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ABSTRACT. Adenine phosphoribosyltransferase (APRTase) is a widely distributed enzyme, and its deficiency
in humans causes the accumulation of 2,8-dihydroxyadenine. It is the sole catalyst for adenine recycling
in most eukaryotes. The most commonly expressed APRTase has subunits of approximately 187 amino
acids, but the only crystal structure is frdneishmania donegani, which expresses a long form of the
enzyme with 237 residueSaccharomyces cersiae APRTase was selected as a representative of the
short APRTases, and the structure of the apo-enzyme and sulfate bound forms were solved to 1.5 and
1.75 A, respectively. Yeast APRTase is a dimeric molecule, and each subunit is composed of a central
five-strandedf-sheet surrounded by fivei-helices, a structural theme found in all known purine
phosphoribosyltransferases. The structures reveal several important features of APRTase function: (i)
sulfate ions bound at the-phosphate and pyrophosphate binding sites; (ii) a nonproline cis peptide bond
(Glu67—Ser68) at the pyrophosphate binding site in both apo-enzyme and sulfate-bound forms; and (iii)
a catalytic loop that is open and ordered in the apo-enzyme but open and disordered in the sulfate-bound
form. Alignment of conserved amino acids in short-APRTases from 33 species reveals 13 invariant and
15 highly conserved residues present in hinges, catalytic site loops, and the catalytic pocket. Mutagenesis
of conserved residues in the catalytic loop, subunit interface, and phosphoribosylpyrophosphate binding
site indicates critical roles for the tip of the catalytic loop (Glu106) and a catalytic site residue Arg69,
respectively. Mutation of one loop residue (Tyr103Phe) incrdasdsy 4-fold, implicating altered dynamics

for the catalytic site loop.

Adenine phosphoribosyltransferase (APRTasa)alyzes based on the observation that adenine can satisfy the
the reversible formation of AMP and pyrophosphate from requirement for exogenous purines in these organigins (
adenine and 5-phosplwb-ribosyl-1-pyrophosphate (PRPP) However, genetic deletion of APRTase imeishmania
in the presence of Mg (Figure 1a) {). The primary role donaani has established that the enzyme is not essential
of APRTases is salvage or recycling of adenine to re-form for purine salvage in this intracellular protozoan parasije (
adenine nucleotide2{6). In mammals, adenine is formed Adenine is present at low concentrations in the serum and

only in the pathway of polyamine synthesis frof the cells of mammals, and hypoxanthine is a more abundant
adenosylmethionine and is salvaged to the adenine nucleotidgyrecursor for the purine salvage pathwags 'he human
pool only by APRTase (Figure 1b). genetic deficiency of APRTase results in adenine oxidation

APRTase is also present in purine auxotrophs, including by xanthine oxidase to 2,8-dihydroxyadenine, a compound
the protozoan parasites. It is competent for purine uptakewith limited solubility, leading to urolithiasis and kidney
failure 8). Human APRTase deficiency has symptoms with
T Supported by research grant GM41916 from the National Institutes variable-onset and is believed to be reversible upon removal

of Health. i .
* Coordinates for the X-ray crystal structures described here have of 2,8-dihydroxyadeninegy.

been deposited at the RCSB structural database as file names 1G2P The only structural information on APRTase was reported
and 1G2Q. by Philips et al., using the enzyme from donaani in
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430-8565. E-mail: vern@aecom.yu.edu. complexes with adenine, AMP, and citrate-sulfate id®)s (

#These authors contributed equally to this work. Sequence comparisons indicate thatlthdonaani enzyme
“ Albert Einstein College of Medicine. differs from other APRTases by possessing N- and C-

§ Indiana University. . . - L
1 Abbreviations: AMP, adenosine monophosphate; APRTase, ad- terminal extensions that total over 50 amino acids in the

enine phosphoribosyltransferase; HGPRTase, hypoxanthine-guanineoverall sequence relative to the structuregstherichia coli

phosphoribosyltransferase; HGXPRTase, hypoxanthine-guanine-xan-Saccharomyces carnsiag, or human enzymes. Thus.

thine phosphoribosyltransferase; immucillinAPS(L-(deazaadenin- donavani expresses long-APRTases, white coli, S. cer-
9-yl)-1,4-dideoxy-1,4-imina-ribitol-5-phosphate; IMP, inosine mono- L ' s
phosphate; PRPP, 5-phosphes-ribosyl-1-pyrophosphate; OPRTase,  €visiae and humans express short-APRTases. This difference

orotate phosphoribosyltransferase. is reflected in amino acid sequence conservation, with yeast
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FiGURE 1. Reaction catalyzed by APRTase and its roleSiadenosylmethionine metabolism. Rtgdependent phosphoribosyl transfer
reaction catalyzed by APRTase (a) and salvage pathways for adenine and methionine in the synthesis of spermidine from putrescine and
S-adenosylmethionine (b).

and human enzymes sharing 29.4 and 29.9% identity with by centrifugation. The supernatant was fractionated by
the Leishmaniaenzyme 9), while the E. coli and yeast = ammonium sulfate precipitation to obtain the fraction
enzymes share 40.8 and 41.3% identity with human enzyme,between 35 and 70% saturation. The resulting pellet was
respectively 10, 11). A goal of this work was to characterize  dialyzed against buffer A containing 50 mM imidazole and
the crystal structure of APRTase froB\ cereisiae as a loaded onto a 10 mL Ri nitrilotriacetic acid (NTA) column
representative of the short-APRTases. (Qiagen). After washing the column with 100 mL of buffer
A containing 50 mM imidazole, the protein was eluted with
50 mL of buffer A containing 300 mM imidazole. The

Expression and PurificatioriThe coding sequence &. fractions with the highest specifip activity were combined,
ceraisiae APRTase cloned into aiN-terminal 6x His- concentrated, and dialyzed against buffer A. The enzyme
tagged expression vector (PQE) was used to produce the His V&S further purified by Q-Sepharose ion-exchange chroma-
tagged enzyme 10). E. coli (B25) cells carrying the tography with a linear elution gradient of 28600 mM KCI.
expression vector were grown at ST in LB containing The active fractions were combined, concentrated, and
kanamycin (25:g/mL), ampicillin (100ug/mL), and 10 mm  dialyzed against buffer A. Purified enzyme was estimated
sodium phosphate (pH 7.5). Cultures withAsg, of 0.7 were to be greater than 95% homogeneous by analysis on
induced with 2 mM isopropyt-p-thiogalactopyranoside and ~ denaturing polyacrylamide gel electrophoresis.
grown far 5 h at 37°C. Production of Mutant APRTasefhe pQE32-APT1 plas-

Cells were harvested by centrifugation at 59G6r 20 mid was used as the template for all in vitro mutagenic
min at 4°C, suspended in buffer A [50 mM Tris (pH 7.4), reactions {2). The construct contains an N-terminat &lis
20 mM KCI, 5 mM MgCh], and disrupted using a French tag for easy purification. Mutants were created using the
pressure cell. The following steps were carried out &4  QuickChange method (Stratagene, CA). For mutants that
with centrifugations at 200@Dfor 20 min. Streptomycin  required more than three nucleotide changes, three cycles
sulfate was added to a final concentration of 1% followed were added in which the annealing temperature was changed

MATERIALS AND METHODS
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Table 1: List of Primers Used for the Mutational Studies

mutant primer (5to 3)

R69A TATATCGTCGGGTTGGAATCAGCTGGGTTCTTGTTCGGACCA
TGGTCCGAACAAGAACCCAGCTGATTCCAACCCGACGATATAS

R89A GGTGTTGGTTTCGTTCCAGTCGCGAAGGCACGTAAGCTACCYT
AGGTAGCTTACCTGCCTTCGCGACTGGAACGAAACCAACACEH

K90A GTTGGTTTCGTTCCAGTCAGGGCGGCAGGTAAGCTACCTGGE
GCCAGGTAGCTTACCTGCCGCCCTGACTGGAACGAAACCAAE

K93A CTTAAAACATTCGCCAGGTAGAGCTCCTGCCTTCCTGACTGGAAE
CTTCCAGTCAGGAAGGCAGGAGCTCTACCTGGCGAATGTTTTAAG

Y103F GAATGTTTTAAGGCTACGTCGAAAAGGAGTACGGT
ACCGTACTCCTTTTCGAACGTAGCCTTAAAACATTC

E106L TTTAAGGCTACGTACGAAAAGCTGTACGGTTCTGATCTTTTT
AAAAAGATCAGAACCGTACAGCTTTTCGTACGTAGCCTTAAAP

E106Q AAGGCTACGTACGAAAAGCAGTACGGTTCTGATCTT
AAGATCAGAACCGTACTGCTTTTCGTACGTAGCCTT

Y107D TTTAAGGCTACGTACGAAAAGGAGGACGGTTCTGATCTTTTT
AAAAAGATCAGAACCGTCCTCCTTTTCGTACGTAGCCTTAAA

Y107F GCTACGTACGAAAAGGAATTCGGTTCTGATCTTTTT
AAAAAGATCAGAACCGAATTCCTTTTCGTACGTAGCP

G108H AAGGCTACGTACGAAAAGGAGTACCATTCTGATCTTTTTGAG
CTCAAAAAGATCAGAATCGTACTCCTTTTCGTACGTAGCCTTP

G108A ACGTACGAAAAGGAGTACGCTTCTGATCTTTTTGAG

CTCAAAAAGATCAGAAGCGTACTCCTTTTCGTACGT

aUpper oligo.” Lower oligo.° These primers containedRuu |l site. ¢ These primers contained a&ru | site. ¢ These primers contain Sacl
site.

from 55 to 50°C. The oligos for the site-directed mutagenesis (pH 7.5) and 1.5 M lithium sulfate, followed by equilibration
are listed in Table 1. Oligonucleotide sequencing confirmed against 1.0 mL of the mother liquid at 28. Single crystals
the nucleotide substitutions for each change. appeared in 3 days and grew to a maximum size of>0.3
Purification of APRTase mutants was performed according 0.3 x 0.1 mn?. These crystals exhibited diffraction consistent
to the Qiagen method except as follows: Cell-free extracts with the space grouf2:2:2; with a = 49.4 A,b = 96.7 A,
were mixed with 2 mL of Qiagen NTA-nickel beads andc = 112.1 A. The crystals contain one subunit in the
preequilibrated with lysis buffer and mixed gently fbh at asymmetric unit with &/, = 3.19 A¥Da and a calculated
4 °C. The beads were spun down gently, resuspended withsolvent content of 61%. APRTase crystals with an empty
10 mL of lysis buffer, and loaded onto a Poly-Prep catalytic site were obtained using a crystallization buffer
chromatography column (BioRad, USA). The column was containing 100 mM sodium citrate (pH 5.5), 0.2 M sodium
washed with 26-30 mL of buffer B (50 mM NaHPO, pH acetate, and 20% of poly(ethylene glycol) 5000 monomethyl
8.0, 300 mM NacCl, 20 mM imidazole), and the protein was ether. These crystals exhibited diffraction consistent with the
eluted with 10 mL of buffer B containing 250 mM imidazole. space group P1 wita = 42.7 A|b = 45.8 A,c = 53.9 A,
The fractions containing APRTase were dialyzed against o = 95.7, = 108.4, andy = 109.6. The crystals contain
buffer A containing 20 mM KCI. The protein was analyzed a dimer in the asymmetric unit with\4, = 2.18 A/Da and
by SDS-PAGE with Coomassie staining, and the total a calculated solvent content of 43%. Both crystal forms were
protein concentration was estimated by Bradford assay. Theobtained in the presence of 1.5 mM sodium pyrophosphate,
mutant proteins were greater than 95% pure as estimated byo mM MgCl,, 10 mM KCI, and a 1:1.2 molar ratio of
denaturing polyacrylamide gel electrophoresis. immucillinAP,! an inhibitor of the enzyme with K; of 200
Analysis of Kinetic ConstantsReaction mixtures to ~ NM.? Neither crystal form showed the presence of this
determine the appareNt, for adenine contained 50 mM Tris  inhibitor or MgPPi at the active sites.
(pH 7.4), 5 mM MgC}, 0.5 mg/mL bovine serum albumin, Data collection and processing{-ray diffraction data
1 mM PRPP, and up to 20M adenine. Reaction mixtures Wwere collected at-178°C from single crystals of APRTase
to determine the appareKt, for PRPP contained 250M using 0.98 A irradiation and a Quantum CCD detector at
adenine and up to 26M PRPP. Reactions were carried out beam line X9B (NSLS, Brookhaven National Light Source).
at 37°C for 5 or 10 min, depending on the extent of the Indexing, integration, and scaling of the data were performed
reaction. Product formation was measured as previously with the HKL package14). The data set for the orthorhom-
reported 13). ApparentK, andk.y values were determined  bic crystal form used for molecular replacement had an
by LineweaverBurk plots, fit to the data using the Cricket overall completeness of 95.5% to 1.75 A resolution with an
Graph Ill program. Each assay was conducted in triplicate, Rsym Of 4.1%. The data set from the triclinic crystal form
and each kinetic experiment was repeated three times. Thevas 95.8% complete to 1.5 A resolution with &y of
reported values are the average of all three experiments.2.4%. Data collection statistics are shown in Table 2.
Standard errors of the kinetic constants were less than 25% Molecular Replacement and Structural Refinemditie
of the reported values and are not recorded in Table 3.  sulfate form of the orthorhombic crystal form 8f cereisiae
Crystallization An orthorhombic crystal form was ob- APRTase was solved by molecular replacement with AmoRe

tained by mixing 2uL of 13—15 mg/mL protein with an
equal volume of mother liquid containing 100 mM Hepes  2Unpublished observations of K. S. E. Tanaka and V. L. Schramm.
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Table 2: Data Collection and Refinement Statistics

Catalytic

apo form SQform
Diffraction Data
space group P1 1212121
resolution range (A) 201.5 (1.55-1.508 20—1.75 (1.78-1.75)
completeness (%) 95.8 (89.9) 95.5 (82.8)
Reym(%0) 2.4 (17.6) 4.1 (24.0)
l/ol 28.2 (3.9) 24.0 (2.6)
no. of reflections
total 132 505 103 449
unique 54 848 26 348
Structure Refinement
Reryst (%) 19.9 20.8
Rree (%) 22.5 23.0
no. of amino acids 356 170
no. of solvent 305 108
molecules
no. of ligands 2S6G
ave protein 17.9 28.2
B-factor (4?)
ave solvent 28.6 37.9
B-factor (42)
ave ligand 39.9

B-factor (42)

RMS Deviations from Ideal
bond (A) 0.006 0.008
angle () 1.345 1.433

Ly

aValues in parentheses are for the highest-resolution shell.

ST
implemented in CCP416) using thel. donaani APRTase N Mﬁ'\%"
subunit as the search mod®8).(All nonidentical side chains AN N é
were trimmed to alanine. A single solution with correlation

coefficient of 23.5 and R-factor of 54.2% was generated Ficure 2: Overall structure of yeast APRTase subunit, dimer, and

. . interactions at the dimer interface. Stereoview of yeast APRTase
using 8.0-4.0 A data from the orthorhombic crystal form. subunit (a), dimer (b), and dimer interface (c). The APRTase

Using XPLOR version 3.85116), the crystallographic  consists of fivea-helices and ning-strands. In panel b, subunits
R-factor and free R-factor were reduced to 52.6 and 53.8%, A and B are depicted in red/green and blue/gray, respectively. The

respectively, after 100 steps of rigid-body refinement using yeast APRTase forms an extgnsive dimer interface in the. crystal
8.0-4.0 A data. Program O17) was used to view the structures and involves eight direct hydrogen bonds shown in panel
structure and build the missing side chains into the electron ¢. Figures 24 and 6 were generated using SETCR)(

densities in the B, — Fc. map. The final structure contains
residues 4104 and 109-178, two sulfate ions, and a total
of 108 solvent molecules witRcys: of 20.8% andRyee Of

APRTase apo-enzyme structure the catalytic loop is open,
stabilized by crystal packing interactions and reveals a fully
23.0% defined structure. The hood subdomain of the yeast APRTase

is smaller than those found in other type | PRTases and is
The yeast APRTase apo structure was solved by molecularcomposed of twgs-strands and twac-helices 1, 14-18;

replacement using the _structure of the su_lfate crystal form f2, 25-29: al, 2-13; and a2, 33-35). The segment
as the. modgl. The refinement was carried out to 1.5 A consisting of residues 97115, including5 (97—104) and
resolution withReryst and Ryree values of 19.9 and 22.5%, g5 (109-115), is referred to as the catalytic loop, and its
respectively, using the program CNS8{. The final model — ¢5qre over the active site is thought to be an essential
includes residues-1178 for each subunit of the dimer in  ¢oa1re of the catalytic mechanism in related PRTag8s (
the asymmetric unit and a total of 305 solvent molecules. 59y "1he catalytic sites in both crystal forms contained no

Both structures show excellent geometry with 99% of the ygectaple nucleotide inhibitor, despite being cocrystallized
residues in the most favored and additionally allowed region ;\ 1o presence of magnesium ion, pyrophosphate, and

of the Ramachandran plot as evaluated by PROCHEXK (- jmycillinAP, a 200 nM inhibito? The high lithium sulfate
Statistics for the refinement are summarized in Table 2. 5y citrate concentrations required for crystallization likely

precluded occupancy of the catalytic site. Crystal soakings
RESULTS AND DISCUSSION with immucillinAP and MgPPi in a variety of conditions

Overall Fold. The S. cereisiae APRTase subunit is a  failed to fill the catalytic site.

single domain structure composed of fixenelices and nine Quaternary StructureThe two independent crystal forms
pB-strands (Figure 2a). This domain can be further divided show yeast APRTase to be a homodimer (Figure 2b). In the
into the hood (residues-135) and the core (residues 36 apo-enzyme crystal form, there is a dimer in the asymmetric
178) subdomains. The core subdomain consists of a 5-strandunit, and the two molecules are similar to each other with a
ed parallels-sheet 3, 61-67; p4, 83-90; 57, 123-132; RMS deviation of 0.3 A for all @ atoms. In the sulfate
8, 150-161 andp9, 173-178) and threex-helices {3, bound form, only one subunit is found in the asymmetric
37-54; a4, 69-81; and o5, 136-148). In the yeast  unitapplying crystallographic symmetry. The dimer interface
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is extensive and buries a total surface area of 1400 and 1554 a

A2 on each subunit for the apo-enzyme form and the sulfate Thri34 —./ mm Thrm 74 m“m
bound form, respectively. Despite these extensive contacts, M “ i

the buried surface area at the dimer interface in yeast iz 31 . p— .
APRTase is approximately half of that observed Lin (‘ly]&(;‘ L G136 g ﬂ' A
donavani APRTase, which buries 267?Aolvent-accessible

surface area for each subur®.(ThelL. donaani enzyme m U

has a 33-amino acid C-terminal extension that wraps around
the adjacent subunit, resulting in an unusual large interface
area. The dimer interface & cereisiae APRTase includes '/ Sertd? 4/ Sert37
pL-2, a2-a3, ando4 of one molecule withp4 anda4 of b
the other molecule. These interactions consist of both A «
hydrogen bond and van der Waals interactions. A total of 3:\ . 339
eight hydrogen bonds are located at the dimer interface BI! b =
including Asp29A OD2-NE2 GIn115B; Phe34A O-N Phe85B; : i . /
Arg35A NH2-OE1 GIn115B; Ser68A OG-NH2 Arg89B; / /
Thr76A OG1-OG1 Thr76B; Phe85A N-O Phe34B; GIn115A = A N |
OE1-NH2 Arg35B; and GIn115A NE2-OD2 Asp29B (Figure J‘\x__\ft. },r‘\;__r n
2c). Asp29 and Arg89 are completely conserved throughout
the short-APRTases. (nu.? Glu67

Sulfate lon BindingCrystallization of the orthorhombic
crystal form occurred in the presence of 1.5 M3y, Cc
resulting in two sulfate ions being located in the active site
of APRTase. On the basis of the catalytic sitd_oflona/ani cuy135;1.:;;“\{)\“/]?50-’?{ uvmn;’/"\g M"jy\m I
APRTase, one sulfate ion is bound at the site typically _ g,/' iso. ¢ ”\ | 504 < Y
occupied by the 'sphosphate portion of the product AMP | Giy13a/153 A;qﬂr'\/‘ ¢4|,1w153 AMPI/—\//
(Figure 3a,c). This sulfate ion is located in the turn formed ”ﬁ . <3
by residues 133-AlaThr—Gly—Gly—Ser-137. The peptide cl \
backbone amide groups of these residues orient toward the qmm..,.s4
bound sulfate and contribute four direct hydrogen bonds. The

L Thr134/135 & Thr134/135

ScrlBTfl' hr]54

Il'l! /
side chains of Thr134 and Serl137 provide two additional ??(:t * }(wﬂ‘
hydrogen bonds to the sulfate ion. Two water molecules are / - _
in hydrogen bonding distance (2.7 and 2.8 A) to this sulfate Ser68/Alas1 s, 3
Glu67/Asp80 Glu67/Asp80

ion. All five of the amino acids in the Alal33Serl137 . o o
phosphate binding turn are either invariant or highly con- FIGURE 3: Two sulfate binding sites in yeast APRTase and

. . . comparison to components at thedonaani APRTase active site.
served within the short-APRTases (Figures 5 and 6). This giereqview of the sulfate binding site in yeast APRTase coincident

conservation reflects the requirement of'gphosphate for  with the 5-phosphate site of AMP in the. dona/ani APRTase
substrate activity in phosphoribosyltransferases and the(a). A stereoview of the sulfate binding site corresponding to the

placement of the 'Bhydroxyl oxygen atom for stabilization ~ citrate binding site in.. donaani APRTase, proposed to be the

of the ribooxocarbenium ion-like transition state proposed a-ﬁ)fyropg_ozphoryl binding site of PRPP (sz- Y?ﬁSthAPRTaIS‘? and
for human HGPRTase and demonstrated for purine nucleo-p. ate binding sites (green) are compared with the AMPcitrate
p binding sites fronl. donaani APRTase shown with gray carbons

side phosphorylase20—23). Conservation of this 's and colored heteroatoms (c). The location of AMP and surrounding
phosphate binding loop in APRTases supports a similar protein is taken from re9.
critical role for 3-phosphate binding in this enzyme.

The second sulfate ion present in the active site is locatednear the sulfate ion contributing a 3.3 A hydrogen bond.
at a position proposed for the binding of tAephosphoryl Arg69 is absolutely conserved in APRTases indicating an
group of pyrophosphate (Figure 3b,c). This sulfate ion forms essential interaction with the pyrophosphate group for
a direct hydrogen bond with the main chain amide of Ser68. catalytic function (see below). Both sulfate ions in yeast
In both apo and sulfate bound forms of yeast APRTase, APRTase structure bind at similar positions as the two sulfate
residues Glu67Ser68 form a nonproline cis peptide linkage ions observed in the sulfate bound form lof donaani
that orients the amide group of Ser68 toward the sulfate ion. APRTase 9).

A hydrogen bond between the side chains of Arg89 and Structural ComparisonThe yeast APRTase apo-enzyme
Ser68 at the dimer interface stabilizes the cis peptide bondand sulfate-bound crystal forms were solved to 1.5 and 1.75
geometry to permit this interaction (Figure 2c). Arg89 is A, respectively. The two structures are similar with RMS
completely conserved in short-APRTases, but either Ser ordeviations of 1.1 A for all @ atoms. The overlap of €

Ala is found at position 68. A similar cis peptide conforma- traces for the two structures reveals differences in two
tion has been observed at the corresponding position in otherflexible loops. These are residues-120 (loop I) in the hood
type | PRTases, including human and malarial HGXPRTasessubdomain and residues 15972 (loop Il) in the core

in complex with transition state inhibitor2@, 21). Since subdomain (Figure 4a). Both loops are in the vicinity of the
backbone contacts to the catalytic sites are involved, theactive site, although they are not directly involved in binding
amino acid residues involved in cis peptide formation are the sulfate ions. Phe27 from loop | in the hood subdomain
not conserved. In contrast, the side chain of Arg69 is locatedis a highly conserved residue in close van der Waals contact
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ordered as a consequence of crystal contacts between this
loop and a symmetry-related molecule. This interaction
accounts for the rare observation of an open and ordered
catalytic loop. In most loop-open structures of phosphori-
bosyltransferases, these residues are disordered (for example
see ref24). In the structure with bound sulfate, the loop is
not stabilized by crystal packing contacts. As a consequence,
four residues at the tip of the catalytic loop are disordered
and are not included in the final refined structure. The
catalytic loops in both structures are in the open conformation
and neither displays the translocation over the catalytic site
known to occur in purine PRTases with bound transition state
analogue inhibitors20, 21).

Comparison of Short- and Long-APRTasé&he S. cer-
evisiae and L. donaani APRTases share less than 30%
sequence identity. The structural differences result in a RMS
deviation of 2.2 A for a total of 172 &€ atoms when the
yeast APRTase apo-enzyme is compared td_tldonaani
APRTase complex with AMP and citrate. The greatest
difference is in the C-terminal extension bf donaani
APRTase that extends and coils around the adjacent subunit
in the dimeric structure (Figure 4b). Yeast APRTase is
missing these 33 residues but still forms an extensive dimer
interface, similar to that observed in tHe donaani
Ficure 4: Peptide backbone diagrams comparing sulfate-bound APRTase structure (Figure 2b,c).
yeast APRTase with the apo-enzyme structure and withLthe Other differences between the yeast anddonaani

donavani APRTase structure. Superposition of yeast APRTase apo- . . . .
enzyme (green) with sulfate-bound (gray) structure (a). Superposi- *PRTases occur in the three flexible loop regions; the hood

tion of yeast APRTase sulfate-bound structure (gray) vith ~ (15—29), catalytic loop (99-115), and loop Il (159-172).
donavani APRTase ternary complex with AMP and citrate (ma- The catalytic loop in thé. donaani enzyme is four residues

genta) in panel b. Loop | (residues-189), loop Il (residues 159 longer and is in an open conformation similar to that

172), and the catalytic loop (residues-9P15) are labeled in panel ; ;
a. Loop Il regions in yeast APRTase sulfate-bound structure and observed in the yeast APRTase structu@s The primary

LeishmaniaAPRTase ternary complex demonstrate similar con- S€duence of this region in tHe donaani enzyme corre-
formations despite lack of sequence homology, shown in panel b. Sponds to residues 15472 in the yeast enzyme but has
multiple amino acid insertions. This segmentirdonaani

to Arg69, which interacts with the second bound sulfate ion. APRTase consists of a loefiurn—loop structure followed
Loop | in the sulfate-bound structure moves approximately by a short helix. Similar structural features are observed in
1.0-1.5 A closer to the active site. Loop Il residues 359  yeast APRTase upon the binding of the sulfate ions although
172 interact with residues in thé-phosphate binding loop,  the loop-turn-loop structure is nine residues shorter (Figure
mostly through backbone atoms. Upon binding of the two 4b). However, in the yeast APRTase apo-enzyme structure,
sulfate ions, loop Il demonstrates a large change in structurethis segment folds into a completely ordered loop.
that is not related to crystal packing. In the sulfate-bound Comparison of APRTase with OPRTa&#otate phos-
form, residues 162164 moved approximately-57 A closer phoribosyltransferase (OPRTase) is the closest structural
to the core of structure. None of the amino acid side chains member to APRTase within the type | PRTase family. Yeast
in loop Il are in contact with substrate or the phosphate- APRTase shares 23% sequence identity vBtimonella
binding loop. Accordingly, none of the amino acids of loop typhimuriumOPRTase, while it has no apparent sequence
Il are completely conserved in the APRTase enzymes (Figurehomology with other purine phosphoribosyltransferases, such
5). as the HGXPRTase from malaria. The core structures of

Contacts between loop Il and the residues in the active APRTase and OPRTase are similar, with an RMS deviation
site are more extensive in the apo-enzyme structure than theof 3.4 A between yeast APRTase a®l typhimurium
sulfate-bound complex. Four hydrogen bonds between theOPRTase for 155 € atoms 24). The main differences are
5'-phosphate binding loop and loop Il in the apo-enzyme located in the hood region, since APRTase has a much
include the carbonyl oxygen of Met159 with the amide group smaller hood, and also at the catalytic loop region. Yeast
of 1le132, the amide group of Leul6l with the carbonyl APRTase and. typhimuriunDPRTase form similar dimer
oxygen of Aspl130, the amide group of Serl68 with the interfaces, and both of these differ from those observed in
carbonyl oxygen of Thr134 and the side chain OG of Ser168 other members from the type | PRTase family. However,
with the carbonyl oxygen of Gly135. In the sulfate-bound the catalytic loop irS. typhimuriunOPRTase is located near
yeast APRTase structure, only the first two hydrogen bonds the dimer interface and is believed to close onto the active
are observed. The high conservation of the amino acidssite of the opposite subunit. In contrast, the catalytic loop in
Phe27 and 133-AlaThr—Gly—Gly—Ser-137 supports an  yeast APRTase extends away from the dimer interface and
essential role for both loops | and Il in APRTase catalysis. closes onto the active site of the same subunit.

Amino acids in the catalytic loog36—/6, residues 99 Correlation of Consared Amino Acids with APRTase
115, Figure 2a) of the apo-enzyme structure are completely Structure Genomic databases report 33 amino acid se-
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1 .
1_YEAST -MS ~YAQELELALHOY PNFFSEGILREDFLFIFRNFGLFOKLIDAFKLHLEEAFPEVHKIDYIVGLESRGELFGPTL LGVGFVPV, Lc]
2 YERST -MS- -YAKEIKTAFRQFTDFPIEGEQREDFLPIIGNPTLFQKLVHTFKTHLEEKFAKEKIDFIAGIEA] FGPSLELALGVGFVPIRRVG
DROFS  -MS-QV--SAED -KLDYVESKIGEYPNFPKEGILERDIFGALTDPKACVILRDLLVQY IRQSQPEVEV-~-IVGLDS FHLLLETELGVGYTPIREKG
DROME  -MSPSI--SAED -KLDYVESKIGEYPNFPKEGILERDIFGALTDPKACVY LRDLLVDHIRESAPEAEI --IVGLDSRGELFNLLIBTELGLGCAPIREKG
MUSSI =M =====-EPE~ LELVARRIRSFPDFPIPGVLERDI SFLLEDFDSFRASIRLLASHLESTHS -GRIDY IAGLDSRGELFGPSLEQELGVGCVLI (]
MOUSE  -MS- LELVARRIRVFPDFPIPGVLERDISFLLEDPDSFRASIRLLASHLKSTHS -GKIDY IAGLDSRGBLFGPS LEQELGVGCVLIREQG
MUSPA  -MS- LELVARRIRSFPDFPIPGVLERDISPLLEDPDSFRASIRLLASHLESTHS -GEIDY IAGLDSRGELFGPSLEQELEVEGCVLIRKQG
STOLO  -MS---—-—- --LQLVARRIRSFPDFPVQGVLERDISPLLKDPVSFRASIHLLASHLKSTHS -GKIDY IAGLDSRGELFGPSLEQELGVGCVLIRERG
MASHI -MS=———- EPE--~ --LQLVARRIRSFPDFPIPGVLERDI SPLLEDPDSFRASIRLLASHLKSLHG-GKIDY IAGLD SRGELFGPSLEOELGVGCVLIRRRG
RAT -MS====m ESE--- --LQLVARRIRSFFDFPIPGVLERDISPLLKDPDSFRASIRLLAGHLKSTHG-GKIDY IAGLDSRGBLFGPSLEQELGVECVLIRERG
GERCA  ~MA=----- EPE--- ~-LOLVARRIRSFPDFPIPGVLERDISPLLEDPDSFRASIRLLANHLESKHG-GKIDY IAGLDSRGBLFGPSLEQELGLGCVLIRKERG
CRILO  -MA----- --LOLVAQRIRSFPDFPIPGVLERDISPLLEDPASFRASIRLLASHLKSTHG-GKIDY IAGLDSRGELFGPSLEQELGLGCVLIRERG
HUMAN --LQLVEQRIRSFPDFPTPGVVERDI SPVLEDPASFRAAIGLLARELEATHG-GRIDY IAGLD SRGELFGFSLEQELGLGCVLIRRRG
BUTFI = ~===========me——ee——- MEEVEDYIRTIPDFPEPGIMERDVTSILODAEGFELAIDEMIKLLDGVD - ---CDVIAGAESRGNLFGAPLAYALGKPSVLVRERG
CORBL  ======== HEEQALETF-DRAREALDEETRYVODFPEKGVLEEDLTFVLGDAESFVAVVDAMAEAAEKLN----AEIIGGLDARGELLGSAVAYKLGLGVLAIREKG
MYCTU  VDDGRVLALGESRRSSA-ISVADVVASLTRDVADFPVPGVERKDLTPLFADRRGLAAVTEALADRAS--G----ADLVAGVDARGELVAAAVETRLEVGVLAVREGE
STRCO  --—————-MTEP------ TGITELLLSRIRDVADYPEPGVVERDI TPLLADPGAFAALTDALAEARGRTG- -~ -ATKVVGLEARGRILGAPVELRAGLGEF I FVREAG
HELPY - HEDITTLLNY PELFNELIDTLEERY LALN----IDFIVGIEARGRILGSALNYALGVGFVPVREKG
HELPJ - HDITTLLRY PELFNKLIDALKKRY LALN----IDFIVGIEARGRILGSAFNYALGVGEFVEVREKG
PSEAE -~ RDITPLFQS PRALRMTVDSFVQRYIEAD----FSHIGAMDARGELIGSAVAYALNKPLVLFREQG
PSEST  -- RDITPLFQSPEALRMVADSLIQRYVEAD----FTHIGALDARGELVGSIL ‘uu‘lxrr.v:.r:Igo
WHEAT - QDITTLLLDPQAFRDTTOLEFVERYEDKD-- - -ITVVAGVEARGEIFGPPINLAIGAKFVPIRRPK
1_ARATH - RO DITTLLLD TEAFEDTIALFVDRYKDEG----ISVVAGVEARGRIFGFFINLAIGARFVPMREPEK
2_ARATH -- QDITTLLLDFVAFKHVVDIFVDRYKHER----ISLVAGVERRGEIFGPPINLAIGAKFVPLREPG
ECOLI -- RDVTSLLEDPKAYALSIDLLVERYKNAG----ITEVVGTEARGELFGAPVRLGLGVGEVPVRERG
HAEIN  -- RDITTLLEVPAAFKATIDLIVEQYRDEG----ITKVLGTESRGRIFGAPVNLALGLPFELVREPE
BACSU  --———————--- -~ ~MDLEQYVTIVPDYPKEGVQEKDITTLMDKGDVYRYATOQIVEYAKERQ-—--IDLVVGFEARGRI IGCPVAYALGVGFAPVREEG
STAAU - ===MDLEQYVSEVQDWPEPGVSREDI TTIMDNGEAYGYATDKIVEYAKDRD - - - -VDIVVGFEARGRI IGCPVAY SMGIGFAPVREEG
SYNY3 mmmmm—————— -=-MDLEALIRDIPDFPKFGIMBRDITTLLNS PEGLRY TIDSLVEQCESQEL--VPDHVVGMESRGBLFGMPLEY QMNAGFIPVREPG
HYCPN - ==LOALDRAIKRFNDFPTFGILRYDITPIFLNSELFEFVLEQMAQFIQEVE--~~-ADGIVCPEARGRIFGCALRSKTELPLVLVRERH
MYCGE = -- DITPVFSNPQLENFVLTQMAQFIKAIN----AERIVCFEARGEIFGGALNSKTOLPLVLVREAN
TREPA - DITGVLMNAARVFRYCLDQMVEFYRDEH-——-VTAVAAIESRGEIFAAPFRDRMGI PLILVRRAG
BORBU  -----MENKTEYY-=-========== DITSVLLEPEVYSSLINEVYSFYNFKK----IDCIAVVESRGELIGAPLELEMOQLPLVLIREES

B5 B6 B7 o5 B8 B9
------- b T & 1 o - e - ¢ e K | 1 e - s A L T - 1 .187

1_YEAST ELEGECFEAT) QENAIPA--=-=-GENVIIVDDIIATEGEAARAGENVEQLEANLLEYNFVME LDF LK]| LNAP-VFTLLNAQK! EK-
2_YEAST KLBGECASIT QVEAIPF----DSNVVVVDDVLATEGEAY BAGDBIROVGAHI LEYDFVLVLDSLH| ~ELSAP-IFSILHS-----——-
DROPS  KLRGEVVSVE QRTAIQP----GQKVVIVDDLLATEGELLEASERVRRVGGVVLESLVVMELVGLD --KLDCKVHSLIKY--- -
DROME  KLEGEVVSVE QKSAIKP--~-GQKVVVVDDLL VRATENIREVGGVVVESLVVMELVGLE --RLDGK-VHSLIKY--=--===~
MUSSI ELBGPTVSAS QEDALEP-~==GQRVVIVDDLLAT)| FEACDBLHOLRAEVVECVSLVELTSLE ==RLGPIPFFSLLQY¥D==--———
HOUSE KELBGPTVSAS =GQRVVIVDDLLAT| FRA HQLRAEVVECVSLVELTELE)| ==RLGFIFFFSLLQY¥D-------
HUSPA ELBGPTISAS -GQRVVIVDDLLAT| FRACDELHQLRAEVVECVSLVELTSLE| --RLGPIFFFSLLQID=-=====~
STOLO  KLBGPTLSAS QKDALEP----GQRVVIVDDLLAT CRACEBLNQLRAEVVECVSLVELTSLE --RLGPIPYFSLLQYE---==-==
MASHI ~ KLBGPTLSAS QKDALEP----GQRVVIVDDLLAT CEACERLNQLRAEVVECVSLVELTSLE| --RLGPIPFFSLLQYD=-----—
RAT KLEGPTVSAS QEDALEP----GQEVVIVDDLLAT cBACEBLSQLRAEVVECVSLVELTSLE ~-ELGPVPFFSLLOYE----———
GERCA KLBGPTVSAS QEDALEP----GQEVVIVDDLLAT HC AR GQLRREVVECVSLVELTSLE)| ==-KLGPVPFFFSLLQYE-------
CRILO ELBGFTVSAS QEDALEP----GQEKVVVVDDLLAT) CMACENLGQLOAEVVECVSLVELTSLE --KLGSVFFFSLLQYE======~
HUMANR ELBGPTLWAS QEDALEP----GQRVVVVDDLLAT) ACEBLGRLOAEVLECVSLVELTSLESRE-—---~- ELAPVPFFSLLQYE=======
BUTFI CETIEKT HEDAIKP----GQEVVVVDDLIAT ENACOBIEELGGEVSKIVFLMELAGLNBRE -~ - ~KLKYDVASVCYLRGEI I TDFLG -
CORGL PYVTQE| ILPSEGIDI---AGKNIVLIDDVLAT GEARKRIESCDGHVSGYVLAIEVPGLGERD - - - ~-NLEDRPVIVVRDPQ-——---———
MYCTU E ILAEGIEV---AGRRVVIIDDVLATRGEI VAGRAVVVELAGLSERA----ALAFLFVHSLSRL----

STRCO [VHAEDLT----AGDRVLVVDDVLAT@GEAENS LENTRRAGAEVAGLAVLMELGFLGERARLEPALAGAPLEALLTV--=~

HELPY IHSDAFRGI--KGVRVVLIDDLLATEGEALNS LERIKALQAECIEACFLIGLKELPBIO-—--~ LLEERVETFCLLEC--

HELPJ THSDAFRGI--KGVRVVLVDDLLATEGEALNS LERIKALQAECIEACFLIGLKELPBIQ-~~-~ LLEEHVETFCLLEC-—=-————
PSEAE [VHADSLCE--~-GDSVLIFDDLI LEAASEVRRLGARVFEARATIIDLPELGEST----RLODAGISTFSLTAFALDER—— -
FPSEST ITHADSLCE----GDSVLLFDDLI LEARC IHEARAITDLPELGESQ----KLODIGIFTFTLTAFALSDR~-~~
WHEAT MHVGAVOP----HDRVLIVDDLIAT LCRAARKBNIERVGAKVVECACVIELFELEGRD - —--KLG- ~-DMPVEVLVQADESV == ==
1_ARATH MHVGAVEP----GERAIIIDDLI ARAIREL VEIVECACVIELPELEBKE----ELG--ETSLEVLVESAA---——-
2_ARATH MSVEAVES ----EERALIIDDL SHSINBLERAGAEVVECACVVGLPEFE@QC----KLE- -GEPLYVLVEPNQFDELTL
ECOLI ITHVDAIKE----GDEVLVVDDLLATEGHIERTVERIRRLGGEVADAARFIINLFDLGEEQ-—--RLERQGITSY SLYPFRPGH -~~~
HAEIN MHVDAISE----GDNVLIIDDLLA' VERTVERVQBRLGGAVEHAAFVINLPELGEER - ---RLNNLGVDCY TLVNFEGH == ===
BACSU IHKDAIKP----GQRVLITDDLLA IERTIKBVEELGGVVAGIAFLIELSY LD@RN - -~ ~KLE--DYDILTLMEY = ===~~~
STAAU MHEDAIKP--~--GQRVLITDDLLATEGHMIERAIKBVEKLGGIVVGIAFI IELKY LN@IE-~~~KIK- -DYDVMSLI S¥YDE

SYNY3 IHQDAVAF----HHRVLIVDDLIATEGEAKATAE L TKLGCEVLOFAFITELAALNERQ----CLF--DLPIISLVEY —= ===~~~
MYCPN MRVDAL----ENCKRCVIVDDLLATAGEVARIDERIARLGSQTVEYCFLIELQELHBEA -KLQPRVATKILLHY -~

MYCGE MSTTSLIOA-NNAKRCVIVDDVLATAGEVARTIDOELEQLNGETVGY CFLIELEKLNBKA KLQPHVVSKILLHY-=----——
TREPA AGARVLLTDDLI HEARTHLRAGGAEVVGFFAVVGLPFLREHE -LIGDLEVRTLIEYNQETSN-—
BORBU BVEKDDVR----T¥SNILLIDDILATEGELKESAL BLERAGGKVKDI FCFIELCATNGRG-~=--SLESYEVNSLVRYN— -~ -

FicurRe 5: Sequence alignment of APRTases from 33 species using the ClustalX software p2&xageg 13 residues that are conserved
in all APRTases are colored in gold. Those sequences conserved in 30 or more of the 33 APRTases are colored in green. Structure of the
protein is indicated above the sequences, with yellow coils, arrows, and lines represehgtiges,-sheets, and connecting loops or
unstructured elements, respectively. 1_yeast and 2_sgeastharomyces cersiae dropsDrosophila pseudoobscuraromebDrosophila
melanogastemussiMus spicilegusmouseMus musculusnuspaMus paharj stolo-Stochomys longicaudatumashiMastomys hildebrantji
rat-Rattus noregicus gercaGerbillus campestriscrilo-Cricetulus longicaudatyshumanHomo sapiensbutfi-Butyrivibrio fibrisolvens
corgl-Corynebacterium glutamicunmyctuMycobacterium tuberculosistrcoStreptomyces coelicolphelpy-Helicobacter pylori helpj-
Helicobacter pylori J99 pseaePseudomonas aerugingspsestPseudomonas stutzerivheatTriticum asetium;, 1_arath and 2_arath-
Arabidopsis thalianaecoli-Escherichia coli haeinHaemophilus influenzadacsuBacillus subtilis staauStaphylococcus aureusyny3-
Synechocystis PCC680&ycpnMycoplasma pneumoniaenycgeMycoplasma genitaliumtrepaTreponema pallidumborbuBorrelia
burgdorferi

guencedthat align with sufficient homology to be identified indicated in Figure 6. The structurally conservetielix and

as short-APRTases, (Figure 25. Only 13 invariant amino  S-sheet that defines the core of type | PRTases does not show
acid residues (yellow in Figure 5) are observed in the significant amino acid conservation. The highly conserved
approximately 180 amino acids of these enzymes. Anotherresidues cluster in the catalytic site, the hinge, and the tip
15 residues are conserved in 30 or more of the 33 APRTaseregions of the catalytic loop and hood regions (loop 1) of
sequences (green). Structural alignment of these residues igne catalytic site (Figure 6). In related PRTases, residues
corresponding to 133-AlaThr—Gly—Gly—Ser-137 are de-
fined as the 5phosphate binding loop, 69-Argsly—Phe-

3 The database search was conducted in January 2001.
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Table 3: Kinetic Properties of Catalytic Loop Mutants of Yeast

APRTaseé
Keat KealKm Kmappadenine  Km,appPRPP

mutation (s (M1, s7h (uMm) (uMm)
WT 30 3x 108 9 20
R69A 3x10°% 60 50 20
R89A 10 5x 10° 30 50
K90A 0.8 1x 1P 8 20
K93A 40 2x 108 20 50
Y103F 100 2x 10° 50 100
E106LP 1x 104 2 60 6
E106Q 5x 1072 6 x 10° 9 2
Y1070 0.3 3x 10° 90 20
Y107F 4 2x 10° 30 30
GlosH 0.7 3x 10¢ 20 40
G108A 30 4x 10P 70 50

aThe Keay, KealKm, and Km app @denine were determined at a fixed
concentration of 1 mM PRPP with varied adenine. This concentration
of PRPP is greater than 10 times the appaténtfor PRPP for all
mutants. Theép, app PRPP was determined at a fixed adenine concentra-
tion of 250uM with varied PRPP? These mutations were described
earlier 8) but were not fully characterized.

FiGure 6: Yeast APRTase backbone structure showing the posi-

tions of the 13 amino acids conserved in all APRTases (yellow ; ; ;
and the residues conserved in 30 or more of the 33 AI(DyRTase)es.bUt a 6-fold Increase in th for_ f_:ldenlne (Tabl_e_3)._Arg69_
(green). The location of AMP was assumed from thelonaani is therefore important for transition state stabilization, with
structure 9). relatively small effects on substrate binding. The position
of Arg69 in the catalytic site is pertinent to the proposed
71 are involved in Mg-pyrophosphate binding, and Asp129 mechanism oN-ribosyl transferases. It is proposed that these
and Aspl130 share hydrogen bonds with tHe &hd 3- enzymes enhance the nucleophilicity of both purine and
hydroxyls to IMP or other nucleotide monophosphates and pyrophosphate groups, promoting the migration of the
interact with M. Arg89 and Lys90 are adjacent to the cis ribooxocarbenium ion between the nucleophiles fixed at the
peptide bond between residues Glu&er68, which are in catalytic site 1, 22). Arg69 in yeast APRTase and other
contact with pyrophosphate. Tyr103 and 106-Glyr—Gly- short-APRTases is proposed to accomplish this role by its
108 are located in the catalytic loop that is proposed to close multiple interactions at the MgPPi binding site.
over the active site during catalysis. The hinge region to the Arg89 and Lys90 are near the end @4, with the side
catalytic loop (residues 99115) is formed by residues 93- chain of Arg89 pointed toward the adjacent subunit (Figure
Lys—Leu—Pro-95. Catalytic site interactions in PRTase 2c), and in contact with the side chain of Ser68 from the
extend beyond the first sphere of amino acids and the adjacent subunit. In addition to forming an important contact
conservation of the second sphere amino acids indicates thafor the dimer interface, this interaction may stabilizes the
loop 91-96 is required for transmitting essential conforma- cis peptide bond between Glu6Ber68. The backbone
tional changes to the catalytic site. Pro21, Gly24, Phe27, andamide at the cis peptide in human and malarial phosphori-
Asp29 are highly conserved in the hood region (loop I) that bosyltransferases is known to form contacts with two oxygen
is proposed to close over the purine ring during catalysis. atoms of the MgPPi complex, an interaction possible only
Yeast APRTase differs considerably from the well-character- with the cis configurationZ0, 21). Surprisingly, the Arg89Ala
ized HGXPRTases in this region, with the hood being mutation in APRTase causes only minor changes irkihe
composed of C-terminal residugdl-loop—/2) rather than  for PRPP and decreasks;only 2-fold (Table 3). Thus, the
the N-terminal regionf9—loop—/310). Adenine base activa-  other interactions that form the dimer interface are sufficient
tion is required for catalysis and in other purine PRTases is to stabilize the cis peptide, or its presence plays a relatively
often achieved by N7 protonation, a proposed role for Asp29, small role in catalysis. The side chain of the highly conserved

the only conserved carboxylic acid in this loaR0( 21). adjacent Lys90 is directed toward the pyrophosphate binding
Mutagenesis of Consegd Amino AcidsThe completely site, in hydrophobic contact with Glu67. The mutation
conserved Arg69 is located near tNeerminal end ofa4, Lys90Ala decreased., by a factor of approximately 30,
the proposed pyrophosphate binding site of yeast APRTasewith no significant change in substraté, values. The
(Figure 3b). The equivalent amino acid In donaani mutation of conserved Lys93 to Ala caused small increases

APRTase is Arg82. It forms hydrogen bonds from the in substrateK, values and also a small increase ki
guanidinium group to citrate bound in the site proposed for implying an increase in the rate-limiting step of catalysis.
pyrophosphate binding, to O@f bound AMP and to a water- Mutations that increask., are rare, but the Tyrl03Phe
mediated hydrogen bond with N3 of the purine ring. The mutation increasek., by a factor of 4. In the phosphori-
backbone amide of Arg82 ih. donaani APRTase also  bosyltransferases, catalysis is usually limited by the rate of
interacts with bound citrate®]. Although there has been no  product release2@). Thus, mutations that permit more facile
structure of an APRTase with pyrophosphate bound, this release of products cause an increase in khe The
amino acid is a strong candidate for substrate binding and Tyr103Phe mutant falls into this category, with approxi-
catalytic function. The mutation Arg69Ala decreasedkhe mately the same magnitude of increase inKhevalues for

by 4 orders of magnitude with no change in #igfor PRPP adenine and PRPP as the increasein (Table 3). The
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a loop | hood (21-29) forms part of the purine site and shields
o the site from solvent. In related phosphoribosyltransferases
(20, 21), the hood provides chemical activation by increasing
the nucleophilicity at N7. The hood demonstrates increased
B-factors relative to neighboring residues in both apo-enzyme
111 21 3 41 51 61 71 81 91 101 111 121 131 141 151 161 171 and the sulfate-bond form (Figure 7a,b). Conserved residues
69—71 form the pyrophosphate binding site and show small
b B-factors relative to neighboring groups in both enzyme
forms. Conserved residues 89 and 90 form a loop involved
in stabilizing the pyrophosphate binding site. The three
residues at the tip of the major catalytic site loop, +Q68,
show weak electron density in the sulfate-bound enzyme
structure suggesting disorder (Figure 7b). However, the apo-
APRTase has the catalytic site loop stabilized by crystal
FiGure 7: Crystallographic B-factors for the yeast APRTase apo- packing interactions (Figure 7a). Region 287 plays a

enzyme (a) or with two sulfate ions bound in the catalytic site (b). major catalytic role in Sphosphate recognition and is the

Note that the conserved residues (yellow and green in panels a an ost hiahlv conserved portion of the APRTases. It also
b often correlate with areas of the protein that have increased ighly =dportior . Y
B-factors. Missing residues (16808 in b) are located at the tip  coordinates magnesium binding and orientation of the

of the catalytic site loop. nucleotide through interactions with the and 3-hydroxyls.

In both structures described here, amino acids—112%7
Lys93Ala mutation discussed above, exhibits similar proper- remain relatively mobile as compared to neighboring groups.
ties. These mutants cause a minimal chandeg.iKnm, since Consered Amino Acids in Hinge Regions of Yeast
a similar increase occurs in the numerator and denominator. APRTaseA surprise from the location of conserved amino
Product release in phosphoribosyltransferases is thought taacids is that conserved amino acids Ala78, Alal40, Leul44,
be governed by the loop motions that accompany catalytic Gly166, and residues 935 play no direct role in catalytic
site filling and emptying 27). It is significant that Tyrl03  site contacts. These conserved residues are located near hinge
is located in a hinge region for the catalytic site loop. The regions and may be required to maintain the loop motions
side chain hydroxyl of Tyrl03 is pointed toward the active essential for catalysis.
site to form a 2.9 A hydrogen bond with the side chain of
Thr134 in the sulfate-bound structure. With catalysis limited SUMMARY AND CONCLUSIONS

by the rate of loop opening and product release, loss of @ ygast APRTase is a representative member of the short-
hydrogen bond interaction in the Tyr103Phe mutant would AprTases found widely distributed in both prokaryotes and
increase the rate at which the loop opens and closes, thereby, i aryotes. The structure of yeast APRTase demonstrates
altering the catalytic rate. _ the canonicadi-helix andg-sheet structures of PRTases with

_ Mutations in the tip of the catalytic loop (18408)  ncated catalytic site loops. Only 13 amino acids are
identified Glu106Leu to be the most debilitating for catalysis absolutely conserved in the APRTases based on genomic
(Table 3). With the loop-open structures reported here, the 5na\ysis. These residues function as hinges to catalytic site

catalytic role of Glul06 cannot be rigorously assigned. |o4n5 a5 substrate contact residues in these loops and as
However, in loop-closed purine phosphoribosyltransferases, .o a\vtic site ligands. Conservation of essential residues in

two residues from the closed catalytic site loop make direct AprTases includes elements required for protein motion and
contact to the Sphosphate and a pyrophosphate oxy@h ( ¢or chemical interactions at the catalytic site. Mutations
21). The mutation Glu106Leu prevents this interaction and j,creasingc.,have kinetic and structural properties consistent

decrease&ca/Km by a factor of approximately one million. it aitered loop dynamics, while those decreasiagalter
In contrast, Glu106GIn is 3 orders of magnitude more active 14 interaction to bound substrates.

than Glul06Leu, presumably by restoring the ability to
hydrogen bond, but in a nonoptimal way. Mutations in the REFERENCES
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