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ABSTRACT. Adenosine deaminase, which catalyzes the irreversible hydrolytic deamination of adenosine
nucleosides to inosine nucleosides and ammonia, is a key enzyme in purine metabolism and lymphoid
development. The X-ray structures of murine adenosine deaminase with bound potent inlkbitahsgs

~ 10713 M) (8R)-hydroxyl-2-deoxycoformycin (pentostatin), a transition state analogue, &)¢hg@iroxyl-
1,6-dihydropurine riboside, a reaction coordinate analogue, have been determined and refined to resolutions
of 2.6 and 1.95 A, respectively. Crystals of both complexes were obtained at pH 7, where the enzyme
is fully active, in an identical space group with the asymmetric unit containing four molecules. In addition

to the very high degree of similarity between the four independent molecules in each complex structure,
there is also considerable structural similarity of the complex with the dihydropurine riboside with that of
an identical complex previously determined at pH 4.2 where the enzyme is 20% active. The interactions
between the enzyme and the two analogues are extremely similar. These include the coordination of the
8R- or 6Shydroxyl group of the analogues to theZrnwhich mainly contributes to the strong potency

and very high degree of stereospecificity of inhibition by these analogues. The interactions are further
indicative of the structural and chemical requirements of substrates. These structures and recent site-
directed mutagenesis have further shed light on the catalytic mechanism of the enzyme.

Adenosine deaminase (ADAhas attracted considerable is greatly dependent on the stereochemistry at the hydroxyl-
attention since its existence, and some aspects of itsbearing C8 position; theRBisomer binds about IGimes
specificity were first reported about 65 years ago (1). ADA stronger than theSBisomer {). DCF is often used clinically
is a monomeric protein (40 kDa) which catalyzes the to increase the effectiveness of various antitumor and
irreversible hydrolytic deamination of adenosine nucleosides antiviral analogues of adenosine. It has also been used to
to their respective inosine nucleosides and ammonia. Ca-treat patients with hairy cell leukemi®,(9. One of the

talysis requires a Zt cofactor (2). two structures reported here for the first time is that of ADA
About 30 years ago, coformycin Rénhydroxyl isomer)  with bound DCF.
isolated in the culture filtrates dforcardia interformaand ADA is present in virtually all mammalian tissues. Lack

Streptomyces kaniharaensisas demonstrated as a potent of ADA activity is associated to severe combined immuno-
inhibitor (Ki ~ 10°1° M) of ADA (3). Ten years after this  deficiency disease (SCID), a genetically inherited disease
discovery, pentostatin or §-hydroxyl-2-deoxycoformycin fatal to newly born children if not properly diagnosed and
(DCF) (Figure 1), isolated from the fermentation broth of treated 10). Higher levels of ADA in the alimentary tract
Streptomyces antibioticyg), was shown to be a-12 order and decidual cells of the developing fetal-maternal interface
of magnitude stronger inhibitor than coformych 6). The put ADA among those enzymes performing unique roles
strong inhibitory effect of these two natural products provided related to the growth rate of cells, embryo implantation, and
one aspect of the early evidence for the idea that they other undetermined functiong 1—13).

represent analogues of the transition state. As both cofor- \ith a ke of 375 st and akea/Km of 1.4 x 10/ M~1 st
mycin and DCF possess a tetrahedral carbon (C8) at the(14), the reaction that ADA catalyzes is close to being
position corresponding to C6 of adenosine (Figure 1), they encounter limited. It is believed that the reaction proceeds
represent transition-state analogues. The potency of DCFpy hydroxide addition to C6 of adenosine to form a
tetrahedral intermediate and elimination of ammonia to
T Supported by Howard Hughes Medical Institute and a grant from generate the inosine produd5-17).

NS—‘*FC(OSO-Ir-gi?IZtleZSBﬁg/'e been deposited in the Brookhaven Protein Data The X-ray structure of ADA is the first for a purine/
Bank (code 1a4m and 1a41) P pyrimidine deaminase enzym®)( ADA has a ff/a)g barrel

*To whom correspondence should be addressed. HHMI-Baylor, Structural motif. As seen in over 30 unrelated enzymes with
H°}‘f\‘§{," X 1_7030-":?;; 71d3-798_-851dﬁ- E-mail: fag%ginloéacm.tmg.edu. this motif, the active site of ADA resides at the C-terminal
reviations: , adenosine deaminase; , 1-deazaadeno- ; .
sine; CDA, cytidine deaminase; DCF,RBhydroxyl-2-deoxycofor- end of the'@ barrel, in a deep_ oblong shap_ed pocket. A
mycin; HDPR, (&)-hydroxyl-1,6-dihydropurine ribonucleoside; PR, pentacoordinated 2h cofactor is embedded in the deepest

purine ribonucleoside. part of the pocket. The unexpected discovery of a bound
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Ficure 1: Schematic diagrams: (a) adenosine, (b) inosine, @)-(§droxyl- deoxycoformycin, (d) purine ribonucleoside or riboside, and
(e) (69-hydroxyl-1,6-dihydropurine ribonucleoside. The sugar substituent, R, in DCHleaXy-ribose, whereas those of the other compounds
are ribose.

Zn** prompted the demonstration of stoichiometric amount absence of high concentration of salts, which are often used
of the cation in other purine/pyrimidine deaminas&8— as a precipitant, and a crystal lattice with no crystal force
20). influencing the ligand binding or active site, this is very often

Although ADA was crystallized and harvested in the difficult to achieve given little or no control and the
presence of the inhibitor purine riboside (PR) (Figure 1), unpredictability of the crystallization processes. Here, we
the ligand bound in the active site is 6-hydroxyl-1,6- report the structures of the complexes of ADA with DCF
dihydropurine ribonucleoside (HDPR) (Figure 1). HDPR is and HDPR from crystals obtained at pH 7 where the enzyme
derived by an enzyme-catalyzed stereospecific addition of ais fully active @6, 27. Moreover, as structures of both
Zn2+-activated water molecule or hydroxide to the C6 complexes were determined in a crystal form with four
position of PR 2). A Zn?"-bound hydroxide has in fact been independent molecules in the asymmetric unit, the crystal
observed in the structure of ADA Comp|exed with 1-dea- |attice effeCt iS not a faCtOI’, and the I’edundancy pI’OVideS a
zaadenosine (DAA)Q1), a ground-state analogug4| 22. good measure of the accuracy of the structure. The catalytic
Seven residues are within hydrogen_bonding distance to themeChanism of ADA is discussed in ||ght of these structures.
HDPR, of which three (Glu 217, Asp 295, and His 238),
combined with the Z#t, are directly implicated in catalysis. MATERIALS AND METHODS

HDPR is considered to be a nearly ideal transition-state  Protein Preparation and Crystallization Recombinant
analogue with an estimatef] of about 103 M (23, 24. murine ADA was purified as described previoushg). DCF
Binding comparisons between HDPR and 1,6-dihydronebu- was generously provided by Parke Davis Co., and PR was
larine showed that the 6-hydroxyl group of HDPR contributes purchased from Sigma Chemical.

—9.8 kcal/mol to the free energy of binding. It is the Both ADA crystals in the presence of DCF or PR were
chelation of the 6-hydroxyl group to the Zrthat contributes ~ grown at pH 7 and #C using the hanging drop vapor

to the very high estimated affinity of HDPR)(rather than  diffusion technique. All solutions were adjusted to pH 7.0
the formation of a hydrogen bond to a carboxylate side chain before and after mixing. The solutions placed in the wells

as proposed by Kati and Wolfende24j. were measured approximately every other day during the
All previous X-ray structures of native and mutant ADA entire period of crystal growth to ensure that the pH remains
were determined from crystals obtained at pH 2241, at neutrality.

25), where the enzyme in solution is only about 20% active  In the crystallization of ADA in the presence of PR, the
(26). Nevertheless, the observation that the enzyme converts6 4L drops contained 8.2 mg/mL protein, 20 mM PR, 6.7%
PR to HDPR at this pH demonstrates catalytic competency, PEG 3350, 33 mM NacCl, and 33 mM HEPES buffer at pH
especially in the first reaction phase of stereospecific 7.0. The 0.5 mL solution in the well was composed of 20%
hydroxide addition. While it is most desirable to crystallize PEG 3350, 100 mM NacCl, and 100 mM HEPES at pH 7.0.
proteins under conditions of maximum activity, such as pH, After 4—5 days of equilibration, each drop was seeded with
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Table 1: Diffraction Data and Structure Refinement Statistics of =90°, ¢ =77.5, andc = 18C°. The cross-rotation search
ADA with Bound Ligands using the intensity data from 16 # A yielded two top peaks
HDPR DCE (Eulerian angles aré, = 89°., 0, = 82 03 = $7° andg, =
Sraction data 269, 0, =78, 03 = 88‘_’) with rotation function values of
resolution (A) 195 26 4.34 and 4.26, respectively.
reflections measured/unique 415 190/83 321  330776/47806 With four molecules in the asymmetric unit, it was
R-sym (no sigma cutoff) suspected that two pairs are related by translation. Transla-
Cor?]"pelg;‘gﬁ] Oe“;‘:r(;ge” 0.078/0.401 0.095/0.249 tion functions confirmed this suspicion; with the two cross-
overall/outer shell 70.2/47 96/94 rotation function solutions, the translation functions yielded
refinement statistics two top solutions with 108 and 6.3 above the mean,
datawith|F| > 20 (IF|) respectively. These two solutions had fractional coordinates
resolution range/reflections 10:0.95/77 948 8.62.6/43 502 x = 0.175,y = 0.000,z = 0.475 andk = 0.650,y = 0.439
R-factor 0.193 0.185 ! ! ! '
R-free 0.281 0.272 z=0.425.
rms deviations The molecular replacement model was refined using the
bond length (A) 0.009 0.008 XPLOR program version 3.88(), with the model restrained
bond angle (deg) 1.474 1.516 .
dihedrals (deg) 23,087 23067 by the Engh and Huber stereochemical parame&s (n
avg B-factor (A2), for four the refinement of the ADAHDPR complex against the
molecules, excluding highest resolution data (1.95 A), a random sample containing
water molecules 16.96 13.38 about 10% of the total data (7814 out of 77 948 unique
reflections) was excluded from the refinemem:free, the
a microcrystal, which grew to a size of about <20.3 x agreement between calculated and observed structure factors
0.8 mm in 4-5 weeks. A similar procedure was used in for these reflections, was used to provide an unbiased
crystallizing ADA in the presence of DCF (5 mM). indicator of the accuracy of the model and to monitor the

Prior to data collection, a crystal was successively course of the refinement.
transferred into a well solution containing increasing amounts  Rigid-body refinement of the molecular replacement
of glycerol (5, 10, and 15%) and flash-cooled+d.70 °C model, without the bound HDPR inhibitor, using 30 846
with a Molecular Structure Corporation cryogenic unit. reflections between 10 dr8 A brought theR-factor down
Diffraction data were collected using a MAC Science to 32% from an initial value of 56%. After extending the
DIP2030 two image plate system with a double-mirror data to the highest resolution (1.95 A), a simulated annealing
focusing optics mounted on a Rigaku RU-200 rotating anode procedure followed by several rounds of alternating posi-
(CuKo) operated at 50 kV and 90 mA. tional and B-factor refinements and model adjustments

Both crystals of ADA obtained in the presence of PR and reduced thd-factor to around 23%. Water molecules were
DCF are isomorphous, exhibitingR2; space group. The added with automated water-picking routine in XPLOR and
unit cell dimensions in the presence of PR are 88.693  inspected in CHAIN version 7.23¢). The refinement to
A, b=93.644 A,c =102.177 A, angs = 102.838, and 1.95 A resolution converged to a@factor of 19.2% and
those in DCF complex ara = 88.929 A )b = 93.355 Ac R-free of 29.4%.
=101.953 A, angp = 102.942. TheV,, coefficient of both All electron density maps calculated withRg| — |F.| and
crystals is 2.6 A/Da with four molecules in one asymmetric  |F| — |F¢ at this stage of the refinement showed the
unit, indicating about 65% water content. This form of the presence of a large well-ordered density in the active site,
pH 7 crystals is different from that of the pH 4.2 crystals in all four independent molecules, to which a HDPR
used previously in structural studies of native ADA with molecule with normal bond distances and angles as obtained
bound ligands €2 space group with one molecule in the in the structure at pH 4.22] could easily be fitted.

asymmetric unit) Z, 21, 23. To improve the accuracy and geometry of the model, as
The two diffraction data sets, which were processed using assessed by th&-free @3, 39, further refinement was
DENZO and SCALEPACK 29), gave the statistics shown undertaken using bulk solvent correction and loose noncrys-
in Table 1. The diffraction of the crystal in the presence of tallographic symmetry restraint. Moreover, excluded from
PR exhibits the highest resolution (1.95 A) that has been the model used in the first 10 cycles of alternating positional
achieved for ADA structures thus far. and temperature factor refinements were the HDPR} Zn
Structure Determination and Refinemerithe first of the four residues (His 15, His 17, His 214, and Asp 295)
two structures to be determined is that of ADA crystallized liganding the ZA*, and two additional residues (Glu 217
in the presence of PR, henceforth identified as its hydrated and His 238) previously inferred to play roles in catalysis
product, HDPR. It was determined by molecular replace- (2).
ment using XPLOR Version 3.88Q) and the pH 4.2 ADA- A bulk solvent mask correction in XPLOR3%) was
HDPR structure?) excluding the bound HDPR ligand and justified because of the high solvent content of the structure
ordered water molecules as the search model. THeé Zn (about 65%). The validity of this approach was monitored
cofactor was included in the search to increase the weightpy the change ilR-factor andR-free, especially in the low-
of the model. resolution shell. TheR-factor dropped slightly from 18.9
Self-rotation functions showed a peak with about half the to 18.4% overall and from 14.6 to 12.7% in the resolution
height of the origin peak. After solving the structure, it range of 3.8 to 10.0 A. ThB-free decreased from 29.4 to
became apparent that this peak corresponds to a noncrys28.3% overall and from 26.5 to 22.5% in the resolution range
tallographic symmetry 2-fold element at spherical angles  of 3.8 to 10.0 A.
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A loose NCS restraint with an effective energy weight of
300 kcal mot! A=2 implemented in XPLOR 36, 37 not
only reduced th&-free (from 28.3 to 27.3%), but also gave
better geometrical parameters. At the same timeRtfactor
rose to give a smaller difference betwdfactor andR-free.

The unbiased electron density maps calculated wit| 2
— |F¢] and|Fo| — |F¢| revealed very well-ordered density
for the residues, A, and HDPR omitted in the model. As
the omitted coordinates fit the density very well, they were
included in the model and several rounds of XPLOR
refinement were carried out. In the final stage of the
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each of the four independent molecules deviates no more
than 0.6% of the overall. The average temperature factor
of the four molecules in the ADADCF complex structure
is 13.38 &, with each molecule deviating less than 2%.
There is very high similarity between the four independent
ADA molecules in each complex structure. The average rms
separations of superimposed equivaleftarbon atoms and
all atoms of the protein, HDPR, and Zn for all four
molecules, in the ADA-HDPR structure are 0.23 (0.03) A
and 0.36 (0.04) A, respectively. Similarly, the average rms
deviations in the ADA-DCF structures are 0.25 (0.03) A

refinement, the NCS restraint energy was gradually releasedfor equivalenta-carbon atoms and 0.37 (0.03) A for all

by a step of 100 kcal mot A~2 while the R-factor, R-free,

atoms. The deviations ia-carbon atoms and all atoms of

and the geometry of the structure were closely monitored the A molecules in both complex structures are 0.21 and
and electron density maps were examined. The release 00-43 A, respectively. The rms differencedrcarbon atoms

NCS restraints resulted in a slight increaseRefee and a
lower R-factor with no significant change in the geometry
parameters.

The DCF-bound structure was solved by direct phasing
with the ADA—HDPR complex structure with the contribu-
tion of the bound ligand and water molecules omitted. Rigid-
body refinement brought th&-factor from 30 to 25%.

of the A molecule of the ADA-HDPR structure at pH 7
and the single molecule of the same complex at pH 2)2 (
is 0.27 A.

Zrét Coordination Zn?™ is found in more than 50
different proteins/enzymes, of which over 20 have had their
3-D structures determinedtl). Although Zr#* is found
coordinated to six water molecules in solution, it is mainly

Simulated annealing and several rounds of alternating involved in four or five coordination in the active sites of
positional andB-factor refinement, together with the addition €nZymes, including contributions from bound water mol-

of water molecules, converged to Brfactor of 21.2% and
an R-free of 28.3%. The bulk solvent correction and NCS
restraints helped in the fitting, especially to the density of
DCF, using the small molecule crystal structud8)(as the
model, to its density in [E,| — |Fc| and|F,| — |F¢] maps.

In the final round of refinement, the NCS restraints were
released slowly using a similar procedure to that of HDPR
complex. The final statistics of both structures are shown
in Table 1.

RESULTS

Structure Determination and Comparisoffhe structure
with the bound HDPR was refined against the 1.95 A
resolution data to aR-factor of 19.3% andR-free of 28.1%.
The DCF-bound structure was similarly refined against the
2.6 A data to arR-factor of 18.5% and aR-free of 27.2%.
The atomic models, for the four independent molecules

ecules and inhibitors.

Until now, the geometry of the 2 coordination has not
been described in detail. The availability of the 1.95 A
structure of the ADA-HDPR, the highest resolution structure
obtained thus far, and the opportunity to compare with the
structures of ADA with bound DCF and DAA() provided
the impetus for the detailed description that follows. As
shown in Figure 2 and Table 2, the Znis coordinated by
three NE2s from imidazole side chains (His 15, His 17, and
His 214), one OD2 from a carboxylate (Asp 295), and one
hydroxyl from the bound ligand (6-OH in HDPR or 8-OH
in DCF) or hydroxide observed in the structure of ABA
DAA complex 1). To our knowledge, this is the first time
that this coordination motif composed of this group of atoms
is observed for a catalytic Z2h. A similar motif, composed
only of the four residues (no water molecule), has been
observed for the structural Zh bound in superoxide
dismutase 42).

The Zr#" coordination geometry, with bound HDPR, was

(named A, B, C, and D), in both complexes have good initially deduced to be nearly tetrahedral with the three His
stereochemistry. All four molecules in both structures NE2s occupying three vertexes and the Asp 295 OD2 and
include 349 out of 352 residues, one?Zicofactor, and the  the ligand hydroxyl group sharing the fourth sit&).(
inhibitor bound in the active site. Only the first three However, a detailed examination, with Table 2 and Figure
residues have uninterpretable electron density and, hencep, shows that the coordination geometry best fits a trigonal
are missing in the final models. The main-chain dihedral pipyramid with the NE2 atoms of His 15 and His 17, and
angles of four nonglycine residues, all with well-defined 6-OH of HDPR, 8-OH of DCF, or OH molecule in the
density, for four independent molecules in both structures, hound DAA structure occupying the vertexes of the triangle,
fall outside of the allowed region of the Ramachandran and His 214 NE2 and Asp 295 OD2 occupying the apexes.
diagram. Interestingly, of these four residues, two (Asp 295 Whereas the locations of the coordinating atoms from the
and His 238) are in the active site and likely involved in side chains and inhibitors at each of the five positions are
catalysis (see below). This feature exists in all previous very similar, the position of the bound hydroxide is shifted

structures of ligand-bound wild-type and mutant ADA from  from those of the hydroxyl groups of the inhibitors (Figure
crystals obtained at pH 4.2 and in different space groups 2).

(2, 21, 25, 39, 4

The averages of the distances, for all four independent

Consistent with well-ordered structures, the overall average molecules, from the protein ligands to the?Ziis 2.46 (0.08)

B-factor for all protein atoms, 21, and bound ligand in
the asymmetric unit of the ADAHDPR complex structure
is 16.96 & (Table 1). The average temperature factor of

A in the complex with HDPR and 2.51 (0.15) A in that with
DCF. In contrast, the averages from the inhibitor ligands
appear shorter, 2.21 (0.07) A from the HDPR 06 and 1.90
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Ficure 2: Trigonal bipyramid coordination of the Zhin the active site of ADA. Stereoview of the coordination in the structures of ADA
with bound HDPR (color coded atoms: Zngold; O, red; N, blue), DCF (all gray atoms) and 1-deazaadenosine with boyhaéHOH-

(all green atoms)1). This view is based on least-squares superpositioning of atoms shown for the three structures. This figure and those

of 3, 4, and 5 were produced using the MidasPlus progzth (

Table 2: Z@* Coordination in the pH 7 Structures of ADA Complexed with HDPR and DCF (Average for Four Independent Molecules)

A. Distances (A)

residue/ligand HDPR structure DCF structure

His 15 NE2 2.48 (0.07) 2.64 (0.11)

His 17 NE2 2.46 (0.23) 2.51(0.10)

His 214 NE2 2.54 (0.08) 2.60 (0.08)

Asp 295 OD2 2.34 (0.06) 2.30 (0.09)

HDPR 06/DCF 08 2.21(0.07) 1.90 (0.04)

B. Angles (ded)
Zn?t His 15 NE2 His 17 NE2 His 214 NE2 Asp 295 OD2 HDPR O6

His 15 NE2 119.6 (7.8) 90.1 (5.6) 84.6 (5.7) 117.1 (0.8)
His 17 NE2 122.8 (5.1) 87.2(7.3) 100.0 (5.2) 122.1(7.0)
His 214 NE2 87.5(3.9) 87.8(7.3) 1715 (2.1) 98.8 (5.1)
Asp 295 OD2 85.4 (2.0) 102.2 (5.2) 168.8 (5.4) 79.2(1.4)
DCF 08 114.0 (2.4) 122.9 (4.7) 94.7 (3.7) 81.1(3.3)

a2 Angles in the upper-right half are found in the ABAIDPR complex and those in the lower-left half are in the ABIBCF complex.

(0.04) A from the DCF O8 (Tables 2). These shorter Figure 3, the active site in the structure at pH 7, where the
distances likely reflect the extremely tight binding of both enzyme is fully active, is very similar to that in the initial

inhibitors. The distance from the hydroxide to the?Zin
the structure of ADA-DAA complex is similarly short (1.91
A) (21).

Interestingly, all of the Z&" coordinating residues are

further involved in other interactions (not shown). Hydrogen well preserved in the two structures (Table 3).

structure at pH 4.22), where the enzyme is 20% active. As
the rms deviation of the atoms in the active site of the pH 7
(molecule A) and the pH 4.2 molecule is 0.23 A, the
interactions of the HDPR in the active site are extremely
These

bonds are formed between His 15 ND1 and Glu 260 OE1, interactions are also very similar to those in the structure of

His 17 ND1 and HDPR or DCF'80H, His 214 ND1 and
Asp 181 OD1, and Asp 295 OD1 and Ser 265 OG.
Complexes of ADA with HDPR and DCF at pH Tn

a crystal of ADA-HDPR complex obtained at pH 4.2 and
titrated to pH 6 (Table 3)26).
In light of the above findings, the suggestion by the groups

both structures, the ligands have very well-defined electron of Wolfenden and Carter that the ADA structure at pH 4.2
density for four independent molecules (e.g., Figures 3a andrepresents an inactive form4) is unfounded. Lacking any
4a). The four independent active sites in the ABADPR merit is also the suggestion by these groups that crystal
complex are some of the most ordered regions of the modelspacking forces favor an inactive configuration at pH 4.2. In
and have almost identical geometry. The site with residues, fact, the active site in the pH 4.2 structure is nowhere near
zinc, HDPR, and two water molecules, as depicted in Figure a symmetry-related molecule and is capable of catalyzing
3, has an average temperature factor, for four independenthe hydration of PR. The pH 7 structures of the complexes
models, of 12.2 (0.9) A which is even lower than that of with HDPR and DCF remove any reservation about the
the entire four independent structures (Table 1). The averageconfiguration of the active site. Moreover, all ADA crystals
rms deviation of the atoms in the site, for four molecules, is (including those described here) were obtained in the absence
0.20 (0.02) A which is much better than that of all atoms of of high salt concentration. In contrast, CDA was crystallized
the proteins, Z#, and HDPR. Moreover, as shown in in 30% saturated ammonium sulfa#3).
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Ficure 3: Stereo drawing of the binding of HDPR to ADA in the structure at pH 7. (a, top) Difference electron density map (yellow) of
the bound HDPR. The density was obtained by omitting the HDPR in the structure factor calculation of the final refined structure. (b,
bottom) Coordination and hydrogen bond interactions between the HDPR and ADA in the structure at pH 7 (atom color codes: C, green;
O, red; N, blue; ZA", gold) superimposed with those in the structure at pH 4.2 (all gray atd@ps) (

Similar to the ADA-HDPR complex structure, the active  structures with the bound HDPR or DCF exhibiting no
site in the ADA-DCF complex structure, for all four abnormal bond distances or geometry. Asthe DCF structure
molecules, is more ordered than the entire protein structureis accurately known from the small molecule crystal structure
and exhibits almost identical geometry. The average tem- analysis 88), it served as a control. Indeed, we see no reason
perature factor and rms deviation of the atoms in the site, asfor the distance of the preexisting €88 bond of DCF (the
shown in Figure 4, for four independent models are 8.9 (0.5) equivalent of the C606 of HDPR, Figure 1) to vary from
A2 and 0.22 (0.01) A, respectively. the 1.427 A obtained in the small molecule crystal structure.

Bond Length of the C606 of HDPR and C808 of DCF. After applying a distance restraint of 1.6 A to the target
On the basis of the 2.3 A structure of CDA with the bound covalent bond C606 of HDPR or C8-08 of DCF, further
reaction-coordinate analogue zebularine 3-4 hydrate, it wasalternating cycles of positional arifactor refinement in
indicated that the bond distance of the €434 of the  XPLOR were carried out for each structure. The bond length
analogue (the equivalent of €6 of HDPR) is unusually  of the C6-06 of HDPR, for four molecules, increased to
long (~1.7 A) (44). This distance, whose significance 1.60 (0.01) A from a normal distance of 1.43 A in the final
remains a mystery, was arrived at by restraining the targetrefined structure. However, the fact that the bond distance
covalent distance of the G404 to 1.6 A in the refinement  of C8—08 of the bound DCF also increased to 1.60 (0.01)
using the TNT packagetb). A casts serious doubts on the validity of the above results,

We have evaluated the bond distance of the-O6 of which also include that of CDA. The proximity of the
HDPR following completion of the refinement of both hydroxyl groups to as strong a scatterer as a"Znakes
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FiGure 4: Stereo drawing of the interactions between ADA and DCF. (a, top) The difference density (yellow) of DCF superimposed with

the refined model. The density was calculated with coefficigifig ¢ |Fc|) anda,. from the final refined structure (Table 1) excluding the
contributions of the DCF. (b, bottom) Hydrogen bond and coordination interactions of the polar groups of DCF with ADA-aljata@m
color codes: C, green; O, red; N, blue;Zngold). An 8&-hydroxyl group of DCF would be in the vicinity of Leu 58, Phe 61, Thr 269,
and Phe 300.

any accurate assessment of the covalent bond distances imolecules, but these interactions are in the anti orientation
question difficult, especially at the relative low resolutions (Figure 5).

in which the crystallographic analysis of both enzymes were It is noteworthy that Asp 295, as well as His 238, has
undertaken. strained backbone conformation. Tk values of the Asp
and His residues in the HDPR-bound structure ary-73
75° and 80/—87°, respectively, clearly outside the allowed
region. Very similar values are observed in the complex
with DCF and in all other structures of ADA, including
mutant enzymes, determined thus far.

Abundance of Acidic Residues in the AetiSite and
Strained Conformations A striking observation is that, of
the seven residues engaged in interactions with the HDPR
or DCF (Figures 3 and 4), four have acidic side chains (Asp
19, Glu 217, Asp 295, and Asp 296). Interestingly, all these
interactions are formed with the side chains in the syn DISCUSSION
stereochemistry (Figures 3 and 4). This finding is consistent  The determination of the structures of complexes of ADA
with the observation that syn is the preferred and more with two potent inhibitors (DCF, a transition-state analogue,
favorable orientation in the interactions of these side chainsand HDPR, a reaction coordinate analog) at a pH of
(46, 47. Both of the side-chain oxygens of Glu 217 are maximum activity has further provided insight to inhibitor
further involved in hydrogen-bonding interactions with water binding, substrate recognition, and activity of the enzyme.
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Ficure 5: Stereoview of the side chain of Glu 217 and its involvement in networks of hydrogen bonds. Also shown are other residues
within van der Waals’ distance to Glu 217.

Table 3: Distances to the HDPR at the Active Site of ADA Table 4: Hydrogen Bond and Coordination Distances to DCF at the

atoms distancess(3.3 A) Active Site of ADA
ADA HDPR pH 7.0 pH6.®  pH4.Z atoms

His 17 ND2 05  2.51(0.10) 2.9 2.8 ADA DCF distances (A)
Asp 19 OD1 05  2.76(0.11) 2.6 2.6 His 17 ND1 05 2.54 (0.04)

Asp 19 OD2 03  2.84(0.08) 3.0 3.0 Asp 19 OD1 05 2.86 (0.16)

Gly 184 N N3 3.05 (0.08) 3.1 3.2 Asp 19 OD2 03 2.99 (0.27)

Glu 217 OE1 N1 2.82 (0.05) 2.8 2.8 Gly 184 N N4 3.26 (0.08)
His 238 NE2 06 3.25 (0.11) 3.1 3.2 Glu 217 OE1 N6 2.92 (0.15)
Asp2950D1 06 2.78 (0.04) 2.7 2.7 His 238 NE2 08 3.30 (0.03)
Asp2960D2 N7 2.83 (0.04) 2.7 2.8 Asp 295 OD1 08 2.63(0.07)
Zret 06 2.21 (0.07) 2.1 23 Asp 296 OD2 N1 2.72 (0.06)
H.0 (2357) 02  2.85(0.08) 3.2 3.2 Znz*+ 08 1.90 (0.04)

H.0 (2357) 03  2.76(0.10) 2.8 2.9

a Average for four independent molecules.
2 Average for four independent moleculéShe crystal was obtained

at pH 4.2 @) and equilibrated to pH 6.@6). ¢ Obtained from ref.

ments of bound substrates with respect to the following three
DCF or Pentostatin, a Natural Product Transition-State well-established factors that contribute to the ﬂ8X|b|||ty of
Analogue The strong inhibitory effect of DCF on ADA  Ppurines/pyrimidines: (i) rotation about the glycosyl bond
activity has been attributed to the similarity of this natural (C1'—N for purine) which is defined by the endocyclic
product to the tetrahedral transition-state intermediate. Thetorsion angley (04 —C1'—N9—C4), (ii) rotation about the
structure analysis reported here does show a DCF bound inC4 —C5 link represented by the excocyclic torsion angle
a manner very similar to HDPR. This is particularly true (05—C5—-C4—C3), and (iii) ribose puckering. In the
for the coordination of the B-hydroxyl group of DCF to ~ bound HDPR, DCF, and DAA, the position of the base
the Zr#+ which confers the strong potency and very high relative to the sugar moiety is in the anti conformation with
degree of stereoselectivity of inhibition by the analogue. x values confined to a narrow rangeX06’ to —111°). This
Abrogation of this coordination is the main reason for the finding is consistent with experimental evidence that ad-
enormous decrease (about 7 orders of magnitude) in theenosine can be deaminated by ADA only in its anti
inhibitory effect of the &hydroxyl isomer relative to the ~ conformation 22, 4§. The orientation about the CACS
8Risomer ). Moreover, the hydrogen-bonding interactions Pond, for all three ligands, is-sc (gauche, gauche) witp
of His 238 and Asp 295 with theRBhydroxyl (Figure 4 and  Values from 54to 57. The three ligands are bound with a
Table 4) will cease to exist with theShydroxyl. Replace-  C3 endo ribose pucker (e.g., see Figures 3 and 4).
ment of the & hydroxyl by an & hydroxyl through model- Chemical features for substrate specificity of ADA, as first
ing also places the8hydroxyl group in an incompatible  revealed in the structure of the complex with HDPR at pH
area surrounded by hydrophobic residues Leu 58, Phe 614.2 (2), are solidified by both pH 7 structures reported here.
Thr 269, and Phe 300 (Figure 4B). These include the requirements for the presence of ribose
Substrate Conformation and Molecular Recognitidrhe and the lone pairs in both N3 and N7.
two structures show excellent complementarity between the  An unusual aspect of substrate and inhibitor recognition,
bound transition-state analogues and the active site (Figure<larified by the pH 7 structures, is the hydrogen bond
3 and 4). Very similar complementarity is also achieved in between the lone pair of N7 of HDPR or N1 of DCF and
the binding of DAA, a ground-state analogul). This Asp 296 OD2 (Figures 3 and 4 and Tables 3 and 4). A
complementarity demonstrates the conformational require- similar hydrogen bond (2.7 A distance) is also formed with
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Ficure 6: Schematic diagram of a tetrahedral transition-state
intermediate of the ADA catalyzed reaction. The diagram is based
on the structures of ADA with bound HDPR and the modeling the

6-NH,. The 6-NH would be close to an area bounded by Leu 58,

Phe 61, Thr 269, and Phe 300.

N7 of the bound DAA 21). This interaction, also seen in
the pH 4.2 structures, dictates that the side chain of Asp 296
has an abnormally highif in order to serve as a hydrogen
bond donor to the lone pair of the very basic nitrogen. The
structures indicate two features in the environment of Asp
296 conducive to an elevatedp The Asp residue is in
the vicinity of hydrophobic residues Phe 61 and Phe 300
(Figures 3 an 4) and Phe 65 and lle 299 (not shown).
Additionally, a protonated (COOH) Asp 296 side chain is
an outcome of being close to the COOf Asp 295, which
is coordinated to the 2.

Catalytic Mechanism.In light of the pH 7 structures of

mutagenesis experiment27, 39, 40, we have further

Wang and Quiocho

Table 5: Distances Relevant to Catalytic Mechanism

distance
pH ligand protein prot/ligand/kD distance (A)
7.0 HDPR Glu217 OEl HDPR N1 2.8
HDPR 06 41
HDPR N6 4.1
H,0 2870 3.0
4.2 DAA Zr?*-bound HO 3.8
7.0 HDPR Glu217 OE2 HDPR N1 35
HDPR 06 3.8
HDPR N& 3.3
His 238 NE2 3.3
H,0 2280 24
42 DAA Zr?t-bound HO 3.8
7.0 HDPR Asp2950D1 HDPR 06 2.8
HDPR N& 3.6
His 238 NE2 3.6
Asp 296 OD2 35
Ser 265 OG 2.6
7.0 HDPR His 238 NE2 HDPR O6 3.2
HDPR N6 4.7
4.2 DAA Zr?"-bound HO 2.8

2N6 was modeled with proper geometry and distance to C6 in the
bound HDPR to simulate a tetrahedral transition-state intermediate.

correctly orienting the hydroxide oxygen in line for the

addition to the C6Z1). And fifth, the locations of the Z1

and Asp 295 on the B face or pro-S face of the adenosine

ring dictate the stereochemistry of the hydroxide addition.
The identity of the basic group that presumably abstracts

the complexes with HDPR and DCF and recent site-directed a proton from the Z#-bound water molecule in the addition

reaction remains problematical.

His 238, by possessing a

evaluated the catalytic mechanism of ADA. ADA-catalyzed pK, in the pH range (5.58.5) of maximum activity for

reaction may be viewed in two stages: an initial stereospe- murine ADA (26) and by being within hydrogen-bonding
cific hydroxide addition to the C6 of the substrate to form distance to the Zi-bound water molecule in the structure
the tetrahedral transition-state intermediate and a final of ADA—DAA complex (Table 5), was proposed as the

ammonia elimination to form the inosine product.
important players revealed by the structures are th&,Zn

generated by modeling the 6-MHeaving group, to the
structure of the bound HDPR.

The general base2(l), but recent site-directed mutagenesis study

of this residue provides little support for this proposzd)(

Glu 217, His 238, and Asp 295 (Figures 3 and 4). Figure 6 Although the His mutant enzymes exhibited considerable loss
shows a schematic diagram of a tetrahedral intermediate,of activity, one mutant with an Ala substitution was
determined by X-ray and NMR spectroscopy to convert PR

to HDPR.

The structural analyses, combined with mutagenesis stud- We are left to consider Glu 217 as the general base. This
ies, have shed more light on the addition reaction than the consideration was guided by site-directed mutagenesis studies
elimination reaction. Features of the addition reaction are indicating that amino acid substitutions of Glu 217 resulted

summarized as follows.

First, by acting as a powerful in enzyme mutants with very severe loss of activy,(49

electrophile, ZA+* remains the key player in activating the and with complete inability, as detected by NMR technique,
to catalyze the conversion of PR to HDPR7). Glu 217
molecule was, in fact, observed in the structure of the ADA OEL1 is a logical choice for water proton abstraction since
it, in turn, is in an excellent position (Tables 3 and 5) to
excellent alignment (i.e., Figure 3 and Tables 3 and 5) to donate a proton to N1. However, the distances (3.8 A) of
donate a proton to N1 of a substrate, thereby reducing theGlu 217 OE1 or OE2 to the Zn-bound activated water or
N1 to C6 double bond character and making the C6 more hydroxide in the structure of the ADADAA complex (Table
susceptible to nucleophilic attack and to transformation from 5) (21) are not ideal for abstraction of a water proton.

The ammonia elimination pathway is less understood. We
consider two similar pathways, both with varying degrees

attacking water molecule(21). A Zn?"-bound hydroxide

complexed with DAA 21). Second, Glu 217 OE1 is in

sp? to sp in the tetrahedral transition-state addu)t (Third,

His 238 assists in the formation and stabilization of the
attacking hydroxide from the Zn-bound water molecule
(2). It is within hydrogen-bonding and charge coupling
distance to the Zi-bound hydroxide (Table 5). This role

the primary function of this residue,

of ambiguity.

In one pathway, Glu 217 OE2 could, in the

same manner proposed for a Glu residue in the CDA
mechanism43), shuttle the proton from 6-OH to the 6-NH
is consistent with the mutagenesis experiment indicating thatof the tetrahedral intermediate and, in the process, promote

in its protonated the elimination by way of a purinolate (6=Qintermediate

positively charged species, is the electrostatic stabilization (discussed further in the following section comparing the

of the attacking OH (39). Fourth, by forming a hydrogen
bond with the ZA"-bound activated water or hydroxide (i.e.,

ADA and CDA).

His 238 should further enhance the

formation of the purinolate in much the same way as in the
Figure 3 and Table 3), the carboxylate of Asp 295 assists in formation of the hydroxide in the water activation process.
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A similar pathway could use Asp 295 OD1 as the conduit
of the proton from 6-OH to the 6-NH This role is primarily
dictated by the close interaction of the OD1 with the hydroxyl
group of HDPR or DCF (Figures 3 and 4 and Tables 3, 4,
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ever, the distances of the Glu carboxylate group (OE1) to
the Zrt*-bound water molecule are somewhat long, 3.8 A
in the ADA structure complexed with DAA2() and 3.7
and 3.3 A in the structures of CDA complexed with 3,4-

and 5); no other functional residues are as close to eitherdihydrozebularine 44) and 3-deazacytidine5(), respec-

OH group. However, the location of the OD1 (on the pro-S

tively.

face of a transition state, Figures 3 and 6) and its long Because Glu 104 OE2 of CDA makes a short hydrogen
distance (3.6 A, Table 5) relative to N6 on the pro-R side bond with the 4-OH of bound transition-state analogues, it
may not be ideal for proton transfer. Moreover, the has been proposed as the proton shuttle in the elimination
coordination of the Asp OD2 with 2fi and the hydrogen  reaction pathway, abstracting the proton from the 4-OH of
bond between OD1 and Ser 265 OG may restrict the the tetrahedral transition-state intermediate and transferring
movement of Asp 295. it to the leaving 4-NH in the course of the tautomerization
Whereas the 6-OH adduct of the transition-state intermedi- reaction of the tetrahedral intermediate by way of a pyrimi-
ate is interacting with the 2f and polar residues His 238  dinolate (4-O) (43, 44. The homology of this pathway in
and Asp 295 (Figure 6), the modeled 6-Nidaving group ADA employs Glu 217 OE2 or Asp 295 OD1 as a conduit
would be located in a hydrophobic area largely bounded by of the proton (see above).
residues Leu 58, Phe 61, Thr 269, and Phe 300 (Figures 4B With the exception of the interaction between Glu 217
and 6). This incompatible location would further facilitate OE1 and N1 of HDPR or N6 of DCF (Tables 3 and 4), which
the elimination of the leaving group and to an essentially is relevant to both addition and elimination reactions (see

irreversible enzyme catalyzed chemical reaction.

above), the Glu 217 carboxylate side chain makes no other

Comparison between Adenosine Deaminase and Cytidinefavorable interactions with bound analogues (Table 5). For

Deaminase The structure of ADA is completely different
from that of CDA @, 43. ADA is a monomer whereas CDA

this reason, Glu 217 OE2 is not as ideal a vehicle for a proton
transfer from 6-OH to 6-NKas Glu 104 OE2 of CDA.

is a homodimer. Considerable differences also exist betweenMoreover, Glu 217 OE2 has to abstract, at a long distance,

the active sites in the two enzymes. ?Zrcoordination in
ADA, with bound potent inhibitors, is accomplished by five
ligands (3 His, 1 Asp, and a hydroxyl group of the inhibitors

the proton of the 6-OH, which is hydrogen bonded to Asp
295 OD1 (Table 5), a feature not present in CDA.
Although Glu 217 OE2 is far from 6-OH of HDPR and

or a water molecule) in a trigonal bipyramidal geometry, the modeled 6-NEkl(Table 5), it is juxtaposed between these
whereas that in CDA is achieved by four ligands (2 Cys, 1 two moieties of a transition state (with reference to Figure
His, and a hydroxyl group of transition-state analogues or a 3). Thus, the geometry of OE2, as a possible proton shuttle,
water molecule) in a nearly tetrahedral geometry. One of is somewhat more favorable than that of Asp 295 OD1 (see
the coordinating Cys residues (Cys 132) in CDA, which is above).
believed to have a unique role as a “valence buffer” that For Glu 217 to play a role in proton transfer in the
accommodates changing negative charge on the hydroxylelimination reaction, as well as a general base in the addition
group 60), is not present in ADA. The catalytically reaction, requires considerable flexibility in its side chain, a
important His 238 and Asp 295 residues of ADA are missing feature completely lacking evidence from structural data
in CDA. Significantly more acidic residues are found in obtained thus far. In all the structuresd dozen) of native
the active site of ADA than in CDA. and mutant enzymes with bound ligands (HDPR, DCF, DAA,
Glu 217 of ADA is equivalent to Glu 104 of CDA; and inosine), at pH 4.2 and 7.0 and in three different crystal

however, they are in very different environments. Glu 217
is surrounded by bound ligand and Leu 58, Glu 186, Val
218, His 238, Thr 269, and Ala 271 (Figure 5). Moreover,
whereas hydrogen bond networks, by way of water mol-

lattice systems, Glu 217 is seen in identical position with its
side chain in a fully extended conformation (e.g., Figures 3,
4, and 5). This position is very much restricted by being
close to bound ligands and several residues (Figure 5). The

ecules, are associated with the ADA Glu side-chain oxygensentire side chain of Glu 217 is hemmed in on one side by
in an anti orientation (Figure 5), none are apparently involved Leu 58 and Val 218 and on the other side by His 238.

with the CDA Glu side chain. The functional significance
of the environment and interaction of the ADA Glu residue
is unclear. This environment is also very much different
from those of similar catalytic residues in other zinc
metalloenzymes.

Because ADA and CDA contain 2h along with the Glu

Furthermore, the carboxylate of Glu 217 is held in place by
water-mediated networks of hydrogen bonds with other
residues (Figure 5). Flexibility of Glu 217 may additionally
require movement of the hairpin loop (residues 2221)
deploying this residue. However, as the backbone and side
chains of the loop are engaged in numerous interactions with

residue in the favorable syn orientation, the most common residues from two other flanking loops (residues 2342
features in the proposed catalytic mechanisms of both and 182-186), this movement is unlikely and has not been

deaminases pertain to the hydroxide addition with th&"Zn

observed in any of the dozen structures.

acting as a strong electrophile in the water activation and Conclusion. Our crystallographic studies have shown that
the Glu residue (OE1 moiety in both enzymes) donating a the mode of binding of HDPR to ADA at pH 7, where the
proton to N1 of adenosine or N3 of cytidine. These features enzyme is fully active, is essentially identical for four
are amply supported by crystallographic studies of both independent molecules. Moreover, this binding mode is

enzymes with bound inhibitor®( 21, 43, 44.

indistinguishable from that previously observed in the ADA

The Glu residue is also assumed to be the general baséHDPR structure at pH 4.2 where the enzyme is 20% active.

for water activation in both ADA and CDA, a role which
has precedence in enzymes withl?Zgofactor #1). How-

These studies further demonstrate very similar binding of
DCF. The strong inhibition by DCF and HDPK;(in the
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picomolar range) is attributed mainly to the stereospecific
coordination of the hydroxyl group of the inhibitors to the

Zn*" cofactor.

The hydroxide addition process of the

catalytic mechanism is very similar to that of CDA. Owing
to some dissimilarities of the active sites between ADA and
CDA, the ammonia elimination reaction pathways may be
different between the two enzymes. The ability to crystallize
ADA at pH 7 and in four independent molecules, along with
its many advantages, will enable us to extend our crystal-
lographic studies to binding of other ligands and, thereby,
obtain a fuller understanding of enzyme function.
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