CHAPTER

Inf.‘haplcr 5. we considered the [low of genetic information from DNA
to RNA to protein and the nature of the genetic code, We turn now to
;.ﬁ:'e mechanism of protein synthesis, a process called transiation because
the fow-leter alphiabet of nucleie acids is translated into the entirely

srent alphaber of proteins. As might be expected, translation is a more
plex process than either replication or transeription, which take
e within the [ramework ol a common base-pairing language. In fact,
lation necessitates the coordinated interplay of more than a hun-
d macromolecules, Transter RNA molecules, mRNA, and many pro-
ns are required in addition to ribosomes. The focus of this chapter will
protein synthesis in Escherichia coli because it illustrates many gen-
prineiples and s well understood. Some distinctive features ol pro-
synthesis in eukaryotes will also be presented.
et us take an overview of protein svnthesis belore examining it in
detail. A protein is synthesized in the amino-lo-carboxyl direction
the sequential addition ol amino acids to the carboxyl end of the
‘pii i he activated precursors are aminoacyl-tRNAs,
»#i:].uh the carboxyl group of an amino acid is joined 1o the T-OII ol a
er RNA (tRNA). The linking of an amino acid to s corresponding

Image: Transfer KNAS, the centroal moleoules of frolen snthesis, serve as
fianeric h’arj.imm “hase .Ermgvmgp ref neueleie acids ond the tenty - amino aoid
jnn.f.uem The anttcodon is sheon in yellon and the attachment site for the
pacd in red. The RNA bechbone is shown in dovk Blue and the bases tn licht
(Dvaam from 6tna pdb. J L. Sussman, SR Hollwook, BW. Warrand,

i, Ghurch, and 5.-H. Kim. . Mol. Biol. 123(1975):607.(
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Figure 34-1

Election micrograph of ribosomes on
an mENA nedecule, Ribosomes are
template-direcied catabwsts of peptide-
hond formarion. [Courtesy of

Dr, Alex Rich, ]
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IRNA s catalyzed by an aminoacyl-lRNA synthetase. This activation
:thi_ﬁi‘"ﬁmtngmtﬁr the activation of tawy acids, is driven liy AT
For each amino acid, there is at least one kind of tRNA and activating
enzvme.

Protein synthesis takes place in three stages: initiation, elongation, 3
lermination, néiation results in the binding o - inijtia RNA o |
start signal of mRNA. The initiator LIRNA oceupies the P (pepridyl) s
on a ribosome. E@TEI—OH starts with the hinding of an aminoacyl-

Lo the A (aminoacyl) site, a distinel IRNA-binding site on the ribosome
'FM' bond then forms between the amino group of the incoming 2
noacyl-tRNA and the carboxyl group of the formylmethionine carried
the initiator tRNA. The resulting dipepridyl-tRNA then moves from th

ite to the P site, and the initiator 1B ‘ule moves to the

site hetore leaving the ribosome, The l:til_ldir:;.;?ﬂ.minmu:Vgil-rRI'ifA1 e
movement of peptidvl-tRNA, and ._-}_u_-_ggn.-nmzted ]uﬂvemenl: of the tiho-
some Lo the next codon are powered by the hvdrolvsis of GIP. An ami )
acyl-tRNA then binds to the vacant A site 1o start another round of clon-
gation, which proceeds as described above, Termination ovcurs when a
stop signal on the mRNA 1s read by a protein release tactor, which ten -
the ur!cummmiﬂﬁrmﬁrﬁﬂm the ribosome, -
S, iR essence, are enzymes that calakze MRNA-dirvected Jornation of peptids
Dirreds,

Ribosomes are large ri bouur]un_Eraln:inﬁ,&nuﬁ:ﬁ_es_{;uus_is:ing of a small
(305) and a large (508) subunit, They contain 55 different proteins and &
BRNA molecules, The name ribosome 15 apt because two-thirds of the mass s
RNA. Indeed, ribosomul RNA malecules are information-rich molecules
that play a central role in translation. ‘Their action in contempaorary ribo-
somes provides clues as 1o how primitive ribosomes consisting only of
RNA may have carried out protein synthesis,

TRANSFER RNA (tRNA) MOLECULES HAVE A
COMMON DESIGN

We begin our consideration of protein synthesis with tRNA because ji
serves as the adaplor moleeule that recognizes both the enzyvme that at- |
taches The correct amino acid and the anticodon on mRBRNA. The buse
sequence ol a TRNA molecule was first determined by Robert Holley in
1965, the culmination of seven years of effort, Indeed, his study of veast
alanine IRNA provided the [irs complete sequence of any nucleic acid
and suggesied how (RNA [unetions. This adaptor molecule is a single
chain of 76 ribonucleotides {Figure 54-2). '!_he?}ﬁ::r-h_n'_mma wosphory
lated (pG), whereas the 37 terminus has a free hydroxyl group. A striking
feature of this RNA is its high content of hases other than AU G andC.

Many nnusual nucleosides are present: inosing (L p. 887), pseudouridine
iboﬂn-m@@r (1, . 850, and

(. p. 850). dibydressidine (UL, p, 878),
methylated derivatives of guanosine and inosine. The aming arid atiah
miend sifeis the 3'—11}'11!'{1{}71.@1::1]3_(}[ the adenosine residue at the 3' -
ns of the molecule, The sequence 1GC in the middle of the molecule i
the anticodon, Itis complemeniary o ¢ oue ot the codons for alanine,
“The S-E'qL'lEII_'t'S of several other IRNA molecules were determined a
short time later. More than 100 sequences are now known, The strikisg
finding is that all of them can be written in a cloverleaf pattern in which
aboul hall the residues are base-paired. Hence, tRNA moleeades haue mny
common strctural featires. This linding is not unexpecied, becanse gl




03- Arning acid
HA — . Bttzhmant side

Anticndon

Figure 34-2

Base sequence of yeast alanine tRNA, Modified nucleosides
{shown in vellow) are abbreviated as follows: methyvlinosine
Aml), dihwdrouridine (UHy), ribothymidine (T, psendonr-
dine (¢}, methvlguanosine (mG), and dimethlguanosine
ImsG). Inosine (1), another modified nucleoside, is part of
ihe anticodon {green).

site that catalyzes peptide-bond formation,

1~95 k).

copnition, as will be discussed shortly.

ally pG.
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Figure 34-3
Common leatures of tRNA molecules.

1RNA molecules must be able to interact in nearly the same way with
omes, mRNAs, and elongation factors. For example, they must [it
Jdnto the A, P, and E sites on the ribosome and interact with the eneymatic

Al known transfer RNA molecules share the following fearures (Figure
1. They are single chains containing between 735 and 93 rvibonueleotides

2, They contain meany wnusual bases, typically between 7 and 15 per
maolecule. Some are methylated or dimethylated derivatives of A, T, C,

850y, Methvlation prevents the formation of certain base pairs, rIUHz CHa
eby rendering some of the bases accessible for other interactions. #Lop”

, methvlation imparts a hvdrophobic character 1o some regions of l, (|:
NAs, which may be important for their interaction with synthetases and o NNy
somial proteins and for their folding. Other modilications alter codon Ribose

5-Methylcytidine

3, The 5" end of tRNAs is phosphorylated. The 5° terminal residue is
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Schematic diagram of the three-
dimensional structure of yeast phenyl
alanine tRNA. [After a drawing kindly
provided by D, Sung-Hon Kin, |

4. The base sequence at the 3' end of mature tRNAs is CCA.
activated amino acid is attached o the 3"-hydroxyl group of the tern
adenosine.

b, About half the nucleotides in tRNAs are base-paired to form doul
helices, Five groups of bases are not base paired: the 3" €CCA 4
region: the T loop, which acquired its name from the sequen
ribothymine-pseudouracil-cviosine; the “extra arm,” which conta
variable number ol residucs; the DHL {oap, which contams several dil
drouracil residues; and the anticadon {oop.

6. The anticodon foofr consists ol seven bases, with the [ollowing se
quence:

0

£ Eh] !
- . R Madified  Variable
Pyrimrdme—Pvnmldms——— psfine po et

THE ACTIVATED AMINO ACID AND ANTICODON OF tRNA
ARE AT OPPOSITE ENDS OF THE L-SHAPED MOLECULE

The three-dimensional structure of a tRNA molecule was first solved in
1974, X-ray crystallographic studies of yeast phenylalanine tRNA carried
out in the laboratories of Alexander Rich und Aaron Klug provided a
woealth of soructural information:

[. The malecule is L-shaped (Figure 34-1),

g cCA
L terminus

Figure 34-4
Skeletal model of yeasi
phenylalanine tRNA The
anticodon loop is shown in
green, and the CCA ermins
in red. [Drawn from ]
Anticodan Gtnapelbe J.L. Sussinan,

loop S.R. Holbrook, R.W. Warrant,
Lt (.M. Church, and §-H. Kin.
g Mol Biol, 123(1978):607,]

2. There are fwo segments of double helix. They are like A-DNA, as ex
pected for an RNA duplex (p. 790, Each of these helices contains about
1y base pairs, which correspond to one turn of helix. The helical seg
ments are perpendicular to each other, giving the molecule its L shape
(Figure 34-5). The base pairing in the cloverleaf muodel {p. 877), postu-
luted on the basis of scquence studies, is correct.

. Most of the bases in the nonhelical regions participate in unusual i

hydrogen-bonding mteractions. These fertiary interacions ate henween
bases thal are not usually complementary (eg., GG, AA, and AC), More-




over, the ribose-phosphate backbone interacts with some bases and even
with another region of the backbone itsell, The 2°-OH groups of the
tihose units act as hydrogen bond donors or acceptors in many of these
interactions. In addition, most bases are stacked. These hvdrophobic in-
wractions berween adjacent aromatic rings play a major role in stabilizing
the architecture of the molecule.

4. The CCA terminus containing the amine acid attachment site is ar one
end of the L. The other end ol the L is the anticedun foep, Thus, the amino
arid in aminoacy-IRNA s far from the anticodon (about 80 A). The DHU and
TihC loops form the corner of the L.

5, The CCA terminus and the adjacent helical region do not interact
sirongly with the rest of the malecule, This part of the molecule may
thange its conlormation during amino acid activation and also during
protein synthesis on the ribosome.

Subsequent x-ray analyses ol other prokaryotic and cukarvotic tRNAs
have shown that their molecular architecture follows the same plan as that
aof veast phenylalanine tRNAL As will be discussed shortly, crystallographic
studies have also revealed how (RNAs interact with synthetases when
amino acids become attached o their 3 CCA terminus,

MULTIPLE TRANSFER RNA MOLECULES ARISE FROM
CLEAVAGE OF A LARGE PRECURSOR BY RIBONUCLEASE P

The 6 genes for ansfer RNA molecules in B, colf are clustered in 25
units that are rranscribed into muliimeric precursors. Some units concode
tibosomal RNAs as well, whereas others contain only tRNAs, One of these
ranseripts is the precursor ol seven tR MNAs: one specilfic [or leucine, two
forinternal methionines, and two each for two kinds of ghuamine codons
{Figure 34-6). The primary I‘:I'-ITI‘HTI[J[ of 950 nucleotides is cleaved by
ribomuclease P (RNase T') on the 5 side of the first nucleotide ol each
mature tRNA-to-be, Riboraeclease I (RNase 1) then trims the exposed 3
end of each precursor until it reaches the CCA sequence, which becomes
the 3' terminus of the mature molecule.

~ Rihonuclease P is a rihonucleoprotein enzyme comprising a 377-nucle-
atide M1 RNA molecule and a 20-kd protein. In 1983, Sidney Altman
discovered that the RNA component alone possesses eneymatic activity.
Ae higher than physiologic concentrations ol Mg (—60 mm), M7 BN
ij wself recogmizes lorgel sites i primary transeripls and cleaves them at an
afifreciable vate. This experiment shonved that MI RNA inderacty \pw{ﬁw.’lj with
the substrate and possesses the catalytic proups. The role of the protein is sub-
inry—il increases the hyvdrolvtic rate and enables the reaction to occur

adalytically active RNA and catch a glimpse ol the early RNA world.

INO ACIDS ARE ACTIVATED AND LINKED
PARTICULAR TRANSFER RNAs BY SPECIFIC SYNTHETASES

Ahe tormation of a peptide bond between the amino group of one amino
d and the carboxvl group of another s thermodynamically unfavor-
e. This barrier is overcome by activating the carboxyl group of the
precursor amino acids. The activeed indermediates in protein. synthesis are
mning acid esters, in which the carhoxyl group of an amino acid is linked to
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Figure 34-6
Seven tRNA molecules are formed by
clevage of this 95i-nuelentide pri-
mary transcript. [Aller N. Nakajima,
H. Oueki, and Y. Shimura, Ced!
2319817:245,]
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An amine acid is esterified 1o the 2
or the 3%hydioxyl group of the wenni-
nal adenosine in an ammoacvl-1RNA.

i
Amino acid—C—0 tANA

(0]

|
Fatly acid—C—S5—{CoA

cither the 2= or the 3-hydroxyl group of the ribose unit at the 3' end of
tRNA. In some tRNAs, the activated amino acid migrates very vapidly
between the 2'- and 3'-hvdroxyl groups, An amino acid ester of (RNA s
called an amineacyl- tENA (Figure 34-7): it is sometimes called a dmrgsd
HENAL

The attachment of an amino acid to a (RNA Is important not only
because it activates the carboxyl group, but also hecause amino acids by
themselyes cannot recognize the codons on mRNA, Rather, amino acids
must be carried to the ribosomes by specific tRNAs, which do recogmize
codons on mRNA and thereby act as adaptor molecules.

In 1957, Paul Zamecnik and Mahlon TToagland discovered that the acti-
vition of amino acids and their subsequent linkage to tRNAs are ata-
Iyzed by specific aminoacyl-tRNA synthetases, which are also called adival-
ing erzymes, The first step is the formation of an amineacyl-adenylate fram
an amino acid and ATP. This activated species is a mixed anhydride in
which the carboxyl group of the amino acid is linked to the phosphoryl
group of AMP; hence, it is also known as aminoacyl-AMP,

B o t} 0] 8]
“HyMN é C’/ + ATP — 'H3jM C - C—0—P—0O—Ribose—Adenine + FP,
3 bl
WO H o

Aminoacyl adenylate
{Aminoacyl-AMP)

The next step is the wansfer ol the aminoacyl group of aminoacyl-AMP
to g tRNA molecule w form aminoseyl-tRNA,

Aminoacyl-AMP + iRNA = aminoacyl-tRNA + AMP
I'he sum of these activation and wansler steps is
Amino acid + ATP + tRNA = aminoacvl-lERNA + AMP + PP

The AG™ of this reaction is close o 0, beeause the free energy of hvdio-
Iysis of the ester bond ol aminoacyl-tRNA is similar to that of the terminal
phosphoryl group off ATP. What then drives the synthesis of aminoacyl-
tRINAF As expected, the reaction is driven by the hydrolysis of pyraphos
phate. The sum of these three reactions is highly exergonic:

Amino acid + ATP + IRNA + HyO0 ——
amincacyl-tRNA + AMP + 2 p;

Thus, fwo —P are comsumed in the synthests of an aminoacyl-tRNA. One of
them is consumoed n forming the esier linkage of aminoacyl-tRNA,
whereas the other is conswmned in driving the reaction lorward.

The activation and transfer steps for a particular amino acid are cata-
lyzed by the same aminoacyl-tRNA synthetase, In fact, ihe aminaacyl-AMP
intermedicte does not dissociate from the synthetase. Rather, it is tightly hound
to the active site of the enzyme by noncovalent interactions, The amine-
acvl-AMP is normally a transient intermediate in the synthesis of amine-
acvl-LRNA, bur it is quite stable and readily isolated if tRNA is absent from
the reaction mixture,

We have already encountered an acyl adenylale intermediate in faty
acid activation (p. 607). In fact, Paul Berg first discovered this intermedi-
ate in farty acid activation, amnd then recognized that it s also formed in
amino acid activation. The major difference between these reactions is
that the acceptor of the acyl group is CoA in the former and (RNA in the
laiter. The energetics ol these biosyntheses are very similar: both are
made irreversible by the hydrolysis of pyrophosphate.




AMINOACYL-tRNA SYNTHETASES BELONG TO TWO
STRUCTURAL CLASSES

At least one aminoacyl-tRNA synthetase exists for cach sunino acid. The
diverse sizes, subunit composition, and sequences of these enzymes were
bewildering for many vears, However, recent studies have shown that svn-
thetases can be grouped into two classes, termed casy £and dfasy 7, ac-
cording 1o the presence of short signature sequences. The synthetases tor
ol the: basic set of 200 amino acids belong to class 1 enzvmes, and those
for the ather 10 to class 11 (Table 34-1), It is interesting 1o note that the
smaller amino acids are generally activated by class 11 syntherases,
whereas the larger amino acids and also the more hvdrophobic ones are
activated by class | enzymes, The class 11 enzvmes may be the more an-
cient ones, Another dillerence is that class T enzymes acylate the 2°-
hydroxyl group of the terminal adenosine of IRNA, whereas class 11 en-
wvines (exeept the ome for Phe) acylate the 3'-hvdroxyl, The amino acid
activating domain of the two classes is also diflerent. Class Tengvimes have
a parallel B domain (the classical dinucleotide binding fold, p. 4985),
whereas class IT enzymes have an antiparallel 8 domain, They also diller
in how they recognize tRNA (p. 8586).

TYROSYL-AMP FORMATION IS GREATLY ACCELERATED BY
THE BINDING OF v PHOSPHATE IN THE TRANSITION STATE

Keray erystallographic and protein engineering studies have provided in-

sight into the catalytic action of £ mfi tyrosyl-tRNA synthetase, a class |
dimer of 47-kd subunits. The amino-terminal 320 residues are needed for
the activation reaction, whereas the carboxyl-terminal 99 residues partic-
ipate in the binding of tRNA and the formation of tyrosyl-IRNAL The
erystal structure of the synthetase containing bound tyrosyl-AMP has
been solved at high resolution. This activated intermediate is stable in the
absence of the matching tRNA and is bound o the cnzyme by some 12
hydrogen bonds (Figure $1-8).
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Table 34-1
Classification and subunit socire of
amincacyl-tRNA synthetases in B ool

Class | Class If
Arg fevh Ala (o)
Cys L} Asn (o)
Gln {o) Asp ()
Gl fur} Gly fepf)
lle (i) His lorz)
Leu {a) Lys (i)
Mel {r) Phe li )
Trp tigl Ser luy)
Tyr feegh Pro (e
Val () Thr deeyh
Figure 34-8

Tyrosyl-AMI* {shown in red) is bound
to irs synthetase by mulliple hydrogen
hnds. [Courtesy of Dr. David Blow. |



882 Part ¥
GENES
/O o A ¥
o i 0 0
Tyr (.\ ’ _" L |FI,,
2™ Pl LV
? a o 9] a o
Adenasine
Thr 40
H
o o 5] ll)
"

H
W
o H
0 $if
/0 I
Tyr—c” Q ;‘\—o (u}
o—-P—0 O
FN
B
Ado
l Thr 40
Wdﬁ
el
H |
g ©
Tyr—LC B gy O (4]
o’ Vo I [
[a) P P

The formation of Lyrosyl-AMP from tyrosine and ATP siereospeci
labeled with 180 at the a phasphoryl group leads to an inversion of o
uration. Hence, the reaction probably procecds by an in-line displug
in which the tyrosyl carboxylate is the attacking nucleophile and.
phusphate is the leaving group. The a phosphorus atom in the trans
state is pentacovalent and has the geometry of a trigonal Bipyramid, as
the hydrolytic reaction catalyzed by ribonuclease (p. 218) and the 3
splicing of a ribozyme (p. 865).

A plausible structure of the transition state was deduced by
building (Figure 34-9), A kev featare is the hydrogen bonding of
phosphate group o the side chains of threonine 40 and histidine

His 45

Gln 195

Tyr 34

0
o Hi
o I'.
H
% o
Asp 176 i=;
Figure 34-9

Proposed stmcture of (he ransition siate in the farmation of tyrosy-AMP [rom
tyrosine and ATP (shown in red), The side chains of threonine #) and histidine
43 (shown in green) play a critical role in catalysis by selectively binding the

+ phosphate in the rransition state. [After R]. Leatherbarrow, AR Fersht, and
G Winter, Proe. Nat. Acad, S 82(1985):75847.|

Their importance was assessed by mutating both to alanine, to climinate
the possibility of hydrogen bonding. Indeed, the catalytic acuvity of the
double mutant was less than that of the wild type by a factor of 3 % 108,
whereas the hinding affinities ol the enzyme for AT and tyrosine were
alteree relatively little, This experiment shows that threonine 40 and histi-
dine 45 are essential [or catalysis but not for substrate binding (Figure
34-10). They prabably interact strongly with the ¥ phosphate in the transi-
titm state but not in the initial enzyme-substrate complex, The large
change in position ol the pyrophosphate unit accompanying the shift
fram a terrahedral 1o a bipyramidal geometry iggers this selective bind-
ing. Recall that the essence of calalysis is selective siabilization of the fransition
state (p. 188},

Figura 34-10

Proposed mechunism for the formation of tyrosy-AME by tyrosyl-tRNA synthe-
tase. The o phosphorus awm of ATP is nucleophilically attacked by a carboxylate -
axygen of Lyrosine. The transition state is stabilized by hydrogen bonding of the
v phosphate 1o the side ehains of o threonine and a histidine residue, Pyrophos
phitte Bound e Mgs*' {not shown) leaves the pentacovalent ransition state to
give Lyrossl-AMP Ado denotes adenosine, [After R ] Leatherbarrow, AR, Fershi,
anel G Winter, Proc. Werlo Acaed. Ser, 820193517841,
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sially cffective nucleophile, ATP 15 already activated, and Mg Fo
prrophosphate is a good leaving group. The enzy me accelerates calalvsis
by a factor of about 4 % W simply by bringing tyrosing and AT 1o-
gether, and it gains another factor of § x 10% mainky by binding v phos-
phate in the wansition state. Tt is noteworthy that the new interactions in
he transition state are at somae distance from the a phosphorus ator, the

i e - . [ ] §
reaction center. Thus, catalysis can be deloealized—mwhal counts is selective
hinding of the ransition state, however achicved.

PROOFREADING BY AMINOACYL-tRNA SYNTHETASES
| INCREASES THE FIDELITY OF PROTEIN SYNTHESIS

Aminoacyl-tRNA synthetases wre highty selective in et recagnition of both the
aming acid ta be activated and the prospective (tRNA aeceptor, As will be dis-
cussed shortly, tRNA molecules that accepe different amino acids have
different base sequences, and so they can be readily distinguished by their
synthetases. A much more demanding task for these enzymes is (o dis
eriminate berween similar amino acids, For example, the only difference
berween isoleucine and valine is that isoleucine contains a methylene
group not preseol in valine (Figure 34-11}. The additional binding en-
ergy (~—3 keal/mol) contributed by this extra —Cllg- group favors the
activation of isoleurine over valine by isoleucvl-tRNA synthetase by u fac-
tor of about 200, Even so, the concentration of valine in vive is about five
times that of isoleucine, and so valine would he mistakenly incorporated
into proteins in place of isoleucine | in 40 times. However, the observed
“error frequency in vive is only 1 in 3000, indicating that there must bhe a
subsequent editing step to enhance [idelity.

Extra
(AT - —
— aroup T
1
EIII
Synthetase specific
Valine Eolhciea for isolsucine
. WEline
Figure 34-11 — ATP TN,
Mulecular models of valine and isoleucine, The extra methylene group in M Mistaken
ileucine is marked, The synthetases speeific for thess amino acids are highly activation
ihscerning. PR

_ Valing —AMP—E""
In fact, the synthelase corrects its own ervors. Mistakenly activated valine is

not translerred to tRNA specific for soleucine. Instead, this (tRNA promotes tRNAT L
v e 7 2 " ; + reor correctios
the hydralysis of valine—AMP and therehy frevends (s erroneous incorfination o ﬂ\ by hydrelyaia
fiteins (Figure 34-12). Turthermore, hydrolysis [rees the synthetase o ¥
I - Foer Taialiiel rect o 3 aci z 1 = v
activare and transfer isoleucine, the correct amino acid. How does the Valine + AMP 4 E"

snthetase avoid hydrolyzing isoleucine-AMP, the correct intermediate?
Host likely, the hvdrolytic site is just large enough to accommodate Bkt o NI NI .

- 2 - . TS r + DrG . =
waline—-AMP but too small 1o allow the entry of isoleucine-AMP, s e Sl
o e " & 7 . ) correct aminoacyl-AMP. The entry ol
~ How do synthetases distinguish between valine and threonine, a pair of tRNA specitic for isoleucine induces
amine acids that are very nearly identical in size? Choosing between these hydrodysis of valyl-AMP.

Figure 34-12
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Figure 34-13

Valvl-tRNA synthetuse rejecis
threonine at two stages. (A) The
hydrophobic acylation site for the
transfer of activated amine acid to
LRNA prefers valine over threonine
because valine is mare hydropho-
bic. (B) The adjacent hverolviic
site, by contrast, is hydrophilic.
Hence, threonine erroncously
linked to the tRNA is prefercntially
hydralyzed because the binding
energy of the hydroxel group of
threanine is used to stabilize the
transition state. | After A Fershi
Enzymie Streecture and Mechanisim, 2nd
el (WH. Freeman, 1984, p. 336.]

A

Val is
preferred x|

1

amino acids is demanding because threonine differs from valine only in-
having an —OIT in place of a ~CHz group. The aminoacyl-cRNA synthe-
tase for valine contains nvo adjacent catalytic sites, one [or the :1:1}'1&1{,"}9&-!1
of IRNA and the other for hydrolysis of incorrectly acylated tRNA (Figure
F1-13). Valine is preferred over threonine in the acylation reaciion hes
cause the acylation site is hydrophobic. By contrast, threonyl-tURNA is hy
drolyzed much more rapidly than valyl-tRNA because the hydrolvtic site
is hvdrophilic. The synthetase for valine does most of its editing at the
level of aminoacyl-tRNA, whereas the one for isoleucine does so at the
level of aminoacyl-AMP,

Acylation site B Hydrolytic sita
thydrophaobic) {hydrophilich
H:C  CHs
L CH " Thris

prefarrad

CH

44 .,.-;O G-\-u. Fie
HiN  C7 *C NH,
, /

9] 8]

TRNAYS

Most aminoacyl-tRNA synthetases contain hydrolvtic sites in addition
to acylation sites, Complementary pairs of sites function as a doeble sieve to
assure very high lidelity. The acylation site rejects amino acids that are
farger than the correct one because there is insuffigient room [or them,
whereas the hydrolvtic site desirovs activated intermediates that are
smalley than the correct species, Hydrolvtic proofreading is central to the
fidelity of many wminoacyl-tRNA synthetases, as it is to DNA polymerases
(p. 800}, However, a few synthetases achieve high accuracy without edit
ing their covalenty attached intermediates, For example, tyrosyl-tRNA
synthetase has no difficulty discriminating between tyrosine and phenyl-
alanine: the hydroxyl group on the Lyrosine ring enables it 1o be bound
tor the enzyme 10% times as strongly as phenylalanine. Proofreading is costy
i energy and tone and hence (s selected in the course of evolution only when fidelity
st be enhanced beyend what can e obteined through an indtial hinding
indernction.

SYNTHETASES RECOGNIZE THE ANTICODON LOOP
AND ACCEPTOR STEM OF TRANSFER RNA MOLECULES

How do synthetases choose their t(RNA partmers: Precise recognition of
tRNAs is equally important for high-fidelity protein synthesis as is accu-
rate selection of amino acids. A priori, the anticodon of tRNA would
seem to be a good choice for establishing its identity because each i(RNA
has a dilferent one, Indeed, some synthetases recognize their tIRNA frtner
frrimarily on the basis of its anticodon. The most direct evidence comes from
wdentity swap experiments. The CCA anticodon of tryptophanyl-IRNA (ab-
breviated tRNATP) and the UAC anticodon of tRNAYal were replaced
with CAL, the anticodon for methionine (Figure 34-14A), The genes for
these altered tIRNAs were transcribed in vitro, and the kinetics of avla-
tion by the synthetase specific for methionine were measured. Changing
the anticodon of t(RNAT™ and tRNAY [0 CAL increases the rate of
aminoacvlation with methionine more than 30,.000-fold. In [act, tRNAVal
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bearing the CAU anticodon is aminoacylated by methionyl-tRNA synthe-
lase at nearly the same rate as is tRNAMet,

In contrast, the anticodon of tRNAM® can be changed with no eflect on
the aminoacylation speciticity. Rather, the cructal determinani is the fresence
of @ G U beese frorir ad the 3: 70 pasition in the 3° acceptor stem of this 7o-nucleotide
molecule (Figure 34-14B), Cysteine tRNA differs from IRNAM® 4 40 posi-
tions and contains a G+ G base pair at the 3:70 position, When this G- G
base pair is changed 0o G- U, (RNACEE j5 recognized by alanyl-tRNA syn-
thetase as though it were tRNAMA This finding raised the question as to
whether a [ragment of tRNA suffices for aminoacvlation by alanine-tRNA

synthetase. Indeed, a “microfelix™ containing just 24 of the 76 nucleotides of

the native tRNA is specifically aminoncylated by ihe spathetase. This microhelix
contains onlv the 3" acceptor stem and a hairpin loop (Figure 54-14C).

The identities of other IRNAs are conlerred by multiple determinants.
For example, both the anticodon and accefrior stems of IRNAGIR g recogiized
by glutaminyl-tRNA syathetase. X-ray crystallographic studies of a complex
of this synthetase, IRNA®, and ATP have provided a revealing view of
how this enzyme recognizes its tRNA pariner (Figure 34-15). This highly
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Figure 34-14

Determinants of the identiey of tRNA
molecules in recognition by synthe-
tases, (A) The identicy of tRNAY s
[:.}zangi-r] fronn Val o Mel v mutating
s anticodon from UAC o GALL

(B} The identity of tRNAD jg
changed from Cys to Ala by changing
its 3:70 base pair from C- G oo G- 1,
(C) A “microhelix™ containing only
24 of the 76 nucleoricdes of I.I{\.';\“‘r‘1
is recognized by the cognate
svnihelase.

Figure 34-15

Struciure ol a tRNA bound to its cog-
nate svintherase, The sugar-phosphate
hackbone of tRNAST ix shown in red
and the bases in yellow, The solvent-
accessible sur e ghaminyl-LRNA
synithetase iy [lr:pi:ﬂt-tti in blue. ATP
(green) is also bound o the synthe-
tase. [Alter M.A. Rould, ].]. Perona,
Do 56l and LA Steitz, Seience
246(1989):1135.]




BB6  Part v elongared class | synthetase interacts with 1RNA along the entire inside ol

GEMES the L. [rom the anticodon o the 3/ acceptor end. Yeast aspartyvl-tRNA
synthetase, a class 11 enzyme, also binds a face of (RNA extending [to
the anticadon (o the 3" end. However, different sides aof tRNA are recog-
nized by these enzyvines,

THE CODON IS RECOGNIZED BY THE ANTICODON OF tRNA
RATHER THAN BY THE ACTIVATED AMINO ACID

It has already been mentioned that the anticodon on tRNA is the recog-
tion site for the codon on mBNA and that recognition ocours by bhase
pairing. Docs the amino acid attached o the (RNA play a role in this
recognition process? This question was answered in the ferllowing way.
Tirst, evsteine was attached o i vognate LIRNA. The attached cysteine
unit was then converted into alanine by reacting Cys-tRNASY with Raney
nickel, which removed the sulfir atom from the activated cysteine residue
withour allecting its linkage to LRNA, Thus, a b td aminoaeyl-tRNA was
produced in which alanine was o walently antached 1o a tRNA specitic for |

cysteine, |
Cysteingl-IAMA H O Raney H C|J
: e Evdl ASE | cun nickel e
Cystaine + IRNA™SY — =y ———H3 CH.‘.—I’.I':—-C O—IRNA™Y ——— H - CH,—C—C—0- 1RNA
aTe JTHa AMPN R WH.A |\|JH.5+
Cys-tRNAS™ Ala-tRNAS

-

Dioes this hybrid tRNA recognize the codon for alanine or for cysleine?
The answer came on adding the tIRNA to a cell-free protein-synihesizing
system. The remplate was a random copolymer of U and G in the ratio of
31 1. which nermally leads (o the incorporation of cysteine (encoded hy
UGL) burnot of alanine (encoderd by GUX. TTowever, alanine was incor
porated ints a polypeptide when Ala-tRNAYYS was added to the incuba
Lion mixture, because it was atlached o the tRNA specific for cysteine,
The same resull was obtained when mENA lor hemaoglobin served as the
template and "C alanyl-tRNA™® was used as the hybrid aminoacyl-
(RNA, The only radioactive rypric peptide produced was one that nor
mally contained cysteine but not alanine. On the other hand, peptides
normally containing alanine but not cysteine were deveid of radicactivity,
Thus, the aming arid in aminoaryi-tANA does not Play o role in selecting a
codor.

SOME TRANSFER RNA MOLECULES RECOGNIZE MORE THAN
ONE CODON BECAUSE OF WOBBLE IN BASE PAIRING

What are the rules that govern the recognition of a codon by the anti-
codon of a4 tRNAZ? A simple hypothesis is that each of the bases of the
coddon forms a Watson-Crick tvpe of base pair with a complementary base

AAmtirion on the anticodon. The codon and anticodon would then be lined up in
Ny an antiparallel fashion, In the accompanving diagram at the lefi, the
—)( —‘t'—Z prirmi denotes the comph‘.tnema::y base, Thus X and X would 1‘1:: either
5 3 Aand U {or Uand A) or G and € {or C and Gl A specific predicrion of
Coden this model 1s that a particular anticodon can recognize only one codon,

The facts are otherwise. Some frere tR NA molecnles can TeCOgRIze tove than
one coden. For example, the yeast alanine tIRNA studied by Holley hinds 1o



three codons: GCU, GOC, and GGA. The first two bases of these codons are
the sarne, whereas the third is different. Could it be that the recognition
of the third base of a codon is sometimes less diseriminating than recogni-
tion of the other two? The pattern of degencracy of the genetic code
indicates that this might be so. XYU and XYC always code for the same
amino acid; XYA and XYG usually do. Crick surmised from these data
that the steric criteria for pairing of the third base might be less stringent
than for the other two. Models of various base pairs were built to deter-
mine which ones are similar to the standard A - U and G- € base pairs
with regard to the distance and angle between the glycosidic bonds. Ino-
sine was included in this study because it appeared in several anticodons,

L[ ew

Assuming some steric freedom (“wobdle™) in the pairing of the third base
of the codon, the combinations shown in Table 34-2 seemed plausible.

The wobble hypothesis is now firmly established. The anticodons of
IRNAs of known sequence bind to the codons predicted by this hypothe-
sis. For example, the anticodon of yeast alanine tRNA is IGC. This tRNA
recognizes the codons GCU, GCC, and GCA. Recall that, by convention,
nucleotide sequences are written in the 5" — 3 direction unless other-
wise noted. Hence, | (the 5’ base of this anticodon) pairs with U, C, or A
{the 3" base of the codon), as predicled.

Anticodon ¥ Anticodon Anticodon
¥ 5 EN & Ed 5
—C—G—1— C-G—1— —C G-I
b —G—C—C—  —GC—A—
5 3 5 3 g ¥
Codon Codon Codon

- Phenylalanine tRNA, which has the anticodon GA A, recognizes the co-
dons UUTU and UUC hut not UUA and UUG.

Anticodon Anticodon
¥ 5 ¥ &
—A—A—G— —A—A—G—
O—U—1— —0—0—c
@ 3 ¥
Codan Codon

Thus, G pairs with cither U or G in the third position of the codon, as
predicted by the wobble hypothesis.
Two generalizations concerning the codon-anticodon interaction can

be made:

1. The first two bases of a codon pair in the standard way. Recognition
is precise. Hence, codons that differ in either of their first fwo bases must be
recopnized Dy different tRNAs. For example, both U UA and CUA code for
lencine but are read by ditferent tRNAs,

2. The first base of an anticodon determines whether a particular
RNA molecule reads one, mwo, or three kinds of codons: C or A (1
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Table 34-2

Allowed pairings at the third base
of the codon according o the

wobble hypothesis

First basa of

Third base of

anticodon codan
= G
A u
u Aor G
G UorC
| U, C oré




Cytidine-inosine
base pair

Adenosine-inosine
base pair

Uridine-inosine
base pair

Figure 34-16
Inusine can base-pair with cytosine,
alening, or uracil because of wohble.

Figure 34-18
Ribosomes can be dissociated inio 55

kinds of proteins and 3 RNA molecules,

codan), U or G (2 codons), or 1 (3 codons). Thus, part of the degeneracy of
the genetic code arives from imprecision (wobble) in the pairing of the third base of
the codume wwith the fivst base of the anticadon. We see here a srong reason for
the frequent appearance of inosine, one of the unusual nucleosides, in
anticodons. Frosine maxinizes the wumier of codons that can be read by a partic
wlear (RNA molecde (Figure 34-16). The inosines in (RNA are formed by
deamination ol adenosine following synthesis of the primary wanseripe

RIBOSOMES ARE RIBONUCLEOPROTEIN PARTICLES (708)
MADE OF A SMALL {305) AND A LARGE (505) SUBUNIT

We have scen how wansfer RNAs, the adaplor molecules between two.
fundamentally different alphabets, become specifically. aminoueylated
and, in trn, bow their anticodons are recognized by codons. We mrn
now to ribosomes, the molecular machines that coordinate the interplay
of tRNAs, mRNA, and proteins in this complex process and catalyze pep-
tide-bond formation. An £, cofi ribosome 15 a ribonucleoprotein assemnbly
with a mass of about 2700 kd, a diameter ol approximately 200 A, and a

S0nm
1500 AF

Figure 34-17
Electron micrographs of (A) 308 subunits, (B) 508 subunits, and () 705 ribo-
somes. [Courtesy of Dr. James Lake. |

sedimentation cocfficient of 705 (Figure 54-17). The 20,000 ribosomes in
a bacterial cell constitute nearly a fourth ol its mass. A ribosome can be
dissociated int a large subunit (508) and a smell subunit ( 308) {Fipure
34-18}. These subunits can be further split inte their constituent proteina

St

235 RNA 5SS RNA

@ _& 34 proteing

/ BOS subunit
; Q9
705 ribosoma b

N 7 165 RNA

305 subunit " 21 proteins




and RNAs. The 305 subunit contains 21 different proteins (labeled 51 to
521) und a 165 RNA molecule, The 508 subunil contains 34 ditferent
proteins (labeled L1 1o L34) and two RNA molecules, a 258 and a 59
species, A ribosome contains one copy of each RNA molecule, two of the
L7 and 112 prowins, and one of each other protein. 1.7 is identical with
LI2 except that its amino terminus is acetylated. Both the 308 and 505
subunits can be reconstituted in vitro from their constituent proteins, as
was [irst achieved by Masayasu Nomura in 1968,

RIBOSOMAL RNAs (55, 165, AND 23S rRNA}
PLAY A CENTRAL ROLE IN PROTEIN SYNTHESIS

The prefix riho in the name ribosome is apt, for RNA comstitures nearly
two-thirds of the mass of these large molecular assemblies, The three
RNAs present—>58, 165, and 235—aure critical for ribosomal architecture
and function. They are formed by cleavage of primary 308 transcripts
and further processing. The base-pairing patterns of these molecules
have been deduced by carrying out chemical modification and digestion
experiments and by comparing nucleotide sequences of mAny species o
detect conserved features (Figure 34-19). The striking finding is that rife-
somat RNAs (rRNAsh are folded into defined structures with meny short duglex
OIS,

For many vears, it was presumed that ribosomal proteins orchestrate
protein synthesis and that ribosomal RNAs serve primarily as a structural
scaffold, The current view is almost the reverse. ‘The discovery of catalytic
RNA made us receptive to the possibility of a much more active role for
ENA in ribosomal function. Indecd, several lines of evidence now suggest
that ribosomal RNAs hifve directive voles in protein synthests and may indeed b
dominent:

L, Cleavage of a single bond in 165 yRNA by colicin I3, a nuclease
secreted by some bacteria, abolishes protein synthesis.

2. The amission of single proteins in the in vitro recomstitution of 308
subunits leads 1o decreased ribosomal activity rather than total loss of
funcrion.

3. A sequence in 165 rRNA sclecrs the start site in mRNA.

4. The wobble base of tRNA occupying the P site in a ribosome is
paired with a base located in a 14-nucleotide sequence in 168 rRNA that
Isidentical in more than a thousand molecules sequenced thus [ar, The
identity of this sequence in archachacteria, eubacteria, and cukarvores
indicares that it plays a critical role, one that has been conscerved over
several billion years of evolution,

5. The 3" ucceptor end of tRNA interacts with a conserved region of
235 rRNA.

B, Ribosomes virally depleted of protein can still catalyze the forma-
tion of peptide bonds. 255 rRNA, by contrast, is essential for peptidyl
wansferase activily.

7. Most antibiotics that interfere with protein synthesis do so by inter-
acting specifically with a ribosomal RNA rather than a ribosomal protein.
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RIBEOSOMAL ARCHITECTURE, INTERACTIONS, AND DYNAMICS
ARE BEING MAPPED BY MULTIPLE TECHNIQUES

Elucidating the relations betwcen ribosome structure, dynamics, and
function is a formidable challenge because of the large size (megadal-
tons) and complexity of these assemblies. Nevertheless, investigators have
succeeded in delineating the overall shape of the ribosome, its snrface
wpography, and the location of irts proteim and RNA constitents, This
impressive progress comes from the application of a wide range of lech-
niques by many laboratories, The shape of the ribosome and its 308 and
503 subumits has been reconstructed from a large number of electron-
microscopic images, Immunoelectron microscapy using antibodies spe-
cific for particular proteins has revealed the identity of many surface
features (Figure 54-20). The mRNA binding site and the 3' end of 168
RNA are simated on a plaform located between the upper and lower
parts of the 308 subunit. In a clefi formed by this platform and the upper
third of the subunit are the two tRNA binding sites. The 508 subunit
contains three protuberances, The peptidy] ransferase site that catalyzes
peptide-bond formation is located in the valley berween nwa of them: a
fingerlike projection formed by a tetramer of L7 and 1,12 proteins con-
tains the GTPase site that powers the movements of tRNAS and mRNA,
The growing polypeptide chain emerges from the ribosome on the oppo-
site side of the 508 subunic,

The lecations of all 21 proteins of the 305 subunit have been deter-
mined by neutron diffraction analyses of concentrated solutions. Neu-
mons rather than X=THYS were used | HUSe Teulrans are scallered very
dilferently by deuterium and hydrogen. The 308 subunit was reconst)-
Juted with two of its proteins deuterated—the subunits were oblained
from bacteria grown in Dy, Neutron scattering then rovealed the dis-
tance between the centewss of mass of the two deuteraled proteins in the
reconstituted particle, Many measurements of this kind on subunits con-
taining different pairs of deuterated proteins led 1o an unequivacal map
of their positions (Figure $4-21).

Figure 34-21

The liwation ol all 21 pro
Iein: the 308 rilwisomal
subunit has been mapped
by meurron diffraction anal-
vaes of reconstituted ribio-
somes containing
demerated proweing, The
white ares depict the sur
face of the 305 particle,

and the colored spherey
show the positions of the
proweing (the different col-
ors serve only 1o help dis-
tinguish mdividial spheres).
RNA occupies the unmarked
volume of the pariicle,
|Courtesy of Thes, M5, Capel,
M. Engelinan, B Free-
Barn, M. Kjeldgaard, A,
Langer, V. Ramnakrishnan,
D.G. Schindler, 1V K. Schiei-
der, B Schoenborn, 1-Y
Sillers, 5. Yabuki, antd P.B.
Moore. ]

a0l
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305 subunit

. '-Peptu dy 4
Iransferase GTPage

705 ribosome

Figure 34-20

Surtuce topography and funcriomal
sites of the 505 subunit, 508 subunir,
ared imtace 708 ribosome. [ Courtesy of
Dir. James Lake, |
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Chemical modification sindies of rRNAs have also been very informa-
tive. Naked RNA is vulnerable to attack by reagents such as kethoxal, di-
methylsulfote, and hydroxyl vadical, Nucleotides interacting with proteins
and other RNA molecules are usually shielded from atiack by these small
chemical probes. Regions of 16% rRNA that hind each ol the proteins in
the 308 subunit have been mapped in this way. These foolprinting exfieri-
ments by Harry Noller have led o a maodel for the three-dimensional
[olding of 168 rRNA (Figure 44-22). Changes in [ootprints recorded at

Figure 34-22

Madel of the lolding of 168 ribosomal RNA in the 308 subunit, The 3 ceniral,
and & domains of the RNA are shown in red, green, and hlue, respectively, The
dotted spheres mark the positions ol individual proteins, as determined by neu-
iron diffraction (see Figure $4-21). The proximity ol parl jeular regions of RNA w
these proleins was determined by footprinting experiments. [After S. Sterm,

T, Pawers, L-M. Changehien, andl HLF, Noller, Sciease 244 1084 ):783.]

different steps in peptide elongation provide revealing glimpses of the
dyvnamics ol ribosome function, Phatecoss-linking experiments 100 have
been valuable in identifying groups that are in close proximity. For exant
ple, a p}-‘rlmi:line dimer is formed between the wobble base of the anti-
codon of (RNA occupying the P site and the cytosine at nucleotide L4040
in 165 rRNA.

PROTEINS ARE SYNTHESIZED
IN THE AMINO-TO-CARBOXYL DIRECTION

One of the [irst questions asked about the mechanism of protein synthesis
was whether proteins are synthesized in the amino-to-carboxyl direction
or the reverse direction, Pulse-labeling studics by Howard Dinteis pro-



vided a clear-cut answer, Reticulooytes (voung red blood cells) that were
actively synthesizing hemoglobin were exposed o S3H-leucine. Completed
hemoglobin was sampled frequently during a period shorter than re-
quired o synthesize a complete chain. Each sample was separated inlo o
and B chains aned then reated with wypsio o fingerpring them (po 171)
In the earliest samples, only peptides from the carboxyl ends were la-
beled, Later samples vielded labeled peptides closer and closer w the
amine ends. Over all the samples, o grdient of vadicactiviy increasing frum
the amino to the carboxyl end of each chain was fouend (Figure 34-23). This
would he expected if the amino part of the sampled chains was already
synthesized prior w the addition of radivactive leacine, 15 the carboxyl
end was synthesized last, radioactive label would appear there fivst, in
chains that were almost complete when label was added 1o the mediun,
This experiment demonswated that the divection of chain ot & from e
aminn i the cavboxyt ened.

MESSENGER RNA IS TRANSLATED
IN THE 5" — 3" DIRECTION

The direction of reading of mRNA was dewermined by using the synihatic
polynucleoride

1

A-—A-—A—(A—A—A),—A A—C

as the template in a cell-free protein-synthesizing svstemn. AA A codes for
lsine, whereas AAC codes for asparagine. The polvpeptide product was

0
“H N Lys—{Lys),—Asn—C
a

Because asparagine was the carboxyl-terminal vesidue, the codon AAC
was the last to be vead, Henoe, the direction of transiation is 3 — 3,

I the direction ol ranslation were opposite to that ol transcription.
only fully synthesized mRNA could be translared. In conurasy, if the direc-
tions were the same, mBENA could be translated while it is being synthe-
sized. In fact, mRNA too is synthesized in the 5 — 3' direction (p. 843).
In E. eoli, almost no time is Iost between wranscription and wanslation.
The 5" end of mRNA interacts with ribosomes very soon after it is made,
much before the 3" end of mRNA is finished (Figure 34-24). An important
Seature of prokaryolic gene expression is that translation awd Sanseriplion are
clasety eonpled v spece and tine.

SEVERAL RIBOSOMES SIMULTANEOUSLY TRANSLATE
A MESSENGER RNA MOLECULE

Many ribosomes can simultaneously translate an mRNA molecule. This
parallel synthesis markedly increases the elliciency of wilization of the
mRNA. The group ol ribosomes baund to an mRNA molecule s called a
pulyrifosome or a polysome. 'The ribosomes in this unit operate indepen-
| dently, each synthesizing a complere polypeptide chain, The maximum
| densit}' ol ribosomes on mRNA is abowt | ribosome per 80 nucleotides,
Polyribosomes synthesizing  hemaoglobin (which contains about 145
| amino acids per chain, or 500 nucleotides per mRNA) tvpically consist ol

1
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Distriburion of FH-leucine in o chains
of hemeglobin synthesized afier
exposure of reliculocyles 1o ritiabed
leucine. The higher radioactivity of
the carbwyl ends relative o the
aming ends indicates that the
carboxyl cnd of cach chain was
senthestzed Tast.

Figure 34-24

Transeription of a secrion of the DNA
of K. i and translation of the nas-
cent mRNA. Oy part of the chromo-
some is being transcribel. | From

O.L. Miller, Jr., Barbara A. Hamkalo,
and CAL Thomas, [r. Visualization of
hacterial genes in action, Science
T69{1970):592. |
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Formation of Tormylmethionyl-tRNAy

five ribosomes bound to an mRNA molecule, Ribosomes closest Lo the 3
end ol the messenger have the shortest poly peptide chains, whereas those
nearest the 37 end have almost finished chains {Figure 54-25). Ribosomes
dissociate into 305 und 305 subunits soon alter the polypeptide product is
released.

a Nearly completed
_protein

Beginning of
protein

mKMA i the 5°— 3" direction. They
[unetion independenedy al one
another.

Figure 34-25
Diagram of a polyribosome (poly- @
some). Ribosomes move along the

PROTEIN SYNTHESIS IN BACTERIA IS INITIATED BY
FORMYLMETHIONYL TRANSFER RNA

How does protein synthesis stare: The simplest possibilite a priori is that
the first three nucleotides of each mRNA serve as the first codon; no
special start signal would then be needed, However, the experimental fact
is that manslation does not begin immediately ar the 5 erminns of
mBENA, Indeed, the first translated codon is nearly always more than 25
nueleatides away from the 5 end. Furthermore, many mRNA molecules
in prokarvotes are polyerstronic—that is, they code for twe or more poly-
peptide chains. For example, a single mRNA molecule about 7000 nucle-
otides long specities [ive enzymes in the biosynthetic pathway lor wyplor
phan in E. cofi. Each of these five proteins has its own start and stop
signals on the mRNA. In fact, all kuown mBRNA moltecides contain signals that
define the beginning and end of each encoded polypepiide chain,

A clue o the mechanisn of initiation was the finding that sarly half
the amino-terminal residues of proteins m E. ol are meTu:m .yt this
amino acid 5 uncommon at other positions of the polypeptide chain.
Furthermaore, the amino terminus of nascent proteins is usually modificd,
which suggests that a derivative of methionine parricipates in initiation,
In fact. profein syndhesis in bacteria stavts with N-formyhmethionine ( (Met), A
special IRNA brings formivlmethionine to the ribosome to initiate prolein
synthesis. This fnitiator t(RNA (abbreviated as 1R\ ¢} is different from the
one that inserts methionine ininternal positions (abbreviated as tRNA,, ).
The subscript findicates that methionine attached 1o the initiator (RNA
can boe formylated, whereas it cannot be formylated when attached to
IRNA L

Methionine is linked to these two kinds of (RNAs by the same aminoe-
acyl-tRNA synthetase (Figure 34-26). A specilic enzyme then formylates




the amino group of methionine that is attached 1o tRNAy, The activated
[ormy] donor in this reaction is N formyhiemrahydrofolaie (p. 720). It is
sipnificant that free methionine and methionyl-tRNA,, are not substrates
for this mranstformylase,

THE START SIGNAL IS AUG (OR GUG) PRECEDED BY
SEVERAL BASES THAT PAIR WITH 165 rRNA

The initiating codon in mRNA is AUG (methionine) or, much less Ire-
quently, GUG {valine). TTow is an initiating AUG or GUG distinguished
from one that encodes an internal residue of a prowein? The fivst siep
loward answering this question was the isolation of initiator regions from
a number of mRNAs, This was accomplished by digesting mRNA-ribo-
some complexes (formed under conditions of chain initiation bhut not
elongation) with pancreatic ribonuclease. In each case, a sequence of
about 30 nucleotides was protected [rom digestion. As expected, each of
these indtior regions displays an AUG {or GUG) codon (Figure 34-27).
In addition, each initiator region contains a purine-rich sequence cen-
tered about 10 nucleotides on the 5 side of the initiator codon.

iGCAC-G.AAAUCUG&Q‘QGAACGCUA% E. coli trpA
vuucGA UEBEE UGAAACGAUBGCGAUUGCA £
GGUAACEREENAACAACCAUBCGAGUGUUG £ col thid
casuucAcBEBECHGAAUBUGAAACCAGUA £
AaUCUUEEEEEC U UUUUUAUEGUUCGUUCL X174 phage A protein
UaaCHBEEEAUGAAAUGCAUBUCUAAGACA  OF phage replicase
ucc UBSBEEEEHE U UGACCUAUBCGAGCULUU  R17 phage A protein
AUGUAC IEREEEEETUGURAUGGAACAACGE A phage ero

1 | S |

coli aral

cali lac/

Pairs with Fairs with
165 rAMNA iritintor tIRMA

Figure 34-27
Sequences ol initiation sives for protein synthesis in some bacterial and vical
miENA malecules,

The role of this purine-rich region (called the Shine-Dalgarnn sequence)
became evident when the sequence ol 168 rRNA was elucidated, The 3
end of this RNA component of the 508 subunit contains a sequence of
several bases that is complementary to the purine-rich region in the initi-
ator sites of mRNA. In [act. a complex of the 3 end of 165 rRNA and the
initiator region of mENA has been isolated from an enzevmatic digest of
the initiation complex (Figure 34-28). The sequences of more than 70

3"t|:|H g 3" end of
165 rRNA

A Wi

U c

uccucca

5 : .
GAUUCCUNGERGED U UGACCUAUGCGAGCUUUUAG U-— Messenger RNA
'H'Ju?l—f—\‘u' Ala—~Phe ! Sor— Polypeptide
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Figure 34-28

Base pairing between the purine-rich
region (blue) in the initiator region
of an mRNA and the 3" end of 165
rRNA (red), The AUG codon (preen)
defines the start of the I,HJ]}“]J("P(id{'
chain. The mRNA shown here codes
tor the A prowein of R17 phage. The
purine-rich region is known as a
Shine-Thilgarno sequence.,
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Figure 34-29

Initiation phase of procein svnthesis:
formation of a 308 mitiadon com-
plex, [ollowed by a 705 initiation

complex.,

known initiator sites show that the number of base pairs between mRNA
and 168 tRNA ranges [rom three to nine, Mutagenesis of the CCUCC
sequence near the 3 end of 165 rRNA 0 ACACA markedly interferes
with the recognition of start sites in mRNA. Thus, faw Feinds uf interactiong
dletermine where protein synthesis starts: the paiving of mANA bases with the 3 md
of 168 rRNA, and the fraiving of the Biitiator codon on mRNA with the anticodon
of fMet initiator tRNA 2

FORMYLMETHIONYL-tRNA; IS PLACED IN THE P SITE
OF THE RIBOSOME BY THE 70S INITIATION COMPLEX

How are mRNA and formylmethionyl-URNA ¢ brought o the ribosome 1o
initiate protein svnthesisy Three protwein initindion faciors (IFL TF2, and
IF3) arve essential. The 308 ribosomal subunit first forms a complex with
these three factors (Figure 34-29). The binding of GTP 1o [F2 enables
mRNA and the initiator tRNA to join the complex as [F3 is released.
Formylmethionyl-tRNAy is specilically recognized by IF2, and the release
of IFG allows the BOS subunit 1o join the complex. Hyvdrolysis of GIT
bound tw IF2 on entry of the 305 subunit leads o the release of IF]L and
IF2, The result is a 708 initiation compler. The 1.7 and nearly identical 112
proteins of the 508 subunit participate in GTP hydrolysis, which is essen-
tial for forming a productive initiation complex. The L7/L12 spike on
the large subunit (see Figure 34-20 on p. 891) also participates in GIP
hyddrolvsis during the elongation phase ol protein synthesis,
Formation of the 705 initiation complex significes that the ribosome s
ready [or the elongation phase of protein synthesis. Vhe fMet-t R NAg mole-
ctle aectfries the P (eptidyl) site on the ribosome, The other two sites for tRNA
molecules—the A {aminoaeyf) site and the E {exit) site—are empty. The
existence ol distinet P and A sites was inferred trom studies of puromycin,
an antibiotic o be discussed shordy (p. 902}, The important point now is
that fMet-tRNA g1 positioned so that its anticodon pairs with the initiat-
ing AUG (or GUG) codon on mRNA. The reading frame is defived by this
inderection and by the paiving of the adjeining puvine-rich sequence to a frvimi-
dine-rich sequence in 168 RNA (sce Tigures 34-27 and 34-28), How were
polyiU} and other synthetic polypeptides without start signals wanslaed
in the studies leading to the elucidation of the genetic code (p. 105)¢
Formnarely, nomspecific initiation occurred because the concentration of
Mg®™ in the reaction mixture was much higher than it is in vivo.

THE GTP FORM OF ELONGATION FACTOR Tu DELIVERS
AMINOACYL-tRNA TO THE A SITE OF THE RIBOSOME

The elongation cvele in protein synthesis begings with the insertion of an
aminoacyl-IRNA into the empty A site on the ribosome, The particular
species inserted depends on the mBRNA codon that is positioned in the A
site, The cognate aminoacyl-tRNA does not simply leave the synthetase
and diffuse 1o the A site, Rather, it is delivered to the A site by a 43-kd
protem called elmgation. foctor Tu (EF-Tu). BF-Tu, like I[F2, contains a
bound guanyl nucleotide and cveles between o GUP and a GDP form
(Figure 34-30). Alter ET-Tu has positioned the aminoacyl-tRNA in the A
site, GTP is hydrolyzed. The GDP form of EF-Tu then dissociates from the
ribosome. £0- 75, a second elongation facror, joins the EF-Tu complex and
induces the dissociation ol GDP. Finally, GTT binds to EF-Tu, and EF-Ts is
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- IRNA —
as-iANA H O
\/ "
= Ribosoms
GTY with aa-tANA
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Figure 34-30
Reaction cycle of clongation lactor Tu (EF-Tuj,

concomitantly released, EF-Tu containing bound GTP iy now ready 1o
pick up another aminoacyl-tRNA and deliver it 1o the A site of the ribo-
BT

It is noteworthy that EF-Tu dees not interact with fMet-tRNAp Henee, this
initiator tRNA is not delivered o the A site, In contrast, Met-tRNA,,, like
all other aminoacyl-tRNAs, does bind to EF-Tu. These findings account
for the fact that internal AUG codons are not vead by the initiatsr tRNA. Con-
versely, initiation factor 2 recognizes [Met-tRNAy but no other tRNA.

This GTP-GDP cvele of EF-Tu is reminiscent of that of wransducin in
vision (p. 336), the stmulatory G protein in hormone action (p. 542),
and the ras protein in growth control {p. 3565). Indeed, the amino-termi-
nal domain (the G-domain) of EF-Tu is structurally similar 1o the GTT-
binding subumit of these signal-transducing proteins, The other two do-

Amincacyl-tRNA
bindinlg site

GTPase
domain
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Figure 34-31

Structure of the GTP form of EF-Tu,
a tripartite protein. The GTPase do-
miain i shown in red, and the other
twor dlomains in blue and green. The
Taaundd hydialysis-resistant analog of
GTP is shown in vellow. The location
of the binding site for aminoacyl-
1tRNA was inferred from labeling and
mutagenesis studies, (A) Schematic
dingram. (B) Space-filling model.
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