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ABSTRACT. The structures ofi-methylenethiazole-4-carboxamide adenine dinucleotide (TAD), NAD

and NADH as bound to ecto-ADP-ribosyltransferase 2.2 from rat and to its mutants E1891 and E189A,
respectively, have been established. The positions and conformations of BAdDits analogues agree

in general with those in other ADP-ribosyltransferases. The kinetic constants for Kgdrolysis were
determined by RP-HPLC. The specific activity amounts to 26 units/mg, which is 6000-fold higher than
a previously reported rate and 500-fold higher than the hydrolysis rates of other ADP-ribosyltransferases,
confirming that hydrolysis is the major function of this enzyme. On the basis of structures and mutant
activities, a catalytic mechanism is proposed. The known auto-ADP-ribosylation of the enzyme at the
suggested position R184 is supported by one of the crystal structures where the nucleophile position is
occupied by an N atom of this arginine which in turn is backed up by the base E159.

ADP-ribosylation of proteins is an important posttransla- ~ A

tional modification in which the ADP-ribosyl moiety of N HO  OH
NAD™ is transferred to a target molecule and nicotinamide NH\IN\> o o w
is released (Figure 1). The ADP-ribosyltransferase (ART) N o o—p—0—p—0—" 0"\ H B
family comprises various virulence factors of prokaryotic 5 ¢ 7+ \
pathogens that cause serious human diseases such as cholera v on N =

2

or diphtheria {, 2). Nine structures of prokaryotic ARTs

are known, all of which are toxins3(4). The two known

structures of eukaryotic ARTS represent the poly(ADP- t

ribosyl)polymerase (PARP) and the ecto-ART families that

differ from each other appreciabl,(6). PARP is located N

in the nucleus and ADP-ribosylates itself and other nuclear N'K\ N

proteins by attaching branched ADP-ribose polymers in VN o

multiple transfer reactions. The ecto-ART family is located °© ©

in the extracellular space of mammalian tissues, comprising HO OH

the four glycosylphosphatidylinositol- (GPI-) anchored pro-

teins ARTI-ART4 and the secretory protein ART5, some B

of which play a role in the immune systeri-{10). This N, HO_  OH

family is structurally closer related to some bacterial toxins NIJ\IN\> -

than to PARP ). kN/ o/ OF o~ 9
The functionally best characterized proteins of the ecto- 0?0 NA

ART family are mouse ART1 and ART2 that ADP-ribosylate Y

members of the integrin family of adhesion molecules in vivo

and arginine-rich histones as well as polyarginine in vitro FIGURE 1: ART substrate and reaction. (A) Transfer of the ADP-

(11, 12). Moreover, it has been shown that mouse ART2 is ribosyl moiety of NAD" onto a nucleophile, which can be a water
' ' ’ molecule (NAD" hydrolysis) or any other nucleophilic group. The

nucleophile may release a proton to be picked up by a base.
* The project was supported by the Deutsche ForschungsgemeinschaffNicotinamide is an excellent leaving group whereas NADH is not

NH, HO_  OH  HN

—C—
H

under SFB-388. a substrate. (B) Inactive substrate analogue TAD.
* Corresponding author. Tel:+49-761-203-6058. Fax:-49-761-
203-6161. E-mail: schulz@bio.chemie.uni-freiburg.de. involved in NAD*-induced apoptosisl@—15). In contrast,

* Albert-Ludwigs-Universita . L
s Universitasklinikum Eppendorf. the rat ecto-ADP-ribosyltransferase 2.2 (rART2.2), which is

'NCI—Frederick. here analyzed, does not ADP-ribosylate cell surface proteins
! Abbreviations: ART, ADP-ribosyltransferase; rART2.2, ecto-ADP-  (16—17). This is probably due to an exchange at position

ribosyltransferase 2.2 from raRéttus noregicug; GPI, glycosylphos- ; ;
phatidylinositol; PARP, poly(ADP-ribosyl)polymerase; RP-HPLC, 187 (Q187 in rat versus E187 in mouse) as Q187E mutants

reversed-phase high-performance liquid chromatography; TADe- of the rat enzyme were able to modify target proteins at
thylenethiazole-4-carboxamide adenine dinucleotide. arginines 18—20). NAD is a typical cytoplasmic substance
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but can be released on cell damage in injured or inflamed A
tissues 13, 21). In rat, extracellular NAD blocked T cell

activation and proliferation2(1). Moreover, the absence of
rART2.2-expressing T cells increased the risk of diabetes  gg4 |

254 nm

NAD" |
0.005 4 ':

buffer

mellitus 22).
The variant rART2.2 is known to catalyze auto-ADP- 00037 nicotinamide + ADP-ribose
ribosylation and NAD hydrolysis (6, 17, 23, 24). A 0.002 -

dominance of the hydrolase over the transferase activity has
been reported2@). However, the only reported value for ~ 0.001+
the hydrolysis rate 18) is much lower than usual for

.000 4
hydrolases. Here we present the structures of complexes . : : .
between wild-type and two mutant rART2.2s on one hand 0 5 10 15 20
and the substrate analogygsnethylenethiazole-4-carboxa- retention time [min]

mide adenine dinucleotide (TAD) and NADH as well as the Fgure 2: NAD* hydrolysis assay showing the RP-HPLC chro-
substrate NAD on the other. Moreover, we report a NAD  matogram after enzymatic catalysis (solid line) and the control
hydrolysis rate meeting that of common hydrolases, and we without enzyme (dashed line). Peaks were calibrated with nicotin-

; ; amide, ADP-ribose, and NADsolutions. The peak positions of
ggct)gglfsehe?j g?g?;g:fmbgz;lgggn hydrolysis and for the nicotinamide and ADP-ribose coincide. The example refers to the

low-activity mutant E189I of rART2.2 which caused the peak of

NAD™ to drop by 48 pmol and the peak of nicotinamide plus ADP-
MATERIALS AND METHODS ribose to rise by 51 pmol.

Mutagen_esis, Protein Purification, and Crystal Pr_oduction. figures were produced with the programs Molscrit)(and
The mutations were performed in the expression Vector Raster3D 82). The coordinates and structure factors were

PASK60 using the PCR-based QuikChange kit (Stratagene).qeposited in the Protein Data Bank under accession codes
Primers 5-CCG TCC TGA CCA AGA GGC GGT GTT 1061, 10G3. and 10G4.

é‘é;-rgg AA%QI'CC:: 'gg)_lr_ mGu_lt_‘:’ll_ntAEA?:? 9‘?\020,255 CC(??)T%:‘ NAD* Hydrolysis As_sayFor (_aa_ch Wild-type rART2.2
E189S. 5CCG TCC TGA CCA AGA GAT CGT GTT AAT measurement, a 56L vial containing NAD" m_buffer B
Tce A,GG CTA TGA GG-3 for E1891, and 5CTC TTT (50 mM Tris, pH 75 and 1 mM EDTA) and a given amount
CCG TCC TGA CGC AGA GGC GGT GTT AAT TCC of the enzyme was incubated for 1 min at“:Qand stopped
AGG C-3 for the double mutant Q187A-E189A together g{\ ;idg&iﬂasr%%eojvgf?pgﬁ o gnz ;?J“;'r?t’;";a;;nﬁg‘zb
e e O (Aqa S0 C16 125 A, Phenomened) and un uncer
were verified by DNA sequence analyses (SeqLabifito isocratic conditions at a flow rate of 1 mL/min 0.1% _TFA,

. . monitoring the absorbance at 254 nm. A control without
gen). The recombinant rART2.2 froRattus noregicuswas enzyme was always analyzed in parallel. A typical chro-

expre;sed irEscheriqhia coli purified, and crystallized as matogram is shown in Figure 2. The NADydrolysis rates
d;asc?bed Z5)h. Thﬁ_bweld was Iabout 0.2 n;g ofdr,gRTz.Zk/_L were deduced from the decrease of the NAteak and the

ot cu ture. The inhibitor compiex was produced by S0aKiNg ;- ease of the peak representing the sum of nicotinamide
wild-type crystals for 60 min in 60 MM TAD in buffer A and ADP-ribose. The enzyme concentrations were deter-
[100 mM Tris, pH 8.3, 28% (w/v) PEG 4000]. The other mined photometrically dgo = 29540 M cm?). NAD™

two complexes were produced by soaking crystals of IfnUt":mtShydrolysis of the control E\af?/as below 1% per miﬁute. About

E189I1 and E189A for 10 min in buffer A containing 50 mM 42 .
NAD™ and 50 mM NADH, respectively. After being soaked, gtz/:rto f the applied NAD was already hydrolyzed from the

all crystals were transferred in four steps to 20% (v/v . .
Y b 6 (VIV) The four mutants and their controls were incubated for

lycerol in buffer A, mounted on a cryo loop, and flash- -0 . . X .
?rc))/zen at 100 K. y P 10 min instead of 1 min for the wild type. The incubation

was stopped by addition of 450 of 0.1% TFA to the 50

. . uL reaction mixture and centrifugation. A 2. sample was
wild type-TAD complex crystals were collected at beamline analyzed by RP-HPLC in the same manner as in the wild-

Xttl (EMBLI Outstation, Hambuglg), yvhereats ;[_he datadof>t<he type experiments. The mutant measurements were at’'NAD
other complexes were measured using a rotating anode A-rays, ,-antrations much higher than tKg value of the wild

generator (Rigaku, model RU200B) with an image plate ¢ ; ; ; ;
ype using also much higher enzyme concentrations. Taking
(Marresearch, model 30 cm). All data were processed andKM as the NAD dissociation constant, the NADsaturation

?Cale(? fW'th thlg tHKL prOé:]r‘Ia\m SUIt2Q). _:he \(/jvate_r- a?r? of the enzyme was calculated in each case, and the rate was
igand-free wild-type model@) was positioned using the .o taq for full substrate saturation of the enzyme: the

program MolRep-auto MR2{7). The ligands were located correction always stayed below 25%.
using difference Fourier maps and refined with the program

CNS @8). All manual operations were done with the program RESULTS AND DISCUSSION

O (29). After the R-factor had dropped below 24%, water

molecules were assigned with the program CI28) @nd Structure AnalysisWild-type rART2.2 has been crystal-
also introduced manually. They were kept if their density lized in forms A, B, and C belonging to space grolRss,
remained above Od7in the Z, — F. map. The structure  P2,2,2;, andP3;21, respectively ). Only crystal form C
alignments were done using program LSQMABD). The was easily reproducible and therefore used here. All attempts

Data Collection and Structure AnalysiX:ray data of the
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Ficure 3: Stereo ribbon plot of rART2.2 with bound NADand labeled secondary structure elements. The native protein is located at the
outside of the plasma membrane fixed by a GPI anchor at its C-terminus. dlaots of R184 in the specificity-determining “ARTT”

loop (35) and of the base E159 are marked (black). R184 is the putative auto-ADP-ribosylation site. The positions of the sequence fingerprint
residues R...S...QxELQ) are shown in magenta.

to cocrystallize wild type or mutant rART2.2 with substrates Table 1: Data Collection Statistics of rART2.2 Crystals
or analogues failed. Soaking wild type crystals with 10 mM wild type TAD E189FNAD* E189ANADH
NAD* caused crystal damage after several minutes, indicat-

ing that a reaction takes place which involves structural “”gie't', R) 81.4 81.7 81.3
changes at a packing contact. Soaking a crystal of mutant ¢ (A) 77.3 77.8 77.2
E189A with 10 mM NAD' for 10 min followed by flash- ~ resolution range (A) ~ 262.0 50-2.6 50-2.6
freezing to 100 K and structure analysis resulted in a bound “m”l;ﬂ;:ﬁicrﬁgecnons 4%10&63)(698) . ?15(315§474) A ?‘(‘218)(453)
nicotinamide with no density for the ADP-ribose. Obviously, g (o) 8.0 (40.4) 9.3 (42.0) 8.7 (40.2)
the residual hydrolytic activity of E189A sufficed to split /g 20.3(2.8) 21.6 (4.9) 17.4 (4.1)
all NAD* in the crystal, notably without breaking it. completeness (%) 99.7 (100) 99.9 (100) 99.8 (100)

However, this complex was not further analyzed because the
nicotinamide binding site is well establishel 83, 34).

More successful was a soaking experiment of an E189A
crystal in 50 mM NADH for 10 min and subsequent flash-
freezing to 100 K that showed the full substrate analogue.
Moreover, the full substrate was bound in a crystal of mutant Table 2: Refinement Statistics of rART2.2 Crystals

a All crystals are in form C belonging to space groBg;21. They
are isomorphous with those of ligand-free wild type with unit cell
parametersa = b = 81.5 A andc = 77.5 A (). The values in
parentheses refer to the last shell. All data were collected at 100 K.

E189I after soaking with 50 mM NAD for 10 min and wild type: E189F E189A
subsequent flash-freezing to 100 K. Presumably this worked TAD NAD NADH
out because E189I1 shows four times less hydrolytic activity resolution range (A) 262.0 20-2.6 20-2.6
than E189A (see below). Finally, the substrate location was unique reflections 20352 9543 9372
established at 2.0 A resolution by soaking wild type rART2.2 ﬁ“gﬁc'i”a?é%’gs 1322 jfﬂ 41518
crystals with 60 mM substrate analogue TAD for 60 min. Iigand occupancy (%) 80 80 80
X-ray data of reasonable quality were collected from the water atoms 179 154 138
crystals of the wild typel AD, the mutant E1I89NAD™, and av‘ig?nd?:'ggicrfors ) 221 a11 a17
the E;89ANADH complexes (Table 1). Slr)ce the crystals ligand 48.8 446 675
were isomorphous to those of ligand-free wild type rART2.2 total 35.4 33.0 34.1
(6), the structures were solved by placing the wild type model Reyst 0.202 0.200 0.196
at the appropriate position and locating the ligands by E;eg d(tsggjff;:]/;)ths & %2041‘2 ®) %%‘(‘)27(8) %%%% @)
difference F_ourler methods. The refinements of these three | ,.<4 pond angles (deg) 172 139 131
structures yielded accurate models (Table 2). None of the Ramachandran angles in
analyses had interpretable electron density for the first three  most favored region (%)  89.9 87.9 84.4
amino acid residues. TH&factor plots remained essentially allowed region (%) 10.1 11.6 15.6

the same as with the ligand-free enzyn®. (The general

structure of the enzymesubstrate complex is depicted in
Figure 3.

Substrate Binding Modé&he substrate NAD binds in a
long and deep cleft between the N-terminahelical moiety
and the C-terminaB-sheet moiety of rART2.2 (Figure 3).
This binding site is typical for all ARTs and strongly
conserved®, 35). In our structures all three ligands bind in

similar conformations and show essentially the s&afi@ctor
variation with minima at the adenine and nicotinamide
moieties and maxima at the phosphates and nicotinamide
ribose, the difference being about 20%. The Bvactor of

the nicotinamide moiety agrees with the observation that
NAD™ hydrolysis in mutant E189A resulted in a fully
occupied nicotinamide site. The higB-factors of the
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A

R91

C 7 S182 5182

Ficure 4: Stereo plots of the three reported complexes of rART2.2 with substrate and analogues showing the simulated annealing omit
(Fo — F¢) electron densities. In all three cases the density distribution became continuous without being distorted at the contour levels stated
below. All residues and water molecules participating in ligand binding are included. Hydrogen bonds are given by black dashed lines. Red
dashed lines indicate the direction of the nucleophilic attack. Panels: (A) wildToye complex with density at the@contour level
(continuous at 28), (B) mutant E18%INAD " at 3 (continuous at 1.8), and (C) EI89ANADH at 2.5 (continuous at 1.8).

nicotinamide ribose reflect the required conformational of the ribose is hydrogen bonded to the carbonyl group of
change and displacement of this ribose during catalgéis (  T79. The Clatom is exposed to the solvent and available
37). for a nucleophilic attack. In the EI8NAD* and E189A

The nicotinamide is buried in a hydrophobic pocket where NADH complexes the amide N-atom of nicotinamide forms
it undergoesr— stacking interactions with a phenylalanine a hydrogen bond to the proximal phosphate group, resulting
(Figure 4). As in all other ARTs, the amide group forms in a ring within the nicotinamide moiety of NADas has
two nearly parallel hydrogen bonds to the backbone, here atbeen observed in other ART4, 38, 39). With the analogue
G127. The nicotinamide ribose is fixed by E189, which forms TAD, the five-membered thiazole ring displaces the amide,
a tight hydrogen bond to the-RBydroxyl group and is the  abolishing this hydrogen bond (Figure 4A). In all three
only residue conserved in all known ARTSs. ThHeh¥droxyl complexes the pyrophosphate is bound by Y78 and N87 from
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Ficure 5: Stereoview of the three reported substrate and analogue complexes superimposedoopodgi@hs of the four structurally
highly conserved strandg2, /35, 36, andf38, of rART2.2 @) showing TAD (yellow), NAD' (green), and NADH (red). NAD bound to
exoenzyme C344) is given in blue. The depicted sequence fingerprint residues R126, S147, andlb)lL 89 (ell as G127 are involved
in substrate binding and catalysis.

the a-helical moiety ar_‘d b){ R126 from th&-sheet moiety  Taple 3: Kinetic Parameters for NADHydrolysis by rART2.2 and
of rART2.2. The adenine ribose forms a hydrogen bond to Four Mutants

the Oy atom of T130 while adenine makes-r interactions specific relative
with the guanidinium group of an arginine on one side and activity? specific Kea? Ky®
hydrophobic interactions with a leucine on the other. Such (units/mg}  activity (s (mM)
an adenine binding site is typical for a great number of wild type 26 100 12 0.02
enzymes. E189S 0.005 0.019 0.002

The deviations between the three bound substrate/analogue E189A 0.005 0.019  0.002
conformations are minor and distributed over the whole (E311883|A-E189A %_%%%?5 0%%35 O%gggs

molecules (Figure 5). A Compari§on-With -NADJound to a All data are measured at a single time point, which was 60 s for
exoer!zyme c3 shows. that the nlcot.lnamlde half of NAD the wild type and 600 s for all mutants. A separate measurement of
superimposes better with the respective parts of the rART2.2he wild type enzyme with 0.5 mM NADat time points 10, 20, 30,
ligands than with the adenine half, in agreement with the 40, 50, and 60 s showed the expected linear behaviReported NADY
larger distance of the latter from the active center. The hz/grfz)ly&i)% ;aéﬁocr)f t;trf:eésAsR’t'gS_gtemz 8(')%23155: J:Jroig?cl)er_i t;)gin
; ; il ; , 0. ussi Xi , 0. i Xi s

peptide displacements on substrate binding resuit in an I’r‘nSdE).O)OOlZ st for dipheheria toxin 49)4,73).000036 st for exoenzyrrSe 233
0f 0.22 0.03 A fqr th? @ atoms when Complex.structures (50), and 0.000014 3 for C2 toxin 61). ¢ All mutants showed too
are compared with ligand-free rART2.B)( This value low an activity to derive &y value.? 1 unit/mg is lumol of reaction
corresponds to the positional errors of the analyses. Remark-product per minute per milligram of enzynfeThe detection limit was
able movements occur in the side chains of the strongly about 0.0001 unit/mg.
conserved sequence fingerprint residues R...S...QXE (
which are R126, S147, Q187, and E189. The guanidinium NAD™ hydrolysis was demonstrated here by replacing it by
group of R126 rotates by 180to drag the proximal  serine or alanine. Both mutants showed a 5000-fold activity
phosphate into a hydrogen bond with the amide N of decrease resulting in 0.005 unit/mg, which resembles the
nicotinamide. Moreover, S147 rotates to bind to E189 as NAD™ hydrolysis rates of other ARTs (Table 3). The activity
shown in Figure 4A compared to Figure 4B,C. decreased by a further factor of 4 when E189 was exchanged

Kinetics of NAD Hydrolysis. It was suggested that against the larger hydrophobic residue lle that prevents a
rART2.2 acts more like an NADhydrolase than an ADP-  water molecule from mimicking the carboxylate, thus
ribosyltransferase2@). However, the hydrolytic activity of  diminishing the transition state stabilization. This observation
rART2.2 was reported as 0.0044 unit/mg as determined with supports the finding that human ART3, in which E189 is
a radioactive assayl®), which is much too low for a  replaced by an lle, has no detectable enzymatic acti¢@y. (
common hydrolase. Here we determined the rate of NAD The importance of Q187 of fingerprint R...S...QxE for NAD
hydrolysis using a novel RP-HPLC assay and obtained ahydrolysis was analyzed by producing the double mutant
specific activity of 26 units/mg, which is about 6000 times Q187A-E189A. The resulting activity was 10 times lower
higher than the previously reported value and comparablethan that of E189A and 50000 times lower than that of the
to other hydrolases. The reported NARydrolysis rates of  wild type, confirming that Q187 plays a role in hydrolysis.
other ARTSs are at least 500 times lower (Table 3). Khe Note that all measurements were far above the detection limit
value of the catalysis is 0.02 mM, which is also in the of the assay (Table 3).
common range and in general agreement with reported values Catalytic Mechanism, Auto-ADP-ribosylation, and Speci-
(18, 24). In contrast to other dat24) the LineweaverBurk ficity. The enzyme rART2.2 is known to catalyze NAD
plot was linear. The high hydrolytic rate suggests that the hydrolysis and auto-ADP-ribosylatiori§, 17). The geom-
main function of rART2.2 is the cleavage of extracellular etries of the two reactions are shown in panels A and B of
NADT arising from cell breakage. Figure 6, which reveal the positions of the nucleophilic water

Although all ARTSs are structurally related, their sequences molecule and of R184, respectively. The sequence fingerprint
show remarkable variabilityl(). The only strictly conserved  residues R...S...QxE (Figure 3) participate in the catalysis.
residue is E189 (rART2.2 numbering) that was shown to be R126 fixes the proximal phosphate in a hydrogen bond with
essential for catalysis40). The importance of E189 for the amide N of nicotinamide (Figure 5) that withdraws
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residues are shown (gray). Hydrogen bonds are given as black dashed lines. The ring-forming hydrogen bond between the amide and the
proximal phosphate (too long in TAD) is given as a blue dashed line. The direction of the nucleophilic attack is indicated by a red dashed
line. (B) Geometry of auto-ADP-ribosylation as derived from a superposition of the wildTyie structure (gray) with the ligand-free

enzyme structure in crystal form A). Residues E159, R184, and Q187 of crystal form A are in green and are connected by green
hydrogen bonds. The wild typEAD complex in crystal form C with different packing contacts is given as a reference using thin sticks for
E159, R184, and Q187. The superposition was performed oncadt@ms.

electrons from the nicotinamide, facilitating the cleavage of tryptophan at position 1844). In our crystal structures we
the N-glycosidic bond, as has been proposed for other ARTsfind that the backbone around R184 is rather mobile so that
(4, 38, 39). This cleavage results in a positively charged R184 is observed in different conformations. One of these
oxocarbenium intermediat&§, 37) which is stabilized by belongs to the wild typd AD structure in crystal form C

the negative charge at E189. A further stabilization derives and is depicted in Figure 6B as a reference. In this
from the dipoles of the hydroxyl of S147 and the carboxyl conformation the guanidinium group of R184 cannot reach
of E189, both of which contact the attacked @tbm (Figure the attack position of the nucleophile because of steric
6A). S147 fixes E189 but is disoriented without its partner, hindrance by Q187. However, crystal form A contains a
as shown in the E189A and E1891 mutant complexes (Figure different set of packing contacts)(and shows an il atom

4). E189 forms a hydrogen bond to theh¥droxyl of the of R184 at the nucleophilic attack position as illustrated in
ribose, polarizing the C+C2 bond and thus promoting the  green in Figure 6B. Here, Q187 has moved aside, and E159
reaction. Its importance is best demonstrated by the drastichas formed a salt bridge with R184. E159 is on the loop
activity decrease in the mutants of Table 3. Q187 fixes the between helixx6 and strangg6 showing medium mobility
attacking nucleophilic water molecule and is not as strictly (Figure 3) and can function as the base accepting the released
conserved as E189, indicating lower importance. Its removal proton. Since the deformation energy of crystal contacts is
is entropically unfavorable, causing 10 times less activity small, the observed R184159 salt bridge may also form
(Table 3). in solution.

The auto-ADP-ribosylation is shown in Figure 6B. Since  Together, panels A and B of Figure 6 explain the two
the reaction occurs on T celld& 17), it is most likely catalytic reactions of rART2.2. The nucleophilic water (fixed
intramolecular because two rART2.2 molecules GPI- by Q187) or the Iy atom of R184 (fixed by E159) attacks
anchored in the membrane should not be able to assume théhe C1 atom of the ribose, and E159 functions as the base
relative geometry required for amtermolecular reactiong). abstracting a proton from the nucleophile. The cleavage of
The reaction depends on an arginine (wild type) or a the N-glycosidic bond results in the excellent leaving group
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Ficure 7: Stereoview of the specificity-determining ARTT loa5| at

the active center of rART2.2 (TAD complex, numbered residues

SFRPDQEE, gray), with the superimposed loops of pertussis td@QNATYQSE, red), exoenzyme C34) (FAGQLE, subunit A among

the four subunits in the crystal, yellow), iota toxi) (YAGEYE, green), and PARPS] (CLLYNE, blue). All structures are aligned on the

25 Co. positions of the four highly conservgiistrands of Figure 5. In rART2.2, pertussis toxin, and exoenzyme C3 the equivalent of Q187
can stabilize a water at the nucleophile position (red dashed line to that@t given as a reference).

nicotinamide and the oxocarbenium intermediate, which is REFERENCES

stabilized by various interactions, in particular by the highly
conserved E189. Figure 6B demonstrates that E159 can not
only contact R184 but also reach and deprotonate the water
at the nucleophilic attack position shown in Figure 6A, which
may explain the high hydrolysis rate. Furthermore, Figure
6B seems to explain the auto-ADP-ribosylation of mutant
R184W @4) because the Natom of W184 can reach a
position that is only abdw2 A away from the Iy atom of
R184, and such a displacement should be possible as the
backbone at position 184 is highly mobil6)(

The structural explanation of the specificities of the ART
family members is still at its infancy. Only one complex with
a nucleophilic acceptor molecule is structurally elucidated
(41). The proposed geometries for the NABydrolysis and
the auto-ADP-ribosylation of rART2.2 now add two more
(comparatively simple) donetacceptor structures. The seg-
ment between strands7 and /38, where R184 is located
(Figure 3), is an important specificity determinant and has
been named the ARTT loo@3%). In Figure 7 we have
superimposed several ARTT loops to demonstrate their
variance. Both E189 and residue 188 are on styzhadnd
always in the same position with the same conformation.
The differences start at position 187 and continue upstream.
Noticeably, residue 187 of rART2.2, pertussis tox#2)(
and exoenzyme C3B, 44) is a glutamine that can fix a
water molecule at the nucleophile attack position (Figure 7).
However, such a fixation obviously does not warrant a high
hydrolysis rate, because the rART2.2 rate is much higher
than the rates of the other two ARTs (Table 3). Cholera
toxin shows the highest hydrolysis rate besides rART2.2
(Table 3) and has a glutamate at position 185)(
which may abstract a proton from a water at the nucleophile
attack position. In conclusion, the reported structures
and rates contribute to the elucidation of the ART specifici-
ties.
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