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ABSTRACT: Rapid-scanning stopped-flow (RSSF) UV-visible spectroscopy has been used to investigate the 
UV-visible absorption changes (300-550 nm) that occur in the spectrum of enzyme-bound pyridoxal 
5’-phosphate during the reaction of L-serine with the a2p2 and pz forms of Escherichia coli tryptophan 
synthase. In agreement with previous kinetic studies [Lane, A., & Kirschner, K. (1983) Eur. J. Biochem. 
129, 561-5701, the reaction with a2B2 was found to occur in three detectable relaxations ( 1 / ~ ~  > 1 / ~ ~  > 
l / ~ ~ ) .  The RSSF data reveal that during T ~ ,  the internal aldimine, E(PLP), with A,,, = 412 nm (pH 7.8), 
undergoes rapid conversion to two transient species, one with A,,, N 420 nm and one with A,,, N 460 nm. 
These species decay in a biphasic process ( 1 / ~ ~ ,  l / ~ ~ )  to a complicated final spectrum with A,,, N 350 
nm and with a broad envelope of absorbance extending out to approximately 525 nm. Analysis of the 
time-resolved spectra establishes that the spectral changes in T~ are nearly identical with the spectral changes 
in T ~ .  Kinetic isotope effects due to substitution of 2H for the a-’H of serine were found to increase the 
amount of the 420-nm transient and to decrease the amount of the species with A,,, N 460 nm. These 
findings identify the serine Schiff base (the external aldimine) as the 420 nm absorbing, highly fluorescent 
transient; the species with A,,, N 460 nm is the delocalized carbanion (quinoidal) species derived from 
abstraction of the a proton from the external aldimine. The reaction of L-serine with p2 consists of two 
relaxations ( 1 / ~ ~ @  > 1 / ~ ~ @ )  and yields a quasi-stable species with A,,, = 420 nm, in good agreement with 
a previous report [Miles, E. W., Hatanaka, M., & Crawford, I. P. (1968) Biochemistry 7, 2742-27531. 
Analysis of the RSSF spectra indicates that the same spectral change occurs in each phase of the reaction. 
The similarity of the spectral changes that occur in T~ and T~ of the a2p2 reaction is postulated to originate 
from the existence of two (slowly) interconverting forms of the enzyme. A similar explanation is proposed 
to explain the biphasic character of the reaction of pz with L-serine. It is proposed that the spectrum of 
the product of the L-serine reaction with azP2 contains contributions from the Schiff base of the reactive 
a-aminoacrylate species, the external aldimine, and the quinoidal species, all in rapid equilibrium. 

%e enzyme Escherichia coli tryptophan synthase catalyzes 
the synthesis of tryptophan (Miles, 1979; Yanofsky & Craw- 
ford, 1970). The physiologically important synthetic path 
involves the reactants 3-indole-d-glycerol 3’-phosphate (IGP) 
and L-serine (Scheme I). Indole can be used in place of IGP. 
The native enzyme is a bienzyme complex with subunit com- 
position a2p2. The a subunits have been shown to catalyze 
the conversion of IGP to indole and d-glyceraldehyde 3- 
phosphate. The p subunits contain tightly bound pyridoxal 
phosphate (in the form of a lysine Schiff base) and have been 
shown to catalyze the reaction of indole with serine to yield 
tryptophan and a water molecule. 

Both at the level of subunit function and at the level of the 
chemical transformations, the a2P2 complex provides a very 
interesting system for the investigation of enzyme catalysis. 
The works of Yanofsky, Crawford, Miles, Hammes, York, 
Kirschner, and their colleagues have found evidence for the 
existence of cooperative subunit interactions and heterotropic 
site-site interactions between the a and /3 subunits. The 
catalytic transformation is potentially an extremely rich source 
of chemical detail. The overall conversion of IGP and serine 
to tryptophan and water at the minimum must involve both 
the formation and the scission of the following bond types: 
C-C, C-H, C-N, C-0, N-H, and O-H (viz., Scheme I). 
These transformations are most reasonably interpreted to m u r  
via the catalytic action of acidic and basic groups at the two 
types of active sites. In addition, the PLP’ moiety plays a 
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critical role in the catalytic function of the /3 subunit as an 
electrophilic catalytic group in the activation of L-serine for 
reaction with indole. The tryptophan synthase system takes 
on additional interest and significance from the fact that, as 
an enzyme derived from the intensely investigated E.  coli 
tryptophan operon, there are available a wide variety of in- 
teresting mutant enzyme species with altered catalytic activities 
and allosteric properties. 

For those processes catalyzed by the /3 subunits, the dis- 
tinctive UV-visible spectral properties of the PLP moiety allow 
easy detection of intermediates along the reaction path. The 
rapid kinetic studies of York, Hammes, Miles, Kirschner, and 
their colleagues (York, 1970, 1972; Goldberg et al., 1968; 
Goldberg & Baldwin, 1967; Faeder & Hammes, 1970, 1971; 
Miles et al., 1968; Lane & Kirschner, 1981, 1983a,b) have 
shown that the formation of tryptophan from L-serine and 

Abbreviations: PLP, pyridoxal S’-phosphate; ad2 and &, the native 
and b2 forms of E.  coli tryptophan synthase (EC 4.2.1.20), respectively; 
E and E*, enzyme forms distinguished by differences in reactivity toward 
substrates; E(Ain), the internal r-imino lysyl aldimine form of enzyme- 
bound PLP; E@), the enzyme-serine Michaelis complex; E(Aex,) and 
E(Aex2), the external aldimines formed respectively with L-serine and 
L-tryptophan; E(T,) and E(T2), the tetrahedral intermediates formed 
respectively in the reactions of L-serine and L-tryptophan with the internal 
aldimine form of enzyme-bound PLP E(Q,), E(Q2), and E(Q,), qui- 
noidal species formed along the reaction path; E(A-A), the enzyme- 
bound a-aminoacrylate Schiff base with PLP  EDTA, ethylenediamine- 
tetraacetate; RSSF, rapid-scanning stopped flow. 
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Scheme Ia 
Catalysis at the Active Sites of the 01 Subunits 
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a Note that although the protonation state of the PLP chromophore may be different at various steps in catalysis, for simplicity only a 
single protonation state is shown for each step in this scheme. 

indole is a complex multistep process involving several ki- 
netically and spectroscopically detectable intermediates. These 
previous stopped-flow, rapid-mixing, and temperature per- 
turbation of equilibrium studies have (of necessity) relied upon 
single-wavelength measurements. In many instances, the 
kinetic work has been carried out through detection of 
fluorescence changes (with excitation at a single wavelength) 
associated with the PLP chromophore. While these studies 
have contributed substantially to our understanding of the 
kinetic complexity of the chemical transformations, a detailed 
analysis of the changes in the UV-visible absorption spectrum 
that accompany the formation and decay of these intermediates 
has not yet been presented. 

Accordingly, we have initiated detailed investigations of the 
catalytic mechanism by using rapid-scanning UV-visible 
spectroscopy in combination with a rapid-mixing stopped-flow 
apparatus. In this initial account of our studies, we investigate 
the partial reactions of L-serine with the native a2p2 complex 
and with the ,& dimer. In subsequent papers, we will inves- 
tigate the pre-steady-state phases of the reaction of indole and 

L-serine with the native complex under different pre- 
mixing conditions. As will be shown, these studies provide new 
and more detailed information about the spectral and kinetic 
properties of the intermediates involved in these reactions. 
Largely due to advances in the technology used, these studies 
reveal that additional, heretofore unsuspected, intermediates 
are formed in these reactions. 

MATERIALS AND METHODS 
Ammonium sulfate (enzyme grade) was purchased from 

SchwarzIMann. Sepharose CL-4B was purchased from 
Pharmacia. All other reagent-grade chemicals were purchased 
from Sigma and were used without further purification. Buffer 
solutions were prepared by using doubly glass-distilled water. 
Enzymatic activity and protein concentration were determined 
as described by Miles & Moriguchi (1977). ~~-[a- 'H]Serine 
was prepared by the method of Miles &McPhie (1974). E .  
coli W3 110 tryR-AtryLD102/FAtryLD102 (generously pro- 
vided by Dr. C. Yanofsky) was grown at 37 OC to early sta- 
tionary phase in a media composed of 0.05% acid-hydrolyzed 
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Table I: Summary of Rate Constants, Amplitudes, and Isotope Effects for the Reactions of the a2& and @2 Forms of E .  coli Tryptophan 
Synthase with L-Serine and with D L - ~ ~ H I -  and ~ ~ - l a - ~ H 1 S e r i n e '  

a202 E .  coli tryptophan synthase 
1/73 

A2b s )  ( -1 b 
1/72 

(mM) abs fluorescence s )  Alb s )  ( - I  b 
[serine] (nm) 1/71 ( -1 b 

40 (L) 330 68 0.049d 16.5 0.007d 1.2d 
382 64 0.014' 0.6d 
430 69 0.205e 13.0 0.02' 0.3' 
468 71 0.036' 0.4d 

4.0 (L) 430 65' 0.062' 13.Se 0.039' 0.4c 
0.4 (L) 330 12.0 0.0096d 2.65 0.0022d 0.4d 

380 0.65' 
430 14.3 0.055' 2.45 0.009e 0.30' 
454 145 0.038d 15.6 0.009c 4.25 0.0018c 0.35' 
460 136 0.019d 0.50d 

8 (DL-['H]) A, = 405, A,, = 465 195 2.10esd 67.0 3.47' 
8 IDL-13H1) X.. = 405. A., > 465 137 3.09'qd 15.2 2.94' 

~ ~ ~~ _ _ _ _ _ _ _ _ _ _ ~ ~ _ _ _ _ _ _ _  

[serine] (nm) j3* E .  coli tryptophan synthase 
(mM) abs fluorescence 1 / 7 , 2  AI2 1 / T , P  A92 

~ 

40 430 207 0.034d 41 0.057d 
40 A,, = 405, A,, 1 4 6 5  20 1 1 .27d 37 2.31d 

"At 25 OC, in 0.1 M pH 7.80 potassium phosphate buffer containing 1 mM EDTA, with 13.3 pM a2P2 or 13.3 pM Pz. bRate constants and 
amplitudes were determined via computer analysis using a nonlinear least-squares reiterative algorithm that assumes the reaction time courses are 
composed of multiple exponential relaxations (Dum et al., 1979). Amplitudes are given in units of Aabsorbance for the absorbance measurements 
and in units of AV for the fluorescence measurements. cThese voltage values are the actual maximum voltage increases observed during l/rl as the 
fluorescent intermediate forms (viz., Figure 5B). dIncreasing signal amplitude. eDecreasing signal amplitude. /The amplitudes for 1 /r4 are all 
relatively small, 10.003 AAbs. 

casein, 0.5% glucose, and 25 mg/L tryptophan in Vogel- 
Bonner minimal salts (Vogel & Bonner, 1956) at pH 7.0 
(Adaci et al., 1974). 

Purification of Tryptophan Synthase. All purification steps 
were carried out at 0-4 "C. This purification scheme is a 
modification combining the procedure of Adachi et al. (1974) 
with the Sepharose CL-4B column chromatography (final step) 
of Tschopp & Kirschner (1980). The enzyme was stored as 
an ammonium sulfate (35 g/100 mL) precipitate at 4 OC. For 
any experimental use, suitable amounts of the a2P2 form of 
the enzyme were centrifuged for 20 min at 25000g, and the 
pellet obtained was dissolved in a minimal volume of 0.1 M 
potassium phosphate buffer, pH 7.80, containing 1 mM 
EDTA. This enzyme solution then was dialyzed against 2 
500-mL volumes of the same buffer overnight. The P2 form 
of the enzyme was prepared according to the procedure of 
Hogberg-Raiband & Goldberg (1977). For experimental use, 
the P2 dimer was treated in the same manner as the ad2 form 
of the enzyme. The purities of a2P2 and P2 were found to be 
>95% according to analysis by SDS-PAGE (Laemmli, 1970). 

Static and Kinetic Spectral Measurements. Routine UV- 
visible spectral data were obtained with Varian 635 and 
Hewlett-Packard 8450A spectrophotometers. Single-wave- 
length transient kinetic studies were performed with a Durrum 
Model D-1 10 stopped-flow spectrophotometer (20-mm light 
path) interfaced for on-line computer data acquisition and 
analysis. The hardware and software for this system have been 
described (Dunn et al., 1979). The concentrations reported 
refer to conditions after mixing. 

Rapid-Scanning Stopped-Flow (R.SSfl Spectrophotometry. 
The RSSF spectrophotometer used in these studies employed 
elements of the Durrum D-110 with a Princeton Applied 
Research (PAR) OMA-2 multichannel analyzer, 1218 con- 
troller, and 1214 photodiode array detector. An external 
time-delay firing circuit (Koerber, 1981) was used to ensure 
that the temporal events of flow stoppage and the initiation 
of data acquisition occur close together in time (typically 2-4 
ms after flow stopped). The hardware and software for this 
RSSF system have been described (Koerber et al., 1983). 

For the spectra reported herein, the collection of the first 

scan relative to flow cessation is noted in the figure legends. 
In Figures 1 and 2, the repetitive scan rate is 8.605 ms with 
scan delays to give the following pattern of scans. The 2nd 
through 19th scans were collected at the following intervals 
after the first: (2) 8.6, (3) 17.2, (4) 25.8, (5) 34.4, (6) 43.0, 
(7) 51.6, (8) 60.2, (9) 68.8, (10) 77.4, (11) 86.1, (12) 94.7, 
(13) 129, (14) 164, (15) 207, (16) 336, (17) 465, (18) 1110, 
and (19) 1970 ms. In Figure 4, the repetitive scan rate is 4.67 
ms, and scans were collected at the following intervals after 
the first: (2) 4.7, (c) 9.3, (4) 14.0, (5) 18.7, (6) 23.4, (7) 28.0, 
(8) 32.7, (9) 42.0, (10) 51.4, (11) 60.7, (12) 70.1, (13) 107, 
(14) 154, (15) 247, (16) 387, (17) 761, (18) 1135, and (19) 
1980 ms. In a typical experiment, a "100% transmission" 
reference spectrum (defined as the light transmitted by the 
buffer solution used) and the diode "dark-current" spectrum 
are first collected and stored. By use of these stored spectra, 
the rapid scanning data are converted to absorbance and stored 
directly on the floppy disc. 

The signals from the 1000 pixels used in these studies were 
grouped and averaged in sets of either four or eight, resulting 
in a resolution of &2 nm (at 8.605 ms/scan) and f 4  nm (at 
4.67 ms/scan). The software of the OMA-2 allow arithmetic 
manipulation of the data to yield single-wavelength time 
courses and difference spectra. 

RESULTS 
Rapid-Scanning Studies of the Reaction of a2P2 with L- 

Serine. The absorbance changes that occur during the reaction 
of e2P2 at high (40 mM) and low (0.4 mM) levels of L-serine 
as observed by rapid-scanning stopped-flow spectroscopy are 
presented in Figure 1A-D. As will be shown (viz., the sin- 
gle-wavelength time courses in Figure 1 and Table I), these 
time courses consist of at least four relaxations. Henceforth, 
these relaxations are designated rl, r2, T ~ ,  and r4 in order of 
decreasing rate. The family of time-dependent spectra for the 
wavelength region 300-550 nm (Figure 1A) for the reaction 
with 40 mM L-serine show that during the dead time of the 
experiment ( N  5 ms) the optical densities in the 400-525-nm 
region increase ( r l ) .  The changes during r1 result in a red 
shift of the A,,, from 412 (the native enzyme, spectrum 0) 
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FIGURE 1 :  Rapid-scanning stopped-flow spectra and difference spectra showing the formation and decay of the 425-nm intermediate and the 
formation of the pale species for the reaction of the a2P2 enzyme with L-serine. Enzyme spectra A and C and difference spectra B and D were 
measured respectively at  high (40 mM) and low (0.4 mM) concentrations of L-serine. Before mixing, the enzyme was contained in one syringe 
while L-serine was contained in the other syringe. In (A) and (C), the traces designated 0 are the reconstructed spectra of the reactants. The 
initiation of scanning in (A) and (C) occurred respectively 1 and 3 ms after flow stopped. See Materials and Methods for the timing sequence. 
Difference spectra (B) and (D) were computed as (scan), - (scan), from the data presented in (A) and (C), respectively. The insets are 
single-wavelength time courses reconstructed from the RSSF data a t  (A) 430 and (C) 454 nm, respectively. Conditions after mixing: (A 
and B) [ ~ - S e r ]  = 40 mM; (C and D) [ ~ - S e r ]  = 0.4 mM. In each experiment: [a2P2] = 13.3  pM, 0.1 M potassium phosphate and 1 mM 
EDTA, pH 7.80, 25 O C .  The conventional stopped-flow time courses (a-i) are for the reaction of the ad2 enzyme with 40 mM L-serine (a-d) 
and 0.4 mM L-serine (e-i). Assuming the minimum number of consecutive first-order processes, the best fits of the data are as follows: (330 
nm) (a) 1 / ~ ~  = 68 s-I, 1 / ~ ~  = 16.5 s-l, and 1 / ~ ~  = 1.2 s-l; (430 nm) (b) 1 / i 2  = 69 s-l, 1 / ~ ~  = 13 s-l, and 1 / ~ ~  = 0.3 s-l; (382 nm) (c) 1 / i 2  
= 64 s-l and 1 / i 4  = 0.6 s-l; (468 nm) (d) 1 / i 2  = 71 s-l and 1 / ~ ~  = 0.4 s-l; (330 nm) (e) 1 / i 2  = 12.0 s-l, l / ~ ~  = 2.65 s-l, and 1 / ~ ~  = 0.4 
s-I; (430 nm) (f) 1 / ~ ~  = 14.3 s-l, l / r ,  = 2.45 s-l, and 1 / i 4  = 0.30 s-l; (454 nm) (g) 1/rl  = 145 s-’, 1 / i 2  = 15.6 s-’, 1 / ~ ~  = 4.25 s-l, and 
l / i 4  = 0.35 s-l; (380 nm) (h) 1 / ~ ~  = 0.65 s-l; (460 nm) (i) 1 / ~ ~  = 136 s-’ and 1 / ~ ~  = 0.5 s-l. 

to  425 nm (spectrum 1). Following this time-unresolved shift, 
t he re  is observed a n  appa ren t  biphasic decrease (i2 a n d  T ~ )  

in  opt ical  densit ies between 380 a n d  470 n m  a n d  a biphasic 

increase in  t h e  300-380-nm and  470-550-nm regions. T h e  
inset to F igure  1A presents t h e  “time slice” taken  f rom the  
RSSF d a t a  a t  430 nm a n d  shows both t h e  biphasic decrease 
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in absorbance and the timing pattern used to gather this family 
of spectra. As previously reported by York (1970) and by 
Lane & Kirschner (1983a), the fourth relaxation (74) is 
characterized by a very small amplitude and a very slow rate 
(Table I). This relaxation only becomes detectable on time 
scales >1 s. Because the specific turnover rate k,, > 5 s-l 

at  pH 7.8 and 25 "C, both groups have considered 74 to be 
irrelevant to catalysis. Accordingly, we also neglect 74 in the 
present study. 

In the reaction with 40 mM L-serine (Figure lA),  there 
appear to be no true isosbestic points; but at  379 nm, there 
is only a very small deviation from true isosbesty (<0.005 
AOD). The spectra indicate the existence of two apparent 
isoabsorptive points during 7, located at 383 and 470 nm. 
During both phases of the decay of this 425-nm species ( 7 2  

and 7,), the absorbance decreases at  both 383 and 470 nm. 
The decay of this 425 nm absorbing species during 7 2  and 73 

is more clearly shown in the difference spectra generated by 
subtraction of the enzyme spectrum (no. 0) from each of the 
scans (Figure 1B). These difference spectra show that the 
optical density changes in each phase, as indicated by the 
positions of maxima and minima, are nearly identical. Again, 
it can be seen that as the 425-nm species decays (during 7 2  

and 7,), the optical densities increase both in the wavelength 
region less than 380 nm and in the region greater than 470 
nm. 

When a lower level of L-serine is used (4 mM), the ap- 
pearance (7J of the 425-nm band is slower and can be detected 
(data not shown); otherwise, the pattern of the spectral changes 
is quite similar to the pattern shown in Figure 1A (compare 
Figure 1A with Figure 4A below). Again, there appear to be 
no isosbestic points. The family of spectra do indicate the 
existence of two apparent isoabsorptive points during the last 
observed phase (7,) at 380 and 470 nm. During the fastest 
phase (72) of the decay of the 425-nm species, the absorbance 
decreases at  both 380 and 470 nm. 

At the lowest level of L-serine used (0.4 mM), the formation 
of the transient 425-nm band is not as apparent as with the 
higher concentrations of L-serine. However, at certain char- 
acteristic wavelengths, the optical density changes are triphasic. 
The time slice at 454 nm (the inset to Figure 1C) and the 
single-wavelength time course (trace g) clearly show this 
triphasicity; again, as found with the higher level (4 mM) of 
L-serine, there first occurs an increase (71) followed by a 
biphasic decrease in optical density ( 7 2  and 73). This tri- 
phasicity is found in the 410-460-nm region (Figure lC,D). 

In the regions of 300-380 nm and 460-550 nm (Figure 
lC,D), there is a biphasic increase (72  and T ~ )  in absorbance 
while the region between 380 and 410 nm undergoes a biphasic 
decrease ( 7 2  and 7,). Again, no true isosbestic points were 
found, but at 380 nm, there is only a very small increase in 
absorbance. The spectra do indicate one apparent isoab- 
sorptive point at 460 nm during 7,. During the fast increase 
(71) in absorbance at 454 nm, there is a corresponding increase 
at  460 nm. The family of difference spectra (Figure 1D) 
generated by subtraction of the enzyme spectrum (no. 0) from 
each of the scans more clearly shows the presence of the 
isoabsorptive point at  460 nm. 

Single- Wavelength Stopped-Flow Studies. Single-wave- 
length rapid-mixing experiments carried out under experi- 
mental conditions identical with those used in the RSSF studies 
were undertaken to verify the lack of isosbestic points, to verify 
the existence of isoabsorptive points, and to gather accurate 
rate parameters. Traces a-d of Figure 1 show the time courses 
measured at  330,430, 382, and 468 nm with high (40 mM) 

I 
325 100 500 

WAVELENGTH (nm) 

FIGURE 2: Rapid-scanning stopped-flow spectra showing the formation 
of the aqua (420-nm) species during the reaction of the p2 enzyme 
with L-serine. Trace 0 is the reconstructed spectrum of the reactants. 
The initiation of scanning occurred 2 ms after flow stopped. Conditions 
after mixing: [~-serine] = 40 mM; [p2] = 13.3 pM, 0.1 M potassium 
phosphate buffer and 1 m M  EDTA, pH 7.80; 25 O C .  The inset is 
a conventional stopped-flow time course measured at 430 nm on mixing 
the Pz enzyme with 40 mM L-serine. See Materials and Methods 
for the timing sequence. 

L-serine. The absorbance at  430 nm increases within the 
instrument dead time (assumed to consist of a single relaxation, 
7J and then decreases in three distinct steps according to the 
expression 
AAt = A l  exp(-t/~,)  - A2 exp(-t/~,) - A3 exp(-t/~,) - 

A4 exp(-t/74) (1) 
where 1 1 ~ ~  is the apparent first-order rate constant for the 
absorbance increase at  430 nm and 1 / ~ ~ ,  1 / ~ ~ ,  and 1 1 ~ ~  are 
the apparent first-order rate constants for the decrease at 430 
nm. AI, A2, A,, and A4 are the reaction amplitudes in the four 
phases. Only the first three consecutive first-order processes 
are necessary to accurately describe the time courses (of 2-s 
duration) at 430 (trace b) and 330 nm (trace a). Within the 
limits of experimental error (A 15%), the measured rates and 
relative amplitude changes at both wavelengths are the same. 
At 382 and 468 nm (traces c and d), only the 7 2  and 74 pro- 
cesses make significant contributions to the time courses. As 
indicated in the RSSF spectra (viz., Figure lA), these time 
courses verify the existence of apparent isoabsorptive points 
during 7,. 

Traces e-i of Figure 1 show the single-wavelength time 
courses for the reaction of a2P2 with the low concentration of 
L-serine (0.4 mM). Again, at 330 (trace e) and 430 nm (trace 
f), the measured time courses are triphasic and, within the 
limits of experimental error, give identical computer-fitted rates 
and relative amplitude changes. In addition to the triphasic 
decrease in absorbance at 430 nm, a fourth, faster phase (an 
absorbance increase) is found at 454 nm (trace g). This 
absorbance change occurs on the same time scale as the in- 
crease in absorbance (71) that occurs in the dead time for the 
reaction with high (40 mM) L-serine. At 380 nm (trace h) 
only the 74 process (an absorbance increase) is detected while 
at  460 nm (trace i) both T ,  and 74 were observed. 

Rapid-Scanning Studies of the Reaction of p2 with L-Serine. 
The reaction of the P2 form of the enzyme with 40 mM L- 
serine was also studied (Figure 2). Reaction has been shown 
to result in the rapid formation of a quasi-stable species with 
A,- = 420 nm (Goldberg et al., 1968), which slowly turns over 
yielding pyruvate, NH3, and H20. The set of scans shown in 
Figure 2 correspond to the time interval during which the 
420-nm species forms. These scans indicate an increase in 
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absorbance at  wavelengths greater than 370 nm, while the 
absorbance at wavelengths less than 370 nm decreases. Note 
the similarity of the last spectrum obtained in the &-serine 
reaction, with A,,, = 420 nm (spectrum 19, Figure 2), to the 
first spectrum observed in the a2p2-serine reaction (spectrum 
1, Figure IA). When normalized to the same amplitude scale 
(Figure 3), comparison of the two bands reveals that the 
425-nm band in the first spectrum obtained in the c ~ ~ & s e r i n e  
reaction has a width at  half-maximum of 4.86 X lo3 cm-' (86 
nm) while the final spectrum in the @,-serine reaction has a 
width at  half-maximum of 4.49 X lo3 cm-l (78 nm). Sub- 
traction of the normalized spectra yields a difference spectrum 
(Figure 3) that has an absorbance maximum of -460 nm and 
a half-maximum band width of 1.64 X lo3 cm-' (35 nm). One 
explanation for the increased band width of the 425-nm 
transient (spectrum 1 of Figure 1A) is that the absorption 
envelope includes a longer wavelength band (La, N 460 nm) 
which appears not to be present in the spectrum of the prod- 
uct(s) of the reaction of p2 with L-serine. 

The time course for the reaction of the p2 enzyme with 
L-serine under conditions identical with those given in the 
caption of Figure 2 was also measured at 430 nm (see the inset 
to Figure 2). The absorbance at  430 nm increases in two 
distinct steps according to the expression 

u t  = AI, exp(-t/71,) + A28 exp(-t/72,) (2) 

where 1 / ~ ~ ,  and 1 / ~ ~ ,  are the apparent first-order rate con- 
stants and A, ,  and A,, are the amplitudes changes during the 
two phases. 

Fluorescence Studies. A highly fluorescent species, the 
"aqua" species, (Goldberg et al., 1968), is formed by the ad- 
dition of L-serine to the p2 enzyme, and a similar but transient 
fluorescent intermediate is found in the reaction of L-serine 
with the aZp2 enzyme (York, 1972; Lane & Kirschner, 1983a). 
Because the rapid-scanning stopped-flow experiments show 
the transient appearance of an absorber similar to the highly 
fluorescent Pz "aqua" species, rapid-mixing fluorescence studies 
were initiated to further characterize this intermediate. In 
these studies, an excitation wavelength of 405 nm (from a 
tungsten lamp source) was used, and the total emission passed 
by a Schott GG-455 filter (50% T a t  445 nm) was measured. 
The fluorescence time course (not shown) in the reaction of 
p2 with L-serine (under conditions identical with those used 
in Figure 2) was similar in phasicity, fitted rate constants, and 
relative amplitude changes to the absorbance time course 
measured at 430 nm (inset to Figure 2). The fluorescence time 
courses (not shown) in the reaction of a2P2 with high and low 
L-serine concentrations (under experimental conditions iden- 
tical with those used in A and E, of Figure 1, respectively) 
were similar in phasicity, measured rates, and relative am- 
plitude changes to the absorbance time courses at  430 nm 
(Figure 1, traces b, e and g), except that the T~ process was 
not found. 

Kinetic Isotope Studies with a-'H- and w2H-Substituted 
DL-Serine. The deuterium kinetic isotope studies of Miles & 
McPhie (1974) (see Discussion) identify the highly fluorescent 
species formed in the reaction of L-serine with p2 as the ex- 
ternal aldimine. However, from similar deuterium kinetic 
isotope studies Lane & Kirschner (1983a) concluded that the 
fluorescent species formed during r1 of the a2p2 reaction 
probably is the delocalized carbanion (quinoid) species derived 
from the abstraction of the a proton of the external aldimine. 
Since the spectra presented in Figures 1 and 2 show that the 
reactions of L-serine with ad2 and with pz both yield 420-425 
nm absorbing species (Figure 3) with similar fluorescent 
properties, it seemed unlikely to us that these spectral bands 
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FIGURE 3: Normalized spectra (-) and difference spectrum (--) 
comparing the 425-nm a2p2 transient species with the quasi-stable 
420-nm p2 species formed in the L-serine reactions. The trace labeled 
P2serine is the 19th spectrum from Figure 2 (the p2-~-serine species). 
The trace-labeled a2S2-serine is the first spectrum from Figure 1A 
(the a2P2-~-serine transient species). These spectra were base-line 
zeroed and normalized by adjusting each spectrum to the same am- 
plitude. The difference spectrum was generated by subtracting the 
normalized p2serine final spectrum from the normalized a2p2-serine 
spectrum. 

arise from structurally different species. Consequently, we 
decided to further investigate the identity of species formed 
during of the a2p2 reaction. Therefore, a detailed inves- 
tigation of the effects of 2H substitution for the a-'H of DL- 
serine upon the spectral changes that occur during the reaction 
was undertaken. Lane & Kirschner (1983a) reported that the 
presence of D-serine has no effect upon the kinetics of the 
reaction of L-serine with a2P2. Thus, for convenience of 
synthesis, ~L-[a-~H]serine was prepared for these experiments 
by the method of Miles & McPhie (1974). 

The RSSF data presented in Figure 4 compare the transient 
spectral changes that occur in the reactions of 8 mM DL-[CY- 
'Hlserine (Figure 4A) and 8 mM D~-[a-~H]serine (Figure 4B) 
with aZp2. In these experiments, the scan rate is 4.67 ms/scan, 
and the wavelength resolution is f 4  nm. Comparison of the 
spectra in Figure 4 indicate that substitution of 2H for 'H alters 
the rates and amplitudes of the spectral changes. To allow 
a more direct comparison of the salient features of these 
changes, the spectrum corresponding to the maximum amount 
of the 425-nm transient formed during an equivalent exper- 
iment with 80 mM serine is presented in Figure 5A. It is 
obvious from inspection of Figure 5A that substitution of 
deuterium results both in a substantial increase in the am- 
plitude of the 425-nm band and in a substantial decrease in 
the width of the 425-nm band. The kinetic traces presented 
in Figure 5B compare the effects of deuterium substitution 
at the a carbon on the rates and amplitudes of the fluorescence 
time courses for these reactions (with 8 mM D~-[a-'H]serine) 
in the same solutions used to obtain the data for Figure 4. 
These time courses show that, in agreement with Lane & 
Kirschner (1983a), the substitution of deuterium significantly 
reduces the rates of T ~ ,  r2, and 73; however, it is of critical 
importance to note that the (absolute) amplitude of the 
fluorescent signal is significantly increased. 

DISCUSSION 
The time barrier to the study of enzyme-catalyzed transient 

and pre-steady-state reactions for time scales 2 1 ms has been 
circumvented by rapid-mixing stopped-flow technology. In 
principle, time-resolved spectra could be constructed from a 
set of single-wavelength time courses measured at  different 
wavelengths. However, due to the enormous investment of 
effort and/or resources required, most studies have been re- 
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FIGURE 4: Rapid-scanning stopped-flow data comparing the effects 
of deuterium substitution for the a-hydrogen of DL-serine upon the 
spectra of transient species formed during the reaction of ad2 with 
serine. The trace designated 0 is the reconstructed spectrum of the 
reactants. The initiation of scanning in both (A) and (B) occurred 
2 ms after flow stopped. The insets to both (A) and (B) are 460-nm 
reaction time courses reconstructed from the RSSF data. Conditions 
after mixing: (A) 8 mM ~~-[a-'H]senne; (B) 8 mM ~~-[a-~H]serine. 
In each experiment: [a&] = 13.3 pM; 0.1 M potassium phosphate 
and 1 mM EDTA, pH 7.80; 25 OC. See Materials and Methods for 
the timing sequence. 

stricted to a few selected wavelengths. Hence, the constraint 
to measurements at  a few wavelengths by conventional sin- 
gle-wavelength instruments greatly restricts the amount of 
spectral information gathered. Previous rapid kinetic inves- 
tigations of the tryptophan synthase catalytic mechanism have 
been subject to such limitation. As is evident in the present 
work, the application of rapid-scanning, rapid-mixing, UV- 
visible spectrophotometry to the tryptophan synthase system 
has allowed us to undertake a more detailed investigation of 
the spectral changes that occur during the reaction with L- 
serine. In subsequent papers, we shall present detailed rap- 
id-scanning, stopped-flow studies of the spectral changes that 
occur during the transient and pre-steady-state phases of the 
reaction of the enzyme with L-serine and indole and with 
various substrate analogues. 

Heretofore, UV-visible spectroscopic studies of the tryp- 
tophan synthase reaction with L-serine have been restricted 
to the determination of the spectra of reactants and products 
(viz., spectrum 0 and spectrum 19 of Figure 1A) and to the 
measurement of single-wavelength absorbance (Faeder & 
Hammes, 1970, 1971; Goldberg et al., 1967, 1968; Lane & 
Kirschner, 1983a,b; Miles et al., 1968, 1974, 1977; York, 1972) 
and fluorescence time courses (Lane & Kirschner, 1983a; 
York, 1970). The elegant fluorescence work of Lane & 
Kirschner (1983a) establishes that the time course for the 
reaction of ad2 with L-serine consists of at least four detectable 
relaxations. 

The time-resolved spectra and difference spectra and the 
single-wavelength time courses presented in Figures 1-5 define 
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FIGURE 5:  Deuterium isotope effects on the time-resolved UV-visible 
absorbance spectra (A) and fluorescence kinetic time courses (B) for 
the reaction of ad2 with DL-[~-'H]- and ~~-[a-~H]serine.  The two 
spectra presented in (A) are taken from RSSF experiments where 
the DL-[~-'H]- and ~L-[a-~H]serine concentrations were 80 mM. The 
spectra were both scanned 3 ms after flow stopped. For comparison 
with the RSSF data in Figure 4, the fluorescent time courses (B) were 
collected under conditions identical with those described in Figure 
4, Le., with 8 mM DL-serine. 

the nature of the changes that occur in the electronic spectrum 
of the PLP chromophore as reaction of azf12 (Figures 1 and 
4) or f lz (Figure 2) with L-serine ensues. These spectra and 
our single-wavelength absorption and fluorescence measure- 
ments (Figures 1, 2, and 5 and Table I) detect at  least four 
relaxations (71, r2, r3, and T ~ )  in the a d z  system with apparent 
rate constants in good agreement with the values reported by 
Lane & Kirschner (1983a). The j3, system yields a time course 
consisting of two relaxations, 718 and r2@ (Figure 2 and Table 
1). 

Analysis of the PLP UV-Visible Spectral Changes during 
T~ of the afi2 Reaction with L-Serine. Upon mixing with 40 
mM L-serine, the transient changes in the PLP spectrum of 
the ad2 species (Figure 1) are characterized by the very rapid 
formation ( T J  of a new spectral band with A,, n, 425 nm 
and with a slight shoulder on the long-wavelength side (Figure 
3). The species formed in r1 then decays in a biphasic process 
(72 and r3) to a final reaction mixture exhibiting spectral bands 
at  -350 and 430-450 nm (Figure 1). Due to the small rate 
constant and amplitude associated with r4, we conclude (as 
previously mentioned) that this process is irrelevant to catalysis. 

In contrast to the ( ~ $ 3 ~  system and in agreement with pre- 
vious findings (Lane & Kirschner, 1983a; Goldberg et al., 
1967; York, 1972), reaction of L-serine with the f12 species 
yields a quasi-stable 420-nm species, and the time course 
consists of two relaxations (718 and 720, Figure 2). The sim- 
ilarity of this 420-nm species to the first transient species 
detected in the system is striking (compare Figures 1-3). 
In addition to similar A,, and apparent e values, both species 
are highly fluorescent (York, 1972; Faeder & Hammes, 1970, 
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Consequently, these experiments identify the external aldimine, 
E(Aexl), as the 420 nm absorbing, highly fluorescent transient 
formed during rl, while the species with A,,, N 460 nm must 
be the quinoidal species, E(Q,). 

The amount of quinoid formed in the initial phase of the 
reaction can be estimated from the following considerations. 
Assume the 410-nm spectral bands of the internal aldimines 
of a2P2 and p2 have nearly identical extinction coefficients 
(Lane & Kirschner, 1983a). Under this assumption, then the 
smaller amplitude of the absorbance increase at 425 nm of 
the a,&-L-serine reaction vis a vis the P,-~-serine reaction 
very likely results from the conversion of the external aldimine 
to the quinoidal intermediate. If the amount of quinoidal 
species that decays via 1/7, during the experiment deadtime 
(< lo  ms) is assumed to be negligible (1/r2 5 70 s-'>, then 
from inspection of Figures 1, 3, and 4 it appears that the 
external aldimine and the quinoid accumulate during 7, in the 
ratio of at least 3 or 4 to 1 or larger. 

Mechanistic Inferences from the Analysis of r2 and 73. The 
decay processes 7 2  and 73 are notable in that the spectral 
changes in each process are nearly identical (viz., the difference 
spectra presented in Figure 1B). The final spectrum for the 
reaction of a2P2 with L-serine (spectrum 19, Figure 1A) ap- 
pears to consist of several overlapping spectral bands, indicating 
the presence of several PLP species rather than a single 
chromophore. We consider it unlikely that the broad envelope 
of absorbance between 375 and 525 nm could arise from a 
single PLP species. Since this reaction mixture is highly 
reactive toward indole, P-mercaptoethanol, and various other 
thiols (York, 1970, 1972; Lane & Kirschner, 1983b; Esaki et 
al., 1983; W. F. Drewe, Jr., and M. F. Dunn, unpublished 
results) and since reduction with NaBH, yields (N-phospho- 
pyridoxy1)alanine (Miles et al., 1982), the a-aminoacrylate, 
E(A-A) of Scheme I, must be present. If precursors of the 
a-aminoacrylate are also present, then to account for the rapid 
and nearly quantitative reaction with 0-mercaptoethanol all 
these species must be assumed to be in rapid equilibration. 

For the following reasons, an -480-nm band is the most 
probable spectral assignment for the highly reactive form of 
the a-aminoacrylate: (1) the highly conjugated a-amino- 
acrylate aldimine structure is consistent with a 480-nm elec- 
tronic transition, and (2) the reaction of 0-acetylserine sulf- 
hydrylase with 0-acetyl-L-serine in the absence of sulfide ion 
yields a 470-nm species tentatively identified as the a-ami- 
noacrylate (Becker et al., 1969). Their 470-nm species is 
characterized by a relatively broad bandwidth and a relatively 

We speculate that the broad absorption envelope between 400 
and 475 nm very likely also includes contributions from the 
external aldimine (A,,, = 420 nm) and the quinoidal species 
(with A,,, N 460 nm). 

The strong spectral band centered at 350 nm could be due 
to a different form of the a-aminoacrylate, Le., a different 
tautomer, a different protonation state, or a different con- 
formational isomer. A 480-nm a-aminoacrylate species could 
also have a second electronic transition that contributes to the 
350-nm band. 

The finding that the spectral changes in 72 and 73 are nearly 
identical places new constraints on explanations for the events 
that take place as the external aldimine and the quinoidal 
species decay to the aminoacrylate. If 7 2  and r3 represented 
the buildup and decay of an intermediate (N), eq 4, with a 

low apparent extinction coefficient (t = 8.5 X lo3 M-' cm-' 1. 

1971; Miles et al., 1968; Goldberg et al., 1968; Lane & 
Kirschner, 1983a). However, when normalized to the same 
amplitude (Figure 3), it is apparent that the 425-nm transient 
detected in the azP2 reaction has a significantly broader ap- 
parent bandwidth (at half-height) than does the 420-nm p2 
species; the difference between the two spectral envelopes 
(Figure 3) suggests that the apparent band broadening of the 
aZp2 transient is due to the presence of an additional, longer 
wavelength electronic transition (A,,, N 460 nm) that is ov- 
erlapped and partially obscured by the more intense 420-nm 
band. 

Miles et al. (1968) have shown that the (highly fluorescent) 
420-nm p,-~-Ser species undergoes a very slow decay reaction 
to yield pyruvate and ammonium ion (eq 3). The rate of this 

pz + L-Ser e 420-nm species e 9.. - VWy BbU 

1 p- 
CH,-C-C~-O + N H ~ +  + p2 (3) 

decay process is subject to a primary kinetic isotope effect 
(kH/kD = 4) when ~ - [a -~H]se r ine  is substituted for L-[CU- 
'Hlserine. Consequently, Miles & McPhie (1974) assigned 
the 420-nm spectral band to the external aldimine, E(Aexl) 
of Scheme I. In similar isotope studies but with the a2P2 
system, Lane & Kirschner (1983a) found that substitution of 
2H for the a-'H of serine results in a primary isotope effect 
on 1/7, of 2.0 at pH 7.6. 

Single-wavelength measurements (Figure 1) indicate that 
the increases in optical density at 425 nm and at 460 nm both 
occur with the observed rate, 1 / ~ ~ .  However, the fast rate of 
the increase at high concentrations of L-serine and the small 
amplitude at lower concentrations preclude a rigorous analysis 
via stopped-flow methods to determine whether or not this 
process is in fact a single relaxation. If formation of the 
external aldimine (step k3, k+ Scheme 11) and conversion of 
the aldimine to the quinoidal species (step k4, k4) have com- 
parable activation energies, then is determined by at least 
two coupled steps with similar rates (steps kjr k-3, and k4, k4), 
which are preceded by the rapid formation of E(S) and the 
first tetrahedral species, E(T,). If scission of the serine a-C-H 
bond occurs in the transition state of step k4, k+ then the 
initial portion of the reaction time course (7') would be in- 
fluenced by substitution of *H for the a-'H of L-serine. 

Scheme I1 

a202 + 
k k 

L-serine & E(S) E(TJ E(Aexl) E(Ql) 

The deuterium kinetic isotope studies presented in Figures 
4 and 5 provide strong evidence in support of this interpre- 
tation. The spectra presented in Figures 4 and 5A unam- 
biguously demonstrate that substitution of deuterium for the 
a-hydrogen of serine alters the relative amounts of species that 
accumulate during 71. The species with A,,, = 420 nm is 
increased, while the species with &, N 460 nm is decreased. 
The result is a larger amplitude at 425 nm and a narrower 
bandwidth. These same amplitude effects are also seen in the 
fluorescence time courses presented in Figure 5B. The am- 
plitude of thefluorescence signal is increased upon substitution 
of deuterium for the a-hydrogen, indicating an increase in the 
amount of the fluorescent species that accumulates during 71. 

With reference to Scheme I, these data are fully consistent 
with an increased accumulation of the external aldimine during 
rl, which must be due to the kinetic isotope effect upon the 
conversion of external aldimine to the quinoidal species. 

k- I k-2 k-3 k-4 

spectrum that is substantially different from both the spectrum 
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Scheme 111 
E*(Ain) + L-Ser e * * *  e E*(Aex,) E*(Q) C- E*(A-A) 

11 11 11 
E(Ain) + L-Ser T - a *  E(Aexl) + E(Q) ?:::=: E(A-A) 

generated in r1 (Le,, the spectrum of M) and the final spectrum 
(the spectrum of 0), then the spectral changes that occur in 
r2 would be different from those in r3. The analytical ex- 
pressions2 for both r2 and i3 in this reaction as defined for eq 
4 (Bernasconi, 1976) would include all four rate constants, 
kN, k+ ko, and k4. Consequently, we consider it unlikely 
that r2 and r3 arise from the formation and decay of a chemical 
intermediate. 

By postulating the existence of two slowly interconverting 
forms of the a2p2 enzyme (Scheme 111), the close similarities 
of the spectral changes in r2 to those in T~ can be explained 
in the following way: During r1 both forms react with L-serine 
at similar rates to form the external aldimine and quinoid 
 specie^.^ However, the two forms undergo conversion to the 
aminoacrylate at different rates, thus giving rise to the two 
relaxations, r2 and r3. The observation of a fourth relaxation, 
r4, is not inconsistent with this scheme. 

Alternatively, the close similarity of the spectral changes 
in r2 and r3 could be explained if the enzyme-bound amino- 
acrylate intermediate undergoes a conformation change, E- 
(A-A) == E*(A-A), with the rate l / r 3  (Scheme IV). The 
consequent redistribution of bound species during i3 to give 
a net increase in the amount of bound aminoacrylate with 
corresponding decreases in the external aldimine and the 
quinoid would result in nearly identical spectral changes for 
r2 and r3.  
Scheme IV 
E(Ain) + L-Ser + ... + E(Aex,) + E(Q) + E(A-A) + 

E*(A-A) 
Slight differences in the spectra of the two aminoacrylates 

would account for the highly similar but not identical spectral 
changes that take place in r2 and r3. The tight coupling of 
proton abstraction from the external aldimine with subsequent 
steps, as depicted in either of these schemes, could account 
for the isotope effects on rl, r2, and i3 reported by Lane & 
Kirschner (1983a). 

Lane & Kirschner (198 1, 1983a,b) have come to slightly 
different conclusions about the origins of r2 and r3. While 
the concentration dependencies of l / r l ,  1/r2, and l / i 3  could 
be fit to a linear mechanism such as Scheme IV, they con- 
cluded that a linear mechanism does not fit the data as well 
as does the branched mechanism shown in Scheme V. This 

The general solution to eq 4 for the case where the two steps 
equilibrate at similar rates gives 

1 / 1 2  = ( 1 / 2 ) , E k  + ( [ ( 1 / 2 ) E k l Z  - IIk)'/' 

and 
1 / 7 3  = ( 1 / 2 ) E k  - ( [ ( 1 / 2 ) C k I 2  - n k ) ' / *  

where 
C k  = kN + k+ + ko + k4 

and 
I I k  kN(ko + k,) + k-Nko 

No quinoidal species with A, <468 nm have been reported for the 
E .  coli tryptophan synthase system. However, we (W. F. Drewe, Jr., B. 
Robustell, and M. F. Dunn, unpublished results) have found that L-serine 
derivatives containing R-NH and R-0 substituents in place of the 8- 
hydroxyl group yield quinoidal species with LX ranging from 452 to 468 
nm. 

Scheme V 
8 E*(A-A) 

E(Ain) + S e €6) + E(T,) E(Aexl) A 

scheme invokes the formation of two catalytically competent 
a-aminoacrylate species via the partitioning of a single quinoid 
species, one formed at the rate 1/r2 and the other formed at 
the rate 1/r3. These two species are postulated to react at the 
same rate with indole via this branched pathway, ultimately 
to form L-tryptophan. According to this mechanism, the 
primary isotope effects reported for r2 and r3 are the conse- 
quence of a (partially) rate-limiting abstraction of the a proton 
from the external aldimine in r1 that is coupled to r2 and r3. 

The reaction of p2 with L-serine to form the external ald- 
imine occurs in two relaxations, rI8  and r2@. The spectra in 
Figure 2 indicate that the spectral changes in rI8 are essentially 
identical with the spectral changes in r28. Just as argued for 
the a2f12 species, the similarity of these spectral changes in- 
dicate the existence of two interconverting forms of the external 
aldimine &*(Aex,) + P2(Aex,), viz., Scheme VI. 

Scheme VI 

p2* + L-Ser + /3*2(S) + /3*2(Tl) == P*2(Aexl) * 

E(A-A) 
t- €0,) + 

Pz(Aex1) 

Role of Subunit Interactions in Tryptophan Synthase Ca- 
talysis. Miles & McPhie (1974) have demonstrated that 
proton abstraction from the a carbon of the external aldimine 
is a component of the rate-limiting step for the reactions in- 
volving the 420-nm p2-~-serine species. As already discussed, 
Lane & Kirschner (1 983a) have shown that reaction of azP2 
with L-serine also involves the (partially) rate-determining 
abstraction of a proton from the external aldimine. As is 
evident in Figures 1 and 2, and in agreement with the ob- 
servations of others (Faeder & Hammes, 1970, 1971; Lane 
& Kirschner, 1983a,b; York, 1970, 1972), the a subunit alters 
both the rates of chemical steps in the reaction of L-serine with 
PLP bound to the p subunit and the thermodynamic stabilities 
of bound intermediates along the reaction path. In the absence 
of indole, the reaction of p2 with L-serine (Figure 2) does not 
yield spectrophotometrically detectable amounts of interme- 
diates along the tryptophan synthetic pathway beyond the 
external aldimine, E(Aexl) (viz., Scheme I), whereas the re- 
action of a,& with L-serine yields significant amounts of an 
aminoacrylate species, E(A-A), which is highly reactive toward 
indole. 

The substrate motions that accompany the change from sp3 
to sp2 hybridization at the serine C-a and C-8 atoms in the 
conversions of external aldimine to aminoacrylate (viz., Scheme 
I) very likely occur with obligatory (local) changes in protein 
conformation. In the ad2 system, these conformation changes 
appear to contribute both to a lowering of the activation 
energies of these steps and to the stabilization of the quinoid 
and aminoacrylate intermediates. In the p2 system, these 
conformational events appear to be unfavorable thermody- 
namic processes. Therefore, it appears that the interactions 
between a and /3 subunits are of critical importance both to 
the chemical and to the conformational events that occur in 
the reaction with L-serine. 
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APPENDIX 
Comparison of This Work with the Findings of Previous 

Investigators. Using fluorescence, York (1972) monitored the 
reaction of a2P2 with L-serine (50 mM) and reported that the 
fluorescence increased within the mixing dead time (3 ms) of 
his instrument and then decayed via a monophasic time course 
with a fitted rate of 70 s-I. Under similar conditions, we have 
also found that the fluorescence increases during the dead time, 
and our 1/r2 process has a maximum rate of 68 s-' (see Table 
I), in excellent agreement with York. Furthermore, in 
agreement with Lane & Kirschner (1983a), our studies es- 
tablish the existence of two additional phases, l / r 3  and l/r4 
not reported by York. York's analysis of the decay time 
course, which was restricted to a period of 50 ms, would make 
difficult the observation of the r3 process (1 5 s-l and 15% of 
the total amplitude change) and the r4 process. York did 
report a very slow fluorescence change (similar in rate to our 
r4 process) in the reaction of p2 enzyme with L-serine. Our 
studies show that the absorbance changes in the wavelength 
region 400-468 nm (Figure 1A,C) coincide with the 
fluorescence changes, both in measured rates and relative 
amplitude changes (Table I). The absorbance changes (Fig- 
ures 1 and 4) plus the fluorescence changes (Figure 5B) 
substantiate York's proposal that the appearance of the "pale" 
species (A,,, = 330 nm) coincides with the disappearance of 
the fluorescence of the "aqua" species and the 430-nm ab- 
sorbance. 

Faeder & Hammes (1971) reported only one relaxation 
process for the a&serine reaction. They found that the rate 
of this process, measured at 470, 420, and 330 nm, increased 
hyperbolically with increasing L-serine to a maximum rate of 
approximately 33 s-l. Failure by both York (1972) and Faeder 
& Hammes (1971) to detect the slower processes [reported 
both herein and by Lane & Kirschner (1983a)l can be ex- 
plained as follows: The low rate constant reported by Faeder 
& Hammes (33 s-l compared to 68 s-l) could be due to either 
of two causes. When our time course at 430 nm (Figure 1, 
trace b) is fitted with a single exponential, the rate constant 
obtained has a value between that of 1/r2 and 1/r3; the 
computer-generated "best fit" rate constant is 51 s-' (compared 
to a value for 1/r2 of 68 s-l when fitted assuming either two 
or three exponentials). Goldberg & Baldwin (1967) reported 
that the spectra for some a2Pz enzyme preparations had an 
"abnormally" high absorbance at 330 nm, similar to the 
spectrum observed for an early aZp2 preparation of ours. Using 
this preparation of enzyme, we observed a 1/r2 of only 38 s-' 
even when the time course was fitted to two exponentials. An 
interesting point can be made regarding the absorbance in- 
crease at 470 nm reported by Faeder and Hammes. According 
to our RSSF and single-wavelength studies, if they had chosen 
a wavelength in the region of 440-468 nm rather than 470 
nm, then a totally different time course would have been 
observed (see Figure 1, trace g). The time course would have 
consisted of an increase followed by a decrease in absorbance, 
highly suggestive of the formation and decay of an interme- 
diate. 

Lane & Kirschner (1982a) followed the reaction of alp2 
with L-serine (0.1-6 mM) by measuring the changes in 

fluorescence (A, = 405 nm, A,, > 475 nm). They found that 
the fluorescence increased with a single exponential ( l / r l ) ,  
followed by a decay consisting of three exponential processes 
(1/r2, l / r3 ,  l / r4)  with rates and amplitudes similar to those 
that characterize the absorbance changes we find at 454 nm 
with low L-serine (0.4 mM, Figure 1, trace g). The dependence 
of l / r l  on the L-serine concentration is linear, achieving an 
observed pseudo-first-order rate of >400 s-l at 2 mM, while 
the dependence of 1/r2 on the L-serine concentration is hy- 
perbolic (up to 6 mM), achieving an (extrapolated) maximum 
value of 47 s-l. They reported that both 1/r3 and l / r 4  (re- 
spectively 1.6 and 0.3 s-') do not depend on the concentration 
of L-serine. They suggest that the discrepancy between their 
calculated maximum value for 1/r2 (47 s-l) and York's rate 
constant for the fluorescence decrease (70 s-I) is due to the 
activating effect of high L-serine concentrations. Evidence has 
been found by Heilmann & Buger (198 1) from steady-state 
kinetic studies that L-serine exerts an activating effect at high 
concentrations. 

We have found that both 1/r2 and 1/r3 (but not l /r4) give 
hyperbolic responses as the L-serine concentration is increased 
(data not shown) with (extrapolated) maximum values of 68 
and 15 s-l, respectively, for 1/rZmax and 1 / ~ ~ , , ~ .  

enzyme with high 
(5-200 mM) L-serine by following both the fluorescence of 
the aqua species and the increase in absorption at 430 nm. 
Both methods were found to give the same kinetic behavior 
and a fitted rate constant of 37 s-l (independent of concen- 
tration). York could account for only half of the fluorescence 
or absorbance changes by extrapolation of this reaction back 
to the time of mixing. 

Faeder & Hammes (1970) also studied this reaction over 
a concentration range for L-serine of 0.5-20 mM. They re- 
ported that the absorbance at 420 and 470 nm increases, while 
the absorbance at 330 nm decreases with a maximum rate of 
40 s-l (no mention of amplitudes was made). Our results 
partially substantiate their reported absorbance and fluores- 
cence changes. We also find an observed rate constant of 40 
s-I (1/r2@) but also a faster process of 200 s-l (1/r18). It is 
likely that this faster process accounts for the fluorescence and 
absorbance changes that York could not measure. Again, the 
hand analyses by York of either the fluorescence or absorbance 
time courses would make difficult the detection of this faster 
process (with our dead time, the faster process accounts for 
only 25% of the total observed amplitude change). In the 
wavelength region 375-500 nm (Figure 2), the same phasicity 
and relative rate constants were found. 

Registry No. PLP, 54-47-7; D2, 7782-39-0; L-serine, 56-45-1; 
DL-serine, 302-84-1; tryptophan synthase, 9014-52-2. 

York (1972) studied the reaction of the 
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Effects of Terminal Mismatches on RNA Stability: Thermodynamics of Duplex 
Formation for ACCGGGp, ACCGGAp, and ACCGGCpt 
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ABSTRACT: The thermodynamics of ACCGGCp, ACCGGAp, and ACCGGGp helix formation have been 
measured in 1 M NaC1. The terminal mispairs stabilize the CCGG core duplex at  lov4 M in the order 
AC = AA < AG = AU. The data reported provide thermodynamic parameters for R N A  structure prediction 
and suggest useful approximations for including other mismatches in current algorithms. 

%e importance of base mismatches in RNA interactions has 
become increasingly evident since the G.U wobble pair was 
first proposed (Crick, 1966). Mismatches are present in es- 
sentially all known and predicted RNA structures (Rich & 
Rajbhanday, 1976; de Brujin & Klug, 1983; Furdon et al., 
1983; Noller, 1984; Dams et al., 1983; Traub & Sussman, 
1982; Fox & Woese, 1975; Studnicka et al., 1981; Salser, 1977; 
Cech et al., 1983; Auron et al., 1982). Despite this prevalence, 
contributions of mismatches have been largely ignored in 
predictions of RNA stability due to lack of measured param- 
eters (Tinoco et al., 1971; Borer et al., 1974; Salser, 1977; 
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0006-2960/85/0424-3987$01.50/0 

Zuker & Stiegler, 1981). Nevertheless, there is evidence 
mismatches add significant stability to double helices (Alkema 
et al., 1981). Previous attempts to incorporate such effects 
have been based on indirect estimates of the thermodynamic 
parameters for mismatches (Papanicolaou et al., 1984). This 
paper reports thermodynamic parameters for duplex formation 
by ACCGGGp, ACCGGAp, and ACCGGCp. Comparison 
with previous results for CCGG (Petersheim & Turner, 1983) 
provides parameters for AG, AA, and AC terminal mis- 
matches. 

MATERIALS AND METHODS 
Oligonucleotide Synthesis. ACCGGXp’s (X = A, C, or 

G) were synthesized by successive addition of nucleoside 
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