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ABSTRACT. Enzymes of halophilic organisms contain unusual peptide motifs that are absent from their
mesophilic counterparts. The functions of these halophile-specific peptides are largely unknown. Here
we have identified an unusual peptide that is unique to several halophile archaeal cysteinyl-tRNA synthetases
(CysRS), which catalyze attachment of cysteine to tRINAo generate the essential cysteinyl-tRNA
required for protein synthesis. This peptide is located near the active site in the catalytic domain and is
highly enriched with acidic residues. In the CysRS of the extreme halohl@acterium specieNRC-

1, deletion of the peptide reduces the catalytic efficiency of aminoacylation by a factor of 100 that largely
results from a defect ikey, rather than thé, for tRNASYS, In contrast, maintaining the peptide length

but substituting acidic residues in the peptide with neutral or basic residues has no major deleterious
effect, suggesting that the acidity of the peptide is not important fokgh@f tRNA aminoacylation.
Analysis of general protein structure under physiological high salt concentrations, by circular dichroism
and by fluorescence titration of tRNA binding, indicates little change due to deletion of the peptide.
However, the presence of the peptide confers tolerance to lower salt levels, and fluorescence analysis in
30% sucrose reveals instability of the enzyme without the peptide. We suggest that the stability associated
with the peptide can be used to promote proper enzyme conformation transitions in various stages of
tRNA aminoacylation that are associated with catalysis. The acquisition of the peptide by the halophilic
CysRS suggests an enzyme adaptation to high salinity.

Organisms of hypersaline environments must develop Aminoacyl-tRNA synthetases catalyze tRNA amino-
strategies of adaptation to maintain cellular functions in high acylation in two steps4). The first is activation of an amino
salt, which severely weakens interactions between manyacid with ATP to form an enzyme-bound aminoacyl adeny-
normal mesophilic proteins and their binding partndr<§. late, with the release of pyrophosphate. The second is transfer
The issue of adaptation is significantly more challenging for of the activated aminoacyl adenylate to tHed& 3-OH of

proteins that interact with nucleic acids, due to the poly-
electrolyte nature of the latter having the sugphosphate

backbone §). These proteins constitute every step of the
genetic information transfer cascade, from DNA replication

to RNA transcription and processing to protein synthesis.

An understanding of molecular factors that impart the
adaptive ability on halophilic proteins to interact with DNA
or RNA is therefore of fundamental importance, particularly
for new insights into protein diversity and adaptability that
shapes the evolution of life. Here we study aminoacyl-tRNA
synthetases (aaRSs)which catalyze aminoacylation of

the terminal A76 of the cognate tRNA. There are generally
20 aminoacyl-tRNA synthetases, one for each amino acid,
and they are divided into two classes of 10 each, based on
different structural folds for ATP bindingd]. Biochemical
studies of these synthetases from halophiles have been
difficult, because existing homologous expression systems
in halophiles do not produce sufficient quantities of proteins
(5, 6). Heterologous expression iEscherichia coltypically
results in protein precipitation in inclusion bodies, which
requires extensive refolding for reactivation of enzymes.
While not all synthetases have been successfully refolded,

tRNA, to establish the decoding relationships between aminowe recently showed that CysRS of the extreme halophile
acids and trinucleotide sequences of nucleic acids. AlthoughHalobacterium specieBIRC-1 (also known aglalobacte-

aminoacyl-tRNA synthetases are essential for life, little is

rium halobiumor Halobacterium salinariumcan be dena-

known about how they adapt to high salt, thus leaving a tured from inclusion bodies and refolded slowly to exhibit

major gap that prevents our understanding of life in high
salinity.
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functional activities 7). This halophile CysRS, when purified

from E. coli as a recombinant His-tagged protein, is active
at the near-saturating 3.3 M KCI, where it displays kinetic
parameters for tRNA aminoacylation in close agreement to
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halophile CysRS is also similar to that &f coli CysRS,
depending on the conserved U73 and GCA anticodon in
tRNASYs (7, 8), and is facilitated by components of the tRNA
tertiary core T, 9, 10). Because of the conservation, studies
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of the halophile CysRS can take advantage of available expressed from the pET-19b vector as described previously

crystal structures oE. coli CysRS (1, 12). Thus, theH.
speciesNRC-1 CysRS provides an excellent model for

(7). Mutations of both site-specific substitutions and deletion
were created in the gene with the QuikChange kit (Strat-

addressing halo adaptation of an aminoacyl-tRNA synthetase.agene) and were confirmed by sequence analysis. The wild-

Sequence alignment and structural modeling of lthe
speciedNRC-1 (Hh) CysRSX3) has identified features that

type enzyme and all variants were purified fré&mncoli strain
BL21/DE3/pSJS according to the previously described

are common to mesophile CysRS and those that are halo-denaturation and renaturation procedufe Concentrations

phile-specific. The common features include class | ATP-

binding motifs H[I/L]JGH and KMS[K/S]S that are present

of recombinant enzymes were determined by the active site
burst assayl(6), in a buffer containing 3.5 M KClI, 144 mM

in all of the halophile CysRS whose sequences are availableTris-HCI (pH 8.0), 5uM ATP (1 x 10° cpm of [y-*P]ATP),

(Figure 1A, boxed in blue). In crystal structures®f coli
CysRS, the ATP motifs lie just outside of the cysteine-

binding cleft (Figure 1C), where an enzyme-bound zinc ion

recognizes cysteine through a zirthiolate interaction11).

1 mM cysteine, 10 mM MgG| 5 mM DTT, and 3 units of
pyrophosphatase.

Aminoacylation of tRNA with Cysteingssays for tRNA
aminoacylation were performed at 4G in 3.5 M KCI, 20

The zinc ion is coordinated by conserved enzyme side chainsmM Tris-HCI (pH 7.5), 1 mM MgC4, 20 mM DTT, 1 mM

that are present in all of the halophile CysRS [C29, C230,

H255, and E259 in HhCysRS (Figure 1A, green)]. Once
cysteine binds, the zinc ion moves up the cleft while a

ATP, and 2QuM [*S]cysteine (12.5 Ci/mmoly7j. The tRNA
substrate was made by T7 transcription of thespecies
NRC-1 tRNA™s gene and purified on a denaturing gel. The

tryptophan residue swings in to stabilize the bound cysteine. concentration was determined by plateau chargirg000).

The mobile tryptophan is also conserved (W226, Figure 1A,

purple), together with two residues that stabilize dh@amino
group of the bound cysteine (G30 and T69, purple). Ad-
ditionally, the anticodon-binding motif of the. colienzyme
consists of a mixedup fold that places six residues within
hydrogen bonding distance of the tRNA anticod&g)( all

of which are present in halophile enzymes [R457, R461,

Y466, D470, R473, and D485 (Figure 1A, magenta)].
Finally, recognition of tRNAYS by E. coli CysRS requires

Aminoacylation was initiated with addition of CysRS (0.05
uM wild-type enzyme and 0.xM deletion mutant), and
aliquots were removed within the linear phase of each time
course. The removed aliquots were quenched by carboxym-
ethylation, followed by TCA precipitation on filter pads?).

Data of rates versus substrate concentrations were fit to the
Michaelis—Menten equation to derive th€, Kea, andkeaf

Km parameters. In tRNA-dependent reactions, the tRNA
substrate concentration ranged from 0.2 to/8while the

an indirect readout mechanism mediated by an asparaginecysteine concentration was fixed, whereas in cysteine-
in the C-terminal half that makes contact with backbone dependent reactions, the cysteine concentration ranged from

residues in the tRNA tertiary cord?). This asparagine is
also present in the halophile CysRS (N385, Figure 1A,

5 to 200uM while the tRNASYS concentration was fixed at
15 uM. Due to the limitation of using radioactive cysteine,

yellow). Interestingly, human CysRS does not use the samethe amino acid concentration at 2 in the assay was not

indirect readout mechanism to recognize the tRNA c#e (

saturating relative to th&,, for cysteine for the wild type

15), and it contains an aspartic acid instead of asparagine_and mutants. Thus, the obtained kinetic parameters were

The halophile-specific peptide motifs include an insertion
peptide of 20 or 21 residues, located betwgegand o of
the catalytic domain (Figure 1A). This insertion peptide is
distinct from the eukaryotic-specific insertion peptide of
~90—100 residues (marked asdn the human sequence,
Figure 1A) and is enriched with acidic residues {3%5%)

deemed apparent parameters.

Salt-Dependent TitratianAminoacylation of tRNA was
assayed in the standard buffer, except with different con-
centrations of KCI (0.05, 0.5, 0.75, 1.0, 1.25, 1.5, 1.75, 2.0,
2.25, 2.5, 2.75, 3.0, and 3.3 M). Assays were carried out at
a near-saturating tRN&s concentration (M) with 0.5 or

that are not necessarily conserved in sequence (Figure 1A,B)> #M wild-type CysRS and deletion mutant so that initial

Other halophile-specific features are clusters of acidic

rates were an approximation &f,. The rate at each KCI

residues in isolated patches, such as D239/D240, D417/E4200Ncentration was normalized by the maximal rate to build

and D435/D436 in CysRS df.. speciedNRC-1, which are
replaced with neutral residueskn coli CysRS. On the basis
of the structure ofE. coli CysRS, the halophile-specific

a salt dependence profile.
Fluorescence MeasurementSteady-state fluorescence
spectra were collected on a PTI (Photon Technology

insertion peptide is predicted to be adjacent to the W226 International, Lawrenceville, NJ) model 814 benchtop con-
residue that serves as the gate of the cysteine-binding cleft inUOUS spectrofluorometer. Fluorescence emission spectra

whereas the acidic patches are positioned on the surface o

the protein opposite from the tRNA-binding site (Figure 1D),

pvere obtained by exciting samples at 282 nm and scanning
from 300 to 400 nm emission wavelengths at 1.0 nm

suggesting that they have distinct functions. To gain insight increments. The excitation and emission monochromators

into the function of each of these halophile-specific motifs
in CysRS ofH. speciedNRC-1, we present studies below to
test their roles in tRNA aminoacylation and in adaptation to
high salinity.

MATERIALS AND METHODS

were set at slit widths of 1 mm. The photomultiplier voltage

was set at 1100 V, and data were collected using FeliX32
and imported into Excel and Sigmaplot for graphic presenta-
tion. Fluorescence emission spectra for the reaction buffer
at the appropriate excitation wavelength were obtained and
subtracted as background from all spectra. Photobleaching
was determined to be minimal on the time scale of these

Recombinant CysRS and Variants of H. species NRC-1 experiments, by using a stir bar during scanning and by

The wild-type construct of the recombinant form Hf
speciesNRC-1 CysRS, with an N-terminal His tag, was

ensuring that repetitive measurements yielded the same
fluorescence emission intensity. After the emission scan for
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Ficure 1: (A) Sequence alignment @&. coli (Ec), Homo sapiengHs), Haloarcula marimosii(Hm), Haloferax volcanii (Hv), andH.
speciesNRC-1 (Hh) CysRS. ATP-binding motifs HI/LGH and KMSK/SS are boxed in blue, while ligands to the catalytic zinc ion in the
active site are highlighted in green, and those required for stabilization of-#mino group of cysteine are highlighted in purple. Residues

that recognize the tRNAs anticodon GCA are highlighted in pink, while the asparagine residue required for indirect readout is highlighted

in yellow. The halophile-specific insertion peptide is boxed, while the eukaryotic insertion peptide in the human sequence is indicated by
Xg7. Acidic residues in patches that have been mutated in this study are denoted with arrows. Secondary structural eteinelintsaat!

p-strands based on modeling of crystal structures.afoli CysRS are indicated by horizontal cylinders and arrows on top of the alignment,
respectively. (B) The sequence of the halophile-specific insertion peptite speciedNRC-1 CysRS is shown in detail from P193 to

G212. The deletion mutani(193—212) refers to elimination of the peptide from P193 to G212, whil&hka, ZAsn, and>Lys substitution

mutants contain replacement of acidic residues in the insertion peptide with the corresponding neutral or basic residues. (C) Crystal structure
of the E. coli CysRS-tRNA®Ys binary complex £2), where the enzyme is colored gray and the tRNA orange. Acidic patches D239/D240,
D417/E420, and D435/D436 and the predicted position of the insertion peptide are indicated. The active site zinc ion is shown as a red
circle. (D) Different view of theE. coli CysRS-tRNACSYs binary complex, showing that acid patches are on the surface of the enzyme
opposite from the tRNA-binding site.

the enzyme alone [0.AM in 3.5 M KCI, 20 mM Tris-HCI 1C° counts/s] was obtained, tRN%& was added at the
(pH 7.5), 5 mM MgC}, and 1 mM DTT, which yielded X indicated concentrations (0.67.5uM), mixed, and allowed
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Table 1: Kinetic Parameters for tRNACys bi; speciedNRC-1 CysRS in Aminoacylation

Keal Km relative
Km (,“M) kcat (S_l) (ﬂM_l S_l) kcathm Kd (MM)

wild type 1.3£0.2 0.114 0.04 0.085 1.0 1.40.2
D239A/D240A 1.7+04 0.06+ 0.04 0.034 0.4

D417A/E420A 1.2+ 0.01 0.014+ 0.004 0.012 0.1

D435A/D436A 2.3t 0.9 0.03+0.01 0.014 0.2

A193-212 2.0+ 1.2 0.0014+ 0.005 0.0007 0.008 220.2
SAla 254+ 0.6 0.16+ 0.03 0.064 0.8 1.201
SAsn 55+1.2 0.02+ 0.01 0.004 0.05

3Lys 4.4+ 0.04 0.1+ 0.01 0.023 0.3

to bind for 5 min at 25°C, and the emission scan was salinity (4-5 M salt) @3). Although the intracellular
observed from 300 to 400 nm. The reactions were carried concentrations ofl. speciesNRC-1 have been estimated to
out at 25°C during the scan time (approximately 1 min). be 1.4 M Nd, 4.6 M K*, and 3.6 M Cf, there are other
The changes in intensity at 320 nm versus tRNA concentra-organic anions that balanced catio@€)( whose identities
tions were fit to the hyperbola equation= (a*x)/(x + b), remain unknown at present. These organic anions are difficult
wherey is the fraction of fluorescence change,is the to reproduce in vitro.

concentration of tRNAa is the plateau of fluorescence The concentrations of the seven mutants used in the

change, and is the Ky for tRNA. aminoacylation assay were determined from an active site
Circular Dichroism MeasurementsCircular dichroism burst assay. The active fractions of the wild-type enzyme
spectra were collected on a Cary JASCO J-810 spectropo-(40%) and of the seven mutants were similar (47% for the
larimeter. Spectra of CysRS (3:8V)) in the fluorescence 3| ys mutant, 38% for th&Asn mutant, 31% for th&Ala
buffer were scanned from 200 to 250 nm, and 50 points were mutant, and 35% for thA193—212 mutant), suggesting that
collected at room temperature. Data were normalized usingthe overall folding of these enzymes in the active site was

the equation for molar ellipticity: §] = 6/(10Cl), where6 similar. The kinetic parameters of the seven mutants with
is in millidegreesC is in molarity, and is the path length  respect to tRNAY in the aminoacylation assay were
in centimeters 18). determined (Table 1). These parameters were obtained by

conducting aminoacylation assays at near-saturating con-

RESULTS centrations of cysteine (20M) and varying concentrations

Deletion of the Halophile Insertion Peptide Reduces the Of tRNA®® to establish relationships between rates and
keat Of tRNA AminoacylationTo investigate the functional ~ concentrations that could be fit to the Michaelldenten
significance of halophile-specific features, mutations were €duation. Of the seven mutants, the three double mutants
created that targeted these features in CysRBS. @pecies were r_elatlvely active for am!noa_cylat|on, maintaining almost
NRC-1. To test the importance of acidic residues in patches, the wild-typeKr, and experiencing a small reduction<2
three double mutants were created to generate mutantstO-fold) inke, so that the overakea/Kn of these mutants
D239A/D240A, D417A/D420A, and D435A/E436A. Totest  Was decreased-210-fold. Similarly, the three substitution
the importance of the insertion peptide, a deletion mutant Mutants EAla, ZAsn, andxLys) were also relatively active,
was generated A193-212) in which the P193G212  as evidenced by thekm, kea, andkea/Ky values being similar
peptide was deleted from the wild-type enzyme. To test the t0 those of the wild type. The most significant defect,
importance of acidic residues in the insertion peptide, three however, was observed for the deletion mutant lacking the
substitution mutants in which all seven acidic residues insertion peptide. This deletion mutant exhibited a nearly
(Figure 1B) between P193 and G212 were replaced with the 100-fold decrease ik, without a major defect ok, for
neutral alanineYAla), asparagineXAsn) or with the basic ~ tRNA®= The overall loss of catalytic efficiency of amino-
lysine (Lys) were generated. These seven mutants wereacylation was a decrease of 100-foldkia/Kn.
expressed irE. coli and purified from inclusion bodies as Restoration of the insertion peptide, but replacement of
the wild-type enzyme to test for their activity of amino- acidic residues in the peptide with alanine, asparagine, or
acylation of tRNAYs with cysteine using the transcript of lysine, rescued most of the defect of the deletion mutant.
H. speciesNRC-1 tRNA®s and E°S]cysteine as the sub-  For example, in the tRNA-dependent aminoacylation assay
strates. The aminoacylation assay was performed at the(Table 1), theXAla and ZLys substitution mutants nearly
physiologically relevant level of 3.3 M KCI, where the restored thek., completely, bringing the overak../Kn to
plateau level of charging of the tRNA transcript reached 80%, 80 and 30% of that of the wild type, respectively. T#sn
and the kinetic parameters of the wild-type enzyiikg for substitution mutant was a little weaker, bringing the overall
tRNASYs of 1.3 uM, kqat Of aminoacylation of 0.1178, and kealKm to ~5% of that of the wild type. Of the three
catalytic efficiencykca/Km of 0.085uM~1 s7%) were in close substitution mutants, botiEAsn and 2Lys exhibited an
agreement with those previously published for this enzyme increased, for tRNA®YS, suggesting an additional factor
(7). Notably, while theK, for tRNAYs was similar to that  that influenced thé./Kn. The catalytic competence of the
of the mesophiliE. coli CysRS (9), the keor was~10-fold >Ala substitution mutant was confirmed by the cysteine-
lower, which was attributed to the suboptimal assay condi- dependent aminoacylation assay (data not shown). These
tions with respect to the nature and concentrations of saltsresults suggest that it is the presence of the peptide, but not
other than KCI. It should be noted thidt speciesNRC-1 is the acidity or composition of the peptide, that is important
an obligatory extreme halophile that grows in near-saturating for tRNA aminoacylation.
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A, 08 CysRS, which in the crystal structure is highly rich in
o-helices {1). The deletion mutant and the catalytically
H . active ZAla substitution mutant both maintained the shape
N ] and amplitude of the wild-type spectrum (Figure 2A),
FAla 0 W = m e = suggesting no global unfolding in either mutant. The affinity
04 of tRNA binding was measured by fluorescence titration,
using enzyme tryptophans as an intrinsic probe (Figure 2B).
-08 / , Using the wild-type enzyme as a control, we showed that
T excitation of the enzyme at 282 nm yielded an emission scan
-12 - - - - that was quenched by addition of tRIRA This quench was
i 20 el 0 “n 2 specific to CysRS when emission was monitored at 320 nm,
o because a control solution of tryptophan exhibited a minimal

//_\,w guench by tRNA at this wavelength (Figure 2B). Under the

08 . . . . . . e . .
- identified excitation and emission conditions, titration of
: CSETIN tRNA®s into the wild-type enzyme progressively quenched
\ the fluorescence intensity, and the decreases in fluorescence

" / ,,r‘ — m&\ intensity at 320 nm versus tRNA concentrations could be
2 L s a8 E :__ fit to a hyperbolic equation to derive Iy of 1.9 uM for
0 Y =3 tRNA binding (Figure 2C). Thi¥q is closely similar toKp,
S SN R P e S ST B S (1.3 uM) in the aminoacylation assay (Table 1). The same
Cosis titration was performed for the deletion mutant andIAda
i Wikd-typs (%) substitution mutant. The titration curve of tRdla substitu-
ws| TARCA) Ke19102N tion mutant was quantitatively similar to that of the wild-
TN type enzyme over the entire range of tRNA concentrations,
yielding a similarKy of 1.2 uM. Interestingly, although the
deletion mutant exhibited a much slower increase to reach
the plateau of tRNA binding, thi€; was determined on the
basis of available data to be 2.2, only slightly higher
than that of the wild type. The largely unchandg&dsuggests
that the deletion mutant maintained the global structure of
0 2 4 6 8 the wild-type enzyme and that the catalytic defect of the
[RNA], uM delbetion mutant was not due to a loss in affinity for the tRNA
: N , substrate.
e i e A b Tt o sgies” The Deletion Mutant Is More Sensi to Lovier Saf
NRC-1. Conditions: 3.%M enzyme, 20 mM Tris-HCI (pH 7.5),  ConcentrationsBecause halophilic enzymes differ from their
35 M KCI, 5 mM MgCh, and 1 mM DTT at 25°C. (B) mesophililc counterparts by having much lower overall
Fluorescence emission spectra of wild-type CysRS and atryptophanhydrophobiC contentXl), the typical salting out/salting in

fg:\‘l‘};‘gg (?:tz)tgd(iet?(g:]tsezd gﬁfﬂz gr?z'i/methoer alt_)g er?'\(/:letgr%?o%rhe;ﬁ nee Ofeffects of salt to maintain enzyme hydrophobic interiors may

uMtRNACSYS 20 mM Tris-HCI (pH 7.5), 3.5 M KCI, 5 mM MgGl not apply @2). In addition, the strong affinity of halophilic
and 1 mM DTT at 25°C. (C) Titration curves of fluorescence enzymes for KCI, which is a weak and neutral chaotropic
emission quenching vs tRN#® concentration, fit to a hyperbolic  agent, suggests that their salt-dependent activity is not due
equation, for derivation of thiq for tRNA® to salting out/salting in effects but more likely due to salt-
induced structural changes. Indeed, studies of several halo-
The Deletion Mutant Has a Near-Wild-Type Structure philic model systems show that these enzymes coordinate
under Physiologically Relent Salt ConditionsThe loss of hydrated salt ions on their surface through surface acidic
activity of the deletion mutant was not due to a major change residues and lose activity at lower salt concentrations due
in the global enzyme structure. This was evaluated by two to unfolding of structures 22—26). The salt-dependent
means: using a circular dichroism (CD) spectrum to examine activity of aminoacylation was therefore tested and compared
changes in secondary structure content and using the overalamong the wild-type enzyme, the deletion mutant, and the
tRNA binding affinity as a probe to examine changes in XAla substitution mutant, to gain insights into differences
enzyme tertiary structure. The latter was justified on the basisin their structural stability at lower salt concentrations. The
of the cocrystal structure of thE. coli CysRS-tRNA®Ys aminoacylation activity was measured as a function of KCI
complex and was used in a recent studg)( Both ap- concentration (6-3.3 M), and data were normalized to the
proaches were examined at the physiologically relevant level maximal activity observed across the range of KCI concen-
of 3.3 M KCl in evaluating structural changes between the trations (Figure 3A). For all three enzymes, substrate
wild type and the deletion mutant. The alanine substitution concentrations of near-saturating /20 cysteine and saturat-
mutant £Ala), which had near-wild-type activity, was tested ing 10 uM tRNA®s were used at all salt concentrations so
as a control. that the initial rate of aminoacylation was an approximation
The CD spectrum of the wild-type enzyme exhibited the of k.. All three enzymes were diluted from a storage buffer
typical ellipticity with a minimum at 220 nm (Figure 2A). of 3.5 M KCI into various salt concentrations and were
This pattern is consistent with the-helical nature of the  assayed only when completely solubilized. The wild-type
protein, as inferred by sequence homology wih coli enzyme was soluble at all salt concentrations, whereas the

N
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FiIGURE 3: (A) Aminoacylation of tRNAYs (5 uM) by the H. speciedNRC-1 wild-type enzyme (black, 0/M), the deletion mutant (gray,

5 uM), and theZAla substitution mutant (striped, 0:8M) as a function of KCI concentration. The activity of each enzyme is expressed

as a fraction of the maximum, which is at 3.3 M. Each activity is an average of three assays and shown with errors of deviation. The salt
threshold for the wild type and mutants is indicated. (B) Aminoacylation of tRNAM3 by the wild-type enzyme (50 nM at 1.75 M KClI)

and the deletion mutant (M at 2.0 M KCI) after preincubation at a salt concentration near their respective threshold before the assay for
activity. (C) Aminoacylation activity of the wild type and deletion mutant after preincubation at high salt (3.3 M KCI) for the indicated
time before the assay for activity.

deletion mutant and th&Ala substitution mutant rapidly =~ The activity of the deletion mutant dropped below 20% at
precipitated when diluted to 2-®.5 M KCl and were soluble  the onset of dilution into low salt (from 3.5 to 2.0 M) and
~30 min after dilution min into the given salt concentration. dropped below 40% at the onset of dilution into higher salt
After the resolubilized mutants were centrifuged at 1300 (from 3.5 to 3.3 M). In both cases, the activity of the deletion
to prove the absence of microscopic precipitation, they were mutant progressively improved over time, consistent with
assayed for aminoacylation. the initial occurrence of precipitation that gradually dissolved
The wild-type CysRS was strongly dependent on salt for with time. The analogous behaviors of the deletion and
aminoacylation; it had no detectable activity at KCI con- substitution mutants suggested that the sensitivity to salt was
centrations<1 M but progressively gained activity from10 a reflection of the absence of acidic residues within the
to 100% as concentrations of KCI increased from 1.25 to insertion peptide.
3.3 M. The threshold of KCl that yielded activity was defined ~ The Structural Instability of the Deletion Mutant Is Related
at 1.25 M. This salt requirement was demonstrated previouslyto Its Defect in AminoacylatioriThe salt sensitivity of the
and was the opposite of the trend Bf coli CysRS, the  deletion mutant suggested a propensity to unfold. To test
activity of which decreased with increasing KCI concentra- this hypothesis, enzyme conformations were probed at
tions (7). Interestingly, although the deletion mutant showed different stages of aminoacylation under conditions that
the same overall salt-dependent activities as the wild-type would be challenging to structural stability. The rationale
enzyme, exhibiting the maximum activity at 3.3 M KCI, the was to identify a nonphysiological condition under which
threshold that allowed detection of activity was higher at the wild-type enzyme would be stable but the deletion mutant
1.75 M KCI (Figure 3A). The same pattern was observed would be susceptible to denaturation. The structural probe
for the XAla substitution mutant, with a salt threshold also for this analysis was the intrinsic enzyme tryptophan
at 1.75 M KCI (Figure 3A). fluorescence, which arises from a total of eight tryptophans
The elevated salt threshold for the deletion a@éla located throughout the entire enzyme sequence and thus
substitution mutants suggested that they were more sensitivgorovides a tool for monitoring the global enzyme tertiary
to lowering salts than the wild-type enzyme. To determine structure. This would be more informative than the fluores-
if this was related to their propensity to precipitate during cence change of the single W225, which is limited to active
dilutions of salt, the wild-type enzyme and the deletion site changes upon cysteine binding. The utility of global
mutant were compared for their stability after incubation at fluorescence measurement as a structural probe was dem-
low and high salt over a period of time before the amino- onstrated via examination of the emission spectrum of the
acylation assay (Figure 3B,C). While the wild-type enzyme wild-type and deletion enzymes in the presence and absence
maintained nearly the same activity after preincubation for of 7 M urea. The enzyme solution \Wwit7 M urea was
1 hin both low salt (1.75 M KCI) and high salt (3.3 M KCI), prepared by dissolving urea directly into the working buffer
the deletion mutant was much more sensitive to salt changescontaining 3.5 M KCI. The fluorescence analysis showed a
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Ficure 4: Relative fluorescence emission spectra ofthespeciesNRC-1 wild-type enzyme and deletion mutant of CysRS [each at 0.1
uM in 3.5 M KCI, 20 mM Tris-HCI (pH 7.5), 5 mM MgCJ, and 1 mM DTT]. (A) Emission spectra of the wild-type enzyme in the
presence or absencé ©M urea. (B) Emission spectra of the deletion enzyme in the presence or ab$ehdé urea.

shift of the main peak for both enzymes (Figure 4A,B). As  Addition of a high concentration (20M) of the cysteinyl

a result of the shift, the peak intensity at 320 nm decreasedadenylate analogue, Cys-AM&'-O-[N-(L-cysteinyl)sul-

as the concentration of urea increased from 0 to 7 M. The famoylladenosing to CysRS allowed inspection of the
decrease in peak intensity illustrated that the fluorescencefluorescence change of the enzynslenylate complex
emission was sensitive to enzyme conformational changes.(Figure 5A,C, middle). In 0% sucrose, the wild-type ade-
To differentiate between the wild-type enzyme and deletion nylate complex exhibited a small decrease in fluorescence
mutant, two conditions were tested. One was to reduce theemission relative to that of the free enzyme, suggesting a
level of KCI to the threshold concentration for the amino- small structural rearrangement. This is consistent with crystal
acylation activity, while the other was to increase concentra- structural analysis showing a conformational change of just
tions of sucrose. Although both experiments showed the samea mobile tryptophan (W226 imH. speciesNRC CysRS,
trend, revealing instability of the deletion mutant, the effects highlighted in purple in Figure 1A) that rotates into the active
were stronger with sucrose and thus are presented in detaikite to stabilize the bound cysteingélj. As the sucrose
below. In the salt analysis, for example, although complete concentration increased to 30%, the wild-type adenylate
elimination of salt changed the fluorescence emission of both complex exhibited a small increase in fluorescence relative
enzymes, the changes were the same, suggesting that 0 Mo that in 0% sucrose. The increase in fluorescence suggested
KCI could not distinguish the two. At 3.5 M KCI (the a change in conformation, although the amplitude of the
concentration that yielded the maximum activity for the wild change was small, consistent with the ability of the wild-
type) and at 1.0 M KCI (the salt threshold for the wild type), type complex to resist the effect of sucrose. Interestingly,
while fluorescence emission spectra of the wild type showed the deletion mutant in the adenylate complex exhibited the
no appreciable changes (data not shown), the deletion mutansame overall change as the wild type (Figure 5B,D, middle).
lost 5% fluorescence peak intensity with the same salt The only difference was observed in 30% sucrose, as the
concentration decrease. The inability of the deletion mutant enzyme changed conformation from the free form to the
to maintain fluorescence emission like the wild type provided adenylate-bound form. While the wild type exhibited a small
evidence of structural instability, although the 5% loss was increase (5%) upon binding the adenylate analogue, the
smaller compared to the20% change when probed in the deletion mutant showed a 20% decrease (Figure 5C,D,
presence of 30% sucrose. middle). The larger-amplitude change provided additional

Sucrose is a common viscogen that increases solvent€vidence that the deletion mutant was less stable.
viscosity without increasing electrolyte charges. This os-  Addition of tRNA® to the CysRS-adenylate complex
molyte also has an effect on the stability and compaction of allowed inspection of fluorescence changes upon formation
proteins 27). It was directly dissolved into the assay buffer of a ternary complex that is analogous to the transition state
containing the optimum level of 3.5 M KCI so that only the of aminoacylation. In 0% sucrose, the addition of tRNA to
effect of sucrose was examined without changing the salt the wild-type adenylate complex led to a substantial quench
concentration (Figure 5). Because of the salt, the highestof fluorescence, reducing the peak intensity by 40% (Figure
soluble sucrose concentration that was experimentally man-5A,C, right). The large quench is consistent with major
ageable was 30%. The fluorescence emission spectra of wild-structural changes induced by tRNA binding, as observed
type CysRS were stable in-80% sucrose (Figure 5A, left). in crystal structures1@). As the sucrose concentration
Although there was a gradual decrease in the peak intensityincreased to 30%, the fluorescence emission of the wild-
(at 330 nm) with increasing concentrations of sucrose, the type ternary complex increased by 10% relative to that in
overall decrease was5% in 30% sucrose (Figure 5C, left), 0% sucrose, indicating the effect of sucrose. Here, the
indicating that wild-type CysRS was structurally stable. In deletion mutant behaved in parallel like the wild type in 0%
contrast, the deletion mutant exhibited an increase in sucrose, but a smaller effect in 30% sucrose (Figure 5B,D,
fluorescence intensity as concentrations of sucrose increasedight). The smaller difference between the deletion mutant
(Figure 5B, left). One interpretation of the increase is and the wild type suggested that the binding of both
alteration of the enzyme structure as tryptophan residuessubstrates (Cys-AMS and tRNX) in the ternary complex
became exposed to solution. A nearly 20% increase in thehad largely eliminated differences between the two proteins
fluorescence peak intensity was observed in 30% sucrosesuch that the deletion mutant was as resistant to 30% sucrose
(Figure 5D, left). The inability of the deletion mutant to resist as the wild type. The substrate-induced stabilization had been
sucrose suggested that it is less stable than the wild type.noted previously in kinetic studies &:. coli CysRS (9).
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To ensure that the effect of sucrose was not due to abinding of tRNA to eliminate the second possibility by
chemical effect of the viscogen, a separate viscogen wasshowing that deletion of the peptide does not alter the affinity
tested. We chose 30% glycerol, which had a viscosity effect for tRNA in 3.3 M KCI (Figure 2). The focus on the tRNA
similar to that of 30% sucros€@®) and accommodated up substrate, rather than cysteine or ATP, is because it is a
to 2.2 M KCI to ensure~30% of the maximum activity. =~ macromolecule whose binding surface involves a significant
Fluorescence emission in the presence of 30% glycerol andportion of the enzyme. Also, the polyelectrolyte nature of
2.2 M KCl was examined for both the wild-type and deletion tRNA presents it as the most challenging substrate for
enzymes, but without the Cys-AMS or tRI4A substrate, binding under halophilic conditions (rather than cysteine or
to prevent substrate-induced conformational convergence ofATP). The lack of evidence for unfolding, and the absence
the two proteins. Analysis of fluorescence emission con- of a major effect on tRNA binding, led us to propose that
firmed the observation with 30% sucrose: while the wild- the peptide is involved in conformational transitions of
type enzyme maintained its spectra as the solution shiftedCysRS during catalysis.

from O to 30% glycerol (Figure 6A), the deletion mutant  The insertion peptide itself is unlikely to be directly
exhibited a 10% increase in peak intensity (Figure 6B). The j,yolved in catalysis of amino acid activation, because it does
corroboration of enzyme behaviors in glycerol (Figure 6C) ot overlap with known catalytic motifs HI/LGH and
with those in sucrose assured that the observed fluorescencg sk s. Neither does the peptide overlap with residues that
changes did not derive from the chemical effect of a specific 4e jnvolved in stabilization of the-amino group of cysteine

viscogen. (G30 and T69) (Figure 1A), suggesting that it is unlikely to
participate in transfer of the activated aminoacyl group to
DISCUSSION tRNA%sbased on studies of other syntheta@8 30). Third,

We have identified an insertion peptide in tHe species the i_nsertion pep.tide. does not c.onta?n r(_asid.ues that are
NRC-1 CysRS that is important for aminoacylation of required for coordination of the active site zinc idr9(31).
tRNACYs with cysteine. This peptide is predicted on the basis Because the active site zinc is predicted to have a catalytic
of analysis of theE. coli CysRS structure to be adjacent to ole (19), this eliminates a role of the insertion peptide in
the cysteine-binding site, but not predicted to contact tRNA, catalysis mediated by the zinc. These considerations are
Thus, it is interesting that deletion of the peptide has a direct cOnsistent with our proposal that the insertion peptide is not

acylation reactions (Table 1). There are potentially three €nzyme conformational transitions to facilitate the efficiency

explanations for the loss &€« by deletion of the peptide; ~ ©f aminoacylation. The magnitude of the effect kg by
(i) global unfolding of CysRS, (ii) loss of substrate affinity, deletion of the peptide (100-fold) is consistent with this
and (iii) loss of enzyme conformational transitions that are Proposal. In contrast, residues that are directly involved in
associated with catalysis. We have used two independent?ataws's, such as the histidine resw_iues of _the HI/LGH m(_)t|f
techniques, CD spectroscopy and fluorescence measurementd) MetRS @2) or those that coordinate with the catalytic
to eliminate the first possibility by showing that deletion of Zinc ion in CysRS 19), make a contribution tdca by
the peptide does not cause global unfolding of CysRS underénhancing it at least £610*fold.

the physiological conditions of 3.3 M KCI (Figure 2). Insights into contributions of the insertion peptide to
Additionally, we have used fluorescence spectra to monitor enzyme conformational transitions come from analysis of
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fluorescence emission spectra in 0 and 30% sucrose. Themational transitions. The importance of these features will
increased solvent viscosity produced by sucrose is a usefulbe tested by sited-directed mutagenesis in future work.
probe for monitoring the ability of enzyme conformational The insertion peptide is present in all of the halophile
transitions and has been exploited for studies of DNA CysRS whose sequence information is available. The peptide
polymerasef (28). Although sucrose contains the sugar is highly enriched with acidic amino acids, but the identities
moiety similar to that in the backbone of tRNA, it is also of these acidic residues are not conserved. Analysis of the
chemically inert, as demonstrated in studies of the binding ZAla, XAsn, and=Lys mutants also shows that the acidic
interaction between DNA polymerage and dNTP 28). residues can be changed to neutral or basic residues without
Here, the strongest effect of sucrose is observed with theany severe effect on the aminoacylation activity at higher
free enzyme: while the wild type is resistant to changes with salt concentrations. This is in contrast to the conventional
30% sucrose, the deletion mutant is susceptible to a 20%thinking that the acidity of halophile proteins is important
change (Figure 4C,D, left). A second notable difference is for enzymatic activities. Thus, it appears that the adaptation
observed in the transition from the free enzyme to the of CysRS to halophilic environments is more complicated
enzyme-adenylate complex in 30% sucrose: while the wild than a unique peptide or patches of acidic residues. However,
type is resistant to change, the deletion mutant undergoeswe should point out that, while the acidity is not important
another 20% change (Figure 4C,D, middle). The inability for tRNA aminoacylation, it is important for halo adaptation.

of the mutant to resist sucrose is a clear indication of its
structural instability. However, in the ternary complex of
CysRS with both the adenylate analogue and tRAhe

difference is essentially eliminated (Figure 4C,D, right),

Indeed, the deletion mutant and tB\la mutant behave
similarly with respect to salt concentrations: both are more
sensitive to salt changes, and both are prone to precipitation
at nonphysiological salt concentrations (Figure 3). Their

suggesting that substrate binding stabilizes the deletionhigher than wild-type salt threshold for aminoacylation is
mutant and even repairs its instability. It should be noted also consistent with the notion of a less stable structure at
that these fluorescence measurements were taken aftefower salt concentrations. It will be interesting to determine
enzymes and substrates had been mixed in a sucrose solutioifi introduction of this insertion peptide to a mesophile CysRS
for an extended time~(1 h). In earlier phases of incubation, (such asE. coli CysRS) might confer adaptability to high
while fluorescence spectra of the wild-type enzyme were salt.

stable, those of the deletion mutant were unstable (data not |n high-resolution crystal structures of halophilic proteins,
shown), suggesting fluctuations of structure. The instability clusters of acidic residues are found on protein surfaces,

of the deletion mutant can impart a deleterious effect on the
steady-state kinetics of aminoacylation, particularly during
conformational transitions in various stages of the kinetic
pathway.

Enzyme conformational transitions required for catalysis
have been identified by analysis of crystal structureg& of
coli CysRS, and its complexes with cysteine and with
tRNA®Ys (11, 12). These include (i) rearrangement of the
cysteine-binding site upon entry of cysteine and formation
of the zinc-thiolate bond, (ii) ordering of the KMSKS loop
for synthesis of the cysteinyl adenylate, (iii) ordering of the
C-terminal mixeda/p fold for recognition of the tRNA
anticodon, and (iv) movement of the enzyméelical bundle
domain toward the tRNA tertiary core for indirect readout
of the tRNA backbone. Interestingly, in the CysRIRNA
binary complex, the CCA end of the tRNA is misplaced in
the ATP-binding site 12), suggesting that additional con-
formational changes are required to remove the CCA end
from the ATP-binding site and to properly align catalytic
residues for aminoacyl attachment to the CCA end. Presum-
ably, the insertion peptide could be involved in any of these
conformational transitions, but it most likely would be
involved in steps concerning rearrangement of the active site.
This is based on the proximity of the insertion peptide to
the cysteine-binding site, which is near the enzyme surface
and is one of the most mobile regions during the enzyme
catalytic process. The sequence of the insertion peptide
provides some clues about how it may facilitate catalysis.
For example, it has a relatively fixed length (20 or 21
residues), raising the possibility of a rigid length requirement
that brings distant motifs close together. Also, it contains
two conserved proline residues, one near the N-terminus of
the peptide and the other in the C-terminal half (Figure
1A,B). These two prolines may influence enzyme confor-

which allow binding with networks of water molecules, and
selected ions, so that they stabilize halophilic proteins and
permit flexibility under high-salt condition®4, 33, 34). The

use of an acidic insertion peptide to facilitate halo adaptation
has also been proposed for a halophilic ferredof).(The
halophile CysRS enzymes may have exploited this option
further, by acquiring the highly acidic insertion peptide to
both improve enzyme stability in high salt and to facilitate
conformational transitions associated with catalysis.
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