunit and apog,-subunit appear to be similar,

Removal of the bound PLP from the «;holog,-complex cannot be achjeved
by either of the three methods above. Treatment with hydroxylamine,
for example leads to a pyridoxal-phospheie oxime, which is tightly
bound to the «pB,-complex, requiring treatment with IM-KSCN for

removal (Miles & Moriguchi, 1977).

Ligand binding to the By-subunit

Studies of 1igand binding to the By-subunit alone and to the o,holopy-

o vt v,



complex have been used to contrast the different conformations

accessible to the 8y-subunit,

The Binding of L-serine to the 8y-subunit

Temperature-jump studies of the absorbance changes occurring during
the binding of L-serine to the hology-subunit have been performed
by Faeder & Hammes (1970). The binding mechanism proposed by the

authors is given in Eguation 1.

€ + serine === E-serin
4 i == g"-serine (1)

E' + serine = o' ~serine

wnere £, £', E" represent three different holoBy-subunit isomers.

In the presence of a-subunit, one conformation of the holoBy-subunit
is destabilised and the E' conformation 1is no longer populated.
This suggests that a pre-equilibrium between the two states of the
holog,-subunit (E and E') 1is shifted towards one state (E) upon
forming the ajholopy-complex. The mechanism for L-serine binding

is then modified as shown below.

apholaB, + serine === asholoBy - serine == azholopy"~serine




complex have been used to contrast the different conformations

accessible to the Bp-subunit.

The Binding of L-serine to the Bz-subunit

Temperature-jump studies of the absorbance changes occurring duvfng
the binding of L-serine fo the holoBz-subunit have been performed
by Faeder & Hammes {1970). The binding mechanism proposed by the

authors is given in Eguation 1.

E + serine === E-serin
it i == E“-serine (1)

E' + seripe === E'-serine-

where E, €', E" represent three different holo8,-subunit isomers.

In the presence of a«-subunit, one conformation of the holog,-subunit
is destabilised and the E' conformation is no longer populated.
This suggests that a pre-equilibrium between the two states of the
hology-subunit (E and E') is shifted towards one state (E) upon
forming the ajshclop,-complex. The mechanism for {-serine binding

1s then modified as shown below.

agholog, + serine == azholof, - serine = ajhologs"-serine
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Lane & Kirschner (1981, 1983a,b) monitored the fluorescence changes
during the binding of L-serine to the hologp-subunit and the ajzholog,-

complex and the subsequent reaction with indole to form L-tryptophan.
The mechanism of the reaction catalysed by the hologp-subunit is
shawn in Equation 2 and the mechanism of the reaction catalysed

by the w«zhologg-compiex is shown in Equation 3.

3
tazyme + == A) == A, b F o= Bt 1= PI o ¥ = Enzyme + L-trypto-

L-serine phan
Equation 2
Py 4 1o Pyl o
Enzyme + ky /7 2 27N
| wm b | X == Enzyme + L-tryptophan
L-serine W

PL+l==PT+Y

Equation 3

(where I represents indole and A;, A,, F, P, PI, Y, Q, W, Y and
X all represent intermediates in the overall mechanism.

The intermediate A, (in Equation 2) probably corresponds to the
intermediate G (in Equation 3). The values &, and k, refer to the

farward rate constants for the reactions shown).

The cunversion of A, te F by the hologp-subunit (see FEquation 2}
is rate Timiting and yrobably represents a deprotonation step which

requires a basic group (B:) as a catalyst as shown below,
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CIHZUH
BH + c-co;
l2 or k2 i 2
—_— H-N*
|
CH
R
N
H
F

This deprotonation step L, for hologp-subunit, has a rate constant
of approximately 0.6 s-! and is five hundred fold slower than Ky
for apholepy,-complex which has a rate constant of 300 sl Thus
the major effect of the o-subunit on the activity of the hology-

subunit is to accelerate this proton abstraction step.

The Binding of PLP and Analogues to the apogy-subunit

Pyridoxine-5'-phosphate (PNP) and N-phosphopyridoxyl-L-serine (PPS)
are analogues of PLP which do not form aldimines with lysine side

chains but do bind to the aposy-subunit at the PLP binding site.

The agapoBy-complex binds PNP, PPS and PLP non-cooperatively to
two sites of equal affinity (Bartholmes et al., 1976; Tschopp &
Kirschner, 1980a). Both PNP and PPS bind to the «japoBp-compiex

in a single rapid step consistent with £quation 4.

R




E + L w= EL 4)

where E represents free enzyme binding sites and L represents free

Tigand.

In contrast, PNP and PPS bind cooperatively to two identical sites
on the aposy-subunit. The kinetics of binding 1is characterised
by two distinct steps consistent with Mechanism 5 (Tschopp &

Kirschner, 1980b).
E+ L = (EL) == EL*¥ == EL¥* (5}

where E represents the B-protomer, (EL) and EL* are enzyme-ligand

comiplares wad EL** js an Isomer of EL¥,

The binding of PNS, PPS and PLP to the apogy-subunit is consistent
with the model of Monod, Wyman and Changeux as shown in Equatinn

6 (Tschopp & Kirschner, 1980b).

2L + To == 2L+ Ro

1 !

Lo+ Ty e= L 4R (6)

| I

2 = Ry

here L represents free ligand and T and R represent low
affinity and high affinity states of the apog,-subunit

for the 1igand, respectively.
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In the absence of ligand the [To}/[Ro] ratioc is approximately 200
but on addition of excess ligand, T; is formed before any appreciable
conformational transition of T to R forms can occur. The T, form

then 1somerises to the Ry form of the enzyme-1fgand complex.

Comparison of Equations 4 and 5 shows that the binding of the o-
subunit to the apog,-subunit eliminates protein conformational tran-
sitions when the ligand is PNP or PPS. Thus the a-subunit appedrs
to stabilise a high affinity state of the cofactor binding site

similar to, but not identical to, the R form of the hologs-subunit.

The binding of PLP to the apos. bunit and the pos. plex,
both leading to an internal aldimine with a lysine group, is charac-
terises by two distinct steps {see (a) and (b) in Equation 7) con-

sistent with Mechanism 7 (Bartholmes et aZ., 1980).

E+ L == (EL) »== EL¥ == EL%s
| I |
(a) (b) 7

Reduction of the aldimine formed between the lysine e-amino group
and the PLP occurs at the same rate as the generation of EL* and
explains the difference between the binding of PLP and the binding
of PNP or PPS to the apoBy-subunit. Formation of active enzyme
occurs at the same rate as the generation of EL**. Therefore part
{b)of Equation 7 could represent a slow conformational change of
the protein to yfeld active enzyme. Similar rates are obtained
with the apopy-subunit and the ojapop,-complex, even though the

activity of the resultant enzyme is very low in the former case.

b - - e

o
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This suggests that the same process is involved regardless of whether
the PLP binding sites interact (apog,-subunit)} or are ‘independent

{azapoBy-complex).

The model of Monod, Wyman and Changeux predicts that the half satu-
rated B-subunit should exist in two forms (Ty, Ry). A hybrid apogg*-
dimer containing one functional protomer and one reduced PLP moeity,
has been prepared by partial reduction of the hology-subunit (Balk
et al., 198)a}. Two distinct steps are apparent for the PLP binding
to this hybrid apogg*-subunit. The faster process corresponds to
the Ry to R, transition and accounts for 85% of the total amplitude
of reaction (see Mechanism 6). The remaining 15% o' “he amplitude
of the reaction coresponds to the T, to T, transition. Therefore
the hybrid apogs*-subunit may represent a half staturated apos,-

subunit and supports the proposed model of Monod, Wyman and Changeux.

The binding of PLP to the apog-subunit and the «japopg-complex
does not vary the circular dichroism spectrum of the proteins in
the far ultraviolet vregion. This indicates that the secondary
structure in the active centre of the enzyme is conserved during

cofactor binding (Balk et aZ., 1981b).

However, the circular dichroism spectrum of the proteins in the
near ultraviolet regfon is significantly altered upun cofactor bin-
ding. This alteration is due to a summation of tha effects of aro-

matic side chains and the formation of the intarnal aldimine.

Two distinct steps are apparent when following the circular dichroism

i P
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increase at 415 am upon mixing PLP and tlhe azapogy-complex. The
faster step corresponds to that shown by the fluorescence detection
ot e PLP binding to the ajapopp~complex while the slower step
is mucn slower than the formstion of active epzyme as shown by
Barthoimes et at. (1980}, This circular dichroism spectral change
is probably due to a slow orientation of the cofactor and enzyme

when in its resting state {Balk st al., 1981b).

Dissociation and Proteolysis of the By-subunit

The apos,-dimer can be dissociated into randomly coiled monomers
by incubating with high concentrations of urea or guanidine-hydro-
chloride {Groha et al., 1978). After removal of the denaturing
agents, renaturation in the presence of PLP leads to 90% recovery

of the enzymatic activity by the mechanism shown in Equation 8.
M+ 2M* s B+ active holoBy-subunit. (8)
where M represents monomer and D represents dimer.

The recovery of activity occurs 1n a rate determining unimolecular

reaction corresponding to the conversion of Dy* to hology-subunit.

The holoB,-subunit can be “nicked" by treatment with trypsin to
produce a stable non-covalent complex of two non-overlapping fragments
denoted by (F)F,)y (HSgberg-Rajbaud & Goldberg, 1977). The two
Fragments {molecular weight of F) is 29 000 and that of F, is 12 000)

= s s i a

g




may be dissociated and <enatured in 6 M urea. Both fragments can

refold independently to conformations which resemble the structure
of the fragments +in the nicked protein. The isolated Fy and F,
fragments therefore appear as intermediate structures in the folding

of the Bp-subunit.

In contrast, tryptic proteolysis of the wmghology-complex yields
an active ‘“nicked" «'zhology-protain with cleavage taking place
in the a-chain (Miles & Higgins, 1978). Therefore the association
of the o and Bp-subunits prevents (a) the cleavage of the gp-subunit
into two fragments with loss of activity and (b) the complete degra-

dation of the o-subunit with the loss of a-subunit activity.
1.2.3 The a8 -complex

Crude extracts of, or purified ayhology-complex, fn tris-HCg buffer

T sediment in sucrose density gradients as two peaks. The first peak
detected by enzymatic activity assays, corresponds to gy-subunit
(Szp,w = 5.1). Addition of PLP to the buffer promotes partial
association of the subunits while addition of both PLP and L-serine
results in full assoctation (Syo,w = 6.4). (Creighton & Yanofsky,
1966).

The sedimentatfon as fully associated agholog,-complex depends on
rotor speed and therefore on hydrostatic pressure. Increasing the
rotor speed from 39 000 rpm to 50 000 rpm interferes with complex
formation at 5°C, even in the presence of PLP and L-serine, This

effect 1s reversed by increasing the temperature from 5°C to 20°C
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or by low concentrations of a non-polar so1vent.‘ Therefore
hydrophobic bonding plays an impartant role in forming the tryptophan
synthase complex. Monovalent and divalent cations also interfere
with subunit association, indicating the possibility that ijonic

bonds are also involved (Dicamelli et al., 1973)

The o-g affinity has been measured with enzymatic activity assays
(Creighton & Yanofsky, 1966), equilibrium dialysis (Bartholmes &

Teuscher, 1979) and micrucalorimetry (Wiesinger et af., 1979),

The apparent dissociation constant for the «- and holog,-subunits
varies from 0.25 pM (measured with reaction 1 in Table 1) to 0.38
nM (measured with reaction 3 in Table 1). In the latter case, the
tigher degree of association is probably due to the presence of
PLP and L-serine in the assay medium. Under these assay conditions,
the two o-subunit binding sites of the holog,-subunit behave inde-
pendently since the ahology-complex has exactly half the activity

of the ayholog,-compiex (Creighton & Yanofsky, 1966).

The binding affinity of the a-subunit and the apogp-subunit to form
a stakle ajapoBy-complex has been messured by equilibrium dialysis
and analytical ultracentrifugation in a pyrophosphate buffer
{Barthoimes & Teuscher, 1979). The «-subunit binding s cooperative

and weaker than the binding to the holopy-subunit.

The oversll assembly of the wpholog,-complex is given in Equation

9.
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2u + 2PLP 4 B, wem—m== 2y + 8,{PLP), (2)

(9)

(3} gy *+ 2 PLP e a0, {PLP), (4)

Since veactions (1) to (2) and (1} to (3} are cooperative and reaction
(3} to (4 is non-cooperative, the Bp-subunit must exist in at least
three conformations; the apog,-subunit conformation, the hology-
subunit conformation and the conformation of the gy-subunit in the

©,8p0B,~complex.

The measured values of the Hill coefficient and the total Gibbs
free energy change (aB) are identical for the cooperative binding
processes; o +apoB, and PLP + apog, (Bartholmes et aZ., 1976). This
suggests that in the presence of either the a-subumit or PLP, the
apoBy-subunit undergoes a similar concerted transition (Bartholmes

& Teuscher, 1979).

Microcalorimetry confirms the results obtained from the equilibrium
dialysis experiments and quantifies the number of protons taken
up during the subunit association reaction as shown fin Equation

10,

a4 fy P s gy (), (10)

" with n = 0.75 at 25°C in the presence’ or absence of PLP

and n = 2 in the absence of PLP or n = 1 in the presence

of PLP at 35°C,
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The kinetics of the «-subunit binding to the holog,-subunit may
be followed at 288 nm and 405 nm 4s shown by difference spectra
of bound versus unbound subunits (Kirschner et al., 1975). Three
exponential processes are observed after mixing a-subunit and holog,-
subunit in a stopped-flow instrument. The intermediate process rate
constant rises towards a plateau value with increasing a-subunit
concentrations. This suggests that the assembly reaction involves
a binding step followed by an isomerisation step. It is this isome-

risation which must occur before enzyme activity can be expressed.

A recent kinetic study, monitoring the fTuorescence of the PLP co-
enzyme, shows that the o-subunit is bound with negative cooperativity
to holopy-subunit in phosphate buffer {lLane et aZ., 1984). Addition
of each a-subunit leads to formation of an initial ag-protomer which
isomerises to an equilibrium state. The data fit a sequential assembly

mechanism consisting of seven protein species as shown below.

%+ 8,

I

@+ ap, — ofi8

U

g8y affo == azﬁz

Negative cooperativity results from the weaker initial binding of
a second a-subunit to the aBp-intermediate, possibly due to steric

hinderance within the aypy-complex. The isomerisation reactions
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are responsible for attaining full enzyme activity and involve

synchronous conformational changes of both the o~ and g~protomers.

Small angle X-ray scattering studies have predicted the molecular
sizes and most probable shapes for the a-subunit, the holoBg~subunit
and the apholog,-complex (Withelm et ai., 1983). A correlation
with various intramolecular and intermolecular distances indicate
the terti ry and quaternary structural changes occurring during
agholopy-complex assembly (Lane & Kirschner, 1983c}. The a-protomer
and holog-protomer consist of two autonomously folding domains which
assocfate to form an intermediate-complex closely resembling the
summation of the individual o-subunits and the helog,-subunits.
An isoierisatien, probably jnvolving the rearrangement of the autono-
mously folding domains, then follows to give the final ajholoBa~

complex.

Analysis of the structural domains of the equilibrium ayholoB,~complex
has been achieved with neutron smal) angle scattering siuadies ([Ibe)

et al., 1985) ond show that the holoBy-subunit changes te a more

compact form in the ajholopy-complex. However the o«-subunits da
not exhibit any detectable structural change. Measurements of the
distances between the a-Subunits 1in the ajhology-complex exclude
the interpretation of steric hinderance to account for the observation
of negative cooperativity (lane et al., 1984) during assembly of

the tryptophan synthase complex.




Purification_of Tryptophan Synthase and its Subunits

Pyrification of the a-subunit

The mutant E. cols strain BB produces high levels of a wild type
a-subunit and only low levels of an altered gy-subunit when grown
under derepressing conditions. Henning et aZ. (1962) purified o-
protein by a manganese-chloride and acid precipitation step followed
by DEAE-ceilulose chromatography. Crystailisation of the protein
resulted in an overall yield of 24% and a specific activity of 4700
units mg~! (the definition of units and assay methods are given

in Section 2.3}.

An improved and reproducibie chromatographic method, using DEAE-

cellulose, hydroxylapatite and Sephadex 8-100, has been developed

by Kirschne» et al. {1975). Crystalline material of 5 500 units

mg™! was obtained in a 32% yield.

Recently strains of EB. coli have been developed with deletions
starting in the leader region of the tryptophan operon and terminating
in a structural gene of the operon {Miles, 1979). The 2. coli trp
R™ & trplD102/F'a trplD102 strain produces.wild type tryptophan
synthase constitutively. Crystalline opBy-complex, with a specific

activity of 1920 units mg~! of complex, was obta're. by Adachi et

al. (1974) in 2 60% yield.

An improved and reproducible method, developed by Tschopp & Kirschner
(1980a}, resulted in a 54% yield of azBp-complex with a specific ‘,-,'
activity of 2175 units mg™} of complex. The resultant a,pp-complex

has been separated inte individual subunits by treatment with

hydroxylamine and potassium-isothiocyanate (Miles & Moriguchi, 1977)
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or by treatment with acid (to destroy the py-subunit) or by heating
{to destroy the a-subunit) (Tschopp & Kirschner, 1980a).

1.3.2  Purification of the 8,-subunit

The E. coli trpA2/F'trpA2 strain produces high levels of wild type
Bz-subunit with very low levels of an inactive altered o~protein,

when grown under derepressing conditions.

Wilson & Crawford (1968) purified py-subunit from this strain with
a specific activity of 2700 units mg~! and a 30% yield. The method
involved two heat treatments which may lead to an unstable altered
enzyme since other workers have reported a range of lower activities
using this method : 1600 to 2000 units mg~! (Faeder & Hammes, 1970)
and 1500 uniis my~! {Miles, 1970). This led Adachi & Miles (1974)
to develop a more efficient and less damaging method, based upon
the differznt solubilities of the apogy-subunits and holoBs-subunits
in ammonium sulphate solutions. Crystals of the apog,-subunit were
obtained in an 84% yield with a specific activity of 3250 units
mg~!. Bartholmes et al. (1976) improved upon this method by using
the differential solubilities of the apog,-subunits and the holog,~
subunits in & partially purified preparation rather than a crude
extract., A specific activity of 4100 units mg™! and a yield of
45% was obtained for the material purified by this improved method.

As mentioned above, the g,-subupit has also beep obtained from

purified tryptophan synthase after heat treatment.
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1.4

Fluorescence Energy Trapsfer

Fluorescence energy transfer between protein bound donor and acceptor
fluorescent dyes provides measurements of the distances between
the dyes. The light absorbed by the donor may be transferred non-
radjatively to the acceptor over distances of 1.5 to 7 nm. The
efficiency of this energy transfer is related to (a) the distances
between the dyes, (b) the necessary spectral overlap of the donor
emission and acceptor absorption, (c) correct relative orientation

of dye molecules and {d) suitable singlet fluorescence lifetimes.

Suitable pairs of dyes are given in a review by Fairclough & Cantor

{1978).

Both the static and the dynamic properties of protein compiexes
have been studied with the fluorescence energy transfer technique.
The dansyl-ligand has been used as donor with fluorescein or rhodamine
B as acceptor to measure interprotein distances in complexes of
trypsin and trypsin inhibitors (Gennis et al., 1972). The rate
of subunit exchange in actin polymers has been quantified in kinetic
experiments with fluorescein as donor and eosin as acceptor (Wang

& Taylor, 1981},

The fluorescein {donor) labelled tubulin and vhodamine (acceptor)
lsbelled tubilin have been assembled into microtubules. As the
assembly progressed, the intersubunit distances decreased causing
the energy transfer efficiencies to increase. Thus a record of

the extent of assembly was obtained {Becker et ai., 1975),
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Specific loci within the active sites of the «-subunits and
Bp-subunits of iryptophan synthase have been labelled with various
dyes. The distances between these loci have been measured to estimate
the distances between the loci within the «pholoB,-complex ({Lane

& Kirschner (1983c).

1.5 Non-Covalently Bound Fluorescent Probes

The fluarescence of the ANS molecule is dependent upon the enyironment
in which the molecule is constrained. It has a Tow fluorescence
in aqueous buffers but exhibits a blue shift in fiuorascence maximum
and a large increase in fluorescence yield when bound to non-poelar
sites on membranes or proteins. The interaction of ANS with proteins
has been quantified by fluorescence titrations for bovine serum
albumin (Daniel & Weber, 1966) apomyoglobin {Stryer, 1965) and the
apogy-subunit of tryptophan synthase (Seifert et al., 1984).

Displacement of the bound ANMS molecules by Jigands that campete
for the same ANS binding sites, causes a decrease in the fluorescence
signals. Thus ANS may be used as a reporter group to monitor 1igand
binding reactions in which the intrinsic protein-ligand signals
are too small for observation. Examples of this are, the
thermodynamic study of the nucleotide binding of an aldolase protein
(Kasprzak & Kochman, 1981) and the cofactor binding and conformational

transitions of glutamate dehydrogenase (Dodd & Radda, 1969},

e
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1.6 Summary

Both the a- and Bp-subunits of tryptophan synthase have been shown
to be flexible proteins exhibiting mutual stabilisation of confor-
mations by assembly into the apBy-complex. This assembly may occur
with PLP binding to the apogy-subunit preceding the o-subunit binding

or with the a-subunit binding preceding the PLP binding.

The holo,-subunit 1s stabilised in & conformation that is similar to,
but not identical with, the conformation stabilised in the ajapos,-
complex (Tschopp & Kirschner, 198Gb). Therefore the conformational
transitions from the apop,-state to the holopp-state must be similar

to those initiated by a-subunit binding to the apog,-subunit.

Direct observation of these conformational transitions would indicate
{a) the mechanism whereby both PLP and e-subunit stabilise the same
conformational state of the 8y-subunit although they must necessarily
bind to different regions of the g,-subunit and (b) whether both
the e~ and gp-subunit exhibit conformational transitions upon forming

the wzaposy-complex.

The small amplitudes obtained from direct observation of the a-subunit
and apofi,~subunit reactions, necessitated the development of tech-
niques to wmonitor the protein assembly using signals derived from

artificial probes present during protein assembly.




EXPERIMENTAL MATERIALS AND METHODS

Materials

2.1.1 Chemicals

2.1.2 Biological Materials

Bp-subunits respectively,

Maryland, USA).

E. Merck or British Brug Houses, Poole, Dorset, England.
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A1l chemicals for the growing of bacterial strains were obtained
from Saarchem, Johanneshurg, South Africa. Ammonium sulphate for
biochemicil work and rhedamine 8 isothiocyanate were obtained from
E. Merck AG, Darmstadt, Germany. Chromatographic materials were
products of Pharmacia, Uppsala, Sweden. The fluorescein fsothio-
cyanate, anilino-naphthalene-sulphonate and bromophenol-blue probes
were obtained from the Sigma Chemical Company, St. Louis Missouri,

USA. ANl other chemicals were of the highest purity available from

Mutant strains of Z.coli K12 {trpB8 and trp AZ/F'A2) were kindly
donated by Dr 1 P Crawford (Scripps Clinic and Research Foundation,

La Jalla, California, USA) and served as sourtes of g-subunits and

Native a,By-complex was purified from the mutant strain &.colf w3110
trpR-cys8-atrpLD102trpl* trpA*/F ' colVBeysB* AtrpLD10ZtrpBFtrpAt (abbre-
viated name : Z.coli %rp R™AtrplLD102/F' atrplD102) which was a gene-
rous gift from Dr E W Miles (National Institutes of Health, Bethesda,

g T s

SUR -
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2. EXPERI?“IENTAL MATERIALS AND METHODS
2.1 Materials
2.1.1 Chemicals

A1l chemicals for the growing of bacterial strains were obtained
from Saarchem, Johannesburg, South Africa. Ammonium sulphate for
biochemical work and rhodamine B iscthiccyamate were obtained from
E. Merck AG, Darmstadt, Germany. Chromatographic materials were
products of Pharmacia. Uppsala, Sweden. The fluorescein isothio-
cyanate, anijino-naphthalene-sulphonate and bromophenol-blue probes
were obtained from the Sigma Chemical Company, St. Louis Missouri,
USA. A1l other chemicals were of the highest purity available from

E. Merck or British Drug Houses, Poole, Dorset, England.
2.1.2 Biological Materials

Mutant strains of ZE.eolt K12 (trpB8 and trp AZ/F'A2) were kindly
donated by Dr I P Crawford (Scripps Clinic and Research Founoation,
La Jalla, California, USA) and served as sources of a-subunits and

Bp-subunits respectively.

Native apBp-complex was purified from the mutant strain E£.coli w3ll0
trpR-cysBatrpLD102trpBterpAt/F' colVBeysBY atrpLD102trpBterpA* (abbre-
viated name : E.coli trp RatrplD102/F' atrplD102} which was a gene-
rous gift from Dr E W Miles {Naticna) Institutes of Health, Bethesda,
Maryland, USA).
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2.1.3 Buffers

The buffer hereafter referred to as the standard buffer contained

the reagents listed below

0.2 mM EDTA
0.2 mM dithiothreitol
0.1 potassium-phosphate buffer pH 7.5

2.2

Concentrations of protein in crude extracts were determined by the
method of Lowry et al. {1951) using bovine serum albumin as stendard,
Concentrations of purified subunits of tryptophan synthase were
obtained from the specific absorbance values and molecular weights

given in Table 2.

2.3 Enzyme Activity Assays

One unit of activity in the indola to tryptophan reaction (See
Table 1) 9§s deined as the disappearance of 0.1 wmole of indole
in 20 minutes at 37°C. The B,-subunit activity was measured in
the presence of o~subunit at a concentration twenty times that of
the By-subunit. The o-subunit activity was measured in the presence

of By-subunit at & concentration twice that of the a-subunit.

The subunits were diluted with a buffer contafning the reagents

listed below (Adachi & Miles, 1974).
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References

(a) Adachi et az. (1974}

{b) Henning et =l. {1362)

{c) Hathaway & Crawford {1970)

Specific absorbance and molecular weights of tryptophan synthase subunits
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TABLE 2
Subunit At Molecular Neight
M a4 at 278 @) 29 s00(®)
apos; 5.8 at 280 nn!® 89 000'®)
holog, 6.5 at 280 nml) 89 000'c)
fio10mp8; 6.05 at 278 n'®) 147 000t

o




20 M pyridoxal phosphate
0.2 mi dithiothreitol

& mM EDTA

0.5 mg/m¢ bovine serum albumin

100 mM potassium phosphate buffer pH 7.8

The reaction was initiated by adding a 0.05 m¢ aliquot of enzyme,
containing both a-subunit and 8,-subunit at the required concen-
trations, to 0.2 m& of assay medium at 37°0. After 20 minutes a
3 m¢ aliquot of fndole reagent (Miles, 1970) was added to the assay
solution and the absorbance at 540 nm was measured after standing
for 5 minutes. A standard curve of absorbance versus indole concen-
tration was drawn by addin; =5t of {ndole reagent to 0.25 m¢ of
a solution containing indole at concentrations ranging from 0 to
0.4 mM. The enzyme activity was then calculated from the quantity
of the indole consumed during the 20 minutes of reaction which was
obtained from the standard curve. The assay medium contained the

reagents listed below.

5 M EDTA

0.25 nM dithiothreitel
0.375 mM pyridoxal phosphate
0.5 oM indole

50 mM L-serine

0.625 mg/m¢ bovine serum albumin

125 m Tris-HC4 puffer pH 7,8 at 37°C.




2.4

Bacterial Growth Procedures

The minimal medium used for bacterial growth was sterilized by auto-

claving at 121°C for 15 minutes and contained the reagents Tisted

below,

0.8 M MgSO,
10 mM citric acid
60 mM KgHPO,

17 mM o NaNH,HPO,

2.4.1 Storage of Bacterial Strains

The E. coli strains trp A2/F'AZ and trp B8 were stored on nutrient
agar slants at 4°C. Strains were perjodically screened by growing
them on minimal medium agar plates supplemented with 0.5% (w/v)
B-glucose in the presence or absence of 5 wg/mt L-tryptophan. Sub-
culturing of bacterial colonies which grew on plates containing

tryptophan ensured the integrity of the strains.

The E. eoli strain trp R-aLD102/F'alD102 was stored on Luria broth
agar s'ants at 4°C, Screening was performed on minimal medium agar

plates supplemented with the reagents given below.

0.5% (w/v) b-gTucose
5 ng/me indole
50 ug/mé S-methyl (D,L} tryptophan
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The strain was maintained since it produces tryptophan synthase

constitutively and is therefore able to grow on these plates by
converting the indole present on these plates into L-tryptophan
for incorporation into proteins.  Other contaminating bacterial
strains which have unaltered trp operons cannot grow on these plates
because 50 pé/ml 5-methyl{D,L) tryptophan represses the trp operen
preventing L-tryptophan synthesis.  The S5-methy)(D,L) tryptophan
cannot be utilised by the enzymes dnvolved in protein synthesis
and the contaminating bacteria are therefore prevented from growing

because of L-tryptophan depletion.
2.4.2  Growth of Bacterial Strains

Overnight nutrient broth cultures of B. coli strains (40 mt) were
used to innoculate 72 & {four 18 & glass contajners with sintered
glass bubblers) of minimal medium supplemented with 0.05% {w/v)
acid hydrolysed casein and 0.5% (w/v) D-glucose. Madia for the
trpA2/F'A2 and trp BB strains also contained indole at derepressing
concentrations (5 ug/me) while the trpR-alD102/F'alD102 strain re-

quired the addition of 15 ug/md of L-tryptophan.

The bacterial growth was monitored by withdrawing samples and measu~
ring their turbidities at 540 nm after appropriate dilution with
water. Growths were terminated after 16 to 18 hours of growth at

37°C.

The cells were harvested by centrifugation through a Beckman JCF-Z

continuous flow rotor at 18 000 rpm at 400 mé min~!. The cells
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The strain was maintained since it produces tryptophan synthase
constitutively and is therefore able to grow on these plates by
converting the indole present on these plates into L-tryptophan
for incorporation into proteins.  Other contaminating bacterial
strains which have unaltered trp operons cannot grow on these plates
hecause 50 ué/ml S-methy]{D,L) tryptophan represses the trp operon
preventing L-tryptophan synthesis.  The B-methyl(D,L) iryptophan
cannot be utilised by the enzymes dinvolved in protein synthesis

and the contaminating bacteria are therefore prevented from growing

because of L-tryptephan depletion,

2.4.2  Growth of Bacterial Strains

Overnight nutrient broth cultures of Z. coli strains (40 me) were
used to innoculate 72 ¢ (four 18 & glass containers with sintered
glass bubblers) of minfmel medium supplemented with 0.05% (w/v)
acid hydroiysed casein and 0.5% (w/v) D-glucose. Media for the
trpAZ/F'A2 and trp B8 strains also contained indole at derepressing
concentrations (5 wg/me) while the trpR™alD102/F'ALD10Z strain re-

quired the addition of 15 ug/mé of L-tryptophan.

The bacterial growth was monitored by withdrawing samples and measu-
ring their turhidities at 540 nm after appropriate difution with
water. Growths were terminated after 16 to 18 hours of growth at

37°C.

The cells were harvested by centrifugation through a Beckman JCF-Z

continuous flow rotor at 18 000 vrpm at 400 mé min~3. The cells
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were then suspended in 0.13 M - NaCi and centrifuged before being

stored at -70°C.

2.5 Purification of Tryptophan Synthase Subunits

The required quantity of bacteria were thawed in the specified buffers
at 4°C and the cells were disrupted by sonication of 50 m¢ aliquots
for 10 minutes using a Model 20 MSE sonicator (20 KHz). The tempe-
rature of the suspension was kept below 10°C by cooling with an

ice-salt mixture.

2.5.1 Purification of the o-subunit

The a-subunit was purified from 900 g of B. coli trp 88 according

to the method of Kirschner et ai. (1975),

The purified o-subunit was dialysed against water and crystallised
by the method of Henning et al. (1962}, The crystals were stored

at 4°C in a solution containing the reagents listed below.

2 mM dithiothreital
55% saturation of ammonium sulphate (at 0°C)

10 mM potassium phosphate buffer pH 7.8

{Note that all ammonium suiphate solutions were prepared by adding
solid ammonium sulphate to solutions according to the tables given
by Di Jeso (1968).)
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2.5.2  Purification of the a,-subunit

The By-subunit was purified from F. coli trpA2/F'A2 by two different

methods as described below.

First Method : Method of Bartholmes ez gZ. {1976)

The Bo-subunit was purified by a scaling down of this method for
250 g wet weight of E. coli trpA2/F’A2. Three separate purifications
resulted in Bp-subumit with specific activities of 1800, 2040 and

1830 units mg~! respectively.

Second Method : Modification of the Methods of Wilson & Crawford

(1965) and Adachi & Miles (1974)

The crude extract of pgp-subunit was subjected to the first heat
step and protamine sulphate treatmert as described by Wilson &
Crawford (1965), The supernatant was then made 5 wM in RH,0H (by
adding NH,0H from a 0.5 M stock solution at pH 7.5). Powdered
ammonium suiphate was added to achieve a concentration of 35%
saturation (Calculated for & tfemperature of 0°C). After stirring
for 45 minutes at 4°C, the suspension was centrifuged at 12 000 g
for 30 minutes. The precipitate was suspended in a buffer containing
the reagents listed below, to give a final concentration of 2x10%

units me~i.
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0.2 mM PLP

1 mM dithiothreitol

0.5 mM phenylmethane sulphonyl fluoride (A stock solution
of this reagent in ethancl was prepared and the
required quantity of stock selution was added
to the buffer Jjust before the buffer was to be
used).

100 mM potassium phosphate buffer pH 7.8

This enzyme solution was dialysed against the above buffer for 4
hours and then dialysed for 12 hours against this buffer supplemented
with ammonium sulphate at 18.5% saturation (calculated at a
temperature of 0°C). The suspension was centrifuged at 15 000 g
for 30 minutes and the supernatant was clarified by centrifugation
at 80 000 g for 3 hours {Beckman §0 T1 rotor).

The supernatant was dialysed for 16 hours against a buffer containing

the reagents listed below,

5 mit NH,08
§ mi EOTA
1 mM dithiothreitol
0.5 mM phenylmethanesuiphonyl fluoride
(added from an ethanol stock solution as described
above)
18.6% ssturation of ammonium sulphate (calculated for
a temperature of 0°C)

100 mM potassium phosphate buffer pH 7.8
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The suspension was then centrifuged at 12 000 g for 30 minutes.
The precipitate was very slowly and carefully dissolved by the
addicion of small amocunts of precipitate to a buffer containing

the reagents Tisted below

2 mM dithiothreitol
100 mM potassium phosphate buffer pH 7.8

The buffer was stirred slowly at 25°C during the dissolving process
and Purther additions of precipitate were only made once the previous

addition was fully dissolved.

A buffer temperature of 25°C was required since attempts to dissoive
the apogz-subunit at 5°C resulted in a maximum concentration of
dissolved protein of 1.5 mg me~l. Small additions of precipitated
protein prevented clumping of the protein and reduced the time

required for the dissolving process.

The protein solution, which contained 10 mg me~! of apogy-subunit,
was clarified by centrifugation at room temperature and then placed
in a polystyrene ice-bucket. By placing the ice-bucket in a 4°C
cold room, the protein solution was cooled to 4°C over a period
of about 8 hours. This slow cooling of the protein solution was

found to enhance the crystallisation of the apogy-subunit.

The required quantity of powdered ammonium sulphate (Di Jeso, 1968)
was added to the apop,-subunit suspension to increasa the ammonidm

sulphate saturation by 1%. These additions were carried out twice
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TABLE 3

Purification of the apos,-subunit from 200 g of E. coli trpA2/F'trpA2
by & modification of the methods of Adachi & Miles (1974) and Wilson
& Crawford (1965)., The results represent an average of four purifi-

cations .
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a day for two days. The crystals obtained were stored at 4°C in

a buffer containing the reagents 1isted below.

2 mM dithriothreitol
0.5 mM phenylmethanesulphenyl fluoride
26% saturation of ammonium sulphate (calculated at 0°C)

100 mM potassium phosphate buffer pH 7.8

Table 3 contains a summary of the purification procedure described

above.

2.5.3  Purification of Native Tryptophan Synthase and Dissociation

The azBy-complex was purified by tha method of Tschopp & Kirschner
(1980a). Oissociation of the ayhology-complex was achieved by a
modification of the method of Miles & Moriguchi (1977) as described

below.

The enzyme (1.3 g in S50 me) was dialysed overnight against a buffer

containing the following reagents.
1 mMEDTA
0.5 m dithiotireitol

40 mM Bicine buffer pH 7.8 at 4°C

The dialysed enzyme solution was made 1 M with respect to KSCN and

10 mM with respect to NH0H. The mixture v  incusa ¢ at 22°C
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for 10 minutes and then Toaded on to a column (4.4 x 150 cm) packed
with Sephadex 6-100. The protein was eluted at 4°C with the buffer
described cbove. Crystallisation of the a-subunit and apos,-subunit
was performed as described under sections 2.5.1 and 2.5.2

respectively.

2.6 Equilibrium Dialysis

Equilibrium dialysis was performed in pairs of Perspex cells (0.:2
we volume) separated by Sartorius SM11533 membranes. Thise membranes
are permeable to proteins with molecular weights below 70 000.
Equilibrium dialysis experiments with PLP and ANS were also performn!
with Sartorius SM 11533 membranes since the large pore size of this

membrane aliowed rapid transfer of the ligands between chambers.

Samples were dialysed by loading one chamber with protein and tii¢

opposite chamber with liguid.

2.6.1 PLP Binding to the Apog,-subunit

The binding to PLP to the apes,-subunit was performed as described
by Barthoimes et ai. (1976) except that the concentrations of free
and bound PLP were measured by Bonavita's method (Storvick et al..
1964}, Samples of 0.1 mé were withdrawn after 12 hours of dialysis
at room temperature (about 24°C) and diluted with buffer to 3 me,
AMiquots of 0.1 m% of a buffer containing the reagents listed delow
were added to che diluted samples and the samples were then incubated

for 30 minutes at 35°C.




0.03 M KCN

0.2 M sodium phosphate buffer pH 7.4

The pH of the incubated samples was adjusted with HCE to between
3 and 4 and the fluorescence measured on a Perkin-Elmer model 204
fluorimater (excitation wavelength was 325 nm and the emission was
measured at 415 nm). The PLP concentrations were obtained from
a calibration curve obtained by preparing solutions with known PLP
concentrations and treating the PLP solutions in a manner similar

to the samples from the equilibrium dialysis experiments.

2.6.2 ANS Binding to the apos,~subunit

ANS binding to the apoB,-subunit was measured at room temperaturc
{about 24°C}. Concentrations of ANS were measured spectrophoto-
metrically using the molar absorpbivity of 4.95 x 3 M) cm! at

355 nm {Daniel & Weber, 1966).

2.6.3 g-subunit 8inding to the Apog,-subunit

After dialysis at room temperature for 20 hours, samples were with-
drawn from both chambers. The o-subunit activity was measured in
the standard indofe to tryptophan assay and the o-subunit concen-

tration was caleulated from ts specific activity.

2.6.4 Lurve Fitting

The data for non-cooperative binding was plotted according to the

Scatchard equation:-




v/[L{ = Ka(n-u)

v = moles of igand bound per mole of protein
I} = concentration of free )igand

n = number of intrinsically identical sites
X =

o microscopic associaljon constant of the

sites for ligand.

Wilkinson (1961}.

Curves were fitted %o the duta by the least squares procedure of

individual
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Spectrophotometric and Fluorimetric Spectra and Titrations

Difference Spectra

Difference spectra were recorded on @ FPye-Unicam SP8-100 spectro-
photometer equipped with water jacketed cell holders at 24°C. Two
cuvettes in the reference beam contained a-subunit and By-subunit
respectively or proteir and ligand respectively. One of the twe
sample cuvettes cortained a mixture of the a-subunit and 8,-subupit
or proteins plus 1igand at the same concentrations as in the reference

cuvettes.

2.7.2  Titrations of the Proteins with Ligands

A single cuvette containing dye (the Tigand) at a specific concen-
tration was placed in the sample beam of the spectrophotometer or
fluerimeter (Perkin-Elmer Model 204) equipped with water Jjacketed
cell holders at 24°C. Aliquots of a concentrated stock solution
of protein containing dye (at the same concentration as that ori-

ginally in the cuvette} were added to the cuvette.
Curve fitting was performed by the method described in Section 2.6.4.

2.8 Fluovescence Energy Transfer Experiments

2.8.1 Labellinu of Subunits

Labelling of proteins was carried out in 0.1 M-potassium-phosphate
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buffer pH 8.2 supplemented with 20 yM-PLP for the labelling of the
8p-subunit, The FITC and RITC dyes were dissolved in this buffer
by the addition of KOH until a pH of 9.5 was obtafned. Various
concentrations of dye were reacted with ithe o-subunit {3 to 4 mg
ne~! for 5 to 60 minutes and with the holegy-subunit (2 to 3 mg)

mg~1 for 15 minutes at 25°C.

The reaction was terminated by passing the mixtures through’ a Sephadex
6-25 column equilibrated with the desired buffers. The labelled
a-RITC complex exhibited a fluorescence chat upon dilution with
buffer which indicated the presence of two s5.. {es of labelled o-
subunit. It was thought that the two species present were monemers
of e-subunit and dimers of o-subunit. Removal of the presumed o-
subunit dimers was achieved by filtration through a Sephadex G-100

coluinn.

Concentrations of the labelled proteins were estimated from the
protein ahsorbances at 278 nm corrected for the small absorption
of the dye at 278 nm. Bound dye concentrations were obtained from
absorbance measurements and the molar absorptivities of the FITC

and RITC dyes given by Gennis et al. (1972).

2.8.2 Fluorescence Erergy Transfg:

The w-subunit was labelled by reaction with RITC at a concentration
six times that of tha a-subunit for 10 minutes at 25°C or with FITC
at a concentration ten times that of the a-subunit Ffor 10 minutes
at 25°C. The holoBg-subunit was labelled by reaction with FITC
at a concentration twice that of the hologp-subunit for 15 minutes

at 25°C,




38

Emission wavelength scans of dissociated and assembled proteins
were recorded at 24°C at equal concentrations of subunits. Difference

spectra were obtained by subtractioen.

2.9 Pressure-jump and Stopped-flow Experiments

2.3.1 Pressure-jump Apparatus

The pressure-jump apparatus was similar to that described by Davis
* Gutfreund (1876} and the data storage system was similar to that

sribed by Davis (1981a,b). The 1ight source for intrinsic fluores-
ence measurements was a 200 W Xemon arc bulb p ww.:d by a 250 W
Xenon arc power supply (Appiied Photophysics, London, W1, U.K.).
Sample emission was measured after passing through WG320, 0G590
or 66435 optical filters {JENAer Glaswerke, Schott & Gen, Mainz).

2.9.2  Stopped-flow Apparatus

Experiments were performed with the stopped-flow apparatus described
by Bagshaw et al. (1972), fitted with a 2 mm path optical cell,
used in conjunction with the peripheral optics and 2lectronics of
the pressure-jump apparatus, The Tight source used was a 12V-100 W
quartz halogen bulb and sample excitation was achieved with a
monoctivomatar entrance s1it of 5 mm and an exit s)it of 20 nm band

width.

The stopped-flow apparatus dead time was measured with the 2,6 di-
chlorophenolindophenol-ascorbic acid system (Tonomura et al., 1978)
and was approximately 3 ms. All stopped-flow experiments were per-

formed at room temperature which varied from 22°C to 27°C.




2.9.3  Extraction of Rate Constamts from Experimental Curves

The data from three to five relaxations or transients at each protein
concentration were averaged. Rate constants were obtained from
Tinear least squaves lines fitted to the exponential curves of the

averaged data.




RESULTS

3.1 Purification of Tryptophan Synthase Subunits

Purification of the native aphnlofiy-complex and subsequent dissoci-
ation of this complex provided the most convenient route for obtaining
tryptophan syathase subunits. The reasons for this are twofold,
Firstly, both tryptophan synthase subunits could be purified From
a single strain of bacteria and secondly, the overal) yields of both
subunits obtained per. Titre of bacterial growth medium were greater
than when the subunits were purified from two different bacterial

strains.

Crystals of the purified subunits {Fig. 1) were subjected to $DS
polyacrylamide gel electrophoresis an 7.5% gels according to the method
of Weber & Osborn (1969), Densitometer scans of the crystalline

material are given in Figure 2.

The scans of the subunits shown in Figure 2 ind"-zte that the purity
of the subunits is far greater than that sugges.td by the ratios of
the specific activities obtained to the meximum specific activities
for the subunits. The o-~subunit prepaved by Kirschnar et al. (1975)
had a specific activity of 5500 units mg~! while the @p-subunit pre-
pared by Barthoimes et al. (1976) had a specific activity of 4100

units mg™!, The ratios of specific activities are given below.

a-subunit 3300/8500 = 0,60
8g~subunit 2100/4100 =  0.51




&

Figure 1  Crystals of the tryptophan synthase subunits

The subunits were obtained by dissociation of the tryptophan synthase
complex purified by the method of Tschopp & Kirschner (1980a)

A: a-subunit with a specific activity of 3300 units mg-!.

B: apopg-subunit with a specific activity of 2100 units mg~!.
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Figure 2 Densitomet~r scans of SDS polyacrylamide gel elactrophoresis
of c¢rystalline tryptophan synthase subunits.

A g-subunit

B apogy-subunit
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8inding of PLP to the ApoB,-Subunit by Equilibrium Dialysis

Binding of PLP to the apoB,-subunit was measured in order to ascertain
whether the lower specific activity material prepared here is vastly
different from high specific activity apoBp-subunit with respect to

PLP binding.

Figure 3 represents & Scatchard plot of the PLP binding to the aposy-
subunit. There is & a:o¢ tovraiation between the experimental points
and the sv.:vﬁd curve which was piutted using the Adair perameters
reported by Bartholmes et al. (1976). This isui- %oz ih.t the lower
activity apopy-subunit prepared here displays the same PLP binding
properties as the high specific activity apoB,-subunit of ¥arthoimes

et al. (1976).

3.3 Binding of the o-Subunit to the Apos,-Subunit by Equilibrium

Dialysis

Binding of the o-subunit to the apog,-subunit, in various solvents,
was investigated for two reasons. The first being that kinetic studies
in standard buffer precluded a cooperative binding mechanism which
has been reported by Bartholmes & Teuscher {1979) (see Section 3.5.3.4).
The second reas:». .°s to compare the lower specific activity subunits

vrepared here with those prepared by Bartholuas & reuscher (1979).

Subunit association was measured by equilibrium dialysis and Scatchard
plots of the results are given in Figure 4. The relevant thermodynamic

constants for the subunit association are presented in Table 4.

A Al “od
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Non-cooperative subunit binding occurs in bicine with Jower affinity

than in phosphate or pyrophosphate. This is not merely

due to jonic strength differences because the inclusion of 0.2 M-KCi
in the bicine buffer does not affect subunit association (see
Figure 4B).  Pyrophosphate converts the binding to a cooperative
mechanism with binding affinity intermediate between that of bicine

and phosphate.

The scatter of the data in the Scatchard plat for subunit association
in phosphate (see Figure 4A) is fairly large and may be due to partial
disseciation of the apogy-dimer inte zpesi-monomers at the low
concentrations used here (Hathaway & Crawford, 1970). With the data
available from these experiments and without evidence to the contrary
a non-cooperative mechanism has been assumed. The linearity of the
relevant plot is reasonable but certainly a concave curve would also
fit the data. Such a curve would indicate the presence of negative
cooperativity or two dissimilar sites on the apoB,~dimer. Certainly
the data exclude the possibility of a convex curve and therefore

exclude positive cooperativity.

Since the mechanism of ¢-subunit binding in pyrophosphate is different
from that in bicine, the pyrophosphate jon must affect the molecular
conformation of the apoBs-subunit. In addition, the observation that
different binding mechanisms operate in pyrophosphate and phosphate,
implies that the phosphate ion affects the molecular conformation
of the apoBg-subunit in a different manner to that of the pyrophosphate
ion. The difference in subunit binding affinities in bicine and
phosphate suggests that the molecular conformation of the g-subunit

may also be altered by the phosphate jon.




Figure 3  Scatchard plot of the binding of PLP to 14.7 uM-
apoB,-subunit.

The solid curve has been plotted using the Adair parameters determined
by Bartholmes et al. (1976) of ¢, = 2.3x105 M-1 and ¢, = 5.0x2011 M2,

The Adair Equation is given below:

L2 ILT + kke(L]?)
1+2ky (L] + kykp(L]2

where V is the number of moles of ligand bound per mole of apopy- o
subunit, 5

(L] is the concentration of free ligand

and ky and k, are the association constants for the binding
of the first and second ifgands to the two sites of the
apoB,-subunit.

Note that with the nomenclaiure used here the parameters determined
by Bartholmes et ai. {1976) are given by the following relations.

ki = 917z and kKyky = ¥,
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Figure 4 Scatchard plots for the association of  the o-subunits and
the apoR,-subunits of tryptophan synthase in various solventis.

The experiments were performad at room temperature” (24°C with a
variation of 2°C) in  buffers containing 0.2 mM-EDTA  and
0.2 mM-dithiothreitol.

A: (o) standard buffer .
{s) standard buffer containing 500 uM - ANS

B:  {a) 50 mM - Bicine pH 7.5
(4) 0.2 M ~ KCE in 50 mM - Bicine pF 7.5
{0) 0.1 M - sodjum pyrophosphate pH 7.5

Solid curves have been plotted with parameters listed in Table 4,

.
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TABLE 4  Thermodynamic constants for the association of o-subunits

and apoBp~subunits of tryptophan synthase in various solvents
{a) The analysis of the non-cooperative binding was by the method
of Wilkinson (1961} as described in Section 2.6.1.
(b) The data for the cooperative binding was fitted to the Adair
Equation as described in Sectjon 3.2.

ol AN




i l&' i
s .
TABLE 4
Buffee Type of Dissociation Number
Binding constants of sites
uM)
Bicine non-cooperative(d) 100 2
Sodium coopP->’ Ky=10 2
pyrophesphate Ka= 4
Potassium non»cooperative(a) 0.93 2
phosphate
500 ui-ANS non-cooperativela) 3.1 2
in potassium
phospate
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3.4 Methods for Observing Subunit Assembly
3.4.1 Difference Spectra of Assembled Sutunits

Difference spectra of o-subunit bound to both the apo and .olo forms
of the $p~subunit were recorded to estimate the absorbance change

accompanying subunit assembly.

The difference spectrum for the «,apoBz-complex in Figure 5 has a
maximum absorbance increase of 0.013 units at 286 nm. The concen-
tration of bound a-subunit in the «japop,-complex form and 1in the
wgapoBy-complex form has been calculated as [“)bound = B.9 pM using
the dissociation constant given in Table 4. Therefore, assembly
of 2 uM-a-subunit into 1 uM-agapoB,-complex provides an absorbance

change of 0.003 units at 286 nm.

The difference spectrum for the ajhology-complex 1in Figure 6 has
a maximum absorbance increase of 0.043 units at 410 nm. The concen-
tration of bound o-subunit in the « holog,-complex form and in the
azhology~complex form fhas been calculated as [“lhound = 15 uM using
the apparent association constant of 3,2x107 M) as deterpined by
Creighton & Yanofsky (1966). Therefore, assembly of 2 uM-a-subunit
into 1 uM-uohology-complex provides an absorbance change of 0.0057

units at 410 nm.

Assembly of the ogholopy-complex provides an absorbance change at
410 nhm nearly twice that of the assembly of the ajapop,-complex fol-
Towed at 286 nm. In addition, the assembly of the holo-complex has

the advantage that the a-subunit does not absorb in the 410 nm range.




s
Figure 5 Difference spectrum of the azapos,-complex and free subunits i V;/_
The experiment was performed in standard buffer at 24°C. Protein "

concentrations were 14.4 yM-a~subunit and 10,4 gM-apog-sites.
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Figure 6 Difference spectrum of the a hology-complex and free subunits

The experiment was performed with protein concentrations of 17.4 uM-

a-subunit and 15.2 pM-holog-sites in a buffer containing the reegents
Tisted below.

0.2 mM EDTA .
0.2 mM dithiothreitol
Z0 uM PLP

25 mM Bicine buffer pH 7.5 at 24°C.
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Therefore, in kinetic experiments the a~subunit concentration could
be varied without raising the total background absorbance of the

unassembled subunits.

For the assembly of the apo-complex, increasing the w-subunit concen-
tration would increase the total background absorbance of the un-
assembled subunits due to the intrinsic absorbance of the o-subunit
at 286 nm. The smaller absorbanc. change due to subunit assembly
must then be measured against a larger background signal requiring
higher signal amplification. For this reason various dyes were in-
vestigated as to their suitability for use as probes of subunit as-

sembly in thc absence of PLP.

3.4.2  Probes Covalently Bound to Subunits

Fluorescence energy transfer between FITC and RITC dyes would be
expected to increase when the subunits, to which the dyes are bound,
assemble into the wpBp-complex. This fluorescence energy transfer
would only be cobservable if a number of reguirements are satisfied.
One of these requirements is that the FITC and RITC moeities must
30t inhibit subunit assembly. It was therefore necessary to stan-
dardise the subunit Jabelling procedures in order that they maintain

their maximum specific activities.

3.4.2.1 Labelling of Subunits with FITC and RITC

Both FITC and RITC contain the isothiocyanate functional group which
reacts with uncharged amine groups wn lysine side chains and the

free N-terminus of the protein.




+ Tryptophan synthase subunits were reacted with increasing concen-
trations of FITC and RITC and the concentrations of bound dyes and
specific activities of subunits were determined (Figure 7). The
a-subunit maintained its maximum specific activity as the extent
of dye labelling was increased. In contrast the hologp-subunit lost
over half of its specific activity as the extent of (abelling was

increased.

The Targe difference between the a-subunit binding curves (Figure 74)
for FITC and RITC suggests that the a-subunit binds a proportion
of the RITC dye in a different manner to the binding of the FITC
dye.  Chromatography of o-subunit 1labelled with a dye to protein
concentration vatio of 6:1 indicated the presence of two different

forms of RITC labelled o-subunit (Figure 8).

The first peak in Figure 8 eluted at a position close to the arrow
and therefore exhibits elution behaviour of a globular protein with
a molecuiar weight of about 68 000. Al}l of the o-subunit activity,
Toaded on to the column was recovered in the second peak of Figure 8
) {fractions 10 to 28), with the first peak having no detectable enzyme
activity. Although further experiments were not performed, the mate-
rial present in the first peak might be highly labelled inactive

dimers of the «-subunit present in very low concentrations.

The extent of Tabelling the o-subunit present 1in the second peak
of Figure 8 was investigated as shown in Figure 9. After removal
of the material eluted in the first peak from a Sepahdex G-100 column,
‘the remaining e-subunit exhibits a maximum ratio of bound RITC to
a-subunit concentration of between 1.5 and 2. This extent of labelling

matches that of labelling the a-subunit with the FITC dye (Figure 7A).




Figure 7 Tbe extent of labelling the a-subunit and holog,-subunit

AL
B.
Left

Right hand axis (-

with F1TC and RITC
1abeTTing of the a-subunit with FITC(o) and RITC(s)
labelling of the hologp~subunit with FITC({o) and RITC{e)

hand axis {

) n is the ratio of the concentration of bound
dye to the concentration of oa-subunits or
nology-protomers,

---} Specific activity of enzyme after Jabelling

Horizontal axis. The ratio of the concentration of dye to

the concentration of w-subunits or holog)-
protomers in the reaction mixture
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Figure 8 Ejution profile of RITC labeiled a-subunit passed through
a Sephadex 6-100 column

weparation of 1.5 mé of RITC labelled a-subunit {2 mg/mt) on a Sephadex
G-100 column (1.6 x 30 cm) with standard buffer at room temperature.
The arrow indicates the position of elution of bovine serum albumin .
with a molecular weight of 68 000, separated under identical e
conditions. N
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Figure 9 Extent of labelling the a-subunit with RITC

a-subunit of 2 mg/m¢ was reacted with 500 wM-RITC for O to 120 minutes
and then passed through a Sephadex G-25 column. The -eluted protein

fraction was then passed through a Sephadex G-100 column as shown
in Figure 8.

Left Hand Axis n is the ratio of the concentration of bound
RITC to the concentration of o-subunit.
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A1l experiments performed with RITC labelled w-subunit utilised o-

subunit chromatographed on a Sephadex G-100 column,

3.4.2.2 Fluorescence Energy Transfer Experiments

Radiationless energy transfer from the protein bound FITC moeity
to the protein bound RITC moeity would be expected to occur upon
subunit assembly. This energy transfer would be indjcated by a de-
creased fluorescence at the maximum emission wave]eng’th of FITC (about
520 nm) and an increased fluocrescence at the maximum emission wave-

Tength of RITC (about 580 nm}.

Difference fluorescence spectra were obtained for the assembly of
the wjapoBy-complex with the o-subunit labelled with RITC and ‘the
Bp-subunit labelled with FITC. Figure 10 illustrates the decreased
fluorescence at 520 nm due to fluorescence energy transfer. This
fluorescence decrease was apparent within 20 seconds of -mixing the
Jabelled subunits and vemained constant for up to 30 minutes (data
not shown). As shown later in Section 3.5.3, subunit assembly involvas
slow reactions which are observable over periods of 5§ to 20 minutes.
Therefore this fluorescence energy transfer between RITC labelled
o-subunit and FITC labelled gy-subunit could not be used to monitor

the slow reactions accompanying subunit assembly.

A second Tabelling system was investigated in order to ascertain
whether the slow reactions involved in the subunit assembly could
be observed under different conditions. The «papopy-complex was
assembled with unlabelled apog,-subunit and on equimolar mixture

of g~subunit labelled with FITC and o-subunit labelled with RITC.
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This second labelling system has the advantage that the By-subunit
maintains its maximum specific activity whereas in the former system
reaction with FITC decreased the g,-subunit activity. In addition,
the o-subunit maintains its maximum specific activity when labelled

either with FITC or with RITC {see Figure 7A).

The fluorescence difference spectrum obtained for this labelling
system is shown in Figure 11. The fluorescence decrease observed
at 520 nm was complete within 20 seconds of mixing the subunits and
remained constant for up to 30 minutes. As discussed above, this
labelling system could not be used to monitor the slow reactions
accompanying subunit assembly. However, an important observation
was made while recording emission spectra of RITC labelled o-subunit
mixed with apop,-subunit. A significant decrease of 28% of the in-
trinsic RITC fluorescence emission was observed over 15 minutes.
This change in the fluorescence of the RITC bound to the a-subunit
occurred upon assembly with apop,-subunit irrespective of the presence
of a-subunit 3labelled with FITC, Figure 12 illustrates the RITC

fluorescence decrease accompanying subunit assembly.

The RITC probe provides a sensitive means of monitoring subunit as-
sembly and has been used in stopped-flow experiments (see Section

3.5.3.2).
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Figure 10 Fluorescence spectra and difference spectrum of labelled
subunits and the assembled oyapoBy-complex

A.  Emission spectra of labelled subunits and assembled opapofis-
complex in standard buffer at 24°C. Spectra were recorded at
an excitation wavelength of 475 nm.

2.8 yM~g~subunit labelled with RITC

fon)
; 1.6 uM~apop-sites labelled with FITC

(...
(—

a mixture of the labelled subunits at eguivalent con- F
centratrions

8. Difference fluorescence spectrum of the assembled ajapogy-complex
and labelled subunits as shown in graph A.
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Figure 11 Fluorescence spectra and difference spectrum of labelled
subunits and the assembled ajaposy~complex

A Emission spectra of labelled subunits and assembled a;2poBs-
complex in standard buffer at 24°C

Spectra were recorded at an excitation wavelength of 475 nm.

(---) A mixture of 1.5 pM-a-subunit Tabelled with RITC and
1.5 yM-apoB-sites.

(...) A mixture of 1.5 yM-a-subunit labelled with FITC and
1.5 pM-apog~sites

[ A mixture of 1.5 pM-a-subunit labelled with RITC,
1.5 pM~a-subunit labelled with FITC and 1.5 pM-apop-
sites

B Difference fluorescence spectrum of the assemblied wjapog,-complex
and 1abelled a-subunit and apopp-subunit as shown in Graph A,
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addition of apofy-subunit

Figure 12 Fluorescence decrease of RITC bound to the o-subunit after

The fluorescence emission of 1 uM-a-subunit labelled with RITC was
monitored 3% 590 am. After 2 minutes 2 uM-apop-sites was added and

the Fluorescence was observed - for 18 minutes.

The signal

change

represents a decrease of about 28% of the signal prior to addition
of apoB,-subunit. The experiment was performed in standard buffer

at 24°C and the excitation wavelength was 560 nm.
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3.4.3 Probes Non-covalently Bound to Subunits

Although the covalently bound RITC probe proved useful in monitoring
subunit assembly, large amplitudes are only obtained with reactions
where the Bp-subunit concentration is in excess aver the a-subunit
concentration. Under conditions where the a-subunit concentration
is in excess over the 8,-subunit concentration, the amplitudes obtained
are lower, A different type of probe that exhibits Targe amplitudes
even with a-subunit in excess, would therefore complement the RITC
probe system. For this reason alternative probes were sought that
would monitor subunit assembly by & mechanism different from that

of the RITC probe.

Two probes that are non-covalently bound to the tryptophan synthase
subunits weve found which allow subunit assembly to be followed either
by monitoring fluorescence or absorbance changas. Fluorescence changes
atcompanying subunit assembly were observed $n the presence of the
ANS probe while the BPB probe provided absorbance changes. However,
before these probes could be used *wo possibilities had to be ‘inves-
tigated. The first was whether the probes bind to the o-subunit,
the Bp-subunit or to the syBp-comple. and the second was whether

the probes inhibit subunit assembly.

The results presented below deri've from investigations into the binding

and fnhibitory properties of the ANS and BPB probes.
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3.4.3.1 The Binding of ANS to the Apog,-Subunit by Equilibrium Dialysis

Equilibrium dialysis was used to investigate the binding of ANS to

the apoBy-subunit, A Scatchard plot for this binding is shown in 3,
§

Figure 3.

The non-linearity of the peints in Figure 13 indicates the presence
of two intrinisically different classes of binding sites on the apog,-

subunit for the ANS ligand. At low ligand concentrations the lower

affinity sites do not play a significant role in the binding properties
of the apmoBg-subunit. The significant role played by the higher
affinity sites was investigated by fluorescence and absorbance ti-

trations in the presence of low ligand concentrations. The results

of " ese investigations are described in the following section.

3.4.3.2 The Binding of the ANS and BPB Probes to Tryptophan Synthase

Subunits .

Fluorescence and absorbance spectral changes accompany the binding

of ANS and BPB ta-the a-subunit, apog,-subunit and the apapo8y-complex

respectively, Figures 14 and 15 represent typical spectral changes

for the binding of the probes to the subunits.

Quantitative weasurement of the binding of the ANS and BPB 1igands .
by the higher affinity sites of the subunfts was achieved by fluo~
rescence and absorbance titrations respectively. The fluorescence

enhancement resulting from ANS binding is shown in Figure 16 while

the absorbance enhancement resulting from BPB binding is shown in 1

Figure 17. The data was analysed by the method of Wilkinson (1961), Pt




as described in Sectton 2.6.4, and the various binding parameters

are collected jn Table 5.

Titrations performed by adding ANS and BPB ligands to protein solutions
resylt in high concentrations of the ligands with self quenching
of ANS fluorescence and high absorbance of BPB solutions. Therefors
the titrations weie performed by adding protein to the Tigand
solutions. The former titration method results in saturation of
protein binding sites with accurate determination of the number of
sites occupied. The second titration method achieves saturation
when al1 Tigand is in a bound form and a high protein coacentration
exists. Under these conditions the maximum number of Tigand molecules
bound per protein molecule would be one. This titration method is
weighted towards the determination of binding constants and not the
number of sites. For this reason the values of n in Table 5 are
only approximate and merely indicate trends in the binding behaviour

of the proteins concerned.

An analysis of the ligand and subunit binding stoichiometries provides
a possible mechanism whereby the ANS and 8PB dyes provide signal
changes which reflect subunit assembly (Table 6). The total number
of moles of ligand bound to unassembled subunits in line 3 of Table §
represents the maximum 1igand binding prior to subunit assembly.
Line 4 of Table 6 shows that assembled «japoB,-complex binds less
Tigand than the unassembled subunits. This implies that the assembly
of subunits into the ajapopp-complex must result in the dissociation
#f z gproportion of bound ligand. Since unbound ligand has Tlower
5 *escence or absorbance than bound 1igand (see Table 5), the dis-

sociation of 1igand results in part of the sigrnal change observed

g
o

ey
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during subunit assembly. It s also possible that signal changes
result from alterations in the intrinsic fluorescenca and absorbance
values of the respective Tigands due to altered local environment

during subunit assembly.

The kinetics of the binding of ANS and BPB dyes by the a-subunit,
apoBy-subunit and the «yapof,-complex was also investigated. This
was necessary in order to ensure that the dye binding and dissociation
is faster than subunit assembly. Under these conditions the signals
derived from the probes would not merely reflect the dissociation
of the probes from the subunits. On the contrary, the probes would
reflect the subunit assembly. In addition the concentration at which
the probes may be used must be such that inhibi~ivs of subunit assembly
is kept at a minumum. The kinetic experiments that were performed

are described in Section 3.5.2.




Figure 13 Scatchard plot of ANS binding to the apogy-subunit
investigated by equilibrium dialysis

Varjous concentrations of ANS were dialysed against 16 pM-apog-sites
in standard buffer at voom temperature.
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Fiqure 14 Fluorescence spectral changes accompanying ANS binding
to the a-subunit
lower Curves 20 pM-ANS in standard buffer at 24°C

Upper curves 20 uM-ANS in the presence of 14 uM-a-subunit in standard
buffer at 24°C

) Excitation spectra r sarded at an emission wavelength
of 508 nm for ANS and 470 nm in the presence of o~
subunit
(... Emission spectra recorded at an excitation wavelength
of 365 nm,
-
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Figure 15 Absorbance spectral changes accompanying BPB binding §
(-} 9,92 u4-8P8 in standard buffer at 24°C
(e} 9.92 uM-BPB in the presence of 48.4 uM-apop-sites

in standard buffer at 24°C.
b4
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Figure 16 Fluorescence enhancement as ANS binds to protéin

The fluorescence of 20 uM-ANS in standard buffer at 24°C was measured
as the protein concentration increased. Excita.ion wavelength was
400 nm and the emission wavelength was 475 nm.

Horizontal 1lines on the right hand side represent the maximum
fluorescence intensities for 20 uM-ANS bound to the proteins, Curves
have been drawn with the parameters listed in Table 5.

{...) a-subunit
{---) apopy-subunit
{(—) 232p0(5-complex.
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Figqure 17 Absorbance enhancement as BPB binds to protein

The absorbance of 9,92 wM-BPB in standard buffer at 24°C was measured
as the protein concentration increased. The absorbance was measured

at 611 oo,
Horizontal 7lines on the right hand side represent the maximum
absorbance increases for 9.92 uM-BPB bound tc the proteins, Curves

have been drawn with the parameters 1isted {in Table 5.

(...} a~subunit

{===) apoBy-subunit

{~==) wo2pOfy-complex
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JABLE 5 Binding Parameters for ANS and BPB binding to a-subunit,
apap,-subunit and ayapog,-compiex

n. The maximum number of moles of 1igand boynd per mole of

protein
Flnax The maximum fluorescence intensities and absorbance changes s
Amax resulting from ANS and BPB binding respectively. i

S




TABLE_5 3
ANS 8PB
Pratein n | Association |Flpax n Association
constant (K} * konstant (K)
pM71) uhL
«-subunit 0.6 0.09 425 1 0.05
aposy-subunit 2.3 0.07 480 2.3 0.41
«,2p0Bz-complex 1.3 0.24 280 1.1 0.12




TABLE 6 Analysis of ligand and protein binding stoichiometries

The values of n have been taken from Table §
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TABLE 6 .’n

Protein - |
ANS P8 .
2 moles of o-subunit 1.2 2 ui;
1 mole of apoBy-subunit 2.3 2.3 :y

Total ligand bound to 2 moles of a-subunit
ard 1 mole of apody-subunit prior to :
subunit assembly 3.5 4.3 R

1 mole of azapopy-complex 1.3 1.1

Ligand not bound to protein after assembly

of 1 mole of azapos,-complex 2.2 3.2
:
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S
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3.5 Kinetics of Subunit-Dye Interactions and Subunit Assembly
3.5.1 Retaxation Times for Various Binding Mechanisms

In this section equations will be derived relating relaxation times
to rate constants and reactent concentrations for a number of different

binding mechanisms.

Single Step Mechanism

Consider the bimelecular reaction of species A and § to give species

C as shown in Equatfon 11 (Bernasconi, 1976).

ke
A+ Bk#'—"C {11}
-1

The respective eguilibrium concentrations of reactants and products
at any time, t, are given i:y [A], {8] and [C]. If the system is guickly

perturbed §n such a way that the existing concentrations of reactants

and products are no longer equilibrium concentrations, then the system
will exhibit a relaxation to a2 new equilibrium posivion. The new
equilibrium concentrations of reactants and products are then given
by {A}, [B] and [C] with the changes in concentrations defined by

the following three equations.

[A] = [A) + alA)
(8] = (B] + 4[]
(€] = [T} +alC]

The rate of change of the concentration of product € in Eguation 11

is given by

EiT




SLEL < AT (8] - kLol

and the substitution of the above three equations results in

ALEL L OISl o (RIUB] + ke ((R1aL8] + (BaLAT)
+ kyy ALAIALB] - ko (B ~kopalC].
At the new equi.ibrium position
UEL « g« TRIBL - kel

dt

and  substituting ‘7 the preceding equation results in

Equation 12.

JAEL <y ((RIALB] + (BIACAI) + kiy o{ATalB] - kyalt]  (12)
Refaxation kinetics requives the perturbations of concentrations to
be small ~ompared with tota) concentrations of species in order to
linearize equations such as Equation 12. This iwplies that a[A],
a[8] << [A1,1B] and the k4; A[AJA[B] term can then be neglected in
Equation 12.

For the stoichiometry of and for mass conservation in Equation 11
ALA] = a[B] and A{A] + a{C] = 0.

Substitution of these equations into Equation 12 gives

B+ i, (1A + (B) + &) alC)
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and the integration of this differential equation gives Equation I3.
a[C] = aLC°] exp (~[ker([A] + [B]) + koidt)
= A7) exp {-t/x). (13)

The relaxation time {r) in Equation 13 is defined as the time taken
for the concentration of species C to decay to l/e of the concentration
of zero time {[C°]) and is related to the equilibrium concentrations

and rate constants as shown in Equation 14.

b= ke ([A] + [BD) + ke (14)

Experimenis where veactants A and B are mixed to initiate reaction,
cannot generally be analysed byrelaxation kinetics because the changes
in concentrations A[Al and &[B] are not small in comparison to [A] and
{B]. Therefore the k4 A[ATA{E] term cannot be neglected and

Couation 12 cannot be 1inearized,

However, mixing experiments under pseudo-first order conditions ve-
quires that one of the reactants s in vast excess over the second
reactant. Under these cenditions [AY »» [B] = afA}l, a[B] and the
ksa{Ala[8} term becomes small 1in comparison to the other terms of
Equation 12. MNeglecting this term from Cguation 12 and integrating

the resultant equation gives Equation 15,

a[C] = 81C%) exp(~[key ([AI#[B]) + koylt) = al2*Jexp(~k't) (18)

The observed pseudo first order rate constant (k') is velated to the

equilibrium concentrations and rate constants as shown in Equatien 16
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K= kg fRe] + koy (16)

Forward and reverse rate constants are obtained from the slopes and
intercepts of linear plots of t~! or k’ versus {A.] where [A.] is

the original cencentration of species A,
Multiple Binding Sites

If Mechanism 11 represents a binding reaction of species A and B,
then Mechanism 17 represents the binding veaction with C replaced

with species AB.

kep
A+ B 4B (17)
1f species 8 has N intrinsically identical binding sites for species

A, the seguential binding of A to B is represented by Equation 18.
A +A(n_l)8 wAnB (18)

with dissociation constants given by

] [A(n-x B]
n " where n = 1,2,...,N

(W)

n

The sequential dissociation constants in Equation 18 ave related to
the intrinsic dissociation constant (K) for the binding of A to each

site on species B by the statistical facter in Equation 19,




R

% = R x K (19)

where n = 1,2,,

For N binding sites on B, there are N possible reciprocal relaxation
times relating to N binding steps. One of the N reciprocal relaxation
times is given by Equation 20 which differs from Equation 14 in that
the concentration of B is replaced by the concentration of unoccupied
binding sites on B. The other reciprocal relaxation times are derived

below.
Kb 2 et s ke {TR] £ XTBD) * ke, . (20)
B § I
where X[B] = nzl n [A(N_")B]
The intrinsic forward and reverse rate constants, related to the binding

of A to binding sites on B, are obtained from the slopes and intercepts

respectively of a linear plot of k' versus {{A] + %[B)).

Two_Step Mechanisms

Consider the bimolecular reaction of species A and B to give C which
undergoes an unimolecular reactign to produce D as shown in Mechanism

21 (Berpasconi, 1976).

ke Kez
At+B - T D {21}

The two possible reciprocal relaxation times for Mechanism 21 are

coupled through species C which is common to both reactions.

!
¢
)
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The linearized rate equations for spacies C and D are given below.

dAd(é = ke (TRIH(B]) ALA] * kopalDy - kagalC] - koyal€]

L < aled - kg a0l
These two equations are combined with the conservation of mass require-

ment, a{A) + a[D] + alC] = 0, to give
SO8LEL w1y ((RIHIBI) + kag + Ky JALCT + (ke ([RIH[B])-keg)al0]
O8]« _ya8c) + kg 8(D)
The two equations above may be solved simultaneously (Bernasconi,
1976) to give Solutions 22 and 23,

T, e, m ke (TAIRB]) ¢ keprkegthes {22)

-

1 b= ey {Ragrkog ) (TAIHIB]) + kerkos (23}

T
If the bimelecular reaction of A and B is sufficiently faster than
the unimolecular reaction of C to D, then the reciprocal relaxation

time of the independent faster step {s given by Equation 14.

The second reciprocal relaxation time is given by

o Ky {kigtkog ) (TATH[BI) + kaykeg

! ke ([AT+[B]) + k-

which simplifies to Equation 24,
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o kip([R]+{B]) fe (28)
o RH(ARED TR ’
where K.y = k-y/key
The hyperbolic plot of ") versus ([AI+{B}} may provide values for 3
Ky, kep and k.p if reciprocal relaxation times can be obtained over ?
i
a sufficiently wide range of [A] and [B] concentrations: 'f
.
¢ S
Tl sk, when [RI4[B] << K.y 7
e : i ;
: ey T, s lagtkeg when [R34(B] > Koy &
4
i
B and K.y is obtained from the sTope of the graph of é
- s g
(c,;70 = kag) ™! versus ([RI+[BD) !
il

The overall association constant for Mechanism 21 is given by

and the two partial equilibrium constants are given by

€ = and Ky = kegtkog = DL -
it .

L8
(RIx[B]

Combination of these three equations yields

K i 0 )




i

ST . 4
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which simpiifies to give Equation 25,
kg + K
52 kg
K= K (‘—k_2 ) =Ky {1+ Kp) (25)

A sacond example of two step mechanisms which will be considered here
is that of two sequential bimolecular reactions as shown in Mechanism

26.

(26)

The linearized rate equatijons for species € and E are given below

SBLEL =y ((RTHEBY YA [A) + kepolET - kqalCl
- keo(TEI#[B])ale}

SLEL ~ kg (LEFHDINALE] - kg o1E]

For conservation of mass a[A] + a[C] + a[E] = 0, and the following

two differential equations are obtained.

UL - [ RN S ko + kgl [E140B1)aLC]

+Lkey ({A]14[B] )-k-5] a[E]

LEL - ko [EHID)ale] + kopalE]

Solving these simultaneous equations gives solutions 27 and 28.
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7 et ke (TATHURD) + kap{TE14DT) + ey + Koy (27)

e, w ke ke (TAIHIBD(ITIHIB]) + keykoo(LRI4IB])

+ky (28)

A special case uf Mechanism 26 is the binding of two monomers to

identical sites on a dimer as shown in Mechanism 29.
ey ke 2
A+ Bomm= AR+ A= Al (29)
-1 31
Species €, D and E of Mechanism 26 have been replated with AB, & and
A,B respectively. Equations 27 and 28 for Mechanism 26 are therefure
N modified %0 give the following two equations.

Tl el = ke (TAIHIB]) + kap({ABI+(A]) + kep + kg

T eyt = kerke((AI+[BY HUABI+{AL) + ke koo([A}+[B])

+ korke,

When the iaitial concentration of & is in vast excess over the initial

concentration of B ({A.] >> [B,]), the two equations above simpiify

to Equations 30 and 31

g Ky #ka' = (key * wrg)lAe] + koytkog (30)

ki'ka' = kerkealAol? + kipkopfAel + koykeg {31)

1
I
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3.5.2 Kinetics of Protein/Dye Interactions
The ANS and BPB dyes bind to each of the a-subunit, apog,-subunit
and  apapoBp-complex with differing affinities and stoichicmetries.

(See Table 6 for a summary of the dye binding stoichicmetries).

During subunit assembly, the free dye concentrations will alter as
will the ratiss of dye bound to each of the three proteins involved.
This redistribution of the dyes must occur at a faster rate than the
subunit assembly reactions in order to utilize the dye absorbance
or fluorescence changes to monitor the extent of subunit assembly.
A second requirement for the use of ANS and B8P8 as probes for the
subunit assembly is that the dyas must not inhibit the subunit assembly

to any significant degree.

Kingtic studies of the binding of ANS and BPB by the o-subunit, apoB,~
subunit and ojapoBy-complex were performed in order to ensure that
the protein-dye interactions do not occur in the same time period
as the subunit assembly reactions. The results of these studies are
presented below. Inhibition of subunit assembly by ANS was also

investigated and the results are given in Section 3.5.2.3.
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3.5.2.1 Kinetics of BPB Interactions with Tryptophan Synthase and

its Subunits

The binding of the BPB ligand to the a-subunit, apoB,-subunit and

the apapos,-complex was studied in the pressure-jump apparatus.

/-\_n three proteins exhibited an exponential increase in absorbance
which was complete within 15 seconds following a pressure release
of 10 to 20 MPa. Figure 18 presents a typical relaxation curve for
the apoBa~subunit. Pressure-jump experiments with only BPB in standard
buffer resulted in a small amplitude absorbance decrease which was
complete within 5 ms. The initjal decrease in absorbance observed
in Figure 18 was also observed with e-subunit and ojapog,-complex

and is therefore independent of the binding of BPB to ti\e proteins.

Figure 19 shows the Tinear increase of reciprocal relaxation times
with protein concentrations in the presence of 5 uM-BPB. This w-
centration dependence is consistent with a binding mechanism such

as that given in Equation 32.

P+ n BPB wemm—= P(IPB), (32)
where P represents the g-subunit, apogy-subunit or the ajapog,-complex.

and n represents the number of motles of BPS bound per mole of protein.

The reciprocal relaxation time concentration dependence is given by

Equation 20 (see Section 3.5.1 for the derivation of Equation 20).

Fdin S




THE

1= ke (BB + X[P) + k., {20)

N [
where X[P] = nzl n[ P(BPB)(N_H)]

The data points in Figure 19 have been fitted to Egquation 20 by an
iterative procedure of fitting a least squares line through the points
and calculating the appropriate dissociation ceonstants. The free
protein site and free BPB concentrations were calculated from the
total concentrations and the calculated dissociation constants. The

parameters obtained from these experiments are given in Table 7.

The association constants obtained from kinetic experiments (Kﬂ) are
in agreement with those obtained from equilibrium measurements except
for the apog,-subunit (see Table 7). This disagreement implies that
a more complex mechanism than that given in Equation 32 governs the
binding of BPB to the apog,-subunit. For the purposes of this
investigation the mechanism for apoBp-subunit binding BPB was not
required. The important conclusion is that the forward and reverse
rates are much faster than the rates of subunit assembly (see Section

3.5.3.1).

The free BPB may then be considered to be in equilibrium with the

protein bound BPB during the course of subunit assembly.

ERPPSER




FIGURE 18 Transmission change of BPS in the presence of aposz—suhumt
following the release of 10 #Pa pressure at the §
position

The pressure-jump experiment was performed with 24.4 M-
apog-sites and 5 uM-BPB in standard buffer at 24°C,
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Figure 19 Concentration dependence of the reciprocal relaxation
times for the interaction of BPB with the o~subunit, apog,-
subunit and cpapoB,-compiex

The data was obtained from pressure-jump experiments in which the
concentrations of the respective proteins were varied in standard
buffer containing 5 wM-BPB.

Solid lines were drawn as described in the text.

Ai a-subunit
B:  apogy-subunit

C: apapoBy-complex.
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TABLE 7 Kinetic parameters and association constants for the binding

(a)
()

i,

i
i

of BPE to the o-subunit, apop,-subunit and wyapop,-complex ‘
of tryptophan synthase £
i

|

Kyy = ke1/key = stope/intercept

The association constants from Table 5 are included for
comparison.
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3.5.2.2 The Kinetics

ANS Interactions with Tryptophan Synthase

and its Subunits

The kinetics of ANS binding to the a-subunit, apoB,-subunit and a,apos,-
complex was studied in the stopped-flow apparatus. No reactions were
ohserved when 100 pM-ANS was mixed with a-subunit or with the aj,apops-
camplex. This implies that the binding of ANS to these proteins fis

compi- ‘e within the dead time of the fntrument.

Mixing experiments with the apop,-subunit showed a rapid increase
in  fluorescence followed by a slower increase as shown 1in
Figure 20. Mo further fluorescence changes were observed up to a

peried of 5 minutes.

The important conclusion here is that no reactions take place in the

same time period as that of subunit assembly (see Section 3.5.3.1).

3.5.2.3 Effect of ANS Concentration on the Kinetics of Subunit

Assembly

High ANS concentrations were found to inhibit the subunit assembly
whereas Tlow ANS concentrations did rot provide large ensugh fluo-
rescence signals for monitoring subunit assembly. For these veasons
the effect of ANS concentration on the kinetics of subunit assembly
was studied to find the most suitable ANS concentration for monitoring

subunit assembly and with minimal inhibition.

The RITC dye requires an excitation wavelength of 567 nm which s

beyond the excitation spectrum of ANS (see Fig 14 in Section 3.4.3.2).

1
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Therefore if ANS s present it does not interfere with the fluorescence
signal derived from the RITC dye. Subunit assembly in the presence
of low ANS concentrations could therefore be monitored by mixing RITC

labelled o-subunit with excess g,-subunit.

A linear relationship between the observed rate constant, k,’, and
[ANS.] was achieved by plotting the dats on a logarithmic scale as
shown in Figure 20A. A straight line has been fitted to the data

of Figure 20A and is described by Equation 33.
Toge (60xk;') = -(3.1x1073)[ANS,] + 7x10-2 (33)

At ANS concentrations below 50 1M, the decrease of the observed rate
constant was within 14% of the value without ANS. The reaction amp-
Titudes at this ANS concentration were sufficiently large and therefore

all experiments in the presence of ANS were performed with 50 uM-ANS.

et .
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* 4 subunit in a stopped-flow instrument )
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The final concentration of ANS was 50 uM and that of the apop-protomer Lo
was 4 pM. The experiment was performed in standard buffer at room .
temperature with an excitation wavelength of 400 nm. The emission B0
was monitored through a G8435 filter.
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Figure 208 Effect of ANS concentration on the observed rate constant
for the assembly of tryptophan synthase subuniis.

The experiments were performed by mixing RITC labelled o-subunit
with excess Bp-subunit in the presence of various ANS concentrations
in standard buffer at room temperature. Final concentrations were
0.6 uM-o-subunit and 6 uM-B)-sites. The excitation wavelength was
867 nm and the emission was observed through an 0G 690 filter. The
equation of the line fitted to the data is given by Equation 37.
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3.5.3 Kinetics of Subunit Assembly

The kinetics of subunit assembly was investigated in the stopped-flow
apparatus with the ANS and RITC fluorescence prebes. In the presence
of ANS, the reaction amplitudes obtained with [uQ] > [Bgg] were larger
than with [gyp)] > lagl. In contrast the a«-subunit bound RITC probe
pravided larger reaction amplitudes with [82] > lap) than with [ag}
> [Bepl. Because of these phenomena, subunit assembly was first

investigated in the presence of ANS with [agl » {8gq].

3.5.3.1 Subunit Assembly in the Presence of ANS and with [agl>>[ 89}

Figures 21 and 22 present typical time courses for the fluorescence
change after miking apog,-subln : with excess w-subunit, The deviation
of fluorescence fin Figure 22 from its final equilibrium value can
be fitted to a single exponential given by : aF, = AFS exp (-k3't).
Howaver tha curve shown in Figure 21 requives the fitting of the sum

of two exnonentials given by @ aF, = sFP exp(-k;'t) + aF exp(-k,'t),

. As shown in Figure 23A, k' increases linearly with increasing o-
subunit concentration thereby indicating a binding reaction. In
figure 238, k,' approaches a p1’ateau value of 3.25x10~2 s-1 and indi-
cates an isomerisation step subsequent to a binding step. In
Figure 23C, the k' value of 1.1x10"3 s=! appears independent of o-
subunit concentration over the range of concentrations used in these
experiments.  This concentration independence s consistent with an

isomerisation step.
The data of Figure 23A is consistent with Mechanism 18 with the con-

centration dependence of k;' given by Equation 20 {for convenience

these equations are rewritten below).

e d e e
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A% Ay == AB (0= 12,00 (18)

k' = ke ([A] + XIBI) 4 ko
where X{B] = ng‘ n An®! (20}

Under pseudo first order conditions of [ap) >> [Bpp), Equations 18

and 20 can be modified to give Equations 18A and 20A.
@ g yfe =" a8, (0= 1,2) (184)
K= kaglagl * Ky {eor}

A straight line fit to the data of Figure 23A provides the rate con-

stants given in Table 8.

The data in Figure 238 is consistent with Mechanism 21, with the
concentration dependence of ky' given by Equation 24,

Reyp ki

A+3ﬁﬁrj0 (21)

kea (1A] + [B])

ko' =
Koy +([R] + [B])

L (24)

where K.y = koy/ksy

Under pseudo first order conditions of [agl >> [Bpgl Equqtions 21

and 24 may be medified to give Equations 21A and 24A.
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At R B B (1 = 1,2,...00) (18)
ky' = key ([A] + X[BI) + Koy
N
where X[B] = nzx n IW] (20)

Under pseude first order conditions of [ap) >> [B8pp). Equations 18

and 20 can be modifiad to give Equations 18A and 20A.
@t ey )b T 08, (0= 1.2) (188)
kit = keylag] + k) {208}

A straight Tine fit to the data of Figure 23A provides the rate con-

stants given in Table 8,
The data in Figure 238 is consistent with Mechanism 21, with the
concentration dependence of k' given by Equation 24,

Kep  Kig

A+BE=Cp=D (21)

. ke ([R) + [B])

oA - ey TR (24)

where Koy = k.y/ksy

Under pseudo first order conditions of [agl >> [Bgql Equations 21

and 24 may be modified to give Equatir s 21A and 24A.




e

TR,

kez
a v )BT e ﬁ a,Bo* (218)
where (n = 1,2}
and anBa* s an isomer of o gy
kea [agl
e 2k, (248)
K1+l

The relevant kinetic parameters are obtained from Figure 238 by the

method of Wilkinson {1961) and are given in Table 8.

Mechanism 21A requires that the K., value obtained from Figure 238
nust equal the Kk.y/ks value calculated for Figure 234 (see Table 8).
Since K., {is nearly an order of magnitude larger than k.,/ky, the
assembly mechanism must be more complex than that given in Equations

18A and 21A,

Mechanisms 18A and 21A assume that the e-subunit binding to the ayBgp~
complex 1is equivalent to the o-subunit binding to the g,-subunit.
It js possible that the discrepancy between K., and k.j/k+; in Table 8
may be due to differences in the binding of the first and second a-
subunits to the By-subunit. For this reason the binding of only one
a-subunit to the @,-subumit was investigated under the conditions
of [B29] > [apl. These conditions required the use of the w-subunit

bound RITC probe and {s described in the fallowing section.
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Figure 21 Fluorescence change after mixing apogy-subunit with excess
a~subunit in the stopped-flow apparatus.

Final concentrations were 20.0 uM-w-subunit, 1.10 pM-apog-sites and
50 uM-ANS 1in standard buffer. The experiment was performed at room
temperature with an excitation wavelength of 400 nm. The emission
was monitored through a GG435 filter.

A11 protein solutions for stopped-flow experiments sontained 50 yM-
ANS in order to prevent re-squilibratifon of ANS with the proteins
after mixing.
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Figure 22 Fluorescence change after 5 minutes from the time of mixing
apog,-subunit with excess a-subunit in the stopped-flow
apparatus .

The experimental conditions were those given in Figure 21,
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Figure 23 Concentration dependence of the observed rate constants
on the g-subunit concentration

The final concentration of ANS was S0 uM and the [agl/[B)5] ratio
was between 18 and 20. The experiments were performed in standard
buffer at room temperature with an excitation wavelength of 400 nm.
The emission was monitored through a GG435 filter.

At Dependence of k' on [og]

B:  Dependence of kp' on [a,]

C:  Dependence of ky' on [ap]
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. TABLE 8 Kinetic purameters for the assembly of tryptophan synthase "

¥ subunits in the presence of ANS when [agl>>[82p] N

o The parameters are obtained from the curves in Figure 23 for Mechanisms ks

184 and 21A. 3
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TABLE 8

Figures Kinetic Parameter Values
Figure 23A ke 5,1x102H1s~1
key 7 x1073% 571
ke1/key 1.4x1078 H
Figure 238 Kz 3.0x10-2 s=1
koo 2.5x10°% s~1
K.y 12 %1076 M
Figure 23C ka' 1.1x1073 571

e N
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3.5.3.2 Subunit Assembly Monitored with the RITC Probe and with

[8;-sites,] >> [op]

Figures 24 and 25 present typical time courses for the fluorescence
change aftar mixing RITC labelled a«-subunit with excess B8,-subunit.
The deviation of fluorescence in Figure 26 from its final equilibrium
value can he fitted t0 & single exponential given by : 8F( = aFg exp{-kit).
The curve shown in Figure 24 can also be fitted to a single exponential

given by : AFt = aF)° exp(-ky't).

The linear increase of ¥;' with the concentration of apos-sitesg
in Figure 26A indicates a binding reartion consistent with Mechanism
11 with the concentration dependence of k,' given by Equation 16.
In Figure 268, the k,' value of B.5x10°% s~! appears independent of
{8;~sitesy] over the range of concentrations used in these experi-
ments. This behaviour indicates an isomerisation reaction consistent
with Mechanism 21 with the concentration dependence of ky' given by

Equation 24,

Under pseudo first order conditions of [g;-sitesy] >> [egl, Equations

11, 16, 21 and 24 can be rewritten to give Equations 11B, 168, 21B,

and 248,
ki1
CRIUN sl L (118)
: k' o= ke [Bimsitesg] * ko, {168)
ki ey * (218)
aB FTE AR BT e
* *
- * - sk - . ol

.

o

S

g
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where of;* 1s an isomer of agy

ke [6.-sitesy]

[ -
k' TSRt (24)

A straight line fit to the data of Figure 26A provides the kinetic
parameters given in Table 9. The k,' values in Figure 268 cauld net
be obtained at By-~site concentrations below 3 uM because the reaction
amplitudes were too low. For this reason the K.; value could not

be obtained from Figure 268 but is indeed less than 3 M.

There are two important differences between the experiments parformed
‘..With the ANS probe and the RITC probe. Firstly, the k4 value of
2.4x10% M1 s} for the RITC probe (see Table 9) and the ks; value
of 5.1x103 M~! s=1 for the ANS probe {see Table 8) differ by a factor
of two. Secondly, the sum of two exponential curves obtained with
the ANS probe (see Figure 21} was not ohserved with the RITC probe.
These two differeces could be ascribed either to the different flue-
rescence probes used in the experiments or the different subunit

concentratrations with which the experimants were performed.

In order to eliminate the possibility that these twe diffarences are
due to the fluorescence probes, the subunit assembly was fnvesti-
gated in the presence of ANS under the conditions of [g,-~sitesy] >»

[aql.

&

.




Figure 24 Fluorescence change afis mixing RITC Tabelled o-subunit
with excess By-subunit ir the stopped-flow apparatus

1 Final concentrations were 7.2 uM-aposy-sites and 0.72 uM-o-subunit
% in standard buffer. The experimenit was performed at room temperature
/ with an excitation wavelength of 567 nm, The emission was monitored
through an 0G530 filter.
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V: Figure 25 Fluorescence change after mixing RITC Tabeiled a-subunit
- I with excess B,-subunit in the stopped-flow apparatus #
" - 44 The experimental conditions were those given in Figure 24. A
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TABLE 9

Kinetic parameters for the assemblyv of tryptophan syn-
thase subunits under the conditions of [g)-sitesgl>>
el
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TABLE 9
Figure Probe kyp (M)s71) koy (s73) Koy /key (M) ky' {s™1) Koy (M)
268 RITC 2.4 x 108 2.9 x 1073 1.2 x 1078
28 ANS 1.8 x 109 2.4 x 1073 1.3 x 1076
268 RITC €.85 x 10°3 <3 x 1076
B » S
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3.5.3.3 Subunit Assembly in the Presence of ANS and with [g,-sitesy]

>> [ag)

As mentioned earlfer, the reaction amplitudes are small when [g,-sites,]
> [ag] in the presence of ANS. However, the amplitudes were large
enough to obtain reliable data for the fast reaction corresponding

to ky' in Figure 24.

Figure 27 presents a typical time course for the change of fluorescence
after mixing a-subunit woth excess Bp-subunit in the presence of ANS.
The curve has been fitted with an exponential given by AFt = AF°
exp(-k;'t). Figure 28 shows the linear increase of k' with [g;-sitesg]
which is consistent with Mechanism 11B and Equation 168. A straight
line fit to the data of Figure 28 provides the kinetic parameters

given in Table 9.

The kinetic parameters for the subunit assembly with the ANS and the
RITC probes are similar. This similarity together with the obser-
vation that a reaction corresponding to k;' (see Figure 21) is absent,
implies that the subunit assembly can be monitoved with either the
ANS or RITC probe. The discrepancy between the subunit assembly
mechanisms n the presence of ANS with {ag] > (Byo] and with the
RITC probe with [g-sitesg] >> [ap] can be attributed to the different

subunit concentrations used in the experiments.

In the case of [@;-sitesg] »> [ag], only a single a-subunit binds
to each Bp-subunit whereas with [ag] >> [Bap). the apBy-complex is
formed. It is this binding of two o-subunits to each By-subunit which
must account for the observation of kp' in Figure 21 and the factor

of two difference in the k4, values given in Tables 8 and 9.

e




Figure 27 Fluoresence change after mixing a-subunit with excess
apaBy-cubunit in the stopped-flow apparatus

Final concentrations were 9.0 uM-g-sites, 0.55 uM-a-subunit and 5
L 5 S0 uM-ANS in standard buffer. The experiment was performed at room g
. § temperat.re with an excitation wavelength of 400 nm. The emission
A was monitored through a GG 435 filter.
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Figure #8 Concentration dependence uf the observed rate constant 4
on the apoB-sites concentration

The [8;-sitesg]/[ap] ratio of 16 was used for all experiments. The
reactfons were performed in standard buffer at room temperature G
with an excitation wavelength of 400 nm. The emission was monitored .
through a GG 435 filter. .
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At this stage the data of Figures 23A and 23B must be reconsidered.
The ratios of k;'/ky' are less than an order of magnitude and therefore
the two observed rate constants should be treated as coupled. The
appropriate plots would be (k;' + k.') and (ki'k,')plotted ‘against
{apl. This was not originally done because separate plots for k;'
and kp', such as in Figures 234 and 238, would give reasonable es-
timates for the respective -~ate constants. This is because the k;'/kg'
ratios are close to an order of magnitude at high «-subunit coicen-

trations.

For the reasons given above, the data from the experiments performed
in the presence of ANS, with [ap] »> [839), was replotted according

to the method for coupled observed rate constants.

3.5.3.4 Treatment for Coupled Observed Rate Lonstants

Plots of (ky'+kp') and (k,'kp‘) versus [ag] are given in Figure 29.
For the data to he consistent with a mechanism such as that given
in Equation 21, (ky'kp') must be linearly dependent upon [ag] as
described in Equation 23 {see Section 3.5.1). Inspection of Figure 298
shows that the data points are non-linear. Therefore alternative
mechanisms were sought which are consistent with a non-linear depen-

dence of {k;'ky') on [ag].

Mechanism 18 assumes that both apog,-subunit sites ave intrinsically
identical and that no e-subunit intecactions occur in the eo,8,-complex.
However, if the. binding of the first o-subunit were to alter the af-
finity of the w)B;-complex for the second o-subunit, then the binding

would be ‘consistent with Mechanism 34.

R,

R




Figure 29 Concentration dependence of the sum of observed rate con-
stants and the product of observed rate constants on the
a-~subunit concentration.

The final concentratin of ANS was 50 uM and the [a,]/[8;0] ratio
was between 18 and 20. The experiments were performed in standard
buffer at room temperature with an excitation wavelength of 400 nm.
The emission was monitored through a GG 435 filter,

A: Dependence of k;' + k' on [eg]

B:  Dependence of ky'ky' on [a,)
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kiy s '
o+ By T{ asy (34)

TR
@ + afp Tz azfy
In Mechanism 34 the affinities for «-subunit of the gp-subunit and
the ap,®-complex are different due to o-subunit interactions in the

agBz-complex.

Mechanism 34 {s described by the general mechanism of Equation 29
with A replaced with e-subunit, B replaced with By-subunit, A8 replaced
with aB,°-complex and A,B replaced with apBp~complex. Equations
35 and 36 are obtained from Equations 30 and 31 by altering the

parameters to suit the conditions applicable to Mechanism 34.
K"+ kp' = (kep * kig) Tl + koy + ke (35)
Ki'kz' = kapkep Tagl? * keykop Tag) + kogkoz {36)
The data in Figures 29A and 29B has been analysed by the fitting of
a least squares line and a least squares parabola vespectively. The

least squares parameters are given in Table 10 while the rate constants

for Mechanism 34 are given in Table 1.

3.5.4 Summary of Tryptophan Synthase Subunit Assembly.

Non-cooperative or possibly negatively cooperative subunit assembiy
in phosphate buffer occurs by Mechanism 38, The averayed rate

constants for Mechanism 38 are given in Table 12.

st
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N JABLE 10 Least squares parameters for the assembly of tryptophan R
H synthase subunits by Mechanism 34 b

fhe experiments were performed in the presence of ANS and with
[agl>>{82p].

(a) Equation of line is ky'+k,' = mfag) +c
2 ¢

{b) Equation of parabola is ky'ky' = alag] 2+b[eql+c
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TABLE 10
Figure n a b c
29A8 5.61x103"1s-1 1.9x10-2s1
298b 2.5x100M"2572  4gM-is2 7,7x10-55-2
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TABLE 10
Figure m a b c
29R2 5,61x103H"1s"1 1.9x107257)
2980 2.5x108M 252 49M-15-2 7.7x10"5572




JABLE 11 Kinetic constants for the assembly of tryptophan synthase

subunits by Mechanism 34
The experiments were performed in the presence of ANS with [agl>>[8z9].
(a) Ky = Ky /kyy

(b)  Kg = kp/keg




3 TABLE 11 I
o Constant Value 4
P N
. kit 4.8 x 103 ML 571
i Koy 8.7 x 10-3 5=
K. 1.8 x 1076 M g
398 0.6 x 103 M-1 s=1
- [ 10.0 x 1073 57} i
Kb 17 x 1076 M
y
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P 82
koy 1
ke
K, b
« ot agy® - aBy* {38)
PRI 5 \ 7
kea
3 ' 6

aaBy e apByt wmmTE o agpptt

where oB;* and aq8,* are isomers of «g,® and wzp, respectively

and ay@,** is a second {somer of agRs.

Assembly of subunits to form the intermediate oyfy-complex can be
monitored when [By -sitesg} »> [wp). Datz for the concentration
deperdence of k;' was obtained with both the RITC and ANS probes
whereas ky' was only observed with the RITC probe. The concentration
independencs of k' suggests that an isomerisation of the as,®-complex

occurs forming the agy*-complex (see Reaction (4) in Mechanism38 ).

Subunit assembly under the conditions of [ag) »» [Bgq) results in
the sp8y-comples with two coupled observed rate constanis, k' and
kp'. The observad concentration independence of k,' suggests that

an isomerisation of the «,B,-complex takes place.

The By-subunit may be represented as heing composed of two separate

domains, Bg, one of which binds the first a-subunit to give the ofg-
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complex. Isowerisation of this complex can oceur in either of two
ways. FEither the whole agg-complex isomerises to give a aéﬁ—complex or
only one domain isomerises to give a u§s<comp1ex. In the former case,
binding of a second a-subunit gives the u§§u—cump1ex via Reaction
(7) of Mechanism 38. In the latter case, binding of a second a-subunit
would give the intermediate uﬁam-camplex which undergoes a further
isomerisation to give the final uEEu-cump]ex This occurs via Reactinns

{(5) and {6} of Mechanisw 38.

Reactions (4), (3) and ({6) of Mechanism 38 all represent similar
isomerisation reactions and their observed rate constants are not
expected to be vastly different. This accounts for the observation
that the k,' value for Reaction (%) is 77% of the k;' value {see Tables
8 and 9). However, with the available dala, it cannot be decided
whether k3' refers to only Reaction (3) or to an average of the rate
constants for Reactions (3) and (6) of Mechanism 38. Therefore, the

existence of intermediate ap8,*-complex is uncertain.

If the a-subunit concentration is in vast excess over the apopp-subunit
concentration then the equilibrium ratios of w,8, to its isomers may

be estimated.

The mechanisms for the binding of two a-subunits to identical sites

on the apogy-subunit are given below.

0+ B, = af, {a)
o+ aBy Tm——= g, {b)
20+ By wmm—= B, (d)

P AT
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The fintrinsic site dissociation constants
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(Ka and Kp) are related

to the overall dissociation constant (Kg) by the following equations.

lal? x (5] . el x [8]
Ka = }uzﬂz . By
X4 = K

{a] x [a8,]
{a28s

x Ky

Kg = (0.93)% [see Table 4)

However for Mechanism 38 assembiy is cofven by the following condensed

mechanism.
20+ 8, === gy, === auf,*
wheve opB,* represents isomers of asBy

The overal] dissociation constant is given by

(unbound subunits]

kd = bound forms

and the equilibrium constant for bound forms is given by

{2282)
K - .
! {az82%]
Therefore
(a2 % [8,]
kg = 2

(0g82] + [a28,%]
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and substitution of the preceding equation, Kq = (0.93)% and K.),K .,

values from Table 12 gives

(0.99)0 = LbAL
O+ g
Kp = 0.03
[ At equilibrium the predominant form of bound complex is therefore G

| agBp*-

3

I o e e R S




TABLE 12 Rate constants for the assembly of tryptophan synthase
subunits by Mechanism 38

The rate constants have been taken from Tables 8, 9 and 11 and have
been averaged where possible.

(a) Ky = ka/kn

(b)) K = keplkig




JABLE 12

Constant yalue

ki 0 X103 ACH 7

- 4.7 x 1073 571 {

K, 1.6 x 1078 # |

kez 0.6 x 103 M? 571 ‘”

- 10.0 x 1073 5=} i

Kb 7oowae |

Ky’ 1.1 x 1073 571 ' g

ky! 0.85 x 1073 571 N
i

el
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DISCUSSION

4.1 Purification of Tryptophan Synthase Subunits

The study of the assembly kinetics of a-subunit with gg-subunit,
requires c«-subunit and Bp-subunit which was, at first, prepared
trom E. coli strains Trp B8 and TrpA2/F'A2 respectively. These
purified subunits possessed specific activities between 50% and
60% of the maximum activities reported by Bartholmes et al. {1976).
Higher specific activities could not be obtained using the spec~
trophotometric assay method of Higgins et aZ. (1979) nor could higher
activities be obtained by reduction of oxidised subunit thiol groups,
necessary for activity, as described by Hogberg-Raibaud & Goldberg
(1977).

Single peaks were obtained by electropharesis of the subunits on
SDS polyacrylamide gels (see Figure 2), indicating that the low
subunit specific activities are pot due to impure subunit preparations
but, rather, low enzyme activities. The possibility of the B, coli
mutant strains Trp B8 and TrpA2/F'A2 producing low activity subunits
existed and therefore an alternative mutant strain, Trp R-alD102/
F'alD102, was obtained. Purification of subunits from this strain
was also advantageous since both subunits could be obtained from
the same strain minimising the quantity of bacterial growth required

to produce a specific quantity of purified subunits.

e
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Tschapp & Kirschner (1980) used this strain to produce both a-subunit
and By-subunit. Precipitation of the #p-subunit at pH 4.5 yielded
free a-subunit and heat denaturation of the oa-subunft yielded free
By-subunit. In this study a non-destructive method of separating
the subunits was used fn order to conserve purified protein and
to 1imit exposure of the proteins to the extreme conditions of pH 4.5
and temperatures of over 60°C. Instead removal of PLP and dis~
sociation of the ajapof,-complex was performed following the method
of Miles & Horiguchi (1977) which involved filtration on a Sephadex

6-100 column.

After these attempts at purifying both a-subunits and By-subunits
from & single different strain of bacteria, the specific activities
were similar to those cohtained previously from E. ocoli Trp B8 and
TrpA2/F'A2. It therefore remains uncertain why the subunits prepared
here have lowered specific activities. Before proceading with the
kinetic experiments these low activity subunits were compared to
those prepared with high activity with respect to PLP and a-subunit
binding as described in Sections 3.2 and 3.3. The results of these
binding experiments indicated that the low specific activity subunits
displayed similar binding properties to high specific activity sub-
units. In view of these similarities kinetic experiments wers then
performed without further attempts at purifying high specific activity

subunits.
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4.2 Stability of the aps-Tryptophan Synthase Complex

Mites & Moriguchi {1977} achieved dissociation of the a,apogy-complex
by filtration on a Sephadex G-100 column. However Bartholmes &
Teuscher {1979) could not detect apy significant dissociation of
the agapoBp-complex on a Sephadex G-100 column. These, seemingly
contradictory results may be resolved by considering the buffers
used in the two experiments. Miles & Moriguchi (1977) used bicine
whereas Bartholmes & TYeuscher (1979) used pyrophosphate buffer
implying that the stability of the apo-cemplex may depend upon the

solvent buffer.

8inding experiments of a-subunits and apoBp-subunits 1in various

solvents are described in Section 3.3 and confirm the greater sta-

bility of the POB; plex in pyrop te as compared to that
in bicine buffer. However the «paposy-complex has even greater sta-
bility 1in phosphate buffer and the binding process is transformed
to a non-cooperative and possibly even a negatively cooperative
mechanism from a cooperative mechanism in pyrophosphate buffer.
This alteration of mechanism influences the overall assembly process

of tryptophan synthase as discussed in the following section.

#
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4.3 Assembly of the Tryptophan Synthase Complex

The mechanism for the overall assembly of tryptophan synthase is

given below.

(1) 20+ 2PLP + g, === 20 + §,{PLP), (2)
{3) 2PLP + ap8, T === 4,8,(PLP), (4)

Bartholmes et al. (1976) have shown that reaction (1) to (2) is
cooperative and reaction (3} to (4) fs non-cooperative. Furthermore
they have predicted that either reaction (1) to (3) is cooperative
{and reaction (2) to (4) is then non-cooperative) or reaction (2}
to {4) is negatively cooperative (and veaction (1) to (3) is then

non-cooperative).

The results of Bartholmes & Teuscher (1979) have verified the first
of the two alternatives viz. that reaction {1} to {(3) is cooperative.

However the results given in Section 3.3 show that reaction (1)

to {3) is cooperative only in pyrophosphate but perative
in phosphate with react’-n (2} to {4) then negatively cooperative.
The possibility that reastion (1) to (3) is negatively cooperative

cannot, however, be ignored.

For the kinetic analysis of the non-cooperative binding of 2  asub~
units to a gy-dimer, the Bp-dimer may be treated as consfisting of
two independent pg-sites. This simp]ificatﬁn allows for easier
kinetic analysis than for the case of negative cooperativity in
which the binding of the first w-subunit results in a decreased

affinity for the second «-subunit.
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Because of the simplified kinetic analysis it was decided that the
first tryptophan synthase assembly reaction to be investigated would L
be the non-cooperative assembly of azapogz-complex 3n  phosphate
buffer. The difficulties of monitoring the kinetics of assembly

of ajapog,-complex are discussed in the next section.




4.4 Monitoring the Assembly of the Tryptopham Synthase Complex

The hundred-fold enhancement of a-subunit activity and thirty-fold
enhancement of hology-subunit ac. vity when incorporated into the
tryptophan synthase complex suggests that conformational alterations
of the subunits occur during assembly. It is these conformational
alterations which can be observed by following the kinetics of as-
sembly.

In the case of wpholosy-complex the PLP cofactor serves as a means
of monitoring the extent of reaction since PLP absorbs 1in the
400-430 nm region of the spectrum, This region is far removed from
the ultraviclet region {280 nm) in which intrinsic protein absorption
occurs and therefore simph’fies the design of the kinetic experiments.
Increasing the ratio of s-subunit concentration to the holog,-subunit
concentration does not affect the signal change observed at 420 nm

and therefore a high signal te noise ratio is obtained.

In the case of the ojapoBy-complex the assembly must be followed
in the region of intrinsic protein absorption (280 mm). Increasing
the ratio of the a-subunit concentration to thav of the apog,-subunit
concentration increases the background absorption of the exress
a=subunit and therefore decreases the signal to ncise rvatie. The
experiments recorded in Section 3.4.1 indicate that the absorbance
changes &t 280 nm arising from subunit assembly are indeed small.
for this reason Tiuorescence and absorbance probes were investigated
which would allow the subunit assembly to be monitored with high

signal to noise ratios.
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4.5 Probes for Monitoring Assembly of ajapogy-Complex

Ir order to monitor the binding of a-subunits to the apog,-subunit,
robes were required which either reflected the a-subunit to g,-sub-
unit interpratein distances or alterations of the Tocal envirvomments
of the probes due to the proximity of the subunits. These requirements
ensure that the probe used reflects not only the binding reactions
of the subumits but also anmy later conformational changes of %he
ayapoia-complex. However a probe which only reflacts conformation
changes of proteins would nov allow faster eariier binding reactions

to be monitored.

it was initially decided to attempt monitoring the o-subunit to
8z~subunit interprotein distance utilising fluorescance energy trans-
fer measurements. Suitable fluorescence probes were found in a
review by Fairclough & Cantor (1978) but the procedure involved
completely coating the surface of the proteins with bound probe.
fhis would probasbly interfere with the assembly of the subunits
because of the high charges on the subunits resulting from the high
loading of the probes. Lower ‘oading of the subunits with the probes
would not coat the surfaces uniformly and therefore not yield absolute
interprotein distances but only velative distances between probe
molecules. As this is sufficient for monitoring subunit assembly
the FITC and RITC probes were used with limited loading of the sub-

units below two probes par subunit protomer.

The results given in Section 3.4.2.1 illustrate the successfu) Jabel-
ling of tryptophan synthase subunits with FITC and RITC. However,
only limited fluorescence energy transfer was observed (see Section

3.4.2.2). The observed intrinsic fluorescence changes of the RITC




85

probe when bound to a-subunit reflected the binding of a-~subunit to
the B,-subunit and this system was used to study tryptophan syn-

thase assembly under the conditions of [8;] >> [a].

A second type of probe was then required in order to monitor tryp-
tophan synthase assembly when [e] >> [Bp). Dicamelli et al. (1973)
concluded that hydrophobic bonding plays a rele in the binding of
the subunits. [t was therefore anticipated that a Fluorescence
probe, such as ANS, which binds to hydrophobic regions on membrapes
would also bind .n the hydrophobic regions on the tryptophan synthase
subunits. After assembly the excess ANS would be excluded from
the resultant a,apoBy-complex thereby giving rise to fluorescence
signal changes. In fact this was found to occur with more ANS being
bound to free apoBp-subunit than to free a-subunit, Such a distri-
bution of ANS allowed this probe to be used when [o] >> [8,] and
complemented the experiments with RITC. Only Tow ANS concentrations
were used because high ANS concentrations dacreased subunit assembly

(see Section 3.5.2.3).

In addition, an absorbance probe, BPB, was also found to monitor
subunit assembly in a similar manner to the ANS fluorescence probe.
The data from these experiments have not been presented since simiiar

results are obtained with either probe.

An approach similar to that presented here could be used to inves-
tigate the binding of any proteins which only absorb in the ultra-
violet region of the spectrum. The criterion is that ANS binds
Togsely to the hydrophobic regions of the proteins concerned and

is partially excluded from the bound protein complex,
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Seifert «t ql. (1984) have employed similar fluorescence titrations
te those in Section 3.4.3.2 to estimate the number of ANS binding
sites per apog,-dimer and the corresponding dissociation constant.
Their results show that n % 10 ANS molecules are bound per apoBy-
dimer with a dissociation constant 2z 0.6 mM. The results obtained
here indicate the presence of 2 to 3 high affinity ANS binding sites
per apoBy-dimer with a dissociation constant of 0.014 mM (see
Table 5). One possible reason for the lower number of binding sites

and lower dissociation constants obtained here it the presence of

phosphate buffer. Seifert et al. (1984) employed 0.1 M triethanol-

_amine-HC¢ buffer thereby implying that the piosphate anion affects

the ligand binding properties of the apoBy-subunit. Indeed, Table
4 shows that the affinity of the apog,-subunit for binding a-zubunit

is 100 fold greater in phosphate than in bicine buffer.
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Assembly of the aapof,-complex

Mechanism of Assembly

In the presence of PLP, assembly of the wpholog,~complex is negatively
cooperative and the weaker binding of the second w-subunit is possibly
due to steric hinderance {Lane et ai., 1984). However, the large
distances measured between g-subunits in the ayholog,-complex indicate
that steric hinderance is unlikely to account for the presence of

negative cooperativity {Ibel et af., 1985).

Mechanism 38 for assembly of the ajapofy-complex is similar to the
mechanism given for the aghologs-complex (Lane et al., 1984) with
respect to the weaker binding of the second a-subunit and the
subsequent  isomerisation reactions. Comparison of these two

“,

mechanisms shows that the “on" and "off" rate constants for the
binding of the first o-subunit, via reaction (1) of Mechanism 38,
are both approximately 10° fold Tower than for the hology-subunit.
This decrease in rate {is reasonable since the transformation of
apopy-subunit to holog,-subunit occurs with positive cooperativity

and involves gross conformational changes {Bartholmes et al., 19680}.

The effect of this conformational change is to raise the activation
energy for the tran%iti;n state invelved in the binding of the o~
subunit to apoB,-subunit. It is possible that the higher activation
energy may result from the a-subunit binding sites being more

accessible on the holoB,-subunit than on the apogp-subunit.
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Since the apoBp-subunit and the holo,-subunit exist in different
conformational states the conclusions drawn frum the measured
distances between a~Subunits in  the ejhology-complex do  not
necessarily apply to the ajaposp-complex. Furthermore the distances

between s-subunits in the final equilibrium state of aphology-complex R %

bear 1ittle significance to the distances in the a,B,-intermediate

prior to d{somerisation reactions (3) and (6) of Mechanism 38. -

Therefore it is possible that for Mechanism 38, K_,is greater than
K.y due to steric hinderance in the opfr-intermediate. For this - .
reason the '0'-superscript  for the a,B;°-intermediate has been
included fin Mechanism 38 and implies that while .the canformation

‘ of the 8ysubunit is unaltered, the value of K., is larger than X_;.

The equilibrium dialysis experiments in Section 3.3 are not conclusive
regarding the presence or absence of negative cooper: Tty The H
dissociation constant (Ky = 0.93 pM) has been determin. ambly
of the wjapoB,~complex, in phosphate buffer, for a am. serdtive

mechanism. As discussed above the first and second o-subunits have

different kinetic dissociation constants {K., > K ;) whick wmight
arise from steric hinderance. This suggests that the binding
mechanism might be negatively cooperative. The value of Ky = 0.93 uM
then probably represents an approximate value for the binding’ of
the second a-subunit. In order to estimate the thermodynamic
dissociation constant for the first a-subunit, binding data would
have to be obtained at very low a-subunit concentrations. This could
not be achieved by equilibrium dialysis as described in Section
3.2 since the o-subunit concentrations Were measured by enzyme
activity assays and the concentrations are already close to the
assay's limit of detection. Therefore a definite conclusion regarding
the presence of negative cooperativity cannot be made with the

available equilibriu~ data.
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The kinetic data in Tabie 12 implies the presence of two alternatives.
Either the acsembly mechanism exhibits negative cooperativity or
the mechanism 1is non-cooperative with steric hinderance occurring
only in the apB,-intermediate. Therefore the overall conformations

of the apopy-subunit and the final equilibrium wgapoR,-complex are

o similar with steric hinderance altering the binding affinity of

the o;By°-Tntermedfate for the second e-subunit.  Under these

conditions non-cooperativity could occur even though steric hinderance

may be present. N
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4.6.2

Conformational Changes of *he B,-Subunit

Tschopp & Kirschner (1980b) have compared the cooperative binding
of pyridoxine-phosphate ({an analogue of PLP) to the apoB,-subunit
with the non-cooperative binding to the ajapoBp-complex. They con-
cluded that the a-subunit stabilises a conformation of the gy-subunit
which resembles the 'R' conformation of the apogp-subunit. This
implies that the binding of the s-subunit to the apogy-subunit induces
a conformational change of the By-subuinit which probably corresponds

to the proposed isomerisation reactions in Mechanism 38,

The effect of the hology-subunit conformational change, induced
by wo-subunit binding, has been indirectly observed by comparison
of the reactivities of the holog,-subunit and the ojhologz-complex
towards reaction with trypsin. In the case of holog,-subunit, re-
action with trypsin results in nicking of the B,-subunit (Higberg-

Raibaud & Goldberg, 1977).

However, the holoBp~subunit remains intact when the ajholog,-complex
is reacted with trypsin (Miles & Higgins, 1978). It is ndt known
whether this protection of the p,-subunit, afforded by the a-subunit,
occurs in the case of apopy-subunit. Such experiments to compare
the reactivities of the apos,-subunit and the apaposy-complex towards
reaction with trypsin would indicate whether the conformation of
the apof,-subunit, stabilised by o~subunit binding, vesembles the
conformation of the holoB,-subunit or the gy-subunit in the azholos,-
complex. These experiments would verify whether the PLP cofactor
and a-subunit induce similar conformational changes in the apop,-

subunit.
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4.7 Structure and Function of the «japos,-complex

The «jholog,-complex catalyses the condensation of indole and L-
serine to give L-tryptophan (Reaction 2 in Table 1) and the hydrolysis
of indoleglycerol-phosphate to give indole and glyceraldehyde-3-

phosphate (Reaction 1 in Table I).

Bartholmes et al. (1980} bhave mixed PLP with aoapoBo-complex and
observed a binding step followed by two consecutive isomerisation
reactions. In addition the authors have demonstrated that full
enzyme activity for the By-subunit partial reaction (Reaction 2

in Table 1) is generated during the second fsomerisation reaction,

However it is not known whether the full enzyme activity for the
a-subunit partial reaction (Reaction 1 in Table I) is generated
in the same fisomerisation reaction as for the g,-subunit partial
redction or in the jsomerisation reactions of Mechansim 38 leading
to the formation of the apapo8j-complex. In the former case, where
the activities for both the e-subunit and B,-subunit partial reactions
increase during the same isomerisation step, this disomerisation
must involve the reorientation of all four subunits of the w,apop,-
complex. In the latter case, where the activity of the a-subunit
partial reaction s maintained constant during the increase in ac-
tivity of the By-subunit partia) reaction, the fsomerisation observed
by Bartholmes et al. {1980) must involve a change located mainly
within the Bp-subunit section of the opholopy-complex. Differen-
tiation of these two possibilities could be achieved by measuring
the rate of jncrease of activity of the a-subunit partial roaction
during the assembly of o-subunit with apogp-subunit or during the

binding of PLP to the ojapoBy-complex.

Ml o
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While this study has been concerned with the assembly of the wyaposy-
compiex, a similar experimental approach has been used to study

the assembly of the asholofp-complex.

Lane et al. (1984) have shown that binding of «-subunit to hologs-
subunit resuTts in an initial ag-complex which subsequently isomerises
to a final ag*-complex. In addition full a-subunit and @p-subunit
activities are achieved in the isomerisation process indicating

synchronous changes of both o~ and g-protomers.

e i A
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