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transfer records, corresponding to a steady-state 
current, was subtracted from all records present- 
ed. This current probably corresponds to a low 
rate of pump cycling.during which three cytoplas- 
mic Na ions are exchanged for two extracellular 
Na ions (16). All results were obtained at 37°C. 
Membrane capacitance was determined as the 
difference between pipette capacitance with the 
intact membrane patch and the capacitance after 
patch rupture with subsequent formation of a 
hydrocarbon (hexane) meniscus, about 1 ym in 
thickness, across the pipette orifice. The extracel- 
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Crystal Structures at 2.5 Angstrom Resolution TyrRS (7) and TrpRS (8). A catalytic 

of Seryl-tRNA Synthetase Complexed with pathway for the amino acid activation has 
been proposed for TyrRS (9) and GlnRS 

TWO Analogs of Seryi Adenylate (10). For class 2 synthetases, preliminary 
results have been eiven for the ATP bind- 
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Crystal structures of seryl-tRNA synthetase from Thermus thermophilus complexed with 
two different analogs of seryl adenylate have been determined at 2.5 A resolution. The first 
complex is between the enzyme and seryl-hydroxamate-AMP (adenosine monophos- 
phate), produced enzymatically in the crystal from adenosine triphosphate (ATP) and 
serine hydroxamate, and the second is with a synthetic analog of seryl adenylate (5 ' -0 
[N-(L-seryl)-sulfamoyI]adenosine), which is a strong inhibitor of the enzyme. Both mole- 
cules are bound in a similar fashion by a network of hydrogen bond interactions in a deep 
hydrophilic cleft formed by the antiparallel p sheet and surrounding loops of the synthetase 
catalytic domain. Four regions in the primary sequence are involved in the interactions, 
including the motif 2 and 3 regions of class 2 synthetases. Apart from the specific rec- 
ognition of the serine side chain, the interactions are likely to be similar in all class 2 
synthetases. 

Aminoacyl-~RNA synthetases specifically 
attach amino acids to the 3'-adenosine of 
their cognate tRNAs in a two-step reac- 
tion. In the presence of MgZ+ and ATP, 
the enzyme first activates the amino acid to 
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form the enzyme-bound aminoacyl-adenyl- 
ate intermediate. In the second step, the 
amino acid is ligated to the cognate tRNA. 
The 20 aminoacyl-tRNA synthetases are 
divided into two classes of ten (1, 2). The 
two classes are characterized by different 
short sequence motifs and have quite differ- 
ent catalytic domain topologies, the Ross- 
mann fold for class 1 and an antiparallel P 
fold for class 2 (3). For class 1 synthetases, 
crystal structures of complexes with ATP 
have been described for methionyl-tRNA 
synthetase (MetRS) (4) and GlnRS (5), 
with the amino acid alone for TyrRS (6) 
and with the aminoacyl-adenylate for 

- 
ing site (1 1-13), but no structural informa- 
tion is available for the amino acid binding 
site. 

The crystal structures of seryl-tRNA 
synthetase from T. themphilus complexed 
with two different seryl-adenylate analogs 
described here reveal the aminoacvl-ade- 
nylate binding site and the role of several of 
the conserved residues in class 2 aminoacyl- 
tRNA synthetases. The first complex was 
obtained by soaking native crystals of the 
enzyme with ATP and serine hydroxamate 
(SerHx, +H3N-HCR-CO-N (H) OH, where 
R is the serine side chain). SerHx inhibits 
growth in Escherichia coli and has been 
described as a competitive inhibitor of the 
enzyme toward the amino acid (14). The 
crystallographic data reveal strong differ- 
ence electron density for a serine hydroxa- 
mate-AMP (SerHx-AMP) molecule (Fig. 
1C). The e m a t i c  activation of serine 
hydroxamate has subsequently been con- 
firmed by biochemical studies (see below). 
Ueda et al. (15) have described a synthetic 
alanyl-adenylate analog (5 '-0- [N- (L-alanyl) - 
sulfamoyl]adenosine) and showed that it was 
an inhibitor of alanyl-tRNA synthetase activ- 
itv. Followine this idea. we have svnthesized - 
the corresponding seryl compound, 5'-0-[N- 
(L-sery1)-sulfamoyl]adenosine (Fig. 1B) and 
have co-crystallized it with T. thennophilus 
seryl-tRNA synthetase (1 6). This second 
structure confirms the location of the servl- 
adenylate binding site and comparisons with 
the first structure indicate that the two ana- 
logs do not have the same length linkage 
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between the phosphate or submoyl. group 
and the amino acid (Fig. 1). 

Crystals of native seryl-tRNA synthetase 
from T. thewnoph, grown as desaibed 
(16) were soaked for 15 hours in a freshly 
prepared solution of 10 mM ATP (sodium 
salt; hhringer)  and 20 mM D,L-serine 
hydroxamate racemic mixture (Sigma). 
Dillkction data were measured with a 180- 
mm Mar Research image-plate detector on 
the wiggler beamline W32 at LURE (17), 
and the data were integrated with the 
MOSFLM package (18). The starting mod- 
el for refinement with X-PLOR (19) was 
the structure of the native enzyme without 
ligand (21). The initial R factor of 39.8% 
was reduced to 26.6% by rigid-body refine- 
ment and subsequently to 20.7% by a sim- 
ulating annealing run, followed by 150 
cycles of conjugate gradient energy minimi- 
zation. A dBerence map calculated with the 
program SIGMAA (22) revealed strong ad- 
ditional electron density (>I4 a) in each 
monomer active site and was easily identifi- 
able as an AMP molecule with additional 
density beyond the phosphate group. Two 
AMP molecules were then included in the 
model and, after further cycles of energy 
minimhtion, the new difference map (Fig. 
2) permitted the seryl hydroxamate (SerHx) 

Flg. 1. Structural formulae of (A) normal seryl- 
adenylate (Ser-AMP) and the two analogs Ser- 
AMS (B) and SerHx-AMP (C). 

moiety to be built into one of the crystallo- 
graphically independent active sites with a 
linkage of the form adenosine-Pa-O-N (H) - 
CO-CHR-NH3+. The geometry of the hy- 
droxamate group was taken from the struc- 
ture of ammonium oxalohydroxamate (22) 
with the six atoms 0-N(H)-CO-C being 
coplanar. The final model comprising the 
synthetase dirner with a slngle SerHx-AMP, 
a single AMP and 130 water molecules had 
an R factor of 17.6% (Table 1). 

5'-O-[N- (L-seryl) -sulfamoyl]adenosine 
was synthesized by a method analogous to 
that described for the alanyl compound 
(15) except that 2',3'-O-isopropylidene-5'- 
0-sulfamoyladenosine was reacted with the 
N-hydroxysuccinimide ester of t-butoxycar- 
bonyl-L-serine benzyl ether [Boc-Ser(Bz1) - 
OSu]. The product from this reaction was 
obtained in about 60% yield after purifica- 
tion by silica gel column chromatography 
with a gradient of ethanol from 5 to 25% in 
dichloromethane. The protecting groups 
were then removed in two stages. The 
isopropylidene and Boc protecting groups 
were cleaved with trifluoroacetic acid-wa- 
ter (52  v/v) as described (23). The remain- 
ing benzyl-protected product was purified by 
chromatography (i) on RP-2 silica and de- 
velopment with water and methanol (3:l 
v/v) and (ii) on silica and development 
with methanol and dichloromethane (1:l 
v/v) . Finally, the benzyl protecting group of 
the serine side chain hydroxyl group was 
removed by hydrogenolysis at atmospheric 
pressure with 10% palladium on charcoal in 
methanol and water (1: 1 v/v) containing 
3% acetic acid. The crude product was 
purified by chromatography on RP-2 silica 
and development with methanol and water 
(1 :3 vh.) ; a final purification was performed 
by reversed-phase high-performance liquid 
chromatography on a 4-pm C18 column. 
The structures of the product and interme- 
diates were confirmed by nuclear magnetic 

resonance spectroscopy. The inhibition 
constant (Ki) of Ser-AMS for the E. cdi 
enzyme was in the nanomolar range. 

Seryl-tRNA synthetase was co-crystal- 
lized with 350 pbl Ser-AMS. Dillkction 
data were measured with a 180 mm Mar 
Research image-plate detector at the Europe- 
an Synchrotron Radiation Facility (ESRF), 
Grenoble, France. The TROIKA beamline 
(ID10) was used, which has an undulator 
insertion device as source and a thin silicon 
monoduomator (24). The model was refined 
as desaibed (Table 1). The final model had 
an R factor of 18.5% and consisted of the 
synthetase dimer, two Ser-AMS, and 178 
water molecules. 

The mode of binding of the two adenyl- 
ate analogs within the active site cleft is 
similar (Fig. 3). A complete network of 
hydrogen bonds, including a few bridging 
water molecules, determines the strong and 
specific binding of the two molecules (Fig. 
4). Four zones of the synthetase are in- 
volved, each containing residues highly 
conserved in all class 2 synthetases (Figs. 3 
and 5). 

The purine ring of the adenosine stacks 
on Phe275 (motif 2) and, on the opposite 
side, is in Van der Waals contact with 
WE6 (motif 3). Adenosine specificity is 
determined by hydrogen bond interactions 
to the ring nitrogens (Fig. 4). The IlelE3 (8) 
in TrpRS and Leu261 in GlnRS (10) play 
the same role as Val272 in SerRS in provid- 
ing specificity for ATP by two main chain 
interactions. Such interactions are appar- 
ently absent in MetRS (4) and TyrRS (6). 
The ribose ring conformation is C3'-endo. 
The ribose 2'-hydroxyl interacts with the 
carbonyl oxygen of Th? and a water 
molecule, whereas the 3'-hydroxyl bonds 
with G ~ u ~ ~ ~ .  The latter residue is in i3 
strand A4 (shown green in Fig. 3), and is 
also conserved in class 2 synthetases (Fig. 
5). The absolutely conserved motif 2 resi- 

Flg. 2 (la). Omit electron densily, contoured at 3a, for the SerHX-AMP molecule calculated with 
phases derived from the model at the stage before the serine moiety had been included. Flg. 
3 (rlght). Ribbon diagram of the catalytic domain of seryl-tRNA synthetase showing Ser-AMS in the 
active site. The four zones invohmd in binding the adenylate are the TXE loop (yellow), motif 2 (blue), 
p strand A4 (green), and motif3 (red). The figure was prepared with the program RIBBONS (29). 
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due Arg256, disordered in the absence of Table 1. Crystallographic data on the two adenylate complexes. For the Ser-AMS complex, low 

substrates, interacts with the phosphate rescIution data, absent because of detector saturation and a large beam-stop shadow, were 

(sulfamoyl-) group. The serine hydroxyl measured separately on a second crystal with a laboratory source and the two data sets were 
merged. 

acts as a hvdronen bond donor to G ~ u ~ ~ ~  
(motif 2) and a n  acceptor for Thr380 (motif 

Item Synthetase + ATP Synthetase 
3). The amino group is stabilized by hydro- + serine hydroxamate + Ser-AMS (inhibitor) 
gen bonds to Thr225, GluZZ7, and G ~ u ~ ~ ~ .  
The binding sites of the two analogs differ Space group p2, 

0.90 (LURE) 0.79(ESRF) 
p2, 

only with respect to certain water molecules Wavelength (A) 1.54(EMBL) 
in the region of the different linkages and ~ ? $ $ ~ ~ ~ t e r s  3 1 1 
an extra hydrogen bond between the carbo- , (A) 85.10 86.42 86.18 
nyl group and ThrZZ5 in the SerHx-AMP b (A) 125.21 126.35 126.35 
comulex. Suuemosition of the two adenvl- c (A) 62.40 62.94 62.77 
ate Aolecule's (Fig. 6) shows tha4the extra P i"Y 
bond in the SerHx-AMP molecule I-P-0- Re~O~utiOn (A) 

N (H) -, instead of -S-N (H) - in ~er-AMS] is 
accommodated by a small relative shift in 
the position of the phosphate group leaving 
the adenosine and serine moieties in the 
same position. 

One unexpected result of these measure- 
ments is the observation of seryl-tRNA 
synthetase catalyzed activation of serine 
hydroxamate with ATP to form a novel 
adenylate-like molecule, SerHx-AMP. The 
formation of an intermediate distinct from 
the normal seryl-adenylate has been con- 
firmed by biochemical studies (25) that 
show that SerHx-AMP has a higher stabil- 
ity to hydrolysis than Ser-AMP. In addi- 
tion, 31P NMR studies support the identi- 
fication of the linkage in this molecule as 
-P-0-N (H)- rather than -P-N (OH)- (26). 
Surprisingly, the synthetase is able to ac- 
commodate the extra bond length in this 
molecule. Recent results have shown that 
the SerHx-AMP is a substrate for the sec- 
ond step of aminoacylation reaction (25), 
that is, transfer to tRNASe'. These obser- 

Data 
Total reflections 170878 
Unique reflections 36920 
Average redundancy 4.6 
Compieteness (%)* 87 (87) 
Rmerge (%)* 6.6 (16.4) 
I > 3 u  (%)* 78 (51) 

Model 
Refinement R factor (%) 17.6 
Rms deviations: 

Bond lengths (A) 0.016 
Bond angles (") 3.3 

Water molecules 130 
Average B factor (A2)? 25.4, 30.0 

*Highest resolution. tMain chain, side chain. 

peptide, and thus it is the first step toward 
the stabilization of the motif 2 loop that is 
involved in tRNA acceptor stem interac- 
tions. Thus the presence of the intermedi- 
ate may favor the correct binding of the 

~ombin'ed data 

21 7462 
38589 
5.6 
91 (88) 
7.5 (10.9) 
89 (73) 

18.5 

0.016 
3.2 
178 
17.1, 19.8 

tRNA in the active site. In the third 
region, there is a highly conserved glutamic 
acid (which is glutamine in some syn- 
thetases) in strand PA4, which binds the 3' 
hydroxyl of the ribose. The 3'-endo confor- 

vations reopen the question of the exact 
mechanism of serine hydroxamate inhibi- 
tion of growth in E. coli (14). 

Apart from the specific recognition of 
the amino acid side chain, the mode of 
binding of the adenylate observed here is . 
probably similar in other class 2 syn- ~ " 2 . 8 3  '" 

thetases. This follows from the conserva- 
tion of the interacting residues, which are .. I ' 
located in four zones in the synthetase ---._ --.._ 
sequence (Fig. 5). The first of these zones is .. the loop between strand PA2 and helix H9 2.61 " 

"H which brings, in the case of seryl-tRNA 
synthetases, residues Thr225 and G ~ u ~ ~ ~  (T- 
X-E) into a position to interact with the 
amino function of the amino acid. One or 
both of these residues (or the conservative 
alternatives, serine and glutamine) are in 
these positions in all class 2 synthetases 2.94 j 's., 3.02 
with the exception of the threonyl-tRNA 
synthetases. In motif 2, interacting residues ' 0  
are also conserved, particularly the arginine 
and carboxylic acid of the Phe-Arg256-X- 
Glu peptide before the motif 2 loop, and 
 he^^^ and G ~ u ~ ~ ~  after the loop. Binding of ~ i g .  4. Diagram of the polar interactions between the Ser-AMS molecule and the synthetase. 
either ATP or the adenylate fixes the side- Residues belonging to motifs 2 and 3 are indicated. Phe275 is stacked with the purine ring of the 
chain conformations of the Arg256-X-G1~ adenosine. Distances in angstroms are taken from monomer 2 in the structure. 
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REPORT: 

S«EC 217 
SerTT 211 
SerSC 213 
ThrSC 403 
ThrEC 317 
GJyBM 233 
ProOM 1301 
ProEC 93 
HBEC 51 

HsSC 102 
AtaRS 37 
AlaBM 39 

AspEC 175 
AspSC 285 
AsnEC 193 
AsnSC 199 
LysEC 221 
LysSC 284 
PheEC 159 
PheSC 281 

B3 L OOP L 1 B2 H9 
P P P P P a a a a a a 

- - - L F H T R P L E E E A D T S N Y A L I P T A E V P L T N L SerEC 256 
- - - VWAI A E T D L YLTG[T]A[E|VVL NAL SerTT 244 
- - - L Y K V I D G E D E K Y L I A T S E Q P I S A Y SerSC 267 
- - - M F T F E V E K E T P G L K P M N C P G H C L M ThrSC 437 
- - - M F T T S S E N R E Y C I K P M N C P G H V Q I ThrEC 3 51 
- - - M F N T Q I G P S G L V K - - G F L R P T A Q Q G I F V N GJyBM 271 
- - - V A W V T K S G D S D L A E P I A V R P T S E T V M Y P A ProDM 1340 
- - - L L R F V D R G E R - - - - P F V L G P T H E E V I T D L ProEC 128 
- - - L F K R A I G E V T D V V - - E K E M Y T F E D R N G D S HisEC 101 
- - - I L A G K Y G E D S K L I Y N L E D Q G G E L HisSC 144 
. . . L L F T N A G M N Q F K D V F L AiaEC 58 
. . . L L F A N A G M N Q F K P T F L AlaBM 65 

D Y L V P S R V H K G K F Y A L P Q S P Q L F KQL L AspEC 205 
- - S V F E V T Y F K G K A Y L A Q S P Q F N K Q Q L AspSC 313 
G K V D F D K D F F G K E S F L T V S G Q L N G E T Y AsnEC 223 
T S P - T A S S Y F G K P T Y LT V S T Q L H L E I L AsnSC 228 
R P F I T H H N A L D L D M Y L R I A P E L Y L K R L LysEC 251 
K P F I T H H N D L D M D MY MR I A P E L F L K Q L LysSC 314 
H P A R A D H D T F W F D T - - - - T R L L R T Q T S G V Q I R PheEC 183 
H P A R D L Q D T F Y I K D . . . . K L V L R T H S T A I S A R PheSC 347 

GVEC 58 

| MOTIF 2 I 

A7 L O O P L 2 A6 

P P P P P P P P P P p p p p p p p p p p p p 

L P I K M T A H T P C F R S E A G S Y G R D T R - - G L I R M H O F D K V E M V Q I VR 
L P L R Y A G Y AP A F[R]S[E)A G S F GK D VR- - GL M R 0 H Q [ F ] H K V @ Q Y VL T E 

LPI H Y V G Y S S C F R R E A G S H G K D A W - - G V F R V H A F E K I E Q F V I TE 

L P W R V A D F G V I H R N E F S G A L S G L T R V R R F Q Q D D A H I F C T 
L P L R M A E F G S C H R N E P S G S L H G L M R V R G F T Q D D A H I F C T 

L P F A A A Q I G N S F R N P E I S R S G L L R V R E F T M C E I E H F C D 
LPI R L N Q W N N V V R W E F K Q P T P F L R T R E F L \ r \ Q E G H 2 F A D 
L P L N F Y Q I Q T K F R D E V R P R F G V M R S R E F L M K D A Y S F H T 
Q E Q R L W Y I G P M F R H E R P Q K G R Y R Q F H Q L G C E V F G -
QSI K R Y H I A K V Y R R D Q P A M T K G R M R E F Y Q C D F D V A G T 
N Y S R A T T S Q R C V R A G G K H N D L E N V G Y T A R H H T F F E M L G N F S F G D 
QYI R V V N T Q K C I R A G G K H N D L D D V G K D V Y H H T F F E M N G N W S F G D 

G F D R Y Y Q I V K C F R D E D L R A D R Q P E F T Q I D V E T S F M 
D F E R V Y E I G P V F R A E N S N T H R H M T E F T G L D M E M A F E 
- LSKI Y T F G P T F R A E N S N T S R H L A E F W M L E P E V A F A 
- L S R C t t T L S P C F R A E K S D T P R H L SEFVlML E V E M C F V 

G F E R V F E I N R N F R N E G I S V R H N P E F T M M E L Y M A Y A 
G L D R V Y E I G R Q F R N E G I D M T H N P E F T T C E F Y Q A Y A 
PPI Rl I A P G R V Y R N D Y D Q T H T P M F H Q M E G L I V D T 

K P T R L F S I D R V F R N E A V D A T H L A E F H Q V E G V L A D Y 
Y V Q P S R R A T D G R Y G E N P N R L Q H Y Y O F Q V V I K P S P D N 

MOTIF 3 

A3 A4 A5 H1 2 
P P P P P P P P p p p p p p p p p p p P P P P P P P aaa aaaaa aaaa 

Se«EC 336 G A C K T Y D L E V W I P A Q N T - Y R E I S S C S N V A D Ser£C385 • • V H T L N G S G L A V G R T L V A V M E N Y Q Q A D G R I E V P 
SefTT 326 G K W R Q V D I E V Y L P S E G R - Y R [ E | T | H S C S AL L D SerTT 374 • • A Y T L N N 0 A L A T P @ l L A M L L E N H Q L Q D G R V R V P 
SerSC 347 A A A K K Y D L E A W F P Y Q K E - Y K E L V S C S N C T D SerSC 398 - • V H C L N S T L A A T Q R A L C C I L E N Y Q T E D G - L V V P 
ThrSC 542 G A F Y GP K I D I M I S D A L R R WH OC A T I Q L D F Q ThrSC 596 • • V M I H R A I L G S V E R M T A I LT E H F AG KWP 
ThrEC 457 G A F Y G P K I EF TL Y D C L D R A W Q C G T V O L DF S ThrEC 506 V P V M I H R A I L G S M E R F I Gl LT E E F AG F F P 
ProOM 1 4 1 8 G G D Y T T T I E A F I S - A S G R A I O G A T S H H L G Q GlyBM 519 El I P S V I E P S F G V G R I L Y C I L E H N F R M R E G 7 S L P 
ProEC 402 R L L I K R G I EV GHI F O L G T K Y S E A L ProDM 1465- K Y V Y Q N S V ^ G I T T - R T I GVMI M V H A D N Q G - L V L P 
HBEC 258 N Q R L V R G L D Y Y N R - - • • T V F E W V T N S L G S Q ProEC 4 38 - - I L T M G C Y G I G V T R V V A A A I E Q N Y D E R G - I VWP 
HBSC 325 D L S L A R G L D Y Y T G - - - - L I Y E V V T S A S A P P HBEC 299 • • A T P A V G F A M G L E R L VL L V- Q N V N P - • • • E F K -

HBSC 394 - - Ql P C V G I S F G V E R I F S L I K O R I N S - - - - S T T -
AspEC469 A V A N A Y D M V I N G Y E V G G G S V R I H AiaEC 231 • • P K P S V D T G M G L E R I A A V L - Q H V N S • • • • N Y D I 
AspSC465 K Y S N S Y D F F M N G E E I L S G A Q R I H AlaBM 234 - - P T K H I D C G L G L E R L V S V I - ON K R A - - - - N Y D T 
AsnEC 375 K T V A A M D V L A P G I G E I I G G S Q R E E 
AsnSC399 D T V G C F D L L V P G M G E I I G G S L R E D AspEC 523 Y GT P P H A G L A F G L D R L T ML L T GT D N I R D V I A F P K 
LysEC 409 E I T D R F E F F l G G R E I G N G F S E L N AspSC517 Y GC P P H A GGG I G L E R V V MF Y L D L K N I R R A S F V P R 
LysSC 484 G L C E R F E V F V A T K E I C N A Y T E L N AsnEC 426 Y GT V P H S GF G L GF E R L I A Y V T G V Q N V R D V I P F P R 
PheSC 414 Y T E P S M E I FS\rVHE- G L Q K W V E I G N S G M - FR AsnSC 451 E G S A P H G G F G L G F E R F I S Y L Y G N H N I K D A I P F Y R 
PheEC 250 F T E P S A E V D V MGK - - N G K WL E V L G C GM- V H LysEC 467 H GL P P T A G L G I Gl D R MV ML F T N S H T I R D V I L F P A 
QyEC 116 F V E D N W E N P T L G A - - \rVG L GWEVWL N G M E V T LysSC 542 YGL P P T G G W G C G I D R L A M F L T D S N T I R E V L L F P T 
GlyBM 393 C D C W D A E C L S S Y GWI E C V G C A D R S A PheSC 451 - K D L R V L G A G L S L E R P T M I K Y K V Q N I R E L L G H K -
AlaEC 178 P C D P C T E l F Y D U E D G D R Y I E l WNI V F M Q F PheEC 288 - E V Y S G F A F G M G ME R L T ML R Y G V T D L R S F F E N D L 
AlaBM 183 P C G P C S E L H Y D 1 2 M D D P D V L E I Y N L V F I Q F GJyEC157 E C K P V T G E I T Y G L E R L A M Y I Q G V D S V Y D L V W S D G 

Fig. 5. Alignment of class 2 synthetases in the four zones involved in indicated. Abbreviations used: SerEC: seryl-tRNA synthetase from E. coli, TT: 
adenylate binding showing the high conservation of interacting residues T. thermophilus, SC: Saccharomyces cerevisiae, HU: human, DM: Drosoph-
(boxed). The figure is adapted from that in (30). The secondary structure /7a, BM: Bombyx mori. 
assignments derived from the E. coli seryl-tRNA synthetase structure are 

mation of the ribose may be a characteristic 
of the class 2 synthetase ATP-binding site 
since in class 1 synthetases, the ribose is 

Fig. 6. Superposition of the active site confor
mations of Ser-AMS and SerHx-AMP. 

bound in the 2' -endo conformation (4, 7). 
It should be noted that some of the above-
cited residues might modify their interac
tions when the 3' end of the tRNA is in 
position for the second step of the ami-
noacylation reaction. 

Serine specificity is guaranteed (i) by two 
hydrogen bond interactions with the side 
chain hydroxyl group and (ii) by the size of 
the binding pocket, which would not allow a 
larger side chain. The motif 3 residue that 
takes part in serine recognition, Thr380, is 
not fully conserved among the seryl-tRNA 
synthetases; in the E. coli enzyme it is Ser391, 
which however preserves the same function
ality. In E. coli phenylalanyl-tRNA synthe
tase, the Ala294 in the small subunit, which 
occupies almost exactly this position in mo

tif 3 (Fig. 5), has been implicated in amino 
acid specificity for this enzyme {27). In the 
serine binding site, the only other amino 
acid that could make similar polar interac
tions is threonine; glycine and alanine would 
be unfavorable because of the absence of 
hydrogen bonding capability, and other ami
no acids would be too large. Model building 
suggests that discrimination against threo
nine depends on the fact that its methyl 
group would be in an unfavorable hydrophil-
ic environment, within 2.5 A of the main 
chain carbonyl-oxygen of Ser348 and the side 
chain of Asn378. 

An explanation of the catalytic mecha
nism of serine activation requires further 
information on the initial binding sites and 
conformations of the ATP, magnesium, 
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and amino acid. Crystallographic measure- 
ments at 3.1 A resolution have shown the 
conformation of ATP soaked into native crys- 
tals of T. thermophib seryl-tRNA synthetase 
and its analog AMPPCP soaked into crystals 
of the complex with tRNASe' (13). In both 
cases the triphosphate moiety of ATP was in 
an extended conformation with the 13-~hos- . . 
phate in a position incompatible with the 
simultaneous binding of the serine as observed 
in the adenylate complexes. This observation 
suggests that the initial conformation of the 
triphosphate in the presence of magnesium 
and the amino acid is different. This hypoth- 
esis is supported by comparison of the two 
independent active sites in the SerHx-AMP 
complex. In one active site, a SerHx-AMP 
molecule is observed as described above. In 
the other active site the electron density is 
less well defined but can be inter~reted as 
being a superposition of ATP in a bent 
conformation and the adenylate product. 
Recent data at 2.4 A resolution of a 
Mn2+-ATP complex with the native syn- 
thetase shows the ATP in the bent con- 
formation with the y-phosphate interact- 
ing with the universally conserved Arg386 
in motif 3 (28). The Mn2+ ion is coordi- 
nated by the ATP a- and P-phosphates as 
well as G ~ u ~ ~ ~  and Ser348. both residues 
being generally functionally conserved in 
class 2 synthetases (Fig. 5). This confor- 

mation of the ATP, when superimposed 
on that of the adenylate, is very suggestive 
of an in-line displacement mechanism for 
serine activation. 
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Slow Repair of Pyrimidine Dimers at p53 Mutation 
Hotspots in Skin Cancer 

Silvia Tornaletti and Gerd P. Pfeifer* 
Ultraviolet light has been linked with the development of human skin cancers. Such 
cancers often exhibit mutations in the p53 tumor suppressor gene. Ligation-mediated 
polymerase chain reaction was used to analyze at nucleotide resolution the repair of 
cyclobutane pyrimidine dimers along the p53 gene in ultraviolet-irradiated human fi- 
broblasts. Repair rates at individual nucleotides were highly variable and sequence- 
dependent. Slow repair was seen at seven of eight positions frequently mutated in skin 
cancer, suggesting that repair efficiency may strongly contribute to the mutation spec- 
trum in a cancer-associated gene. 

Strong experimental and epidemiological 
evidence links ultraviolet (UV) irradiation ~, 

to the development of human skin cancer 
(1, 2). Mutations in the p53 tumor suppres- 
sor gene have been found in a large percent- 
age of such cancers (3), most being local- 
ized in exons 5 through 9, which contain 
conserved sequence blocks (4). The pre- 
dominant mutations are C+T transitions 
and CC+TT double transitions at dipyri- 
midine sequences, base alterations specifi- 
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cally induced by UV light (5). These find- 
ings have implicated the p53 gene as a 
critical target in UV-related malignancies. 

One important step in the prevention 
of tumor formation is very likely the effi- 
cient removal of DNA lesions by cellular 
DNA re~air  enzvmes. Re~air  of UV-in- 
duced lesions in mammalian cells has been 
studied at the level of the gene by South- 
ern (DNA) blot techniques (6). It was 
found that repair is gene-specific (6) and is 
most efficient on the transcribed strand of 
active genes (7) because of transcription- 
repair coupling (8). Here we determine 
the repair rates of UV-induced cyclobu- 
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Table 1. Repair of CPDs in the human p53gene. 
Repair rates were measured at mutation hotspots 
in human skin cancer (M) and at surrounding 
positions. Each position was analyzed three 
times; codons 278 and 289 were analyzed twice. 
Results are average values with variation between 
experiments being about 10 to 25%. The percent- 
age of CPDs after 24 and 48 hours was calculat- 
ed from the ratio of the band intensity at those 
times to the band intensity at 0 hour (20). 

CPDs (%) re- 
Se- maining after 

DNA Codon quence strand (5'-+3') 24 48 
hours hours 

Nontran- 151 (M) C-CC 58 37 
scribed 177 (M) C-CC 95 94 

191 CCT 26 4 
194 CTT 36 25 
195 AT"C 13 5 
196 (M) CACGA 67 62 
278 (M) TCCT 100 12 
289 CTC 10 5 

Tran- 243 CACAT 11 5 
scribed 245 (M) GCAC 56 26 

248 (M) CACG 30 21 
249 CCTC 6 3 
285 CTC 2 1 
286 (M) TTC 23 18 
287 CTC 3 3 
288 ATTC' 3 3 
291 CT"T 29 18 
292 TT"T 4 5 
294 (M) CTC 30 28 
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