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Characterization of a Mutamacillus subtilisAdenylosuccinate Lyase Equivalent to
a Mutant Enzyme Found in Human Adenylosuccinate Lyase Deficiency:
Asparagine 276 Plays an Important Structural Role
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ABSTRACT. Adenylosuccinate lyase, an enzyme catalyzing two reactions in purine biosynthesis (the cleavage
of either adenylosuccinate or succinylaminoimidazole carboxamide ribotide), has been implicated in a
human disease arising from point mutations in the gene encoding the enzym&.diSrcillus subtilis
adenylosuccinate lyase, a residue corresponding to the location of a human enzyme mutation, was replaced
by Cys, Ser, Ala, Arg, and Glu. The mutant enzymes exhibit decredggdralues (2-400-fold lower)

for both substrates compared to the wild-type enzyme and some changes in the pH depentferce of

but no loss in affinity for adenylosuccinate. Circular dichroism reveals no difference in secondary structure
between the wild-type and mutant enzymes. We show here for the first time that wild-type adenylosuccinate
lyase exhibits a protein concentration dependence of molecular weight, secondary structure, and specific
activity. An equilibrium constant between the dimer and tetramer was measured by light scattering for
the wild-type and mutant enzymes. The equilibrium is somewhat shifted toward the tetramer in the mutant
enzymes. The major difference between the wild-type and mutant enzymes appears to be in quaternary
structure, with many mutant enzymes exhibiting marked thermal instability relative to the wild-type enzyme.
We propose that mutations at position 276 result in structurally impaired adenylosuccinate lyases which
are assembled into defective tetramers.

Adenylosuccinate lyase (E.C. 4.3.2.2) is an enzyme g §00- 3. C00-
participating in the purine biosynthetic pathway. Two distinct NH Yo H Nﬂ*f*,',
reactions are catalyzed: the cleavage of adenylosuccinate N \NCOG N N 0%
(SAMP) to AMP and fumarate and the conversion of <’ | /) </:(\0
succinylaminoimidazole carboxamide ribotide (SAICAR) to NTON NT S
aminoimidazole carboxamide ribotide (AICAR) and fumarate o o o
(1). The schematic structures of these compounds are shown,. P oFo
in Figure 1. The reactions proceed by faelimination, o OH OH o OH OH
involving the general acid/base residues®fismd Hig*! (2—

4). (The residue numbers are those Bé&cillus subtilis Adenylosuccinate (SAMP) SAICAR

adenylosuccinate lyase.) Both Fiand Lyg® are considered  Fgure 1: Schematic structural comparison of adenylosuccinate
to contribute to binding substratg, (6), while GILF"® is an and SAICAR.

essential amino acid implicated in a catalytic dyad with'tis . ) )
(5). subunits. Furthermore, each enzyme contains the signature

¢ sequence “SSxxPXRXNxxxxE*™" unique to the superfam-
ily.

Our interest in studying this enzyme is largely due to its
1implication in a human disease. Adenylosuccinate lyase
deficiency, first recognized in 1984.2), often arises from
a single point mutation in the gene encoding the enzyme
and can result in mental retardation, muscle wasting, autistic
features, and/or epilepsy. To date, 30 unique point mutations
in the gene have been identified, in addition to 1 deletion
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(hydroxymethyl)methyl-3-aminopropanesulfonic acid. and SAICA riboside corresponds to the severity of the disease
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Adenylosuccinate lyase is a member of a superfamily o
enzymes, including class Il fumaragegrystallin, carboxy-
cis,cismuconate lactonizing enzyme, aspartase, and argini-
nosuccinate lyase. These enzymes all share high levels o
structural similarity {—11), despite low sequence identity.
All are ~200 kDa homotetramers and contain a 20-helix
bundle in the center of the enzyme formed from the four
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Bacillus subtilis KGQKGSSAMPHKRNPIGSEY human enzyme and the N276R mut&ntsubtilisadenylo-
Thermotoga maritima KGQRGSSAMPHKKNPITCER"'® succinate lyase as a control in order to simulate the wild-
Homo sapiens KQQIGSSAMPYKRNPMRSES' " type human enzyme.

1 i KGSSAMPHKRNPILSEL’® . . .
gzzzlj?jgizs lert b B Asr?’ lies adjacent to the conserved signature sequence
Salmonella typhimurium AGEIGSSTMPHKVNPIDFE%@ region (which includes GR#® and appears to be located just
Gallus gallus KDQIGSSAMPYKRNPMRSEH”B outside the active site. Thus, a series of mutations at position
Mus musculus KQQIGSSAMPYKRNPMRSER " 276 not only allows us to biochemically characterize an

FiGURE 2. Sequence alignment of the signature sequence region€NZyme in a human disease state but also affords the
of adenylosuccinate lyase from representative species, includingopportunity to probe the active site.

MUSculLy Residues 1y bold are conserved among the ademyiosuc. " 2ddition. the biophysical studies of the wild-type and
cinate lyases from all sources that have been sequenced to daté”“ta'?t enzymes aiso qﬁer insight into our pre_wously
(approximately 44). Contrasted are the residues corresponding todescribed complementation results). (Adenylosuccinate

B. subtilis Asr?78. There is weak similarity at this position, with  lyase is a multimeric enzyme in which three subunits
half the sources of the enzyme having an asparagine and the othetontribute residues to form the active site (Figure 8A). If
half an arginine. inactive enzymes containing mutations to active site residues
o i from different subunits are mixed together, a hybrid enzyme
state presentedlq): an S-Ado/SAICA riboside ratio of 41 he formed, thereby restoring partial activity. In order
approximately 1 corresponds to a severe disease Statejor this subunit complementation to occur, there must be
whereas a ratio of 2 or greater (values up to 5 have beengisgociation of the tetramer and random reassociation of
reported) correlates with much milder symptoms. It has beeng,punits. However, no species below the molecular weight
postulated that SAICA riboside is the major toxic compound ¢ the tetramer has yet been observed fr subtilis
and that'S—Ado protects tissues against its toxicliy; (4, adenylosuccinate lyase. We now present evidence of a lower
15). Additionally, it is thought that mild disease symptoms mqjecular weight species in both the wild-type and mutant

correlate to a catalytically impaired enzyme, whereas SeVeregnzymes. A preliminary version of some of this work has
symptoms correspond to a structurally impaired enzybée ( peen presente®().

17). Only a few biochemical studies have been carried out
on the human enzymd 7—19); the instability of the human  EXPERIMENTAL PROCEDURES
enzyme has been a major limitation in these studies. The
results of these experiments pointed to differences in Materials. Adenylosuccinate (SAMP), aminoimidazole
thermostability as accounting for the major distinction carboxamide ribotide (AICAR), adenosiné-rhonophos-
between the wild-type and mutant human enzymes. We seekphate, fumarate, MES, HEPES, TAPS, and imidazole were
to explore in greater depth the biochemical properties obtained from Sigma. The protein assay concentrate was
associated with mutations identified in the human disease.from Bio-Rad. Oligonucleotides for site-directed mutagenesis
Given the structural similarity among enzymes in this and sequencing (nonfluorescent) were obtained from Bio-
family and the relative instability of the human adenylosuc- Synthesis. Fluorescent oligonucleotides for sequencing were
cinate lyase, we have chosen to work with the more stable from Li-Cor. All other chemicals were of reagent grade.
B. subtilisadenylosuccinate lyase as a model system. The Site-Directed Mutagenesidutations to the pBHis plas-
crystal structure of adenylosuccinate lyaseTbiermotoga  mid, encodingB. subtilis adenylosuccinate lyase, were
maritima has been determined)( the B. subtilisand T. generated through the use of the Stratagene QuikChange
maritima enzymes share 50% sequence identity and anmutagenesis kit, as described previousl; @1). The
additional 23% similarity at the amino acid level, while the following oligonucleotides and their complements were used
B. subtilisand human adenylosuccinate lyases share 27%to generate single amino acid changes at position 276, CCG
identity and 17% similarity. This sequence similarity has ATT GGC TCT GAA TGC ATG ACA GGC ATG (Cys),
allowed us to construct models of both the human Bnd CCG ATT GGC TCT GAA GCC ATG ACA GGC ATG
subtilisenzymes based on the crystal structuré.aharitima (Ala), CCG ATT GGC TCT GAA AGC ATG ACA GGC
adenylosuccinate lyase, as illustrated in Figure 8. TheseATG (Ser), CCG ATT GGC TCT GAA CGC ATG ACA
homology models assist in relating our results on he = GGC ATG (Arg), and CCG ATT GGC TCT GAA GAA
subtilis model system to the human enzyme. ATG ACA GGC (Glu), and to construct the mutation at
One mutation of particular interest is R303C adenylosuc- position 326, CTA CAT GCT GAA CAC CTT CTC CAA
cinate lyase (numbering according to the human enzyme).CAT C (Thr). The N276R/R326T double mutant was
This mutation results in a mild disease state and yields anconstructed by introducing a second mutation to the N276R
S-Ado/SAICA riboside ratio in patients’ fluids ranging from CDNA. DNA sequencing confirmed the presence of the
3to 4 (17). The position corresponding to human A%n mutations and was performed at either the University of
theB. subtilisenzyme is As#®. Figure 2 shows the sequence Delaware Cell Biology Core Facility using a Long-Readir
alignment of the region surrounding A&hin the enzyme 4200 DNA sequencer (Li-Cor) or at the Delaware Biotech-
from representative species from bacteria to mammals.nology Institute and University of Delaware Center for
Among the 44 sources of adenylosuccinate lyase sequenced\gricultural Biotechnology using an ABI Prism model 377
to date, there is weak similarity in this position (Clustalw), DNA sequencer (PE Biosystems).
with an asparagine present in about half of the sources The protein, overexpressed iBscherichia colistrain
(including B. subtilig and an arginine in the other half BL21(DE3), contains a six-His tag at the N-terminus and
(including human). Accordingly, we constructed the N276C was purified to homogeneity using Qiagen Ni-NFfAgarose
mutantB. subtilisenzyme to directly mimic the defective as previously describe®,(21). The purity of the resultant
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enzymes was assessed by 12% polyacrylamide gels containbath, and activity was assayed under standard conditions as
ing 0.1% sodium dodecyl sulfatgZ). Protein concentrations  a function of time.

were determined either by the method of Bradford using Circular Dichroism Spectroscopy of Adenylosuccinate
wild-type adenylosuccinate lyase as the stand2gji ¢r by Lyase.Experiments were performed using a Jasco J-710
absorbance at 280 nm usilfgsst” = 10.6 Q). spectropolarimeter. Several spectra of the wild-type and each

Enzymatic Synthesis of SAICARarting from AICAR (10 mutant enzyme were obtained over a concentration range
mM) and fumarate (150 mM)' SAICAR was prepared from appl’OXimately 0.10 to 0.65 mg/mL, as determined by
enzymatica”y using adeny'osuccinate |yase (04 mg/mL) in the method of Bradford. Prior to data acquisition, each
50 mM HEPES, pH 7.0 (1 mL total volume). The reaction Sample was preincubated for 30 min at 25 in 20 mM
was allowed to proceed for 2 h, and the progress was pOtaSSiUm phOSphate, Containing 20 mM sodium Chloride,
monitored using Pace”u'ose plates V\M't 1M ammonium pH 7.0. E"|pt|C|ty fOI’ eaCh Sample was measured in 0.2 nm
acetate, pH 6.40, as solverit8]. A Centricon-10 filtration increments from 250 to 200 nm, at room temperature. The
device (Millipore) was used to remove the enzyme. The Samples were scanned five times and averaged, and the
substrates were then applied to a DEAE-cellulose column background buffer spectrum was subtracted out. The mean
(40 mL resin) equilibrated with 10 mM ammonium bicar- molar ellipticity was then calculated from the equaticih [
bonate and eluted using a 10 mM (1 |_) to 300 mM (1 |_) = 0/10nC|, where p] is the measured eIIIpt|C|ty (ml”lde-
ammonium bicarbonate linear gradient. A Dowex 50 column grees)n is the number of amino acids in one subunit (437,
(Bio-Rad AG 50W-X4, 106-200 mesh, hydrogen form, 40 including the six-His tag)C is the molar concentration of
mL) was utilized for desalting the product. SAICAR was €nzyme subunits, arlds the path length in centimeters (0.1

eluted using water. The final product was obtained in 13% CM). _ o _
yield. Molecular Weight Determination of the Wild-Type and

Asr?’6 Mutant EnzymesA miniDAWN laser photometer
(Wyatt Technology Corp., Santa Barbara, CA) was used to
determine the molecular weights of the wild-type and Z%n
mutant enzymes. The molecular weight of each enzyme was

30 min at 25°C. For adenylosuccinate, the activities of both ?etermined e.lt setV(Iar%I (iigf?regtspgotei? cEncen(;re}[tions. raggti)ng
the wild-type and mutant enzymes were assayed by monitor- rom approximately 0.10 to 0.35 mg/mL (as determined by

ing the time-dependent decrease in absorbance at 282 nrﬁhe method of Bradford after_ the light scattering experi-
as adenylosuccinate is converted to AMP and fumarate, usingmems).' The enzyme was preincubated _a_t’<25n 20 mM .
the difference extinction coefficient of 10000 #cm* (24). potassium phosphate, pH 7.0, also containing 20 mM sodium
For SAICAR, a decrease in absorbance was followed at 267chlorlde. Data were collected at room temperature, using a
nm as SAICAR is converted to AICAR and fumarate, using Ia;er wavelength of 690 nm, an_d were subsequently analyzed
the difference extinction coefficient of 700 Mcm-1 (25). using ASTRA software for Windows. The operation and

Standard assay conditions were used in 50 mM HEPES, thheory of this instrument may be' found in 24 Lysoz_yme
7.0, at 25°C, with 60M adenylosuccinate. For the activity samples of known molecular weight and concentration were

ratios of SAMP and SAICAR, each substrate (&) was us|t_a|d forl instr'l\J/Imgnlt_ norTi:izationA denvl inate L
used to ensure saturating conditions. In the direction of eitherTh or:no O?y 0 edlnlg (f)th urr1nan e;y OTUCC'”? et ylase.
AMP or AICAR formation, specific activity is defined as € homology model of the human agenylosuccinate lyase

micromoles of substrate converted per minute per milligram was created. using the crystal structure Tf maritima .
of enzyme. adenylosuccinate as the template (PDB codelc3c). This

h | . ‘ h model was created by the same methods used for the
ThekearandKn values were determined for both SAICAR homology model ofB. subtilis adenylosuccinate lyase as

and adenylosuccinate by varying the substrate concentrationy.criped previouslyS}, with the exception that the 26

The da‘?‘ were ana_lyzed by Linevyeav@urk plots with additional N-terminal amino acids of the human enzyme were
error estimates obtained from the SigmaPIlot software (SPS runcated prior to modeling.

Inc., Chicago, IL). Due to high absorbance at 282 nm, at
adenylosuccinate concentrations greater thandb0assays RESULTS

were conducted at 290 nm using a difference extinction Purity of the AsA’® Mutant Adenylosuccinate Lyases

coefficient of 4050 M* cm™. ) Asr?’8 of B. subtilis adenylosuccinate lyase occurs at the
The pH dependence &fmax was measured for the wild-  position corresponding to position 303 in the human enzyme,
type and As#® mutant enzymes, using the buffers MES (pH \which is mutated in one form of human adenylosuccinate
6.3-6.9), HEPES (pH 6.88.0), and TAPS (pH 7.98.8), lyase deficiency17, 27). We replaced Asn at position 276
each constant in the basic species of the buffer (0.03 M). py several other amino acids: cysteine (the mutation found
The effects of pH on enzyme activity were reversible over iy the human disease), alanine (to test the importance of
this pH range. The substrate concentrations for either SAMP gecreasing the size of the side chain), serine (a residue similar
or SAICAR in the assay were 300 or 1Q04, respectively.  in size to cysteine but with different functionality), arginine
After the rate determlnatlon, the pH OIf eaC.h assay solution (the Corresponding W||d_type human residue)’ and g|utamate
was measured. Data were analyzed using SigmaPlot softwaregto evaluate the effect of a negative charge at position 276).
For the thermostability studies, each enzyme was prein- A double mutant, N276R/R326T, was also constructed. This
cubated for 30 min at 25C in 20 mM potassium phosphate, double mutation was intended to simulate, in Biesubtilis
pH 7.0, containing 20 mM sodium chloride. After this enzyme, the local environment of the wild-type human
incubation, the enzyme was transferred to a £Z5vater enzyme, since the wild-type human enzyme has an Arg at

Kinetics of B. subtilis Adenylosuccinate Lyas@sor to
any activity determination, each enzyme was incubated at a
minimum concentration of 0.4 mg/mL in 20 mM potassium
phosphate, containing 20 mM sodium chloride, pH 7.0, for
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Table 1: Summary of the Wild-Type and AshAdenylosuccinate
Lyase Kinetic Parameters in the Direction of AMP Formation

Vmaxb (,umol kcathm 3
enzyme min~tmg) Km (M) Keat (571 (M~1ts™)

wild type 1.56+ 0.19 3.46+ 0.44 1.30+0.16 3.75x 10°
N276C  0.63+ 0.04 10.4+ 0.99 0.52+ 0.04 0.51x 10°
N276A  0.17+£0.01 7.40+ 0.47 0.14+£0.005 0.12x 10°

aThe activities andKys for these enzymes were determined
spectrophotometrically at 28C in 50 mM HEPES buffer, pH 7.0, in
the presence of adenylosuccinate, as described in Experimental
Procedures? Vmaxis defined as micromoles of substrate converted per 1+
minute per milligram of enzyme. The lower limit of detectable activity
is approximately 5x 10°° umol min™* mg*. ¢ nd = not determined.

N276S  0.16:0.01  5.17+0.78 0.13+0.005 0.25x 10° S

N276R  0.020+ 0.0006 4.17 0.39 0.017+ 0.0006 0.04x 10F E
N276E  0.0037% 0.003 nd nd® ndt £ 27

N276R/ 0.38+0.01  2.60+0.22 0.314+0.01  1.21x 1(F =

R326T g

E

H

>

position 276 and a Thr at position 326. The numbers
correspond to theB. subtilis enzyme. The purity of the

resultant enzymes was assessed by SPSGE gels (data 0
not shown). Each enzyme exhibited a single subunit band

with the expected subunit molecular weight of about 50000.

P FIGURE 3: pH—Vnax rate profiles for wild-type adenylosuccinate
Kinetic Parameters. of the A3fiMutant Enzymes, N276R/ lyase with QO) SAIaéAR and @) adenylosuccinate. The data are
R326T, and the Wild-Type Enzymall of the mutant expressed in terms of specific activity and were extrapolated to

enzymes constructed, with the exception of N276E, had V.. With SAICAR, pK; and K, have values of 7.4% 0.10 and

sufficient activity to characterize kinetically. The kinetic data 8.01+ 0.12, respectively. i and (K, with adenylosuccinate are
at pH 7.0 in the direction of AMP formation for the wild-  6-78+ 0.08 and 8.37 0.09, respectively.

type and As#® mutant enzymes and N276R/R326T adenylo- _ .
succinate lyase are summarized in Table 1. Compared to a\TAf?Ej'eTz: K Vg"k‘ﬂei Otbf('j”ed Ifrom PH\{maXLPrgf"es for
wild-type value of 1.56umol of adenylosuccinate mit 1c""ype and Mulan® Adenylosuccina’e yases

pH

mg %, the Vimax values of the N276C, N276A, N276S, and enzymé PKs PKz
N276R/R326T enzymes are only modestly reduced at 0.63, wgd gg)e 6.583: 8.02 g.g?ﬂ: 8.09
i ; -1 N27 7. 1 34+ 0.14
0.17, 0._16, and 0.38mol of adenylp_succmate mitimg?, N2TOA 7141017 At 018
respectively. However, the activities of the N276R and N276S 6.91L 0.10 7'83L 011
N276E adenylosuccinate lyases, 0.02 and 0.06l of N276R/R326T 6.74- 0.08 7.97+ 0.08

adenylosuccinate mid mgrl, respectively, are considerably aThese [ values were obtained at 2%, as described in the
lower than that of the wild-type enzyme. It was surprising gxperimental Procedures, from plots exemplified by FigureN276E
that the N276R enzyme is so low in activity since arginine and N276R lacked sufficient activity to accurately determine tke p
is present in the human enzyme at this position. However, values.

the B. subtilisenzyme has another arginine at position 326

which is relatively close to position 276 in this enzyme (See to Vi, using the equatioVmax = vopd1 + Kn/[substrate]).
Discussion); electrostatic repulsion between the two argininesall enzymes yielded a bell-shaped pt¥max profile, as
may account for the low activity of the N276B. subtilis represented by the wild-type enzyme (Figurda}, and the
enzyme. In the human enzyme, the amino acid at the positionpk values were determined as previously descril®dA
Corresponding to position 326 is threonine. The N276R/ summary of IKl and FKZ values is in Table 2. The value of
R326T mutant enzyme, intended to better simulate wild-type pk, does not vary appreciably between the wild-type and
human adenylosuccinate lyase, does indeed have significantlynutant enzymes. HoweverKp is more affected by the
more activity relative to the N276R enzyme (Table 1). The mutations at position 276; this value is decreased in most of
Km values for adenylosuccinate are not appreciably alteredthese mutant enzymes tested.
from that of the wild type in any of the mutant enzymes.  Characterization of Wild-Type Adenylosuccinate Lyase
Since most of the replacements at position 276 yield enzymeswith SAICARAdenylosuccinate lyase is unique in the purine
with substantial activity, the primary role of A3fiis not  pjosynthetic pathway in that it catalyzes two discrete
catalytic. reactions involving different substrates: adenylosuccinate and
pH Dependence of M for the Wild-Type and Mutant  SAICAR. The question may be raised as to whether the same
Adenylosuccinate LyaseMlore significant differences be- residues are involved in catalysis of both substrates. We
tween wild-type adenylosuccinate lyase and the mutanttherefore measured the kinetic parameters of wild-type
enzymes became apparent upon determination of the depenadenylosuccinate lyase with either adenylosuccinate or
dence of velocity on pH. An extrapolat®.«in the direction SAICAR. The results are summarized in TabléeV3ax Km,
of AMP formation was determined for each enzyme from andk. are all slightly higher with SAICAR than adenylo-
pH 6.3 to pH 9.0K,s for adenylosuccinate were determined succinate, indicating that the enzyme is about equally
across the pH range, and the observed rates were extrapolateeiffective in catalyzing the two reactions.
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Table 3: Kinetic Parameters for Wild-Type Adenylosuccinate Lyase mooob
with Adenylosuccinate and SAICAR 5000 [
8
Vmax (umol kca{Km
substrate min~t mg?) Km (M) Keat (571 (M~1s7h) 0

SAMP 1.56+0.19 3.46+0.44 1.30+0.16 3.75x 1P
SAICAR 1.94+0.10 6.40+0.47 1.61+0.08 2.51x 1C°

aThe characterization of wild type in the presence of either SAMP
or SAICAR was carried out at 25C in 50 mM HEPES buffer at pH
7.0. -15000 [

-5000

-10000 |-

(6] (deg cu dmol'l)

-20000 [~

Table 4: Comparison of Adenylosuccinate and SAICAR Activities
for Wild-Type and Mutant Adenylosuccinate Lya3es 25000

2;0 2;0 2;0 2;0 250
SAMP (umol SAICAR (umol Wavelength (nm)
enzyme min~t mg?) min~tmg?l)  SAICAR/SAMP

FiGure 4: Circular dichroism spectroscopy of the wild-type and

wild type 1.56 1.94 1.27 N276X mutant enzymes at pH 7.0, room temperature, and 0.45
N276C 0.44 0.36 0.82 mg/mL protein concentration for each enzymé) wild type, @)
N276R/R326T 0.23 0.30 1.30 N276A, (1) N276C, @) N276R, ) N276S, @) N276E, and M)
N276A 0.13 0.28 2.15 N276R/R326T.

N276S 0.083 0.17 2.05

“ggg 8:835 8:83; g:gg The wild-type enzyme has a ratio of specific activities of

ot Jetermined at 7 in 50 MM HEPES oH 7.0.1 SAICAR/SAMP of 1.27. The ability of the mutant enzymes

a Activities were determined a n m P .U, In H H
the presence of either 90 SAICAR or SAMP (concentrations which .to Ca.talyze the reactions of bOth.SAMP and SAICAR is
are saturating for the substrate sites). impaired; however, the decrease in the rate of cleavage of
adenylosuccinate is generally greater than that of SAICAR.
The ratio of the SAICAR to adenylosuccinate activity is only

A PH—Vmax profile was also determined using either ,,qerately elevated from wild type in the N276A and N276S
adenylosuccinate or SAICAR (Figure 3). Utilizing SAICAR enzymes (to 2.15 and 2.05, respectively). However, the

as the substratela and K, values of 7.41 0.10and 8.01  ,ivity ratio is increased to 3.75 in the N276R enzyme and
+ 0.12, respectively, were calculated. For comparison, values,, g 0o in the N276E enzyme. Interestingly, the double

for pK, and [K; are 6.78+ 0.08 and 8.37+ 0.09, mutant N276R/R326T enzyme has an activity ratio similar
respectively, as obtained with adenylosuccinate as substrate;y hat of the wild-type enzyme, even though there is a

Both pK; and [K, are significantly different for the two  jgcrease in the enzyme-catalyzed rates of reactions of both
substrates, indicating that in the enzynseibstrate complex gy psirates. It appears that certain mutations at position 276
the K values are influenced by the substrate. Visually compromise the ability of the enzyme to catalyze the

inspecting the two pHrate profiles, at the peak activities, agenylosuccinate reaction to a greater extent than the
SAICAR activity (Vmax ~ 3.05 umol min't mg™?) is SAICAR reaction.

approximately 1.6 times greater than that of SAMR 4 ~
1.90umol min~! mg1). However, using the equatiovinax
= Vo/(1 + 10K PH  10PHPKy), the pH-independetax

Circular Dichroism Spectroscopy of the Wild-Type and
Mutant EnzymesSince the kinetic parameters of most of
. the mutant enzymes are not appreciably altered relative to
values Vo) were determined for SAICAR and SAMP as 6.13 ¢ \yild-type enzyme, circular dichroism was utilized to
+ 0.89 and 2.4& 0.160umol min™* mg™, respectively.  yetermine whether the primary effect of these mutations is

SAICAR/SAMP Ratios of the Wild-Type and?A&dutant on the secondary structure of the enzyme. As shown in Figure
EnzymesPrevious reports have indicated that in some cases4, the spectra of the mutant adenylosuccinate lyases at room
of adenylosuccinate lyase deficiency the two activities of temperature, each at a concentration of 0.45 mg/mL, are
the enzyme are affected differentially2 14). To evaluate virtually superimposable upon that of the wild-type enzyme.
whether the mutations at position 276 affect the ability of These results indicate that their secondary structures are not
the enzymes to catalyze the reaction of one substrate moresignificantly different from that of the wild type. All of the
markedly than the other, the specific activity was determined enzymes exhibit minima at 208 and 222 nm, typical of
at pH 7.0 for each mutant enzyme, using both SAICAR and proteins containing appreciable amountsoefielix.
adenylosuccinate as substrates. The ratio of these activities Wild-Type Adenylosuccinate Lyase: A Concentration
at 90uM SAICAR and SAMP is compared in Table 4. These Dependence of Molecular Weight, Secondary Structure, and
concentrations are high relative to tgs for SAMP (Table  Activity. Adenylosuccinate lyase is known to be a tetramer
1) and for SAICAR K, values for SAICAR were determined  in which three subunits contribute to each active site. Since
for the mutant enzymes and found to be 9:68..34 uM we have previously shown that two different inactive mutant
(N276C), 4.42+ 1.21 uM (N276A), 8.43 £ 1.00 uM adenylosuccinate lyases exhibit complementation and activa-
(N276S), and 12.66- 1.89uM (N276R/R326T). Thes&, tion, the enzyme must undergo reversible dissociation. Yet,
values are not appreciably different from that of the wild- only the tetramer has been observed, using both gel filtration
type enzyme (6.4@M), as shown in Table 3. The N276R and native gel electrophoresis. Light scattering affords us
and N276E enzymes did not have sufficient activity to the chance to examine the molecular weight of the enzyme
determine &, for SAICAR because of the lower sensitivity at much lower protein concentrations than are possible with
of the assay for the SAICAR as compared to the SAMP the aforementioned techniques. Thus, we used light scattering
reaction. to evaluate whether a smaller protein species is present.
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Ficure 5: Overlay of the protein concentration dependence of
molecular weight and secondary structure for wild-type adenylo- ; ; . r 2.5
succinate lyase as determined by light scattering and circular B Tetramer
dichroism, respectively. The weight-average molecular weights 200 kv
plotted @, —) represent a sample run. The curve shown (solid line)
is not theoretical; rather it is intended only to indicate the trend of
the data. The right axis represents the percent maximum change in
ellipticity at 222 nm @, ---). Typical values for §] minima were

in the range 0f-9000 deg crhidmol~?, and maximal values were
approximately—15000 deg crhdmol~1. The final enzyme con-
centrations for both sets of experiments were determined by the
method of Bradford4).
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were examined. For the first time, a concentration depen- 0.0 ol 02 03 04 05
dence of molecular weight was observed Br subtilis Protein Concentration (mg/mL)

adenylosuccinate lyase. Representative data for the Wlld-typeFIGURE 6: (A) Protein concentration dependence of ASL specific

enzyme is shown in Figure 5. At the lowest protein activity. (m) represents a protein sample which has been incubated
concentrations, the major species appears to be the enzymat 0.45 mg/mL (25°C, for 30 min) and then diluted rapidly into

dimer, with the tetramer forming at higher concentrations. the assay to give the final assay protein concentration indicated.

If it is assumed that the predominant equilibrium is between Af'temate'{' s?verazé)mlé(e)izssampl)lei)werg i{‘hC”b%t.ledt il
. . of concentrations (0.180.45 mg/mL) and then diluted into the
the tetramer and dimer, ld4 can be calculated using the assay ©). At higher protein concentrations-0.30 mg/mL), the

equationky = [dimerJ¥/[tetramer] @8). At every measured  same specific activity is measured for the enzymes from the two
protein concentration (in milligrams per milliliter), the experiments. Shown in (B) is the correlation between the observed

weight-average molecular weight was also determined. Sinceaverage molecular weighlif and the enzyme specific activitpj
the molar concentration of the total enzyme is assumed towhen the enzyme is incubated across a protein concentration range.
be equal to the sum of the molar concentrations of the dimer ) .
and tetramer, the concentration of each of these species caftructure clearly correlates well with the change in molecular
be calculated from the experimental data and the known Weight
molecular weights of the dimer (100614) and tetramer  The effect of protein concentration on the catalytic activity
(201228). AKq value of 2.52x 1076 M was estimated for ~ was also evaluated. Two different types of experiments were
the wild-type enzyme. conducted. In the first, the wild-type enzyme was preincu-
To test the possibility that substrate induces tetramer bated at 25°C for 30 min at concentrations ranging from
formation, experiments were performed in which the enzyme 0.1 to 0.55 mg/mL enzyme (similar to those used for the
was incubated with varying amounts of substrate, i.e51  light scattering experiments), and equal volumes 420
mM AMP and 10 mM AMP+ 150 mM fumarate. The  Were assayed for 2 min under standard conditions in a cuvette
protein concentration dependence of molecular weight wascontaining a total volume of 10Q4L. The enzyme specific
not significantly different from that of the enzyme without —activity increased with increasing protein concentration: at
substrate, indicating that substrate does not influence tetramethe lowest concentrations, the specific activity wasuhiol
formation. min~—! mg%, but at preincubation protein concentrations at
Circular dichroism was used to probe for a concentration or above 0.40 mg/mL, the specific activity reached a constant
dependence of secondary structure over the range of apMmaximum (Figure 6A0). Figure 6B illustrates how the
proximately 0.16-0.65 mg/mL (Figure 5). Thef]222nm at increasing specific activity parallels the increased molecular
the lowest enzyme concentration 4000 deg crhdmol2) weight observed over the protein concentration range ex-
is only 60% of the §]a2nm at the highest concentration ~amined.
(—15000 deg crhdmol™). The results are expressed as  In a separate experiment, the enzyme was preincubated
the percent maximum change in ellipticity [defined as at 25°C for 30 min at a protein concentration of 0.45 mg/
100@ — Omin)/(Omax — Omin)], wheref is the value measured mL. Various volumes, to yield final protein concentrations
at a particular protein concentration. The change in secondaryin the assay mixture that correspond to the assay concentra-
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Table 5: Dissociation Constants for Tetram&imer Equilibrium © ' ' ' ' A

for Wild-Type and Mutant Enzymes %0 == N276R Precipitates
8.8 g N276A Precipitates

N276R/R326T &

enzyme Ka (uM) enzyme Ka (uM) 100
wild type 2.524+ 1.63 N276R 0.32: 0.36 0.30
N276S 0.9+ 0.57 N276E 0.1 0.11 0.60
N276A 0.64+0.38 N276C 0.13:0.03 o

aProtein samples, ranging in concentration from 0.1 to 0.35 mg/ = 0.40
mL, were incubated in 20 mM KPfQcontaining 20 mM NacCl, pH
7.0, at 25°C. Molecular weight determination via light scattering was
performed at room temperature. Representative data are shown in Figure 0.20
5.

tions evaluated above, were then rapidly diluted into the assay .10 ~ ) )
solution, and the activity was monitored. In this case, the B
specific activity remained at a constant maximal level even
though the protein concentration varied in the assay cuvette
(Figure 6A,H). As an additional experiment, the enzyme
was preincubated at the lower concentration of 0.1 mg/mL,
and larger volumes were added to the assay cuvette to
correspond to the entire protein range assayed; the specific
activity remained low over the entire protein concentration
range studied (data not shown). The results from these two
sets of experiments suggest that the equilibrium between the
dimer and tetramer is established slowly relative to the time
period of the assay (2 min) and that the protein preincubation 0.10 . . . .
concentration determines both the specific activity and the 0 0 100 150 200 250
percent enzyme in the tetrameric form. These results indicate Time, minutes

the relatively slow formation of the active tetramer (occurring FIGURE 7: Thermostability studies of the A%f§ mutant enzymes

; ; ; ; ; ; and wild-type ASL at 42.5C. (A) The following proteins are
best at high protein concentrations) which doesdissociate shown: ®) wild type, ©) N276R. (1) N276C. () N276S. &)

rapidly once diluted into the assay. At lower protein N>7a; and W) N276R/R326T. Wild-type enzyme exhibits a rate
concentrations, the weight-average molecular weight is still constant k) of 8.17 x 10-3 min~%; for N276Ck = 2.08 x 103

slightly greater than that of dimer; it is likely that the min~% and for N276Sk = 3.24 x 10°® min~%. The enzyme
observed activity at these concentrations reflects that of theactivities are expressed &4, (observed activity/initial activity).

- ninhi(B) The above experiment was repeated in the presence of 10%
small amount of tetramer present. These data also hlghllghtglycerol. All proteins were stabilized over the time period studied,

the need to carefully consider protein concentration in the yjth the exception of N276R, which was turbid throughout the
design of experiments involving adenylosuccinate lyase. For experiment after 20 min but still retained full activity.
the measurement of the kinetic parameters and 'kl rate
profiles reported in this paper, the enzyme was incubated atstructure) As#’® appears to be located just outside the active
a concentration of at least 0.4 mg/mL to ensure its being in site, we considered that mutations at that position might affect
the most active form. enzyme structure and stability more than catalytic activity.
Molecular Weight Determination of the Aéfiand N276R/  To explore this possibility, thermostability studies of the
R326T Enzymessiven the observed protein concentration enzyme at 42.5°C were conducted (Figure 7A). This
dependence of specific activity of the wild-type enzyme, it temperature was chosen because it provided the greatest
was important to ascertain whether the state of aggregationdifference between the enzyme samples over a relatively
was altered in the mutant enzymes. The mutant enzymes alsshort time period. (At 25C, the temperature at which most
exhibited a protein concentration dependence of molecularother experiments were carried out, the wild-type and mutant
weight, reaching a maximum of approximately 200 kDa at enzymes were stable for many hours.) Several of the mutant
high protein concentratiokgs for N276A, N276C, N276E,  enzymes (N276R, N276A, and N276S) precipitated within
N276R, and N276S adenylosuccinate lyases were determinedhe time period studied, indicating their relative instability.
by light scattering under the same conditions used for wild Both the wild-type enzyme and N276C adenylosuccinate
type (Table 5). TheKgs for the mutant enzymes are all lyase were not fully stable, having rate constants for loss of
somewhat lower than that of wild type, which is reflected activity of 8.17 x 102 min~! and 2.08x 102 min™1,
in a higher observei,, (weight-average molecular weight) respectively. The introduction of a second mutation, N276R/
for the mutant as compared to the wild-type enzyme at the R326T, countered the instability introduced by the N276R
same protein concentration. These results imply that, in the mutation; this enzyme was completely stable over the entire
Asr?’6 mutant enzymes, the dimetetramer equilibrium time period studied. Thus, both N276C and the double mutant
favors tetramer more than in the case of the wild-type N276R/R326T were more stable than the wild-type enzyme.
enzyme. (Light scattering was not utilized for N276R/R326T  Because 10% glycerol appears to stabilize the tetrameric
because of the presence of a small amount of aggregatedorm of the wild-type adenylosuccinate lyase (Palenchar and
protein.) Colman, unpublished data), the above experiments were then
Thermostability Studies of the Wild-Type and A%n repeated for all enzymes in the presence of 10% glycerol
Mutant Adenylosuccinate LyaseBecause (in the crystal (Figure 7B). All enzymes were markedly more stable with

E/Eo




1838 Biochemistry, Vol. 42, No. 7, 2003 Palenchar and Colman

FiGure 8: (A) Overlaid models of th®. subtilisadenylosuccinate lyase (multicolored subunits) and the human enzyme (white). The only
significant structural deviation is found at the outer regions of the enzyme, away from residue 276. The white arrows indicate the position
of Asn?"6displayed inB. subtilisadenylosuccinate lyase. (B) SuperimpoBedubtilis(cyan, red, and yellow) and human adenylosuccinate
lyases in the region dB. subtilisposition 276. Only residues A3f§ (B. subtilis,cyan) and Ard® (human, white) are shown to emphasize

that the two residues are spatially conserved. These residues completely overlap throughrthen of arginine and the carbonyl carbon

of asparagine. (C) Subunit interface region containing the?&sasidue. As#’® is shown in cyan, and the two subunits are in cyan and
yeIIC}&w (corresponding to the tetramer color scheme). The closest interaction between the side chain of Asn and the other subunit is only
3.3 A

added glycerol. Only the N276R enzyme became turbid, and (~0.10 mg/mL), the majority of the enzyme appears to exist
some precipitation was observed; however, if each aliquotas a dimer, with an average molecular weight of ap-
of this enzyme was evenly suspended prior to assay, it still proximately 125000. As the concentration is increased, the
retained full activity. molecular weight levels off at a tetrameric molecular weight.

These results are likely to reflect the differing equilibria This observation has important implications for the subunit
between the dimer and tetramer for the wild-type and mutant complementation experiment§<6). In order for comple-
enzymes. If the dimer is more susceptible to thermal mentation to occur, the enzyme must dissociate to a lower
denaturation, the relative instability of the wild type can be molecular weight species, i.e., a dimer and/or monomer. This
understood. The mutant enzymes may not assecubtectly is the first direct determination for adenylosuccinate lyase
to the tetramer, thus accounting for the increased aggregatiorof the molecular weight of a naturally occurring lower
and precipitation. The addition of glycerol presumably molecular weight species. [Woodward and Braynas) did
stabilizes and shifts the equilibrium toward the tetramer in observe inNeurosporaadenylosuccinate lyase a smaller
the case of even the wild-type enzyme, accounting for the species, 27 kDa, which was termed a “monomer”; however,
increased stability. The mutant enzymes, in the presence ofthis was likely an artifact of proteolytic cleavage occurring
glycerol, are probably less likely to aggregate (and hence during enzyme purification.]

precipitate), which is consistent with our observed results.  \ye here show that the wild-type adenylosuccinate lyase
DISCUSSION secondary_structure also exhibits a deper_ldence on pr_otein
concentration. The overall shape of the circular dichroism

The importance of Asti®in adenylosuccinate lyase Bt spectra over a range of protein concentration varies in its
subtilis a residue corresponding to a mutation found in intensity rather than in its general shape (which is typical of
human adenylosuccinate lyase deficiency, was evaluateda-helix, with minima at 208 and 222 nm). Formation of the
through site-directed mutagenesis. However, in the coursetetramer as the protein concentration increases likely shields
of evaluating the biophysical properties of the mutant the central helical domain (Figure 8A) from the solvent,
enzymes, significant new properties of the wild-type enzyme probably resulting in an increased amountoehelix. It is
were discovered. A protein concentration dependence ofnotable that this concentration dependence of secondary
molecular weight foB. subtilisadenylosuccinate lyase was structure corresponds well with that observed for molecular
observed for the first time. At lower protein concentrations weight (Figure 5).
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In this study, we also characterized the kinetics of wild- necessarily complete amino acid conservation. Additionally,
type adenylosuccinate lyase with its second substrate,we were motivated to use th& subtilisenzyme as a model
SAICAR. The Vnax for SAICAR is only minimally higher system by the reported instability of the recombinant human
than that for adenylosuccinate at pH 7.0, andKhevalues enzyme 7). (Because the human enzyme was unstable, the
for the two substrates are not significantly different. Thus, human adenylosuccinate lyase was isolated as a fusion
the enzyme appears to handle both substrates approximatelprotein with thioredoxin, and due to the enzyme’s instability,
equally under these conditions. That the kinetic parametersfresh protein had to be purified for each experiment.)
for adenylosuccinate and SAICAR are comparable at pH 7.0 Initial kinetic characterization of th®. subtilis Asr?’®
is not surprising given the structural similarity of the two mutant enzymes revealed that all of the enzymes have
compounds (Figure 1). It is reasonable that the enzyme mightdecreasedVimax Values for adenylosuccinate as substrate,
utilize the same residues to catalyze both elimination which vary from 2- to 400-fold lower than that of the wild-
reactions. However, the pHVnax profiles are distinct for  type enzyme. On the basis of these activities, it appears that
the two substrates: SAICAR haKpand [K; values of 7.41 a charged residue (i.e., glutamate or arginine) is not well
and 8.01, respectively, compared to 6.78 and 8.40 for tolerated at this location; rather a neutral polar residue (such
adenylosuccinate. It is thought that thié,mf the wild-type as cysteine) is preferred. However, th&, values for
enzyme reflects the deprotonation of both $¥iand His® adenylosuccinate remain relatively unchanged in all of the
and has a\H value corresponding to that of a histidir@.( mutant enzymes, indicating that their affinity for substrate
It is probable that these active site residues are modestlyis not significantly altered as a result of a mutation at this
adjusted in order to accommodate the alternate substrategosition. The pH-rate profiles (with adenylosuccinate as
and, thus, are located in slightly different environments in substrate) revealed thalKpis essentially unaltered, buKp
the two enzymesubstrate complexes; this is reflected in decreases somewhat (up toK pnit in the N276A enzyme).
the minor differences observed irKp The enzyme or  These observed shifts ifKpmay best be interpreted in terms
substrate group associated witk;has yet to be determined  of subtle changes in the environment of Hiand His®°,
but is a neutral acid since thAH for ionization was resulting from effects on subunit interaction. The active site
previously shown to be close to zer6); it has been of this enzyme is assembled from three different subunits.
postulated to be due to dissociation of a proton from the If the subunit interface at the active site is even slightly
substrate’s phosphoryl group or a carboxyl in the enzyme  distorted, the local environment may be modulated and the
substrate complex. Despite numerous mutations made atdistances between critical residues may change, resulting in
various positions in the active siteKphas not previously  shifted K values. All mutant enzymes with replacements
been altered. The observed differenceskrvplues between  at position 276 have essentially unaltered substrate affinity,
the substrates may prove useful in elucidating the identity and most retain appreciable activity; these observations

of the ionizable group reflected irKp. support the idea that the role of this particular residue is not
We have now examined the properties of mutant enzymescatalytic.
resulting from a series of substitutions for A%of B. subtilis It was initially troubling to see that the N276R enzyme,

adenylosuccinate lyase. Adhwas selected for study via corresponding to the wild-type human enzyme, had one of
site-directed mutagenesis because it is not only in the positionthe lowest specific activities. However, a comparison of both
corresponding to a residue in the human enzyme that hasthe human an®. subtilisenzyme models in this region offers
been implicated in the human disease state but it alsoan explanation for the reduced activity of N276R enzyme.
neighbors GI&5, a residue previously shown to be essential In the B. subtilisenzyme, if position 276 is occupied by an
for enzyme activity ). We consider it reasonable to use arginine (Figure 9A), there are numerous unfavorable
theB. subtilisenzyme as a model system for elucidating the interactions, particularly with another arginine located at
biochemical basis of human adenylosuccinate lyase defi- position 326. In the human enzyme, though, the position
ciency. These two enzymes align well in the region of corresponding toB. subtilis position 326 is a threonine
interest, so we are confident that &&tis the corresponding  (Figure 9B). This arrangement eliminates the electrostatic
B. subtilis residue. Furthermore, a model of the human repulsion associated with two arginines in close proximity.
enzyme was constructed, and if tBe subtilisenzyme and Hence, we constructed the N276R/R326T double mutant
the human enzyme models are superimposed (shown inenzyme with the goal of converting thi& subtilisenzyme
Figure 8A), the overall structures of the two are highly into a more human-like enzyme, alleviating the charge
similar, with the minor deviations being located away from repulsion and, accordingly, increasing enzyme activity.
the area being studied. Importantly, A&of B. subtilisand Indeed, the double mutar®. subtilis enzyme possesses
the corresponding A& of human are spatially conserved considerably more activity than does the single N276R
and superimpose as shown in Figure 8B. The backbone andnutation; the activity of the N276R/R326T enzyme is
side chain atoms of these two residues completely superim-roughly 20 times higher than that of the N276R enzyme.
pose through the-carbon of the arginine and the carbonyl These results not only support the use of the model of human
carbon of the asparagine. Figure 8C illustrates further the adenylosuccinate lyase but demonstrate how the two enzymes
importance of this residue: it is located at the intersection may be “interconverted” by a relatively small number of
of three subunits, but A3ff from the cyan subunit most amino acid substitutions. The relationship between?Asn
closely interacts (less than 3.5 A) with the subunit shown in and Arg?® of B. subtilis appears to be a well-conserved
yellow. This positioning gives Asi®the potential to play a  coexistence among the adenylosuccinate lyases sequenced
role in mediating subunit interactions and/or interfering with (44 to date). In the enzymes where the position corresponding
subunit interactions if an amino acid substitution is made. to position 276 is occupied by Asn, the majority have a
We consider structure to be critical in this case, not positively charged residue (Arg or Lys) at position 326, while
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Ficure 9: (A) If B. subtilis ASL contains the N276R substitution, there is unfavorable interaction witB2rgn examination of all

possible rotamers for Arg at position 276 revealed that there are no conformations in which interactions are favorable. In most rotamers,
the guanido groups of the two arginines are interacting too closely. (B) The human enzyme residues correspBndgingfitis positions

276 and 326 are shown. Although there is an Arg at position 276, the much smaller neutral Thr occupies posiBosg#ignumbering),

avoiding unfavorable interactions.

in those enzymes in which position 276 is an Arg, position (N276E) exhibits even less complementation (1%) with
326 is almost invariably a neutral residue (Thr, Ser, or Leu) H141Q (data not shown). This subunit pair has a small locus
or a glutamate, thus preventing electrostatic repulsion. of interaction (Figure 8C of reb), and thus a structurally

In comparing the molecular weights aKdvalues for the ~ impaired mutant would only serve to magnify difficulties
wild-type and mutant enzymes, each mutant enzyme has adssembling into a properly formed tetramer, resulting in the
Kq value somewhat lower than that of the wild type; this drastically reduced levels of complementation that we have
result indicates that the equilibrium between the dimer and observed. In contrast, mixing N276E with the H68Q enzyme
tetramer is shifted to favor the tetramer. It might be expected under optimal conditions yields up to 13% of wild-type
that since more tetramer is present at any given protein activity, consistent with the larger area of interaction between
concentration, the mutants should have higher activity; the subunits contributing these two residues (Figure 8B of
however, if the tetramer is not assembled correctly, it may ref 5).
be less active. The extent to which protein structure is altered in the

Evidence for an incorrectly assembled tetramer is found mutant enzymes appears to be limited to the quaternary level.
in the thermal stability experiments. While the wild-type ~ Figure 4 shows the CD spectra of the enzymes at higher
subtilis adenylosuccinate lyase is not completely stable at concentration where they are all predominantly in the
42.5°C over the time period studied, certain mutants are tetrameric state. The spectra of all the mutant and wild-type
less stable. Substitutions of Ala, Ser, and Arg at position €nzymes are virtually superimposable, indicating that the
276 resulted in enzymes that precipitated within the time amount and type of secondary structure are not altered as a
period of the experiment. It is possible that areas of the result of the mutations. Therefore, it seems that the differ-
enzyme usually buried are now exposed to solvent, resultingences observed between the wild-type and ?Asmutant
in incorrect subunit aggregation which is accelerated at the enzymes arise from altered subunit interactions.
higher temperature of this experiment. It is interesting to note  The changes in subunit interactions may account for the
that the N276R/R326T enzyme is completely stable and doesaltered catalytic properties in comparing the wild-type and
not exhibit the tendency to precipitate associated with the mutant adenylosuccinate lyases. The loweYggdy values
single mutant, N276R. likely are a secondary effect of a nonoptimally assembled

Further support for a role in subunit interactions, or the active site, as the most unstable enzymes are associated with
ability to interfere therein, for At is found in enzyme  the lowestVna values. Likewise, the shifts inka could
subunit complementation experiments. Intersubunit comple- reflect slightly different positioning of ionizable groups in
mentation is an event that arises from the formation of an the active site ).
active hybrid adenylosuccinate lyase enzyme from two For the mutant enzymes, their ability to handle either
different inactive enzymes20—31). Complementation has  substrate was reduced relative to the wild-type adenylosuc-
provided functional evidence that residues from three cinate. We have expressed the ratio of activity as SAICAR/
subunits constitute the active site of adenylosuccinate lyaseSAMP to give comparable numbers to those reported in the
(4—6). This enzyme contains four active sites; theoretically, literature, where the ratio is expressed in terms of the
if there is complete randomization of subunits, 25% of the concentrations of dephosphorylated derivatives (i.e., S-Ado/
wild-type activity could be restored). We have previously =~ SAICA riboside). If the activity toward SAICAR is higher,
shown that E275Q and H141Q adenylosuccinate lyasesthe concentration of succinyladenosine accumulating will be
exhibit significantly less (6%) reactivation than the amount higher. The wild-type enzyme has a SAICAR/adenylosuc-
theoretically possibles). Here, a mutation at position 276 cinate activity ratio of approximately 1.3. This ratio signifi-
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cantly increases in those enzymes that are the most unstable 9. Simpson, A., Bateman, O., Driessen, H., Lindley, P., Moss, D.,

and presumably have the greatest extent of structural

abnormality. Enzymes such as N276R and N276E, which g

have relatively low activity toward adenylosuccinate, have
respectively two to three times greater activity toward
SAICAR. This difference in activity may be attributed to
the relative flexibility of the substrates and the ability of a
structurally impaired enzyme active site to accommodate
them. SAICAR is an inherently more flexible molecule
because it does not have the fused double ring of the purine
adenylosuccinate.

Through a series of mutations at position 276 of adenylo-
succinate lyase, we have elucidated the underlying biochem-
istry associated with one form of the human disease,
adenylosuccinate lyase deficiency. The enzyme impairment
resulting from mutations at this position, which gives rise
to a mild variant of the disease in humans, appears to be
predominantly structural in nature, rather than catalytic, as
was previously speculated. The amino acid residue at position
276 appears to be important for proper subunit interaction
and correct tetramer assembly.
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