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High-fidelity transfers of genetic information in the central dogma can be achieved by
a reaction called editing. The crystal structure of an enzyme with editing activity in
translation is presented here at 2.5 angstroms resolution. The enzyme, isoleucyl-transfer
RNA synthetase, activates not only the cognate substrate L-isoleucine but aiso the
minimally distinct L-valine in the first, aminoacylation step. Then, in a second, “editing”
step, the synthetase itself rapidly hydrolyzes only the valylated products. For this two-
step substrate selection, a “double-sieve” mechanism has already been proposed. The
present crystal structures of the synthetase in complexes with L-isoleucine and L-valine
demonstrate that the first sieve is on the aminoacylation domain containing the Ross-
mann fold, whereas the second, editing sieve exists on a globular B-barrel domain that

protrudes from the aminoacylation domain.

Editing reactions are essential for the high
fidelity of genetic information transfer in
replication and translation (error rates of
1/2400 to 1/40,000) (I, 2). Translation ac-
curacy depends on the editing activities of
aminoacyl-tRNA synthetases (aaRSs) (2—
4). The aaRS:s esterify cognate amino acids
with their specific tRNAs, which decode
trinucleotide sequences (anticodons) into
amino acids corresponding strictly to the
genetic code. The amino acid and adeno-
sine triphosphate (ATP) form an aminoacyl
adenylate as an active intermediate, and
the aminoacyl moiety is then transferred to
the 3 terminal adenosine of the tRNA.
The accuracy of protein biosynthesis de-
pends on the correct recognition of amino
acids and tRNAs by aaRSs. Discrimination
between L-isoleucine and L-valine is one of
the most difficult recognitions to achieve,
because they differ by only one methylene
group in their aliphatic side chains. Pauling
estimated, from a value of about 1 kcal
mol ™! for the hydrophobic binding energy

O. Nureki, M. Tateno, S. Yokoyama, Department of Bio-
physics and Biochemistry, Graduate School of Science,
University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo
113, Japan, and Institute of Physical and Chemical Re-
search (RIKEN), 2-1 Hirosawa, Wako, Saitama 351-01,
Japan.

D. G. Vassylyev, International Institute for Advanced
Research, Central Research Laboratories, Matsushita
Electric Industrial, 3-4 Hikari-dai, Seika, Kyoto 619-02,
Japan.

A. Shimada, T. Nakama, S. Fukai, Department of Bio-
physics and Biochemistry, Graduate School of Science,
University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo
113, Japan.

M. Konno, Department of Chemistry, Faculty of Science,
Ochanomizu University, 2-1-1 Otsuka, Bunkyo-ku, To-
kyo 112, Japan.

T. L. Hendrickson and P. Schimmel, Skaggs Institute for
Chemical Biology, Scripps Research Institute, 10550
North Torrey Pines Road, La Jolla, CA 92037.

*To whom correspondence should be addressed. E-mail:
yokoyama@y-sun.biochem.s.u-tokyo.ac.jp

578

of a methylene group, the error rate for
L-valine replacing L-isoleucine to be about
one in five (5). Thus, it is thermodynami-
cally impossible for isoleucyl-tRNA syn-
thetase (IleRS) to achieve strict discrimina-
tion [an error rate as low as 1/40,000 (3)]
between L-isoleucine and L-valine through
ordinary one-step recognition. Actually,
[leRS has an additional editing activity that
hydrolyzes both valyl-adenosine mono-
phosphate (Val-AMP) and Val-tRNA" in
a tRNA!"-dependent manner (24, 6, 7), as

follows:
IleRS + Val + ATP —
[leRS-Val-AMP + PP, (1)
[leRS*Val-AMP + tRNA' —
1leRS + Val + AMP + tRNA (2)

where PP, is inorganic pyrophosphate. In
Eq. 1, the L-valine is activated. In Eq. 2,
tRNA-dependent editing occurs. In this
overall reaction, the Val-AMP is directly
hydrolyzed to Val + AMP in a pretransfer
editing, and, in addition, some Val-tRNA!'s
forms, which is deacylated by the enzyme
(posttransfer editing). The overall editing
reaction (including both) is measured by
the hydrolysis of ATP in the presence of
L-valine and tRNAU!®. Fersht first proposed
a “double-sieve” model for two-step sub-
strate selection (2): Amino acids larger
than the cognate L-isoleucine are strictly
excluded by the first, amino acid activation
site, serving as the “coarse sieve,” and small-
er ones, such as L-valine, are strictly elimi-
nated by the “fine sieve” of the second
hydrolytic site. The site for editing is dis-
tinct from that for amino acid activation (6,
8, 9). In addition to IleRS, valyl-tRNA
synthetase (ValRS) has similar editing ac-

tivities against an isosteric substrate, L-thre-
onine (3, 7).

The crystal structure of Thermus ther-
mophilus [leRS (1045 amino acid residues,
120 kD) and those of the complexes of [leRS
with L-isoleucine and L-valine were deter-
mined at resolutions of 2.5, 2.8, and 2.8 A,
respectively (Table 1) (10). IleRS belongs to
the class I synthetases (11), which are char-
acterized by an ATP-binding domain con-
structed with a Rossmann fold. Thermus ther-
mophilus 1leRS is a thick, L-shaped molecule
with an approximate size of 100 A by 80 A
by 45 A (Fig. 1). The lleRS structure exhib-
its the Rossmann-fold domain at the center,
B-rich intervening domains at the top, and
an a-rich cylindrical domain at the bottom
(Fig. 1).

The Rossmann-fold domain (shown in
orange in Fig. 1) has a central deep catalytic
cleft with two characteristic ATP-binding
motifs, His>*-Val>>-Gly*®-His’” and Lys*"'-
Met*?2-Ser *?3-Lys’?*, on its lower level. In
the L-isoleucine‘IleRS complex, one L-iso-
leucine molecule is bound at the bottom of
this catalytic cleft (Fig. 2, A and B). The

hydrophobic side chain of L-isoleucine is

Fig. 1. Schematic drawing of the structure of T.
thermophilus 11eRS. The NH,-terminal extension,
the Rossmann-fold domain, an a-a-B-a domain
specific to monomeric class | synthetases (37),
and the a-helix bundle domain are shown in white,
orange, violet, and red, respectively. The COOH-
terminal 217 residues of the lleRS are partially
disordered, and only two helices (shown in pink)
could be traced. In addition, the IleRS has an
insert, in the Rossmann-fold domain, consisting of
four structural domains (Ins-1, Ins-2, Ins-3, and
Ins-4 domains, as shown in blue, aqua, green,
and light green, respectively). The bound Zn?*
ions are represented by red balls.
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Fig. 2. (A) Omit electron density, contoured at 3.5¢, for the
L-isoleucine molecule bound to the lleRS Rossmann-fold do-
main. (B) The ball-and-stick representation of the L-isoleucine
molecule bound to the aminoacylation site in the Rossmann-fold
main of the lleRS. The carbon atoms of the bound L-isoleu-
cine and the a -site amino acid residues are shown in green
rellow, respectively. The nitrogen and oxygen atoms are
shown in dark blue and red, respectively. (C) The L-valine mol-
- bound to the aminocacylation site of lleRS. Presentation is
as in (B)

recognized by a pocket consisting of Pro*, the NH;* and COO™ groups, respectively fit into this pocket, because of the steric
Trp>!8, and Trp>>® through van der Waals  (Fig. 2B). These residues are completely hindrance of one of the terminal methyl
interactions (Fig. 2B). The Asp®® and conserved among the 17 [leRSs cloned thus  groups (13). Naturally, larger amino acids
GIn*>* residues form hydrogen bonds with  far (12). The L-leucine side chain does not are occluded from this pocket. In contrast,

Table 1. Crystallographic data and refinement statistics (70). The crystals = 126°, and contain one molecule per asymmetric unit, resulting in a solvent
belong to the space group C2, witha = 160 A b=945Ac=127A and B content of 63%. The average refined B factor of the present model is 25.53 A2.

. lleRS + lleRS + A132C
Native L-isoleucine L-valine K3C +Hg + Hg SEM
Diffraction data

Resolution (A) 25 2.8 2.8 2.8 ‘ 2.8 3.0
Unique reflections 47,068 34,977 31,936 30,083 29,360 27,791
Total reflections 134,577t 116,528+ 66,364 93,579 88,169 59,728
Binerge (%) 6.4 (35.2)t 5.1 (38.1)f 5.7 (40.1)t 6.9 6.5 4.9
Completeness (%) 88.5 95.3 (91.3)F 87.5 (86.4)F 97.9 95.8 90.1

(65.7)

Phasing statistics (3.0 to 50 A)
Ry ()E 14.0 17.0 11.0
Overall phasing power$ 2.29 1.60 1.32
R sl 0.66 0.75 0.84
Refinement statistics

Resolution (&) 2.5-15 2.8-15 2.8-15
Number of reflections 46,804 34,034 30,303
Number of protein atoms 6,698 6,688 6,695
Number of zinc ions 2 2 2
Number of water molecules 322 0 0
rmsd bond lengths (A) 0.017 0.021 0.019
rmsd bond angles (°) 2.25 2.96 2.92
rmsd impropers (°) 1.65 1.06 1.03
RuorRiree (0T 22.2/29.8 21.4/30.3 21.0/31.2
"Rrnerge = Zn2; [, — U172, 3,11,1, where h are unique reflection indices and i indicates symmetry equivalent indices.  tNumbers in parentheses correspond to the values in the
highest resolution shell. fRyer = 2| Fony — Fol /21 Fol, where | Aol and | Fiy, | refer to the measured structure factor amplitudes of the native and the derivative. §Phasing power
=t JEne Where f = [SFA/NY2and £, = [SFpy — |Fp + A2 IRoue = SUFL = (IFonl = 1FhY U Fasl = IF:1) (only for centric refiections), where |F,,|

represents the calculated heavy atom structure factor. 9 R, = =|F, — F,|/SF, for all reflections and Ry, = 2 |F, — F,|/SF,, calculated on the 10% of data excluded

. free
from refinement.
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in the L-valine-lleRS complex structure,
an L-valine molecule is actually bound to
the same site (Fig. 2C). The hydrophobic
contact area of the L-valine side chain
with those of Pro*¢ and Trp®*® is slightly
smaller than that of the L-isoleucine side
chain (Fig. 2, B and C), which is consis-
tent with the calculation by Pauling (5)
and with previous kinetics (3). All of
these results agree with the concept of the
first, coarse sieve in the double-sieve
mechanism of editing (2). All of the ami-
no acid residues that form the amino acid—
binding pocket, except GIn®**, are con-
served in the ValRSs (12). In contrast,
ValRS has an invariant Pro as a substitute
for Gly* neighboring Pro*¢, which may
narrow the space within the hydrophobic
pocket to exclude L-isoleucine. In fact, the
substitution of Ala for Gly>® of Escherichia
coli [1eRS, which corresponds to the Gly*
of T. thermophilus I1eRS, reduced the ami-
no acid-binding activities and completely
eliminated the discrimination between L-
isoleucine and L-valine (6).

The Rossmann-fold domain has a B-rich
insert consisting of four structural domains
(Ins-1 to Ins-4) (Fig. 1). The Ins-1 and
Ins-4 domains (shown in blue and light
green, respectively, in Fig. 1) have zinc ions
coordinated to  Cys'81-X,-Cys'84-X,04-
Cys?®X,-Cys*®? and Cys*®1-X,-Cys#64-
X;,-Cys>%2-X-Cys*** (where X is any amino
acid), respectively. The Ins-1 zinc-binding
structure includes an unusually long insert
between the second and third Cys residues,
which encompasses the entire 191-residue
globular Ins-2 domain (shown in aqua in
Fig. 1). A B-barrel core and a protruding B

ribbon of the Ins-2 domain form a deep
cleft, the size of which is comparable to that
of the catalytic cleft of the Rossmann-fold
domain (Fig. 1).

The “CP1” fragment (14) (corresponding
to the present Ins-1 and Ins-2 domains)
cloned from E. coli [leRS retains the specific
Val-tRNA" editing activity (9). In the
present L-valine'lleRS complex structure, a
second L-valine molecule was identified at
the bottom of the deep cleft in the Ins-2
domain (Fig. 3, A and B). In contrast, in the
L-isoleucine:lleRS complex structure, no
electron density was observed in this second
pocket (13). Therefore, the second pocket
on the Ins-2 domain is specific for L-valine,
indicating that this pocket is the site for the
second, fine sieve of the double-sieve mech-
anism (2). The space made up of the invari-
ant Trp?>? and Tyr*® residues is just large
enough to accommodate L-valine and there-
fore is too small for L-isoleucine (Fig. 3B).
This is in striking contrast to the first pocket
on the Rossmann-fold domain, where there
is room for one more methyl group in the
L-valine-lleRS complex structure (Fig. 2C).
This result is consistent with the previous
finding that the substitution of Phe for
Tyr*®, which corresponds to Tyr’®® of the
T. thermophilus [leRS, substantially affects
the editing activity of the E. coli [leRS (8).

To demonstrate that the cleft on the
Ins-2 domain actually functions as the hy-
drolytic editing site, we constructed an
[1eRS mutant [A(219 to 265)] that lacks 47
amino acid residues, including the Trp?*? of
the L-valine-specific pocket. This deletion
mutation completely abolished the Val-
tRNA" editing activity, in accordance

Tyr386
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Fig. 3. (A) Omit
lleRS editing
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sieve) in the Ins-2 domain of the lleRS. Pres

with our placement of the second, fine sieve
at this site. This mutant exhibited nearly
the same (or even slightly higher) activity
for Ile-tRNA" synthesis [a Michaelis con-
stant (K ) value of 91 uM for L-isoleucine
and a first-order rate constant (k) value of
0.78 s71] as that of the wild-type IleRS (a
K., value of 45 pM for L-isoleucine and a
k.. value of 0.69 s™') (15). On the other
hand, the ability of this mutant IleRS to
mischarge tRNA!® with L-valine was dras-
tically higher (the K | value for L-valine and
the k_, value are 86 pM and 0.21 s,
respectively) than that of the wild type (not
detectable). It is surprising that the K
value for L-valine is the same as that for
L-isoleucine in the aminoacyl-tRNA forma-
tion. The discrimination factor is as small as
3.5 and agrees well with the values that had
been obtained by theoretical calculations
(5) and previous kinetic measurements (3).
This result demonstrates that the discrimi-
nation between L-isoleucine and L-valine
depends primarily on the editing reaction.
The cleft on the Ins-2 domain is now
identified as the catalytic site for specific
editing against Val. Manual fitting of Val-
AMP and Val-tRNA!® into this cleft con-
firmed that the mouth of the cleft is wide
enough to accommodate the valylated
products (13), but, once bound, how are the
valylated products hydrolyzed? Near the L-
valine-specific pocket, two absolutely con-
served peptide segments come together to
form the bottom of the cleft in the Ins-2
domain. The first peptide segment has a
Thr-rich sequence, Trp??’-Thr-Thr-Thr-
Pro-Trp-Thr-X-X-X-Asn, in which the
Trp?3? residue is involved in the L-valine-

Trp232

cule bound to the

at 2.5¢, for the L-valine mole
site (the second, fine
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specific pocket (Fig. 3B). The second seg-
ment has a sequence of Gly*'*-Thr-Gly-X-
Val-His. In the present structure, Thr*° in
the first segment is closest to the carboxyl
oxygen of the bound L-valine; the Oy atom
is 5.0 A away from the carboxyl oxygen
(Fig. 4). Furthermore, near the bound L-
valine, Thr??8, Thr?*°, Thr?33, and Asn?*’
from the first segment and His®!® from the
second segment are located in close prox-
imity (Fig. 4), which is reminiscent of the
catalytic triads of hydrolases (16-18). Final-
ly, a water molecule was found to be tightly
bound in the editing cleft (Fig. 4).

Further mutagenesis analyses were made
on the E. coli [leRS (19), which has been
the most extensively studied [leRS in terms
of editing catalysis (2—4, 6-9, 20). Ala mu-
tations of Thr** and Asn%*°, which corre-
spond to Thr?*° and Asn?*’, respectively, of
T. thermophilus 11eRS, completely abolished
editing activity against Val, with little
change in aminoacylation activity. In con-
trast, Ala mutants of Thr** and Thr?%,
corresponding to the T. thermophilus Thr?28
and Thr?3?, respectively, showed nearly the
same editing activities as the wild-type en-
zyme (21). These mutagenesis results con-
firm the identity of this cleft as the editing
site and the catalytic importance of both
Thr?*° and Asn?*’.

ValRS also exhibits an editing activity,
which deacylates Thr-AMP and Thr-
tRNAV? (3, 7). A sequence alignment be-
tween [leRSs and ValRSs revealed that
ValRSs also have two corresponding invari-
ant peptide segments, Ala-Thr-X-Arg-Pro-
Glu-Thr-X-X-X-Asp and Gly-Thr-Gly-X-

Lys. The invariant Asp and Lys residues of
ValRSs correspond to Asn?*’ and His®'?,
respectively, of T. thermophilus IleRS. The
Trp residue in the L-valine—specific pocket
of the IleRS is switched to the invariant
Glu residue, which may recognize the hy-
drophilic side chain of the misactivated L-
threonine.

The present findings show that the “ed-
iting” reaction is the latter half of a stepwise
substrate selection and is not an ordinary
error correction. Therefore, this reaction is
unique among the essential editing or proof-
reading processes necessary to achieve high
accuracy of information transfer in the cen-
tral dogma (replication, transcription, and
translation) (I, 2). The ATP consumption
with regard to L-valine is nonproductive and
is solely for substrate selection, which dem-
onstrates the high cost of accuracy. The
Ile-Val discrimination is biologically impor-
tant. For example, a single Ile-Val mutation
reduces protein stability (22) and has a sub-
stantial effect on biological phenomena,
such as lung cancer susceptibility (23) and
human immunodeficiency virus—1 drug resis-
tance (24). On the other hand, it is inter-
esting from an evolutionary viewpoint that
all of the enzymes catalyzing the central steps
of Ile-Val biosynthesis and metabolism do
not distinguish, or can neglect the differ-
ence, between the two aliphatic amino acids,
as was observed for the first catalytic site of
IleRS. This finding implies that a putative
ancestral enzyme of [leRS and ValRS might
have actually had a similar dual specificity
for L-isoleucine and L-valine in a primordial
genetic code system.

Fig. 4. Stereoview of the IleRS editing site as a ball-and-stick representation. The nitrogen and oxygen
atoms are shown in dark blue and red, respectively. The carbon atoms of the essential residues in lleRS
and those of the bound L-valine are shown in yellow and green, respectively. The tightly bound water

molecules are shown as large red balls.
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Dependence of Germinal Center B Cells on
Expression of CD21/CD35 for Survival

Michael B. Fischer,” Siegfried Goerg,” LiMing Shen,
Andrey P. Prodeus, Christopher C. Goodnow,
Garnett Kelsoe, Michael C. Carrollf

Affinity-driven selection of B lymphocytes within germinal centers is critical for the
development of high-affinity memory cells and host protection. To investigate the role
of the CD21/CD35 coreceptor in B cell competition for follicular retention and survival
within the germinal center, either Cr2* or Cr2™ lysozyme-specific transgenic B cells
were adoptively transferred into normal mice immunized with duck (DEL) or turkey (TEL)
lysozyme, which bind with different affinities. In mice injected with high-affinity turkey
lysozyme, Cr2"U' B cells responded by follicular retention; however, they could not
survive within germinal centers. This suggests that CD21 provides a signal independent
of antigen that is required for survival of B cells in the germinal center.

The murine Cr2 locus encodes comple-
ment receptors CD21 (CR2; 150 kD) and
CD35 (CR1; 190 kD) that are expressed
primarily on B cells and follicular dendritic
cells (FDCs) (1). Cr2™!" mice have im-
paired immune responses to T-dependent
antigens (2, 3); the defect is in the B cell
compartment (2, 4). The natural ligands for
CD21 and CD35 are activation products of
complement C3 (C3d and C3b, respective-
ly) (5) that are covalently coupled to anti-
gen (6); mice deficient in C3 have impaired
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humoral responses similar to those observed
in Cr2™! animals (7). In studies in which
fusion proteins of C3d and hen egg ly-
sozyme (HEL) were used, B cell activation
in vitro and in vivo was enhanced and
dependent on the presence and density of
C3d (8). Thus, CD21/CD35 may be a po-
tent coreceptor for complement-decorated
antigens that can raise the intensity of sub-
optimal activating signals.

To examine directly the fate of B cells
deficient in CD21/CD35 in an immune
recipient, we bred Cr2™!" mice with mice
expressing a transgenic (tg) immunoglobu-
lin (Ig) consisting of both heavy and light
chains, which bind avian egg lysozymes
with very high affinity (9). The importance
of CD21/CD35 as a coreceptor in B cell
activation by antigen ligands that bind with
increasingly substantial affinities was exam-
ined by comparing the response of Cr2*
and Cr22" lysozyme-specific Ig tg B cells to
DEL and TEL, respectively (10, 11). As
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expected, 10- to 100-fold less TEL than
DEL was required for the induction of pro-
liferative responses and up-regulation of the
CD86 costimulator molecule in both groups
of tg B cells (12). Thus, activation through
the B cell receptor (BCR) in the absence of
complement is comparable in Cr2* and
Cr2™!! tg B cells, and B cell activation and
proliferation is proportional to antigen
affinity.

To examine the importance of B cell
expression of CD21/CD35 in combination
with low-affinity antigen (DEL) in vivo, we
adoptively transferred splenic B cells isolat-
ed from either Cr2* or Cr2™! lysozyme-
specific Ig tg mice with DEL into wild-type
(WT) recipients that had been primed 7
days carlier with DEL (13, 14). Cr2™! tg B
cells from the spleen declined over the
5-day period in the DEL-primed recipients
(Fig. LA); by day 5 after transfer, there were
75% fewer Cr2™!! than Cr2™ tg B cells
(0.26 = 0.04% versus 1.14 = 0.26%, re-
spectively; P < 0.01) in the recipient
spleens (15). An increase in Cr2™" tg B
cells in the blood was observed by day 5
(Fig. 1B); however, this did not account for
the loss of cells from the spleen given the
relatively low number of B cells in blood
compared with spleen. Loss of Cr2™! tg
cells from the spleen was confirmed by im-
munohistochemical analysis (Fig. 2, A to D,
and Table 1) and correlated with a low
frequency of expression of CD86 (B7-2) at
day 1 after transfer (12). Although similar
numbers of Cr2* and Cr2™! tg B cells were
present on day 1 in the primary splenic
follicles of immune recipients (Fig. 2, A and
C), by day 5 less than 2% of follicles held
Cr2™ tg B cells compared with 85% of
follicles positive for Cr2* tg B cells (Fig. 2,
B and D, and Table 1) (16). The loss of the
Cr2™!! tg B cells in DEL-immune recipients
was greater than that in nonimmune con-
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