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ABSTRACT. The symmetrical dimer structure of tryptophanyl-tRNA synthetase is similar to that of tyrosyl-
tRNA synthetase whose binding behavior and structural details have been elucidated in detail. The structure
of both subunits after forming the intermediate tryptophanyl-AMP has important implications for the
binding of the cognate tRN®P. Single tryptophan mutants &acillus stearothermophilusyptophanyl-

tRNA synthetase have been constructed and expressed and used to probe structural changes in different
domains of the enzyme in both subunits. Substrate titrations using the Trp analogues 4-fluorotryptophan
and 7-azatryptophan in the presence of ATP to form the corresponding aminoacyl-adenylate reveal signif-
icant structural changes occurring throughout the active subunit in regions not confined to the active site.
Changes in environment around the specific Trp residues were monitored using UV absorbance and steady-
state fluorescence measurements. When titrated with 4-fluorotryptophan, both Trp 91 and Trp 290 fluor-
escence is quenched (49 and 22%, respectively) when one subunit has formed Trp-AMP. The fluorescence
of Trp 48 is enhanced 19%. No further change in signal was observed after a 1:1  dfRdrfAMP

complex ratio had been established. Using an anion-exchange filter binding assay with radialaiveled

as a substrate, binding to only one subunit was observed under nonsaturating conditions. This agrees with
the results of the assay using 7-azatryptohan as a substrate. The observed changes extend to the unfilled
subunit where a similar structure is believed to form after one subunit has formed tryptophan-AMP.
Movement in the regions of the enzyme containing Trp 290 and Trp 91 suggests a mechanism for cross-
subunit communication involving the helical backbone and dimer interface containing these two residues.

Tryptophanyl-tRNA synthetase (TrpR&iill be used to Scheme 1: Two-Step Reaction Mechanism for TrpRS
denote the wild-type protein) is a member of a unique family 1) Trp + ATP + TrpRS = TrpRS (Trp-AMP) + PPi
of essential enzymes that have a role in maintaining the
fidelity of the genetic codel( 2). Aminoacyl-tRNA syn- 2) TrpRS (Trp-AMP) + tRNA™ = TrpRS + tRNA™ (Trp) + AMP
thetases (aaRSs) catalyze the charging of tRNA with its
cognate amino acid in two steps (Scheme 1), the first being in
the activation of the enzyme-bound amino acid by adenosine
triphosphate (ATP) to form a high-energy aminoacyl-
adenosine monophosphate (AMP) intermediate. Binding of
the cognate tRNA to the enzyme then results in transfer of
the amino acid via esterification to thé énd of the tRNA.

This group of 20 ubiquitous enzymes has been extensively
vestigated Z—5). Much of this interest is motivated by
the varying substrate specificitie®-(4), differences in
substrate binding mechanis®<8), potential as targets for
anti-viral agents9), and more recently, the identification of
noncanonical functionslQ). The aaRSs also exhibit differ-
ences in both size and oligomerization. These include
: : : monomers, dimersag, o), and tetramerso, o52) (2).
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bound (@6). For tyrosyl-tRNA synthetase (TyrRS), the X-ray after one active site was filled, which implied cross-subunit
crystal structure of the dimer is symmetrical, but in solution, communication. Further evidence for a structural change
there is a half-of-sites reactivity observed for tRNA occurring in both subunits comes from the magnitude of the
substrate17) that can be rationalized by the binding of one fluorescence quenching observed. Since the enzyme is a
tRNA™" molecule across both subunits as shown in the X-ray symmetrical homodimer, the fluorescence contribution of
crystal structure. The structure f&acillus stearothermo-  each subunit is expected be equal. Therefore, there cannot
philusTrpRS suggests a similar (analogoug&taoli TyrRS) be a greater than 50% change in the fluorescence signal if
two-subunit tRNA binding mechanism. The predicted site only one subunit is filling and if there were no concerted
of tRNAT™ activation is too close to the amino acid binding change in the second substrate-free subunit. This was not
site for proper positioning of tRNEP on one subunit(4). what was observed fdB. subtiliswhose Trp fluorescence
An important question raised by this proposed two-subunit decreases by 70%22).
tRNA binding mechanism is the structure and active site  Questions regarding this binding mechanism remain. Does
occupancy of both subunits prior to tRNA binding. For the the second subunit fill under nonsaturating physiological
much largerE. coli glutaminyl-tRNA synthetase (GInRS), conditions? Are there regions of the enzyme other than the
the symmetrical dimer can function as two independent active site and dimer interface that undergo dynamic move-
subunits, each capable of charging a separate f®NA ments when forming Trp-AMP, and how may these changes
molecule simultaneousiyL8). Seryl-tRNA synthetase (SerRS) be involved in enzyme function? What structure is presented
also functions as a dimer, and the bound tRRAnakes to the substrates on the second free subunit after the first
contact with both subunitslg). Trp-AMP has formed? Is it the same structure formed as in
Affinity for the various substrates and substrate analogues,the Trp-AMP-bound subunit as shown in the X-ray crystal
the order of their binding, and the activity of each subunit structure? To further investigate the nature of the structural
in the dimer are often dissimilar even for the same aaRSschanges occurring on formation of the Trp-AMP intermedi-
from different species 18). E. coli TrpRS shows no  ate, single Trp mutants &. stearothermophilusrpRS have
preference for the initial binding of either Trp or ATP, has been constructed. stearothermophilu$rpRS contains the
positive cooperativity toward Trp binding, and displays half- conserved residue (Trp 91) at the dimer interface as well as
of-sites reactivity 20). TrpRS from bovine pancreas also two others (Trp 48 and Trp 290). Trp 290 is positioned at
displays a random order to ATP and tRNAbinding but the end of the helix that forms a long V-shaped backbone to
displays an apparent anti-cooperativity toward Trp binding one subunit and inserts into the dimer interface. Trp 48
(16). There is, however, some disagreement over this sincefollows the helix adjacent to the C-terminal end of the
it has been suggested that the observed anti-cooperativity iSRossmanrg-sheet fold in the active sitel{).
due to inhibition by bound inorganic pyrophosphate (PPi).  Stoichiometry of Trp-AMP formation and the correspond-
Anti-cooperativity was not observed in the presence of ing structural changes at each Trp position were monitored
tRNAT™ or PPiaseZ1). There are examples indicating that using steady-state fluorescence. The difficulty in interpreting
both subunits of the dimer can form the active intermediate results from these experiments is that one cannot distinguish
and that such a 2:1 complex is stabld,(22). However, in changes in fluorescence of the substrate Trp from those
terms of tRNA'™ charging, all TrpRS show half-of-sites that may be occurring in Trp residues located in the pro-
reactivity (i.e., only one tRNA charged at a time) when tein. Studying single Trp mutants becomes an even greater
stoichiometric concentrations of substrates are used atproblem since the substrate Trp now makes a larger con-
physiological temperatures and pH6( 23). Analysis of tribution to the overall fluorescence signal. To solve this
sequence mutations in Trp auxotrophic mutant€otoli problem, the fluorescent probes 4-fluorotryptophan (4FW)
TrpRS has revealed several residues in the dimer interfaceand 7-azatryptophan (7AW) were used as substrate ana-
that play a role in catalytic efficiency. It has been suggested logues. Both these analogues have been shown to be fully
that these residues serve to properly position the C-terminalactive as substrates for TrpR87(-29). These and other
helix with respect to the Rossmann fold in the active site Trp analogues confer a number of spectroscopic advantages
(24). Trp 92 is located at the dimer interface Bf subtilis in protein structurefunction studies 30). 4FW exhibits
TrpRS. Mutation of this residue to a tyrosine was also found negligible fluorescence at the temperatures and excitation
to abolish activity of the enzyme¥). Taken together, these  wavelength used in this study and therefore permits monitor-
results indicate that several residues other that those requiredng of the intrinsic fluorescence of the enzyme without
for specific substrate binding are essential for the proper interference from substrate Trp. The fluorescence of 7AW
structure and function of the enzyme. shows a high degree of sensitivity to its local environment,
Early experiments using intrinsic protein fluorescence and its absorption profile allows for selective excitation at
revealed that large structural changes occurred during the310 nm @1). We have reported earlier on its use in measuring
course of the aminoacylation reaction in eukaryotic systems 7AW-AMP formation inB. subtilisTrpRS 7). The results
(26). Titration of bovine TrpRS with Trp in the presence of presented here are consistent with the induction of a structural
excess ATP results in the quenching of intrinsic Trp change in the unoccupied subunit after one subunit forms
fluorescence. This change reaches a plateau at 2:1 Trp tdhe active intermediate. The stoichiometry of Trp-AMP
dimer binding. ForB. subtilis TrpRS, the fluorescence formation, as observed with fluorescence and radioisotope
guenching that was observed upon titration with ATP in the assays, indicates that the second subunit is not occupied
presence of excess Trp plateaus after 1:1 ATP to dimer (active) under nonsaturating conditions. The possible sig-
binding, although it was expected that both active sites were nificance of these results for the binding of substrates will
filled under the conditions use@%). This was rationalized  be discussed together with the site-specific correlation of
as a concerted structural change occurring in both subunitsfluorescence results with published X-ray crystal structures.
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MATERIALS AND METHODS determined using a frequency doubled argon ion-pumped dye
. ) laser (Spectra-Physics, Mountain View, CA). The details of
Materials Competent BL21(DE3)E. coli cells were 0 ohoaratus used and methods for data analysis have been
obtained from Invitrogen (Burlington, Canada). Glycerol and described in detail previously27, 33. An excitation

growth medium for expression from the TrpRS containing \yayelength of 295 nm was used, and the fluorescence was
vectors were purchased from VWR Canlab (Toronto, Qanada) recorded at various wavelengths corresponding to the steady-
as was the Cagland NaHPO, used in the synthesis of .o spectrum.

hzdroxyapatiteh. DEA(;_:. Sephacel arr]d Sedpr;acryl ShZOO HR Substrate Titrations Samples for substrate titrations
chromatography media were purchased from Pharmaciap,nigred using steady-state and time-resolved fluorescence

: . 2 .
Biotech (Piscataway, NJ)-[5-°H] Trp was obtained from o0 prepared as follows. Stock solutions of enzyme were
Amersham Biosciences (Piscataway, NJ) as an ethanol/water)repared from lyophilized protein powder that was resus-

(1:1) solution with a specific activity of 24 Ci/mmol. pended in buffer consisting of 100 mM NaCl, 1 mM DTT,

L-Tryptophan, the amino acid analogues4FW andpL- 20 mM Tris-HCI
: | - o -HCI, pH 8.0 (Assay Buffer). Samples were
7AW, adenosine triphosphate, dithiothreitol, isoprofyd- centrifuged at 15 0agfor 10 min and then applied to ax

1-thiogalactopyranoside (IPTG), and all additional reagents 15 cm .
: : . preequilibrated (assay buffer) column of Sephadex
were purchased from Sigma-Aldrich (St. Louis, MO). G50 to remove aggregates. Protein concentration in eluted

Mutagenesis of B. stearothermophilus TrpRi$e B. fractions was determined with the BCA assag)(using BSA
stearothermophilu§TpRS expression vector was a generous s 3 standard.
gift from Dr. Dieter Soll of Yale University. It consists of In titrations using 4FW to form 4FW-AMP, an initial

the pETNS1 plasmid composed of the native geneBor  reaction volume of 2 mL was used, which containedM
stearothermophilusTrpRS sgbcloned as a Ndel-BamHI TrpRS, 20uM Mg-ATP, and 4 units of inorganic pyrophos-
fragment into the expression vector pET3a (Novagen, phatase (PPiase) in assay buffer. This mixture was assembled
Madison, WI). Mytageness was perfqrmed by the rr_lethod directly in a 1 x 1 cm quartz cuvette equipped with a
of overlap extension mutagenesi| using the appropriate  agnetic stir bar. The reaction was initiated by adding a stock
oligonucleotide primers. The coding region for TrpRS and gg|tion of bL-4FW prepared in assay buffer to give the
relevant parts of each of the expression vectors were fully jesired molar ratios af-4FW to enzyme dimer concentra-
sequenced at the MOBIX facility at McMaster University jon. After each addition, the mixture was equilibrated at 25
(Hamilton, Canada) to ensure that no spontaneous mutationsc tor 4 min. The fluorescence spectrum was then recorded
had resulteq from the polymerase chain'reaction used in thefrom 305 to 430 nm using an excitation wavelength of 295
mutagenesis procedure. Mutant proteins were generatethy iy g Varian Eclipse fluorimeter (Ontario, Canada). The
wherein two of the three tryptophan residues were replacedspectrum for the buffer with 4FW and minus enzyme was
by a tyrosine. The mutants generated for this report include g ptracted for each corresponding sample spectrum. The
B. stearothermophilug/91Y/W290Y (W48),B. stearother-  jnegrated fluorescence intensity for each buffer blank-
mophilusw48Y/W290Y (W91), and. stearothermophilus  ¢orected spectrum was determined and plotted against the
W48Y/WI1Y (W290). molar ratio ofL.-4FW added to TrpRS (dimer).

Expression and Purification of TrpR8lasmids carrying Titration of TrpRS with 7AW to form 7AW-AMP was
the TrpRS gene were transformed into BL21(DE3) cells for performed in assay buffer in a volume of 620 using a
high level expression and cultured in LB medium supple- 0.5 x 0.5 cm cuvette. The reaction was initiated with the
mented with 2% glycerol at 37C with constant shaking  addition of a stock solution obL-7AW, mixing using a
until an ODyoo Of 1.0 was reached. Protein expression was pasteur pipet, and incubating for 10 min at %5 prior to
induced with IPTG to a final concentration of 1 mM, and recording the fluorescence Spectrum from 320 to 450 nm
cultures were incubated at 3T for an additionb4 h before using an excitation wavelength of 310 nm. Each spectrum
cells were harvested by centrifugation at@. The purifica- ~ was buffer blank-subtracted as stated previously to correct
tion procedure used has been previously descrig&d (n for the fluorescence of buffer and enzyme. The integrated
place of vacuum filtration during the hydroxyapatite batch flyorescence intensity was calculated and plotted as a
adsorption step, the mixture was washed twice with 400 mL fynction of the ratio of.-7AW added to TrpRS (dimer).
of 0.1 M KzHPQ,, 1 mM DTT, 0.5 mM PMSF, 0.5 mM L-[5-3H] Trp-AMP Formation Monitored Using a Filter
EDTA, pH 6.8 and centrifuged at 309Qo recover the  Bjnding AssayActivity assays using B5] labeledL-Trp
hydroxyapatite. The protein was then eluted by agitating were conducted in the following buffer: 10 mM Tris-HCI,
gently in 100 mL of 0.5 M KHPQ,, 1 mM DTT, 0.5 mM 100 mM NaCl, 1 mM DTT, and 1 mM MgS{) pH 8.0.
PMSF, 0.5 mM EDTA, pH 6.8 for 10 min at room seyeral parallel reactions were conducted with varying
temperature. The protein was recovered by centrifuging at concentrations of-[5°H] Trp. A total reaction volume of
300@ for 15 min at 4°C. Residual hydroxyapatite was 1004L was used and consisted of Qu# B. stearothermo-
removed by a final spin at 40 0gdor 5 min at 4°C. philus TrpRS, 10uM ATP, and 2 units of PPiase in assay

Circular Dichroism MeasurementBrotein samples were  puffer. The reaction was initiated with the addition.g5°H]
prepared in 10 mM PIPES, 100 mM NaF, pH 7.0 at a final Trp. Whatman anion-exchange filter papers (VWR Canlab,
concentration of 2«M. Elipticity was measured from 195  Ontario, Canada) were presoaked in the same assay buffer
to 300 nm in a 1x 1 cm cuvette. Each spectrum was to which had been added 1 mM caldTrp. After 30 min
corrected using a buffer blank. incubation at 25C, 75uL of each sample was applied to a

Time-Correlated Single Photon Counting (TCSPC) Mea- filter paper and allowed to air dry. Filters were washed with
surements Time-resolved fluorescence parameters Bor 20 mL of buffer containing 1 mM cold.-Trp before
stearothermophilusTrpRS and single Trp mutants were counting. Results are presented as the average of three trials.
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Table 1: Steady-State and Time-Resolved Fluorescence ParametBrssfearothermophilu3rpRS and Single Trp Mutarits

B. stearothermophilus

samples Amax (NM) ol 71°(NS) 72 (NS) 73 (NS) o o2 o3 Fi1 F2 Fs
TrpRS 338 0.125 5.45 1.64 0.03 0.37 0.11 0.53 0.91 0.08 0.01
W48 349 0.115 5.13 241 0.54 0.60 0.24 0.16 0.82 0.15 0.03
W91 328 0.890 6.02 1.97 0.33 0.14 0.54 0.32 0.42 0.53 0.05
W290 339 0.160 5.42 1.39 0.84 0.16 0.95 0.05

aFor the time-resolved data, each rotamer lifetim)eaqid its fractional concentration) are reported as is there normalized fractional fluorescence
(F). The fluorescence decay profile for each sample was fit to a double or triple exponential decay based on criteria outlined in the Materials and
Methods.P Quantum yields were determined usiNeacetyltryptophan amidel{ = 0.14) as a reference. Samples were prepared in 10 mM PIPES,
100 mM NaCl, 1 mM DTT, pH 7.0. Absorbance readings at 295 nm were measured usirdat quartz cuvette. Typical errors for the decay
parameters were, 7, 73, = 0.005 ando, o 2, o 3, = 0.01.

Counting efficiency was determined to be 36% by spotting
a known quantity of -[5°H] Trp onto a filter paper.
Comparison of X-ray Crystal Structures for the Substrate-
Free and Substrate-Bound Forms of B. stearothermophilus
TrpRS.Using the PDB coordinates for the substrate-free (ref
15, PDB ID: 1D2R) and substrate-bound (t&f, PDB ID:
116K) forms of B. stearothermophilu$rpRS (EC: 6.1.1.2),
a comparison of the structures was made using WebViewer
Lite 4.0 (Molecular Simulations Inc., San Diego, CA).
Residue specific comparisons are described in the figure
captions as well as the specific atermtom distance mea-
surements made between the Trp indole nitrogen and an atom & g4 |

of the residue suspected of influencing the fluorescence. ) . ) . ) . ) . )
320 340 360 380 400

RESULTS Wavelength (nm)

Spectroscopic Characterization of B. stearothermophilus FIGURE 1: Fluorescence emission spectra. For each sampi#] 1

; iTh _ enzyme in 100 mM NaCl, 1 mM DTT, 20 mM Tris-HCI, pH 8.0.
TrpRS Etmld 28_|ggle /'II'_rp fMu][tant§e\;eral mlllllggllms (?p. (—) B. stearothermophilugrpRS, - ®) B. stearothermophilus
proximately mg/L of culture) of pure soluble protein  y\y4g" ) B. stearothermophilusV91, and ®) B. stearother-

were obtained foB. stearothermophilu$rpRS and for each  mophilusw290.
of the single Trp mutants as determined using the BCA assay.
Enzyme purity was judged by SDFAGE to be>98% to the data. Fits to data were also judged to be adequate when
(data not shown). Activity assays for the formation of the random distribution in the residual plots was observed. There
first intermediate were conducted using 7AW as a substrateare three distinct decay times visible in its fluorescence decay
analogue. This is based upon the previous report showingprofile of B. stearothermophiluSrpRS, and the overall
that 7AW and ATP bind t®. subtilisto form a tightly bound fluorescence is dominated by the longest and shortest
7AW-AMP intermediate with a significantly greater quantum components with preexponential terms of 0.37 and 0.53,
yield than free 7AW 27). Titration of B. stearothermophilus  respectively. The fluorescence spectrum of the single Trp
TrpRS with 7AW in the presence of excess ATP resulted in residue in each mutant varied wi stearothermophilus
a large increase in the fluorescence of the analogue and av91 having the shortest wavelength maximum at 328 nm
change in the Stokes’ shift from 400 to 360 nm. All single (Figure 1). This reflects the hydrophobic environment at the
Trp mutants proved to be active in the formation of the dimer interface. The quantum yield of Trp in this mutant
adenylate using this assay. Far-UV circular dichroism was 0.089. BotiB. stearothermophilugv/48 andB. stearo-
measurements were made on tBe stearothermophilus  thermophilusw?290 displayed broader spectral profiles and
TrpRS and each single Trp mutant. The resulting spectraa red-shifted fluorescence spectrum with maxima at 349 and
were superimposable and showed no significant change in339 nm, respectively. The corresponding quantum yields
signal over the wavelengths measured (data not shown).were 0.12 and 0.16. The average quantum yield of the three
Therefore, the mutations introduced in the enzyme do not mutants is 0.121, which is very similar to the value of 0.125
seem to affect the global secondary structur@otearo- obtained for the nonmutated enzyme. The fluorescence decay
thermophilusTrpRS. of B. stearothermophilug/91 was best described by a three
The emission maximum fd. stearothermophilu§rpRS exponential fit. It displayed the longest lifetime for any of
is 338 nm, and its quantum yield is 0.125 (Table 1). This the mutants with a value of 6.02 ns. The preexponential term
value reflects the low quantum yield of tryptophans at for a decay component is proportional to the relative
positions 91 and 48. The time-resolved parameters for singleconcentration of that componer23). The preexponential
Trp mutants are also presented in Table 1. It must first be terms for this mutant were significantly different from those
noted here that the fluorescence decay parameters of eaclf other mutants with values of 0.14, 0.54, and 0.32 for the
of the tryptophan residues in the single Trp mutants have long, medium, and short decay time components, respec-
important differences. The parameters obtained for the tively. The fluorescence is dominated by the second decay
fluorescence decay were those that showed random residuatomponent with a lifetime of 2.41 ns. There are only two
plots and a SVR of 1.92.0, indicative of a satisfactory fit decay times associated with Trp 290 fluorescence with
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Ficure 2: Formation of 4FW-AMP inB. stearothermophilus
TrpRS. Intrinsic fluorescence emission monitored with 295 nm
excitation, after incubating-4FW in the presence of AM enzyme
and 20uM ATP at pH 8.0.
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lifetimes of 5.42 and 1.39 ns. The fluorescence is dominated
by the long lifetime component, which has a normalized
preexponential term of 0.8B. stearothermophilug/48 also
displayed three distinct lifetimes of 5.13, 2.41, and 0.54 ns.
The fluorescence of the long lifetime component made the
largest contribution to the fluorescence.

Substrate Titrations Forming the Aminoacyl-AMP Inter-
mediate All reactions contained inorganic pyrophosphatase
and excess ATP to drive the reaction forward to completion;
therefore, a true equilibrium was never established. The
fluorescence oB. stearothermophilu§rpRS reflects the
contribution of each intrinsic Trp. Upon forming the 4FW-
AMP intermediate, there is a decrease in fluorescence of 27%
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(Figure 2). This quenching reaches a plateau after a 1:1 4FW

to TrpRS dimer ratio had been reached. Titration of each
enzyme mutant with 4FW to form 4FW-AMP resulted in

significant changes in the intrinsic Trp fluorescence. Control
reactions in which ATP or 4FW were omitted resulted in no

change in fluorescence, suggesting that the observed changes

are the result of 4FW-AMP formation. In each case, the

majority of the observed fluorescence change was complete

after 1 mol equiv (to the TrpRS dimer) of4FW was added.
This corresponds with the formation of one intermediate
molecule per molecule of dimeB. stearothermophilug/91
displayed the largest change in signal upon titration with a
decrease in fluorescence intensity of 49% (Figure 3A).
Previous work showed a similar quenching of the analogous
Trp 92 at the dimer interface2®). It was suggested at the
time that a nearby cysteine residue (Cys 95) may be the
quenching group. To test this, the cysteine to serine mutant
was constructed. The fluorescence Bf subtilis C96S
decreased 62% upon titration with 4FW (Figure 4), which
is similar to that observed in thB. stearothermophilus
TrpRS. B. stearothermophilu®v290 showed a quenching
of fluorescence of 22% (Figure 3BB. stearothermophilus
W48 displayed an increase (19%) in fluorescence (Figure
3C) with no change in emission maximum. In each of the
previous titrations, there was negligible change in fluores-
cence beyond a 1:1 ratio.

Fluorescence Intensity (AFUs)

1.0 1.5
L-4FW/WRS

dimer

0.0 0.5 2.0 25 3.0

Ficure 3: Formation of 4FW-AMP in single Trp mutants. Intrinsic
fluorescence emission monitored with 295 nm excitation, after
incubatingL-4FW in the presence of AM enzyme and 2QuM
ATP at pH 8.0. (A)B. stearothermophilu®v91. (B) B. stearo-
thermophilusw290. (C)B. stearothermophilugv48.

in the protein upon titration with an analogue. Using 4FW,
the observed signal change was correlated with Trp and
tyrosine residues since the extinction coefficient for this

Monitoring the absorbance changes in the enzyme at 290analogue is low at 290 nm. The absorbance changes upon
nm provided another means of measuring structural changegorming 4FW-AMP are shown in Figure 5. For each point,
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FiIGURE 4: Formation of 4FW-AMP in théB. subtilisC96S single FIGURE 6: 7AW titration of B. stearothermophilug/91 single Trp

Trp mutant. Intrinsic fluorescence emission was monitored using mutant. Fluorescence of the Trp analogue was monitored exclu-

295 nm excitation after incubating4FW in the presence of AM sively using 315 nm excitation. The emission spectrum from 320

enzyme and 2@M ATP at pH 8.0. to 450 nm was recorded, and the integrated fluorescence intensity

of each curve was plotted against the ratio of analogue to enzyme

dimer. Reaction conditions wereuM enzyme and 2@M ATP at

0.080 | pH 8.0. Beyond a 1:1 ratio, the data were corrected for the
== fluorescence of free 7AW by subtracting the appropriate blank

. solution.
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. from the reactions forming the aminoacyl-AMP intermediate
suggest that only one of the two reactive sites of the
homodimer is filled with 4FW-AMP or 7AW-AMP, respec-

] tively, when stoichiometric concentrations of amino acid are
used. While the fluorescence and absorption experiments
with 4FW all strongly indicate that only one of the two
reactive sites of the homodimer is filled with substrate, there

. existed the possibility that the second site might also fill but

not result in any change in observed signal. For 7AW, the

0056 L— o 0 0 . small increase in fluorescence beyond 1:1 suggests some

60 05 10 45 20 25 30 binding to the second subunit albeit with a lower affinity.

L-4FWITrpRS,, The rationale for this is that the structure of the dimer is

) symmetrical when both subunits are filled with Trp-AMP;
Ficure 5: Absorbance changes upon forming 4FW-AMPBnN

. therefore, the observed fluorescence changes for each
stearothermophilusv/91 mutant. The absorbance at 290 nm was . - 2
monitored after incubation of various concentrations-@fFW in substrate should be equivalent. The high sensitivity of 7AW

the presence of 2M enzyme and 4«M ATP at pH 8.0. fluorescence to exposure to solvent suggests that it is unlikely
that binding of the analogue to the second free subunit would
the absorbance of buffer with ATP has been subtracted; hot cause a change in its fluorescence signal. To better
therefore, the observed signal change is that of the Tyr andinterpret these results, a direct quantitative measurement of
Trp residues in the enzyme. It shows a pattern similar to bound Trp-AMP, under conditions similar to those used in
that observed with fluorescence measurements in that thethe analogue-AMP reactions, was conducted ushi&*H)
bulk of the signal change (increase in absorbance) wasTrp in an ion-exchange filter binding assay. The experiment
observed with the formation of 1 equiv of 4FW-AMP. The involved incubation of solutions containing different con-
results of the titration of W91 with 7AW in the presence of centrations of-[5°H] Trp in the reaction buffer. The reaction
ATP to form the 7AW-AMP intermediate are shown in mixture was passed over an anion-exchange filter, which
Figure 6. As with the 4FW reaction, the majority of the trapped the enzyme together with any Trp-AMP bound in
fluorescence change was observed after the addition of onethe active site(s). The data for this experiment are presented
mole equivalent of.-7AW to the dimeric enzyme. In the in Figure 7. The results are consistent with the formation of
presence of inorganic pyrophosphatase, all 7AW added tol mol equiv of Trp-AMP to enzyme dimer. This confirms
the solution should be bound to AMP in the active site up that under the nonsaturating conditions used here, the Trp-
to a 1:1 ratio. Therefore, no correction for free 7AW is AMP activity of the second subunit is inhibited or reduced
necessary. Beyond this 1:1 ratio, a correction was made bysignificantly. These results are similar to those observed for
subtracting the fluorescence contribution of an equivalent B. subtilisTrpRS (i.e., one reactive subunit) but differ from
quantity of free 7AW titrated into a buffer solution. Despite those for TrpRS isolated from bovine pancreas, which forms
this correction, there was a small but consistent increase in2 equiv of Trp per dimer under similar conditions to those
7AW fluorescence intensity beyond the 1:1 ratio. The results stated previouslyZ1).
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Ficure 7: Formation of Trp-AMP irB. stearothermophilu¥rpRS B
monitored using radiolabeled substratg5-3H] Trp was titrated Substrate Free
into samples of enzyme with ATP and PPiase in assay buffer and
incubated at 28C for 15 min prior to spotting onto anion-exchange
filter papers. These were then dried and washed extensively prior
to counting. Results are presented as the mean of three trials.

DISCUSSION

Spectroscopic analysis of single Trp mutant8oktearo-
thermophilusTrpRS has provided new details of the move-
ments within different segments of the enzyme during the
first step of the enzymatic reaction. Together with the recent
publication of the X-ray crystal structure for the substrate-
free form ofB. stearothermophilu$rpRS and the substrate-
bound structure reported previously, this gives a detailed
view of the enzyme prior to and after forming Trp-AMP.
The fluorescence observations made during Trp-AMP forma- C Substrate Free
tion with each single Trp mutant show that significant
structural changes occur throughout the subunit that forms L
the adenylate ester and that these changes are not limited to A
the active site or dimer interface. This had been suggested k* e -

Substrate Bound

in the static X-ray crystal structural dath4( 15). Fluores- 792 B, W
ER 4 }3

cence measurements upon forming 4FW-AMP could be
attributed to structural changes occurring at each Trp position.
The fluorescence of both W91 and W290 was quenched
during the formation of 4 FW-AMP. In each case, there was Substrate Bound
no change in emission maximum indicating that there was
negligible change in polarity of the Trp environment, such
as increased solvent exposure. BosubtilisTrpRS, a large
quenching ¢70%) of the fluorescence of the single Trp
residue at position 92 had been reported upon formation of
the Trp-AMP intermediate2). This change was suggested
to be due to a rearrangement from a coil to helix conforma-

tion in th.e segment q()_ntalnlng the Trp. Belng_four res.ldues Ficure 8: Comparison of X-ray crystal structures. (A) Change
away, this could position the Cys 96 residue in an adjacent position of the sulfur atom of the Cys95 quenching group
orientation to the Trp indole ring that would be the origin relative to indole nitrogen of Trp 91 iB. stearothermophi-

of the quenching of Trp fluorescence. However, according lus TrpRS. There is a decrease in distance between the two
to the crystal structures, there is less than a 0.3 A change inatoms of 0.3 A. (B) Change in position of the C1 atom of the His

. . 289 imidazole ring relative to the indole nitrogen of Trp 91Bn
distance between the sulfur atom of Cys 95 and the N1 mdoleSteamthermoph”usﬁpRs The imidazole ring goes from an

nitrogen of Trp91 foB. stearothermophilu$rpRS in going  approximately parallel to perpendicular orientation relative to the
from substrate-free to Trp-AMP-bound forms (Figure 8A). indole ring without a significant change in distance. (C) Change
To test the original hypothesis, the C96S mutari aubtilis in position of the backbone nitrogen atom of Asp 50 relative
TrpRS was constructed and expressed. 4FW-AMP formation {0 indole nitrogen of Trp 48 irB. stearothermophiluSrpRS.

. . L One face of the indole ring approaches Asp 50 and Pro 51,
in the C96S mutant resulted in 62% quenching in fluores- shielding it from solvent. The structures of both the substrate-

cence. This was comparable to the observed quenching withfree (15) and substrate-bound formd4) of the enzyme are
the Cys residue in place, and we now believe that Cys 96 is shown.
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not responsible for the bulk of the observed quenching of Previous experiments have suggested that there are
the Trp 92 residue. There is consistent evidence thatchanges occurring in the substrate-free subunit when one
multicomponent fluorescence decay curves can be attributedsubunit formed the adenylate. This came from the observation
to the presence of side chain rotamers of this amino acid of fluorescence changes occurring at the dimer interface
(33). Thus, the preexponential terms of the fluorescence when forming the intermediat@2?). The method for inter-
decay parameters are proportional to the relative populationsubunit communication has not been established, although
of these rotamers. The time-resolved data indicated that themovement in the long helical backbone, containing Trp 290,
favored rotamer conformation of the Trp indole ring at has been suggested as one possibili).(The C-terminal
position 91 was not the one that had the longest fluorescencesnd of this backbone inserts into the dimer interface, making
decay time. A similar observation was made Brsubtilis contact with residues in the other subunit. The flexibility of
TrpRS @2). This previous report also showed that upon this helical axis implied by the observed fluorescence changes
forming the adenylate intermediate, there was a shift in supports the idea that upon forming the first intermediate,
rotamer populations of Trp 92. The fluorescence decay of there is a structural change in the reactive subunit that induces
the adenylate intermediate-bound form of the enzyme wasa similar structural change in the second substrate-free
dominated by the shortest decay component in this case asubunit via the dimer interface.
well. This provides an explanation for the large quenching  Trp 48 is located on the opposite face of the active site
of fluorescence observed in both TrpRS enzymes. The resultswith the indole ring oriented away from the surface of the
can be rationalized by a redistribution of the rotamer enzyme. Given its solvent-exposed nature and distance from
population on forming the Trp-adenylate where the rotamer the active site (22 A), it was not expected to show any
having the indole ring located adjacent or closest to the amidechanges in fluorescence upon forming the ester intermediate.
backbone becomes the dominant conformation. It has beerThe indole ring of Trp 48 is fully solvent exposed on both
reported that such a rotamer would result in the quenching faces in the substrate-free form (Figure 8C). In the substrate-
of Trp fluorescence owing to the increased probability of bound form of the enzyme, there is a conformational change
excited-state electron transfer to the carbonyl group of thein this segment that brings one face of the indole ring in
amide backbone3f). The X-ray crystal structures d. contact with Asp 50 and Pro 51, shielding it from solvent.
stearothermophilugrpRS show that Trp 91 is situated in  This partial shielding from solvent quenching could explain
ano-helix with or without Trp-AMP. The crystal structures the observed increase in fluorescence.
of the substrate-free enzyme and the symmetric dimer Titration of TrpRS with 7AW to form 7AW-AMP resulted
structure of the adenylate-bound form do not permit a in alarge increase in 7AW fluorescence after approximately
rationalization of the observed fluorescence changes. If the1 mol equiv of 7AW had been added. Further titration with
1:1 adenylate/dimer complex is asymmetric and affects the this analogue resulted in a much smaller increase in intensity
dimer interface, then the time-resolved fluorescence data ofup to and beyond a 2:1 complex. The X-ray crystal structure
B. stearothermophilu¥vV91 may provide insights into the for B. stearothermophilugrpRS with both subunits filled
changes in indole side chain conformations that occur. with Trp adenylate is symmetrical. If both sites were forming
A structural change at position 290, inferred from the 7AW-AMP with equal efficiencies then one expects twice
quenching of the fluorescence of the Trp residue at this the observed increase in 7AW fluorescence at saturation. If
position upon formation of the adenylate ester, is significant the second subunit has a different structure when filled, then
given the distance of W290 from both the Trp-AMP (23 A) the observed signal change should reach saturation at a 2:1
and the tRNA binding sites (19 AJL#). As with the data ratio since in this reaction one is monitoring the change in
from position 91, the fluorescence results from position 290 signal of the reacting amino acid substrate and not that of
show that structural changes are not limited to the active enzyme itself. This anti-cooperative behavior implies that
site. There is a lack of any significant change in solvent the formation of the complex at one active site and the
exposure of the indole ring of Trp 290 between the substrate-concomitant structural changes in that subunit induce a
free and the bound forms as demonstrated by the similarity structural changes in the second subunit that prevent the
in fluorescence maxima. This agrees with the information efficient formation of a second adenylate moiety in the dimer.
provided by X-ray structures. The only residue withki 6 A This possibility is seen from the symmetrical structures as
distance of the indole moiety at this position that would be discussed earlier. This suggests that the affinity for 7AW
capable of quenching W290 fluorescence is His 289. In the and/or the catalytic efficiency in forming 7AW-AMP is
substrate-bound form, the plane of the imidazole ring of the significantly reduced at the second substrate-free subunit. It
His residue has rotated from a configuration where the two is reasonable to assume, given these results, that binding of
ring structures were parallel to one where the imidazole ring 4FW, or formation of 4FW-AMP, may also occur at the
is perpendicular to the plane of the indole ring of Trp (Figure second substrate-free subunit in the analogous titration. It
8B). The parallel orientation is the dominant configuration should be pointed out, however, that no further changes in
found between these two ring structures in proted@. (The the fluorescence of any @&. stearothermophilu$rpRS or
relative change in distance between the two functional groupsany of the single Trp mutants were observed beyond a 1:1
was negligible, and that alone cannot explain the observedTrpRS:4FW-AMP complex. This pattern in stoichiometry
quenching. However, the change in ring orientation when was also observed in the experiments measuring absorbance
forming Trp-AMP may lead to a more efficient proton- during the formation of 4FW-AMP. The radioisotope assay
transfer quenching process from His 289 to Trp 290).( shows clearly that there is no significant formation of Trp-
The double exponential time-resolved florescence decay AMP after forming the intermediate at one subunit. Together
parameters also support the idea of reduced conformationalwith the spectroscopic data, this indicates an anticooperative
freedom for the indole ring. model. It should be noted that since inorganic pyrophos-
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phatase has been added to each reaction mixture, this
eliminates the possibility of complex inhibition by bound
pyrophosphate. Bound pyrophosphate had been proposed
previously as an explanation for the anticooperative behavior
observed in bovine TrpR20).

The results from the 4FW-AMP reaction suggest that (1) 7.

there are major structural changes occurring in both subunits
after forming a 1:1 complex and (2) it is unlikely that

second subunit. These results suggest that an approaching
tRNAT™ molecule will likely bind to a dimeric enzyme that
has one subunit filled. In the acylation reaction, the anticodon
region of the tRNA will make contact with the substrate-
free subunit, spanning the dimer so that thei®d is close

to the filled active site. Therefore, the structure presented in
the X-ray crystal data, in which both subunits are filled, is
likely to be very similar to that encountered by the approach-
ing tRNATP in solution under nonsaturating conditions,
where only one subunit is occupied. If both subunits share
a similar structure, an approaching tRNA molecule could
bind to the enzyme in an orientation that would not result in
amino acid acetylation. Further experiments are required to
determine if an approaching tRNA molecule has any prefer-
ence to the subunit carrying the Trp-AMP intermediate.

17

CONCLUSIONS

The data from the single Trp mutants demonstrate the
utility of intrinsic fluorescence as a method for providing
new insights into structurefunction relationships in highly
dynamic proteins as well as complementing the data available
from X-ray structures. The binding of Trp and ATP
stearothermophilusTrpRS to form Trp-AMP results in a
global change in structure at the active subunit. These

changes are communicated to the second substrate-free2®:

subunit, where it is believed that a similar structure is
induced. The mechanism for this communication may be

through movement in the long helical backbone via the dimer 27.
interface. Under physiological nonsaturating conditions, the 28.

second subunit does not form Trp-AMP, which was shown

to be the case in the X-ray crystal structure where saturating ,q
concentrations of substrate were used in producing the
crystals for diffraction. The structure of the empty subunit

is believed to be that observed in the substrate-filled active 30

subunit shown in X-ray crystal structure data, where an
excess of substrates were used since the active site of the
second subunit does not efficiently form adenylate. This 32
differs from the enzyme preparation used for generating the

X-ray crystal structure where saturating concentrations of 33:

substrate were used. This change in structure of the free 5,
subunit may explain the observed anticooperativity.
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