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ABSTRACT

The aminoacyl-tRNA synthetases (aaRSs) are the universal set of enzymes

responsible for attaching amino acids to tRNA to be used as substrates in the process of

protein translation.  As these enzymes act at the transition between nucleic acids and

proteins, their specificity of action is critical for maintaining the fidelity of the genetic

code.  From a mechanistic standpoint, aaRS specificity is enforced by a complex series of

tRNA structural and chemical elements that collectively make up its identity set and

serve to distinguish one tRNA from another.  Based on sequence, structure, and

oligomeric differences, the aaRS family has been partitioned into two classes, each of

which is responsible for roughly half of the 22 genetically encoded amino acids.  In the

studies presented here, pre-steady-state kinetic methods were employed to measure

individual events that collectively make up the catalytic cycle of the class II Escherichia

coli Histidyl-tRNA Synthetase (HisRS) in order to elucidate the nature of its enzymatic

activity and determine how these events contribute to the exquisite specificity between

enzyme and tRNA.  The results presented here indicate indentiy elements of tRNAHis

regulate the activity of the amino acid activation and aminoacyl transfer half reactions.

Additional evidence suggests communication between active sites of the HisRS

homodimer plays a role in establishing an alternating cycle of catalysis in the steady

state.
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CHAPTER 1:INTRODUCTION

Aminoacyl-tRNA synthetases preserve the fidelity of the genetic code

The responsibility for maintaining the cellular pool of aminoacylated tRNA to be used in

protein translation falls to a conserved set of enzymes:  the aminoacyl-tRNA synthetases

(aaRSs).  Attachment of the incorrect amino acid to a given tRNA can lead to

translational misincorporation and degeneration of the genetic code, the results of which

can have disastrous consequences for the health of the cell (Lee, Beebe et al. 2006).

Consequently, the aaRSs have evolved stringent specificity for both amino acid and

tRNA substrates.  The covalent attachment of amino acid to tRNA proceeds in a two-step

reaction pathway depicted schematically below:

 aa+ ATP! aa ! AMP ¥PPi + tRNAaa ! aa~ tRNAaa ¥AMP

During the first step in the reaction pathway, termed adenylation, the amino acid

substrate is activated to form an enzyme bound high-energy aminoacyl-adenylate mixed

anhydride intermediate with inorganic pyrophosphate generated as a side product.  In the

second step of the reaction, termed aminoacyl transfer, the activated amino acid is

transesterified to either the 2" or 3" hydroxyl of the terminal tRNA adenosine with

concomitant loss of AMP.  The majority of aaRS have been shown to activate amino acid

in the absence of tRNA, with exceptions being the arginyl-, glutamyl- and glutaminyl-,

and the class I lysyl-tRNA synthetases, demonstrating the binary nature of the overall

reaction (Fersht and Jakes 1975).
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Individual members of the aaRS family can be assigned to one of two classes,

class I or class II, based on characteristic motif elements, mode of tRNA recognition, and

oligomeric state (Eriani, Delarue et al. 1990; Ibba and Soll 2000), with each class

responsible for 10 of the 20 amino acid / cognate tRNA pairs.  Generally, an amino

acid:aaRS pair partition to either class I or II, with the notable exception of the lysyl-

tRNA synthetase.  Both class I and II versions of LysRS have been found (Ibba, Morgan

et al. 1997), with some methogenic archaea species containing a copy of each

(Srinivasan, James et al. 2002).

The active site of the class I synthetase contains a Rossman dinucleotide-binding

fold with characteristic !/#/!  topology.  Five #-strands linked by ! -helices bind ATP in

an extended conformation.  Two basic class conserved motifs, ÒHIGHÓ and ÒKMSKSÓ,

situated within the Rossman fold serve to bind ATP, stabilize the high energy aminoacyl-

adenylate during the transition state, and provide contacts with the tRNA substrate.  In

class II enzymes the Rossman fold is replaced with a novel antiparallel #-fold, found only

in aaRSs, the biotin synthetase, and certain aaRS paralogs (O'Donoghue and Luthey-

Schulten 2003; 2005), which binds ATP in a compact conformation with the triphosphate

moiety bent over the adenosine ring (Arnez, Augustine et al. 1997).  The class II active

site contains three motif elements with consensus sequences as follows: motif 1,

$ G%XX%XXP%%; motif 2 $ %%X%XXXFRXE()$%X&F; motif 3, %G%G%G%ER%%%% 

(where X is any amino acid, % is any hydrophobic amino acid, $  is a positively charged

amino acid, & is a negatively charged amino acid, and () represents gaps of variable



3

length) (Burbaum and Schimmel 1991). Motif 1 consists of a long ! -helix and small #-

strand and participates in protein-interactions along the oligomeric interface.  Motifs 2

and 3 include significant portions of the active site proper and bind ATP.  Motif 2 is

comprised of two sections of antiparallel #-strands bridged by a loop that extends out

from the lip of the active site to make contacts with the acceptor stem of the tRNA

substrate as well portions of the pyrophosphate moiety of ATP.  Motif 3 consists of a #-

strand that is topologically adjacent to, and completes the antiparallel stacking of, the #-

strands of motif 2 and an ! -helix that stretches away from the floor of the active site.

Residues of motif 3 participate in binding to the ' -phosphate of ATP and contribute to the

unique orientation of ATP binding in class II synthetases (Berthet-Colominas, Seignovert

et al. 1998).

Based on available tRNA:synthetase co-complexes, it appears that a general mode

of tRNA binding can be ascribed to each synthetase class.  Class I aaRS contact the

minor groove of the tRNA acceptor stem and leave the variable loop exposed to solvent.

In class II enzymes, the variable loop faces the bulk of the synthetase and the major

groove of the acceptor stem is approached by the active site domain.  Although EF-TU

and the ribosome require 3" aminoacylated tRNA, class I synthetases attach amino acids

to the 2" hydroxyl of the acceptor stem, requiring a subsequent isomerization step in order

for the tRNA product to participate in translation.  In contrast, class II synthetases esterify

the 3" hydroxyl directly.  It should be emphasized that these distinctions are not universal.
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For example, the class II PheRS has been shown to aminoacylate the 2"OH of tRNA and

the class I CysRS the 2" or 3"OH.

As a general rule, class I aaRSs are monomeric while class II synthetases exist as

dimeric or quatrameric enzymes. Based on more substantive sequence homology, the two

classes of synthetases can be further subdivided into group a, b, and c.  Group a and b of

the class I aaRS contain the predominantly monomeric Cys-, Val-, Ile-, Leu-, Met-, Arg-,

Glu-, and Gln- enzymes whereas the two aaRS of group 1c, Try- and TrpRS, are

homodimeric.  The class II aaRS vary considerably in sequence homology, subunit size

and oligomeric state.  Specific domains and structural features have been used to

segregate the class II aaRS into group IIa (Ser-, Thr-, Pro-His- and GlyRS), IIb (Asp-,

Asn-, and LysRS) and IIc (Phe-, Gly-, and AlaRS).  GlyRS appears twice in the list by

virtue of there being two evolutionarily conserved GlyRS variants.  In E.coli and other

bacteria, GlyRS exists as a ! 2#2 heterodimer that clearly belongs in class IIc whereas in

human, yeast, and archaea, GlyRS is a class IIa ! 2 homodimer (Logan, Mazauric et al.

1995).  One unifying feature of the class II aaRS is their obligate homo or heterodimeric

nature.  All of the class IIa and IIb aaRS have an ! 2 subunit composition while the class

IIc are either ! 2#2 (Phe-, and GlyRS) or ! 4 (AlaRS) oligomers.  In general, the IIc

subclass functions as an out-group of the class II aaRSs that do not share features

common to the other two groups.  Based on broad sequence and structural phylogenies, it

appears that substrate specificities of the primordial aaRS, along with other aspects of the

translational apparatus were in place prior to the divergence of the bacterial and archaeal
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Table 1. Partitioning of aaRS by class and subclass

Adapted from (Cusack 1998)

Class I Class II

Group aaRS Quaternary

Structure

aaRS Quaternary

Structure

a CysRS ! GlyRS ! 2

ValRS ! AlaRS !,! 4

LeuRS !,! 2 SerRS ! 2

IleRS ! ProRS ! 2

MetRS ! 2 ThrRS ! 2

ArgRS ! HisRS ! 2

b GlnRS ! AspRS ! 2

GluRS !,!# AsnRS ! 2

LysRS ! LysRS ! 2

c TyrRS ! 2 PheRS ! 2#2

TrpRS ! 2 GlyRS ! 2#2
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Figure 1:  Structures of representative Class I and II aminoacyl-tRNA synthetases

A  Class I: Crystal structure of CysRS (PDB ID 1LI7) (Newberry, Hou et al. 2002).
Cysteine amino acid substrate is shown in CPK color in the active site center of the
protein.  HIGH and KMSKS(G) motifs are shown in yellow and orange respectively.

B  Class II: Crystal structure of HisRS (PDB ID 1KMM) (Arnez, Harris et al. 1995).
Aminoacyl-adenylate is shown in CPK color in the protein active site of one monomer of
the homodimer.  Motifs 1,2 and 3 are highlighted in green, yellow and orange
respectively.
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domains (Woese, Olsen et al. 2000; O'Donoghue and Luthey-Schulten 2003).  An

evolutionary segregation of aaRS into class I and II has been proposed based on a

bioinformatic analysis of the amino acid functional groups (Cavalcanti, Leite et al. 2004).

Specificity of aaRS for their substrates

An analysis of available aaRS-tRNA co-crystal structures reveals an average area of

contact of 3100•2 (Nadassy, Wodak et al. 1999).  The relatively large contact area

between aaRS and tRNA allows for numerous specificity enhancing interactions in the

accommodation process that follows formation of the initial collision complex.  By

comparison, the available contact area between synthetase and amino acid is relatively

minuscule.  For many amino acids, the presence of chemically or structurally distinct R

groups are sufficient to allow discrimination by their cognate aaRS.  However, for certain

amino acids such as alanine, leucine, isoleucine, phenylalanine, methionine, proline,

valine, and threonine, the presence of chemically isosteric amino acids in the cellular

milieu prevents discrimination at the level of substrate binding.  For example, the

difference in binding energy between the two amino acids isoleucine from valine,

afforded by a single methylene group, is estimated at around 1kcal/mol.  Discrimination

based on binding energy alone would therefore be expected to lead to an error in

incorporation of 1 in 5 (Pauling 1957).  Although the value of 1kcal/mol in differential

binding energy quoted above is calculated based on segregation of a single methylene

group from water to octanol, and a more realistic calculation that takes into account the

unique environment of interactions available in a protein active site reduces the error rate
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to 1 in 200 (Fersht, Shindler et al. 1980), either value is far removed from the 10-4 to 10-5

error rates seen experimentally (Loftfield 1972).  Discrimination of these amino acids

requires cognate aaRS to maintain additional proofreading activities collectively referred

to as aaRS editing.  The challenge of discriminating between these amino acids has been

shown to rely on two principle mechanisms.  The first mechanism, termed Òdouble sieve

editingÓ, relies on two active sites in the synthetase (Fersht 1979).  The first active site

excludes amino acid isosteres larger than cognate, allowing smaller isosteres to bind,

activate, and in some cases be transferred to cognate tRNA.  The hydrolytic second active

site, termed the editing site, is inappropriately sized to accommodate cognate amino acids

and thus rejects correctly activated or transesterified product.  However, activated amino

acid isosteres smaller than cognate are accepted into the editing site and subject to

hydrolysis.  The second mechanism, exemplified by ThrRS uses a Ôlock and keyÕ method

of discrimination to prevent binding of smaller isosteres.  The ThrRS active site contains

a zinc atom that accommodates serine or threonine via electrostatic interactions with the

R group hydroxyl but specifically rejects the methyl group of valine (Sankaranarayanan,

Dock-Bregeon et al. 2000).

The requirements of the machinery of protein synthesis for homogeneous

substrates places a major limitation to the diversity of tRNA.  All aminoacylated tRNA

species must be effectively recognized by EF-Tu, loaded into the ribosome, and

efficiently utilized in protein synthesis.  Structural or chemical features used to diversify

the tRNA pool to ensure correct pairing by their cognate aaRS must not interfere with

subsequent events in protein synthesis and, as such, cytoplasmic tRNAs share a great
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number of conserved features.  Mitochondrial tRNAs display a number of idiosyncratic

features, the discussion of which has been omitted for the sake of brevity.  The majority

of cytoplasmic tRNAs are around 76 nucleotides in length, with the first nucleotide of the

5" terminus assigned the number 1 and each nucleotide thereafter assuming a subsequent

integer.  tRNAs assume a ÔcloverleafÕ secondary structure with corresponding stem and

loop features, and fold into an ÔLÕ shaped tertiary structure.  Tertiary folding concerns

limit the variability of nucleotides involved in these interactions, making them, for the

most part, unsuitable for discrimination by aaRS.  Nucleotides 34, 35 and 36 comprise

the tRNA specific anticodon and are displayed on the anticodon loop at the terminus of

one ÔpointÕ of the L shaped molecule. The final three nucleotides of the 5" terminus

comprise the invariant CCA of the tRNA acceptor stem.  In the final event of

aminoacylation, the amino acid is transferred to either the 2" or 3" ribose hydroxyl of the

terminal adenosine.

As will be elaborated later, definitions of specificity are essentially ratios of

catalytic efficiency between substrates and, as such, include both kcat and Km terms.  Early

work on the subject revealed that aminoacylation specificity was governed by kcat rather

than Km terms (Ebel, Giege et al. 1973).  Subsequent studies have supported the general

case that specificity is largely maintained by interactions between enzyme and substrate

that facilitate catalysis and not at the level of substrate binding.  Positive determinants of

cognate tRNA are thought to facilitate the correct orientation of reactive groups to

promote aminoacyl transfer.  In addition to positive determinants, or elements which

promote aminoacyl transfer, negative elements, referred to as anti-determinants prevent
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interaction of a given tRNA with non-cognate synthetases (Muramatsu, Nishikawa et al.

1988).  Among the systems investigated, modified nucleotides in the anticodon domain,

along with nucleotides in the structural domain of the tRNA have found to be significant

anti-determinants (Giege, Sissler et al. 1998).  The given identity of a tRNA is taken as a

sum of the affect of these determinants, both positive and negative, on the specificity

term for competing substrates and comprises the Ôidentity setÕ.  However, this definition

of identity is only useful when describing in vitro specificity, which does not report on

mischarging of tRNA variants, a critical aspect of tRNA identity.  An equally important

measure of tRNA identity is defined by its in vivo functionality in suppressing an

engineered mutation in a genetic screen.  Typically, a reporter system consisting of a

dihydrofolate reductase gene with an amber mutation is used to characterize the amino

acids esterified to a given suppressor tRNA (Normanly, Kleina et al. 1990).  The strength

of a given identity determinant is estimated from the frequency of amino acid

incorporation at a given position in the engineered protein which also reports on the level

of mischarging of a given tRNA variant.  The mutation introduced in the tRNA can also

affect its interaction with other aspects of the translational apparatus, providing a

different ÔreadoutÕ of identity than described by in vitro analysis.

In general, identity elements for the various tRNA species cluster within the

anticodon loop and acceptor stem.  In particular, the 73rd nucleotide of the acceptor stem

has been shown in many systems to be critical in assigning tRNA identity and has been

termed the discriminator base.  With a few notable exceptions (Muramatsu, Nishikawa et

al. 1988), the modified nucleotides commonly encountered in tRNA species are not major
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determinants of tRNA identity (Bjork, Ericson et al. 1987).  This has proved fortuitous as

the in vitro transcription of tRNA substrates using T7 RNA polymerase (Sampson and

Uhlenbeck 1988), a technique well suited to producing variants with which to investigate

tRNA identity, results in unmodified tRNA.

The identity set of tRNAHis includes a notable exception to the 76 nucleotide rule

governing tRNA length in that an additional guanosine precedes the 5" terminus.  The

additional G (referenced as G-1) can be either coded for in genomic DNA, commonly the

case in prokaryotes, or post-transcriptionally added by modification enzymes as is seen in

eukaryotic organisms (Cooley, Appel et al. 1982).  G-1 is positioned to base pair with the

N73 discriminator base of the acceptor stem and substitutions or deletions of this position

have been shown to decrease the rate of aminoacyl transfer as measured by steady-state

assays (Himeno, Hasegawa et al. 1989). In addition to G-1, the identity of the N73

discriminator base may play a primary role in assigning tRNAHis specificity (Yan and

Francklyn 1994) and further studies have implicated the identity of the anticodon

nucleotides as critical in initial binding events between HisRS and tRNA (Yan,

Augustine et al. 1996; Bovee, Yan et al. 1999).

Historical overview of aaRS discovery

Francis Crick theorized the existence of transfer tRNAs and the aminoacyl tRNA

synthetases in an unpublished letter to the ÒRNA tie clubÓ (On degenerate templates and

the adaptor hypothesis F.H.C Crick, 1955), but it was Hoagland who established the first

credible evidence for the activation of amino acids by ATP
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Figure 2.  Cloverleaf diagram of tRNAHis from E.coli and in silico model of tRNAHis-
HisRS co-complex

A  Cloverleaf diagram of E.coli tRNAHis.

B  Model of HisRS-tRNAHis co-complex.  The model was constructed by
superposition of the published HisRS adenylate crystal structure (PDB ID 1KMM)
with the AspRS of the published AspRS-tRNAAsp crystal structure (PDB ID 1ASY)
(Ruff, Krishnaswamy et al. 1991).  Monomeric constituents of the homodimer are
shown in light blue and wheat.  Ribbon cartoons of tRNAHis are shown in magenta
and wheat.  A stick diagram of histidyl-adenylate is shown within the active site of
the light blue HisRS monomer in CPK color scheme.  The 3"-OH of the acceptor stem
has been positioned in proximity to the a-phosphate of the histidyl adenylate in the
active site.
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(Hoagland 1955; Hoagland, Keller et al. 1956) and, along with others, experimentally

verified the covalent attachment of amino acid to RNA (Berg and Offengand 1958;

Hoagland, Stephenson et al. 1958).  In 1962, experimental evidence demonstrated that the

fidelity of the genetic code was enforced not by amino acids, but by the interaction

between the adaptor RNA (tRNA) and the mRNA template (Chapeville, Lipmann et al.

1962), underscoring the importance of the activities of the aaRS in ensuring the accuracy

of protein synthesis.  In light of these findings, understanding the mechanism of aaRS and

the rules by which the synthetases enforced the specificity of substrate selection became

of paramount importance.

Defining specificity

Measurements of specificity are given by kcat/Km.  In the simplified case of two competing

substrates where:

E + A ! EA" E + P

E + B ! EB" E + Q

and binding of A and B is in rapid equilibrium, the velocity of each reaction can be

described by:

� 

vA =
kcatA[A]

KmA(1+
[B]
KmB

) + [A]

� 

vB =
kcatB[B]

KmB(1+
[A]
KmA

) + [B]
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where the Km term for each substrate (A or B) is modified by the competitive binding of

the orthogonal substrate by a factor of (1 + [I]/KI).  Multiplying both equations through

by a factor of 1/Km(i) sets a common denominator of:

1+ [A]/KmA + [B]/KmB

which promptly cancels to leave the numerators in the following relationship:

� 

vA

vB

=

kcatA[A]
KmA

kcatB[B]
KmB

from which it can be seen that specificity, as defined by discrimination of an enzyme

between competing substrates, can be determined by the ratios of kcat(i)/Km(i) terms.  The

values of kcat and Km can be determined by steady-state kinetic analysis of enzyme

reactions, allowing a comparison of specificity for competing cognate and non-cognate

amino acid and tRNA substrates in aaRS.

At first, this type of analysis would seem sufficient to understand the nature of the

aaRS reaction.  However, a reliance on steady-state measurements can place an

enzymologist in dangerous territory when it comes to interpretation and extrapolation of

derived constants.  Steady-state analysis is incapable of reporting on the mechanisms

governing enzyme action due to limitations inherent in the methodology:  any analysis of

enzyme action in the steady-state represents an ensemble measurement of enzyme

activity over many catalytic cycles and therefore can only report on the slowest step, or

group of steps in the reaction.  The same limiting principle applies to measurements of

reactant affinities as binding events measured in the steady-state reflect ensemble
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measurements in which internal equilibria can drastically affect measured affinities.  A

common example of a misinterpretation of steady-state parameters is the assumption that

the value of Km reflects the lower limit of the Kd between enzyme and substrate.  The

principle reason for this misinterpretation lies in the definition of Km given the widely

referenced but improbably simple Michaelis-Menton reaction sequence of

 
E + S

k+1

k! 1

! "! !# !! ! ES k2" #" E + P

where Km is defined as 
k! 1 + k+2

k+1

.  From this, it can be seen that the value of Km can only

be equal to, or greater than Kd (by a factor of k+2/k+1).  However, given the addition of

even one intermediate in the reaction sequence, it can be demonstrated that Km, now

greatly more complex than in the example above, can assume values below that of Kd.  A

more useful analysis involves the comparison of kcat /Km values, which are apparent

second order rate constants for substrate binding.  The magnitude of this value sets a

lower limit on the rate of substrate binding (k1) and defines the product of the rate of

substrate binding and the fraction of substrate that progresses to form product.

In order to observe the individual parameters and events that occur along a

reaction pathway, the techniques of pre-steady-state kinetics must be employed.  In pre-

steady-state kinetics, the part is separated from the whole in that reaction conditions and

sampling techniques are set up to measure individual events, ideally determining the

microscopic rate constants governing individual events along a reaction pathway.  By

isolating individual steps of the reaction cycle and reconstructing the whole, the intrepid
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investigator may be allowed a glimpse into the laws governing natureÕs most important

machines.

A major technical hurdle to such studies is the large quantities of enzyme and

substrate required, as rapid kinetic studies, unlike the trace quantities of enzyme required

for steady-state analysis, require the enzyme to participate as a stoichiometric reactant.

From a purification standpoint, an unusually beneficial chemical property of tRNA is its

ability to remain in the aqueous phase after phenol/chloroform treatment of cellular

extracts.  Isolation or enrichment of tRNA from a pool of 20 families was, by

comparison, a far easier task than the fractionation of the aaRS from the much more

complex mixture of proteins in the cellular milieu.  Fortunately, advancing developments

in the field of protein purification (Baldwin and Berg 1966) allowed purification of the

aaRS in large quantities.  These techniques allowed investigators to begin to unravel the

complex mechanistic aspects of the aaRSs utilizing biophysical techniques.

Historical overview of HisRS mechanistic enzymology

Discovery of aaRS activity

Seminal work on aaRS was largely focused on what would later come to be characterized

as class I aaRS:  Cys-, Val-, Lue-, Ile-, Met-, Arg-, Tyr- and TrpRS, in spite of the fact

that the first tRNA to be sequenced was the tRNAAla from yeast (Holley 1965) and yeast

tRNAPhe was the first to characterized by X-ray crystallography (Kim, Quigley et al.

1973).  Initial studies focused on the binding of substrates to isolated aaRS. Binding of

two tRNAVal isoacceptors, tRNAVal1 and tRNAVal2 to the E.coli ValRS was examined by
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changes in intrinsic tryptophan fluorescence of the enzyme and found to have binding

constants that differed by close to an order of magnitude (Helene, Brun et al. 1969).  The

binding curves were in agreement with a stoichiometry of one mole of tRNAVal bound per

mole of enzyme.  Monitoring substrate binding through changes in intrinsic protein

fluorescence was rapidly employed to investigate cognate tRNA binding in MetRS

(Bruton and Hartley 1970), SerRS (Rigler, Cronvall et al. 1970), and PheRS (Farrelly,

Longworth et al. 1971).  Sucrose gradient sedimentation analysis in a number of these

studies confirmed the stoichiometry of one mole of tRNA bound per mole of enzyme

though an important caveat to the interpretation of such results is the absence of amino

acid, ATP, or aminoacyl-adenylate analog in the experiments.  As such, the stoichiometry

observed is best described as binding of cognate tRNA to free enzyme.  An additional

caveat concerns the precision of the quantification of active sites (see below).  Changes in

intrinsic protein fluorescence was soon used to study the binding of ligands involved in

amino acid activation in ValRS (Helene, Brun et al. 1971; Penzer, Bennett et al. 1971),

IleRS (Penzer, Bennett et al. 1971), and MetRS (Blanquet, Fayat et al. 1972) with

varying degrees of success.  Through ValRS showed a slight, albeit measurable, change

in fluorescence in the presence of ligands, IleRS from E.coli showed no measurable

change when mixed with valine, isoleucine, ATP, or pyrophosphate.  In this case, the

authors measured the effects of ligand in reducing the rate of intrinsic fluorescence decay

in the presence of 2.5M urea, establishing Kds for isoleucine (25µM), valine (300µM),

ATP (150µM), and PPi (200µM).  MetRS proved particularly amenable to intrinsic

tryptophan fluorescence based study, with fluorescence emission changing 25-40% upon
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mixing with varying ligands.  Utilizing stopped-flow techniques, a semi-quantitative

analysis of amino acid activation was performed, demonstrating a dramatic ~300 fold

increase in the rate of activation in the presence of Mg2+ ion.  kobs was found to vary in

linear proportion to substrate concentration, indicative of a uni-molecular reaction.

However, analysis of the derived constants was complicated by the quaternary

architecture of MetRS along with the relatively dilute range of substrate concentrations

sampled.

In an elegant study utilizing the fluorescent reporter group 2-p-

toluidinylnaphthalene-6 Ðsulfonate, the binding of ligands to monomeric IleRS was

investigated (Holler and Calvin 1972).  As was found for MetRS, the authors detected a

linear relationship between kobs and isoleucine at dilute concentrations of substrate (0-

150mM), analysis of which provided an association constant 2 orders of magnitude

smaller than would be expected based on a process limited by the rate of diffusion

(~1x108 M-1 sec-1).  At higher concentrations of methionine however, kobs became

independent of substrate concentration, consistent with a two step mechanism:

 
E + Ile

K1! "! !# !! ! E ¥ Ile
k+2

k! 2
! "! !# !! ! E ¥ Ile"

Where E¥Ile* represents a second state of the ES complex and

kobs = k! 2 + k+2

(Ile)0

K1 + (Ile)0

when [E]<<[Ile].  This model requires isoleucine binding to occur at or near the diffusion

controlled rate limit prior to the isomerization step.  Utilizing these assumptions, the

forward and reverse rate constants for the isomerization step was calculated to be 125 sec-
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1 and 3 sec-1 respectively.  The binding of ATP in absence of MgCl2 in non-catalytic

conditions (i.e. in the absence of amino acid substrate) followed a similar two-step

mechanism as seen with isoluecine.  Experiments repeated with equimolar concentrations

of Mg2+ demonstrated ATP binding was accelerated into the dead time of the instrument

and became unobservable.  Previous experiments had demonstrated the rate of

dissociation of either amino acid or ATP was independent of co-reactant, indicating a

random binding mechanism predominated (Holler, Bennett et al. 1971).  Utilizing the

above methodology, the authors were able to observe a transient quench in fluorescence

that the authors ascribed to the formation of enzyme bound isoleucyl adenylate.  At dilute

substrate concentrations (Ile and ATP >> than KIle and KATP respectively), kobs followed

dependence on substrates as a single process that could be fit to the following equation:

� 

kobs = kf G+ kb

(PPi)0

KPPi + (PPi)0

where the G term incorporates equilibrium constants and starting concentrations of

substrates:

G ={ [(Ile)0 + KIle][(ATP)0 + KATP]
(Ile)0(ATP)0

+
KIleKATP(PPi)0

KPPi (Ile)0(ATP)0

} ! 1

with the assumption that all association/dissociation processes are in rapid equilibrium.

The assumptions used were not valid at higher concentrations of substrate however, and

were experimentally bypassed by pre-incubation of the enzyme with saturating quantities

of isoleucine.  Similarly, in order to examine the concentration dependence of amino acid

on reaction rate, the enzyme was pre-incubated with saturating concentrations of ATP:
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E ¥ATP+ Ile 

k+1

k! 1
! "! !# !! ! E ¥ATP¥ Ile kf" #" E ¥ Ile$ AMP + PPi

where

kobs = kf

(Ile)0

k! 1 + kf

k+1

+ (Ile)0

under the assumption that [E0] << KPPi and in the absence of pyrophosphate from the

reaction. Based on these assumptions, the authors were able to determine a rate for the

activation of amino acid (~135 sec-1), with the back reaction ascribed a rate of 670 sec-1.

Early examinations of the adenylation half reaction: pyrophosphate exchange

IleRS from E.coli was used to examine the mechanism and rate of activation of amino

acid by way of an assay that relies on the incorporation of radio-labeled PPi into ATP

according to the following scheme:

 

E + aa+ ATP! E ¥aa " AMP + PPi

E ¥aa " AMP + PPi ! E + aa+ ATP

where the isotopically labeled species are depicted in red.  The pyrophosphate exchange

assay has become the ubiquitous method employed to characterize the amino acid

activation reaction and, as such, requires review here.  The pyrophosphate exchange

reaction was one of the first techniques employed in the study of aaRS.  Indeed, activity

of cellular extracts in facilitating pyrophosphate exchange was provided as prima facie

evidence for the existence of aaRS in seminal work on the subject (Berg 1961).  Utilizing

a theoretical framework provided by previous investigators (Boyer 1959; Alberty 1962;

Morales, Horovitz et al. 1962), Cole and Schimmel detailed a treatment of isotope
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exchange as it pertains to aaRS (Cole and Schimmel 1970).  Analysis of isotope

exchange requires a number of assumptions. Chiefly, it is assumed that the isotopically

labeled species is present in trace amounts and is chemically indistinguishable in an

enzymatic context. In addition, the enzyme (present in trace amounts) along with its

labeled species must be in steady-state concentrations and all unlabeled species must be

in equilibrium while exchange occurs.  The overall pyrophosphate exchange reaction for

aaRS can be written as:

 

ATP+ PPi ! ATP+ PPi

At chemical equilibrium, the rate at which one species interconverts to another is

constant.  However, as interconversion dilutes the specific activity of the isotopically

labeled starting species, the rate at which label interconverts decreases as:

dATP
dt

= V(
PPi

PPi(eq)
!

ATP
ATP(eq)

) =
V

PPi(eq) + ATP(eq)
(PPi* ATP(eq) ! ATP* PPi(eq)

Using the law of conservation, the total amount of label present at any given time is

constant, therefore:

PPi = PPi! + ATP! " ATP

and, given that distribution of label at isotopic equilibrium is proportional to the

equilibrium concentration of the species:

PPi! =
ATP! PPi(eq)

ATP(eq)

substituting for PPi gives the following useful form:
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dATP
dt

=
V

PPi(eq)ATP(eq)
(PPi(eq) + ATP(eq))(ATP! " ATP)

#
dATP

(ATP! " ATP)dt
=

V(PPi(eq) + ATP(eq))
PPi(eq)ATP(eq)

Which can be integrated between t = 0 and t = i  to give:

ATP
ATP!

= 1" exp
(" Vt(

ATP(eq)+PPi(eq)
ATP(eq)PPi(eq)

)

Thus, the fraction of label incorporated in time t follows a single exponential time course

and, importantly, the enzyme is not functioning as catalyst in the traditional sense in that

isotope exchange is occurring at conditions of equilibrium for both substrate and product.

The analysis can be simplified considerably if the experimental time course of the

reaction is sufficiently short to exclude the conversion of ATP to PPi, such that

V =

dATP
dt

PPi
PPi(eq)

In order to ascertain whether such an analysis is applicable for the aaRS, Cole and

Schimmel compared experimental data for the total isotope exchange in IleRS to curves

calculated from initial velocity profiles and found the two to be in good agreement.  An

important caveat to isotope exchange reactions is the inherent complexity of deriving

kinetic constants.  As admitted in the seminal work on the subject, the reaction bears little

resemblance to steady-state kinetics and application of Michaelis-Menten kinetic analysis

can be dangerously misleading.  Despite this, numerous examples in the aaRS literature

can be found in which the authors mistakenly presume the measured rate of
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pyrophosphate exchange, by way of Michaelis-Menton analysis, represents the forward

rate of the amino acid activation half reaction.  The predominant misconception is that

the rate of pyrophosphate exchange reports on the magnitude of the forward rate of

adenylate formation.  While it is doubtless true that aminoacyl-adenylate must be formed

for exchange to occur, the analysis of pyrophosphate exchange, occurring after the initial

stoichiometric production of aminoacyl-adenylate, is far removed from the individual rate

constants associated with that reaction.  Given a random bi bi ordered reaction under the

assumption that binding of substrates and release of product is in rapid equilibrium, the

exchange velocity is defined as:

v =
VmaxforwardVmax reverse

Vmax forward +Vmaxreverse

(Segel 1975)

It is critical to note that not only does the velocity measured here report on the rate of

exchange among isotopically labeled species at equilibrium, it incorporates the

magnitudes of both the forward and reverse reactions.  Thus, if the rate of pyrophosphate

exchange were taken as a measure of the rate of formation of aminoacyl-adenylate, the

analysis would be skewed by a factor of Vmax R /Vmax F +Vmax R.

What the pyrophosphate exchange reaction can provide is an analysis of the

kinetic mechanisms as the exchange velocity term V contains substrate dependent

information that varies with the order of substrate binding.  Cole and Schimmel compared

the concentration dependence of V to theoretical rate laws deduced for simultaneous,

sequential, and random ordering of substrate addition and concluded that the results

lacked definitive demonstration for classifying the IleRS reaction as any of the above.  A
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plausible relationship between V and substrate concentration was deduced, but the

relationship did not distinguish between sequential and random ordered sequences.

Including terms for abortive complex formation between substrate and product allowed

either sequential or random reaction sequences to fit the experimentally derived

relationship between substrate concentration and velocity of isotope exchange.

Additionally, the pyrophosphate exchange reaction can be used to monitor the

relative effect of an exogenous compound or mutation to the enzyme on the amino acid

activation reaction.  For example, the pyrophosphate exchange reaction has been

successfully used to record the effect of Mg2+ ion concentration on amino acid activation

(Cole and Schimmel 1970).  In this study, again using E.coli IleRS, it was found that no

exchange occurs in the absence of Mg2+.  Increasing concentrations of Mg2+ increased the

rate of the exchange reaction to a plateau, above which increasing concentrations had no

effect.  At high concentrations of Mg2+ (>10mM), it was found that Mg2+ interfered with

the exchange reaction, potentially acting as an inhibitor of amino acid activation.

However, the decrease in activity at the higher concentrations of Mg2+ can be attributed to

the sequestration of substrate in inactive Mg2+ complexes by mass action.

The aminoacyl transfer half reaction

The detailed kinetic analysis of aminoacyl transfer, the second step in the aminoacylation

reaction, presents a unique set of challenges.  In order for amino acid to be transferred to

the tRNA substrate, it must first be activated in the adenylation half reaction.  The

kinetics of the study of aminoacyl transfer are therefore complicated by the influence of

the first reaction.  Theoretically, transfer of amino acid to tRNA could occur
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simultaneously with amino acid activation without appreciable formation of aminoacyl-

adenylate along the reaction pathway.  Evidence for the accumulation of a stable enzyme

bound aminoacyl-adenylate species in the absence of tRNA does not controvert a

simultaneous reaction mechanism as such a species may represent a kinetically

incompetent intermediate or an off pathway artifact.  In order to deduce the true reaction

pathway, pre-steady-state kinetic methodologies must be employed.

Early work with E.coli IleRS reacted pre-formed enzyme-adenylate complex

separated from amino acid and ATP by size exclusion chromatography with tRNA to

bypass the amino acid activation reaction.  Enzyme-adenylate complex was mixed with

tRNAIle in order to observe events associated explicitly with aminoacyl transfer (Eldred

and Schimmel 1972).  The reactions were carried out at 3¼C to avoid excess hydrolysis of

aminoacyl-adenylate and to slow the reaction progress to allow manual sampling over the

time course of the reaction.  One of the initial observations made concerned the

stoichiometry of transfer of limiting amounts of aminoacyl-adenylate to saturating tRNA.

It was found that only 85-90% of aminoacyl-adenylate was transferred to tRNAIle with

the remaining 10-15% presumably lost to an unknown mechanism possibly reflecting on-

enzyme hydrolysis of adenylate.  A plot of initial rate against tRNAIle was consistent with

the bimolecular association:

 
E ¥Ile ! AMP + tRNAIle k1

k! 1
" #" "$ "" " E ¥Ile ! AMP¥tRNAIle k2

k! 2
" #" "$ "" " AMP + E + Ile ! tRNAIle

which can be fit (given steady-state assumptions) to:
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dtRNA
dt

=
k2(E ¥ Ile ! AMP¥tRNAIle)0

1+
Km

tRNA0

returning a Km, tRNA value of 0.35 µM and k2 of 0.018 s-1, about 10 fold faster than the rate

of the overall reaction measured under the same conditions (0.002 s-1) and significantly

slower than the rate of adenylate formation (>1 s-1).  The findings presented a paradox in

that neither adenylation nor aminoacyl transfer, when measured in isolation, could

account for the steady-state rate of aminoacylation.  As a caveat, under the experimental

conditions described, neither adenylation nor aminoacyl transfer report on the rate of

product release (PPi and Ile~tRNAIle respectively).  In order to observe the effect of

product release on the reaction kinetics enzyme-adenylate was fed excess aminoacyl-

adenylate along with tRNA to observe multiple rounds of incorporation.  Under these

conditions, clear burst phase kinetics were observed with the first cycle of product

formation occurring roughly 10 times as fast as subsequent incorporations, supporting the

argument that release of aminoacylated tRNA is rate-limiting for the overall reaction.

Taken together, the results argued against the idea of a concerted reaction mechanism

(simultaneous activation and transfer) and supported a model of aminoacylation that

allowed for step-wise activation of amino acid subsequent to aminoacyl transfer.  These

results were in direct disagreement with the hypotheses of Lotfield and Eigner (Loftfield

1972) who strongly favored the concerted transfer mechanism.

Structural and functional characterizations of class II synthetases have historically

languished behind those of class I for number of reasons.  Firstly, the oligomeric nature

of the class II aaRS complicates the kinetic analysis.  Additionally, investigations on
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aaRS mechanism were biased by a Ôfounder effectÕ: the first aaRSs investigated became

the predominant enzymes to receive continued study as new techniques and

methodologies were developed.  Previously reported steady-state analysis allowed the

results of pre-steady-state work to be placed within context of the overall reaction.  Early

work on the class II synthetase SerRS from E.coli, an ! 2 homodimer with a molecular

weight of 103 kDa, attempted to define the stoichiometry of substrate binding.  Binding

stoichiometry of tRNA to SerRS dimer was investigated by density gradient

centrifugation and gel filtration and found to be 0.8 mol tRNA to mole of SerRS dimer

(Knowles, Katze et al. 1970).  Stoichiometry of seryl-adenylate to SerRS was

investigated and found to be one molecule of seryl-adenylate per dimer (Bluestein,

Allende et al. 1968),indicating the presence of only one functional active site per dimer

despite the apparently identical makeup of each monomer.  However, additional

investigations utilizing equilibrium dialysis and equilibrium measurements of seryl-

adenylate formation demonstrated binding of one mol of ATP per active site and a

binding stoichiometry of 1 mol of seryl-adenylate per monomeric subunit (Boeker and

Cantoni 1973).

Development of a quantitative active site titration for aaRS

All of the studies mentioned up to this point were undertaken without a rigorous means

for ascertaining the active fraction of aaRS in any given enzyme preparation, causing

difficulties in interpretation of binding stoichiometry and kinetic parameters.  In 1975 a

detailed procedure for an active site titration assay was published (Fersht, Ashford et al.
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1975), allowing investigators a rapid, economical, and reasonably rigorous determination

of the active fraction of aaRS in a given enzyme preparation.  Five aaRS preparations,

ValRS, TyrRS, TrpRS, MetRS from Bacillus stearothermophilus and MetRS from E.coli

were included in the testing procedures to demonstrate the broad versatility of the

approach.  The aaRS active site titration assay monitors the burst of ATP consumption

during the rapid accumulation of aminoacyl-adenylate on the enzyme.  Subsequently,

slow hydrolysis of the aminoacyl-adenylate (in the absence of tRNA) regenerates the

empty active site that can again participate in amino acid activation.  In the aaRS active

site titration assay, the formation of aminoacyl-adenylate is monitored by the

disappearance of ' -32P labeled ATP.  Following addition of aaRS to a reaction mixture

containing ATP in a roughly 5-10 fold molar excess over enzyme concentration as

calculated from the relative molecular mass, total nucleotide is captured by activated

charcoal.  The loss of radioactivity occurs concomitantly with the formation of

aminoacyl-adenylate which follows burst phase kinetics with the linear rate following the

burst reporting on the either the release of aminoacyl-adenylate into solvent or the on

enzyme hydrolysis of the high energy complex.  By extrapolating the linear phase back to

the y intercept, the concentration of active sites can be calculated using a rudimentary

model of the reaction:

 
E k1

aa,ATP! "! ! E(aa ! AMP)n k2! "! E + products

where n denotes the moles of aminoacyl-adenylate formed per mol of enzyme.  In

B.stearothermophilus TyrRS, only one molecule of tyrosyl-adenylate was formed per

dimer, though equilibrium dialysis demonstrated both active sites of the dimer could bind
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amino acid and ATP.  This pattern of activity was described as  Ôhalf of sites reactivityÕ

where product formation at one active site prevented product formation at neighboring

sites, presumably through negative cooperativity (Fersht, Ashford et al. 1975).  Isolated

enzyme-adenylate complex slowly decayed with a rate constant of 5.7x10-5 sec-1, while

addition of excess amino acid and ATP increased the rate of decomposition to 45.4x10-5

sec-1.  Addition of ATP alone had no effect on the rate of hydrolysis, however, addition of

amino acid alone increased the rate of hydrolysis to 14x10-5 sec-1 with a Km of 144 µM.

Although half of sites reactivity shows no benefit to substrate specificity, the mechanism

can be shown to provide a theoretical advantage to catalysis where binding energy from

the second substrate could be used to offset the cost of catalytically unfavorable tight

binding of a reaction intermediate necessary to offset a thermodynamically unfavorable

equilibrium constant.  This situation has since been documented in biophysical studies of

TyrRS in which binding energy is used to assemble the TyrRS active site to facilitate

amino acid activation (Retailleau, Weinreb et al. 2007).

Resolving the reaction pathway: development of the rapid quench flow

An early controversy regarding the aaRS mechanism concerned the presence or absence

of aminoacyl-adenylate as a bona fide intermediate along the reaction pathway.  It had

long been known that the concentrations of enzyme and tRNA in vivo assured the

majority of aaRS would saturated with tRNA as aaRS:tRNA complex.  Additionally,

indirect experiments had shown that both the rate of transfer of activated amino acid and

the extent of transfer were inconsistent with steady-state measurements (Loftfield 1972)
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(Pastuszyn and Loftfield 1972) (Matsuzaki and Takeda 1973).  In an attempt to define the

rates of the individual reactions, new techniques and methodologies were brought to bear

on the problem.  In 1975, Fersht and Jakes published a manuscript detailing the

application of a ÒPulsed Quench Flow TechniqueÓ, known today simply as the rapid

quench flow to study the half reactions of E.coli TyrRS (Fersht and Jakes 1975).

Previous rapid sampling devices were hindered by a design that required tremendous

quantities of reactants and operated over a limited timescale.  Large amounts of reagent

were loaded into the drive syringes that were then used to mix the reagents together to

initiate the reaction and subsequently push the reacting mixture through incubation tubes

to the collection container.  In order to sample longer time points, the length of the

incubation tubes required large volumes of reagent.  In FershtÕs apparatus, a small

amount of reagent was staged into mixing lines and subsequently mixed and pushed

through the incubation tubes to the exit by buffer contained in auxiliary drive syringes.

In this manner, much smaller quantities of reagents were required and a relatively broad

time scale (5 milliseconds to minutes) could be sampled.  To monitor the rate of

adenylate formation, 2.5 µM TyrRS saturated with 115 µM tyrosine was reacted with

subsaturating ATP (15.25 µM) along with 3 U/mL pyrophosphatase (to limit the back

reaction) and returned a kobs value of 1.18 sec-1 for the resulting single exponential

progress curve.  The value thus obtained agreed well with the value of the fluorescent

transient observed when parallel reactions were performed using stopped flow fluorescent

instrumentation under the caveat that the extrapolated Km  ATP and kcat ATP (18 mM and 1300

sec-1 respectively) were outside the range of experimental observation.  The initial rate of
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tRNA aminoacyl transfer was investigated by incubating TyrRS and tRNA in one syringe

and challenging with ATP and radio-labeled tyrosine in the opposing syringe yielding a

linear progress curve with a rate matching that of the steady-state rate of aminoacylation.

The absence of burst phase kinetics was taken as evidence that the rate-limiting step in

the catalytic cycle precedes release of aminoacylated tRNA and, in contrast to earlier

results obtained with E.coli IleRS, dissociation of aminoacylated tRNA product was not

rate-limiting.  Parallel experiments were performed monitoring the loss of ATP

associated with the transfer of amino acid to tRNA yielding similar results.  It should be

noted however, that extrapolation to the axis of the dependent variable did not return a

value of zero but an offset approaching 10% of the reaction coordinate.  Identical results

were obtained in recent studies utilizing the E.coli HisRS system (Guth and Francklyn

2007) and, in both cases, it is seen that the offset increases when ATP hydrolysis (or

alternative measure of adenylate formation) is compared with that obtained from the

isolation of the charged tRNA product. It is unclear if this background value represents a

real event associated with enzyme activity or is an artifact of the technique.  If the rate-

limiting step precedes aminoacyl transfer than the rate of aminoacyl transfer, when

measured in isolation, should be much faster than the steady-state rate of aminoacylation.

When adenylate was allowed to form on the enzyme prior to mixing with tRNA by in situ

incubation of enzyme with ATP, tyrosine and pyrophosphatase, a single exponential trace

defining one mole of tRNA charged per mol of adenylated dimer with a rate constant of

~35 sec-1 was observed.  This value is almost an order of magnitude faster than the

steady-state rate of aminoacylation under identical conditions.  At physiologically
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relevant concentrations of reactants then the rate of adenylation and aminoacyl transfer,

when measured in isolation, appeared relatively fast (~40 sec-1 and  ~30 sec-1

respectively) relative to the steady-state rate of aminoacylation (~11 sec-1).  An important

caveat of the above experiments is the absence of tRNA in reactions in which the rate of

adenylation is measured.  It is therefore possible to suggest a mechanism whereby the

presence of tRNA causes the rate of adenylation to decrease (an observation noted by the

authors) and become rate-limiting for the overall reaction.  The authors instead suggested

the overall reaction may proceed with two distinct kinetic routes:  under conditions of

low substrate availability, aminoacyl-adenylate would be allowed to build up on the

enzyme and the reaction would proceed in via the intermediate in two distinct steps.  At

higher substrate concentrations, the intermediate would remain at a low, steady-state

concentration and the reaction would appear ÔconcertedÕ in the sense that the amplitude

of aminoacyl-adenylate formation would remain ravishingly small throughout the

reaction.

In examining the monomeric class I IleRS from E.coli using the rapid quench

flow developed by Fersht, several unique features became apparent that contrasted with

those of the dimeric class I E.coli TyrRS (Fersht and Kaethner 1976).  In IleRS, the

single turnover rate of transfer from pre-formed on-enzyme adenylate to tRNAIle matched

kcat for the steady-state turnover, indicating that, in this particular system, aminoacyl

transfer could be rate-limiting.  These results contrasted with the earlier findings of

Eldred and Schimmel (Eldred and Schimmel 1972) who found aminoacyl transfer from

pre-formed adenylate to occur about 10 fold faster than the steady-state kcat value.
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However, it should be noted that Eldred and Schimmel conducted their measurements at

pH 6.0 and 3¡C, far removed from the physiologic conditions employed by Fersht and

Keathner.  It remains a possibility that the conditions employed by Eldred and Schimmel

artificially lowered a step in the reaction pathway removed from that of aminoacyl

transfer, biasing their results relative to those of Fersht and Kaethner.  Multiple turnover

experiments monitoring the accumulation of charged tRNA during the initial and

subsequent cycles of catalysis failed to show burst phase kinetics when tRNA saturated

enzyme was rapidly mixed with ATP and amino acid.  However, when release of 32P

labeled pyrophosphate was monitored in parallel experiments, burst phase kinetics

became readily apparent, indicating faster steps precede aminoacyl transfer.  Taken as a

whole, the evidence indicated the existence of a bona fide aminoacyl-adenylate

intermediate species along the reaction pathway, thus casting doubt on the likelihood of a

concerted reaction mechanism.  One problem with the above model however concerns

the relative magnitudes of the steady-state rate constants derived for the half reactions of

IleRS and other aaRS.  Given the following model:

 
E

KS

aa,ATP
! "! ! !# !! ! ! ! E ¥aa¥ATP k2

fast! "! E ¥aa~ AMP k3
slow! "! ! E + aa$ tRNAaa

it would be predicted that Km for the production of aa~tRNAaa would be lower than Ks by

the relation Km = Ksk3/k2.  However, experimentally derived Kms for both adenylation (as

monitored by pyrophosphate exchange) and aminoacyl transfer are remarkably similar,

usually not varying by more than a factor of 5 fold between the two assays though values

of kcat can be as much as 100 times faster in favor of adenylation.  This apparent

discrepancy can be accounted for in noting that the kcat for pyrophosphate exchange is a
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composite incorporating both forward and reverse rate constants of isotopic redistribution

among equilibrated species.  Additionally, pyrophosphate exchange is performed in

absence of tRNA, and, as seen for E.coli TyrRS, the addition of tRNA to the reaction

may slow the rate of adenylation and/or modify the affinity of enzyme for other

substrates.  Moreover, in cases where product release is rate-limiting (E.coli IleRS) the

measured Km may reflect the binding of an additional substrate that serves to increase the

rate of dissociation of charged tRNA.

Another dimeric class I aaRS, B.stearothermophilus MetRS, has been shown to

posses ÒvirtualÓ half of sites reactivity.  Stopped-flow experiments measuring a change in

intrinsic tryptophan fluorescence were performed in which enzyme and saturating

concentrations of either amino acid or and ATP were rapidly mixed with the appropriate

orthogonal substrate to initiate the adenylation reaction.  These experiments monitored

the appearance of two distinct transients, the faster of which (kcat ATP = 29.4 sec-1) showed

dependence on substrate concentration (Ks1 = 46 µM) whereas the slower rate (kca t ATP =

0.06 sec-1) remained independent (Ks2 < 1mM) (Mulvey and Fersht 1976).  The same

reaction was repeated in the chemical quench flow, monitoring the release of 32P from ' -

32P ATP which could then be analyzed according to the following model:

E k1
ATP
aa

! "! ! E ¥Met ~ AMP + PPi k2
ATP
aa

! "! ! E ¥(Met ~ AMP)2

and fit to the appropriate rate equation

Pi
E

= 2 + (
k2

k1 ! k2

! 1)e! k1t ! (
k1

k1 ! k2

)e! k2t



37

where k1 and k2 are pseudo-first-order rate constants that incorporate substrate

concentration dependence where applicable.  The analysis of the resulting progress curve,

performed at only one concentration of substrate, matched precisely the rate constants

derived from stopped-flow fluorescence measurements and assigned one transient per

molecule of product formed per active site, indicating the observed fluorescent transient

was reporting the rat of formation of aminoacyl-adenylate.  The reverse reaction, in

which pyrophosphate is used to drive in situ formed enzyme adenylate back toward

starting materials as measured in the stopped-flow device produced a single exponential

transient with a kobs max of 75 sec-1.  Importantly, the amplitude of the transient varied

with pyrophosphate concentration as well, indicating the extent of the reverse reaction

varies with concentration of pyrophosphate.  It was also found that 2 moles of aminoacyl-

adenylate per dimer remain bound when the enzyme-adenylate is subject to size

exclusion chromatography (Mulvey and Fersht 1977).

Investigations into the aminoacyl transfer half reaction following a similar

experimental protocol established that binding of tRNAMet to the synthetase appeared to

follow a two-step mechanism, with one step experimentally inaccessible by stopped-flow

analysis.  Previous investigations using temperature jump methods were able to resolve

binding of tRNA as a two-stage process in Phe-, Seryl-, and TyrRS (Riesner, Pingoud et

al. 1976) (Krauss, Riesner et al. 1976).  By choosing substrate concentrations that

allowed tRNA binding to be segregated from aminoacyl transfer, the authors were able to

determine that the aminoacyl transfer reaction was rate-limiting for the overall reaction

provided certain assumptions remained valid (Mulvey and Fersht 1978).  First, the
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analysis depends on the assumption that both active sites are acting independently and

simultaneously at substrate concentrations below saturation.  Although a single

exponential fluorescent transient was observed for aminoacyl transfer, that observation

does not, by itself, justify the above assumption.  Noticeably absent is a quench flow

analysis showing moles of product formed per active site, which could provide

information as to the stoichiometry of aminoacyl-adenylate formation.

Site-directed mutagenesis: application to the study of aaRS

In the field of mechanistic enzymology, aaRS were some of the first enzymes to be

studied employing the techniques of site-directed mutagenesis.  In a landmark paper

C35S and C35G mutations were introduced to B.stearothermophilus TyrRS based on

structural information derived from X-ray crystallography concerning potential active site

residues involved in the activation half-reaction (Winter, Fersht et al. 1982).  While the

C35G mutation had no discernable effect on tyrosine binding, kcat/Km for ATP was

reduced ~9 fold (Wilkinson, Fersht et al. 1983) in both pyrophosphate exchange and

tRNA aminoacylation assays.  By way of the relation:

! Gts = RTln
(
kcat

Km

)mut

(
kcat

Km

)wt

where ( Gts represents the contributed binding energy of the mutated amino acid R group

to the substrate in the transition state, R is the gas constant, and T is temperature in

Kelvin, it was calculated that the Cys-35 R group contributes ~1kcal/mol for the
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stabilization of ATP binding in the transition state.  It should be noted that the relation

only holds when interactions between the enzyme residue and the substrate do not

participate in catalysis, are specific to one substrate (in multi-substrate systems), and

substitution of the residue does not effect the overall conformation and fold of the

protein.

It is not difficult to imagine numerous structural variables that could lead to a

decrease in the specificity constant following mutagenesis of an enzyme, however,

mutations that serve to increase the specificity constant provide compelling evidence that

the substitution is having a real and dramatic effect on the mechanics of the enzyme

action.  In B.stearothermophilus TyrRS, the T51P mutation decreases the Km ATP by 15

fold and roughly doubles the kcat value as measured by pyrophosphate exchange.

Although the kcat value drops by 3 fold in aminoacylation assays, the Km ATP value is 130

fold lower (Wilkinson, Fersht et al. 1984).  The apparent increase in substrate affinity

was rationalized to occur by way of structural perturbations in the active site:

introduction of proline was assumed to cause local distortion of an alpha helix in the

active site leading to the disruption of a relatively weak binding partner, Thr51, and

increasing coordination of another residue, His48, as determined by double mutant

analysis (Carter and Coleman 1984).

Combining the techniques of rapid kinetics with site specific mutagenesis allowed

the dissection of energy levels for each state of an enzyme along the reaction pathway,

allowing a detailed look at how binding energy is partitioned to facilitate catalysis (Ho

and Fersht 1986; Jones, Lowe et al. 1986; Wells, Ho et al. 1986; Wells and Fersht 1986).
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Given the model:

E

k +a
[A

TP
]

k a-

k
+t [Tyr]k

t- k' +a[
AT

P]
k' a

-

k'+t [Tyr]k't-

E¥A

E¥t

E¥ATP¥Tyr E¥Tyr~AMP+PPi
k+3

k-3

E¥Tyr~AMP
k-PPi

k+PPi[PPi]

The value of K"a and k3 can be found from the dependence of kobs on [ATP] as measured

by changes in intrinsic tryptophan fluorescence in stopped-flow assays with E¥tyr Vs.

ATP.  The value of Kt can be determined from equilibrium dialysis, and the value of k-3

and KPPi from stopped-flow measurements using E¥Tyr~AMP Vs. PPi.  These values can

then be used to determine the (( G of individual states along a Gibbs free energy profile

for the formation of tyrosyl-adenylate.  Using this strategy, it was shown that the T51P

mutation, analyzed previously by steady-state, had no effect on Kd for ATP but served to

increase affinity for the tyrosyl-adenylate intermediate (Ho and Fersht 1986) highlighting

the importance of pre-steady-state characterizations for understanding the internal

workings of enzyme action.  Continuation of these techniques has led to a fairly detailed

model of amino acid activation in prokaryotic TyrRS (First and Fersht 1993; First and

Fersht 1993; First and Fersht 1993).

Class II aaRS mechanistic enzymology
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Until 1990, there was no class II to speak of, only a collection of oligomeric aaRS that

did not posses the KMSKS or HIGH consensus sequences found for the class I aaRSs

(Eriani, Delarue et al. 1990).  Consequently, the detailed study of class II aaRS

mechanism by application of pre-steady-state kinetics has not matched the pace or depth

of that given to the class I enzymes.  A primary obstacle has always been the oligomeric

nature of the class II enzymes, which complicates kinetic analysis due to the potential

interplay of active sites on observed reaction rates.  In spite of these difficulties, a few

representative class II aaRS have been the subject of pre-steady-state kinetic analysis.  Of

the class II synthetases studied prior to our investigations in the field, the best

characterized is the SerRS from E.coli, the first class II enzyme to have itÕs crystal

structure determined.  Utilizing quench flow techniques first employed by Fersht and

colleagues in the study of class I enzymes, the rates of the individual reactions of SerRS

have been analyzed with varying degrees of completeness.  Monitoring enzyme activity

during the first and subsequent turnovers, without performing the adenylate complex on

the enzyme, revealed a lag phase preceding the linear steady-state turnover rate (Dibbelt

and Zachau 1981).  A theoretical model to account for the reaction was constructed as

follows:

E + aa+ ATP+ tRNAaa k1! "! E ¥aa¥ATP¥tRNAaa k2! "! E ¥aa~ tRNAaa ¥AMP

where k1 represents the slow association of substrates to form the reactive synthetase

complex and k2 represents the rate-limiting step preceding the steady-state turnover rate

of aminoacyl transfer.  Kinetic analysis revealed the value of k1 and k2 differed by around

one order of magnitude.  In order to more closely observe the rate-limiting step, the
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enzyme-adenylate complex was preformed prior to mixing with tRNA to follow the rate

of aminoacyl transfer independent of activation.    This rate of transfer (35 sec-1) is

roughly 30 fold faster than the steady-state rate, indicating that neither aminoacyl

transfer, nor release of aminoacylated product is rate-limiting for the overall reaction.

Interestingly, the addition of 3U/mL of inorganic pyrophosphatase doubled the amplitude

of transfer from pre-formed enzyme adenylate complex while addition of pyrophosphate

decreased the amplitude 4 fold.  When amino acid activation was measured in the

absence of tRNA by nitrocellulose filter binding studies, it was found the amount of

seryl-adenylate formed carried a concentration dependence on PPi with a Kd of 25µM,

matching the Km of 20µM obtained for PPi in the pyrophosphate exchange reaction.  In

the presence of tRNASer however, Km for PPi in the pyrophosphate exchange reaction is

raised 30 fold to 600 µM, indicating PPi binds tightly to the enzyme-adenylate complex

only in the absence of tRNA.  In contrast to the observations with IleRS and other class I

aaRS, SerRS did not show burst phase kinetics when monitoring either hydrolysis of ATP

or accumulation of AMP.   Taken collectively, the data implies that the activation of

amino or some other event prior to tRNA binding and aminoacyl transfer is rate-limiting

in the catalytic cycle of SerRS (Dibbelt, Pachmann et al. 1980).

The quatrameric ! 2#2 class II PheRS of yeast has also been examined by pre-

steady-state kinetics utilizing rapid quench flow and fluorescence stopped-flow

techniques (Fasiolo, Ebel et al. 1977; Fasiolo and Fersht 1978; Fasiolo, Remy et al. 1981)

(Dibbelt and Zachau 1981) (Baltzinger and Holler 1982; Baltzinger, Lin et al. 1983; Lin,

Baltzinger et al. 1983; Lin, Baltzinger et al. 1984).  Initial investigations by rapid quench
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flow showed a linear, steady-state rate of product formation when enzyme, pre-incubated

with tRNA, was mixed with amino acid, ATP, and pyrophosphatase at near saturating

conditions indicating that, as was seen with SerRS, product release is not rate-limiting.

Allowing the enzyme adenylate complex to pre-form in situ before mixing with tRNA

produced a biphasic progress curve with poorly separated exponential processes with on

overall transfer efficiency of 73%.  The nature of the biphasic progress curve was never

reasonably accounted for and remains an active area of investigation.  The rate of transfer

from pre-formed adenylate complex was approximated to ~11 sec-1, or around twice as

fast as the steady-state rate of product accumulation (Fasiolo and Fersht 1978).

Additional studies demonstrated that the rate of amino acid activation under saturating

conditions of substrates, and in the absence of tRNA, is ten times faster than the steady-

state rate of charging (Dibbelt and Zachau 1981).  The rate of pyrophosphate exchange

was shown to be demonstrably sensitive to the presence of tRNAPhe (Fasiolo, Remy et al.

1981).  Addition of tRNA caused a 3 fold drop in the rate of pyrophosphate exchange that

could not be attributed to a diversion of activated amino acid to the transfer half reaction.

The inhibition of exchange followed a hyperbolic dependence on tRNA concentration

and allowed the calculation of an apparent Ki for tRNAPhe of 0.15 µM, exactly matching

the Km for tRNAPhe in steady-state aminoacylation (Fasiolo and Fersht 1978).  An

examination of substrate binding in the yeast PheRS system by equilibrium dialysis

revealed non-equivalence of the active sites during catalysis (Fasiolo, Ebel et al. 1977).

Only one mole of amino acid was found to bind per mole of enzyme  in the absence of

either tRNA or ATP and PPi.  In the presence of the aforementioned substrates however,
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a second mole of amino acid bound, indicating the second active site was functionally

occluded prior to structural changes triggered by substrate binding.

Application of pre-steady-state kinetics to the Histidyl-tRNA synthetase

Although intellectually rigorous and experimentally thorough, mechanistic studies on

class II synthetases prior to our involvement in the field suffered from two primary

deficits:

1)  Lack of structural information.

It was not until 1991 that the first crystal structure of a class II aaRS was solved (Cusack,

Berthet-Colominas et al. 1990).  Since that time a crystal structure of each of the class II

aaRS has been solved.  Structures of class I and II aaRS in complex with various

substrates of the catalytic cycle have allowed a glimpse of the enzyme in progressive

ÔstatesÕ along the reaction coordinate.  For the E.coli HisRS, this technique allowed the

construction of a detailed mechanism of amino acid activation catalyzed by that enzyme

(Arnez, Augustine et al. 1997).  It should be mentioned here that static structural

information can not substitute for kinetic measurements in deducing enzyme mechanism;

the energetic contribution of observed contacts between enzyme and substrate have to be

determined independently from kinetic experiments.  However, structural information

does provide an invaluable aid in the design and interpretation of such experiments

2)  Class I mechanism bias.

Many of the crucial discoveries in the field have been made with class I aaRS; the first

observations of editing were made with class I (IleRS, ValRS) enzymes (Baldwin and
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Berg 1966; Fersht and Kaethner 1976; Fersht 1977) and the first crystal structures were

of the class I Met- and TyrRS (Zelwer, Risler et al. 1982; Coleman and Carter 1984).

The discovery of HIGH and KMSKS consensus motifs allowed grouping of the class I

enzymes (Hountondji, Dessen et al. 1986) (Burbaum, Starzyk et al. 1990) half a decade

prior to the discovery of common motifs elements that allowed the establishment of the

class II aaRSs (Eriani, Delarue et al. 1990).  Collectively, these discoveries established a

solid foundation for mechanistic studies of class I aaRS.  As the predominant class of

aaRS to receive attention from mechanistic enzymologists, the field of study had been

biased by the kinetic models developed to address class I function.  For example, in the

study of class II yeast SerRS by pre-steady state methods (Dibbelt, Pachmann et al.

1980), no investigation into the possible asymmetry of amino acid activation was

undertaken despite the previous assessment of asymmetric behavior in the class II PheRS

from yeast (Fasiolo, Ebel et al. 1977).  This is not leveled as a criticism of the work,

which stands firmly on its own merits, but as an illustration of Ôclass I biasÕ in the

application of pre-steady state kinetics to class II aaRS.  It is equally important to note

that, at the time these studies were conducted, the distinctions between the classes were

not established and therefore potential for class specific mechanisms could not be

investigated.  The majority of class II aaRS are multimeric and a kinetic model, which

treats the oligomers as Ôfused monomersÕ in which activity at one site has no impact on

the activity at adjacent sites, is clearly naive.

Previous work with E.coli HisRS using the techniques of site-directed

mutagenesis and steady-state kinetic analysis had identified key contacts between the
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enzyme and tRNAHis involved in the readout of tRNA identity  (Yan and Francklyn 1994;

Yan, Augustine et al. 1996; Hawko and Francklyn 2001; Connolly, Rosen et al. 2004).

However, the mechanistic information of these studies was, ultimately, restricted by the

limitations of steady-state analysis in which the microscopic rates encapsulated in kcat and

Km terms are subject to change.  In order to dissect the details of the interaction between

tRNA and synthetase that drive the specificity of the interaction, we undertook to apply

pre-steady state techniques to the study of the catalytic mechanism.  Before we could

study the mechanistic basis of tRNA identity, it was first necessary to understand the

mechanistic features, which define the activity of the wild type enzyme.  To this end, our

initial aim was to kinetically define the two half reactions, adenylation and aminoacyl

transfer, in isolation and catalogue the rate-determining step of the reaction.  It was

during our initial investigations into the general nature of the kinetic mechanism that we

began to appreciate some of the complex features of the class II aaRS kinetic mechanism

which serve to differentiate the class II from class I enzymes.  It has been our

determination to understand these core differences along with the mechanistic basis of

aaRS specificity that has driven the investigations presented in this work.  Our

preliminary work established the rate for aminoacyl transfer catalyzed by the wild type

enzyme and also established methodologies with which to measure the forward rate of

adenylation in the presence and absence of tRNA and the stoichiometric consumption of

ATP in aminoacyl transfer (Guth, Connolly et al. 2005).  Work in our laboratory and

others identified critical contacts between HisRS and tRNA that confer specificity on the

interaction (Himeno, Hasegawa et al. 1989; Yan and Francklyn 1994; Yan, Augustine et
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al. 1996; Hawko and Francklyn 2001; Connolly, Rosen et al. 2004).  With the pre-steady

state methods previously described, and a list of known critical contacts, we were able to

examine the mechanistic basis of specificity between enzyme and tRNA (Guth and

Francklyn 2007).

The application of pre-steady-state kinetics, as a method for determining enzyme

mechanism is subject to numerous pitfalls.  Sufficient quantities of reagent must be

prepared, subject to rigorous quality control and characterization to unsure meaningful

results from sensitive experimental techniques.  The sensitivity of the techniques and

methodologies to slight perturbations can, and often do, conspire to leave the analysis of

results subject to numerous interpretations irrespective to any error inherent in the

measurement itself. The generation of a minimal model to account for the observed

behavior is an enormously important aspect of the data analysis.  The generation of a

competent minimal kinetic model incorporates numerous assumptions by the investigator,

and great care must be employed both to experimentally validate these assumptions when

possible, and acknowledge them in the analysis.  A pertinent example in the study of

aaRS is the assumption that the overall catalytic cycle can be seen as the sum of the rate

of adenylation, as monitored by the generation of aminoacyl-adenylate in the absence of

tRNA, and the rate of aminoacyl transfer, as monitored by the transfer of amino acid

from a pre-formed aminoacyl-adenylate to tRNA.  An important caveat to these

assumptions is the lack of effect of tRNA on the amino acid activation half-reaction and

the presence or absence of the PPi side product on the rate of aminoacyl transfer.  It will

be argued here that the two reactions, though amenable to analysis in isolation, do not
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sum to reflect the true catalytic cycle of HisRS and that critical, identity determining

contacts between tRNA and HisRS dictate the progress and rate of both amino acid

activation and aminoacyl transfer.  An appendix of commonly encountered differential

rate equations and their analytical solutions is provided at the end of this chapter for

didactic purposes.
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1.1.  Given the first order, irreversible process,

EA kf! "! EB

the law of mass action dictates that the rate of the reaction v is proportional to the

magnitude of the concentration of reactant times a constant, kf such that:

d[EB]
dt

= kf [EA]

(note that the sign is positive as we are ÔmonitoringÕ the accumulation of the product EB

at time t).  The law of conservation dictates that, for a closed system (i.e. dilute aqueous

solutions):

EA0 = EA+ EB! EA= EA0 " EB

substitution gives:

d[EB]
dt

= kf (EA0 ! EB)

which can be rearranged and integrated (by examining a table of indefinite integrals)

d[EB]
(EA0 ! EB)" = kf dt" ( dx

(ax+ b)
=

1
a

ln(ax+ b))

to give

! ln(EA0 ! EB) = kf t + "

where ! , the constant of integration, can be defined at t = 0 where  EA = EA0, EB = 0

so !  = -ln[EA0] and

! ln
(EA0 " EB)

[EA0]
= " kf t = ln

[EA0]
[EA0]

" ln
[EB]
[EA0]

which can be rearranged to provide the more familiar form: [EB] = [EA0](1! e! kf t )
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1.2.  Given a second order irreversible bi-molecular association,

E + A
kf! "! EA

mass action dictates:

v =
d[EA]

dt
= kf [E][A] = kf [E0 ! EA][A0 ! EA]

( E = E0 ! EA: A = A0 ! EA)

which can be rearranged and integrated

d[EA]
(E0 ! EA)(A0 ! EA)" = kf dt"

to give

( 1
A0 ! E0

)ln(A0 ! EA
E0 ! EA

)= kt +"

After evaluating the constant of integration at time 0 and rearranging, we are left with the

relatively impractical form:

E0(A0 ! EA)
A0(E0 ! EA)

= e[(A0 ! E0 )kf t ]

In order to greatly simplify the analysis, it is of benefit to arrange experimental

conditions such that one species is in vast excess over the other.  Under such conditions,

it is expected that the bimolecular association negligibly depletes the species held in

excess.  In this case (assuming the ÔAÕ species is in vast excess) the (A0-EA) term reduces

to [A0] and the above equation simplifies to EA= E0(1! e(! kf A0t ) )
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1.3.  For the reversible uni-molecular reaction

 
E

kf

kr

! "! !# !! ! E*

the mass balance relationship shows

E = E0 ! E*

!
dE*

dt
= kf (E0 " E* ) " kr [E

* ] = kf [E0] " (kf + kr )E
*

which can be rearranged and integrated ( dx
(ax+ b)

=
1
a

ln(ax+ b))

dE*

kf [E0] ! (kf + kr )E
* = dt""

to give

ln[kf [E0] ! (kf + kr )E
* ]

! (kf + kr )
= t +"

evaluating the constant of integration at t = 0 and E* = 0 gives

! = " ln
(kf E0)

(kf + kr )
# ln[ kf E0 ! (kf + kr )E

*

kf E0

] = ! (kf + kr )t

! E* = E0

kf

(kf + kr )
(1" e" (kf +kr )t )

How does depletion of E* increase the rate of formation?  Although counter-intuitive at

first, it becomes apparent on closer inspection, that what we are monitoring, in the rate of

accumulation of E*, is the rate of approach to equilibrium for the species E* where

[E]kf=[ E*]kr.  The value of kr, in this case, Ôspeeds upÕ the attainment of that equilibrium.



52

1.4.  For the reversible bi-molecular association

 
E + A

kf

kr

! "! !# !! ! EA

the resulting solution to the differential rate equation is rather complicated and is usually

avoided by setting up experimental conditions so that one of the reactants (E or A) is in

vast excess over the other.  As explained above, under such conditions, the concentration

of the species held in excess can then be taken as a constant throughout the time course of

observation.  The solution to the differential rate equation then reduces to:

EA= E0

kf [A]

(kf [A] + kr )
(1! e! (kf [ A]+kr )t )

It must be noted that, in the absence of an excess (at least 5-fold) of one reactant (E or A)

relative to the other, the resulting progress curve may qualitatively resemble that of a

double exponential.  Great care must be taken in the analysis of such data so as not to

complicate the kinetic scheme.  In the next section we will show how this general

approach can be used to derive the Michaelis-Menton equation without invoking the

steady-state assumption.
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1.5.  Given the improbably simple reaction:

 
E + S

k+1

k! 1
! "! !# !! ! ES k2

" #" E + P

conservation of mass dictates E = E0 ! ES and S0 = S (if [S] is in vast excess)

therefore, the differential rate equation describing the rate of change of ES can be set up

as follows:

d[ES]
dt

= k+1(E0 ! ES)S! k! 1[ES] ! k+2[ES] = k+1E0S! (k+1[S] + k! 1 + k2)[ES]

which can be  rearranged and integrated according to ( dx
(ax+ b)

=
1
a

ln(ax+ b))

d[ES]
k+1E0S! (k+1[S] + k! 1 + k2)[ES]" = dt"

as

ln
(k+1E0S! (k+1[S] + k! 1 + k2)[ES])

(k+1[S] + k! 1 + k2)
= t +"

setting ESt = 0 at time = 0 returns a value for the constant of integration of

! =
ln[k+1E0S]

" (k+1[S] + k" 1 + k2)

! ln[ k+1E0S" (k+1[S] + k" 1 + k2)[ES]
k+1E0S

] = " (k+1[S] + k" 1 + k2)[ES]

and

[ES] =
k+1E0S[1! e! (k+1[ S]+k! 1 +k2 )t ]

(k+1[S] + k! 1 + k2)



54

1.5.(continued)

As the velocity of the reaction (dp/dt), v, is given by k+2[ES]:

velocity=
dp
dt

=
k+2k+1[E0][S][1! e! (k+1[ S]+k! 1 +k2 )t ]

(k+1[S] + k! 1 + k2)
=

k+2[E0][S][1! e! (k+1[ S]+k! 1 +k2 )t ]
k! 1 + k+2

k+1

+ [S]

This relationship conveniently reduces to the familiar form of the Michaelis-Menton

equation as t becomes large relative to (k+1[S]+k-1+k+2), typically within the first few

milliseconds following initiations of enzymatic reactions:

k+2[E0][S]
k! 1 + k+2

k+1

+ [S]
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1.6.  For a bi-molecular association followed by an isomerization

 
E + A

k+1

k! 1

! "! !# !! ! EA
k+2

k! 2

! "! !# !! ! EA*

experimental conditions are usually set such that one species (species A for example) is

in vast excess and effectively constant throughout the transient phase of observation.

Given this condition, the rate equation can be simplified greatly.  Starting with the

following:

 
E

k'+1

k! 1

! "! !# !! ! EA
k+2

k! 2

! "! !# !! ! EA*  (where kÕ+1 = k+1[A])

we can set up the appropriate rate equations for each species:

d[E]
dt

= k! 1[EA] ! k'+1[E]

d[EA]
dt

= k'+1[E] ! (k! 1 + k+2)[EA] + k! 2[EA* ]

d[EA* ]
dt

= k+2[EA] ! k! 2[EA* ]

the series of differential equations can be solved either analytically or by Laplace

transform.  The analytical solution follows:

[E0] = [E] + [EA] + [EA* ]

!
d[E0]

dt
= 0 =

d[E]
dt

+
d[EA]

dt
+

d[EA* ]
dt

EA* can be eliminated by substitution to give:

d[EA]
dt

= k'+1[E] ! (k! 1 + k+2)[EA] + k! 2([E0] ! [E] ! [EA])

= k! 2[E0] + (k'+1! k! 2)[E] ! (k! 1 + k+2 + k! 2)[EA]
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1.6. (continued)

which can be substituted into the second derivative of E:

d2[E]
dt2 = ! k'+1

d[E]
dt

+ k! 1

d[EA]
dt

to give

d2[E]
dt2 = ! k'+1

d[E]
dt

+ k! 1(k! 2[E0] + (k'+1! k! 2)[E] ! (k! 1 + k+2 + k! 2)[EA])

substituting for EA (from [EA] =
1

k! 1

d[E]
dt

+
k'+1[E]

k! 1

) gives

d2[E]
dt2 = ! k'+1

d[E]
dt

+ k! 1k! 2[E0] + k! 1(k'+1! k! 2)[E] ! k! 1(k! 1 + k+2 + k! 2)[
1
k! 1

dE
dt

+
k+1[E]

k! 1

]

rearranging the right hand side of the equation gives:

! k'+1

d[E]
dt

+ k! 1k! 2[E0] + k! 1(k'+1! k! 2)[E] ! (k! 1 + k+2 + k! 2)
dE
dt

! (k! 1 + k+2 + k! 2)k'+1[E]

combining like terms gives

d2[E]
dt2 + (k'+1+ k! 1 + k+2 + k! 2)

d[E]
dt

+ (k! 1k! 2 + k'+1 k+2 + k'+1 k! 2)[E] = k! 1k! 2[E0]

which takes the form

d2x
dt2 + P

dx
dt

+ Qx = R

and has the solution

x = A1e
(! "1t ) + A2e

(! " 2t )
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1.6. (continued) where

! 1 = 0.5[(k'+1+ k" 1 + k+2 + k" 2) + (k'+1+ k" 1 + k+2 + k" 2)2 " 4(k" 1k" 2 + k'+1 k+2 + k'+1 k" 2)]

! 2 = 0.5[(k'+1+ k" 1 + k+2 + k" 2) " (k'+1+ k" 1 + k+2 + k" 2)2 " 4(k" 1k" 2 + k'+1 k+2 + k'+1 k" 2)]

and A1 and A2 are complex amplitude terms defined by the initial state of the system.  In

order to constrain the solution, additional information such as the Kd value and the

equilibrium association constant for the second step, K2, would need to be determined.

In the special case where the formation of ES is much faster than isomerization

(or any step subsequent to formation of the initial collision complex), that is, when

(k'+1+ k! 1 >> k+2 + k! 2 ),!the complicated ) 1 and )2 terms simplify to:

! 1 = k+1[A] + k" 1

! 2 =
([A])k+2

k" 1

k+1

+ [A]
+ k" 2

We can see that the faster exponential term ) 1 is independent of the slower process but the

slower exponential ) 2 term contains information about ) 1 in the form of Kd (k-1  /k+1 ).  For

the majority of experiments, only the second (slower) exponential is observable.  The

concentration dependence of the second term (assuming pseudo-first order experimental

conditions where [E]+[A]* [A]) on [A] can be used to define Kd, k+2, and k-2.
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CHAPTER 2: A SUBSTRATE-ASSISTED CONCERTED
MECHANISM FOR AMINOACYLATION BY A CLASS II

AMINOACYL--TRNA SYNTHETASE

Introduction

The formation of aminoacyl-tRNA for protein synthesis occurs in two steps, the first of

which entails activation of the amino acid to form a high energy anhydride aminoacyl-

adenylate, followed by a transfer step in which the amino acid is transferred to the 3"

terminal adenosine of the cognate tRNA.  Accurate selection of cognate amino acid and

tRNA during this reaction is an important contributor to the fidelity of translation

(Pauling 1958). The aminoacyl tRNA synthetases (aaRS) can be divided into two classes

of enzymes (Martinis, Plateau et al. 1999; Ibba and Soll 2000; Francklyn, Perona et al.

2002), each of which is organized around its own unique catalytic domain fold, enforces

a different conformation of bound ATP, and exhibits distinct regiospecificity with respect

to the use of the 2" or 3" OH of A76 during aminoacyl transfer (Arnez and Moras 1997).

Early studies on the adenylation reaction catalyzed by tyrosyl-tRNA synthetase

and other systems demonstrated that bringing amino acid and ATP substrates into

reactive conformations provides a significant rate enhancement, and allows the

development of enzyme-substrate contacts to enhance transition state binding

(Leatherbarrow, Fersht et al. 1985; Fersht 1987; Leatherbarrow and Fersht 1987; Fersht

1988).  In contrast, the aminoacyl transfer reaction is much less well understood.  Early

studies focused on the molecular basis of tRNA recognition, and indicated that non-

cognate tRNAs are rejected during steps that make a greater contribution to Vmax than Km



59

(Ebel, GiegŽ et al. 1973). Other early work showed that tRNA binding involves multiple

steps (Krauss, Riesner et al. 1976) (Dibbelt, Pachmann et al. 1980; Dibbelt and Zachau

1981).  However, the nature of the rate-determining step, and the role, if any, of a general

base in facilitating aminoacyl transfer remain to be determined.  While initial studies on

the class I isoleucyl- enzyme suggested that release of the aminoacylated tRNA is the

rate-determining step (Yarus and Berg 1969; Eldred and Schimmel 1972), subsequent

work by Fersht and colleagues argued that aminoacyl transfer is rate-limiting (Fersht and

Kaethner 1976).  Early data for the representative class II seryl- and phenylalanyl systems

presents a similarly mixed picture, suggesting that aminoacyl transfer and amino acid

activation can both serve as rate-determining steps, depending on substrate conditions

(Dibbelt, Pachmann et al. 1980; Dibbelt and Zachau 1981). With regard to the

requirement for a general base in the aminoacyl transfer reaction, a role for the non-

bridging oxygens has been invoked, but without any direct supporting experimental

evidence (Perona, Rould et al. 1993; Cavarelli, Eriani et al. 1994).

With these questions in mind, we set out to address the mechanism of the

aminoacyl transfer reaction, employing histidyl-tRNA synthetase (HisRS) as a model

system.  HisRS is suitable for these studies because the enzyme is a small class II ! 2

dimer that lacks the complex editing functions of other larger, aaRS (Francklyn and

Arnez 2004).  Crystal structures are available for many of the different catalytic states

(Arnez, Harris et al. 1995; •berg, Yaremchuk et al. 1997; Arnez, Augustine et al. 1997;

Qiu, Janson et al. 1999), and the molecular basis of tRNA recognition has been studied

extensively (Himeno, Hasegawa et al. 1989; Yan and Francklyn 1994; Yan, Augustine et



60

al. 1996; Hawko and Francklyn 2001).  Here, we used a rapid chemical quench assay to

isolate the aminoacyl transfer step, and thereby determine the rate of transfer for wild

type HisRS, selected active site mutants, and phosphorothioate substituted adenylates.

Based on these studies, we show that the rate-determining step varies under single

turnover and steady-state conditions, likely reflecting a role for tRNA in modulating the

rate of amino acid activation. Furthermore, the aminoacylation reaction is shown to be

substrate assisted and concerted, features that can readily be identified in other aaRS

systems.

Results

The single turnover rate of aminoacyl transfer is faster than the steady-state rate of

aminoacylation.

In order to determine the rate of aminoacyl transfer, we employed the rapid chemical

quench method (Fersht and Jakes 1975).  To achieve single turnover conditions, histidyl-

adenylate was pre-formed on the enzyme in the presence of pyrophosphatase, and then

separated from unreacted substrates by size exclusion chromatography. A quantitation of

the ratio of pre-formed adenylate to HisRS enzyme by scintillation counting showed a

consistent stoichiometry of one adenylate molecule bound per dimer (Guth, Connolly et

al. 2005). The titration of a fixed concentration of pre-formed HisRS adenylate (20 µM)

with tRNAHis (0.2 µM-5 µM) produced progress curves that readily fit to a single

exponential equation and indicated that > 75% of adenylate is chemically competent for

transfer (data not shown). When excess enzyme:adenylate complex and tRNA were
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rapidly mixed, the resulting first order progress curves were fit to a single exponential

with a kobs of 18.8 sec-1 (Figure 3A).  This rate is at least 6-fold higher than the steady-

state rate of histidylation, previously determined to be 2.5 sec-1 (Hawko and Francklyn

2001).  The amplitude of tRNA charged in some pre-steady-state experiments was less

than the theoretical maximum predicted based on aminoacylation plateaus, reflecting

either sequestration of competent tRNA by non-adenylated active sites, or a

subpopulation of misfolded tRNA with a reduced rate of aminoacylation.

Is the rate of aminoacylation limited by product release?

The observed discrepancy between the single turnover and steady-state rates of

aminoacylation could reflect a rate-determining step after aminoacyl transfer, such as the

release of aminoacylated tRNA from the enzyme. To further distinguish between the

actual transfer step and the product release step, pre-formed HisRS-tRNAHis complex (at a

10:1 tRNA:enzyme ratio) was mixed with ATP and [3H]-histidine under pre-steady-state

conditions (Fersht and Jakes 1975; Fersht and Kaethner 1976).  Under these conditions,

the observation of burst kinetics indicates that release of product occurs slower than the

actual transfer step; if transfer is slower, then the pre-steady-state should approximate the

steady-state rate.  As shown in Figure 3B, however, the steady-state rate (3.14 sec-1) was

reached during the first turnover of the enzyme, with no apparent break in the curve. This

experiment was extended from the pre-steady-state through five turnovers, with no

decrease in the rate of product production.  Hence, product release is not rate-limiting for
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aminoacylation, and thus cannot account for the discrepancy between single turnover and

steady-state kinetics.

The rate of HisRS-catalyzed pyrophosphate exchange occurs at a rate of at least

120 sec-1, indicating that, in the absence of tRNA, adenylate formation occurs much faster

than the steady-state rate of aminoacylation (Francklyn, Adams et al. 1998). With product

release eliminated as a potential rate-determining step, we considered the possibility that

the rate of the adenylation reaction is influenced by the presence of excess tRNA.  To

address this possibility, the HisRS pre-steady-state experiment was performed under

conditions identical to those described above, except that [! -32P] ATP served as the

radiolabeled substrate.  In this experiment total [! -32P]-AMP (both free and bound up as

adenylate) was quantified in the first and subsequent turnovers. Sensitivity issues with

detection of small quantities of AMP prevented extrapolation to the origin, but a linear

production of AMP in the appropriate time-course was observed (Figure 3C).  The

absence of a burst in the first and subsequent turnovers indicates that a burst of adenylate

formation cannot be occurring at a rate faster than the overall rate of aminoacylation.

Hence, the presence of tRNA in the pre-steady-state experiment must be slowing the rate

of adenylation down such that it occurs at a rate no faster than the overall rate of

aminoacylation.

Mutations in histidyl-tRNA synthetase differentially affect single turnover and steady-

state rates
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Figure 3  Aminoacyl transfer at 37¡C, pH7.5 under single and multiple turnover
conditions

A  Single turnover assay at 37¡C, pH 7.5 for aminoacyl transfer catalyzed by HisRS.  The
wild type enzyme:adenylate complex was pre-formed as described in "Experimental
Procedures" and then rapidly mixed with tRNAHis (8 µM) in the quench flow apparatus

B  Product release is not rate-limiting under pre-steady-state conditions.  HRS (2µM),
tRNAhis (20µM) were rapidly mixed with equal volumes of ATP (6 mM), [2,5-3H]
Histidine (200 µM), and PPiase (4U/mL).  Reactions were terminated with 3M NaOAc.
Data was collected out to at least 1.5 seconds, which is > 6.5 half-lives.

C   Pre-steady-state time course of aminoacylation, monitoring the production of [! -32P]
AMP. The reactions conditions were as described above (B), save for the substitution of
AMP as the radioalabeled substrate (close circles).  The open squares represent repeats of
the expirment in which tRNA was exluded.
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The active site of the HisRS histidyl-adenylate complex can be readily superimposed on

those of the ThrRS:tRNAThr and AspRS:tRNAAsp complexes (Eiler, Dock-Bregeon et

al. 1999; Sankaranarayanan, Dock-Bregeon et al. 1999), providing a basis for modeling

position of A76 (Figure 4). This docking model indicates that the residues important for

aminoacyl transfer likely include Arg259, which interacts with the Pro-S non-bridging

oxygen of the adenylate; Arg113, which interacts with the Rp non-bridging oxygen;

Gln127, which contacts the ! -carbonyl of the adenylate; and Glu83, which interacts with

! -amino group. The position of Glu83 would also allow it to fix the position of the

terminal A76 in the reaction via a hydrogen bond to the 2"OH or, alternatively, serve as a

general base by abstracting a proton from the 3"OH.  The contributions of these

individual contacts (save for Arg113) were assessed by mutagenesis, followed by steady-

state and pre-steady-state kinetics analysis. Steady-state data for R259H HisRS were

reported previously (Arnez, Augustine et al. 1997), and showed that pyrophosphate

exchange and aminoacylation are reduced by factors of 1000- and 3000-fold, respectively

(Table 2). Notably, the overall steady-state rate of R259H pyrophosphate exchange was

only 2-fold greater than the rate of aminoacylation.  An even greater decrease (4500-fold)

in steady-state aminoacylation kinetics was observed for E83A HisRS.  This decrease

was partially, but not entirely rescued by the E83Q mutation.  In contrast to the R259H

and E83A substitutions, the Q127A substitution caused a much smaller effect, decreasing

pyrophosphate exchange 54-fold and aminoacylation 70-fold. Q127A was also seen to

provide a 40-fold increase in Km for histidine.  Thus, loss of contacts to charged groups
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Figure 4. Active site of the HisRS-histidyl adenylate complex (PDB ID:1KMM).

Secondary structures that make up the histidine binding loop and #-strands that comprise
the floor of the class II active site are depicted as cyan colored ribbons.  Selected active
site side chains and the bound adenylate are stick rendered in CPK coloring.  The position
of A76 (also in CPK coloring) was modeled based on superposition of HRS with the
ThrRS (PDB ID:1COA) and E.coli AspRS (PDB ID:1QF6) complexes with cognate
tRNA.



67

Gln 127

A76

Arg 259

Glu 270

fg

Glu 83

Sp

Rp



68

on the adenylate  (i.e., the ! -NH3 and ! -phosphate) were associated with much greater

decreases in activity than contacts to the uncharged ! -carbonyl.

In order to more precisely assess the role of these side chains in the aminoacyl

transfer step, the rates of product formation for these mutants were measured in single

turnover quench experiments. Although reduced adenylation efficiency in the mutants did

lead to a decrease in the formation of stable enzyme adenylate that could be isolated

[yields of 5%, 8%, 40%, and 50% were obtained for E83A, E83Q, R259H, and Q127A

HisRS respectively], first order progress curves could be easily obtained in all cases.

Manual sampling of product formation catalyzed by R259H, E83A, and E83Q HRS

mutants provided fitted rates of 0.005, 0.007, and 0.01 sec-1 (Figure 5A-C), respectively,

which were in close agreement with the steady-state rates.  As in the case of the steady-

state kinetics, the deleterious effects of E83A were not significantly rescued by E83Q.

Thus, mutations at Glu83 and Arg259 limited both pre-steady-state and single turnover

aminoacylation to a maximum rate of ~ 0.005 sec-1, which was at least 17-fold slower

than the rate of pyrophosphate exchange.  In contrast, Q127A HisRS exhibited a rate of

transfer (9 sec-1) that was only 2-fold less than the single turnover rate of aminoacyl

transfer by wild type HisRS, but 5-fold faster than the steady-state rate of pyrophosphate

exchange by Q127A HisRS.  This rate was noticeably faster (225-fold) than the steady-

state rate of aminoacylation, which was 40-fold slower than wt HisRS (Table 2). The

effect of the Q127A was therefore qualitatively different than the R259H and E83

mutations.  While the latter appeared to exert significant impacts on both adenylation and

aminoacyl transfer, the defect associated with Q127A was restricted to amino acid
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Table 2.  Steady-state rates of pyrophosphate exchange and aminoacylation along with
single turnover rates of aminoacylation of HisRS mutants

Steady-state Single Turnover

Pyrophosphate
Exchange

Aminoacylation Aminoacylation

Km(µM)
Histidine

Km (µM)
ATP

kcat (s
-1) Km (µM)

tRNAHis
kcat (s

-1) ktrans (s
-1)

WT 30 + 5 890 +64 130 + 5 0.34 2.02 18.8 + 2.5

R259H 25 + 5 370 + 12 0.103 +
0.010

3.30 0.006 0.0066 +
0.00031

E83A 134 + 18 N.D.a 0.201 +
0.001

5.15 0.004 0.0026 +
0.00011

E83Q 35.3 +
4.4

N.D.a 0.329 +
0.010

0.17 0.01 0.0055 +
0.00053

Q127A 996 +
131

N.D.a 2.2 +
0.083

0.48 0.048 9.2 + 1.1

a not determined
Steady-state and single turnover measurements were carried out at 37 ûC, as described in
ÒExperimental ProceduresÓ.  At least three independent experiments were averaged to
give the values above. Standard deviations for replicate experiments were within 10%.
For steady-state measurements on mutant enzymes, 100 nM enzyme concentrations and
extended time courses were employed.
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Figure 5.  Single turnover progress curves for aminoacyl transfer catalyzed by HisRS
active site mutants at 37¡C, pH 7.5

Active site mutants:

A  Q127A

B  R259H

C  E83A

D  E83Q

Enzyme:adenylates were preformed, isolated, and rapidly mixed with tRNAhis (8µM) as
described in the legend for Figure 1.  Reaction times smaller than 5 seconds were carried
out in the rapid quench apparatus, while longer time-points were obtained by manual
sampling, terminating the reaction by spotting onto TCA saturated filters.
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 activation.  Thus, the contact between Gln127 and the ! -carbonyl does not appear to be

important for the transition state for aminoacyl transfer.

Aminoacyl transfer with phosphorothioate substituted adenylates

Single turnover aminoacyl transfer and steady-state aminoacylation are therefore limited

at different steps, a difference that was uncoupled by some but not all of the active site

mutants. To gain further insight into the nature of the chemical step, the effect of

modifying leaving group chemistry was investigated. To accomplish this, pre-formed

adenylate complexes using both ATP! S (Sp) and ATP! S  (Rp) were assembled on the

wild type, R259H, and E83A HisRS enzymes, and then the rates of single turnover

transfer to tRNAHis were determined in the quench apparatus or by manual sampling.

During the course of the formation of the adenylation reaction, the ! -phosphate

undergoes stereochemical inversion, such that ATP! S (Sp) gives rise to sulfur in the pro-

R non-bridging oxygen, and ATP! S (Rp) gives rise to sulfur in the pro-S position.

Despite differences in the relationship of single turnover to steady-state, as well as

differences in absolute rates, wild type, R259H, and E83A HisRS all exhibited identical

stereochemical preferences with respect to the two adenylate diastereomers (Figures 6

A,B, summarized in Table 3).  In each case, the rates of aminoacyl transfer of the Rp

adenylates were only 15 to 30-fold slower than the all-oxygen adenylates.  While the

rates of turnover of the Sp adenylates could not be reliably fitted as first order

exponentials, an analysis of initial rates of transfer was made possible by linear
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regression.  A comparison of the near linear portions of progress curves demonstrates the

profound effect of the Sp thio-substitution.  For the wild type enzyme, the oxygen to Rp

thio-substitution reduced the rate 50-fold, while the Sp thio-substitution reduced the rate

at least 10,000-fold.  The thio-effect observed by R259H was no less dramatic, with a 17

and 400-fold reduction for the Rp and Sp diastereomers, respectively.  The magnitude of

this effect is consistent with the previous conclusion that the chemical step of aminoacyl

transfer is rate-limiting under single turnover conditions. As we will argue below, the

result is also consistent with the proposal that the non-bridging Pro-S oxygen serves as

general base.

Discussion

Aminoacylation involves a different rate-limiting step under single turnover and multiple

turnover conditions

The rapid chemical quench assay allowed us to directly measure the intrinsic rate of

aminoacyl transfer at 18.8 sec-1, which arguably represents the rate of chemistry. The

absence of a lag and/or a double exponential when tRNA concentrations are sub-

saturating suggests that tRNA binding is not rate-limiting, consistent with prior work

(Dibbelt, Pachmann et al. 1980; Avis, Day et al. 1993).  The results of the

phosphorothioate substitution experiments reported here, and published pH rate profiles

for HisRS (Kalousek and Konigsberg 1974) argue against a rate-limiting conformational

change as the slowest step in the catalytic cycle. Moreover, no burst was observed under

pre-steady-state conditions, such that product release can not be rate-limiting under single
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Figure 6.  Aminoacylation stereospecificity of thio-substituted histidyl-adenylates

A  Aminoacyl transfer catalyzed by wild type HisRS using Rp and Sp phosphorothioate
substituted histidyl-adenylates

B  Aminoacyl transfer catalyzed by R259H HisRS using Rp and Sp phosphorothioate
substituted histidyl-adenylates

Wild type or mutant enzyme (30mM) was preincubated with  [3H] histidine, ATPaS (Rp
or Sp isomer) and PPi-ase for 1 hour at 25¡C.  Enzyme-adenylate complexes were then
isolated and rapidly mixed with tRNAHis (8 µM) before terminating the reaction by
quenching with 3M NaOAc (rapid quench flow apparatus) or by spotting on 5% TCA
soaked filter paper (manual sampling).  For the Rp diastereomer, the solid lines represent
the best fit to a single exponential equation.  Sp isomer data could not be reliably fitted to
a single exponential and instead were fitted to a straight line by linear regression.  Inset
shows wild type enzyme with Sp thioisomer at later timepoints.
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Table 3.  Stereochemical effect of phosphorothioate adenylate on aminoacyl transfer

ATP ATP! S
Sp

ATP! S
Rp

Thio effect
[O]/[S] Rp

Thio effecta

[O]/[S] Sp

WT 18.8 + 2.5 0.63 + 0.21 N.D.b 50.1 10,000

E83A 0.0026+
0.0001

0.0011+
0.0001

N.D.b 2.4 200

R259H 0.0066+
0.0003

0.0011 +
0.0003

N.D.b 6 400

a based on estimates fitting to the initial linear portions of progress curves
b not determined
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turnover conditions.  Accordingly, 18.8 sec-1 represents a plausible intrinsic rate for

aminoacyl transfer by HisRS, and compares favorably with other systems (Table 4).

In addition to the similar intrinsic rates of aminoacyl transfer, HisRS further

resembles these other multimeric aaRS in that their rates of aminoacyl transfer are all

considerably faster than the measured steady-state rates of aminoacylation (Table 2). This

recurring difference could reflect a variety of factors, including overall substrate

concentrations in different experiments, differing enzyme to substrate ratios, and the

potential for multiple elementary steps to become rate-limiting. Under single turnover

conditions, the rate of aminoacyl transfer can be analyzed as a single elementary step, and

is isolated from other potentially rate-limiting steps. By contrast, the pre-steady-state

conditions employed here involved pre-incubation of the enzyme with tRNA, followed

by rapid mixing with saturating ATP and histidine.   Elementary steps associated with

both amino acid activation and aminoacyl transfer could therefore influence the overall

rate of the reaction. Steady-state experiments are also performed under conditions of

limiting enzyme and excess substrate. Significantly, experiments where enzyme and

tRNA are approximately equimolar and limiting in the reaction most closely resemble the

conditions and concentrations of aaRSs and substrates within cells, and are thus the most

physiologically relevant (Jakubowski and Goldman 1984).

Previously, the discrepancy between pre-steady-state and steady-state kinetics

was rationalized on the basis of sub-saturating substrate concentrations and site-site

interactions (Avis, Day et al. 1993) (Ward and Fersht 1988).   The pre-steady-state
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Table 4.  Comparison of rate constants for steady state aminoacylation (kcat) and

pre-steady state/single turnover aminoacyl transfer (ktrans) in different class I and

class II aaRS systems

AaRS
System

ktrans

(s-1)
kcat

(s-1)
Method of pre-steady

kinetic analysis
Reference

EcaHisRS 18.8 2.5 Rapid quench this work

BbbTyrRS 28-30 3.7 Stopped-flow/quench (Avis, Day et al. 1993)

BbbTrpRS 44 2.9 Stopped-flow (Ibba, Sever et al. 1999)

EcaSerRS 35 2.4 Rapid quench (Dibbelt, Pachmann et
al. 1980)

SccPheRS 35 2.4 Stopped-flow (Dibbelt and Zachau
1981)

aEscherichia coli
bBacillus stearothermophilus
cSaccharomyces cerevisiae



79

experiments described here (Figure 4B) were conducted under conditions of histidine

excess, and provided the same rates as steady-state measurements. As for the potential

effect of site-site interactions, only the tyrosyl system has provided clear evidence of

half-of-sites reactivity (Ward and Fersht 1988).  Our preferred explanation is therefore

that adenylate formation becomes rate-limiting under conditions of limiting enzyme and

saturating substrate, a model originally proposed in earlier work on TyrRS (Fersht and

Jakes 1975; Avis, Day et al. 1993), SerRS (Dibbelt et al., 1980), and PheRS (Dibbelt,

Pachmann et al. 1980; Dibbelt and Zachau 1981).  In the work reported here and in these

earlier studies, the key observation is that the rate of ATP consumption is equal to, but

does not exceed, the rate of aminoacyl-tRNA synthesis in the first turnover and

subsequent steady-state.  Here, no burst of AMP production was seen in the first turnover

relative to the aminoacylated tRNA product formed (Figure 3C). The difference between

single turnover and steady-state was suppressed or enhanced by active site mutants,

depending on whether they affect both adenylate synthesis and aminoacyl transfer

(R259H, E83A, and E83Q), or adenylate synthesis alone (Q127A).  The results obtained

with the Q127A mutant were particularly striking, in that the decrease in steady-state rate

of aminoacylation reflects the significance of a lost contact in the transition state for

adenylation but not for aminoacyl transfer (Table 2).  Notably, other direct evidence for

the effect of tRNA has been provided in the seryl- system, where a 3" oxidized version of

tRNASer was observed to decrease both the Km for serine and decrease the kcat for

adenylate synthesis (Gruic-Sovulj, Landeka et al. 2002).
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Models in which aaRS activity is regulated by the availability of amino acid and

ATP have significant physiological implications. Aminoacyl tRNAs and their cognate

aaRS are present in bacteria at ratios not likely to exceed several fold in low micromolar

concentrations, which are likely to be constant under a wide variety of growth conditions

(Jakubowski and Goldman 1984).  In contrast, the energy charge of the cell and sizes of

individual amino acid pools are likely to fluctuate depending on physiological conditions.

Notably, early work showed that HisRS activity is sensitive to the cellular energy charge

(Brenner, De Lorenzo et al. 1970). Thus, coupling the overall rate of aminoacylation to

the rate of amino acid activation is logical, because it allows aaRSs to provide a level of

control over protein synthesis by serving as sensors of ATP levels and amino acid pools.

Operationally, this suggests that, despite a direct requirement for tRNA activation in only

three aaRS systems (GluRS, GlnRS and ArgRS), the preferred kinetic pathway in vivo

for many of the multimeric enzymes may involve the binding of ATP and amino acid to

pre-existing and rather stable aaRS:tRNA complex.

Substrate assisted catalysis and the nature of the general base for aminoacyl- transfer

Although formation of an ester by attack of an alcohol on a mixed anhydride is expected

to be thermodynamically favorable, the presence of a general base would, nonetheless, be

expected to provide a significant rate enhancement. In HisRS, conserved Glu83 and the

non-bridging oxygens of the adenylate were both investigated as candidates for the

general base. The position of Glu83, its pKa, and the observed consequences of its

substitution with alanine or glutamine are consistent with this role. However, the pre-
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steady-state and steady-state data can also be satisfactorily explained by invoking a

catalytic requirement for neutralization of the ! -amino group during both the adenylation

and aminoacylation half-reactions. In a preliminary study of pH versus rate, we found

that the inflection point for HisRS is shifted 0.5 units towards the alkaline for E83A,

consistent with the idea that the descending arm of the pH rate profile reflects the pKa of

the ! -amino group of histidine (S.H.C. and C.S.F., unpublished results). Moreover,

eukaryotic HisRS possesses an aspartate at the position corresponding to Glu83, and this

shorter side chain would not be expected to be close enough to abstract a proton from the

3"OH of A76.   Thus, although Glu83 is a plausible candidate for a general base, the

consequences of its mutation can be accounted for without invoking it as the general

base.  The affect of ! -hydroxy substitution in the amino acid on the rate of catalysis

could be used to clarify this point and is an area of ongoing investigation in our lab.

The major alternative model is that one of the non-bridging phosphate oxygens of

the adenylate serves as general base.  Previous work in a number of systems demonstrates

that phosphorothioate substitutions must be interpreted carefully (Herschlag, Piccirilli et

al. 1991; Admiraal, Schneider et al. 1999; Holtz, Catrina et al. 2000). First, the chemistry

of the reaction must be rate-limiting, a condition satisfied in our single turnover

experiments.   Second, any observed effects may be influenced by confounding factors

like local steric clashes, altered geometry of the ATP, and chemical differences related to

the P-S bond (Frey and Sammons 1985).  In our experiments, the use of both

diastereomers of ATP! S served as an important control for these effects.  An
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examination of the initial rates of the two diastereomers revealed a 200-fold decrease in

activity associated with the Sp diastereomer, highlighting the importance of the Pro-S

non-bridging oxygen in aminoacyl transfer.  In the HisRS-adenylate complex, the

chemical environments of the Pro-R and Pro-S non-bridging oxygens are quite similar,

and each makes a close contact with a conserved arginine (Arnez, Harris et al. 1995;

Arnez, Augustine et al. 1997).  If the effects of the phosphorothioate substitutions were

purely steric, then we would expect to see dramatic decreases in transfer rates for both, as

well as at least partial rescue of the Sp phosphorothioate adenylate by the R259H

substitution.  Rescue of phosphorothioate substituted substrates by mutation of direct

contact side chains has been reported in other systems and taken as presumptive evidence

for a steric effect (Admiraal, Schneider et al. 1999; Zhang, Hollfelder et al. 1999).  In the

absence of such rescue by R259H, we account for the effect of the Sp substitution by

invoking the reduced tendency of the thiophosphate to accept a proton relative to the

phosphate.  The preferred protonation of the Pro-S oxygen over the Pro-R can be

rationalized by close inspection of HisRS crystal structures (Arnez, Harris et al. 1995;

Arnez, Augustine et al. 1997). First, the average distance (over four monomers) between

the + nitrogen of Arg113 and the Pro-R oxygen in the histidinol-ATP and histidyl-

adenylate is fixed at 2.64 •. In contrast, the corresponding distance between the +

nitrogen of Arg259 and the Pro-S oxygen lengthens from an average distance of 2.49 •

in histidinol-ATP complex to 2.9 • in the adenylate complex.  Additionally, the ,

nitrogen of Arg259 makes a salt bridge with Glu270 in the adenylate complex. As a

consequence, the Arg259- Pro-S oxygen interaction is likely to be weakened in the
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adenylate complex, relative to that made by Arg113, and this would be expected to

facilitate the protonation of the Pro-S oxygen.

The use of a non-bridging oxygen as a general base may be a common feature

among both class I and II aminoacyl-tRNA synthetases.  For class II enzymes, the motif 2

arginine in contact with the Pro-R non-bridging oxygen is a universally conserved

feature, while the groups responsible for contact with the Pro-S oxygen are idiosyncratic

to the different aaRS families.  Most class II enzymes achieve transition stabilization by

contacting the Pro-S oxygen with a coordinated magnesium ion that leaves the active site

with the pyrophosphate product, and HisRS is unique in making this contact with an

arginine. Thus, the absence of a group could facilitate protonation of the pro-S oxygen.

Along these lines, it is significant that PheRS, which lacks a basic side chain

corresponding to Arg259 (and thus likely employs a catalytic Mg++) exhibits the same

stereospecificity with respect to utilization of the Rp and Sp isomers of ATP! S as HisRS

(Connolly, Von der Haar et al. 1980). Thus, the thio stereospecificity we observe is not

dependent on the Arg259 that is unique to HisRS. Furthermore, the active sites of both

class I and class II aaRS are notably devoid of conserved carboxylate side chains that are

appropriately positioned to abstract a proton from the 2" or 3"OH of the terminal A76 of

tRNA, raising the possibility that the substrate assisted catalysis we describe here may be

shared among a number of different aaRS families.

Is a concerted transition state general for aminoacyl-tRNA synthetases?
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The classic methods for deriving information about transition state structure involve

either the determination of kinetic isotope effects, or measurement of Br¿nsted linear free

energy relationships.  The high specificity of HisRS for its substrates prevents systematic

modification of the leaving group, and the solvent exchangeable nature of the key protons

in the reaction would greatly complicate any potential kinetic isotope effect experiment.

Thus, much of the following argument relies on the results of mutagenesis of active site

residues, which constitutes indirect evidence.  With that caveat in mind, a dissociative

transition state for aminoacyl transfer is unlikely, as it would entail the formation of a

positively charged carbocation at the ! -carboxylate carbon, and a negatively charged

AMP leaving group.  The architecture of the HisRS active site is not configured to

achieve stabilization of these two highly charged intermediates, so this pathway would be

expected to be thermodynamically quite unfavorable.  Moreover, a proposed dissociative

transition state would be accompanied by substantial buildup of charge on the bridging

oxygen axial to the phosphate group, one of the few polar groups in the histidyl adenylate

with which the enzyme does not make direct contact. In addition, chemical activation of

the nucleophile, an event of importance in HisRS, should not significantly affect the rate

in a dissociative mechanism.  Hence, a dissociative mechanism is unlikely for HisRS.

The transition states with associative or concerted character are therefore more

likely candidates for the aminoacyl transfer mechanism. An associative mechanism for

aminoacyl transfer was initially proposed by Perona et al. (Perona, Rould et al. 1993),

and has been endorsed by others (Cavarelli, Eriani et al. 1994; Xin, Li et al. 2000). Its

principal feature is the formation of a stable tetrahedral intermediate, by analogy with the
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amide hydrolysis by a serine protease.  The chief reason we do not favor this mechanism

for HisRS is that the principal contact to the ! -carboxylate oxygen, Gln127, does not

appear to make a significant contribution to the transition state for aminoacyl transfer

(Table 2).  Accordingly, we favor a concerted mechanism for aminoacyl transfer (Figure

7), as this provides a rationale for the key observations reported here. In this mechanism,

bond formation between the 3" OH and ! -carboxylate carbon would be concerted with

the cleavage of the bond joining the ! -carboxylate carbon to the axial oxygen of the ! -

phosphate. Notably, such a mechanism would rationalize the considerable pKa difference

between the 3" OH of tRNA (pKa = 16) and the non-bridging Pro-S oxygen (pKa = -1).

As the bond between the tRNA nucleophile and the ! -carboxylate is formed, the pKa of

the 3" OH proton would be expected to drop sharply, while the pKa of the non-bridging

oxygen would tend to rise as the bond to the ! -carboxylate begins to lengthen and break.

Thus, a concerted mechanism provides a means to enhance the substrate assisted nature

of catalysis in this reaction.  The general occurrence of a concerted, substrate assisted

mechanism for aminoacyl transfer tRNA synthetase could provide an rationale for why

there is so little evidence for the direct participation of side chains in aaRS active sites as

general acid and base catalysts.  More recently, it has been proposed that peptidyl transfer

by the ribosome is substrate assisted, and features the enhancement of catalysis by the P-

site tRNA (Agmon, Auerbach et al. 2003; Steitz and Moore 2003; Weinger, Parnell et al.

2004).  Should such mechanisms be verified for both the aaRS and the ribosome, it would

suggest that acid-base catalysis of these fundamental reactions is largely provided by the
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substrates, and that the major role of the aaRS and ribosome is to guide their respective

substrates into position for catalysis (Sievers, Beringer et al. 2004).
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Experimental Procedures

General chemicals and reagents.

Unless otherwise noted, chemicals were provided by Fisher Scientific and Sigma.   Most

restriction endonucleases and enzymes for molecular biology were supplied by New

England Biolabs.  The oligonucleotides for site-directed mutagenesis were obtained from

Operon Technologies. The restriction endonuclease EcoT22I was purchased from

Amersham, as was the L-[2,5 3H] histidine.  The specific activity of the latter was

typically 40-70 Ci/mmol.  The Protein Quick Spin columns and ATP! S (Sp isomer) were

purchased from Roche.  ADP! S (Rp isomer) was a gift from Fritz Eckstein. The Ni-NTA

agarose was purchased QIAGEN.  All reagent solutions were prepared in filtered milliQ

water.

Synthesis of ATP! S (Rp).

The protocol for synthesis of the ATP! S Rp stereoisomer has been described previously

(Eckstein and Goody 1976). The ADP! S Rp isomer was obtained from Fritz Eckstein as

the triethylammonium bicarbonate (TEAB) salt.  The material was washed twice with 1.0

mL aliquots of methanol, and then evaporated to dryness in a Speed-Vac.  In a typical

phosphorylation reaction 0.4 mmoles of ADP! S (Rp) was resuspended in 15 mM Tris-

HCl (pH 8.9), 0.75 mM DTT, 1.5 mM MgCl2, 4.5 mM creatine phosphate.  The reaction

was initiated by the addition of 20U of creatine kinase, and then allowed to proceed for 3

hours at room temp. The progress of the conversion of ADP to ATP was monitored by
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thin layer chromatography (TLC) on PEI-cellulose, employing 0.75M KH2PO4 as the

mobile phase.  Although ~50% of the ADP appeared to be hydrolyzed to AMP, the

majority of ADP was converted within 3 hours.  ATP was purified from the resultant

mixture by DEAE chromatography.  AMP, ADP, and ATP were eluted sequentially from

the DEAE column in a linear gradient of 0.1-0.6M TEAB.  The identity of the eluted

nucleotides was confirmed by TLC.  Pooled fractions containing ATP were evaporated to

dryness and washed three times in methanol as above.  ATP! S (Rp) was reconstituted in

ddH2O, the pH adjusted to 7.0 with NaOH, and then its concentration determined by

absorbance at 260 nm, using a molar extinction coefficient of 15,500 M-1cm-1.

Preparation of aminoacyl- tRNA synthetases and tRNA.

The wild type and mutant HisRSs were produced from expression strains containing

derivatives of pWY-1, a HisRS expression plasmid featuring the strong T6 promoter and

a lac operator to permit induction by IPTG  (Yan, Augustine et al. 1996).  The E83A,

E83Q, and Q127A mutations were introduced into pWY-1 by use of the Quick Change

protocol (Stratagene), as described previously (Hawko and Francklyn 2001). Mutagenic

primers were 33-36 nucleotides in length, and were designed to obtain target melting

temperatures of 72-75 ¼C. The mutations were confirmed by DNA sequencing of hisS.

The construction of the R259H mutant was described previously (Arnez, Augustine et al.

1997).  To express wild type and mutant proteins, late log cells were induced for four

hours by addition of IPTG to a final concentration of 0.5 mM.  All HisRS proteins were

purified by Ni-NTA affinity chromatography (Hawko and Francklyn 2001), making use
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of the His6 affinity tag encoded by pWY-1 and its derivatives. Purified HisRS fractions

from nickel affinity chromatography were pooled, concentrated, and dialyzed into storage

buffer (50 mM Tris-HCl (pH 7.5), 100 mM KCl, 5 mM #-mercaptoethanol, 45%

glycerol). The resulting preparations were greater than 95% pure, and the concentration

of HisRS was determined from its absorbance at 280 nm, using an extinction coefficient

of 127,097 M-1cm-1 (Yan, Augustine et al. 1996).   Transcripts of the wild type tRNAHis

were produced by in vitro transcription, using T7 RNA polymerase.  Two different

plasmid constructs were used for production of templates.  The initial quench flow

studies utilized templates produced by EcoT221 digestion of plasmid pWY-40 (Yan,

Augustine et al. 1996).  This restriction enzyme generates a 3" overhang that must be

filled in by use of the Klenow fragment of DNA Pol I and dNTPs.  To obviate the need

for this additional step, a new plasmid was constructed with a FokI site located at the 3"

end of tRNA gene.  The procedures employed for in vitro transcription reactions and

purification of transcripts scheme have been described previously (Hawko and Francklyn

2001).

Steady-state kinetics of pyrophosphate exchange and aminoacylation.

The rate of pyrophosphate exchange for the wild type and mutants was determined by

retention of radiolabeled ATP on activated carbon, as described previously (Francklyn,

Adams et al. 1998; Hawko and Francklyn 2001; Connolly, Rosen et al. 2004). The in

vitro aminoacylation assays were carried out using methods published previously (Yan,

Augustine et al. 1996; Hawko and Francklyn 2001).  The concentrations of active tRNA
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from the transcript preparations were determined from the plateau values of

aminoacylation.  Aminoacylation reactions were incubated at 37 ¡C and pH 7.5, with the

duration of the time courses dependent on the activity of the mutant, and chosen to

emphasize the linear phase of product formation.  Kinetic parameters were determined

from plots constructed of at least five different tRNA concentrations, generally spanning

0.2-5 times Km. The data were fit to the Michaelis-Menten equation using the

KaleidaGraph software package (Synergy software, version 3.08d)

Pre-steady-state and single turnover kinetics.

The general approaches for these assays were based on work by Fersht and co-workers

(Fersht and Kaethner 1976; Avis, Day et al. 1993).  As a prelude to rapid kinetic assays,

large quantities of the HisRS histidyl-adenylate complex were preformed as follows.  A

typical 300 µl reaction contained HisRS at a final concentration of 30 µM, in the

presence of 2.5 mM ATP and 60 µM [3H]-histidine, incubated in a standard adenylation

reaction buffer (10 mM HEPES (pH 7.5), 100mM KCl, 1 mM DTT, 10mM MgCl2).  The

inclusion of 0.2 U of yeast inorganic pyrophosphatase (PPi-ase) ensured that the

adenylation reactions were effectively irreversible.  Following a 30 minute incubation,

the enzyme bound adenylate complex was separated from unincorporated substrates by

G25 spin column chromatography (Roche) using columns pre-equilibrated with

adenylation reaction buffer .  The isolated enzyme:adenylate complex was then stored on

ice for immediate use in single turnover or pre-steady-state quench flow assays. For

single turnover experiments, the spin column purified adenylate complex was used in one
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syringe of the KinTek RQF-3 rapid quench apparatus, while the second syringe contained

tRNA in adenylation reaction buffer. The reaction time courses were constructed by

sampling the reaction over a time interval of 0.01-5 seconds (representing ~10 half lives),

and quenching with 3M sodium acetate (pH 4.5).  For slow mutants, aliquots of the

reactions were removed by manual sampling over an interval that ranged from 10 to 120

minutes.  To ensure dissociation of enzyme and substrates, the collection tubes contained

SDS to a final concentration of 1%.  tRNA in reaction aliquots was precipitated on 5%

TCA soaked Whatman filter pads according to the standard procedure (Hawko and

Francklyn 2001).  The amount of aminoacylated tRNA product was plotted versus time,

and fit to the first order exponential equation.

y = a + b ¥ (1 - exp -k obs¥t)

where a = the y intercept, b = the scaling constant, kobs is the observed rate, and t = time

in seconds.

For pre-steady-state reactions where the tRNA was in excess over the adenylate

complex, one syringe contained HisRS and tRNA (2 µM HisRS, 20 µM tRNAHis, 10 mM

HEPES [pH 7.5], 100 mM KCl, 1 mM DTT, 26 mM MgCl2), while the second contained

6 mM ATP, 200 µM [3H]- histidine, 10 mM HEPES [pH 7.5], 100 mM KCl, 1 mM DTT,

10 mM MgCl2
, and 4 Units/mL inorganic pyrophosphatase.  Reaction aliquots of 20 µL

were collected from 10 milliseconds to 30 seconds, and then quenched as above.  A

parallel reaction was prepared for manual sampling, and time points were collected over

the interval 15-120 seconds.  The procedure was repeated by substituting [ ! -32P] ATP as
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the radiolabeled substrate, monitoring [ ! -32P] AMP production by PEI-cellulose TLC

with 0.75M K2HPO4 as the mobile phase.   TLC plates were developed on a Bio-Rad

imaging screen K, and scanned using a Bio-Rad FX molecular imaging system.  The

Quantity One software package (Bio-Rad, Hercules, CA), was used to analyze the

resulting images.
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CHAPTER 3:  KINETIC DISCRIMINATION OF TRNA IDENTITY
BY THE CONSERVED MOTIF 2 LOOP OF A CLASS II

AMINOACYL-TRNA SYNTHETASE

Introduction

Biological reactions involving information transfer impose special constraints on

substrate selection and mechanism, because they must exhibit speed while preserving

accuracy. The low overall frequency (10-3 to 10-4) of amino acid mis-incorporation in

translation reflects the cumulative fidelity of at least three principal reactions, namely the

esterification of amino acids to their cognate tRNAs by aminoacyl-tRNA synthetases

(aaRSs) (Ibba and Soll 2000), the binding selectivity for cognate amino acid tRNA pairs

by EF-Tu (LaRiviere, Wolfson et al. 2001), and the decoding process performed by the

ribosome (Ogle and Ramakrishnan 2005). By virtue of their requirement for accurate

selection of both amino acid and tRNA, the aaRSs help maintain the fidelity of protein

synthesis. All isoacceptors in a tRNA family possess the same RNA fold, and share

common nucleotides to ensure recognition by the cognate aaRS and rejection by the non-

cognate aaRS. Which of the twenty standard amino acids is attached to a given tRNA in

vivo (its ÒidentityÓ) reflects both its recognition by its cognate aaRS, as well as potential

mischarging by near cognate aaRSs (Saks, Sampson et al. 1994; Giege, Sissler et al.

1998). The frequency of errors in this process has been estimated to be as low as 10-7 per

aminoacylation, indicative of the surface area of the tRNA available for discrimination

(Jakubowski and Goldman 1992).
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The specificity exhibited for cognate tRNA by the aaRSs arises from the summed

contribution of both thermodynamic and kinetic effects. Depending on the tRNA and the

particular reaction conditions, non-cognate tRNAs are rejected during binding by factors

of 10-103 (Lam and Schimmel 1975). The Vmax of the aminoacylation reaction can provide

an additional 103 to 104 in specificity, such that the ratio of resulting specificity constants

(kcat/Km) accounts for the low frequency of tRNAs mischarging observed experimentally

(Ebel, GiegŽ et al. 1973). Accordingly, proofreading in tRNA selection was originally

thought to be unnecessary (Fersht 1979). The identity nucleotides that define tRNA

isoacceptor systems are primarily concentrated in the anticodons and acceptor stems of

tRNAs, providing functional groups that can be accessed by specificity determining side

chains on the enzymes (Rould, Perona et al. 1991; Cavarelli, Rees et al. 1993). However,

tRNA identity also emerges from the presence of modified bases (Muramatsu, Nishikawa

et al. 1988) and more global aspects of tRNA structure in ways that are not fully

understood (Hauenstein, Zhang et al. 2004). Substitution of individual nucleotides within

an identity set for a given tRNA can produce significant decreases in kcat, and also alter

specificity of the system (Giege, Sissler et al. 1998).

Despite these apparent successes in cataloging and manipulating identity

determinants on tRNAs, and in localizing specificity determining side chains on aaRSs,

the fundamental question of how tRNA recognition is manifested during the

aminoacylation reaction itself has never been satisfactorily addressed. To address this

issue, a pre-steady-state kinetics approach was applied to identity mutants in tRNA and

aaRS in the class II histidyl-tRNA synthetase (HisRS) system, with the goal of
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pinpointing the precise step(s) in the catalytic cycle where tRNA recognition exerts its

greatest influence. These experiments revealed how tRNA selection arises from

interactions between tRNA identity determinants and class conserved motifs in the active

site that provide kinetic discrimination at discrete points throughout the catalytic cycle.

The mechanisms by which the fidelity of tRNA selection is maintained by the aaRSs are

highly reminiscent of the fidelity control mechanisms of DNA polymerases and the

ribosome.

Results

The E. coli histidine tRNA on which these experiments were based possesses as identity

elements the 5Õ phosphate and G-1:C73 base pair in the acceptor stem, and a GUG

anticodon in which G34 is substituted by queosine (Figure 8A). Mutation of these

elements diminishes aminoacylation in vitro (Himeno, Hasegawa et al. 1989; Yan,

Augustine et al. 1996; Fromant, Plateau et al. 2000), and histidine identity in vivo (Yan

and Francklyn 1994; Yan, Augustine et al. 1996). This study employed G34U and C73U

single base substitutions, and a 5Õ triphosphate variant of tRNAHis. The conserved motif 2

loop of HisRS includes two important classes of residues (Figure 8B,C) whose

significance was established by mutagenesis experiments (Hawko and Francklyn 2001;

Connolly, Rosen et al. 2004), and phylogenetics (Ardell and Andersson 2006).  The first

group, exemplified by Glu115 and Arg121, includes class II Ôuniversally conservedÕ

acidic and basic residues that interact with ATP during adenylation (Belrhali, Yaremchuk

et al. 1995; Arnez, Augustine et al. 1997), and with C74 during aminoacyl transfer
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(Cavarelli, Eriani et al. 1994; Cusack, Yaremchuk et al. 1996). Another class II conserved

residue is Gln127, which interacts with the ! -carboxylate of the histidine substrate. The

motif 2 loop also includes ÔHisRS family conservedÓ residues, exemplified by Gln118,

Arg116, and Arg123. These have no obvious structural role in adenylation (Figure 8B),

but a more significant role in providing selectivity for the G-1:C73 base pair and/or 5Õ

phosphate (Figure 8C). Alanine and histidine substitutions introduced at these side chains

(Figure 8D) alter the sensitivity of HisRS to tRNA nucleotide substitutions, supporting

their predicted role in enforcing tRNA specificity (Hawko and Francklyn 2001; Connolly,

Rosen et al. 2004).

Single turnover and pre-steady-state assays developed previously (Guth, Connolly et al.

2005) were employed to study the tRNA and HisRS mutants described above.  In the

single turnover aminoacylation assay, histidyl-adenylate (labeled with [14C] in the amino

acid) is pre-formed on the enzyme, and then rapidly mixed in excess over the tRNA in a

rapid quench device. The resulting first order progress curves provide the rate of

aminoacyl transfer. In the second assay, pre-incubated HisRS:tRNAHis complex is rapidly

mixed with a large excess of histidine and Mg2+-ATP, and then sampled under pre-steady

conditions (Fersht and Kaethner 1976). The slope of the multiple turnover plot provides

the limiting rate for the overall aminoacylation cycle, equivalent to kcat measured under

steady-state conditions. Significantly, the use of [14C] labeled amino acid or [! -32P]

labeled ATP in parallel reactions provides information about the two different half

reactions, and the stoichiometry of ATP consumption relative to aminoacyl-tRNA

product formation.
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Figure 8. tRNA recognition elements in the HisRS/tRNAHis system

A  Cloverleaf diagram of tRNAHis from E. coli.  Key recognition elements for tRNAHis
by HisRS are shown in red.  The mutant substitutions used in this work are denoted by
arrows.

B  Close up of the active site of the E. coli HisRS histidinol-ATP complex, showing
residues of the motif 2 loop in contact (PDB id: 1KMN).  The motif 2 loop and residues
thereof are colored in cyan, while the surrounding active site secondary structures are
rendered in tan. Class II conserved residues are labeled in blue, while the HisRS-family
conserved residues are labeled in red.

C  Interactions between HisRS and tRNAHis predicted by homology modeling with the
AspRS-tRNAAsp crystal structure (Connolly et al., 2004).  The coloring of the enzyme is
as noted in panel A, while the nucleotides of tRNAHis are colored green.  The aminoacyl-
adenylate is shown in orange.  The model has not been manipulated to reflect
conformational rearrangements likely associated with tRNA binding.  The configuration
of the motif 2 loop represents the ÒT stateÓ seen in one of the two monomers of the
histidyl adenylate complex (PDB: 1KMM).

D  Primary sequence of the E.coli HisRS motif 2 loop.  The b strands flanking loop are
depicted above the sequence as black arrows. Class II conserved amino acids are
highlighted in light blue, while HisRS conserved sequences are highlighted in red. Amino
acid substitutions in the motif 2 loop examined in this study are indicated by arrows.
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Mutations at identity positions in tRNA and HisRS significantly reduce the rate of

aminoacyl transfer.

The first group of single turnover assays clearly revealed a difference in the aminoacyl

transfer kinetics of the G34U anticodon mutant, versus the C73U discriminator base and

5Õ triphosphate mutants.  While the former had virtually no effect on the rate of transfer

(12.5 sec-1, versus 18.8 sec-1 for wild type), the latter decreased transfer by 940-fold

(Figure 9, summarized in Table 5).  As measured by the apparent K1/2 for maximal

transfer rate, the G34U mutant tRNAHis required an eight-fold higher concentration than

the wild type to reach a saturating rate of transfer, while C73U tRNAHis required only a

three-fold increase (Figure 9, Table 5).  In this system, tRNA binding is not in rapid

equilibrium (E.G. and C.F., unpublished), so Kd cannot be readily extracted from plots of

the apparent ktrans versus [tRNA]. Nevertheless, the elevated K1/2 is consistent with the

increased Km previously reported for anticodon mutants (Himeno, Hasegawa et al. 1989;

Yan, Augustine et al. 1996). A significantly decreased (134-fold) rate of transfer and

elevated K1/2 was also seen for 5Õ triphosphate tRNAHis (Figure 10, Table 5).  Thus, while

identity-determining mutations in tRNAHis could be seen to affect both the

thermodynamics of initial complex formation (as estimated from K1/2) and the kinetics of

transfer, deleterious mutations preferentially affected the latter.

When single turnover experiments were performed on the two classes of HisRS

motif 2 loop mutants (Figure 9,10, and Table 6), the class II conserved E115A mutation

had a relatively modest effect (2.41 sec-1, 7.8-fold decreased), whereas R121H was more

severely decreased (0.051 sec-1, a 368-fold decrease). Based on the structural homology
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between the E. coli AspRS and HisRS active sites, Arg121 of HisRS is predicted to make

two hydrogen bonds to C74, while Glu115 makes one (Figure 8C). Differences in

transfer rates therefore correlate with the predicted interaction strengths to C74. The

Q127A mutant, which alters a contact to the substrate histidine, was only two-fold

decreased in aminoacyl transfer (Guth, Connolly et al. 2005), indicating that, within the

HisRS active site, adenylation and amino transfer are functionally separable. Substitution

mutants of HisRS family conserved motif 2 residues were generally more compromised

than the class II conserved mutants. R116A, which alters a putative contact to G-1, was

20-fold decreased in transfer, while Q118A and Q118E exhibited 69- and 8000-fold

decreases in the transfer rate.  Substitution of Arg123, a putative contact to the 5Õ

phosphate, produced a 200-fold decrease in aminoacyl-transfer. Thus, mutations of

identity elements on either the tRNA or the aaRS had quantitatively similar effects on the

rate of aminoacyl transfer, and these were much more severe than the effect of an

anticodon substitution.

Comparison of the rates of aminoacyl transfer (ktrans) to multiple turnover (kcat)

conditions.

The single turnover rate of aminoacyl transfer (ktrans) catalyzed by HisRS is nearly ten-

fold faster than kcat, an observation previously rationalized by the inhibitory effect of the

cognate tRNA on the rate of adenylation (Guth, Connolly et al. 2005). To probe whether

tRNA and HisRS identity mutants change the rate-determining step, the rapid quench

assay was performed under multiple turnover conditions, employing excess histidine,
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Figure 9. Representative single turnover progress curves for aminoacyl transfer to
tRNAHis mutants catalyzed by wild type E.coli HisRS, and mutant versions of HisRS

HisRS with preformed adenylate was rapidly mixed with tRNAHis mutants at 37¡C, pH
7.5 in the RQF-3 quench flow apparatus as described in ÒExperimental ProceduresÓ

 A  G34U-tRNAHis and wild type HisRS.

B  C73U-tRNAHis and wild type HisRS.

C  Wild type tRNAHis and R121H HisRS.

D  Wild type tRNAHis and Q118A HisRS.
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Figure 10. Additional single turnover progress curves for mutant tRNAHis and mutant
HisRS

HisRS with preformed adenylate was rapidly mixed with tRNAHis mutants at 37 oC, pH
7.5 in the RQF-3 quench flow apparatus.  The accumulation of product was monitored as
described in Experimental Procedures.

A., 5Õ-ppp tRNAHis/wt HisRS.

B, wt tRNAHis/ E115A HisRS.

C, wt tRNAHis/ Q118E HisRS.

D, wt tRNAHis/R116A HisRS.

E, wt tRNAHis/ R123A HisRS.
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Table 5: Transient Kinetics analysis of tRNAHis Variants

*This value is calculated as one half the concentration of tRNA required to obtain a
limiting (highest) rate of aminoacyl transfer, which can be assumed to reflect saturation
for tRNA binding. The apparent K1/2 is higher than reported Km for wild type tRNAs in
steady-state kinetics, as the latter value reflects the effect of two tRNA molecules binding
to dimeric enzyme during the catalytic cycle, whereas single turnover experiments reflect
one tRNA binding to the dimer in the first turnover. All values represent the mean of two
to three independent determinations. The standard deviations on these values were
typically 5-15%.

tRNA Single
Turnover

rate of
aminoacyl

transfer
(sec-1)

Apparent
K1/2 for

tRNA in
single

turnover
(mM)*

Multiple
Turnover

rate
(sec-1)

[32P] AMP
burst

amplitude,
mol

AMP/mol
active sites

Burst
phase rate

of [32P]
AMP

formation
(sec-1)

Linear
Turnover
Number,

[14C]-
His-

tRNAHis

subsat.
[ATP]
(sec-1)

Linear
Turnover
Number,

[32P]-
AMP

subsat.
[ATP]
(sec-1)

Wt 18.8 2.5 2.01 No burst No burst 2.31 1.74

G34U 12.5 20 0.37 No burst No burst 0.41 0.67

5Õppp 0.141 12.5 0.195 0.669 0.349 0.0969 0.0869

C73U 0.020 8 0.0063 0.578 7.920 0.0061 0.0134
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Table 6: Transient Kinetics of HisRS mutants

All values represent the mean of two to three independent determinations. The standard
deviations on these values were typically 5-15%, with larger variance observed for
severely kinetically compromised mutants (e.g., Q118E) due to high background values
relative to product formation.  Deviation in values did not affect the relative rates of
product formation.

Enzyme Single
Turnover
rate of
aminoacyl
transfer
(sec-1)

Apparent
K1/2 for
tRNA in
single
turnover
(mM)*

Multiple
Turnover
rate,
(sec-1)

[32P] AMP
burst
amplitude,
mol
AMP/mol
active sites

Burst phase
rate of
[32P] AMP
formation
(sec-1)

Linear
Turnover
[14C]-
His-
tRNAHis
(sec-1)

Linear
Turnover
Number
[32P]-
AMP
(sec-1)

Wt
HRS

18.8 2.5 2.012 No burst No burst 2.31 1.74

E115A 2.41 2.5 0.696 No burst No burst 0.190 0.216

Q127A 9.20 2.5 0.123 No burst No burst 0.0195 0.0140

R116A 0.346 15 0.291 0.509 10.7 0.199 0.149

Q118A 0.270 25 0.228 0.470 20.4 0.056 0.0523

Q118E 0.00230 5 0.00166 0.408 4.36 0.0008 0.0155

R121H 0.051 50 0.0150 0.617 0.103 0.0120 0.016

R123A 0.092 25 0.0995 0.427 7.79 0.074 0.087
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ATP and tRNA substrates. The resulting linear progress curves all extrapolated back to

the origin, indicating that neither the wild type nor any of the mutants is limited by

product release. Some tRNA and HisRS mutants exhibited a rate of aminoacyl transfer

that was faster than the overall kcat, while for others, the two rates were nearly equal

(Tables 5 and 6). Mutants that retained the wild type relationship (ktrans > kcat) included

G34U tRNAHis, E115A, Q127A and, to a somewhat lesser extent, R116A. The faster rate

of transfer for G34U tRNAHIs relative to kcat suggests that the mutation principally affects

the initial encounter of tRNA with the enzyme, rather than the subsequent aminoacyl

transfer step.  Both E115A and Q127A mutations alter side chains participating in the

adenylation reaction rather than transfer (Figure 9B), so their elevated ktrans/kcat ratios

likely reflect preferential effects on adenylation. While R121H exhibited significant

decreases in both ktrans and kcat, the overall ktrans was three fold faster than kcat. This result is

consistent with the predicted role of this side chain in the binding of both ATP during the

first reaction, and of C74 during the second (Figure 8B,C). In contrast, those mutants in

both tRNA and aaRS with a direct role in enforcing the tRNA specificity of the

interaction (including C73U tRNAHis, 5Õppp-tRNAHis, Q118A, Q118E, and R123A)

exhibited essentially equivalence between ktrans and kcat. For all these mutants, the simplest

explanation for equivalence of the two rates is that aminoacyl transfer is rate-limiting for

the overall reaction.

Measuring the rate of adenylation under pre-steady-state conditions and the

stoichiometry of ATP utilization.
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Previously, pyrophosphate exchange (Calender and Berg 1966) and stopped flow

fluorescence assays (Fersht, Mulvey et al. 1975) have been used to measure the rate of

amino acid activation, but neither takes into account the influence of tRNA. The multiple

turnover pre-steady-state rapid quench assay was modified to allow the rate of [! -32P]

ATP consumption to be monitored, and thereby overcome this limitation. These reactions

were performed in parallel with reactions  (under otherwise identical enzyme and

substrate concentrations) featuring cold ATP and [14C]-histidine to follow [14C]-

His~tRNAHis production, allowing the ratio of [! -32P] AMP/[14C] His~tRNAHis production

to be followed temporally. As a technical constraint, these experiments were performed at

a sub-saturating concentration of  [ATP] (100 µM) to achieve an acceptable signal to

noise ratio.

The resulting progress curves for these experiments employing wild type and

mutant tRNAHis and HisRS are depicted in Figures 11 and 12. Distinct curve patterns

were observed that served to segregate the mutants into three different classes. For the

wild type tRNA, G34U tRNAHis, and wild type, E115A, and Q127A HisRS, the progress

curves for  [! -32P] AMP and [14C] His~tRNAHis formation were linear and essentially

parallel. These are the same mutants for which ktrans was greater than kcat.  For these

tRNAs and HisRS enzymes, the rate of [! -32P] AMP synthesis was constant over the

course of the experiment, and was identical to the rate of His-tRNAHis formation.

Adenylation is therefore likely to remain the rate-limiting step for the overall

aminoacylation for these tRNAs and enzymes, despite apparent decreases in the overall
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rate as measured by kcat (Tables 5, 6). The equivalence in slopes of the two progress

curves indicates that each molecule of histidyl-adenylate formed is quantitatively

converted to [14C] His~tRNAHis product. This complete conversion of adenylate to

product argues that the interactions perturbed in these mutants have little or no impact on

the overall fidelity of aminoacyl transfer.

For the second class of mutants, which included C73U tRNAHis, as well as

R116A, Q118A, Q118E, and R123A HisRS, there was a linear progress curve for

His~tRNAHis production, but the curves for  [! -32P] AMP formation were more accurately

described by burst kinetics. The amplitudes of these bursts were uniformly equal to 0.5

mol AMP/mol active site, and, with two exceptions, the linear portions of the [! -32P]

AMP formation curves were parallel to the [14C] His~tRNAHis product curves. The burst

kinetics indicates that, in the first but not subsequent turnovers, the rates of  [! -32P] AMP

formation in these mutants are considerably faster (ranging from 4.3 sec-1 for Q118E to

20 sec-1 for Q118A HisRS) than both the rate of aminoacyl transfer (ktrans) and the overall

rate of aminoacylation (kcat).  As concluded above, these mutants are limited by the rate

of transfer, and not adenylation. The data also underscore a linkage between the decrease

in aminoacyl transfer rate and tRNA mediated attenuation of histidyl-adenylate

formation.

For the Q118E mutant and C73U tRNAHis, multiple determinations of the [! -32P]

AMP /[14C] His~tRNAHis formation ratio indicated that the rate of consumption of ATP

was faster (14-fold and two-fold, respectively) than the rate of aminoacyl transfer. These

particular HisRS:tRNAHis combinations may therefore bring about an active proofreading
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process leading to excess consumption of ATP, or, alternatively, reflect a rate of

aminoacyl transfer that is inherently slower than the endogenous rate of adenylate

synthesis and breakdown in the absence of tRNA. These alternatives were investigated by

measuring the rate of AMP formation in the presence and absence of a non-cognate

tRNA.  The linear rates of adenylate hydrolysis in the presence or absence of a non-

cognate tRNA in the steady-state phase of the experiments (0.025 and 0.017 sec-1,

respectively, Figure 13) were much faster than the rate of decomposition of the adenylate

when pre-formed on the enzyme (1.8 x 10-4 sec-1, Figure 14). The former rates are

comparable to the rates of ATP consumption for Q118E and C73U tRNAHis, which were

0.015 sec-1 (Table 6), and 0.0134 sec-1 (Table 5). Thus, neither non-cognate tRNA, nor

cognate tRNAs highly compromised with respect to identity, nor corresponding HisRS

identity mutants, accelerated ATP consumption/amino acid activation over a basal tRNA-

independent rate of 0.015- 0.02 sec-1. Additional control experiments (Figure 15)

indicated that this basal rate of AMP formation is enzyme dependent, and reflects kinetic

partitioning between solvolysis of the adenylate on the enzyme, and its release and

subsequent hydrolysis in solution. The release of free adenylate into solution from a

fractional subset of HisRS active sites occurred with a rate constant of 11.1 ± 4.7 x 10-2

min-1, while the enzyme independent decomposition of adenylate in solution occurred at a

rate of 4.9 ± 1.2 x 10-2 min-1 (Figure 15). These values are 8.7- and 19.5-fold slower than

tRNA independent basal rate of AMP production described above, arguing that the

majority of the adenylate is subject to solvolysis on the enzyme when transfer is highly

compromised.
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A third class of identity defects, described by R121H HisRS and 5Õppp tRNAHis,

demonstrated intermediate effects with respect to the first two classes.  These mutants

demonstrated burst phase kinetics when adenylation was monitored, indicating aminoacyl

transfer is rate-limiting.  However, the burst phase rate was considerably slower than that

observed for mutants in the second class, ranging from 0.103 sec-1 for R121H HisRS to

0.349 sec-1 for 5Õppp tRNAHis.  Previous studies implicated R121 as a participant in both

halves of the reaction (Hawko and Francklyn 2001), so a decrease in adenylation in

addition to aminoacyl transfer is not unexpected.  In the case of 5Õppp tRNAHis, the single

turnover rate of aminoacyl transfer was essentially equivalent to the steady-state rate, as

well as equivalent to the linear rate of adenylation observed when accumulation of AMP

was monitored. The observed burst of adenylate formation in the first turnover, coupled

with the relatively slow rate at which that occurs, suggests that the 5Õppp tRNAHis mutant

has lost some (but not all) of the capacity to regulate the rate of the first amino acid

activation step. As noted above, only wild type HisRS and the mutants in the first class

were unaffected in this function.

Discussion

Previously, investigations into tRNA selection have been framed by the concepts of

identity (Normanly and Abelson 1989), determined through in vivo suppression, and

tRNA recognition, determined by in vitro kinetic analysis (Sampson, Behlen et al. 1992).

In agreement with previous steady-state work (Himeno, Hasegawa et al. 1989; Yan,

Augustine et al. 1996), substitutions of the anticodon of tRNAHis increased the K1/2
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Figure 11. Representative multiple turnover progress curves for wild type HisRS and
mutant tRNAHis comparing the production of [a-32P]-AMP (filled red circles) and  [14C]-
His~tRNAHis (filled blue triangles) at pH 7.5 and 37¡C

A  Representative enzyme-tRNA combinations in which ktrans was greater than kcat, and
progress curves for the two products were linear. The plots for wt tRNAHis/wt HisRS,
and G34U tRNAHis/wt HisRS are depicted here.  The remaining plots for other mutants
are presented in Supplementary Figure 2.

B  Representative enzyme-tRNA combinations in which there was a burst of AMP
formation in the first turnover. The plots for wt tRNAHis/Q118E HisRS, and C73U
tRNAHis/wt HisRS are depicted here. The remaining plots for other mutants are
presented in Supplementary Figure 2.

C  Enzyme-tRNA combinations where slow burst kinetics was observed, owing to effects
on both adenylation and aminoacyl transfer. The wt tRNAHis/ R121H HisRS and 5Õ-ppp
tRNAHis/wt HisRS were the only combinations that exhibited this behavior.
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Figure 12. Additional multiple turnover progress curves for mutant HisRS and mutant
tRNAHis comparing the production of [32P]-AMP and  [14C]-His~tRNAHis at pH 7.5
and 37¡C

Multiple turnover progress curves for wild type tRNAHis and mutant HisRS comparing
the production of AMP and His-tRNA at pH 7.5 and 37¡C.

A, B, Representative enzyme-tRNA combinations in which ktrans was greater than kcat, and
progress curves for the two products were linear. The plots for wt tRNAHis/E115A, and
wt tRNAHis/Q127A HisRS are depicted here.

C, D, E, Enzyme-tRNA combinations in which there was a burst of AMP formation in
the first turnover. The plots for wt tRNAHis/R123A HisRS, and wt tRNAHis/Q118A
HisRS and wt tRNAHis/R116A HisRS are depicted here.
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Figure 13. Adenylate turnover by wild type HisRS in the presence and absence of non-
cognate tRNATrp at 37 oC and pH 7.5

 [! -32P]-AMP formation was measured in the presence (open circles and broken line) and
absence (solid circles and solid line) of non-cognate tRNATrp. The experiment was
performed as described in ÒExperimental Procedures.Ó The progress curves were fit to a
bi-exponential followed by a linear phase. The exponentials represent the rates of
formation of adenylate in active sites one and two, followed by a slow linear rate that is
likely represents reiterative cycles of adenylate formation, hydrolysis, and product
dissociation in site two.
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Figure 14. Rate of decay curve for histidyl-adenylate preformed on HisRS in the absence
of tRNA

The adenylate complex was formed in the presence of excess histidine and ATP, purified
by spin chromatography, and then incubated at 37 oC. The amount of adenylate remaining
was quantitated by subsequent re-chromatography of aliquots through G25 Sepahadex
spin columns. Similar kinetics were obtained by enzyme histidyl:adenylate capture using
nitrocellulose filtration.
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Figure 15. Enzyme dependent production of AMP and non-enzyme dependent hydrolysis
of histidyl adenylate at pH 7.5 and 37¡C

A  Thin layer chromatography experiment showing that the production of AMP is strictly
dependent on the presence of enzyme over the relevant time course of experimentation.
The left side of the panel is the complete reaction including enzyme, while the right panel
is the complete reaction in the absence of enzyme. The reactions were prepared, imaged,
and analyzed as described in ÒExperimental ProceduresÓ.

B  TLC showing the accumulation and destruction of the adenylate fraction during the
experimental time course in the absence of tRNA.  The observed adenylate is only a
small fraction of the total AMP production.

C  Graphical re-plot of data in B, showing accumulation of adenylate in solution, and its
subsequent decomposition in solution.
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for transfer, but had minimal effect on the rate of transfer (Table 5). Thus, anticodon

mutations imposed a defect associated with formation of the initial encounter complex,

but not on subsequent events associated with aminoacyl transfer, nor on the kinetics of

adenylation. By contrast, the 5Õppp and C73U tRNAHis acceptor stem mutants

significantly decreased the saturating rate of transfer, increased the concentration of

tRNA necessary to achieve saturation, and lost the ability to attenuate the rate of the first

amino acid activation step. The parallel between these kinetic effects and those observed

with HisRS variants mutated at key tRNA recognition residues (e.g., Q118A, E and

R123A) argues that mutations in both partners affect the same process. In view of the use

of saturating tRNA concentrations, and the absence of burst kinetics under multiple

turnover conditions, these step(s) must occur subsequent to tRNA binding, but prior to

product release. Consistent with these observations, an earlier pre-steady-state study of

tRNATrp recognition found that a G73C discriminator mutant preferentially decreased the

apparent transfer rate, while an A36G anticodon mutation did not (Ibba, Sever et al.

1999). This earlier study, recent work by Uter and Perona (Uter and Perona 2004), and

the work reported here all underscore the roles of different ends of the tRNA in the

various phases of aminoacylation.

These diverse effects can be rationalized by proposing that tRNA aminoacylation

is a multistep process initiated by formation of the Òencounter complex,Ó the stability of

which is dependent on interactions with the anticodon arm (or, for type II tRNAs, the

variable arm). Conformational changes at the anticodon may facilitate direct readout by

aaRSs, providing a thermodynamic basis for non-cognate tRNA rejection (Cusack 1998;
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Eiler, Dock-Bregeon et al. 1999; Briand, Poterszman et al. 2000). This thermodynamic

selection is significant in vivo, as tRNA identity can be readily manipulated by altering

tRNA/aaRS ratios (Swanson, Hoben et al. 1988).  Following encounter complex

formation, further conformational changes in the tRNA and enzyme likely constitute a

mutual ÒaccommodationÓ process that positions the CCA end in the active site with the

appropriate geometry for aminoacyl transfer. The analysis reported here suggests that the

kinetics of accommodation is controlled by interactions between recognition

determinants on the tRNA and the enzyme. Comparative structural analysis from the

aspartyl-, seryl-, and prolyl- systems argues for the existence of at least two distinct

conformational states in the class II active site, namely an adenylate-bound ÒA-stateÓ, and

a tRNA-bound ÒT-stateÓ (Cavarelli, Eriani et al. 1994; Cusack, Yaremchuk et al. 1996;

Moulinier, Eiler et al. 2001; Yaremchuk, Tukalo et al. 2001). For the motif 2 loop, the

switch between the A- and T-state involves an exchange of interactions between the

# and '  phosphates in the adenylation reaction, and the CCA end in aminoacyl transfer

(Cusack, Yaremchuk et al. 1996; Yaremchuk, Tukalo et al. 2001). In the HisRS system,

the corresponding motif 2 loop residues E115 and R121 are predicted to be particularly

important in this transition. On the tRNA, the accommodation process is likely to include

both the proper juxtaposition of the acceptor helix against the catalytic domain and,

potentially, a switch of the CCA end from a catalytically non-productive orientation to an

orientation suitable for chemistry (Moulinier, Eiler et al. 2001).

Consistent with this structural model, our kinetic experiments provided evidence

for functional specialization of the motif 2 loop. Notably, mutation to  residues with
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preferential roles in adenylation and thus the A state (i.e., Glu115 and Gln127) had only

minimal impact on transfer rates, while mutation of side chains conferring specificity for

the G-1:C73 identity determinant (i.e., R116, Q118, and R123) preferentially decreased

transfer. An important caveat is that the single turnover measurements reported here did

not allow the specific rates associated with accommodation and chemistry to be

determined individually. Rather, the rates of both steps are likely to blend to give an

overall composite ktrans.  Identity mutations may render the equilibrium associated with

the accommodation process unfavorable, and/or specifically decrease the actual rate of

chemistry. By virtue of its specific interactions with the '  phosphate in the A-state and

C74 in the T-state, R121 is likely to be particularly important for A- and T-site switching,

and the positioning of the CCA end in the active site. The qualitatively similar kinetic

consequences of R121H relative to Q118A and R123A provides important evidence that

specificity determining contacts in the acceptor stem may be linked to the disposition of

the CCA end.  Future studies will be necessary to determine the magnitude of the

equilibrium constant associated with accommodation, and the elementary rate constant

associated with aminoacyl transfer chemistry.

This view of how aaRS achieve selectivity for cognate tRNA is reminiscent of

models proposed to explain the fidelity of nucleotide selection by DNA polymerases, as

well as selection of aminoacyl-tRNA by the elongating ribosome. Recently, Johnson and

colleagues proposed a new paradigm for DNA polymerase specificity based on the T7

DNA polymerase (Tsai and Johnson 2006). For this highly accurate DNA polymerase,

binding of a correct nucleotide is followed by a favorable isomerization (Kaccom ~410) and
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a fast (360 sec-1) polymerization rate. Similar to the mutant tRNAs described in the study

here, selection against a mismatched nucleotide involves an initial thermodynamic

selection (~ 10-fold increased Kd), followed by kinetic control resulting from a slightly

unfavorable isomerization step (Kaccom ~0.5), and a drastically (~2 x 103 -fold) reduced

rate of the chemical step. This supports the original postulate that specificity can be

expressed as the ratio (kcat/Km) for correct and mismatched substrates (Fersht 1999), but

different elementary steps in the cognate and near-cognate reactions contribute to these

steady-state terms (Tsai and Johnson 2006). Fluorescence data from the T7 DNA

polymerase system further suggests that complexes with a cognate nucleotide are

structurally distinct from those with a mis-matched nucleotide. This is highly reminiscent

of the mispositioned CCA end observed in the near cognate E. coli AspRS: yeast tRNAAsp

complex (Moulinier, Eiler et al. 2001). If the above comparison is valid, then identity

defects should specifically compromise the rate of isomerization of the aaRS: tRNA

complex, a model theoretically testable by stopped flow fluorescence assays.

By virtue of the induced fit that occurs in the decoding center following codon

recognition (Ogle, Murphy et al. 2002), and the differential rate of GTPase activation for

true and near-cognates (Gromadski and Rodnina 2004), near cognate tRNA selection by

the ribosome during decoding shares some important fidelity preservation features with

the model proposed here. In the ribosome, the GTPase activation step provides the kinetic

basis of selection, while subsequent hydrolysis steps provide irreversibility. The

ribosome, DNA polymerases, and many aaRSs also exhibit hydrolytic proofreading, a

form of editing that overcomes the energetic limitations of kinetic proofreading (Fersht
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1999). In kinetic proofreading, a branched reaction scheme allows non-cognate

intermediates to be preferentially dissociated and then decomposed (Hopfield 1974).

Kinetic directionality is provided by NTP hydrolysis, such that kinetic proofreading

schemes can be operationally distinguished by excess consumption of ATP, or its

equivalent. In agreement with the prediction of Fersht (Fersht 1979), but in disagreement

with Hoppfield (Yamane and Hopfield 1977), we observed that neither mutants of

tRNAHis nor non-cognate tRNAs elicited kinetic proofreading by HisRS (Figures 11 and

12). Thus, tRNA selection in this system must principally rely on the kinetic

discrimination mechanisms described above that are not dependent on tRNA mediated

stimulation of ATP hydrolysis. In the cases of both Q118E HisRS and C73U tRNAHis, an

apparent failure to correctly orient the CCA acceptor end of the tRNA in the active site

influences the kinetics of adenylate formation in the opposite active site. This may

facilitate entry of adventitious solvent into the first active site, where it brings about

solvolysis of the adenylate. Alternatively, active rounds of adenylate synthesis and

decomposition may be stimulated in the second active site, a possibility currently being

tested in ongoing experiments (E. Guth and C. Francklyn, unpublished). A similar

process has been described as a Ôselective releaseÕ model for pre-transfer editing in the

proline system, although it is not strictly dependent on the presence of tRNA (Hati,

Ziervogel et al. 2006). The Ôselective releaseÕ model may be less likely for HisRS, as the

apparent rate of AMP production was significantly faster than the rate of adenylate

hydrolysis in solution (Figure 12). Our observations more closely parallel the glutamine

system, where the presence of tRNA is required for adenylate formation. Here, a 2Õ
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deoxy variant of tRNAGln was found to elicit multiple rounds glutaminyl adenylate

formation and hydrolysis, at rates which were significantly faster than the spontaneous

rate of glutaminyl adenylate hydrolysis in solution (Gruic-Sovulj, Uter et al. 2005).

A unified model for the class II aaRS catalytic cycle

The rapid kinetics analysis of HisRS provides additional insights into the class II aaRS

catalytic cycle that were not apparent from earlier steady-state kinetic studies.  As noted

in our earlier work (Guth, Connolly et al. 2005), a stoichiometry of one mole of adenylate

was formed per mol of dimeric enzyme in single turnover experiments.  In addition, the

presence of transfer RNA equalizes the rate of amino acid activation in the two active

sites, such that it apparently constitutes the rate-determining step for aminoacylation

under physiological conditions. A notable feature of the identity mutants reported here in

both tRNA and enzyme is their burst of one [!- 32P] AMP per dimer of synthesis under

multiple turnover conditions (Figure 11,12). This burst is equivalent in amplitude to the

synthesis of adenylate in the first subunit of wild type enzyme in the absence of tRNA.

These observations suggest a fundamental difference between the first turnover of

aminoacylation and subsequent turnovers. Class II aaRSs are, with only rare exceptions,

dimers or multiples of dimers, and the coordination of catalysis in the two active sites

remains a largely unexplored issue.

These findings and other observations can be incorporated into a unified model

for the class IIa aaRS family reaction cycle that features explicit priming and multiple

turnover phases (Figure 16). The cycle starts with the preferential synthesis of adenylate
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in one of the two active sites on the dimer, consistent with the stoichiometry of the

adenylate complex isolated by size exclusion spin chromatography, and the burst

amplitudes of ATP consumption of mutants under pre-steady-state conditions (Figures

11,12). Next, tRNA preferentially binds to the subunit containing the adenylate (Bovee,

Yan et al. 1999), and then undergoes a single round of aminoacyl transfer to produce a

Òprimed complexÓ of one aminoacylated tRNAHis per dimer (notated in green in Figure

16). While this species could, in principle, undergo dissociation from the complex, the

model that it remains bound better agrees with the results presented here and in prior

work.  Were the aminoacylated tRNA to dissociate at this step, the steady-state rate of

adenylate synthesis would not be subject to the tRNAÕs influence, and complex

stoichiometry would never exceed one tRNA bound per dimer. Both possibilities are

discounted by prior kinetic and structural work. Accordingly, we propose that amino acid

and ATP are recruited into site two (notated in red in Figure 16) while aminoacylated

tRNA remains bound to site one.  Following formation of adenylate in site two, tRNA is

recruited to site two, constituting the first of two intervals in the overall cycle where two

tRNAs are bound simultaneously. The next and critical step is the release of

aminoacyated tRNA from site one, which is accompanied by the aminoacyl transfer of

amino acid to the tRNA in site two. This step produces aminoacylated tRNA in site two,

and the converse set of steps serves to regenerate a single aminoacylated tRNA in site

one.

The specific order of substrate addition and product release for a number of steps

remains to be determined. The rejection of near and non-cognate tRNAs, and the
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Figure 16. Alternating site catalysis model for the HisRS catalytic cycle

The HisRS dimer is depicted in surface representation, and the modeled, bound tRNA in
CPK rendering.  The reaction sequence presents initial formation of adenylate prior to
tRNA binding, but there is no evidence that this order of substrate binding is obligatory.
Interactions with monomer one are depicted in green, and substrate interactions with
monomer two are depicted in red. Following formation of the first equivalent of
aminoacylated tRNA (green), the model is rotated 90o to allow the occupancy of the ÔredÕ
and ÔgreenÕ sites to be depicted separately. The step at which AMP is dissociated is not
shown.
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influence of identity, may be manifested in at least two different ways.  Some tRNAs will

lack the determinants for initial complex formation, and will be rejected rapidly owing to

high dissociation rates.  Other tRNAs, which can be considered as near cognates, will

readily form initial encounter complexes, but will not be able to progress through

accommodation and subsequent aminoacyl transfer. If this picture of tRNA identity is

accurate, then similar kinetic blocks to transfer will be characteristic of strong identity

mutations in other aaRS systems, regardless of their location on the tRNA or enzyme.

The unified model described above was developed primary by consideration of data from

the histidine system, so its generality with respect to other class II enzymes is untested. In

addition to HisRS, however, at least three other class II enzymes (AlaRS, ProRS, and

ThrRS), exhibit a slower overall catalytic cycle than the rate of aminoacyl transfer,

implying coupling across the dimeric interface (Zhang, Perona et al. 2006).

Crystallographic analysis of a number of class II systems (including SerRS, ProRS, and

ThrRS) also provides evidence for structural asymmetry in their active sites; some readily

form complexes of one tRNA bound per dimer (Cusack, Yaremchuk et al. 1996;

Yaremchuk, Cusack et al. 2000). Finally, the heterologous E. coli AspRS: yeast tRNAAsp

complex provides an example of an apparently blocked complex in which the

dramatically slowed aminoacylation of the first tRNA has apparently prevented

accommodation of the second tRNA (Moulinier, Eiler et al. 2001). The kinetic regimen

described here provides an approach to examine these features dynamically, allowing the

generality of structural asymmetry to be tested more broadly in other class II aaRS

systems.
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Experimental Procedures

Preparation of enzyme and transfer RNA reagents

All variants of tRNAHis were produced by in vitro transcription, using T7 RNA

polymerase (Hawko and Francklyn 2001; Connolly, Rosen et al. 2004).  Transcription

templates were produced by Fok I digestion of plasmid pJA15 harboring wild type

tRNAHis or mutants generated by the Stratagene Quikchange mutagenesis kit (Stratagene,

USA).  The procedures employed for in vitro transcription reactions have been described

previously (Hawko and Francklyn 2001), and the gel fractionated transcripts were

purified by electroelution. The concentrations of active tRNA were determined from

plateau charging. The wild type and mutant HisRSs were expressed in E.coli, and

purified utilizing a His6 tag and nickel-NTA affinity chromatography as described

previously (Yan, Augustine et al. 1996). The construction of the mutant enzymes is

described previously (Hawko and Francklyn 2001; Connolly, Rosen et al. 2004) The

concentrations of enzyme active sites were determined by use of the extinction

coefficient for HisRS (127,097 M-1 cm-1) and active site titration. The suppliers of

chemicals, general molecular biology enzymes, and other reagents were as cited

previously.

Pre-steady-state and single turnover transient kinetics

The single turnover kinetics of HisRS and tRNAHis mutants were determined under

conditions of five-fold enzyme excess, as described in Guth et al. (Guth, Connolly et al.
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2005). Reactions with half lives on the millisecond time scale were sampled by use of a

Kin-Tek RQF-3 chemical quench flow apparatus (Kin-Tek, Austin, Texas), while

reactions operating on the multi-second time scale were manually sampled.  The standard

reaction buffer consisted of 50mM HEPES pH 7.5, 100mM KCl, 10mM MgCl2, and

1mM DTT. All single turnover reactions were performed by generating enzyme:histidyl-

adenylate complex, followed by subsequent mixing with tRNA.  Prior to analysis of the

transfer reaction, the enzyme:adenylate complex was typically pre-formed by the

incubation of HisRS (35.5 µM), ATP (2.5 mM), [U-14C] Histidine (100 µM) and

0.2U/mL inorganic pyrophosphatase at 37¡C for 30 minutes.  Some 90-95% of the

enzyme-adenylate complex was routinely recovered by G-25 Sephadex size exclusion

spin chromatography (Roche, Switzerland).  The resulting enzyme-adenylate was rapidly

mixed with tRNA in a Kin-Tek RQF-3 Rapid Quench Apparatus, quenching reactions

with 3M NaOAc (pH 4.5). The collection tubes also contained 10 µL of 20% SDS to

ensure dissociation of protein.  The His-tRNAHis formed during the reaction was

precipitated with trichloroacetic acid on Whatmann 3MM filter pads as described

previously (Guth, Connolly et al. 2005).  For single turnover reactions, the aliquots of the

reaction were typically collected out to at least 10-half lives of the reaction. Bench scale

experiments allowed the determination of reaction progress from 10 seconds to two

hours.  In these experiments, aliquots of the reaction mixture were spotted directly on to

5% TCA soaked Whatmann 3 mm filter pads (Guth et al, 2005).

To observe the transition from the pre-steady-state to steady-state, enzyme (10

µM) and tRNA (100 µM) were pre-incubated in syringe one of the RQF-3, with ATP
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(200 µM or 6 mM), histidine (400 µM), and inorganic pyrophosphatase in the second

syringe. The MgCl2 concentration in the buffer was increased to 18 mM in conjunction

with 6 mM ATP. To monitor the accumulation of aminoacylated tRNA, 400 µM [U-14C]

was included in syringe 2 along with saturating concentrations of ATP (6 mM), with the

subsequent work up of product as for the single turnover assay. As subsequent washing

steps remove unbound radiolabeled amino acid, the initial concentration of amino acid

can be held well above saturation in the assay.

Alternatively, progress of the first reaction under multiple turnover conditions

was monitored by the inclusion of  [! -32P] labeled ATP in syringe two.  In order to gain

the sensitivity necessary to accurately determine the events occurring during the initial

turnover of the enzyme, sub-saturating concentrations of 100 µM ATP were required. By

virtue of the instability of the histidyl-adenylate during quenching and work-up, any [! -

32P] AMP produced reflects the sum of adenylate remaining on the enzyme and AMP

released into solution as product.   The amount of AMP produced was measured by

spotting 0.5 mL of the reaction on polyethyleneimmine thin layer chromatography (PEI-

TLC) plates, using 0.75M K2HPO4as mobile phase to separate AMP and ATP. The

fractional conversion of ATP to AMP on the TLC plates was determined by densitometry

using a Bio-Rad K-screen and Bio-Rad FX personal molecular imaging system (Bio-Rad,

USA).  The resulting images were analyzed using the Bio-Rad Quantity One software

package.  To ensure that product formation rates of [U-14C] His~tRNAHis and  [! -32P]

AMP could be compared with confidence, the multiple turnover  [U-14C] His~tRNAHis
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experiments were repeated at sub saturating concentrations of ATP (100 µM), and these

rates are reported in column 7 of Tables 5 and 6.

Adenylate stability and decomposition assays were adapted from previously

published studies  (Gruic-Sovulj, Uter et al. 2005) (Hati, Ziervogel et al. 2006). The 50

mL adenylate kinetic stability reactions were composed of 50mM HEPES pH 7.5, 10mM

MgCl2, 100mM KCl, 1mM DTT, 2.5 mM histidine, 10 mM ATP, 0.06 µM ! -[32P] ATP,

0.02U/mL PPiase and 1mM HisRS.  Reactions were carried out at 37¡C and initiated by

addition of enzyme. 2 mL reaction aliquots were then removed from reactions containing

no chase, or chase solutions consisting of 10 mM HSA (5Õ-O-[N-(L-

histidyl)sulfamoyl]adenosine) or 10 mM cold ATP, and then quenched by addition to 8

mL of 0.2M NaOAc (pH 5) at various time points. Alternatively, the reactions were

terminated by mixing with an equal volume of phenol:chloroform: isoamyl alcohol

25:24:1 (pH 6.7). To allow resolution of the adenylate, 1 µL aliquots of the quenched

reaction were spotted onto PEI-TLC plates, resolved in 0.1M ammonium acetate and 5%

acetic acid, and then imaged as described above. The position of adenylate on the thin

layer chromatography was inferred from the mobility of HSA in the same solvent system.

In order to assure the enzyme independent nature of adenylate hydrolysis, control

reaction mixtures lacking enzyme were brought to 10mM in HSA, or added to an equal

volume of phenol:chloroform:isoamyl alcohol pH 6.7 (25:24:1) after 10 minutes of

incubation at 37¡C and monitored as above.
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Data Analysis:

For single turnover experiments, progress curves were fit to a single exponential equation

(1.1)  a + b*(1-e^-kt)

where a is the y intercept offset to account for background radioactivity, b is the

amplitude, k is the observed rate constant, and t is time.  tRNA titrations were performed

to ensure saturation of enzyme-adenylate during the first turnover. The progress curves

for pre-steady-state reactions were fit to either a linear or burst equation, where

appropriate:

a + b*(1-e^-kt) + c*t + d

where a, b, k and t are as defined in eq (1.1) with the additional term c is the post-burst

steady-state rate and additional term d is the corresponding linear y intercept. Data

acquired in experiments monitoring the accumulation and destruction of the adenylate

were fitted to the equation:

a + b*(1-e^-k1t) + c*(e-k2t)

where a is the y intercept offset, b and c are amplitudes of the respective exponential

functions, k1 is the production of adenylate (more accurately the release of free adenylate

into solution from a fractional subset of HisRS active sites) and k2 is the enzyme

independent decomposition of adenylate in solution.
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CHAPTER 4: THE END STATE OF AMINO ACID ACTIVATION
DETERMINES THE EFFICIENCY OF AMINOACYL TRANSFER

Introduction

The aminoacyl-tRNA synthetases (aaRSs) catalyze a two-step reaction to generate

aminoacyl-tRNA for protein synthesis (Fersht and Kaethner 1976).

 E + aa+ ATP! E ¥aa¥ATP! E ¥aa~ AMP¥PPi

 E ¥aa~ AMP + tRNAaa ! E ¥aa~ AMP¥tRNAaa ! E ¥aa~ tRNAaa ¥AMP

In the first step, amino acid is activated to form a high energy aminoacyl-adenylate

intermediate.  The aminoacyl moiety is subsequently transferred to the 3" hydroxyl of

tRNA to generate the aminoacylated tRNA end product.  The overall reaction consumes

one molecule of ATP and produces one molecule of AMP and PPi along with

aminoacylated tRNA.  A special consideration given to the aaRS catalytic mechanism is

the need to enforce strict substrate specificity as the accuracy of protein translation

depends on correctly aminoacylated tRNA substrates.  Identity elements within tRNA

substrates and corresponding contacts in the cognate aaRS serve to ensure the specificity

of tRNA substrate selection.  For aaRS faced with the challenge of selecting an amino

acid substrate out of a group of structurally and chemically similar isosteres, editing

activities, in cis- or trans- with respect to the aaRS, prevent the accumulation of

incorrectly aminoacylated tRNA (Soll 1990; Ahel, Korencic et al. 2003; Hendrickson and

Schimmel 2003).

The aaRS are divided into two distinct classes based on characteristic motif

elements, mode of tRNA binding, and oligomeric state (Eriani, Delarue et al. 1990; Ibba
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and Soll 2000).  The few mechanistic studies carried out on members of the class II

synthetases have established a set of common features (Fasiolo and Fersht 1978; Dibbelt,

Pachmann et al. 1980; Dibbelt and Zachau 1981; Dibbelt and Zachau 1981; Guth,

Connolly et al. 2005; Zhang, Perona et al. 2006).  In all class II aaRS studied to date, the

release of aminoacyl-tRNA does not appear rate-limiting for the overall reaction.  As

measured by conventional techniques, the rates of amino acid activation and aminoacyl

transfer appear to be, for the majority of class II aaRS measured, at least an order of

magnitude greater than the steady-state rate of aminoacylation, typically 1-3 sec-1.

Additionally, at sub-saturating concentrations of ATP, the rate of amino acid activation

appears to be attenuated by the presence of tRNA, raising the formal possibility that, in

the presence of tRNA, the rate of adenylation is decreased and becomes rate-limiting

(Dibbelt, Pachmann et al. 1980; Guth, Connolly et al. 2005; Guth and Francklyn 2007).

However, for yeast PheRS, studies conducted with saturating conditions of substrate, led

to the conclusion that aminoacyl transfer may be rate-limiting to the overall reaction

(Fasiolo and Fersht 1978; Dibbelt and Zachau 1981).  For various aaRS, numerous

studies have shown conformational changes following substrate binding (Holler, Wang et

al. 1981) (and references therein).  Investigations with E.coli PheRS demonstrated

conformational changes in the enzyme occurred in concert with the amino acyl transfer

half reaction (Baltzinger and Holler 1982).  Further study led to the conclusion that the

conformational change itself represents the rate-limiting step (Baltzinger and Holler

1982).  The plurality of a rate-limiting conformational step as it pertains to the other

members of the class II aaRS has not been explored.
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Prior work in our laboratory examined the effect of mutations to class conserved

residues of the motif 2 loop of E.coli HisRS and corresponding contacts in the acceptor

stem of the substrate tRNAHis (Guth and Francklyn 2007).  Remarkably, the effect of

these mutations could be partitioned between the amino acid activation and aminoacyl

transfer half reactions.  Mutations that specifically decreased the rate of aminoacyl

transfer demonstrated a unique kinetic profile; amino acid activation in the second site

was prevented until completion of aminoacyl transfer in the first.  These observations,

coupled with additional pre- and steady-state kinetic results, allowed us to  formulate an

alternating site catalytic model for the HisRS reaction cycle.

Conclusions concerning the asymmetric activity of the HisRS homodimer were

further bolstered by the observation that the rate of amino acid activation within the two

active sites differed by an order of magnitude in either the absence of tRNAHis or the

presence of a non-cognate tRNA substrate (Guth, Connolly et al. 2005; Guth and

Francklyn 2007).  However, due to sensitivity constraints of the techniques employed,

and a lack of information concerning substrate binding affinity, it was not possible to

address the criticism that asymmetric behavior was an artifact of sub-saturating substrate

concentrations (Baltzinger, Lin et al. 1983).

Here, we have examined the adenylation reaction in isolation and in the context of

the complete reaction by steady-state spectrofluorometric and pre-steady-state

fluorescence stopped-flow techniques.  Steady-state titration experiments revealed a Kd

for the productive binding of ATP to the HisRS dimer of 2.5 + 0.1 µM, demonstrating

that the previously performed product formation assays were conducted at saturating
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concentrations of substrate.  In the absence of tRNAHis, biphasic kinetics in the activation

of amino acid at all substrate concentrations tested indicated asymmetric behavior of the

two active sites of the E.coli HisRS dimer.  The result is qualitatively similar to the non-

equivalence of active sites seen in E.coli (Bartmann, Hanke et al. 1975) and yeast PheRS

(Fasiolo, Ebel et al. 1977) and may prove to be a unifying feature for the class II aaRS

catalytic mechanism.  We have characterized the asymmetric behavior of HisRS active

sites in the absence of tRNAHis and correlated that activity with the rate of product

formation to demonstrate conformational changes in the active site set an upper limit to

the rate of amino acid activation.

A notable question raised during the formulation of the alternating site model

presented in (Guth and Francklyn 2007) concerns the kinetic importance of the release of

PPi and binding of tRNAHis.  In the model, it is suggested that the release of PPi precedes

the binding of tRNAHis and is not expected to affect either binding or transfer of amino

acid to the RNA substrate.  Based on the model, transfer of amino acid to the second

molecule of tRNAHis triggers the release of His~tRNAHis from the first active site and

allows alternating firing of active sites to continue.  Here we have performed an initial

characterization of the PPi occupancy of the enzyme-adenylate complex.  Our findings

suggest the purified enzyme-adenylate complex used to perform single turnover

experiments monitoring the rate of aminoacyl transfer is devoid of pyrophosphate.

Moreover, purified and in situ formed enzyme-adenylate, presumably still bearing PPi in

the active site, support rates of aminoacyl transfer differing by an order of magnitude as

measured by fluorescence based stopped flow techniques.  The presence of PPi has been
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shown to modulate tRNA identity in AlaRS (Wolfson and Uhlenbeck 2002) and affect

the kinetics of aminoacylation of tRNA variants in PheRS (Khvorova, Motorin et al.

1992).  Additionally, the presence or absence of pyrophosphatase has been shown to

change the order of substrate addition and product release for IleRS (Freist and Sternbach

1984).  Collectively, these results illustrate the dramatic interplay between pyrophosphate

release and aminoacyl transfer.  Our results suggest the presence of pyrophosphate in the

active site of the enzyme is a critical contextual factor and dramatically slows the rate of

aminoacyl transfer.  These findings point to kinetic overlap between the events of amino

acid activation and transfer and, along with previous investigations, suggest the

occupancy of the PPi binding site may critically affect the rates of the two half reactions

and act as a rate limiting step for the overall reaction.

Results

Asymmetry within the HisRS active site revealed by pre-steady state product formation

The explicit rate of histidyl-adenylate formation in the amino acid half reaction was

observed by monitoring the conversion of [32P-! ] ATP to [32P-! ] AMP (Guth, Connolly

et al. 2005; Guth and Francklyn 2007) in the presence and absence of tRNAHis.  Under the

conditions employed, histidyl-adenylate formed following quench of reaction progress in

the rapid quench flow is hydrolyzed to AMP (Guth and Francklyn 2007).  In the absence

of tRNAHis, the kinetics of histidyl-adenylate formation follows biphasic kinetics, with the

amplitude term of each exponential accounting for a stoichiometry of one active site of

the HisRS homodimer (Figure 17A).  At an ATP concentration of 100 µM, fit to a double
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exponential function returned values of kobs1 of 18.1 +4.7 sec-1 and kobs2 of 0.68 + 0.16 sec-

1 for the wild type enzyme.  The linear term following the formation of histidyl-adenylate

corresponds to the rate of on-enzyme hydrolysis of aminoacyl-adenylate (Guth and

Francklyn 2007).  In the presence of tRNAHis, the biphasic nature disappears entirely and

a linear extrapolation to the origin matches the steady-state rate of aminoacylation (1.37 +

0.3 sec-1)(Figure 17A).  Due to the time scale employed in active site titration assays,

asymmetric catalysis in dimeric aaRS may be overlooked as is shown in Figure 17B.  At

the time of the first data point (10 seconds), the slowest exponential phase has undergone

roughly 10 half lives and has reached its asymptotic value.  The pre-steady state

experiments employed here demonstrate the asymmetric nature of the amino acid

activation by the wild type enzyme in the absence of tRNAHis.

MDCC conjugated N212C-HisRS reports on substrate binding events along the catalytic

pathway

Residue 212 lies within an ! -helical domain proximal to the active site of HisRS and

represents an attractive target for the placement of an environmentally sensitive

fluorophore as comparison of available apo- and adenylate-bound T.thermophilus crystal

structures reveals substantial domain rearrangement (•berg, Yaremchuk et al. 1997).  In

order to specifically label the position with a maleimide based conjugation system, three

solvent accessible cysteines at positions 88, 196, and 241 were replaced with alanine or

valine and cysteine was introduced at position 212, formerly occupied with asparagine.
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Figure 17. Adenylate formation catalyzed by wt HisRS at 37¡C

A  In one syringe of the quench flow apparatus, 10 µM wtHisRS was equilibrated in
buffer A.  The opposing syringe contained 200 µM [32P-! ] ATP, 400 µM Histidine, and
0.4 U/mL PPiase in buffer A.  Reaction progress was terminated with quench in 3M
NaOAc pH 4.5 and ejected into tubes containing 10 µL of 10% SDS to ensure
dissociation of enzyme from substrates or product.  1 µL of the reaction product was
spotted on PEI-Cellulose and developed in 0.75M K2HPO4.  TLC plates were imaged on
a BioRad personal imaging station using a K-screen phosphoimaging screen and
analyzed using the BioRad Quantity One.  1-D software.  Product formation was
standardized to the concentration of active sites in the reaction.  Progress curve for the
reaction in the absence of tRNAHis follows the closed circles.  For the reactions
monitoring adenylate formation in the presence of tRNAHis (closed triangles), HisRS and
tRNAHis were incubated in the same syringe.  The inset shows the same reaction at earlier
time points to highlight the increased initial rate of amino acid activation in the absence
of tRNAHis.

B Representative active site titration of wtHisRS following the enzymatic conversion of
10 µM ATP to AMP.  The loss of radioactivity from the enzymatic conversion of [32P-' ]
ATP to AMP was monitored by scintillation counting.  Closed circles follow the progress
of ATP hydrolysis catalyzed by 2 µM HisRS; closed triangles show the results of
increasing concentration to 4 µM HisRS.
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The mutations did not appear to affect the kinetic parameters of the enzyme as assessed

by steady-state analysis (data not shown) and substantiated by the similar kinetic profile

observed in quench flow assays monitoring the production of histidyl adenylate by

wtHisRS (Figure 17) and N212C HisRS (Figure 19).

Titration of MDCC labeled HisRS with histidine produced a fluorescence quench

that reached a saturating value of 10% with a Kd of 88 + 8.4 µM (Figure 18A).  In support

of the argument that the probe is authentically reporting on events associated with the

catalytic cycle, no fluorescence changes were observed upon titrations with histidinol to a

final concentration of 5mM.  Addition of ATP to the apo-enzyme did not produce a

robust signal from which Kd information could be extracted.  However, when HisRS was

pre-incubated with either histidine or histidinol, addition of ATP produced a robust

change in fluorescence, although measurements with histidine pre-incubated were

complicated (see below).  Titration of ATP into 100 nM HisRS incubated with 2 mM

histidinol allowed a determination of an apparent Kd for ATP binding of 2.5 + 0.1 µM

associated with a quench in fluorescence of 15% (Figure 18B).  Measurements of the

binding of ATP to MDCC labeled HisRS in the presence of histidine were complicated

by the existence of different states with different quantum yields.  Titrating histidine-

saturated MDCC-HisRS with ATP concentrations below 20 µM produced a quench in

fluorescence qualitatively similar to that seen with histidinol saturated MDCC-HisRS.

However, addition of ATP above these levels reversed the sign of the fluorescence

change and, at concentrations of ATP between 400 and 500 µM, the integrated volume of

the emission scan returned a value equivalent to that of the untitrated species albeit with a
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2.5 nm red shift in emission maxima (Figure 18C).  Extending the titration into the mM

range of ATP concentrations led to an overall increase in fluorescence relative to the

untitrated species with concomitant red shift of the emission maxima (data not shown).  It

is evident from these results that the Kd for ATP is sufficiently low to ensure that the

concentration of ATP utilized in quench flow assays is saturating and that the observed

asymmetry of amino acid activation in the absence of tRNAHis is likely not an artifact of

sub saturating concentrations of substrate.  Parallel experiments monitoring FRET

between N212C labeled heterodimeric constructs of HisRS demonstrated substantial

conformational movement occurs following binding of substrates of the amino acid

activation (M.Farris, 2007. Dissertation).  Results with the homodimeric MDCC-HisRS

indicate binding of ATP to the histidinol saturated enzyme triggers at least one

conformational change that substantially affects the fluorescent properties of the

environmentally sensitive fluorophore.  Experiments with histidine saturated enzyme

indicate the events following aminoacyl-adenylate formation, be they conformational or

chemical, alters the environment of the fluorophore again such that a second state is

observed.  Overall, the labeling of N212C HisRS with MDCC provides a fluorescent

construct capable of reporting on multiple states corresponding to distinct steps along the

catalytic cycle.

Purified enzyme-adenylate complex lacks associated PPi

Titration of histidine saturated MDCC-HisRS with AMP or PPi failed to elicit a

change in fluorescence.  However, enzyme with pre-formed adenylate that had been
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Figure 18. Steady-state titration of MDCC-HisRS with substrates of the amino acid
activation half reaction

100nM MDCC labeled HisRS was titrated with:

A Histidine.

B ATP under saturating conditions of histidinol.

C ATP under saturating conditions of histidine.

D HSA.

Error bars show the 95% confidence interval over multiple experiments.
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subjected to size exclusion spin column chromatography to remove unbound substrates

titrated with PPi demonstrated a 26% increase in fluorescence with an apparent Kd of 115

+ 15nM when fit to a quadratic function (data not shown).  The response of the purified

enzyme-adenylate complex with PPi was surprising and led us to question the PPi

occupancy of the active site following spin column chromatography.  Parallel enzyme-

adenylate complexes were prepared using either 14C-Histidine or 32P-' -ATP to monitor

the histidyl-adenylate or PPi respectively.  Radioactivity retained in the spin column

eluent was corrected for by subtracting the background obtained from parallel

experiments in which enzyme was excluded from the incubation.  No radioactivity

accounting for the presence of PPi (in the form of 32P-PPi) was detected in the spin

column eluent following standard incubation and purification procedures (data not

shown).  In addition, rapid mixing of purified enzyme-adenylate with MDCC labeled

PBP and 68U/mL PPiase in the presence or absence of tRNAHis failed to elicit a

fluorescence change, indicating no PPi was evolved in the reaction (data not shown).  In

order to investigate the affinity of the apo-enzyme for histidyl adenylate, the apo-enzyme

was titrated with the histidyl-adenylate analog HSA, revealing a strong fluorescence

quench of 22%.  Fitting the resulting binding isotherm to a quadratic function returned a

Kd value of 12.9nM.  Amplitude information extracted from the fit indicated that 1.65 +

0.27 moles of HSA were bound per dimer (Figure 18D).  To our knowledge, these results

represent the first investigation of the occupancy of the pyrophosphate binding site of a

class II aaRS following standard enzyme-adenylate purification procedures.
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Significantly, we could find no evidence of enzyme-associated PPi following spin-

column chromatography, a step commonly employed in assays used to monitor the rate of

aminoacyl transfer.  The significance of these findings will be discussed below in the

context of the catalytic cycle.

Conformational changes limit the rate of adenylate formation in the absence of tRNAHis

The detection limits and sensitivity requirements of monitoring adenylate formation by

chemical quench flow using TLC separation of ! -32P labeled nucleotide constrain the

concentrations of ATP over which the rate of amino acid activation can be measured.  At

concentrations greater than 200 µM, the resolution of AMP from total nucleotide

becomes increasingly difficult.  However, quench flow experiments utilizing ATP

concentrations of 100 and 200 µM generated reliable progress curves (Figures 17, 19).

As seen in previous studies, the progress curves of adenylate formation in the absence of

tRNAHis are best fit to a double exponential function with the two rates differing by

approximately one order of magnitude.  In order to observe the rates of conformational

change associated with the amino acid half reaction, MDCC labeled HisRS was

investigated using stopped flow fluorescence techniques.  This methodology has the

added advantage of allowing rates of amino acid activation to be monitored over a

previously inaccessible range of substrate concentrations.  The rates of fluorescence

change associated with binding of ATP or histidine to the apo-enzyme were inaccessible

due to limitations of the dead time of the instrument employed (~1ms).  MDCC-HisRS

pre-incubated with 1mM histidine or histidinol produced transient fluorescent changes
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when titrated with ATP.  However, as seen in the steady-state analysis, titrations that

included the authentic amino acid were complicated by the multiple fluorescent states

along the reaction pathway.  At concentrations well below 500 µM ATP a transient

fluorescent decay was observed.  As concentrations of ATP approached 500 µM, the

amplitude of the signal disappeared into the noise of the instrument, making meaningful

analysis of the data impossible.  As concentrations of ATP were raised into the mM

range, a fluorescence transient of positive amplitude was observed.  In contrast, MDCC-

HisRS preincubated with 2mM histidinol produced a series of biphasic progress curves

when titrated with ATP from 10µM to 10mM.  Plotting kobs fast and kobs slow against

[ATP], revealed rates of the back reactions (k-2) of 5.2 + 0.8 sec Ð1 and 0.81 + 0.64 sec Ð1

respectively (Figure 20).  The rates of the forward reactions, approximated from the

asymptote (k+2+k-2), were 100.8 + 4 sec Ð1 and 1.4 + 0.46 sec Ð1 with Ka values of 1.4x10-3

and 3.1x10-3 µM-1 for the fast and slow active site respectively.  The associated

amplitudes of the fluorescent transients did not change over the range of ATP titrations

for which the biphasic progress curve was clearly defined (50µM to 5000mM).  The

kinetics of the fluorescent change associated with ATP binding to the histidine or

histidinol saturated enzyme closely parallel the observed rates of product formation

(Figures 19,20).  The overall result is consistent with a rate-limiting conformational

change associated with amino acid activation in the absence of tRNAHis.   



153

Figure 19. Product formation of aminoacyl-adenylate catalyzed by N212C HisRS display
biphasic kinetics in the absence of tRNAHis

Representative progress curves showing histidyl-adenylate product formation as the
conversion of [! -32P] ATP to [! -32P] AMP at 100 µM ATP (closed circles) and 200 µM
ATP (closed triangles).
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Figure 20. Asymmetric conformational changes in the two active site of E.coli HisRS in
the absence of tRNAHis

The dependence of kobs on ATP resulting from conformational changes in active site 1
(fast) and 2 (slow) (arbitrary distinction) are shown.  MDCC-HisRS was incubated with
saturating levels of histidinol before mixing (See Experimental Procedures).  Error bars
show the 95% confidence interval over multiple experiments.
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Conformational changes associated with aminoacyl transfer indicate non-equivalent end

states for enzyme-adenylate preparations

Of the numerous mechanistic studies conducted to date examining the rate of the

aminoacyl transfer half reaction, a consensus appears to hold that the enzyme-adenylate

complex purified away from the substrates and byproducts of adenylation represents the

end state of amino acid activation.  It is important to note that such an assumption ignores

the kinetic consequence of events that occur directly following the formation of the

aminoacyl-adenylate bond up to the positioning of the tRNA acceptor stem in a

arrangement facilitating aminoacyl transfer.

To investigate the rate of aminoacyl transfer as a separate step distinct from

amino acid activation, MDCC-HisRS was incubated with histidine and ATP in the

presence of pyrophosphatase to generate enzyme aminoacyl-adenylate complex.  The

complex was separated from free amino acid and ATP by size exclusion spin column

chromatography and rapidly mixed with saturating levels of tRNAHis (Bovee, Yan et al.

1999) in the stopped-flow apparatus.  The resulting fluorescence increase appeared

biphasic although the two processes were not well separated in time.  Fitting the transient

to a single exponential returned kobs value of 5.9 + 0.1 (R2 0.963).  Fitting to a double

exponential function returned values a kobs1 of 7.60 + 2.2 sec-1 and kobs2 of 1.18 + 0.48 sec-1

accounting for 76% and 24% of the total amplitude respectively (R2 0.967).  The

observed kinetics were similar to those reported for yeast PheRS aminoacyl transfer as

measured under similar conditions of saturating tRNA (Fasiolo and Fersht 1978) and can

be observed in the aminoacyl transfer progress curves in other systems (Uter, Gruic-
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Sovulj et al. 2005; Zhang, Perona et al. 2006).  Despite difficulties in resolving the

exponential phases of the reaction, the initial rate of transfer from aminoacyl-adenylate to

tRNAHis appears to be at least 5-fold faster than the steady-state rate of aminoacylation

(1-2 sec-1).  The fluorescent transient associated with the aminoacyl transfer reaction

appears to mirror in magnitude and exponential characteristics, the kinetics of product

formation (Guth, Connolly et al. 2005), indicating conformational changes associated

with the reaction may set an upper limit to the rate of transfer.

To investigate the relative end-state of the enzyme-adenylate complex after

incubation, parallel experiments were performed in which the enzyme-adenylate complex

was not purified away from substrates by size exclusion chromatography.  The progress

curves generated under these conditions were distinctly different from those obtained

with purified enzyme-adenylate (Figure 21).  The observed progress curve followed a

double exponential with a relatively fast lag phase (3.68 + 1.82 sec-1) followed by a

slower exponential fluorescence increase of 0.29 + 0.2 sec-1.  MDCC labeled Phosphate

Binding Protein was used to monitor the release of PPi during amino acid activation

(Figure 22).  The observed lag phase most likely represents a rate-limiting cleavage of

PPi to Pi by pyrophosphatase as similar kinetics were observed when MDCC-PBP was

mixed directly with PPi in the presence of 68 U/mL pyrophosphatase (data not shown).

Fitting the transient resulting from binding of Pi to PBP returns a value of 16 sec-1 at 100

µM final concentration of ATP, on the same order as the rate of amino acid activation

followed either by product formation (Figure 19) or conformational changes in the active

site (Figure 20).  These results indicate the release of PPi from the enzyme matches the
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Figure 21. The rate of aminoacyl transfer depends on the end state of amino acid
activation

MDCC-HisRS aminoacyl-adenylate complex was prepared as described in Experimental
Procedures and either subject to size-exclusion spin column chromatography (blue trace)
or mixed directly (red trace) with tRNAHis at 10µM final.  The fit to both traces is
provided by a double exponential function as described in the text.
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Figure 22. Release of PPi from wtHisRS during amino acid activation

HisRS pre-incubated with saturating concentrations of histidine (2 mM) and 68U/mL
pyrophosphatase was rapidly mixed with 200 µM ATP and 1 µM MDCC-PBP (black
trace).  The resulting fluorescent transient was dependent on enzymatic activity of HisRS
as shown by comparison with parallel experiments in which the enzyme was omitted
from the reaction (blue trace).
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rate of amino acid activation in the absence of tRNAHis.  Previous results have shown a

significant decrease in the rate of amino acid activation in the presence of tRNAHis,

leaving open the possibility that PPi release is altered in the presence of tRNAHis as well.

Our results here indicate the end state of amino acid activation has an impact on rate of

aminoacyl transfer, as monitored by changes in the fluorescent properties of the MDCC

labeled enzyme.  As structural evidence indicates critical residues within the motif 2 loop

switch between contacts with the pyrophosphate product and the CCA end of the

acceptor stem as the reaction proceeds from amino acid activation to aminoacyl transfer,

these results may be reflective of competitive interactions between the two molecules.

Discussion

Steady-state fluorescence titrations reveal tight binding of substrates

MDCC conjugated HisRS proved fluorometrically responsive to substrates, providing Kd

information for histidine, ATP, and the histidyl adenylate analog HSA.  The Kd for

histidine reported here (88 + 8 µM) is comparable with the previously observed Kd value

of 55 µM obtained by equilibrium dialysis using the S.typhimurium enzyme (Di Natale,

Schechter et al. 1976) and within 3 fold of the value of Km for histidine obtained for

E.coli HisRS by pyrophosphate exchange (33 + 5 µM) (Hawko and Francklyn 2001).

The Kd for ATP binding (2.5 + 0.1 µM) is substantially lower than the observed Km for

ATP in pyrophosphate exchange of 890 + 64 µM (Guth, Connolly et al. 2005).  However,

in order to observe a change in fluorescence associated with ATP, it was necessary to
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saturate the enzyme with histidinol, indicating the observed fluorescent end state likely

represents the titration of additional events following formation of the ATP¥HisRS

collision complex.  Therefore, the Kd measured in steady-state titrations likely represents

a Kd,net that includes contributions from K2 in the following scheme:

 E ¥HisOH + ATP
Kd! "! !# !! ! E ¥HisOH ¥ATP

K2! "! !# !! ! E * ¥HisOH¥ATP

This conclusion is supported by representative Kd values obtained in closely related

systems; for example, it closely matches the Kd of 1.2-1.9 µM for ATP observed in the

closely related E.coli PheRS when the enzyme was saturated with phenylalaninol (Bartel

and Szostak 1993).  It is noteworthy that in these studies ATP appeared to bind only one

of two actives sites of the PheRS enzyme.  Information about the stoichiometry of ATP

binding to HisRS awaits the conclusions of equilibrium dialysis experiments.  The Kd for

ATP observed here removes an important caveat to the interpretations presented in

previous work in which the product formation of histidyl-adenylate was measured by

rapid quench flow (Guth, Connolly et al. 2005; Guth and Francklyn 2007); it was unclear

if the concentrations of ATP used were saturating.  Based on results presented here,

measurements of product formation made at 100 µM ATP are kinetically relevant and

likely not reflective of artifacts introduced by sub saturating concentration in any

substrate.

The titration of HSA into MDCC-HisRS was complicated by very tight binding of

HSA to the enzyme necessitating the use of a quadratic binding isotherm (see

Experimental Procedures).  The value of Kd obtained (12.7 + 8 nM) agrees well with

other values reported in the literature for binding of an adenylate analog to aaRS
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(Heacock, Forsyth et al. 1996).  A stoichiometry of 1.65 + 0.27 molecules of HSA bound

per dimer indicates the apo-enzyme is capable of binding two moles of HSA per active

site of the dimer, consistent with crystallographic studies in which electron density for the

authentic histidyl-adenylate substrate was found in both active sites (Arnez, Harris et al.

1995).  Additionally, active site titration in both E.coli HisRS and ThrRS indicate that

both active sites are capable of forming aminoacyl-adenylate (Figure 17, data not shown).

HisRS active sites are not equivalent in the absence of tRNA

By use of the chemical quench flow device, the rate of AMP formation, corresponding to

the formation of histidyl-adenylate, can be monitored (Figures 18,20).   In the absence of

tRNA and with 100 - 200 µM ATP and saturating histidine, the formation of aminoacyl-

adenylate displayed strict biphasic kinetics.  The total amplitude for the double

exponential accounted for both active sites of the dimer with each exponential phase

corresponded to roughly one of two active sites indicating asymmetric activity of

adenylate formation.  This conclusion was supported by the observation that tRNAHis

lacking critical identity determinants exhibited a burst of adenylate formation with an

amplitude term corresponding to one of two active sites.  At the concentration of

substrates listed above, the experiments, performed at 37¡C, returned values for kobs 1 and

kobs 2 of ~18 sec-1 and ~1.5 sec-1 respectively.  Parallel experiments demonstrated that the

MDCC-HisRS construct has not been significantly compromised with respect to amino

acid activation and aminoacyl transfer, indicating that neither fluorophore labeling, nor

cysteine modification drastically changed the kinetic parameters of the enzyme relative to
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wild type HisRS (Figures 18,20).  A comparison of the rates obtained for product

formation with those monitoring fluorescence change with histidinol saturated MDCC-

HisRS titrated with ATP (Figures 20,21) suggest the observed fluorescent transient report

on the rate of product formation.  Additionally, the strict correlation between the rates of

product formation and conformational change as reported by the fluorescent transients

imply that the rate of conformational change is rate-limiting for amino acid activation.

The sensitivity requirements of the quench flow TLC assay constrains the useful range

over which the affect of ATP concentration on the rates of product formation can be

measured.  In contrast, use of fluorescence based measurements allowed a wide range of

ATP concentrations to be sampled, providing an upper and lower limit to the rate of

amino acid activation (Figure 20).  In the absence of tRNA, the asymmetric behavior of

active sites is retained over a broad range of ATP concentration, with an upper limit of

the forward reaction of 101 sec-1 and 1.6 sec-1 for the ÔfastÕ and ÔslowÕ active site

respectively.  The two exponential phases were poorly resolved at concentrations below

10 µM making accurate determinations difficult, however, our data indicate the rate of

the back reaction is not negligible and allows an approximate value for the association

constant, K2, to be calculated.  Between active sites, the value of K2 differs by an order of

magnitude which agrees well with the relative rates of product formation in the two

active sites measured over experimentally accessible regions of ATP in the quench flow

apparatus (Figures 18,20).

Different end states of amino acid activation support different rates of aminoacyl transfer
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Historically, isolated enzyme-adenylate complex formed by incubation of aaRS with

amino acid and ATP has been equated with the end state complex following amino acid

activation.  However, the formal end state of amino acid activation must, at the very least,

include a term corresponding to the PPi byproduct of the reaction:

 E + aa+ ATP
K1! "! !# !! ! E ¥aa¥ATP

K2! "! !# !! ! E ¥aa~ AMP¥PPi
K3! "! !# !! ! E ¥aa~ AMP + PPi

Here we have provided evidence that the purified enzyme-adenylate complex lacks PPi at

the active site of the enzyme.  Thus, the rate of aminoacyl transfer as measured in single

turnover conditions monitoring product formation likely reflects the following:

 E ¥aa~ AMP + tRNA
K1! "! !# !! ! E ¥aa~ AMP¥tRNA

K2! "! !# !! ! E ¥aa~ tRNA¥AMP

but neglects contributions made by K3 from amino acid activation.  The extraordinarily

tight Kd measured for PPi binding to the preformed adenylate complex (115 + 80 nM)

makes it likely that, barring the removal of PPi by spin-column chromatography or

competition with tRNA, the enzyme adenylate complex retains PPi in the active site.  Our

initial results, measuring the rate of aminoacyl transfer using in situ pre-formed enzyme

adenylate theoretically retaining its compliment of pyrophosphate, showed a dramatic

decrease in the rates of aminoacyl transfer as compared to parallel experiments in which

the enzyme-adenylate complex was subject to purification by spin-column

chromatography (Figure 21).  Along with the substantial lag phase preceding aminoacyl

transfer in the presence of PPi, the 20-fold faster rate in the absence of PPi points to a

profound effect of PPi occupancy of the active site on the rate of aminoacyl transfer.  In

the absence of tRNA, the rate of PPi release appears to follow the same rate as that of

amino acid activation (Figure 22) arguing that the rate of release of PPi may be a
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kinetically important event among the intact catalytic cycle.  As amino acid activation is

dramatically attenuated in the presence of tRNA, this raises the question as to the effect

of tRNA on the release of PPi, an area currently under investigation.

Competition between the tRNA acceptor stem and PPi may direct the events of catalysis

The presence of tRNA has been demonstrated to affect the binding of substrates involved

in amino acid activation.  Structural studies using the S.aureus ThrRS indicate that

substantial rearrangements of the active site are triggered by binding of tRNA (Torres-

Larios, Sankaranarayanan et al. 2003).  Moreover, several residues previously shown to

interact with ATP and amino acid switch orientations to interact with the incoming tRNA

acceptor stem (see below).  In yeast SerRS, the specificity constant, kcat/Km, for ATP

decreases 6.3 fold in presence of tRNA (Lenhard, Filipic et al. 1997). Moreover, an

analysis of stoichiometric binding data revealed binding of just one molecule of tRNA to

the SerRS dimer was sufficient to affect the affinity of the enzymes for substrates of

amino acid activation (Gruic-Sovulj, Landeka et al. 2002).  In addition, tRNA was shown

to act as an inhibitor of adenylate synthesis in yeast PheRS (Fasiolo, Remy et al. 1981).

The crystal structure of T.thermophilus SerRS with tRNA and adenylate analog provides

clues as to the physical basis for the affect of tRNA on amino acid activation (Cusack,

Yaremchuk et al. 1996).  Adenylate analog is seen in both active sites but only one tRNA

is bound across the dimer interface.  The orientation of residues in the active site appear

to represent a Ôsnap shotÕ of the dimeric enzyme caught between the events of amino acid

activation and transfer.  The site lacking tRNA demonstrates homology with the E.coli
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HisRS histidyl adenylate structure (Arnez, Harris et al. 1995), with critical residues of the

motif 2 loop positioned to accommodate the aminoacyl-adenylate moiety.  In the site with

tRNA bound, there is a substantial rearrangement of class II conserved residues of the

motif 2 loop formerly used to orient the adenylate to facilitate recognition and orientation

of the incoming tRNA acceptor stem.  The residues formerly occupied with the task of

stabilizing the pyrophosphate tail of ATP are re-distributed to coordinate the acceptor

stem.  Pre-steady-state kinetic analysis of residues of the motif 2 loop has revealed the

role of certain key residues such as Arg121 in both amino acid activation and aminoacyl

transfer (Guth and Francklyn 2007).  Analysis of the available HisRS crystal structures

along with those of the homologous complexes show how this residue flips from an

orientation that contacts the phosphate tail of ATP to an orientation that makes key

contacts with identity elements of the tRNA acceptor stem.

As shown in figure 17, the presence of tRNAHis decreases the rate of amino acid

activation.  Likewise, the presence of PPi in the active site may decrease the rate of

aminoacyl transfer (Figure 21).  A straightforward interpretation of these results could be

direct competition between the acceptor stem and PPi for a common binding site on the

enzyme.  However, such an interpretation would represent an oversimplification as,

technically, the presence of tRNA decreases the rate of adenylation at one active site of

the dimer but increases the rate of activation at the second as both sites turn over at the

steady state rate of 1-2 sec-1.  A more likely scenario involves the specific communication

of activation and aminoacyl transfer events between active sites of the homodimer during

alternating steps of the catalytic cycle.  It is at this step that the competition between
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tRNAHis and PPi for the enzyme active site may limit the steady state rate of catalysis.

The resolution of such events will require the development of alternative methodologies.

Experimental Procedures

General chemicals and reagents

Unless otherwise noted, chemicals were provided by Fisher Scientific and Sigma.

HEPES Ôultra pureÕ from Calbiochem reduced background fluorescence substantially and

was used exclusively in all fluorescence based experiments.  Restriction endonucleases

and enzymes for molecular biology were provided by New England Biolabs.

Oligonucleotides for site-directed mutagenesis were provided by Operon Technologies.

Radioactive stocks were purchased from Amersham while Ni-NTA chromatography resin

was purchased from QIAGEN.  All solutions were prepared in autoclaved milliQ water

ultra filtered through a 0.45 µm filter (Millipore).

Preparation of protein and tRNA stocks

His6-tagged wild type and N212C E.coli Histidyl-tRNA synthetase and in vitro

transcribed tRNAHis substrate was prepared as described previously (Guth, Connolly et al.

2005; Guth and Francklyn 2007).  The plasmid for expression of A197C PBP was a

generous gift of C.Fierke and was used to transform BL21(DE3) cells under ampicillin

resistance.  Purification and labeling followed the protocol set forth in (Pais, Bowers et

al. 2005).  The cells were grown at 37¡C to an OD600 of 0.6 in LB medium supplemented

with 100 µg/mL of ampicillin and protein expression induced by the addition of 1mM

isopropyl b-D-1-thiogalactophyranoside.  Cells were then incubated at 25¡C for 16 hours
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prior to pelleting and freezing at Ð20¡C.  The cell pellet was thawed, resuspended in 50

mM HEPES pH 7.5, 100 mM KCl, 10 mM MgCl2, and 5 mM #-ME (buffer A), and

sonicated to lyse the cells followed by centrifugation at 18,500xG for 20 minutes to pellet

debris.  The supernatant was brought to 0.1% in protamine sulphate to precipitate nucleic

acids and centrifuged as before to clarify the supernatant.  The supernatant was brought

to 20mM in imidazole and then batch incubated with Ni-NTA resin (Qiagen) for 1 hour

at 4¡C.  The resin, with protein bound, was then loaded into a chromatography column

and washed with 100X the bed volume with buffer containing 20 mM imidizole to

remove non-specific bound proteins and nucleic acids.  A197C-PBP was eluted with

buffer brought to 150 mM in imidizole in 1mL fractions kept on ice.  Individual fractions

were analyzed by SDS-PAGE and fractions judged greater than 99% pure were pooled

and dialyzed at 4¡C into storage buffer.  Following the addition of 50% glycerol, protein

stocks were stored at 20¡C until labeling.

Labeling of N212C-HisRS and A197C-PBPwith MDCC

N212C HisRS from glycerol stocks was dialyzed against 50 mM HEPES pH 7.5, 100

mM KCl, 10 mM MgCl2 and 0.1 mM TRIS (2-carboxyethyl)phosphine hydrochloride

(TCEP) overnight to remove #-ME present in the storage buffer.  MDCC was made

soluble in DMSO and the concentration determined by way of the extinction coefficient

of 50,000 M-1cm-1 at 429 nM with final concentrations typically 14-16 mM.  Labeling

was carried out for 1 hour at room temperature under conditions of 10-fold excess of
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label to monomer in dialysis buffer supplemented with 1.0mM TCEP.  The reaction was

terminated by dialyzing protein against the above buffer with 5 µM #-ME in place of

TCEP overnight at 4OC.  Labeling efficiency was routinely >99% of MDCC to active site

utilizing the extinction coefficient for the HisRS dimer of 127,097 M-1cm-1.  The labeling

of A197C-PBP followed the same procedure above with the substitution of 50 mM TRIS

pH 8.0 in place of 50 mM HEPES pH 7.5 in dialysis and labeling buffers along with a

pre-treatment step to remove endogenous phosphate from the protein stocks just prior to

labeling.  After dialysis to remove #-ME, A197C-PBP was dialyzed against fresh buffer

supplemented with 100 mM 7 methylguanosine (7-MeG) and 0.5 U/mL purine nucleotide

phosphorylase (PNPase) for 1 hour at room temperature to scavenge endogenous

phosphate (PNPase activity sequesters phosphate as ribose 1-phosphate).  Conjugation

efficiency of MDCC to A197C-PBP returned consistent values of between 86-88% based

on extinction coefficients of MDCC and PBP (64,204 M-1cm-1).  Attempts to label

A197C-PBP in buffer containing 50 mM HEPES pH 7.5 resulted in no detectable

conjugation of fluorophor to protein.  Labeled protein was aliquoted into individual tubes,

flash frozen, and stored at Ð80¡C.

To pre-form histidyl-adenylate on the enzyme, HisRS was incubated with 2 mM

histidine, 5 mM ATP, and 0.2U/mL PPiase in buffer A for 30 minutes at 25¡C.  The

enzyme was then purified away from un-reacted substrates by size-exclusion column

chromatography in G-25 spin columns (Roche) (Guth, Connolly et al. 2005).  

Steady-state fluorescence measurements



173

Steady-state measurements were obtained using a QM-4 CW (Photon Technology

International) fluorometer equipped with a 75-watt xenon arc lamp at 25¡C.  Samples

were excited at 429 nm, and emission measured between 447-487nm using a 2 nm

bandpass filter on the excitation and 4 nm bandpass on the emission channels.  Typically,

the MDCC conjugated protein was held at 100 nM in final concentration in a 2 mL

stirred-cell quartz fluorometer cuvette (Starna Cells Inc, Atascadero CA) in a temperature

controlled holder.  Titrated substrates were added from concentrated stocks (typically 100

mM) with dilution factors calculated (v/v).  Fluorescence changes were calculated by

comparing the values of the integrated volumes of emission wavelength scans to

overcome any bias introduced by monitoring at an individual wavelength and to make the

results compatible with those obtained from stopped-flow measurements.  Changes in

fluorescence were standardized by division by the integrated volume of the quantum state

representing the saturated end-point in a given titration.   Analysis of histidine and ATP

titrations assumed an excess of substrate relative to the bound fraction allowing a

hyperbolic function to be applied according to:

F =
S

(Kd + S)

In HSA and PPi titrations, detection limits required enzyme concentrations at or above

Kd, and were fit instead to the following quadratic function:

F = F0 + ! F
(E0 + S0 + Kd ) " (E0 + S0 + Kd )2 " 4E0S0

2E0
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where F0 is the starting fluorescence, ( F is the total fluorescence change, E0 is the initial

concentration of enzyme, and S0 the initial concentration of substrate.

Pre-steady-state measurements

Pre-steady-state fluorescence measurements were made on a SX.18MV stopped-flow

spectrofluorometer (Applied Photophysics, Surrery UK) with 425 nm excitation and 455

nm cutoff filters and a 2 mm bandpass filter on the monochromater.  All reactions were

performed in a common buffer containing 50 mM HEPES pH 7.5, 100 mM KCl, 10 mM

MgCl2, and 5 mM #-ME at 25¡C.  For experiments monitoring phosphate production

with MDCC-PBP the apparatus was washed with buffer supplemented with 0.2U/mL

PNPase and 200 mM 7-MeG to remove endogenous phosphate.  30 minutes prior to

mixing, reagent mixtures were brought to 0.2U/mL PNPase and 200 mM 7-MeG and

incubated at 25¡C to remove endogenous phosphate from sample preparations.   34U/mL

PPiase was included in the reaction to facilitate the cleavage of pyrophosphate to

inorganic phosphate.  Incubating PPiase in the same syringe as PBP led to large

amplitude fluorescent transient signals in the absence of phosphate producing reagents,

presumably due to protein-protein interactions between the PPiase and PBP.  Moving

PPiase to the opposing syringe allowed a clean background signal to be attained in

absence of phosphate producing reagents.  Rapid quench experiments were carried out

using an RQF-3 (Kintek) as described previously (Guth, Connolly et al. 2005; Guth and

Francklyn 2007).  Active site titrations were performed as described in (Fersht, Ashford

et al. 1975) and fit to the following function:
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y = A(e! kt ) + bt

Where A is the amplitude of the exponential phase and reflects the concentration of active

sites in a given enzyme preparation, k is a composite term reflecting both kobs 1,2 of the

individual active sites of the HisRS dimer, the resolution of each is made difficult by the

time-scale and sampling techniques employed in the assay, and b is the steady state

turnover of adenylate from the enzyme in the absence of tRNA.

Pre-steady-state data analysis

The analysis for ATP titrations of histidinol saturated MDCC-HisRS were based on the

following model:

 
ATP+ HisRS¥HisOH

k+1

k! 1

! "! !# !! ! ATP¥HisRS¥HisOH
k+2

k! 2

! "! !# !! ! ATP¥HisRS" ¥HisOH

where HisRS* represents an isomerized state of HisRS with altered fluorescence

properties.  Binding of ATP to histidinol saturated HisRS to form the initial collision

complex is presumed to be in rapid equilibrium with respect to the subsequent

isomerization step based on the lack of an observable fluorescent transient when ATP

was titrated against apo-enzyme or enzyme saturated with non-cognate amino acid (data

not shown).  Additionally, the dependence of kobs on [ATP] appeared best fit to a

hyperbolic function.  Progress curves for ATP titrations were best fit to a double

exponential function of the following form:

F = y + A1(1! exp(! kobs1t )) + A2(1! exp(! kobs2t)
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Based on product formation information obtained from rapid quench flow techniques,

kobs1 and kob 2 were correlated with the rate of adenylation in active site 1 and 2 (arbitrary

designation) of the HisRS dimer and were independently fit to the hyperbolic function:

kobs(i ) =
K1[ATP]k+2

K1[ATP] +1
+ k! 2
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CHAPTER 5: DISCUSSION AND PERSPECTIVES

A common theme among the class II synthetases studied to date is the absence of a

clearly defined rate-limiting step.  It was argued for the yeast PheRS system that

aminoacyl transfer is rate-limiting when substrates are held in saturating concentrations

(Fasiolo and Fersht 1978; Dibbelt and Zachau 1981).  However this conclusion is

complicated by unresolved biphasic kinetics observed in aminoacyl transfer product

formation under, ostensibly, single turnover conditions.  Additionally, the steady-state

value (5.5-6.8 sec-1) used for comparison purposes is notably faster than traditionally seen

for class II aaRS (on the order of 1-2 sec-1).  Our lab has argued that, for E.coli HisRS,

amino acid activation is rate-limiting in the presence of tRNA (Guth, Connolly et al.

2005) as has been described for yeast SerRS (Dibbelt, Pachmann et al. 1980).  However,

such an analysis is predicated on the condition that the rate of aminoacyl transfer, as

measured in single turnover conditions, reflects all the rates following adenylate

formation up to and including the covalent attachment of amino acid to the acceptor stem

of tRNA.  In all studies of class II synthetases to date (with the exception listed above)

the rate of aminoacyl transfer from pre-formed enzyme adenylate to tRNA as measured

in single turnover conditions appears to be at least an order of magnitude greater than the

steady-state rate of aminoacylation (Guth, Connolly et al. 2005).  Additionally, the

release of aminoacylated product does not appear to be rate-limiting as has been broadly

observed for the class I aaRS (Zhang, Perona et al. 2006).  Based on the (albeit dubious)

common convention of using the rate of PPi exchange as an approximation of the rate of
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amino acid activation, the adenylation reaction appears an unlikely candidate for the rate-

limiting step in the absence of tRNA.  This conclusion is substantiated by stopped-flow

measurements of adenylation in E.coli ThrRS where the rate of amino acid activation (40

sec-1) is almost 1.5 orders of magnitude greater than the steady-state rate of

aminoacylation (1.5 sec-1) (Bovee, Pierce et al. 2003).

In order to critically evaluate the substance of these results, it is vital to examine

the underlying assumptions made by the methodologies employed.  Amino acid

activation is typically measured by pyrophosphate exchange reaction in which the rate of

isotope exchange from [32P-PPi] to ATP is measured.  Although the rate of isotopic

exchange does not provide an explicit rate for amino acid activation, it does provide

relative information as to the effect of a given mutation along with information

concerning the order of substrate binding and product release.  To simplify the analysis,

tRNA is normally excluded from the assay. Consequently, the affect of tRNA on the rate

of amino acid activation may be overlooked.  Additionally, the order of the reaction can

change substantially depending on the presence or absence of tRNA and/or

pyrophosphatase (Freist and Sternbach 1984) complicating any comparisons of rates to

be made.

Aminoacyl transfer requires aminoacyl-adenylate, the product of the first half

reaction.  In order for a meaningful measure of aminoacyl transfer to be made, the amino

acid activation reaction must be bypassed or made kinetically invisible.  This is

accomplished experimentally by pre-incubating the enzyme with amino acid and ATP to

allow the formation of an enzyme-adenylate complex.  This complex may then be
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purified away from unreacted substrate and mixed with tRNA to initiate the second half-

reaction.  Presumably, a minimal model for the experimental conditions described would

include the following terms:

 E ¥aa~ AMP + tRNAaa K1! "! !# !! ! E ¥aa~ AMP¥tRNAaa
K2! "! !# !! ! E ¥aa~ tRNAaa ¥AMP

A critical assumption in the above model is the equivalence of the E ¥aa~ AMPreactant

to the enzyme-adenylate complex that directly follows the events of amino acid

activation:

 E + aa+ ATP
K1! "! !# !! ! E ¥aa¥ATP

K2! "! !# !! ! E ¥aa~ AMP¥PPi

An immediate distinction between the two aminoacyl-adenylate complexes is the

presence or absence of PPi bound to the enzyme following activation. What is the PPi

occupancy of the enzyme adenylate complex during aminoacyl transfer?  Numerous lines

of evidence suggest PPi release must precede the accommodation of the tRNA acceptor

stem in the aaRS active site.  The co-crystal structure of T.thermophilus SerRS with

tRNASer and an adenylate analog has a stoichiometry of two adenylate and one tRNA

molecule per dimer with each active site displaying a unique conformation (Cusack,

Yaremchuk et al. 1996).  Importantly, in the active site in which the tRNA acceptor stem

is poised to accept amino acid from the dead end aminoacyl-adenylate analog, residues

responsible for positioning the pyrophosphate moiety of ATP in amino acid activation are

recruited to position critical identity elements within the tRNA acceptor stem.  The

resulting picture places the release of pyrophosphate prior to the accommodation of the

tRNA acceptor stem in the chronological order of catalysis.  Along with structural

findings, biochemical evidence indicates a competition between pyrophosphate and
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tRNA may impact the kinetics .  tRNA has been shown to act as an inhibitor of amino

acid activation in yeast PheRS (Fasiolo, Remy et al. 1981) and E.coli HisRS (Guth,

Connolly et al. 2005).

The work presented in this dissertation points strongly to interdependencies

between the amino acid activation and aminoacyl transfer reactions as well as

communication between subunits of the dimer in E.coli HisRS, and begins to provide

clues as to a class wide mechanism of enzyme action.  Asymmetry in amino acid

activation is pronounced in the absence of tRNA but completely absent in its presence.

Startlingly, tRNA mutants with reduced aminoacyl transfer efficiency allow formation of

histidyl-adenylate in one active site but prevent formation in the second prior to transfer.

These results highlight the network of events that must transpire in the course of the

completed catalytic cycle.  The presence of tRNAHis clearly regulates the activity of the

enzyme to activate amino acid and, it appears likely the release of PPi following amino

acid activation affects the rate of aminoacyl transfer.  However, any interpretation of

these observations that fails to take into account the potential for asymmetric catalysis in

the HisRS homodimer is na•ve by default: the identity elements of tRNAHis somehow

conspire to regulate the rate of adenylation in the two active sites and ÔsmoothÕ the

transition between amino acid activation and aminoacyl transfer.  The goal of future

experiments will be to address the order of these events as they relate to individual active

sites of the dimer in the alternating catalytic cycle.

A methodology of significant promise involves the construction of heterodimeric

HisRS molecules (M.Farris, 2007. Dissertation).  In brief, one HisRS preparation
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containing a His6 affinity tag is mixed with a vast excess of untagged HisRS in 4M urea

to promote dissociation of the monomers.  Stepwise dialysis to remove the urea allows

the monomers to reassociate during which time the statistical likelihood of random

encounters with untagged monomers ensures the formation of heterodimeric enzymes.

The heterodimeric enzymes are then separated from the major species of reassociated

untagged enzyme molecules by way of the His6 affinity tag.  By way of previous

experiments, we have established a ÔlibraryÕ of HisRS mutants that are compromised at

specific steps of the reaction cycle.  For example, The Q118E mutant exhibits near wild

type levels of amino acid activation but almost no detectable aminoacylation.  By

preparing a heterodimer consisting of one wild type subunit and one Q118E subunit, we

could construct a HisRS molecule that could perform the steps of amino acid activation in

both subunits but transfer amino acid to tRNA at one active site only.  This methodology

has been used successfully to construct heterodimeric HisRS molecules labeled with

FRET pairs at the N212C position of the respective monomer.  This construct has been

used to monitor the conformational changes that occur in HisRS coincident with the

events of amino acid activation (M.Farris, 2007.  Dissertation).  Along with establishing

the stoichiometry of substrate binding to HisRS by equilibrium dialysis and fluorescence

based techniques, we have every confidence that the analysis of heterodimeric HisRS

constructs will allow us to elucidate the individual steps that comprise the alternatiting

catalytic cycle of HisRS.
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