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ABSTRACT. His 238, a conserved amino acid located

in hydrogen-bonding distance from C-6 of the substrate

in the active site of murine adenosine deaminase (mMADA) and postulated to play an important role in
catalysis, was altered into an alanine, a glutamate, and an arginine using site-directed mutagenesis. The
Ala and Glu substitutions did not result in changes of the secondary or tertiary structure, while the Arg
mutation caused local perturbations in tertiary structure and quenched the emission of one or more enzyme
tryptophans. Neither the Glu or Arg mutations affected substrate binding affinity. By contrast, the Ala
mutation enhanced substrate and inhibitor binding by 20-fold. The most inactive of the mutants, Glu

238, had &:ofKm 4 x 1076 lower than the wild-type
is important for proper catalytic function. The Ala

value, suggesting that a positive charge on His 238
238 mutant was the most active ADA, witkyl&n,

2 x 1072 lower than the wild-type value. NMR spectroscopy and crystallography revealed that this mutant
is able to catalyze hydration of purine riboside, a ground-state analog of the reaction. These results
collectively show that His 238 is not required for formation of the hydroxylate used in the deamination
and may instead have an important electrostatic role.

Adenosine deaminase (ADAs an enzyme indispensable

implicated in catalysis (Zielke & Suelter, 1971; Weiss et al.,

to the purine metabolic pathway and the maintenance of a1987; Kati & Wolfenden, 1989). Histidine and/or carboxy-

competent immune system. ADA catalyzes the irreversible
deamination of adenosine and-deoxyadenosine to their
respective inosine derivatives and ammonia with a rate
enhancement of 2« 10'? relative to the nonenzymatic
reaction (Frick et al., 1987). The reaction is believed to be
encounter-controlled (Kurz & Frieden, 1987; Kurz et al.,
1992) with ake of 375 s and koK of 1.4 x 10" M1

s1 (Frick et al., 1987). In the past, a wealth of kinetic
information on ADA offered a number of possibilities with

regard to the mechanism of the reaction, the intermediates
n

was suggested to proceed by direct water attack instead of i?on with the zinc: a nearby base, His 238, is favorably

present, and the important catalytic residues. Deaminatio

covalent intermediate between the enzyme and the substrat

(Wolfenden et al., 1977; Kurz & Frieden, 1987). Formation
of a tetrahedral intermediate was proposed to be rate-limiting
(Wolfenden, 1969), and enzyme sulfhydryl groups were
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late residues were also thought to participate in the reaction
(Kurz & Frieden, 1983; Weiss et al., 1987; Kati & Wolfend-
en, 1989), and there was evidence for protonation on N-1
by an enzyme acid (Kurz & Frieden, 1983; Weiss et al.,
1987; Porter & Spector, 1993).

The crystal structure of the murine enzyme complexed to
ground-state and transition-state analogs identified key
aspects of the chemistry employed by the enzyme (Wilson
et al.,, 1991; Wilson & Quiocho, 1993). To create the
hydroxylate nucleophile, ADA utilizes a zinc metal cofactor.
catalytic water molecule becomes polarized by its interac-

ocated for proton abstraction (Figure 1). Asp 295, a zinc
ligand, orients the hydroxylate such that one of the oxygen
lone pairs points to the direction of C-6 of the substrate.
The hydroxylate is further stabilized through its interaction
with the zinc and His 238. Nucleophilic attack on C-6
changes the carbon hybridization fronf gpsp’ and reduces

the double-bond character between N-1 and C-6. During
the attack, N-1 is protonated by Glu 217, a key catalytic
residue (Mohamedali et al., 1996). The electrophilicity of
C-6 of the substrate is enhanced through the reduction of
the purine ring electron density by hydrogen-bonding
interactions between all available purine nitrogen lone pairs
and key enzyme residues such as Asp 296 and Gly 184.
These residues also have the important function of stabilizing
the substrate in the ground state (Sideraki et al., 1996). The
tetrahedral intermediate, bearing both a hydroxylate and an
amino group on C-6, collapses to the products, ammonia and
the enolate form of inosine. A required chemical step here
is protonation of the leaving amino group by an enzyme
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Ficure 1: Schematic diagram of the proposed mechanism for the reaction catalyzed by adenosine deaminase. Dashed lines indicate noncovalent
interactions between neighboring atoms. Step 1: The catalytic water is polarized through its interaction with the zinc cofactor and oriented
for attack by hydrogen bonds to His 238 and Asp 295. Step 2: His 238 abstracts the proton from the catalytic water and the hydroxylate
attacks C-6 of the substrate; the N~C-6 double bond is lost, and N-1 becomes protonated by Glu 217. Also shown are Asp 296 and Gly

184 donating hydrogen bonds to N-7 and N-3, respectively. Step 3: The tetrahedral intermediate collapses with the amino group becoming
protonated, possibly by His 238, and leaving in the form of ammonia. Step 4: The enol form of the product inosine is shown bound to the
active site.

acid. Neither of the two ADA crystal structures reveals propagation. Wild-type and mutant plasmids were expressed
probable proton donors, with the closest being Asp 295, at in the ADA™ strain 8b3834 (Chang et al., 1991). This strain

a distance of 3.2 A, and His 238, at 4.5 A. Another contains a deletion of the adenosine deaminase) (gene
possibility is that solvent protonates the leaving group, as and two neighboring genes. Both the pRC4 vector and the
occurs in models of the reaction catalyzed by AMP deami- S®3834 strain were developed in Dr. Rodney Kellems’
nase (Kline & Schramm, 1996). laboratory at Baylor College of Medicine, Houston.

His 238 is a key residue in the above mechanism for the  Site-Directed Mutagenesis.The Kunkel method for
ADA-catalyzed deamination. It is proposed to be the base producing site-specific mutants was used (Kunkel et al.,
creating the attacking nucleophile, to orient and stabilize the 1987). Uridine-rich ss DNA was isolated from pRC4-
hydroxylate for attack, and to possibly function as a proton transformed CJ236/BW313 celldut-ung™ genotype). The
donor to the leaving group. His 238 has been conserved infollowing mutagenic primers (with the codon for residue 238
sequences frorscherichia coli mouse, and human ADA  in bold) were designed for annealing onto the template ss
enzymes (Chang et al., 1991). To investigate its proposedDNA based on the sequence information for mouse ADA:
functions, three site-directed His 238 mutants, Ala 238, Glu Ala 238, 3 GGT GTG ATA ACC CGC TCC CAC CCT
238, and Arg 238, were synthesized, purified, and character-CTC 3; Arg 238, 3 GGT GTG ATA ACCACG TCC CAC
ized. Our results reveal that this conserved histidine is not CCT CTC 3; Glu 238, 3 GGT GTG ATA ACCTTC TCC
required for proton abstraction from the catalytic water during CAC CCT CTC 3.
formation of the hydroxylate. Moreover, this work suggests  The second strand was synthesized using the Muta-Gene
that this histidine may be important for catalysis by M13in vitro mutagenesis kit (Bio-Rad). The synthesized
electrostatically stabilizing the hydroxylate via its positive gouple-stranded DNA products were transformed into a wild-
charge. type strain (71-18) and selected on ampicillin-containing

plates. ss DNA from individual colonies was isolated and
MATERIALS AND METHODS sequenced in the area of the mutation (sequenase kit, United

Bacterial Strains and VectorsThe mouse adenosine States Biochemicals). Once mutant colonies were identified
deaminase cDNA was inserted in the pRC4 phagemid (only 15-25% of all colonies), the entire cDNA was
expression vector under control of an IPTG-inducible tac sequenced to ensure its integrity.
promoter as described before (Mohamedali et al., 19986). Protein Expression and PurificationMutant and wild-
coli strains CJ236 and BW313 (genotypgat ung’) were type ADA proteins were expressed and purified from
used for the production of uridine-rich ss DNA. A thiid S®3834 as described elsewhere (Sideraki et al., 1996). The
coli strain, 71-18, was used for mutant selection and plasmid His 238 mutant enzymes eluted at similar times to the
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wild-type ADA. Dot blots were used to identify mutants
with low activity (H238A, H238E). Purified proteins were
stored in Tris-Zn buffer (10 mM Tris-HCI, pH 7.0, L&V

zinc sulfate, 50% glycerol, 1 mM dithiothreitol) in air-tight  absorption spectroscopy (FAAS) was performed as described
vials under argon at-20 °C. before (Sideraki et al., 1996) on a Perkin-Elmer 2380 atomic

SDS-Polyacrylamide Gel Electrophoresis, Western Blots, absorption spectrophotometer at the laboratory of Dr. David
and Dot Blots SDS-polyacrylamide gel electrophoresis was Giedroc, Texas A&M University, College Station, TX.
performed according to the method of Laemmli (1970) ona  Circular Dichroism Spectroscopy.CD spectra were
minigel apparatus (Bio-Rad). Proteins were stained with measured in the far-UV (26260 nm) and the near-UV
Coomassie brilliant blue. The Rainbow molecular weight (250-340 nm) regions on an Aviv 6100 spectrometer.
markers (Amersham Corp.) were used as standards. Westerfyléasurements were made using a 0.02 cm path length
blots and dot blots were performed as described beforeCuvette (Starna Cells, Inc.). Each scan was recorded in 1
(Mohamedali et al., 1996) using goat anti-mADA polyclonal NM increments at 25C, repeated three times, and averaged.
IlgG as the primary antibody and alkaline phosphatase- The proteins were in 20 mM Hepes buffer, pH 7.0, and their
conjugated rabbit anti-goat IgG as the secondary antibodyconcentration was adjusted to 1 mg/mL (@81) prior to
(S|gma |mmunochemica|s)_ Protein concentrations were SpeCtral ach|S|t|0n. Protein concentration assays were used
determined by the method of Bradford (1976) using bovine t0 determine the exact amount of enzyme in each sample.
serum albumin as standard and the Bio-Rad protein assay! he spectrum of the buffer was subtracted from all protein
reagent. spectra, and the observed ellipticitiés, were normalized

Enzyme Assays and Kinetic Analys&nzymatic activities for protein concentration. The observed signal was converted

were assayed on a Cary 118 spectrophotometer by measurin p ellipticity from the formula p] = 10[0]adcl, where p)]

the rate of ADA-dependent increase of inosine absorption corfzgnter!a“tp')gr?gr/] le?fu;ij '2 tﬁg%ef;‘il's et?heleprzozﬁlgf
at 235 nm at 30°C, using an extinction coefficient of 3.5 lon ' ! ptical p 9

measured by performing the enzyme assays in triplicate in
each buffer at five different substrate concentrations.
Flame Atomic Absorption Spectroscopilame atomic

mM~tcm L. For H238A, which has a much lowkt, value
than the wild-type enzyme, the rate of ADA-dependent

decrease of adenosine absorption was measured at 265 nm

at 30°C, using an extinction coefficient of 8.4 mMcm™.
One unit of ADA activity is defined as the amount of enzyme
that produces Zmol of inosine/min. Cuvettes of 1 cm path
length were used. Assays were carried out in 50 mM

potassium phosphate buffer, pH 7.2. Activities were mea-
sured over at least six different concentrations of adenosine,
and the assays were repeated at least three times. Adenosir‘%

concentrations ranged from 0.5 tox5 Ky,

the cell in dm. The final ellipticity is reported in deg din
mM 1,

Fluorescence Spectroscopyrluorescence spectroscopy
was performed on a SLM 8100 spectrofluorimeter. The
excitation wavelength was 290 nm, and the emission was
scanned from 300 to 400 nm every 1 nm. Measurements
were made using a 1 cm path length fluorescence cuvette
(Starna Cells, Inc.). Samples of 281 ADA were in 20

mM Hepes buffer, pH 7.0. All spectra were normalized for
rotein concentration. The-40% quench in the intrinsic
uorescence of ADA caused by binding of the inhibitB){
deoxycoformycin was used to carry out stoichiometric active

The concentration of enzyme in the assay mixture rangedgite titrations with two of the mutants, H238E and H238R,

from 0.1 nM for the wild-type to 0.2«M for H238R and
0.3 uM for H238A and H238E. Kinetic parameters were
determined by LineweaveBurk plots with a fourth power
weighting function using the Enzyme Kinetics (Trinity
Software) program K; values for two ADA inhibitorsNe-
methyladenosine (W1A) and purine riboside (PR), were

following the method of Kurz et al. (1985).
Crystallography. Crystals for two of our mutants, H238A
and H238E, were successfully grown in the presence of
purine ribonucleoside as described before (Wilson et al.,
1991). Crystals were briefly harvested into a solution of

7.5% (w/v) poly(ethylene glycol) 6000, 35 mM sodium

determined for the enzymes. Assays were performed 8Sgitrate, 1 mg/mL purine riboside, 30% (v/v) glycerol, pH

above, with thorough mixing of the substrate and inhibitor
in the reaction mixture prior to addition of the enzyme. Two
to four different inhibitor concentrations bracketing ke

4.2. Room temperature crystals were very unstable when
exposed to X-rays, so crystals were flash-frozen in1%0
°C nitrogen stream delivered by an Enraf-Nonius crystal

value were used in the assays, and each velocity vs substratgggjer, The entire datasets were collected from single

curve was determined at least three times.

Inhibition plots ¢rystals of each mutant on an ASDC multiwire area detector.

andK; values were obtained as described above. The kinetic pa4 collection statistics for the mutant structures appear in

parameter&m, andk. refer to the following mechanism for
a one-substrate reaction:

kl k2
E+A<=EA—E+P
—1

where A is adenosine, E is ADA, arth,= (k-1 + kp)/k;.

pH Dependence of the Reaction Catalyzed by ADA.
profiles for the reaction catalyzed by the mutant and wild-
type enzymes were determined over the range of pHGi
using the following buffers: 50 mM sodium acetate (pH 4,
5.5), 50 mM potassium phosphate (pH 7.0), and 50 mM
glycine (pH 8.5, 10). The ionic strength of each buffer was

Table 3.

Crystals of both mutants were isomorphous with those of
the wild-type enzyme complexed with HDPR. The starting
model for each mutant was therefore the structure of the wild-
type protein with the inhibitor removed and a glycine
replacing the histidine at the 238 position. After refinement
of this modified structure, difference maps were used to
determine the conformation of the side chain and the nature
of the inhibitor (HDPR vs PR), as well as the location of
water molecules in and around the active site. The model
was modified accordingly and further refinement yielded the
final model. Refinement statistics are shown in Table 3.

NMR SpectroscopySamples were diafiltrated extensively

adjusted to 0.1 with potassium sulfate. Reaction rates wereagainst 50 mM potassium phosphate buffer, pH 7.50, in a
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stirred 10 mL Amicon cell equipped with a PM-10 membrane A w e v

and a 800 mL reservoir. The enzyme sample was exchanged § % & ;‘? &

in DO buffer by repeatedly concentrating the sample to less -] 2 2 L —

than 0.5 mL and rediluting to 3 mL with fresh buffer in a

previously rinsed Amicon Centricon-10 centrifuge concentra- 20
tor. Three cycles were done with 99.9%@® buffer, and ADA _ 85'4

three were done with 99.996%,0 buffer. —_— [ — 46
Actual enzyme concentrations were measured by active — —

site titration with deoxycoformycin as previously described
(Kurz et al., 1985), since the use of phosphate buffer for 21.5
these experiments resulted in some loss of active enzyme as
a consequence of zinc loss.

Conventional proton-decoupleédC NMR spectra were ’
obtained at 150.7 MHz using a Varian Unity 600 spectrom-
eter equipped with a 5 mm direct detect multinuclear probe. L 2 3 4 5
Broad-band proton-decoupled spectra were obtained using
Waltz-16 decoupling. The temperature of the sample was
10°C. The sample buffer was 50 mM potassium phosphate B
buffer, pH 7.50, in 99.996% ® and 0.15 M acetonitrile
(as internal chemical shift standard). The cyano resonance
of the standard was assigned the value of 118.9 ppm.

Since we anticipated the possibility that purine riboside
may be bound to mutant enzymes in more than one form
with varying occupancies, it was necessary to establish
unambiguously that a giveiC resonance wakcoupled to FiIGURE 2: SDS-PAGE and Western blot of purified H238 mutants

; : and wild-type ADA. Panel A: SDSPAGE of adenosine deami-
a single proton. A heteronuclear correlation (HMQC) nases: lane 1, wild-type; lane 2, H238R; lane 3, H238E; lane 4,

experiment was performed to determine the chemical shift- |y53g4; jane 5, Rainbow molecular standards. The 39.9 kDa ADA
(s) of the single proton attached #C of purine riboside  band is designated by the arrow. Some amount of impurity is seen
and to confirm that a putative proton resonance was below the main band; most of it reacts with the anti-ADA antibody
J-coupled to @3C resonance of appropriate value. One-and (Panel B) and represents a degradation product of ADA. Ap-

A . : proximately 12ug of protein was loaded in each lane. Panel B:
two-dimensional HMQC spectra were collected using a Western blot of an identical protein gel with the one shown in panel

Varian Unity 500 spectrometer equipped with a Nalorac 5 A ysing anti-ADA antibody. The main band is ADA; lower bands
mm triple-resonance indirect detection probe operating at probably represent degradation products.

499.9 MHz on the proton channel and 125.7 MHz on the ) i ,
carbon channel. During the acquisition time of the HMQC helices (Wilson et al., 1991). The CD spectrum of wild-
experiment, continuous wave decoupling was applied at the YP& MADA exhibits a minimum at 222 nm characteristic

carbon frequency identified in the one-dimensional direct Of ¢-helical content and a minimum at 218 nm reflecting
detect spectrum. A coupled spectrum was also collected/-Sheet structure (Adler et al., 1973). The CD spectra of
under the same conditions. all three ADA mutants are very similar to that of the wild-

type (Figure 3). To evaluate the zinc content of wild-type
RESULTS and mutant ADA enzymes, flame atomic absorption spec-
troscopy measurements were performed after exhaustive

Purification of His 238 Mutants After the presence of  dialysis of the samples against metal-free HEPES buffer. The
each of the three site-specific changes in the mADA cDNA results show that the three His 238 mutants contain wild-
was verified by sequencing, the mutant proteins were type amounts of zinc (data not shown). Thus, neither the
expressed in an ADA-deficier. coli strain and purified to secondary structure nor the zinc content of ADA were
homogeneity (Figure 2). Throughout the purification pro- affected by mutations in residue 238.
cess, the three mutant proteins behaved similarly to wild-  Eyaluation of ADA Tertiary Structure by Near-UV Cir-
type ADA. However, their average yields were lower cular Dichroism and Fluorescence Spectroscopibiurine
(H238A, 70 mg; H238E, 50 mg; and H238R, 20 mg of ADA contains 13 phenylalanine, 14 tyrosine, and 4 tryp-
protein per purification) than those of wild-type ADA (100 tophan residues (Yeung et al., 1985). The environment
mg of protein obtained on average). Western blots of around the aromatic residues can be probed by the use of
proteins from purified inclusion bodies revealed that-70  near-UV circular dichroism spectroscopy; additionally, the
90% of the H238R and H238E mutants and 20% of the environment around the tryptophans can be examined by the
H238A mutant were found in inclusion bodies, compared use of fluoresecence spectroscopy. Figure 4 shows the near-
to 10% of wild-type ADA (data not shown). UV CD spectra for His 238 mutants and wild-type ADA.

Evaluation of Secondary Structure and Zinc Content of The wild-type ADA spectrum in this region is very complex,
His 238 Mutants To examine whether the mutations at due to contributions of the multiple Phe, Tyr, and Trp
position 238 disrupted the enzyme’s secondary structure, theresidues, as well as His and Cys residues. The spectra of
far-UV circular dichroism spectra of His 238 mutants were H238A and H238E superimpose well with that of wild-type
compared to the wild-type spectrum. Wild-type murine ADA, suggesting that the environment around the various
ADA has a parallelo/g-barrel motif with eight central  aromatic residues has not been severely perturbed as a
B-strands and eight peripherathelices and five additional  consequence of the Glu or Ala mutation. The Arg mutation,
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FiGure 5: Tryptophan emission fluorescence spectroscopy of wild-
A (nm) type murine ADA and His 238 mutants. The excitation wavelength

FIGURe 3: Far-UV circular dichroism spectra of His 238 mutants Was 290 nm, and emission was scanned from 300 to 400 nm. Protein
and wild-type ADA. Samples were at 1 mg/mL in 20 mM Hepes concentrations were 26M in 20 mM Hepes buffer, pH 7.0. The
buffer, pH 7.0. Each spectrum shown represents the average of thre@P0Ve spectra were normalized for protein concentration differences.
scans. Little difference is seen in the secondary structure between1238A, H238E, and wild-type ADA have similar emission spectra
mutants and wild-type. Minimum at 222 nm arises fraahelical with emission maxima at 328332 nm. The H238R tryptophan
structure and minimum at 218 nm frofsheet. emission intensity is quenched by 25%, and the emission maximum

is shifted to 333 nm due to changes in the environment surrounding
400 tryptophan residues as a result of the Arg mutation.

1991). Wild-type murine ADA emission has a maximum
at 328 nm, compared to the emission maxima of the calf
(340 nm) and human (335 nm) enzymes (Kurz et al., 1985;
Philips et al., 1989). The spectrum of H238A is superim-
posable with that of the wild-type protein, with a maximum
at 331 nm. The spectrum of H238E is similar in intensity
but slightly red-shifted, with a maximum at 332 nm. The
fluorescence spectrum from H238R differs markedly, how-
ever, with its tryptophan emission quenched by 25% with
respect to the wild-type and a maximum at 333 nm. This
result suggests that substitution of His 238 by the bulkier
arginine has quenched the fluorescence emission of one or
more of the enzyme’s Trp components, perhaps by exposing
them more to solvent. By contrast, neither the alanine nor

200 -

-200 ¢

0 (deg dm1 mM 1)

-400-

-600

2 2 8 3 % 8 2 8 3 ¢ -
T T T T T the glutamate at position 238 have significantly perturbed
A (am) tryptophan emission. Both the near-UV CD and fluorescence
nm

data suggest that neither an Ala nor a Glu at position 238
FiGURE4: Near-UV circular dichroism spectra of His 238 mutants  alter the tertiary structure of ADA, whereas a bulkier Arg

and wild-type ADA. Samples were at 1 mg/mL in 20 mM Hepes TP ; F i
buffer, pH 7.0. Each spectrum shown represents the average of threeS ubstitution perturbs enzyme structure in the vicinity of

scans. No major differences are noticeable in the spectra of H238A, certain aroma_tic residues._ . _
H238E, and wild-type. The H238R spectrum, however, is altered  Effects of His 238 Substitutions on Substrate and Inhibitor

in the 250-270 nm region, where contributions from all aromatic Binding and Catalysis To examine the effects of the His
amino acids and histidines can be found. 238 mutations on the kinetic behavior of ADA, the steady-
) state kinetic parameters for the wild-type and mutant
however, has resulted in an altered near-Uv CD Spectrum, enzymes were determined (Table 1). Murine ADA is a
especially in the region 25¢270 nm. Aromatic amino acids  yemarkably efficient enzyme, withkaa/Km value in the order
such as Phe, Tyr, and Trp as well as histidines can contributegf 1 « 107 M~ 5. This value compares well to the calf
to the ellipticity in this region (Vuilleumier et al., 1993; (Kurz et al., 1992) and human ADA (Bhaumik et al., 1993)
Freskard et al., 1994). values. The, value for adenosine is approximately 28;
This first indication that an arginine at position 238 may the inhibition constants for two adenosine analogs (purine
have perturbed the tertiary structure of the molecule in the riboside and\8-methyladenosine), both competitive inhibi-
vicinity of aromatic residues was confirmed by fluorescence tors of the reaction, are slightly lower, at approximately 10
spectroscopy. Figure 5 shows the tryptophan emissionuM. The rate enhancement ADA affords compared to the
fluorescence spectra for the three His 238 mutants and wild-nonenzymatic deamination of adenosine is 20% (Frick
type ADA. Murine ADA contains four tryptophans, which et al., 1987). Changing the His 238 residue to Ala, Glu, or
are mostly buried within the molecule; only two are relatively Arg dramatically reduces the efficiency of ADA as an
near the active site, Trp 264 and Trp 272 (Wilson et al., enzyme. The most inactive of the three mutants is H238E,
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Table 1: Steady-State Kinetic Parameters of His 238 Mutants and A 2s D 10
Wild-Type ADA? 22 osh
KinP KealKm M 20
sample  (uM) Keaf (s71) uM~tsl) PR NMA 0.6}
wild-type 21+2 240+ 20 11 9+2 12+1 " oal
H238A  1.0+0.2 0.020+ 0.001 0.020 5620 1.0+0.2 16
H238E 29+ 6  0.0010+0.0001 0.00004 NB  ND¢
H238R 2442 0.174+0.01 0.007 194 10+2 R 4 6 g8 10 12 02 4 6 8 10 12
a Assays were performed at 3C€ in 50 mM phosphate buffer, pH B E
7.2, with adenosine as the substrate (see Materials and Methods).” | 14
b Averages of at least three separate determinatfoNst determined. L i
with a kea/Km value 4 x 1075 lower than that of the wild- AT e
type. The most active of the three is H238A, witk.a/Kn, 18 f 20
value 2x 10-3that of the wild-type; H238R is intermediate 1wk 22
between the other two mutants, withka/K, value 6 x
1074 that of the wild-type. Ty o 1 T e 8w o
Neither the glutamate nor the arginine mutation affect the
affinity of the enzyme for its substrate adenosine or the two © -os Fo2
competitive inhibitors (Table 1). The unchangédandK; 10
values for H238R suggest that despite tertiary structure -12
differences, the mutant has an intact active site, able to bind 14 ab
substrate or inhibitor with wild-type affinity. While H238E 16
is too inactive to permit measurement of the inhibition 18
constants, H238R is competitively inhibited by both PR and  -20
NEMA, with a slightly increased; value of 19uM for PR K eaanarenay ey T 6 8 10 12
and a value of 1M for NSMA.
The ability of the H238E and H238R mutant enzymes to PH

bind substrates and inhibitors with wild-type affinity was Ficure 6: pH dependence of the steady-state kinetic parameters
also examined by performing active site titrations using of H238A, H238R, and wild-type ADA: (AC) log Keat VErsus
stoichiometric amounts of the tight-binding inhibitdR)¢ pH for (A) wild-type, (B) H238A, and (C) H238R; (BF) log kea/
deoxycoformycin. Both mutants were able to bind the Km versus pH for (D) wild-type, (E) H238A, and (F) H238R.
!nh|b|tor at a 1:1 stoichiometry (data not shown). Th.IS result Table 2+ Steady-State Kinetic Parameters for H238A and
illustrates that th&, andK; values of the two mutants indeed  \yiq.Type ADA at pH 7.0 and pH 5.5

reflect their ability to bind adenosine or adenosine analogs

and do not arise from a chance wild-type contamination. sample K (M) Keat(5—1) wk,\jaﬁ( A }a‘l,\%R
The undiminished substrate or inhibitor affinities exhibited wild-type, pH5.5 29+ 2 166+ 30 57 "
by the Glu 238 and Arg 238 mutants support the proposed pH7.00 24+2 200+ 20 8.5 742
minimal role of His 238 in substrate binding (Wilson et al., H238A, pH5.5 0.87+0.08 0.02&0.002  0.032 321
1991). It was surprising, therefore, that the alanine substitu- pH7.0 0.9540.06 0.024-0.001 0025 45 10

tion had a major effect on substrate affinity, causing it to  ®Assays were performed at 3C in 50 mM sodium acetate, pH
increase 20-fold relative to the wild-type. Thus, this mutant 5:5.”Assays were performed at 3€ in 50 mM phosphate buffer,
has aK, of 1 vs 21uM for adenosine and &; value for pH 7.0.
NeMA of 1 uM versus the wild-type value of 12M. By
contrast, purine riboside does not inhibit binding of adenosine side of this pH value in a bell-shaped curve with an acidic
as effectively in this mutant as it does in wild-type ADA, pK,at approximately 5.5 and a basic one at 8.5 (Figure 6).
having aK; value of 50 vs uM. Similar behavior is exhibited by the H238R mutant, although
The kinetic results with the H238E and H238R mutations its kea/Km and, more markedlyk..: values decrease at acidic
suggest that substitution of His 238 causes a profound pH more rapidly than do the wild-type kinetic parameters.
decrease in the catalytic activity of ADA, as expected from The catalytic process in the H238A mutant exhibits a very
the postulated role of this residue in the mechanism. Resultsdifferent pH dependence. The mutakf, value is now
with H238A, however, also suggest that His 238 may interact maximal at pH 5.5 rather than at pH 7.0. Kg/Ky, value
with the substrate by destabilizing it in the ground state. is, within experimental error, also maximal at pH 5.5 but
pH Dependence of Kinetic Parameterdn order to decreases sharply at basic pH values above 8.5. Both the
examine whether mutations of an active site residue like His substrate affinity of the H238A mutant for adenosine and
238 produced alterations in the pH dependence of catalysis,its inhibition constant for RMA are slightly lower at pH
steady-state kinetic parameters for H238A, H238R, and wild- 5.5 compared to at pH 7.0 (Table 2). These results
type ADA were determined in buffers of various pH values. demonstrate that replacement of His 238 by alanine consid-
For the two mutants and wild-type ADA, control experiments erably affects the pH dependence of the ADA-catalyzed
showed that the decrease in catalytic activity at the extremesreaction.
of the pH range was not caused by irreversible enzyme Crystal Structures of H238A and H238EThe crystal
denaturation (data not shown). In wild-type ADA, values structures of two His 238 mutants, H238A and H238E, were
of kearandkea/Knn are maximal at pH 7 and decrease on either solved to 2.4 A resolution and compared to the previously
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Ficure 7: Model of the H238A active site. Purine riboside used in the crystallization has been converted to the hydrated analog, HDPR.
Noncovalent interactions between atoms are represented by the dotted lines. The engineered Ala is shown at position 238; part of this site
has been filled by a new water molecule adjacent to Ala 238. Its oxygen is at a distance of 3.4 A from the C-6 OH of the HDPR analog.
This model was created using the program MOLSCRIPT (Kraulis, 1991).
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Ficure 8: Model of the H238E active site bound to PR. Noncovalent interactions between atoms are represented by the dotted lines. The
engineered Glu is shown at position 238. The zinc-water is coordinated to the zinc cofactor but has not attacked on C-6 of the bound
inhibitor to form the hydrated adduct. This model was created using the program MOLSCRIPT (Kraulis, 1991).
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solved structure of the wild-type enzyme complexed to  The nonhydrated inhibitor, PR, is clearly seen in the active
HDPR, a transition-state analog (Wilson et al., 1991). site of the H238E mutant. The finding of PR in this structure
Crystals were grown in the presence of PR, a substrate analoggrees with the extremely low catalytic efficiency of this
and inhibitor of the enzyme, which is hydroxylated to yield enzyme (4x 1076 lower than the wild-type). Refinement
HDPR in the adenosine deaminase active site. The overallof the metal coordination sphere shows a spherical region
structures of the mutants showed few deviations betweenof density in a position similar to the zinc-activated water
o-carbons or differences in zinc coordination when over- molecule observed in the wild-type ADAL-deazaadenosine
lapped with the wild-type structure. Since His 238 does not complex. This was fit in the mutant structure as a water
directly interact with zinc in the wild-type structure, it was molecule and refined to a position 3.16 A from thelQf

not surprising that a zinc atom was found in both mutant Glu 238, 3.11 A from the C-6 of PR, and a very short
proteins. This result confirmed the previous observation that distance of 1.51 A from the zinc. This water molecule is
His 238 mutations do not decrease ADA’s affinity for zinc. shown as a ligand to the metal in the H238E active site
In the H238A structure, components of the active site other shown in Figure 8.

than residue 238 are situated similarly to the wild-type In summary, these crystallographic results reveal that the
structure. An important difference, however, between this two His 238 mutants sustained differences only in the active
and the wild-type active site is the presence of a new water site but not in the overall tertiary structure, in agreement
molecule occupying the space vacated by the imidazole ringwith our results from circular dichroism and fluorescence
of the histidine. As shown by the model of the H238A active spectroscopy. A zinc atom is present in both mutants, as
site in Figure 7, the alanine substitution leaves enough roomFAA spectroscopy already indicated. The nonhydrated form
for a water molecule to fit. The distance between the oxygen of purine riboside is bound in the H238E mutant active site,
of this water and the oxygen of the C-6 OH of HDPR is and the attacking water may be destabilized by Glu at
3.43 A, somewhat long for a hydrogen-bonding interaction. position 238 compared to wild-type ADA. The H238A
The most important feature revealed by the H238A structure structure reveals a water adjacent to the Ala at position 238,
is the well-defined density corresponding to the hydrated and the inhibitor is bound in its hydrated form, HDPR. This
form (HDPR) of the purine riboside inhibitor within the result suggests that H238A is able to catalyze formation of
mutant active site. The alanine mutant has catalyzed thethe hydroxylate and thus eliminates His 238 from being the
hydration of PR on C-6, similarly to what occurs in crystals base in the reaction.

of wild-type ADA—PR complexes (Wilson et al., 1991). This 13C NMR and'3C—'H HMQC Spectra of Purine Riboside
result suggests that H238A, despite its low catalytic activity, Complexes with Wild-Type ADA and H238A0 examine

is able to catalyze the deprotonation of the metal-bound waterthe ability of H238A to catalyze the hydration on C-6 of
and formation of the hydroxylate during the crystallization purine riboside, thé*C NMR spectra of purine riboside
process. Thus, these data indicate that His 238 is notcomplexes of H238A and wild-type ADA were obtained.
required for formation of the catalytic hydroxylate and cannot Figure 9 shows th€C NMR spectra of 63C purine riboside

be the base required for the deamination reaction. free in solution (A), bound in its complex with wild-type
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f\w\ | Table 3: Crystallographic, Data Collection, and Refinement
c / ] J‘M Yl \‘ Parameters for H238A and H238E ADA Crystal Structures
. / M\ \ foos 7 5 “ H238A H238E
’\"d‘wﬁ i b V"M” W\W‘ \ VY ) ‘4 -
T o ‘M’““V"w-:ww‘m,wxmmmmw,ﬂ W unit cell parameters a=99.14 A a=99.11 A
) |

| b=93.94A  b=09381A
\ | c=7198A  c=7210A
‘ \

B ) B =126.92 B =126.83
¢ ’ \ w{\"w I I unique/observations 22 029/71 281 21 992/51 632
o MV,\{\\"'I'L[“LWM M’M LA TN iky"\z\ﬂ/v“w’ﬂﬁ,’v‘krw“),‘wv\ﬁ "'*(“WV"W'VWN \v)w. Rmerge (%) 5.2 5.8
reflections used in refinement 18931 18 233
Reryst (%) 20.3 20.3
A rms bond deviation from 0.017 0.014
| [ ideality (A)
e At bt s rms angle deviation from 1.98 1.78
150 130 110 90 70 ideality (deg)

ppm

Ficure 9: 13C NMR spectra of purine riboside complexes with  The arginine mutation, while not perturbing thehelices,

H238A and wild-type ADA: (A) 1 mM purine riboside, 500 ) . : ; :
transients; (B) 0.9 mM complex of purine riboside with wild-type p-sheets, or active site geometry, resulted in some localized

ADA, 1400 transients; and (C) 0.7 mM complex of purine riboside tertiary structural differences, as the near-UV circular dichro-

with H238A ADA, 37 000 transients. (Insert) the HMGE NMR  ism and tryptophan emission fluorescence spectra show.
spectrum of the C-6 proton of hydrated purine riboside (HDPR) in  These localized differences may explain why the Arg 238
its complex with H238A ADA, 464 transients. mutant failed to crystallize under conditions identical with

those used with the Ala and Glu mutants.
Even though the fluorescence spectrum of H238R is
guenched by approximately 25% relative to that of the wild-

ADA (B), and bound to H238A (C). The inset in the figure

shows the proton spectrum from the HMQC experiment in
wh|gh the single-bond correlanonhwas esLabdllshed w.nr} the ype and has a maximum at 333 vs 328 nm, it does not
carbon resonance at 73.5 ppm. The attached proton is founqasempje the emission from guanidinium chioride-unfolded

at 6.84 ppm (the hump under the attached proton resonancéypa \yhich has a maximum at 349 nm and is quenched by
arises from aromatic protons). The existence of a single gn_7q, (data not shown). This observation rules out global
proton J-coupled 1o _the 73.5 ppm carbon resonance WaS nfolding of the mutant as the cause of the spectral changes.
confirmed by collecting an additional HMQC spectrum in Instead, the H238R fluorescence resembles the spectrum of
) 'calf ADA complexed to adenosine or adenosine analogs
with & Jcy value of~200 Hz (data not shown). (Porter & Spector, 1992). Binding of these substrates to

In its complex with the wild-type enzyme, the' carbon  Apa causes the enzyme's tryptophan fluorescence emission
of HDPR resonates at 74.7 ppm and its attached proton atyy pecome quenched by 227% and the maximum to be
7.03 ppm (data not shown). In its complex with H238A, slightly red-shifted.

the 643C carbon of HDPR resonates at 73.7 ppm and its
attached proton at 6.84 ppm. The sharp resonance at 71 PPM,
is due to glycerol remaining from the storage solution of

the enzyme or from inadequate rinsing of the Centricon

concentrator. The minor peaks at 153 and 157 ppm in the
1-D carbon spectrum of the H238A complex have not

previously been seen in complexes of ADA or its mutants.

However, HMQC experiments at those frequencies designed
to detect a single proton fail to do so convincingly. These

peaks probably arise from natural abundance arginine,
guanidino, or tyrosine hydroxyl carbons detected only after

the long collection time of the H238A experiment. Alter-

Molecular modeling of an arginine at position 238 of ADA
veals that its side chain can rotate to within 6 A of Trp
272, one of the two tryptophans located within 11 A of the
active site. This rotation brings Arg 238 in close contact
with another aromatic residue, Tyr 240. If the bulky arginine
cannot be accommodated in the ADA active site and must
rotate, it may move, repositioning Tyr 240, whose near-UV
CD signal would change. In addition, such a rotation would
reorient Trp 272, altering its near-UV CD signal and
guenching its fluorescence emission. Since Trp 272 is within
11 A of the active site, it may be one of the components of
. _ the emission which become quenched upon binding of
natively, they could represent a very minor amount of an g hsyate or substrate analogs to the wild-type enzyme.

alternate bound form or chancg contarnipants in thg SamIOIe'Consequently, as a result of the Arg 238 rotation, the changes
These results show that within the limits of experimental ; ihe vicinity of Trp 272 may parallel those which occur

detection, the only form of purine riboside bound in the active upon ligand binding, causing the mutant fluorescence
site of H238A is the hydrated fqrm. The values of both the spectrum to become as quenched as the wild-type emission
carbon and proton chemical shifts of the bound hydrate are g upon ligand binding.
only minimally perturped in the mutant in comparison to Effects of His 238 Mutations on Substrate and Inhibitor
those found for the wild-type enzyme. Binding. Replacement of His 238 by an acidic glutamate
DISCUSSION ora buI_ky arginine did not affect the enzyme’s affinity for .
adenosine. Because of the low but measurable catalytic
Effects of His 238 Mutations on ADA Structur8ubstitu- activity of H238R, inhibition studies could be carried out,
tion of an alanine or a glutamate for histidine 238 did not and these showed that the arginine causes little or no change
drastically alter ADA structure as judged by the elution in theK; values for PR and A, two competitive inhibitors
characteristics of these mutants, their far- and near-UV of the enzyme. These results are consistent with structural
circular dichroism spectra, fluorescence emission, crystal information on the absence of bonding interactions between
structures, and their substrate and inhibitor binding properties.residue 238 and the substrate (Wilson et al., 1991).
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Nevertheless, a 20-fold increase in the affinity of H238A (Sideraki et al., 1996; Wilson et al., 1991). Moreover, the
for adenosine was observed with this mutant. This result electron density of the purine ring is reduced by the
was surprising, since no contact between His 238 and engagement of all purine nitrogen lone pairs in hydrogen
adenosine was predicted from the crystal structures (Wilsonbonds. It is interesting, however, to note that, of all the
et al., 1991; Wilson & Quiocho, 1993 1994). Calculation residues in ADA structures, His 238 and Asp 295 are the
of the distance betweene® of the histidine and N-6 of the  only ones in high-energy, disallowed conformations (Wilson,
substrate from the 1-deazaadenosine structure shows it tal996). This observation could mean that they are strained
be 3.8 A, too far for a hydrogen bond to form. However, in their effort to maintain the substrate in an unfavorable
Kurz et al. (1992) have pointed out that there must be an conformation. Alternatively, this phenomenon may be a
interaction between the 6-NHsubstituent and ADA since  consequence of the specific electrostatic and hydrogen-
1-deazaadenosine (N-1 replaced by a carbon) is bound 100bonding interactions between His 238 and Asp 295 and
fold more tightly by the enzyme than 1-deazapurine riboside between Asp 295 and the zinc. Nevertheless, if His 238
(both N-1 and N-6 replaced by carbon atoms). The increasedconstrains the substrate, and its absence results in tighter
affinity for substrate by H238A was corroborated by the 10- binding, it is difficult to rationalize thé&, values observed
fold lower K; value of Né-methyladenosine, an adenosine with H238E and H238R, which are not different from those
analog and weak substrate of ADK{ of 5 uM, keat Of 0.3 of wild-type ADA.

s! (Porter & Spector, 1993)], as well as a competitive  Effects of His 238 Mutations on the Catalytic Efficiency
inhibitor of the enzyme. A 3-fold reduction in substrate of ADA. As more crystal structures of the ADA enzyme
affinity and 1000-fold drop irk.s/Km was observed for a  complexed to ground-state or transition-state analogs became
similar H238A mutant in human ADA (Bhaumik et al., available, a number of proposals were put forth regarding
1993). These combined results suggest that His 238 doeghe role of His 238 in the reaction mechanism. Thus, this
not function in catalysis only by lowering the activation residue was initially proposed to orient and stabilize the
barrier to the transition state through hydroxylate charge incipient hydroxylate, formed by the action of Asp 295
stabilization ¢ide infra) but also by raising the energy of (Wilson et al., 1991). Its role was later modified to be that
the enzyme-substrate complex. of a general base, creating the hydroxylate from the zinc-

Interestingly, an alanine mutation of Glu 104 (the primary Pound water (Wilson & Quiocho, 1993). It was also
catalytic residue) in cytidine deaminase results in & 10 Sudgested that His 238 may be the origin of the leaving group

reduction inkexand also a 30-fold reduction K., (Carlow  Proton, despite the residue’s long distance from the C-6
et al., 1995). Since Glu 104 was thought to be engaged in2Min0 group; this proposal assigned an additional general
two short hydrogen bonds with the altered substrate of this 2€id function to this amino acid (Wilson & Quiocho, 1993).
deaminase in the transition state (Betts et al., 1994), this, OUr objective in mutating His 238 was to elucidate the
increased substrate affinity of the Ala 104 mutant was function of this h'_St'def‘ in the reaction. To this _end, a
unexpected. In fact, there seems to be a wealth of residued'€utral; apolar amino acid (Ala), an acidic, polar amino acid

implicated in catalysis but not in substrate binding which, (Glu),. ar)d a bas_ic, polar amino acid (Arg_) were used as
when mutated to alanine, exhibit higher affinities for substitutions of His 238. The steady-state kinetic parameters

substrate. Some histidines which belong to this group are reveal that the three mutations of histidine 238 reduce, but

; ; ; do not abolish, ADA catalytic activity. This result, combined
His 372 in alkaline phosphatase (10-fold lowegs; and 30- X N o
fold lower K. Xu erz)t al.p 1994) émd His 64 :{rt] carbonic with the finding of the hydrated form of PR in the H238A

} - o active site by both crystallography and NMR spectroscopy,

Z,? Z{fjrla;&gfl%;g:dzzﬁ\év_ﬁmz?: g e7r?z§;)rlr? elst?welkcat’ Liang clearly shows that histidine 238 it the basevhich creates

| o the attacking OH group. However, His 238 is important to
One possible reason why substrate binding is improved o reaction, as the low/K,, values of the mutants show.
when a catalytic histidine in ADA is replaced by alanine  of the three mutants, H238E exhibits the lowest activity
may be the removal of steric constraints. Eliminating (KealKm ONly 4 x 1076 that of the wild-type), a result which
histidine from the ADA active site and re.placinglitlby alanine suggests that the negative charge on the glutamate is greatly
and a water molecule frees up space in the vicinity of C-6 jegrimental to catalysis. By comparison, an uncharged (Ala-
of the purine ring, perhaps allowing substrate to bind more \yater) or positively charged (Arg) residue at position 238 is
favorably. This theory would explain the lowé, value more easily tolerated. The H238E crystal structure shows
for adenosine, which bears a C-6 amino group, and the lowera¢ this mutant is unable to catalyze the hydration of PR to
Ki value for NMA, with its C-6 methylamino group. In  form HDPR. An acidic residue at position 238 may result
the case of an inhibitor like PR, which lacks a C-6 i, destabilization of the zinc-coordinated hydroxylate or
substituent, binding may be too loose in the more spacious hossibly interfere with its formation. Thus, even though His
mutant active site; consequently PR becomes a poorers3g may not be the base, its presence promotes deprotonation
inhibitor with respect to adenosine in the Ala 238 mutant f the zinc-water. These results support an electrostatic role
compared to the wild-type enzyme. for His 238 in stabilizing the developing negative charge on

A second possibility is that His 238 may constrain the the hydroxylate.

substrate, thus destabilizing it; removal of this residue would  If electrostatic stabilization of the OHs the key function
then result in better binding. Weiss et al. (1987) and Jonesof His 238, an arginine residue at 238 with its positive charge
et al. (1989) have both suggested that the ADA substrateshould result in little loss of catalytic activity. In agreement
must be distorted during reaction in order for N-1 to become with this prediction, the Arg mutant has a 170-fold higher
protonated and aromaticity of the purine ring to be decreased.turnover rate compared to the Glu 238 mutant. The favorable
The various wild-type and mutant ADA structures do not electrostatic effect of the basic arginine, however, may be
show any obvious distortion in substrate/inhibitor purine rings offset by its reorientation within the active site. Conse-
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quently, any contribution of the guanidinium positive charge
to hydroxylate stabilization is lost. In addition, if His 238
is indeed the donor of the leaving group proton, the high
pK, of the Arg side chain precludes its function as a general
acid. This mutant has therefore only 0.06% of the wild-
type catalytic efficiency.

The importance of a positive charge at position 238 is
underscored by pH studies of the kinetic behavior of H238A.
In this mutant, which is normally 500-fold less active than
wild-type ADA, both thek., andke./Krm valuesincreaseat
pH 5.5 relative to pH 7.0, opposite from wild-type behavior
(Table 2). As the crystal structure shows, a water is found
next to the engineered alanine at this position. At acidic
pH values, a hydronium ion can replace this water in the
H238A active site. The positive charge on the hydronium
ion can stabilize the incipient hydroxylate negative charge.
In addition, a proton from the hydronium could be transferred
to the leaving group, allowing elimination to occur and
completion of the reaction. The altered pH profiles for the

Sideraki et al.

study clearly eliminates His 238 from being the base required
to bring about the first part of the ADA-mediated reaction.
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