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ABSTRACT. Escherichia colicysteinyl-tRNA synthetase (CysRS) achieves high amino acid specificity
without the need for an editing reaction. Crystallographic and spectroscopic studies have previously
demonstrated that a major determinant of the specificity is an active site zinc ion that recognizes the
substrate cysteine through a strong zitttiolate interaction. The active site cleft of CysRS is composed

of highly or strictly conserved amino acids, including four inner-sphere zinc ligands, five histidine
imidazoles at the base of the cleft, and a tryptophan that flips down upon cysteine binding to complete
formation of the binding pocket. Here we establish the significance of each of these major features of the
active site cleft by mutational analysis. Substitutions generally lead to substantially deleterious effects on
Km andkeqt parameters with respect to each of the cysteine, ATP, and fR¢Abstrates. These findings
emphasize the importance of the highly differentiated nature of the active site and provide new insights
into the origins of selectivity without editing. Most mutants are less attenuated in tRNA aminoacylation
than in adenylate synthesis, suggesting that tRNA binding drives a conformational change to help assemble
the active site.

Aminoacyl-tRNA synthetases (AARSSs) establish the ge- editing reaction 13). Recent crystal structure analysis and
netic code by matching amino acids with trinucleotide spectroscopic studies of the enzyme have demonstrated that
sequences encoded as the anticodons in tRNAs. Each of thehe specificity depends on an active site zinc ion that forms
20 synthetases catalyzes a two-step aminoacylation reactiona zinc—thiolate bond with the substrate cysteirie},(15).
whereby an amino acid is first condensed with ATP to form The crystal structures of the apo- and cysteine-bound forms
an activated aminoacyl adenylate intermediate, which is thenof the enzyme show a zinc ion located at the very base of
transferred to the'2 or 3-terminal hydroxyl group of the  the active site cleft{4). In the apo form, the zinc ion is
cognate tRNA by trans esterificatioft)( Structural studies  coordinated to the side chains of C28, C209, H234, and E238
show that the 20 synthetases can be divided into two classesn an inner-sphere structure that is intermediate between
possessing distinct active site domain architectupes) tetrahedral and trigonal bipyramidal states (Figure 1A). All
In class | synthetases, the active site is composed of thefour side chains are strictly conserved, except in two archaeal
Rossmann fold domain, and the conserved HIGH and enzymes where C209 is replaced by an aspartate. Upon
KMSKS motifs help to form the ATP-binding site. By binding of the substrate cysteine, the zinc ion moves toward
contrast, class Il synthetases possess an unrelated miked the thiol of cysteine by 0.8 A, while lengthening the inner-
active site domain. Adjacent to the class-specific ATP- sphere distance to E238 from 2.3 to 3.1 A. In the new
binding motifs is a pocket that binds the cognate amino acid position, the zinc ion is coordinated by the substrate cysteine
substrate. Due to the chemical and structural similarities of thiol and by the side chains of the original ligands in a nearly
some amino acids, a number of synthetases from both clasperfect trigonal- bipyramidal geometry (Figure 1B). The
| and class Il can bind and activate closely similar amino direct metat-thiolate interaction has been confirmed by
acids in the amino acid pocket. The misaminoacylated tRNA spectroscopic analysis of €esubstitutedE. coli CysRS
is then hydrolyzed in a spatially separate editing ste ( (15). Co*" is similar to Zr#™ in chemical and geometric
11). The editing reaction is energy-consuming and requires properties but is distinguished by a well-established absorp-
hydrolysis of additional ATP12). tion spectrum in the UVvisible range 16). The Cé*-

Escherichia coliCysRS is a class | synthetase that substituted CysRS retains the full activity of the nativéZn
achieves amino acid specificity without the need for an e€nzyme and displays spectral changes characteristic of
formation of a metatthiolate bond upon cysteine binding.
These changes are not observed in the presence of noncog-
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Ficure 1: Structures of the zinc center in the (A) apo-bound and (B) cysteine-lBuoali CysRS, displaying the zinc ion as a solid ball,
direct ligands in blue, the histidine array in brown, and W205 in purple.

and H256) are present at the base of the active site, of whichMATERIALS AND METHODS

only H234 directly ligates zinc. The imidazole rings of H206,

H234, H235, and H256 are roughly in-line and are separated Enzyme Qerexpression, Purification, and AssayEhe

by 4.1 A or less from each other in the two available wild-typeE. coli CysRS containing a C-terminal His tag was
structures. The remaining histidine, H224, is positioned expressed and purified frof. coli BL21(DE3) harboring
between C28 and E238 above the plane of the others. Tothe plasmid pCysRS09, which is a derivative of pET-22b
our knowledge this arrangement of histidines is unique (+). Mutations in CysRS were generated by QuikChange
among known protein structures, and the strict conservationsite-directed mutagenesis (Stratagene) from pCysRS09 and
suggests an important functional role. In addition, the strictly were confirmed by sequence analysis. All His-tagged en-
conserved W205 side chain, which faces the insertion domainzymes were purified by the Talon metal-affinity resin
in the unligated enzyme, flips down toward the active site (ClonTech) followed by the monoQ column on an FPLC.
upon cysteine binding to stack on the cysteine thiol. This Enzyme concentrations were determined by the active site
rearrangement appears to be a necessary step to complegyst assayi(7), based on protein concentrations determined
formation of the amino acid binding cleft. by the Bradford method (Bio-Rad). Assays for amino acid

While the zinc in CysRS is the major determinant for ,.tivation by the PP-ATP exchange method.8) and for
selectivity of cysteine, the role of the conserved amino acids aminoacylation of the T7 transcript &. coli tRNASYs (19)

in the zinc center has not been directly tested. The primary \yare as described. Kinetic paramets kea, andKkealKm
question of interest is whether these amino acids contributeWere derived from the LineweaveBurk analysis, where

to catalysis of aminoacylatign or. tp struc'gural orgapization the active enzyme concentrations were at least 10-fold below
of the enzyme thrpugh their ability to bind the Zinc. TO 1he |owest concentrations of the substrate. Data were fitted
address this question, each of the conserved side chains hat% the Michaelis-Menten equation and reported as the
be_en_ examined bY mutat|onal_analys_|s. Interestingly, $Ub' average of at least three independent measurements. For
stitutions of the majority of the side chains have a deleterious enzymes possessing extremely weak activities, onlyie

effect on cataIyS|s_, without perturbmg the global folding Of. Km value could be obtained. This parameter was determined
CysRS. We also find that the deleterious effect on catalysis . L )
by measuring the initial rate of reaction at substrate

is generally stronger on cysteine than on ATP in adenylate . .

synthesis, consistent with the proximity of these side chains concentrations where no saturation was detected.
to the cysteine-binding site. Unexpectedly, the catalytic defect Metal Analysis Zinc analysis was by atomic absorption
is less severe in tRNA aminoacylation than in adenylate Spectroscopy at the MSI Analytical Laboratory, University
synthesis, suggesting a role for tRNA in helping to assemble of California, Santa Barbara. The samples were diluted to a
a proficient active site. Further, individual replacements of final concentration of Lg/mL in 20 mM Tris-HCI, pH 7.5,
direct zinc ligands generally do not significantly compromise and 0.2 mM DTT prior to the analysis, and replicate readings
zinc binding, suggesting the possibility of an unusual were taken to obtain an average. The human carbonic
mechanism that sequesters the zinc. Together with theanhydrase, which contains 1 mol of Zn/mol of enzyme,
demonstrated difficulty in isolating misactivating mutants, Yyielded a value of 0.9& 0.01 mol of zinc/mol of enzyme.
these results reveal an extremely well differentiated amino The standard was prepared from zinc oxide (Fisher certified
acid binding cleft that places the zinc ion in the optimal atomic absorption standard, P/N SO-Z-13, 1000 ppm)
position for substrate selection without editing. dissolved in diluted nitric acid.
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C_ircmar DiChrOism Analysis of Enzymed/ild t_ype and Table 1: Kinetic Parameters of Adenylate Synthesis with Respect to
variants ofE. coli CysRS (0.5M) were prepared in a buffer  cysteine

containing 20 mM Tris-HCI, pH 7.5, and 1 mM DTT. The

KealKm relative
spectra were collected on a JASCO J-810 spectrophotometer, K (MM) ka(S)  (SIM7D)  activity
and the data were collected at 2860 nm at room wildtype  0.031t 0.007 99.6:7.8 323x16 1.0
temperature. c28s 2.36:0.89 0.13£0.04 559x16 1.73x 105

Binding of tRNAYs by Fluorescence TitratianVild type C209S nd nd
and variants oE. coli CysRS were titrated with increasing gggé/sczogs nd nd
. . . Cvs nd nd
concentrations of the T7 transcript Bf coli tRNA®YS. The E238S 0.05- 001 304f12 608x 10F 1.9x 10t
binding reaction was performed in 25 mM sodium acetate, H234N/ 3.04 0.022 7.24 2.24 10°®
pH 6.0, 10 mM MgC}, and 5 mM DTT for 10 min at 30C E238Q
and analyzed on a PTI fluorometer (814 Photomultiplier €285/ nd nd

Detection System), using the software Felix (for Windows) ﬁggiﬁll

version 1.42b. Data were collected with an excitation  g2380Q

wavelength of 285 nm, and emission was monitored at310 H206S 0.052+ 0.013 37.8:7.9 7.27x 10° 2.2x 10!
400 nm. Addition of tRNAYs quenches the fluorescence H224S 2.78:0.28  36.5£0.48 1.31x 10" 4.06x 10°°
H235S 258059  1.32+0.042 5.12x 10?7 1.58x 104

emission. The titration was with 0.6281 enzyme and_v_va_s H2245/ 7094049 898t 257 127x 10° 3.93x 10-*
monitored at the wavelength of 330 nm, and the equilibrium o355

dissociation constant for tRNAS was obtained by fitting H256S 0.2140.05 1.12+0.04 5.33x 10°* 1.65x 1073
the data with Sigma Plot. H234N/ nd nd
E238Q/
H224N/
RESULTS H235N
W205F 2.52£0.10 0.28+0.02 1.09x 1(* 3.39x 1075

[?esign'of Mutgtions.The majority of the cor_lserved' 361L 016 0.28L 001 7.64x 10 236 10-5
residues in the zinc center were mutated to serine, which woosa 6.584+4.22 022+ 0.07 3.28x 10! 1.02x 105
binds Zrt™ weakly and which may be less perturbing to the
structure than the alanine substitution. All of the mutants
were expressed ikE. coli as C-terminal His-tag fusions,
facilitating purification of the mutants away from the Table 2: Kinetic Parameters of Adenylate Synthesis with Respect to

. ) . ATP
chromosome encoded wild-type enzyme. The His-tag addi-

a2 Not detectable.

tion does not hinder the activity &. coli CysRS in either . kf;‘{K,ml relative
adenylate synthesis or tRNA aminoacylation. In both reac- Km(MM)  ka(s) (s°M7)  activity
tions, steady-state kinetic parameters of the wild-type enzymeWild type 0.254:0.002 141.9£12 56x16 1.0 .
with and without the tag are indistinguishablesy, o282, 1055094 0355023 179« 10* 3.20x 107

The activities of the mutants were evaluated for both H234s 0.40 3.26¢ 107 8.01 1.42x 10°°
adenylate synthesis and tRNA aminoacylation. To ensure C28S/C209S  nd nd ,
steady-state conditions, enzyme concentrations were main-Eggjﬁl/Ezng (1%%* 0.05 36‘-%7%6 3-?22124 & g-é;xlgﬁ
tained at least 10-fold below those of the substrate. While c2gs/c209s/ nd nd ' '

achieving saturating levels of cysteine for measurement of H234N/
theK, for ATP in adenylate synthesis presented no difficulty,  E238Q

that of theK,, for cysteine was performed under subsaturating H206S 037007 541125 146x 10° 2.6x 10
: . - H224S 1.41 5.88 100 4.17x 10* 7.4x 102

concentrations of ATP (5 mM) due to the insolubility of ATP | 54g 157007 144001 917« 1 1.62x 10-2

in the PR—ATP exchange assay. This limitation prevents H224S/H235S 2.4& 1.08 31.1+9.0 1.25x 10* 2.23x 10°2

accurate estimation of cysteine parameters for mutantsH256S 0.42£0.10 1.38+0.48 3.28x 1(°® 5.8x 10°°

possessing significantly weakened ATP affinities. As such, H234N/E238Q/nd nd

evaluation in these cases was made only by the measurement Egggm/

of keafKm. The necessity for low ATP concentrations \w2osF 116+ 0.21 0.55+ 0.36 4.81x 10 8.5x 104

rationalizes why values d{.,; determined in some cysteine W205Y 0.77£0.22 0.29+0.22 3.82x 1? 6.8x 104

titrations are lower than corresponding values for ATP W205A 0.69+0.43 0.20+:0.10 2.96x 10* 5.2x 10°*

titrations (Tables 1 and 2). Similar considerations apply to

the tRNA aminoacylation reaction, because of limitations strate cysteine binds (Figure 1B). The double mutant H234N/

in the concentration of commercially availabfJ]cysteine. E238Q, in which H234 and E238 were replaced by the
Mutations of Direct Ligands to the ZinMutations inthree  structurally more similar asparagine and glutamine, respec-

of the four direct zinc ligands, C28, C209, and H234, showed tively, was also severely defective. The quadruple mutant,

severely deleterious defects &g: and K, for cysteine in in which all four ligands were substituted (C28S/C209S/

cysteinyl adenylate synthesis (Table 1). For example, the H234N/E238Q), had no detectable activity.

mutants C209S, H234S, and C28S/C209S had no measurable Kinetic defects for ATP in adenylate synthesis were

activity, while C28S was decreased kgp/K by 10-fold. similarly deleterious (Table 2). Except for the E238S mutant,

In contrast, mutation of the E238 ligand had little effect. all mutants were substantially decreasedki/Km,. For

The apparently less important role of E238 in adenylate example, the C209S, C28S/C209S, and C28S/C209S/H234N/

synthesis is consistent with structural studies showing that E238Q mutants each showed no measurable activity, while

the E238-zinc distance lengthens significantly when sub- the H234S and H234N/E238Q enzymes were decreased by
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Table 3: Kinetic Parameters of Aminoacylation with Respect to tRRA

Keal Kim relative Kgq of

Km (uM) Keat (S71) (s'M™Y activity Zrét/mol tRNACYs
wild type 1.16+ 0.01 2.46+ 0.06 2.12x 16 1.0 0.98+ 0.07 0.32+ 0.07
C28S 22.1+ 105 5.63x 072 2.55x 17 1.2x 10 0.78+ 0.09
C209S 63.5 4.13% 1073 6.50x 10t 3.06x 10°° 1.10£ 0.03
C28S/C209S 95.2 5.27 1078 5.54x 10 2.61x 10°° 0.66+ 0.005 0.26+ 0.08
H234S 57.6 1.8< 102 3.11x 1 1.47x 104 1.05+£0.01
E238S 0.83t 0.001 0.59t 0.06 7.1x 10° 3.3x 101t
H234N/E238Q 239.% 153.6 0.03+ 0.015 1.25x 17 5.9x 107® 0.84+ 0.08
C28S/C209S/H234N/E238Q nd nd 0.0810.009
H206S 0.78+ 0.32 1.08+ 0.09 1.38x 1P 6.5x 107t 1.04+0.16
H224S 2.14+2.34 0.257+ 0.066 1.20x 10° 5.7x 1072 1.01+0.13
H235S 483+ 2.34 0.039£ 0.02 8.07x 10° 3.8x 1073 0.98+ 0.16
H224S/H235N 23.2 3.8 0.021+ 0.001 9.0x 1¢? 4.24x 104 0.12+ 0.01
H256S 2.6H0.21 0.57+ 0.10 2.13x 1P 1.0x 10 1.07+0.12
H234N/E238Q/H224N/H235N nd nd 0.1#70.004 0.23£ 0.06
W205F 1.17x 10 5.5x 1073
W205Y 6.62+ 1.51 6.74x 1073 1.02x 1¢° 48x 104 0.21+ 0.04
W205A 4.89+ 2.67 0.039t 0.018 0.8x 10 3.77x 1073

10°—-10*fold. For these mutant&g,:and, more significantly, ~ was reduced in aminoacylation by1f@ld (Table 3). Again,
Knm effects with respect to ATP were approximately 10-fold the quadruple mutant that derived from the double mutant
smaller than with respect to cysteine. had no aminoacylation activity.

Kinetic parameters for tRN&Sin aminoacylation showed Mutations of W205The indole of the conserved W205
the same pattern (Table 3). The E238S mutant had therotates into the amino acid pocket upon cysteine binding to
smallest defect (3-fold ik../Kn), whereas all others were  stabilize the bound substrat&4j. To test the role of this
significantly diminished in activity (by 18-10°-fold). For side chain, mutants W205A, W205F, and W205Y were
all mutants, the major defect was at the level lQf;. analyzed. All three mutants showed a similar defect f-10
Interestingly, decreases in tRNA aminoacylation were smaller 10°-fold with respect to cysteine in adenylate synthesis (Table
than those observed in adenylate synthesis. Even mutantd), a defect of 18-10*fold with respect to ATP (Table 2),
C209S, H234S, and C28S/C209S, which were completely and a defect of 13-10°fold in tRNA aminoacylation (Table
inactive for adenylate synthesis, were weakly active for tRNA 3). These were quantitatively similar to the corresponding
aminoacylation. The only mutant that was inactive for tRNA reductions upon substitutions of the direct zinc ligands. For
aminoacylation was the quadruple mutant that replaced allthe three W205 mutants, the catalytic defects with respect
of the zinc ligands. to the three substrates, cysteine, ATP, and tRi§Avere

Mutations of the Histidine Array at the Base of the Aeti  largely derived from theék, factor.

Site Of the five histidines (H206, H224, H234, H235, and Because of the importance of W205 in stabilizing substrate
H256) at the base of the active site, substitution of the direct in the cysteine-bound crystal structure, it was of interest to
zinc ligand H234 had the largest effect on activity. This was determine whether substitutions of this amino acid might
followed in order by substitution of H235, H224 H256, relax substrate specificity. To test this possibility, activation
and H206. For example, with respect to cysteine in adenylateof serine was measured in the presence of 0.5 M serine, 5
synthesis (Table 1), the H234S mutant had no measurablenM ATP, and 10uM enzyme by the PP ATP exchange
activity, whereas the H235S mutant displayed a weak but assay. While the wild-type enzyme had no detectable activity
measurable activity that was diminished by*-f6ld from (rate < 1073 s M), the W205Y mutant showed a weak
the wild type. The H224S and H256 mutants were each activity with a rate of 0.03's M. Other mutants, including
diminished by 18&fold, and the H206S mutant was dimin- W205F, W205A, C28S, C209S, C28S/C209S, H234S,
ished by less than 10-fold. This order of effect is preserved H234S/E238Q, H224S, and H224N/H235N, were unable to
with respect to ATP in adenylate synthesis (Table 2), except activate serine. However, despite the 30-fold improvement
that the effect of mutation is generally smaller. A double in activation of serine over the wild type, the W205Y mutant
mutant, H224N/H235N, which altered two histidines in the showed no detectable activity in tRNA aminoacylation.
array with the structurally similar asparagine, was as defec- Zr?* Content Many mutants were analyzed for theirZn

tive as the single H235S mutant. An additional substitution content by atomic absorption spectroscopy (Table 3). Un-
of two zinc ligands, H234N/E238Q), to this mutant generated expectedly, most mutants retained high levels of zinc
a quadruple mutant that was inactive with respect to both occupancy, even with substitutions of zinc ligands. For
cysteine and ATP (Tables 1 and 2). example, C28S, C209S, H234S, H234N/E238Q, and C28S/

Mutations in the histidine array also decreased tRNA C209S, all of which contain substitutions of direct ligands
aminoacylation (Table 3). The severity of catalytic reductions that reduce activities to extremely low levels, still carried
by substitutions was of the same order as that of adenylatebetween 0.6 and 1.0 equiv of Zn Only removal of all four
synthesis (H234> H235 > H224 ~ H256 > H206), direct zinc ligands in the C28S/C209S/H234N/E238Q mutant
although the reductions were generally smaller. An exception caused loss of zinc binding. The H224N/H235N and H224N/
was the double mutant H224N/H235N, which was reduced H235N/H234N/E238Q mutants also bound very little zinc.
in adenylate synthesis with respect to cysteine bifal The activities of each of these three enzymes were highly
and with respect to ATP by 10-fold (Tables 1 and 2), but attenuated.
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enzyme but not to the control tryptophan solution. BSA was
not used as the control because there was no direct interaction
with tRNA and no quench by the tRNA solution. Titration
of 0.625u4M enzyme with increasing concentrations of tRNA
yielded a series of fluorescence spectra, where the quench
at 330 nm of each was monitored and corrected for the
C285/C208S dilution factor. Analysis of fluorescence yields revealed a
H224N/H235N Kg of 0.32 uM for the wild type (Figure 3, inset), which
H224N/H234NIHZ3EN/E238Q was 3-fold smaller than thi€y, of tRNA®Ys (1.16uM) in the
aminoacylation reaction (Table 3). Th{g is similar to those
reported for tRNA binding by GInRS and AspR32( 23).
By the same fluorescence titration, tKgvalues of three of
the five mutants mentioned above (C28S/C09S, W205Y, and
200 220 240 260 H224N/H234N/H235N/E238Q) were determined and shown
Wavelength (nm) to be similar to that of the wild type (0.26, 0.21, and 0.23
Ficure 2: Circular dichroism spectra of the wild type and mutants #M, respectively). Interestingly, .for_ the C28.S/C.2.095 and
of E. coli CysRS. W205Y mutants, th&y of tRNA binding was significantly
smaller than thé&,, of tRNA aminoacylation (Table 3). This
suggests that while the overall enzyme affinity for the tRNA
substrate did not change, the rate leading to formation of a
catalytically productive enzymetRNA complex is likely
reduced from that of the wild-type enzyme. The similarity

201 \
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3
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80000

60000 -

in Kq values between the wild type and mutants was
G or e @ separately confirmed by a gel shift assay, where formation
40000 1 RNASY (1) of the synthetasetRNA complex was directly visualized and

measured (data not shown).

Fluorescence intensity

DISCUSSION

20000 -

A Well-Differentiated Zinc CenteZinc is one of the most
: , . : abundant and important first-row transition metals in en-
320 340 360 380 400 zymes. This metal ion can serve a purely structural role, such
Wavelength (nm) as in the zinc-finger motif of transcription factors, or it can
Ficure 3: Fluorescence emission spectra of an equilibrium titration serve a catalytic role, such as in the zinc enzymes carbonic
of E. coli CysRS with tRNAYs. The wild-type enzyme (0.62&M) anhydrase and carboxypeptidase24)( In the catalytic role,

‘(’j":ﬁvg‘c;gatg? S"gg LTAN%?:]S;? ?hrgggfnaia%gzﬁéfggwa&e 4 the coordination geometries of the zinc change as the
d . . . . O
similarly, which were C28S/C209S, W205Y, and H224N/H234N; Chemistry of catalysis proceeds. In CysRS, the zinc is at the

H235N/E238Q. active site, and its coordination geometry increases from four
to five upon substrate bindind 4, 15). However, this does
Structural Integrity of MutantsTo test whether mutations ~ not directly assign a catalytic or structural role, because it
in the CysRS amino acid cleft might perturb the enzyme has not been possible to isolate the zinc-free CysRS. Spe-
structure, the structural integrity was probed by both circular cifically, attempts to remove the zinc by using the strong
dichroism (CD) and tRNAYs-binding affinity. The mutants ~ metal chelator CDTAtfans-1,2-diaminocyclohexanbN,-
tested were the active E238S, two mutants with weakenedN',N'-tetraacetic acid) in the presendeBaM urea, followed
activity but high Zii*-binding capacity (C28S/C209S and by dialysis in refolding buffer, resulted in precipitation of
W205Y), and two similarly weak mutants with low Zn the enzyme. The inability to isolate the zinc-free enzyme
binding capacity (H224N/H235N and H224N/H234N/H235N/ prevented direct examination of the role of zinc in catalysis.
E238Q). The CD spectra of the wild type were typical of a To gain insights into the role of zinc, the direct zinc ligands
highly o-helical protein (Figure 2), and all five mutants and surrounding network of conserved side chains were
exhibited similar spectra, verifying that secondary structure mutated, and the purified mutants were characterized for
is retained. enzyme activity and structural integrity. While the majority
Class | tRNA synthetases bind tRNA via global structural of substitutions lead to severe reductions of activity, many
determinantsZ0, 21), suggesting that tRN®&s binding by nonetheless retain the capacity to bind zinc. Of the few that
CysRS provides a reasonable probe of tertiary structurallose the zinc (particularly the mutant H224N/H234N/H235N/
integrity. To quantitatively measure the affinity for tRI%4 E238Q), global structural integrity is maintained on the basis
an equilibrium titration was developed on the basis of of the criteria of CD spectroscopy and tRNA binding. In
intrinsic tryptophan fluorescence (Figure 3). In this equilib- addition, all mutants are well expressedBncoli at levels
rium assay, formation of the enzym&RNA complex was over 70% of total cellular proteins, and all are stable in
observed as a decrease of the fluorescence intensity. Therolonged storage, suggesting preservation of the native
excitation wavelength was chosen at 285 nm so as to obtainstructure regardless of the zinc-binding capacity. Together,
the highest emission spectrum. The emission wavelength waghese results suggest that zinc does not play a major role in
chosen at 330 nm such that the quench was specific to thethe structural stability of the enzyme but, instead, a catalytic
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function that is modulated by conserved side chains that and reactivities of theses ligands, and enhance the electro-

surround the metal site. static interaction between the metal and the thiol of the
Mutations to the conserved side chains have clear kinetic substrate cysteinel4). The ability of these imidazoles to
defects. First, although mutations affect béth and k., of module the chemical properties of the zinc thus provides a
all three substrates (cysteine, ATP, and tRXA they shell of “indirect ligands” that can stabilize the catalytic
generally have a stronger effect &g, than onKy,. This transition state. The use of a shell of indirect ligands to

provides support for the notion that the amino acids in the modulate the activity of zinc is a common catalytic strategy
zinc site help to build a substrate-binding site that precisely employed by carbonic anhydrase and protein farnesyltrans-
aligns the reactivex-carboxylate of the amino acid with  ferase 81, 32).
respect to ATP and tRNA. Second, mutations tend to have A Putative Second Zinc SitéAn unexpected finding is
a stronger effect on cysteine than on ATP in adenylate that mutations of the direct zinc ligands do not result in a
synthesis, which is consistent with the closer proximity of significantly decreased capacity for zinc binding. This is in
these side chains to the cysteine-binding cleft where the zinccontrast to the case of the structural zindEincoli MetRS,
is located. While most mutations are deleterious, E238S andwhere a single mutation of the direct zinc ligand C148
H206S are relatively active. As noted in the crystal structures significantly reduces the zinc occupan8(34). In CysRS,
of E. coli CysRS, the E238Zn?" distance lengthens upon the retention of zinc-binding capacity, despite extensive
substrate binding, while H206S is at the periphery of the mutations of directly ligating or nearby side chains, raises
histidine array. In fact, the catalytic contributions of indi- the possibility of a novel mechanism for its sequestration.
vidual histidines in the array (as assessed by activities of Analysis of crystal structures & coli CysRS has suggested
the respective single mutants) are correlated with proximity that several of the histidines in the array might cooperate to
to the zinc ion. The most important H234 directly ligates form a second zinc-binding site that consists of H224, H234,
the zinc, while H235 lies 4.4 A distant, and the least H235, C28, and E238l¢). Modeling suggests that a largely
important H206 is separated by 6.9 A. unencumbered movement of the zinc by about 2.5 A from
Another general trend is that mutations have stronger the first site, to the alternative position located deeper in the
effects on adenylate synthesis than on tRNA aminoacylation. cysteine-binding cleft, can create the pentacoordination
This suggests that tRNA binding can partially repair local geometry of the second site. The putative second site may
perturbations in the active site structure due to mutations. serve to allow shuttling of the zinc between the two sites.
The possibility that tRNA binding might improve the Although no precedent is known for a metal shuttle of this
efficiency of adenylate synthesis in the overall reaction may type, it is nonetheless conceivable that such a mechanism
be general to tRNA synthetases. In fact, four class | can offer substantial catalytic advantages. For example,
synthetases, ArgRS, GInRS, GIuRS, and LysRS, must bindmovement of the zinc ion into the more distal second site
their cognate tRNA before catalysis of adenylate synthesis after cysteinylation could allow one of the second site ligands
(2). The role of the tRNA in these cases is to rearrange the (possibly H235) to more strongly bind the zinc and disrupt
active site to properly align functional groups of the amino the Zr#t—thiolate interaction at the first site, thus facilitating
acid and ATP substrates for catalysib,(26). The ability product release while retaining the metal on the enzyme for
of tRNA to assist adenylate synthesis may be even applicablethe next catalytic cycle. This is particularly important given
to those synthetases that catalyze adenylate synthesis in théhat the intracellular concentration of free zincEn coli is
absence of tRNA. For example, GlyRS, LysRS, and ThrRS extremely low (approximately femtomolad%), as most of
have smalleiK, values for ATP in tRNA aminoacylation the metal is tightly bound by the primary zinc sensor/
than in adenylate synthesi2?-29), suggesting that tRNA  regulator proteins. Alternatively, the second zinc site may
binding helps to structure the ATP-binding site. Also, tRNA help to facilitate structural rearrangement leading to rejection
binding in AspRS places the CCA end on top of the ATP of nhoncognate amino acids. Because three of the amino acids
site and helps to close the amino acid binding pocRé}. ( proposed in the second site are shared in common with those
In the case of CysRS, the improved tRNA aminoacylation of the first site, the two sites should be mutually exclusive
activity in mutants that are severely decreased for adenylatein binding the zinc, which explains the identification of only
synthesis provides further support for the notion that the one zinc in the existing crystal structures as well as the
mutations have only local effects on structure. atomic absorption measurements indicating the presence of
The catalytic function of the zinc may be further enhanced one zinc ion per protein chain. Structure determinations of
by individual histidines at the base of the active site. Upon mutant enzymes, perhaps containing the C209S mutation
cysteine binding, the sulfhydryl proton of the cysteine thiol within the observed zinc site, or of enzyme complexes with
must be removed to form the enzyme-boundZrthiolate. tRNA at later stages of the catalytic cycle may allow
In solution the [, of the cysteine thiol is approximately observation of a zinc ion trapped in the proposed second
8.5; thus, some decrease in this value generated by the activsite.
site milieu appears likely to promote efficient catalysis at  The existence of a second zinc site is also suggested by
neutral pH. As in many zinc-catalyzed reactions, the histidine the difficulty in removing zinc from wild-type CysRS. As
imidazole likely plays a role in modulating the electrostatic mentioned above, even the combination of CDTA and 8 M
environments of the zinc centét4). In the crystal structures  urea does not effectively remove the zirk5). Possibly,
of E. coli CysRS, individual imidazoles in the histidine array disruption of the zinc site by partial denaturation may allow
are in or near H-bonding contact with each other, and all the metal to reside in the second site. Additional evidence
are located withi 7 A of theobserved zinc site. Thus, these for the second site is provided by atomic absorption analysis
imidazoles can form a network of interactions that may orient of CysRS mutants (Table 3). The observed zinc site is
and adjust the polarity of the zinc ligands, fine-tune tkg p  resistant to mutation: all single mutants and even the C28S/



A Highly Differentiated Zinc Center

C209S and H234N/E238Q double mutants retain high levels
of zinc, suggesting the possibility that in these enzymes the
zinc may be bound in the intact second site. Similarly, the
H234N/E238Q double mutant in the observed zinc site binds
zinc well, but addition of the H224N and H235N substitu-
tions in the proposed second site produces a quadruple mutant
that no longer retains the metal. More strikingly, the double
mutant H224N/H235N, which contains no mutation in the

ook wWN

first zinc site but has removed two of the putative contacts g,

in the second site, is greatly decreased in zinc content. It

appears that if the second site exists, its integrity is important 9.

as mutations at this site can prevent the zinc ion from binding
to the first site. Certainly, additional studies to test the
possibility of a second zinc site are necessary. Regardless
of whether the zinc shuttling mechanism in fact is proved,

we wish to emphasize that the existence of five strictly 11.

conserved histidines adjacent to the active site, with a unique

configuration unprecedented in protein structural databases, 12-

very strongly implies a specific catalytic role beyond simply
serving to lower the i§, of the active site cysteines for zinc
binding.

Implications for Enzyme Specificitfhe well-differentiated

zinc center of CysRS is conserved in all three major domains 15.

of life (14), indicating a strong evolutionary pressure that

selectively developed this structure. The inherently strong 16

and favorable zinethiolate interaction allows discrimination
against serine without the need for an editing step. In contrast,
the class Il ThrRS, which is the only other synthetase that ;g

17

13.

14.
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relies on zinc for amino acid selection, uses the metal to

coordinate with the hydroxyl group of the substrate threonine 19.

(9, 10). By forming the less favorable zin@xygen interac-

tion in its inner sphere, ThrRS cannot sufficiently discrimi-
nate against serine and requires a separate editing step to
hydrolyze misactivated serine.

The elaborate structure of the zinc center in CysRS ,,
suggests that attempts to engineer alternative amino acid
specificities into the enzyme will not be easy and will perhaps
require large-scale alterations of the amino acid binding
pocket. Indeed, only the W205Y mutant among those
examined is able to weakly activate serine. The ability of
the W205 mutant to activate serine is not due to improved
binding of serine, as has been verified by spectroscopic
studies 15). Rather, it must derive from rearrangement of
the active site that may promote improved alignment of
catalytic groups. Nonetheless, activation of serine by the
W205Y mutant is at least 30-fold higher than by the wild-
type enzyme, decreasing the discrimination factor against
serine from perhaps #dold to 1(-fold (13, 15). This does
not seriously threaten the accuracy of protein synthesis, as
the overall error rate in vivo is about 1 in 300Q36].
Moreover, the W205Y mutant does not transfer serine to
tRNA®Ys, This suggests an additional discrimination against
serine provided by the larger tRNA substrate, which may
be evolutionarily significant during development of specific-
ity and which further reveals an important interplay between
the tRNA and amino acid binding sites.
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