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ABSTRACT: The reactions of 2,3-dihydro-~-tryptophan (DHT) and oxindolyl-L-alanine (OXA) with tryptophan 
synthase have been investigated by rapid-scanning stopped-flow (RSSF) spectroscopy and by the concentration 
dependence of rates measured by single-wavelength stopped-flow (SWSF) spectroscopy. The RSSF spectral 
changes for D H T  and OXA show the disappearance of the internal aldimine (A,,, 412 nm), the formation 
and decay of intermediates absorbing 1 3 4 0  nm, and the appearance of the quinonoid (A,,, 492 and 480 
nm, respectively). Rate  constants determined by S W S F  were either well resolved (Le., k l [DHT],  k-l > 
k2, k-2 > k3, k-3) or indicative of a tightly coupled system (Le., kl[OXA], k-l 1 k2, k-2 > k3, k-3). The 
R S S F  spectral changes and S W S F  kinetic studies together with computer simulations of the kinetic time 
courses are consistent with a mechanism that includes formation of a bleached species. Detection of these 
shorter wavelength species in the reactions of OXA and D H T  indicates that substrate analogues with 
tetrahedral geometry a t  C-3 induce new protein-substrate interactions that result in the accumulation of 
species not previously detected in the tryptophan synthase system. The bleached species with A,,, 1 3 4 0  
nm are proposed as the gem-diamine intermediates. 

T e  pyridoxal phosphate (PLP)' requiring p subunits of the 
az& complex of tryptophan synthase (EC 4.1.2.20) from 
Escherichia coli catalyze the replacement of the P-hydroxyl 
group of L-serine with indole to yield L-tryptophan and water 
(Miles, 1979). The distinctive UV-visible spectral properties 
of the PLP moiety provide a sensitive probe for the detection 
and identification of intermediates formed in the reactions of 
the subunit. 

It has been proposed that an indolenine derivative (I) of the 
L-Trp quinonoid is an intermediate both in the synthesis of 
L-Trp (Lane & Kirschner, 1983; Phillips et al., 1984; Drewe 
& Dunn, 1986) and in the degradation of L-Trp by trypto- 
phanase (Davis & Metzler, 1972). 

I 

In support of this proposal, it has been shown that the L-Trp 
derivatives (aS,3S)-2,3-dihydrotryptophan (DHT) and oxin- 
dolyl-L-alanine (OXA) are potent, slow-binding, and relatively 
tight binding inhibitors, presumably because they form reac- 
tion-intermediate analogues of I (Phillips et al., 1984, 1985). 
Like the proposed indolenine intermediate, these analogues 
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have sp3 hybridization (tetrahedral geometry) at C-3 of the 
heterocyclic indole ring. Addition of OXA or DHT to solu- 
tions of tryptophan synthase results in new absorption bands 
at 480 and 494 nm, respectively, which are ascribed to qui- 
nonoid intermediates (Phillips et al., 1984). 

In this paper, we report the formation and decay of inter- 
mediates in the reactions of azP2 with OXA and DHT, re- 
spectively, via rapid-scanning stopped-flow (RSSF) UV-visible 
spectroscopy. We have followed the concentration depen- 
dencies of these relaxations via conventional single-wavelength 
stopped-flow (SWSF) spectroscopy. Spectral data and kinetic 
analyses indicate the presence of bleached intermediates (with 
A,,, e325 nm) in the reactions of both analogues. Computer 
simulations of the kinetic time courses are consistent with 
mechanisms that include gem-diamine species as bleached 
intermediates. Inhibition by DHT and OXA is principally due 
to the accumulation of these species. 

MATERIALS AND METHODS 
Instrumentation. Routine UV-visible spectra were obtained 

with a Hewlett-Packard 8450A spectrophotometer. Single- 
wavelength transient kinetic studies were performed with a 
Durrum Model D 1 10 stopped-flow spectrophotometer inter- 
faced for on-line computer data acquisition and analysis (Dunn 
et al., 1979). Rapid-scanning stopped-flow spectroscopy was 

~ ~ ~ 

' Abbreviations: PLP, pyridoxal 5'-phosphate; a2&, the native form 
of E .  coli tryptophan synthase; OXA, oxindolyl-L-alanine; DHT, 
(aS,3S)-2,3-dihydrotryptophan. 
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carried out on a modified Durrum Model D110 stopped-flow 
spectrophotometer interfaced with a Princeton Applied Re- 
search 12 18 controller and 12 14 photodiode array detector 
(Dunn et al., 1982; Koerber et al., 1983). The timing sequence 
was 8.605, 17, 26, 34, 95, 120, 510, and 920 ms and 1.97, 4.1, 
6.3, 9.3, 11.9, 14.5, 17, 34, and 69 s. The concentrations 
reported refer to conditions after mixing. 

Materials. OXA was prepared by oxidation of L-Trp, as 
described earlier (Phillips et al., 1984), and (3s)-DHT was 
synthesized from the reduction of L-Trp with pyridineborane 
complex in trifluoroacetic acid and resolved into the (3R) and 
(3s) isomers by preparative HPLC (Phillips et al., 1985). 
Deuteriated (3s)-DHT was prepared by reduction of [a- 
2H]-~-Trp, which was obtained from the deuteriation of L-Ser 
in the tryptophan synthase catalyzed condensation of indole 
and L-Ser in 2H20  (Turner et al., 1985). The reaction mixture 
contained 10 mM L-Ser, 4 mM indole, and 40 FM a2p2 in 0.1 
M Trk2HC1, pH* 8.0, made up in 2H20. The resulting 
[w2H]-~-Trp  was separated from the enzyme and the excess 
L-Ser on a column of Sephadex G-25 superfine, in a modifi- 
cation of the procedure described for purification of 6-azido- 
L-Trp (Miles & Phillips, 1985). The 2H content at  the a 
position was assayed as 295% by 'H NMR integration. 

All other chemicals were purchased from Sigma (reagent 
grade) and used wiihout further purification. Purification of 
E .  coli tryptophan synthase, measurement of enzymatic ac- 
tivity, and determination of protein concentrations were carried 
out as described by Drewe and Dunn (1985) and Drewe 
(1984). 

Computer Simulations. The RUNGE chemical simulation 
program from Anarac Associates was used to test mechanistic 
hypotheses. Differential rate equations for elementary chem- 
ical reactions give reactant concentrations over time. RUNGE 
used a fourth-order Runge-Kutta approximation to calculate 
the theoretical time course of each species in a complex 
chemical reaction. The concentration of all species can be 
calculated over time. 

RESULTS 
Rapid-Scanning Stopped-Flow Studies. The transient 

UV-visible spectral changes that occur in the reaction of 
tryptophan synthase and DHT are shown in Figure 1A. These 
RSSF data present time-resolved spectral changes showing 
the decrease of the internal aldimine (A,,, 412 nm) and the 
appearance of a new species (A,,, 492 nm). The accompa- 
nying single-wavelength time courses (insets to Figure 1A) 
demonstrate the formation and decay of an intermediate with 
A,, 1340 nm, the decay of the 412-nm band, and the increase 
of the 492-nm band. The relative intensities of the spectral 
bands and the lack of a clean isoabsorbance point at  460 nm 
indicate the accumulation of an intermediate with an ab- 
sorption maximum other than 340 or 492 nm. The extinction 
coefficient for the 412-nm band of the internal aldimine is 
about 6000 M-I cm-' (on the basis of comparisons to free PLP 
in 0.1 N NaOH, 0.1 N HC1, and pH 7.8 buffer), while the 
extinction coefficients for tryptophan synthase quinonoidal 
intermediates appear to be 5-10 times greater (depending on 
the substrate) (Miles, 1979, 1986; Dunn et al., 1987a,b). It 
appears that at equilibrium a majority of the enzyme is in the 
form of one or more species with A,,, <320 nm. 

Equilibrium difference absorption spectra show that the 
addition of (3s)-2,3-H2-5-fluoro-Trp to cy2& results in an 
increase at 325 nm (Miles et al., 1986), also indicating a 
shorter wavelength intermediate. Correspondingly, difference 
spectra derived from the RSSF data (see Figure 1 B) reveal 
an increase in absorbance at -312 nm and below. Due to 

the sensitivity limitation of our RSSF detector, spectra become 
increasingly noisy as the A becomes shorter. Therefore, the 
actual A,,, for this UV increase may be located well below 
312 nm. Due to the limitations of the sensitivity of our RSSF 
detector in this wavelength region and to the large absorbancies 
below 300 nm, we have not been able to determine the exact 
nature of the spectral changes at these shorter wavelengths. 
The time course at 312 nm from the RSSF data has been 
plotted and is shown in the inset to Figure 1B. The rate of 
increase at 3 12 nm is faster than the rate of increase at  492 
nm (compare inset d of Figure 1A with the inset to Figure 1B). 
Consequently, the 3 12-nm spectral changes must arise from 
a different intermediate and, therefore, cannot be due to a 
second electronic transition of the 492-nm spectral band. 

The RSSF data for the reaction of tryptophan synthase with 
OXA are presented in Figure 2. Here the time-resolved 
spectral changes show the disappearance of the 412-nm 
spectral band of the internal aldimine and the appearance of 
new spectral bands at 325, and 480, and -445 nm (cf. Figure 
1A). Since there is not a clean isoabsorbance point (viz., the 
time course at 443 nm in the inset to Figure 2), the decay of 
the 412-nm internal aldimine and the formation of the 480-nm 
quinoidal intermediate are not concomitant processes. The 
insets to Figure 2 compare the increases in absorbance at both 
325 and 480 nm with the decrease at 412 nm and the changes 
at 443 nm. These time courses establish that the spectral band 
at 325 nm appears more rapidly than does the band at 480 
nm. 

Single- Wavelength Studies. The contention that interme- 
diates with A,,, 1325 nm accumulate in the reactions of both 
OXA and DHT with tryptophan synthase is supported by 
single-wavelength stopped-flow time courses measured at 
different substrate concentrations. The time course of the 
reaction of DHT with a2p2 was investigated at 412, 492, and 
340 nm with DHT concentrations after mixing ranging from 
0.2 to 4.0 mM. The observed kinetic relaxations were de- 
termined by computer fitting of the time courses to eq l ,  

3 

i= 1 
A,  = A ,  f C A j  e x p ( - t / ~ ~ )  (1) 

where A, is the absorbance at time t ,  A ,  is the absorbance at 
t , ,  Ai is the amplitude of the j th relaxation (7 j ) .  For example, 
the time course at 492 nm (see the inset to Figure 1A) was 
found to be adequately fit when j = 1; consequently, the 
changes at this wavelength are described by a single relaxation. 
Three relaxations each were required to fit the time courses 
at 340 and 412 nm. Analysis of the single-wavelength data 
is summarized in Figure 3A. It was found that three fairly 
well-resolved kinetic relaxations (1/7' > 1 / ~ ~  > 1 / ~ ~ )  are 
adequate to describe the system. Interestingly, over the DHT 
concentration range studied, 1/71 has nearly linear (or non- 
saturating) dependence on the concentration of DHT, 1 / 7 2  

has a hyperbolic (or saturating) dependence, and 1 / r3  has no 
concentration dependence. 

The reaction of OXA with ad2 was investigated at 412,480, 
and 325 nm with final OXA concentrations ranging from 0.15 
to 3.25 mM. As was found for DHT, the OXA reaction occurs 
via three kinetic relaxations. The rates and amplitudes of these 
relaxations (1/71 I 1 / 7 2  > 1/73) were determined by computer 
fitting (eq l ) ,  and the dependencies with respect to OXA 
concentration are summarized in Figure 3B. These depen- 
dencies indicate kinetic relaxations that are typical of a tightly 
coupled system (Bernasconi, 1976) where both 1/71 and 1 / ~ ~  
exhibit hyperbolic (or saturating) dependencies on the con- 
centration of OXA. Tight coupling occurs when 1/7' and 1 / ~ ~  
are of comparable magnitude, Le., only 2-5-fold difference. 



T R Y P T O P H A N  S Y N T H A S E  I N T E R M E D I A T E S  O F  T R P  A N A L O G U E S  

I 

0.4 - 

0.3 ' -  

vj m < . -  

0.1 - 

I A. I 
(a) ! 

400 500 
0 .  1 

WAVELENGTH (nm) (8) 

V O L .  2 1 ,  N O .  2 3 ,  1 9 8 8  8663 

0.20 t 

312nm 

5- 

TIME (9) 

I 19 

FIGURE 1 : (A) Rapid-scanning spectra for the reaction of tryptophan synthase with 2,3-dihydrotryptophan in 0.1 M potassium phosphate, 
pH 7.8 at 22 "C. Total scan time was 68 s. Concentrations after mixing are 30 pM cup protomer and 0.5 mM DHT. The internal aldimine, 
A,,, 412 nm, completely disappears with only a small increase in quinonoid at 492 nm. The complex rise and fall at about 340 nm indicates 
formation and decay of an intermediate. (Inset) Representative single-wavelength stopped-flow time courses at 340 (a), 412 (b), 460 (c), and 
492 nm (d) of tryptophan synthase and DHT. Conditions after mixing are 30 pM CUB protomer and 1 mM DHT in 0.1 M potassium phosphate, 
pH 7.8 at 22 "C. Stopped-flow time courses were also collected and analyzed at substrate final concentrations of 0.25,0.5, 1.0, 2.0, and 4.0 
mM (data not shown). (B) Difference spectra calculated from the RSSF spectra presented in (A). Difference spectra were computed as [(scan), 
- (scan),]. Note that more than 50% of the increase at 312 nm is complete before there is any significant increase at 492 nm. Thus, the 312-nm 
spectral band must represent a different intermediate species rather than a second electronic transition of the 492-nm spectral band. The difference 
spectra have been base-line corrected for lamp drift during the experiment. The inset shows the 312-nm reaction time course reconstructed 
from the RSSF data. 

As will be shown below, the interpretation of these two kinetic 
relaxations is less straightforward because both 1 / T ,  and 1 / r 2  
depend on the four rate constants k, ,  k-,, k,, and k-2 in a 
complex way. 

Kinetic Isotope Studies on the Reaction of ad2 with a-'H- 
and w2H-Substituted 2,3-Dihydrotryptophan. Transient 
kinetic studies were carried out to compare the effects of 2H 
substitution for the a-'H of DHT on the reaction with a2p2. 
When DHT, ranging in concentration from 0.2 to 4.0 mM, 
is mixed with the a2p2 complex, no change in rates or am- 
plitudes is found (data not shown). 

DISCUSSION 
2,3-Dihydrotryptophan (DHT) and oxindolyl-L-alanine 

(OXA) previously have been shown to be potent inhibitors of 
tryptophan synthase (Phillips et al., 1984, 1985). The transient 
kinetic studies of these reaction intermediate analogues were 
undertaken to further investigate the mechanism of enzyme 
inhibition with the expectation that new insight about tryp- 
tophan synthase catalysis would be forthcoming. The long- 

wavelength absorption maxima of the steady-state spectral 
bands formed by DHT or OXA are somewhat red-shifted in 
comparison to other tryptophan synthase quinonoids (Miles, 
1980; Lane & Kirschner, 1981; Drewe & Dunn, 1985,1986; 
Dunn et al., 1987a,b). Nevertheless, these bands have the 
narrow widths and shorter wavelength shoulders characteristic 
of quinonoids. The peak intensities are quite low, indicating 
these quinonoidal spectral bands account for only a small 
fraction of the total number of PLP species present. The 
quinonoids formed via attack of nucleophiles such as P-mer- 
captoethanol, indoline, aniline, or hydroxylamine on the a- 
aminoacrylate intermediate yield spectral bands with apparent 
extinction coefficients in the range 30 000-50 000 M-I cm-l 
(Miles, 1979; Dunn et al., 1987b). Since the fraction of en- 
zyme bound in this form was not known in previous work, the 
extinction coefficients were not estimated. However, in this 
paper, approximate extinction coefficients of some interme- 
diates have been determined as follows. First, from the 
transient kinetic data presented, apparent rate constants were 
calculated. Then computer simulations were carried out to 
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for the reaction of a2P2 with oxindolyl-L-alanine. Total scan time 
is 62 s. Concentrations after mixing are 30 pM a@ protomer and 0.5 
mM OXA in 0.1 M potassium phosphate, pH 7.8 at 22 ‘C. The 
internal aldimine, A,,, 412 nm, decreases as the quinoidal band at 
480 nm increases. (Inset) Representative single-wavelength stop- 
ped-flow time courses at 412 (a), 443 (b), 325 (c), and 480 nm (d) 
for the reaction of tryptophan synthase with oxindolyl-L-alanine. 
Conditions after mixing are 30 pM aP protomer in 0.1 M potassium 
phosphate, pH 7.8 at 22 OC. SWSF data was collected and analyzed 
at final OXA concentrations of 0.18, 0.45, 0.9, 1.8, and 3.6 mM. 

test the proposed mechanisms of the enzyme interaction with 
substrate analogues. With a given mechanism and estimates 
of the specific rate constants for individual steps, the 
Runge-Kutta program generates time courses for enzyme- 
bound intermediates that are normalized with respect to 
relative concentrations. I t  is then possible to determine the 
concentration percentage of the intermediate with respect to 
total enzyme (see Materials and Methods). By use of the 
experimental optical density of an intermediate and fraction 
percent, an approximate extinction coefficient can be deter- 
mined. 

Pathway of the Reaction of ad2 with DHT. The theoretical 
number of relaxations possible is always equal to the number 
of states minus one (Le., one for each step). If states are 
present a t  concentrations below the level of detection, some 
of the relaxations will not be observed. Since three phases are 
detected in the SWSF kinetic studies with DHT, there are no 
fewer than three steps in the reaction. The following mech- 
anism (eq 2) shows the minimum number of intermediates for 
a linear sequence of transformations. 

Since 1 / ~ ]  and 1 / ~ ~  are much greater in magnitude than 
l / r 3 ,  the reaction steps characterized by 117, and 1 / 7 2  

equilibrate much more rapidly and are essentially independent 

[DHT]  (mM) 

DXA] (mM) 

FIGURE 3: (A) Dependence of I/?-,, on DHT concentration. First-order 
rate constants (1 /7,,) determined from the best fit of SWSF in the 
reaction of a2& with DHT (Figure 1A) are plotted as a function of 
[DHT]. 1 / ~ ~  (curve a) shows a linear dependence on substrate 
concentration, 1 /72 (curve b) shows a hyperbolic dependence, and 
1 / 7 3  (curve c) shows no dependence. Since 1 / ~ ~  increases with 
increasing [DHT], a nonsequential mechanism is ruled out. (B) 
Dependence of 1 /T,, on OXA concentration. First-order rate constants 
(1/~, ,)  determined from the best fit of SWSF data in the reaction 
of a2P2 with OXA (Figure 2) were plotted as a function of [OXA]. 
1/71 (curve a) and 1 / 7 2  (curve b) are both hyperbolic and separated 
in magnitude only about 5-fold. This behavior is characteristic of 
a tightly coupled system. 1/73 (curve c) shows no concentration 
dependence. 

of the reaction step(s) characterized by 1 / ~ ~ .  The following 
branched mechanism (eq 3) is also possible: 

( 3 )  

However, neither of the following branched mechanisms (eq 
4 and 5) are capable of fitting the kinetic and spectral data. 

(5) 

Equation 4 requires that the magnitude of 1 / 7 2  decrease with 
increasing substrate concentration (Hammes, 1982), while eq 
5 implies that species B is on a different pathway from species 
C. Neither agrees with experimental observation. 

Relaxation Kinetics for the Reaction of a2P2 with DHT. 
Since all experiments were run with [DHT],, >> [a2P2], the 
pseudo-first-order approximation is valid, and any relaxations 
should be single exponential in form. On the basis of con- 
centration dependencies (Figure 3A), it is clear that kl [DHT], 
kTl > k2, k-2 > k,, k-, and that the first step equilibrates more 
rapidly than the second and the second equilibrates more 
rapidly than the third. 

Expressions consistent with the behavior of the three ob- 
served kinetic phases are given in eq 6-8 [derivations are in 
Bernasconi (1976) pp 32 and 441, 

(6) 1 /71 = k-I + kl [DHT] 
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Table I :  Rate Constants for the Reactions of DHT and OXA with 
Tryptophan Synthase’ 

kl k-] k2 k-2 k3 k-3 
substrate (S-I M-I) (s-]) (s-l) (s-l) (s-]) (s-I) 

DHTb 8.3 X lo’ 11.5 6 0.1 0.01 0.1 
OXAc 2 X lo3 0.35 0.5 0.34 0.01 0.01 

‘Reactions were run in potassium phosphate buffer (0.1 M), pH 7.8 
at 22 OC. bRelaxation rate constants have been determined for the 
system 

E = D H T & E S & E ~ ~ % E ~ ~ ~ - E  
k-l (A) k z  (B) (C)  (DT 

which is described by eq 6 ,  7, and 9 (see text). Structures of interme- 
diates are shown in Scheme I; for assignments, see Discussion. 
Relaxation rate constants have been determined for the system 

which is described by equations 9, 14, and 15 (see text). kl and k-] are 
the apparent rate constants for the formation of EGD from E and OXA 
and, therefore, are functions of k,, k,, koD, and k a D .  Note that since 
ES does not accumulate in the OXA system, ks[OXA], k-2 < koo and 
koD. Structures of intermediates are shown in Scheme I; for assign- 
ments, see Discussion. 

For the special case of k-3 > k3, eq 8 simplifies to eq 9: 

1/73 k-3 (9) 

In agreement with Figure 3A, eq 6 predicts a linear increase 
of 1 /71 with increasing DHT concentration with intercept k-, 
and slope k l ,  eq 7 predicts a hyperbolic increase of 1 / ~ ~  with 
intercept k-, and an asymptote (k2  + k-2), and eq 8 predicts 
a concentration-independent behavior for 1 / T ~  for the special 
case where k-3 >> k3 (eq 9). The best-fit values of the rate 
parameters obtained by fitting the data from Figure 3A to eq 
6, 7, and 9 are listed in Table I. 

Absence of a Kinetic Isotope Effect. There is no detectable 
primary isotope effect when a-2H-substituted DHT is reacted 
with a2P2 (data not shown). If abstraction of an a - H  were 
rate-limiting, then substitution of Q - ~ H  for a-’H should result 
in a primary isotope effect, Le., a slower observed rate. There 
are at least two plausible explanations for not detecting an 
isotope effect. If the formation of the quinonoid occurs in 1 / ~ ~  
via abstraction by a basic group, E-B: at the active site, then 
since 1 / ~ ~  N k-3, solvent exchange to replace E-$B-2H with 
E-$B-’H would mitigate any isotope effect. Thus, k-3 will 
reflect reprotonation of the DHT quinonoid with ‘H derived 
from solvent, not 2H. Alternatively, the formation of the 
quinonoid might occur as a sequence of four steps with the 
formation of species C followed by a more rapid equilibration 
to species D, as shown in eq 10 and 11. 

k l  k2  k s  fast  
E + DHT + A + B e c e D (10) 

k - I  k - 2  k - 3  

Since it is unlikely that an absorption maximum of 492 nm 
is anything other than a quinonoid, let alone a less conjugated 
intermediate, a third possibility, that no quinonoidal inter- 
mediate is formed, can be excluded. 

Computer Modeling of the DHT Mechanism. With the 
calculated rate constants of Table I, the validity of the proposed 
mechanism can be further tested by simulations of the kinetic 
time courses. Figure 4 shows a set of digital computer sim- 
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FIGURE 4: Computer simulations of S W S F  traces modeled from the 
D H T  mechanism. Simulations were calculated for the reaction of 
4 m M  2,3-dihydrotryptophan with 13.3 r M  aj3 protomer. By use 
of the calculated rate constants listed in Table I, the time course for 
the reaction is modeled as a three-step sequence, E + D H T  == A + 
B + C. The digital computer simulations of the kinetic time courses 
for each species were carried out using the fourth-order RungeKut ta  
approximation algorithm. (A) Simulated time course for intermediate 
A. Compare with the 340-nm single-wavelength trace shown in the 
inset to Figure 1A. (B) Simulated time course for intermediate B, 
the “missing” intermediate. Compare with the 3 12-nm single- 
wavelength shown in the inset to Figure 1B. (C) Simulated time course 
for the native enzyme. Compare with the 412-nm single-wavelength 
trace shown in the inset to Figure 1A. (D)  Simulated time course 
for intermediate C. Compare with the 492-nm single-wavelength trace 
shown in the inset to Figure 1A. 

ulations of single-wavelength time courses that are virtually 
identical with the observed single-wavelength time courses (viz., 
insets to Figure 1). The rate of decrease of enzyme (E) 
correlates to the time trace at  412 nm (inset to Figure lA),  
the formation and decay of species A to the 340-nm trace, and 
the monophasic increase of species C to the 492-nm time trace. 
If the reaction pathway occurs via eq 10, then D would follow 
a time course identical with that shown for C. The appearance 
of species B is not seen in the single-wavelength studies at 412, 
340, 492, or 460 nm, but is observed in the increase in ab- 
sorbance around 3 12 nm seen in the RSSF difference spectra 
(Figure 1B). 

The relative concentrations of these species over time cal- 
culated in these simulations are shown in Figure 6A, where 
the computer simulations are based on the rate constants listed 
in Table I for 4 mM DHT and 13 pM azo2. At 58.8 ms, the 
concentration of species A reaches a maximum value, which 
corresponds to 53.6% of the total concentration of /3 sites, and 
then decays to a final (equilibrium) percentage of 1.45%. At 
equilibrium, the relative concentrations of enzyme-bound in- 
termediates are 0.54% internal aldimine (E), 1.45% species 
A, 87.1% species B, and 8.69% species C (or D if the reaction 
pathway occurs via eq 10). 

Chemical Structures of Species Formed in the Reaction of 
a2p2 with DHT. If the assignment of the 492-nm band to a 
quinonoid species is correct, then it is reasonable to expect that 
the reaction of DHT with a2P2 involves at  least four inter- 
converting species: the Michaelis complex (ES), the gem- 
diamine intermediate (EGD), the external aldimine (EAcx), and 
the quinonoid (E,) (Scheme I). 

The structure of species A is very likely the noncovalent 
Michaelis complex. Because the UV-visible spectral properties 
are similar to those of the internal aldimine of native D-serine 
dehydratase, a transient intermediate in transimination is 
identified as a Michaelis complex (Federiuk & Shafer, 1983). 
The dipolar ionic form of the internal aldimine in aspartate 
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Scheme I 
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FIGURE 5: Computer simulations of SWSF traces modeled from the 
OXA mechanism. Simulations are of single-wavelength stopped-flow 
traces for the reaction of OXA with tryptophan synthase. By use 
of the calculated rate constants listed in Table I for 0.15 mM OXA 
and 30 WM a@ protomer, the time course for the reaction is modeled 
as a three-step sequence, E + OXA + X + Y + Z. (A) Simulated 
time course for the native enzyme and intermediate Y. Compare with 
the single-wavelength trace at 412 nm shown in the inset to Figure 
2. (B) Simulated time course for intermediate X. Compare with the 
single-wavelength trace at 325 nm shown in the inset to Figure 2. (C) 
Simulated composite time course for intermediates Y and Z. Compare 
with the single-wavelength trace at 480 nm shown in the inset to Figure 
2. 
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FIGURE 6:  (A) Computer simulations of the formation and decay of 
the enzyme-bound species formed in the reaction of 4 mM DHT with 
13.3 pM a@ protomer over the first 500 ms of reaction. The individual 
extinction coefficients are normalized to show the relative concen- 
trations of enzyme intermediates over time. (B) Computer-simulated 
time courses for the formation and decay of enzyme-bound species 
for the reaction of 0.15 mM OXA with 30 WM a@ protomer over the 
first 30 s of reaction. 

aminotransferase, with an absorption maximum a t  362 nm, 
appears to be the active form (Torchinsky, 1986); therefore, 
the 360-nm spectral band detected in the reaction of 2- 
methylaspartate with aspartate aminotransferase has been 
postulated to be the absorption maximum of a Michaelis 
complex. 

In the reaction of DHT with az&, the transient changes 
detected during T~ could represent small changes in the ex- 
tinction coefficient of the internal aldimine and/or redistri- 
bution of the relative amounts of preexisting PLP species as 

ILYS-E 

R =  q--J 
I: 

or 

u 

R 

ES 

11  

E G D  

11 
R 

a consequence of DHT binding. These species could be the 
enolimine and ketoenamine tautomers of the internal aldimine. 

R R 

ionic tautomer neutral tautomer 
(ketoenamine) (enolimine) 

In neutral aqueous solution, Schiff bases of PLP derived 
from amines with pK, > 7 yield a dark yellow color charac- 
terized by an absorption band at  413-418 nm that represents 
the ionic ketiminium ion tautomer (Davis & Metzler, 1972; 
Metzler et a]., 1980). In organic solvents, which may mimic 
the hydrophobic environment of the enzyme active site (Yang 
et al., 1975), the absorption maximum of model PLP Schiff 
bases is blue-shifted to 330-340 nm (Metzler et al., 1980). 
This blue shift is attributed to the neutral enolimine tautomer 
that Metzler et al. argue is present as a minor species in 
aqueous solution and can be detected as a shoulder at 330 nm. 
A redistribution of ketoenamine and enolimine tautomers could 
alter the ratio of 340- and 412-nm absorbance, thus accounting 
for the detection of T~ at  these wavelengths. In glycogen 
phosphorylase, the enolimine form (the neutral tautomer) 
predominates and the A,,, is located at  330 nm (Johnson et 
al., 1970). The enolimine tautomer becomes more stable as 
the basicity of the amino group from which the Schiff base 
was derived decreases (Kallen et al., 1985). 

Either species C (eq 2) or a species D rapidly formed from 
species C (eq 10) must be the quinonoidal (carbanionic) in- 
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termediate (EQ, Scheme I) .  Both the bandshape and the 
position of the absorption maximum at 492 nm are charac- 
teristic of a quinonoidal species. The calculated extinction 
coefficient is qg2 = 37 400 M-' cm-'. Typical estimates of the 
molar absorptivities of quinonoidal species range from 30 000 
to 63 000 M-' cm-'; a value of 41 OOO M-' cm-' was determined 
for a quinonoid formed by the PLP enzyme, serine hydroxy- 
methylase (Ulevitch & Kallen, 1977). 

The chemical structure of species B, with a proposed ab- 
sorption maximum at 1312 nm, is most reasonably assigned 
to the gem-diamine (tetrahedral) intermediate (EGD, Scheme 
I).  Previously, tetrahedral (or gem-diamine) intermediates 
have not been rigorously identified in tryptophan synthase- 
substrate reactions (Miles, 1986); but tetrahedral intermediates 
have been seen in fluorescence and absorbance stopped-flow 
studies of many other PLP-requiring enzymes, including serine 
transhydroxymethylase (Schirch, 1975), and in model studies 
(Tobias & Kallen, 1975). An absorption maximum of 1312 
nm is consistent with the assignment of B as a tetrahedral 
species. In the reactions of glycine and of 3(S)-2,3-H2-5- 
fluoro-DHT with a#2, similar bands with A,, -330 nm have 
been reported (Miles et al., 1986; Dunn et al., 1987; Houben 
and Dunn, unpublished results). It is likely that these also 
are tetrahedral species. If this assignment is correct, then at 
equilibrium the gem-diamine intermediate accounts for -87% 
of the enzyme-bound PLP species present.2 

Pathway for the Reaction of ad2 with OXA. As with DHT, 
conditions were chosen such that [OXAIo >> [afi2], and, again 
as with DHT, three phases were observed. The kinetic be- 
havior of the OXA system is best rationalized by the pathway 
given in eq 13. However, extension of this pathway to include 

k k k 
E + OXAI'X'Y k-, k-, & Z  k-, (13) 

one more species formed rapidly from Z (viz., eq 10) or the 
branched mechanism depicted in eq 3 are also possible path- 
ways. 

Relaxation Kinetics for the Reaction of a2p2 with OXA. 
In view of the hyperbolic concentration dependencies for both 
l / r l  and 1 / r2  (Figure 3B), it is clear that two of the relaxa- 
tions ( 1 / ~ '  and 1/7?) are tightly coupled and that kl[OXA], 
k-l, k2, k-2 > k3, k+ Therefore, l / r l  and 1/r2 can be treated 
independently of l / r3 .  When there is strong mutual coupling 
such as that exhibited by the OXA system, the equations for 
1 /rl and 1/r2 are mathematically complex expressions, de- 
pendent on the four rate constants kl, k-l, kz, and k-?. In order 
to determine the specific rate coefficients, the following re- 
lationships between the kinetic relaxations are useful (Ber- 
nasconi, 1976, p 28): 

1/71 + 1 / ~ 2  = kl[OXA] + k-1 + k2 + k-2 (14) 

Since tryptophan synthase can catalyze the turnover of PMP to PLP 
(Miles, 1987), the bleached intermediates could also be species with 
tetrahedral '2-4' carbons. 

l i ;co2- 

However, such a species results from the protonation of the C-4' carbon 
in the quinonoidal intermediate. In the case of tryptophan synthase 
interactions with either OXA or DHT, the bleached intermediate occurs 
before the formation of the quinonoid (cf. insets C and D in Figure 1A 
and insets B and D in Figure 2); hence, this kinetic sequence argues 
against a sp' C-4' species. 

and 
(1/71)(1/72) = kl(k2 + k-,)[OXAl + (k-lk-2) (15) 

Equations 14 and 15 predict that plots of l / r l  + 1/r2 and 
(1 /rl)( 1 / r 2 )  versus OXA concentration will yield straight 
lines. If eq 14 and 15 adequately describe the first two re- 
laxations, then with accurate values for the slopes and y in- 
tercepts it is possible to extract values for kl ,  k-,, k2, and k-? 
from these plots. Since 1/r3 shows no dependence on OXA 
concentration, the special case of eq 9, where l / r 3  E k-3, 
applies. 

In principle, determination of the specific rate constants is 
straightforward. However, when the magnitudes of l / r l  and 
1/r2 are not well resolved, it is difficult to obtain precise values 
for the individual rate constants. With this caveat, Table I 
lists the best-fit values of the rate constants obtained from the 
slopes and intercepts of Figure 3B. 

Computer Modeling of the OXA System. The calculated 
rate constants of Table I were fitted to eq 13, and simulated 
time courses were generated. Unlike the well-resolved spectral 
bands of the intermediates detected in the reaction of DHT 
with a2p2, the spectral bands of the OXA intermediates are 
obviously overlapping. In the RSSF data (Figure 2), the 
spectral bands at 412 and 480 nm are both overlapped by a 
broad band centered around 440 nm (compare the base lines 
of Figures 1A and 2). Therefore, in order to simulate the 
observed single-wavelength time courses for the OXA system, 
it is useful to construct curves that are a composite of more 
than one species. Figure 5A, which models the trace at 412 
nm (inset to Figure 2), is a composite of the formation and 
decay of both species Y and E. Figure 5B describes the ab- 
sorption increase at 325 nm over time of species X, and Figure 
5C is a composite of the predicted time courses for both species 
Z and Y at 480 nm. Parameter constants used are [a2p2] = 
30 pM, [OXA] = 0.15 (or 1.5 mM). The extinction coeffi- 
cient of the external aldimine3 is set at E 7500 M-' cm-'. 

By use of the calculated rate constants, the computer-gen- 
erated relative concentrations of tryptophan synthase OXA 
intermediates (over a 30-s time scale) have been plotted in 
Figure 6B. With an OXA concentration of 1.5 mM, the 
equilibrium concentrations of the various enzyme species are 
4.4%, species E (internal aldimine); 37.1%, species X; 5576, 
species Y; and 5.1%, species Z. 

Chemical Structures of Species Formed in the Reaction of 
OXA with ad2. As with DHT, the reaction of OXA with a2p2 
should involve the intermediate pathway depicted in Scheme 
I. The absorption maximum at 325 nm and the estimated 
extinction coefficient of 4500 M-' cm-I indicate species X is 
probably a tetrahedral (gem-diamine) intermediate (see dis- 
cussion of DHT intermediates; EGD in Scheme I).  These 
UV-visible spectral characteristics are similar to those of the 
gem-diamine intermediate formed in the reaction between 
DHT and a2p2. The corresponding DHT species has an ab- 
sorption maximum at 1312 nm. 

Species Z must be the quinonoidal intermediate (EQ in 
Scheme I ) .  Both the shape and the position (480 nm) of the 
long-wavelength band are characteristic of a quinonoidal 
structure. The calculated extinction coefficient (assuming 
species Y also contributes to the change in absorbance mea- 
sured at 480 nm) is 50000 M-' cm-', a value somewhat higher 
than the 37 000 M-' cm-' value assigned to the quinonoidal 

The extinction coefficient for the external aldimine is approximated 
from studies of L-serine and p2 (Miles, 1979; Drewe & Dum,  1985). 
Since the neutral tautomer of the aldimine will have an absorption 
maximum at a shorter wavelength, the estimated extinction coefficient 
of the external aldimine at 440 nm is probably high. 
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2,3-dihydroindole moiety of DHT or the oxyindole moiety of 
OXA for all the other intermediates. This misfitting will bring 
about a different set of interactions between enzyme site and 
reacting analogue (compare parts A and B of Figure 7) with 
the result that both the relative thermodynamic stabilities and 
the activation energies for interconversion of intermediates are 
changed. The enhanced stability of the DHT and OXA 
gem-diamines is the most striking manifestation of the steric 
and electronic constraints imposed by the site on the DHT and 
OXA systems. 

Registry No. DHT, 103128-79-6; OXA, 16008-59-6; tryptophan 
synthase, 90 14-52-2. 
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L-TRP Schiff‘s Base DHT Schiff‘s Base 
FIGURE 7: Representation of steric constraints (hypothetical) a t  the 
indole ring subsite of the &subunit catalytic site. In (A), the subsite 
conformation provides a van der Waals surface (solid arcs) com- 
plementary to the indole moiety of the L-Trp Schiff base. In (B), 
due to the sp3 configuration of (2-3, the same subsite conformation 
would make unfavorable van der Waals contacts (e-) with the 2,3- 
dihydroindole ring moiety of the DHT Schiff base. 

band of DHT. And finally, the chemical structure of species 
Y, with a proposed absorption maximum centered at -440 
nm, is likely to be the external aldimine (EAex in Scheme I).  

Steric Constraints and Conformation Change during Ca- 
talysis. In the synthesis of L-Trp from L-Ser and indole, the 
interconversion of @-subunit chemical intermediates occurs in 
a series of sp2 sp3 interconversions at six different atoms 
of the reacting molecules. These atoms are the C-4’ of PLP, 
N-E of Lys 87, C-3 of indole, and the N - a ,  C-a  and C-/3 of 
the amino acid (L-Ser and/or L-Trp). These changes in 
bonding hybridization must cause large changes in the relative 
positions of atoms of the reacting amino acid, the indole 
moiety, and the PLP ring during catalysis. It is unlikely that 
a single-site conformation could accommodate all these 
structures. Consequently, it seems likely that the intercon- 
version of these covalent intermediates is accompanied by 
obligatory changes in site conformation. Such conformational 
changes would facilitate the structural and electronic changes 
in the reacting substrates and cofactor. This picture of ca- 
talysis predicts that ground-state energies of intermediate states 
and activation energies for intermediate interconversion will 
be sensitive to structural alterations in substrate analogues such 
as DHT and OXA. 

If the “bleached” intermediates detected in the reactions of 
DHT and OXA with cy2& are correctly identified as tetra- 
hedral (gem-diamine) adducts, then the accumulation of these 
intermediates as the most stable species on the DHT and OXA 
pathways is a remarkable departure from the behaviors of the 
natural substrates (L-Ser and L-Trp). The gem-diamine species 
have not been detected as transient intermediates in the L-Ser 
or L-Trp reactions (Lane & Kirschner, 1981, 1983; Drewe & 
Dunn, 1985). Since the gem-diamines are obligatory inter- 
mediates for these reactions, decay rates must exceed the very 
fast formation rates. In contrast, the DHT and OXA gem- 
diamines are characterized by slow formation rates and even 
slower decay rates. The most remarkable structural difference 
between L-Trp and DHT or OXA is the geometry of the ring 
C-3 atom. All of the DHT and OXA intermediates retain the 
sp3 configuration at C-3. The quinonoid with structure I is 
the only L-Trp intermediate expected to exhibit sp3 hybrid- 
ization at C-3. Therefore, only the DHT and OXA quinonoids 
should bind properly to the same enzyme conformation that 
binds the corresponding L-Trp quinonoid with sp3 C-3 (viz., 
structure I). Because all other 0-subunit conformations are 
designed to accommodate structures with sp2 rather than sp3 
hybridization at the indole ring C-3 position (viz., Figure 7), 
there will be a “misfit” between the indole substrate and the 
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31P NMR Studies of the Structure of Cation-Nucleotide Complexes Bound to 
Porcine Muscle Adenylate Kinase? 
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ABSTRACT: The paramagnetic effects on the spin-relaxation rates of 31P nuclei in complexes of porcine muscle 
adenylate kinase with ATP, GTP, GDP, and AMP were measured in the presence of two dissimilar activating 
paramagnetic cations, Mn(I1) and Co(II), to examine the structures of the enzyme-bound complexes. 
Experiments were performed exclusively on enzyme-bound complexes to limit contributions to observed 
relaxation rates to two exchanging complexes (with and without cation). Measurements were made at three 
frequencies, 81, 121.5, and 190.2 MHz, and as a function of temperature in the range 5-30 OC to determine 
the effect of exchange on the observed relaxation rates. Relaxation rates in the E-MnATP, E-MnGTP, and 
ESMnGDP complexes were shown to be exchange-limited and therefore without structural information. 
Relaxation rates for the complexes ECoATP, ECoGTP, and E-CoGDP were shown to depend on C O ( I I ) - ~ ~ P  
distances. Inability to precisely estimate spectral densities arising from electronic relaxation of Co(I1) restricts 
calculations of CO(II ) -~’P  distances in these complexes to upper and lower limits. At the center of these 
limits, the C O ( I I ) - ~ ~ P  distances of p-P and y-P  in E-CoATP and E-CoGTP, and of p-P (EsCoGDP), are 
in the range 3.1-3.5 8, appropriate for the first coordination s here. For all these complexes, the corresponding 
distance for a-P is appreciably larger in the range 3.9-4.5 1 In the quaternary complex, E-MnGDP-AMP, 
while the 31P relaxation rates of a-P and p-P (GDP) were exchange-limited, that for 31P in A M P  was only 
partially exchange limited at  121.5 MHz [because of the longer Mn(II)-31P distance] as evidenced by its 
frequency dependence and an activation energy of 4 kcal/mol. The ability to measure structure-dependent 
31P relaxation rates for AMP in the quaternary complex with both Mn(I1) and Co(I1) at all the frequencies 
allowed approximate estimates of the lifetime and correlation time for the Mn(I1) complex. On this basis 
a value of 5.9 8, appears appropriate for the Mn(I1)-P(AMP) distance in the complexes E-MnGDP-AMP 
and E-CoGDPeAMP. 

A d e n y l a t e  kinase (EC 2.7.4.3) catalyzes the reversible re- 
action 

MgATP + AMP e MgADP + ADP (1) 
The enzyme is most abundant in tissues, such as muscle, in 
which the energy turnover is considerable (Noda, 1973) and 
is essential for production of adenine nucleotides beyond the 
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monophosphate. Kinetic and NMR experiments have detected 
two distinct substrate binding sites, one of which binds MgATP 
and MgADP while the other is specific for uncomplexed AMP 
and ADP (Noda, 1958; Rhoads & Lowenstein, 1968; Hamada 
& Kuby, 1978; Nageswara Rao et al., 1978). GTP and 
MgGTP are known to bind at the MgATP site with reasonable 
affinity (Price et al., 1973). In contrast, however, the AMP 
site is highly specific for adenine nucleotides. 

There is continuing debate about the positions of the two 
substrate binding sites on adenylate kinase despite the fact that 

I Abbreviations: ATP, adenosine 5’-triphosphate; ADP, adenosine 
5’-diphosphate; AMP, adenosine 5’-monophosphate; GTP, guanosine 
5’-triphosphate; GDP, guanosine 5’-diphosphate; DTT, dithiothreitol; 
EDTA, ethylenediaminetetraacetic acid; Hepes, N-(2-hydroxyethyl)- 
piperazine-Nf-2-ethanesulfonic acid; E.M& enzyme-metal-substrate; 
ES, enzyme-substrate; NTP, nucleoside 5’-triphosphate; NDP, nucleo- 
side 5’-diphosphate; EPR, electron paramagnetic resonance; NMR, nu- 
clear magnetic resonance; CD, circular dichroism. 
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