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Abstract: The development of mechanistic strategies for the modification of enzyme function is of considerable
biotechnological interest. We now report that replacement of the catalytically important residue Asn-74 by aspartic
acid (N74D) in the N-terminal domain &scherichia coliasparagine synthetase B (AS-B) confers nitrile hydratase

activity upon the mutant enzyme. Furthermore, while
glutamine to glutamate, the N74D AS-B mutant exhibits

wild type AS-B can efficiently catalyze the hydrolysis of
very low glutaminase activity. These results are consistent

with similar experiments on papain, supporting the hypothesis that mutation of a critical active site residue to affect
the partitioning of an intermediate common to multiple reaction mechanisms may represent an approach by which
enzymes can be obtained with different catalytic function. Our experiments also provide the first direct chemical

evidence for a close mechanistic relationship between papain, a thiol protease, and AS-B, a class Il Ntn
amidotransferase. These enzymes are not likely to have arisen by evolution from a common ancestral protein.

Introduction

General strategies for the modification of protein function
are of considerable scientific and biotechnological inter&ste
approach to creating proteins with novel function has been to
combine domains from modular proteihsFor enzymes, the
need to stabilize specific transition state structures or other
intermediates along the reaction pathway places significant
constraints on the chemical properties and spatial location of
active site residues.Most efforts to modify enzyme properties
have therefore focused on altering protein stability by site-
directed mutagenestsand directed evolution methods have
yielded a subtilisin mutant possessing enhanced activity in
aqueous dimethylformamideMutational strategies to introduce
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Scheme 1. Glutamine-Dependent Reactions Catalyzed by
AS-B: (A) Glutamine-Dependent Asparagine Synthesis and
(B) ATP-Stimulated Hydrolysis of Glutamine to Glutamate
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new catalytic specificities by variation of residues in substrate-
binding pockets have been investigated. While apparent changes
in substrate specificity are observed, these usually arise by
disrupting key interactions with the original substrate rather than
by increasing the affinity of the mutant for alternate substrates.
Finally, the introduction of new catalyticc activity by mutagen-
esis has also been pursued, albeit with minor success. For
example, subtilisin has been reengineered to yield an enzyme
capable of synthesizing peptide bonds, although this required
modification of multiple active site residuésThe observation

that replacement of GIn-19 by glutamic acid in papain (Q19E)
increased the turnover number for nitrile hydratase activity in
the Q19E papain mutant by approximately* t6lative to that

of the wild type enzyme is therefore significant for rational
approaches to engineering new activifieThe identification
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Scheme 2. Simple Kinetic Schemes for the Conversion of Amides to Acids (Glutaminase Activity) and Nitriles to Amides
(Hydratase Activity)
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of this key residue for mutagenesis, however, relied heavily on SCheéme 3. Preparation of Nitrilel®

the delineation of critical residues involved in mediating the | CONHp 9, C=N C=N
catalytic mechanism from extensive kinetic characterization of | H _('), I H (ii) L H

4 K . g N_: N_= — H3N{ =
papain and a variety of site-specific mutaht€On the other z” z”
hand, the Q19E papain mutant retains the ability to catalyze CO,H COLH COy
amide hydrolysis, albeit with a lower catalytic efficiendy4 2 3 .

Km) than the wild type (WT) enzyme.

Asparagine synthetase B (AS-B) is a class Il amidotrans-
ferasé® encoded by thasnBgene ofEscherichia coli! which '
catalyzes the ATP-dependent synthesis of asparagine usingChart 1
glutamine as a primary nitrogen source (Scheme 1A). Sequence

aZ =PhCHOCE=O). Conditions: (i) DCC, CkCly; (ii) 10% Pd/
1,4-cyclohexadiene, EtOH, reflux.

alignment studies in combination with the crystallographic )j\ O HoN - OH C(=0)NHOH
structures of two related enzynié$® suggest that AS-B is g~ g A B Ng

composed of N- and C-terminal domains that mediate glutamine k

utilization and activation of aspartic acid for nitrogen transfer, 4 Cys Cys 5

respectivelyt® In the absence of aspartate, AS-B catalyzes the
hydrolysis of glutamine to glutamate, in a reaction that can be ) o
stimulated by ATP (Scheme 1Bj. As for other class Il ~ N74D AS-B mutant catalyzes glutamine hydrolysis with a
amidotransferasés,the Cys-1 residue is essential for both of SPecificity kealKm) that is decreased 1000-fold relative to WT
the glutamine-dependent activities exhibited by AS-B, presum- AS-B. The effects of replacing Asn-74 by aspartate on the
ably as the thiolate anion participates in the reaction leading to "€actions catalyzed by the mutant enzyme are therefore similar,
C—N bond cleavagé® In experiments employing glutamic acid but not |dent|ca_l, to th_ose obs_erved for the Q19E papain mL_Jta_nt
y-monohydroxamate as an alternate substrate, we have als@nd are the first direct evidence for a close mechanistic
identified an interaction between the side chain amides of relationship between thiol proteases and class Il Ntn amidot-
glutamine and Asn-74 in the enzymsubstrate (ES) compléX. ransferases.

We now report that replacement of Asn-74 by aspartic acid
(N74D) in the N-terminal domain of AS-B confers nitrile
hydratase activity on the mutant enzyme (Scheme 2). Contrary synthesis of Nitrile 1. The nitrile 1 was prepared in two
to the observations on the Q19E papain mutant, however, thesteps from commercially availabi(carbobenzoxy)glutamine

Results and Discussion
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4-cyano-2-((carbobenzoxy)amino)butyric acR) éfter its pu-
rification from small amounts a2 using reverse phase HPLC.

Subsequent removal of the N-protecting group was then
accomplished by catalytic hydrogen transfer using cyclohexa-
diene and 10% Pd/C in refluxing EtOH.

Inhibition of Wild-Type AS-B by Nitrile 1.  Peptide nitriles
are excellent inhibitors for thiol proteases such as paj§aiMR
experiments with papain, employing labeled substrates, support
the idea that the mechanism of inhibition involves attack of the
thiolate anion of the active site cysteine on the nitrile to yield
covalent adduc# (Chart 1) in a reversible reactidf.

Although the addition of water td generates a tetrahedral
intermediate identical in structure to that involved in amide
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Table 1. Kinetic Parameters for the Nitrile Hydratase and
Glutaminase Activities of WT AS-B and the N74A and N74D AS-B
Mutants at pH 6.5 and 37C

enzyme Km (MM) Keat (571 KealKn (M~1s78)

Nitrile Hydratase Activity
WT AS-B 0.36 <5.5x 108 0.015
N74D 0.3+ 0.04 0.013+ 0.001 39.3

Glutaminase Activity
WT AS-BP 1.7 1.0 588
N74AP 0.45 0.14 311
N74D 1.7 3.3x 10* 0.19

0.008

g 8 %2 § § 1

.007 —
0.0 {13 (mM

0.008 —

0.005—

0.004 —

0.003 —

1/vo mg min nmol™!

0.002—| aValue estimated from the inhibition constant fowith WT AS-

B.PData taken from ref 14 and included here for purposes of

comparison® Estimated assuming th#t, is unaltered in the mutant

0.000 - — T T enzyme. Given that glutamine binding is likely to be less favorable,
04 -02 00 02 04 06 08 10 12 14 16 18 20 this value represents a lower limit on this kinetic parameter.

0.001 —

1/[Gln] mM-!

of WT AS-B to employl as a substrate is entirely consistent
with previous studies on the inhibition of thiol proteases by
nitriles. Given the sensitivity of the RP-HPLC assay, our
measurements set an upper limit on the turnover nunibgr,
of 5.5 x 1076 s71 for the hydratase activity of WT AS-B.
Assuming that thé<y, for the nitrile can be approximated by
the observed|, the catalytic efficiencykca/Km, for the intrinsic
hydratase activity of the wild type enzyme is therefore less than
0.015 M1 st at pH 6.5. Efforts to incubate WT AS-B with
nitrile 1 for longer times could not be carried out given technical
complications arising from protein instability under the reaction
conditions. Hence, the inhibition, albeit weak, of the AS-B
glutaminase activity byl is strikingly similar to that observed
0.00 — T T for peptide nitriles with papain, especially as WT AS-B appears
00 05 10 15 20 25 80 35 40 45 50 to lack a catalytically important histidine residue in its glutamine-
1/[Gln} mM! utilizing, N-terminal domairt!
Figure 1. (A) Inhibition of WT AS-B glutaminase activity by nitrile Probing the Role of Asn-74 in Mediating AS-B Inhibition
1. Double reciprocal plot of initial velocities of AS-B with glutamine by Nitrile 1. Site-directed mutagenesis studies on papain have
(0.5,0.75,1.0,1.5,3.0, 5.0, and 7.5 mM) at various fixed concentrations implicated GIn-19 in stabilization of various reaction intermedi-
of 1: (+) 0 mM, @) 0.1 mM, ©) 0.3 mM, (&) 0.5 mM. The inset  ates in peptide hydrolys?. Using a number of site-directed
shows the replot of the slopes and intercepts versus nitrile concentratlonAS_B mutants and their interaction with the alternate substrate,

(mM). (B) Inhibition of the N74A AS-B mutant glutaminase activity - .
by nitrile 1. Double reciprocal plot of initial velocities of N74A with glutamic acidy-monohydroxamate( Chart 1), we have also

glutamine (0.2, 0.3, 0.4, 0.5, 0.75, and 1.0 mM) at various fixed shown_that Asn-74 plays_a_l_catalytically important role in the
concentrations of: (+) 0 mM, @) 0.1 mM, ©) 0.3 mM, (a) 0.5 glutamine-dependent activities of ASIB6 In light of these
mM. The inset shows the replot of the slopes versus nitrile concentra- results, it seemed likely that Asn-74 in AS-B and GIn-19 in
tion (mM). Each initial velocity is the average of three parallel papain were functioning in a similar manner. We therefore
experiments. investigated the ability of nitrilel to inhibit the glutaminase
activity of the N74A As-B mutant. At pH 6.5 was a weak,
hydrolysis, conversion of nitriles into the corresponding acids competitive inhibitor with respect to glutamine, of the glutami-
by papain is not observed unless extreme conditions arenase activity of the N74A AS-B mutant (Figure 1B), displaying
employed®® In view of the possible mechanistic similarity a decreased affinity for the mutant, relative to WT enzyme
between the AS-B glutaminase activity and papain-catalyzed (Table 1). In the glutaminase reaction at pH 6.5, the N74A
peptide hydrolysis, nitrild was assayed against wild type (WT) AS-B mutant has a lower catalytic efficiency, as defined by
AS-B and shown to be a weak, noncompetitive inhibitor of the kea/Km, than WT AS-B6 corresponding to an increased free
enzyme at pH 6.5 (Figure 1A). At pH 8.0, howev&ihecame energy barrier of 0.39 kcal/mol for the reaction of €722 The
a competitive inhibitor of glutamine (data not shown). The reduced ability ofl to inhibit the N74A AS-B mutant arises

molecular basis for this pH-dependent change in inhibition (21) The question of whether there is a catalytically important histidine

kinetics remains to be determined. Importantly, for our in the GAT-domain of AS-B and other Class Il amidotransferases remains
subsequent studies, no glutamate formation was observed bythe subject of discussion. In the crystal structure of glutamine PRPP
amino acid analysis whehwas incubated with WT AS-B for amidotransferase, another member ofgthe- family, the histidine originally

. . implicated in catalysis by site-directed mutagenesis (Mei, B.; Zalkird. H.
up to 24 h at pH 6.5 and 3°C, ev_en at high Conc_entrat'o_ns of Biol. Chem 1989 264, 16613-16617) appears to be placed incorrectly to
enzyme. The assay employed in these experiments involvedinteract with Cys-£2 Neither His-29 nor His-80 in AS-B appear important
derivatizing the amino acids in solution with phenylisothiocy- for either glutamine-dependent activi. On the other hand, there is

; : evidence for a Cys-His pair in Class | amidotransferases. See: (a) Tesmer,
anate (PITC), after quenching the reaction and removal of the ;" y G. Klem, T.J.: Deras, M. L.: Davisson, V. J.: Smith. JNAE Struct

protein, and determining the amounts of each fluorescent gjol. 1996 3, 74-86. (b) Chaparian, M.; Evans, D. R.Biol. Chem 1991,

derivative using reverse phase HPLC (RP-HPLC). The inability 266 3387-3395.

(22) Menard, R.; Plouffe, C.; Laflamme, P.; Vernet, T.; Tessier, D. C.;
(20) (a) Gour-Salin, B. J.; Storer, A. C.; Castelhano, A.; Krantz, A.; Thomas, D. Y.; Storer, A. GBiochemistryl995 34, 464-471.

Robinson, V.Enzyme Microbial Technol 1991 13 408-411. (b) (23) Fersht, A. REnzyme Structure and Mechaniswi.H. Freeman &

Sluyterman, L.; Wijdenes, Biochim Biophys Acta 1973 302 95-101. Co.: New York, 1985.

(B) 001 ™ ;
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Table 2. Inhibition Constants for Nitrilel in the Glutaminase Table 3. Kinetic Parameters for the Hydratase Activity of the
Activity of AS-B N74D AS-B Mutant as a Function of pH
enzyme pH inhibition pattern  Kjs (mM) Kii (mM) pH Km (MM) Keat (S74) KealKm (M~1s7Y)
WTAS-B 6.5 noncompetitive 0.36 0.51 6.5 0.3+ 0.04 0.013+ 0.001 39.3
WT AS-B 8.0 competitive 0.10 7.5 1.2+ 0.2 0.015+ 0.001 12.0
N74A 6.5 competitive 0.70 8.5 5.1+ 0.9 0.012+ 0.0004 2.25

aKinetic parameters included for ease of comparison.

from a decrease in the stability of the complex by 0.41 kcal/
mol. The similarity in the free energy changes observed for
catalysis and inhibition supports the hypothesis that Asn-74 plays
essentially the same functional role in mediating glutamine _ +
hydrolysis and nitrile inhibition. Given the steric and electronic KeafKm = (Kead Kin)im/(1 + K/[H])

properties of the thioimidate intermediatgChart 1), the side A value of 7.0+ 0.4 was obtained for thei of the functional

chain of Asn-74 is probably involved in stabilizing the thio- L o o . . :
acylengyme intermgdiate in the mechanism of AS-B-catalyzed g;%uaﬁ {S%‘ﬁfg_g'tlc:igxg,raﬂtsr?oigﬁvlﬁé Vg{?&é{ﬁg;'”ﬁ:ti':qegof
glu(t:?]mlne hydrquss.f h S . the glutamine-utilizing active site in the N-terminal (GAT)
d ar_actgrlzhatlor; OAt 67?74DdA '.B R/ISutgnt. Ha\llln_g domain of the N74D AS-B mutant could, in principle, decrease
etermined that the Asn-74 residue in AS-B was playing a e acidity of the Asp-74 side chain by a significant factor, we

similar role in catalyzing amide hydrolysis to that reported for tentativelv propose that thid reflects the thiol aroup of Cvs-
GIn-19 in papain, we characterized the catalytic properties of 1 Y prop ¥a group y

the AS-B mutant in which Asn-74 was replaced by aspartic acid =~ Pro : -

. . posed Mechanism for the N74D-Catalyzed Nitrile
(N74D). _The structural_ln_teg_rlty_ of the .NMD AS-B mutant Hydratase Activity. Although the molecular basis of the
was confirmed by the similarity in the kinetic parameters for hydratase activity of the N74D AS-B mutant remains to be
tEe \z;lvn_?_monla-depgndint S{}nthﬁta?je ;Ctt']v't?/ of the rgutant danddefinitively established, a simple mechanistic scheme can be
the WT enzyme. On the other hand, both glutamine-depen entproposed (Scheme 4). We note that this proposal is consistent
activities of the N74D AS-B mutant were severely Q|m|n|shed with an unperturbed K, for the side chain of Asp-74, as
relative to WT AS-B (Table 1). In a series of experiments, the suggested by the pH-dependencekafKm for the hydratase

_residua_l levels Of_ glutf_iminase activity were determined_ by reaction. On the other hand, this contrasts with the observation
incubating glutamine with the N74D AS-B mutant for varying that the acid side chain of Glu-19 in the Q19E papain mutant

periods of time up to 24 h. Glutamate production was assayed;q ; ; : . "
ST protonated during hydration of peptide nitrif@s.Initially,
by RP-HPLC, the detection limits in this procedure correspond- the nitrile 1 binds to the active site of the N74D AS-B mutant

: ~ SIS CEH .
ing to specific activities of less than 1 nmol minmg* of to form an ES complex. Given that nitriles generally have a

protein. Although very low levels of glutaminase activity for K. of approximatelv—1024 and that there does not appear to
the N74D AS-B mutant could be detected under these stringentgea a cgi)alytically )i/r;po’rtant histidine in the As-gp GAT

assay conditions, the upper limit dqs was found to be
approximately 3.3« 1074 s, Efforts to increase the sensitivity
of these assays were again hindered by protein instability. In
order to rule out the possibility that conversion of glutamine to reaction with the Cys-1 thiolate to yield the thioimidate
glutamate was being catalyzed by a contaminating ENZYyME, intermediates that has an increasepdue to the proximity
asparagine was ad_deo_l to the reactio_n mixture_s at concentration%f the N74D carboxylate. Subsequent reaction of the protonated
(5004M) known to inhibit the glutaminase activity of WT AS- winimidate with water forms the tetrahedral intermediate

B. Atthese levels, asparagine caused a decrease in the rate Qfpicp, is common to both the hydratase and glutaminase reaction

_produtf:fnon %f Slmﬁm'c acu_j. Ashsumflfng thl?ﬁ‘ folr gl_utarr;]mi\ mechanisms. Importantly, can then partition to products via
Is unaftected by the mutation, the efiect of replacing the Asn- .o ¢ 1y pathways. In the first, which is most favorable in

74 S|de.cha|n.by the carboxyIaFe of aspartate is to raise thethe WT enzyme, protonation of the amine followed by-IC
energetic barr'ler for the glutaminase reactlonatnyeasm.g bond cleavage yields thioacylenzy®éhat can react with water
keal/mol, relative to WT enzyme. In contrast, nitr lleproved . to yield a carboxylic acid. We note that recent heavy-atom
to be a substrate for the N74D AS-B mutant yielding glutamine ;¢ jsotope effect (KIE) determinations are consistent with

gy the at:jd!tlogllc.)f W?tﬁr across the carbantfrlle tf'p'e bond. solvent being the proton donor in the WT AS-B glutaminase
ue to the inability of the mutant enzyme to function as a potent o .panis#s The N74D AS-B mutant, however, lacks the

glutaminase, it was straightforward to monitor glutamine as : : P, :

. e . paragine residue capable of stabilizing thioe8ténrough
prpductlon by PITC derivatization and RP'HPLC of the reaction hydrogen bonding, thereby making ejection of ammonia kineti-
mixture. The pH-dependence OT the Kinetic parameters aSSOCl-ca|ly unfavorable and preventing conversion of glutaming or
ated with the nitrile hydratase activity of the N74D AS-B mutant into glutamate. In the second pathway, reactiod tierefore

could then be determi_nt_ad using standard _techniqu_es (Ta_lble 3)'proceeds via €S bond cleavage to give the resonance-stabilized
The N74D-catalyzed nitrile hydratase reaction exhibited Michae- amide moiety of glutamine, avoiding formation of the thioester

lis—Menten kinetics in all experiments, the highest catalytic intermediates.
eff|C|en°cy (ealKm = 39.3 M™% s 1)_be!ng observed at pH 6'5_ ) Although the details of the underlying mechanism of nitrile
and 37°C (Table 3). These data indicate that the site-Specific |\ yration may differ, the observed modification of catalytic
mutatlon_decreases the energy barrier for the pathway Ieadlngactivity in the N74D AS-B mutant is consistent with that
to hydration ofl to form glutamine by approximately 4.8 kcal/ reported for the Q19E papain mutdniMoreover, the relative
mol under our reaction conditions. '
In efforts to develop a mechanistic model for the change in (24 March, JAdvanced Organic Chemistrgith ed.; Wiley: New York,
enzyme activity, the kinetic data for the hydratase reaction " (35) stoker, P. W.; O'Leary, M. H.; Boehlein, S. K.; Schuster, S. M.;
catalyzed by the N74D AS-B mutant were fit to the following Richards, N. G. JBiochemistryl996 35, 3024-3030.

expression, which assumes that the catalytic activity is modu-
lated by a single residue:

domain!tb:21 protonation from solvent to givés becomes
energetically favorable due to the proximity of the ionized side
chain of Asp-74. The electrophilic speciggan then undergo
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Scheme 4. Putative Mechanism for the Nitrile Hydratase Reaction Catalyzed by the N74D AS-B Mutant
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changes in KealKm)mud (Keal Km)wr] for the hydratase activity
of the mutant and WT enzymes are very similar, beinyalrl

none cofactor in catalys®. For example, recent studies on
the nitrile hydratase frorRhodococcusp. 312 using resonance

2 x 1 for papain and AS-B, respectively. Much of the Raman, ENDOR, and EXAFS techniques have shown that this
difference between these values, however, is probably associate@nzyme contains a non-heme iron that is complexed in a low-
with the K, values of the substrates for papain and AS-B. spin state by three histidine and two cysteine ligands, the sixth
Hence, theK, for the peptide nitriles employed in the coordination site being occupied by hydroxide derived from
experiments on papain and its Q19E mutant are in the solvent wate?’ The role of the iron may be to enhance the
micromolar range. Therefore, our observations appear to nucleophilicity of water in attacking the nitrile, although NO-
provide the first direct chemical evidence for a close mechanistic binding to the metal in place of the hydroxide in regulating
relationship between the amidohydrolase mechanisms of papainenzyme activity has been discus2&H.In contrast, the nitrilases

and class Il Ntn amidotransferases. On the other hand, despiteahat possess an essential cysteine residue, not only catalyze the
the probable similarity in catalytic role of the amide side chains hydration of nitriles but also hydrolyze the resulting amides to
of GIn-19 and Asn-74 in papain and AS-B, respectively, form the corresponding carboxylic aciéfs.The N74D AS-B
differences in the chemistry arising from the active site structures mutant therefore appears unique in its ability to employ cys-
of these two enzymes are evident. First, the pH-dependenceteine in catalyzing hydration of nitrilé without subsequently

of keafKn, for the nitrile hydratase activity of the Q19E papain hydrolyzing the product amide to glutamate at any significant
mutant can be associated with a single residue wittKagh rate.

6.03. This has been assigned to the involvement of the

protonated form of Glu-19 in the catalytic mechanism. For the
N74D AS-B mutant, it seems likely that Asp-74 is unprotonated
in the active form of the catalyst. Second, the Q19E papain
mutant retains the ability to convert the product amides into
the corresponding acids, albeit with a 6-fold reduction in
amidohydrolase activityk¢a/Km) relative to WT enzyme when
CBZ-Phe-Ala-NH is the substraté. The glutaminase activity

of the N74D AS-B mutant is diminished over 1000-fold
compared to that of the WT AS-B (Table 1), which may reflect
that the catalytic histidine in papain is absent in AS-B.

Comparison of the properties of the N74D AS-B mutant with

(26) (a) Kobayashi, M.; Nagasawa, T.; Yamada,Tirends Biotechnol
1992 10, 402-408. (b) Nagasawa, T.; Yamada, Hrends Biotechnol
1989 7, 153-158. (c) Honda, J.; Kandori, H.; Okada, T.; Nanamune, T.;
Shichida, Y.; Sasabe, H.; EndoBiochemistryl994 33, 3577-3583. (d)
Noguchi, T.; Hoshino, M.; Tsujimura, M.; Odaka, M.; Inoue, Y.; Endo, I.
Biochemistryl996 35, 16777-16781.

(27) (a) Brennan, B. A.; Cummings, J. G.; Chase, D. B.; Turner, I. M.,
Jr.; Nelson, M. JBiochemistryl996 35, 10068-10077. (b) Scarrow, R.
C.; Brennan, B. A.; Cummings, J. G.; Jin, H.; Duong, D. J.; Kindt, J. T;
Nelson, M. J.Biochemistry1996 35, 10078-10088. (c) Doan, P. E.;
Nelson, M. J.; Jin, H.; Hoffman, B. Ml. Am Chem Soc 1996 118 7014~
7015.

(28) (a) Kobayashi, M.; Yanaka, N.; Nagasawa, T.; Yamada, H.
Biochemistry1992 31, 9000-9007. (b) Kobayashi, M.; Izui, H.; Nagasawa,
T.; Yamada, HProc. Natl. Acad Sci U.SA. 1993 90, 9000-9007. (c)

enzymes from natural sources reveals a surprising differenceNagasawa, T.; Mauger, J.; Yamada, . J. Biochem 199Q 194, 765~

in activity. While detailed mechanistic studies remain to be
carried out, nitrile hydratases that convert nitriles into amides
employ metal centers and, possibly, the pyrroloquinoline qui-

772. (d) Stevenson, D. E.; Feng, R.; Dumas, F.; Groleau, D.; Mihoc, A;
Storer, A. C.Biotechnol Appl. Biochem 1992 15, 283-302. (e) Thimann,

K. V.; Mahadevan, SArch. Biochem Biophys 1964 105 133-141. (f)
Bork, P.; Koonin, E. V.Protein Sci 1994 3, 1344-1346.
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The results outlined here raise the question of whether the added, the mixture was gently heated until solvent reflux was observed.
class Il amidotransferases and thiol proteases are related byHeating was then stopped, and the reaction was allowed to proceed at
common ancestry. Sequence analysis does not, however, appeﬂnpient temperature for 1 h. The suspen;ion was filtered throggh
to support such a hypothesis for these two protein families, and Celite, which was subsequently washed with water. The resulting

i : : _ : solution was then lyophilized to yieldl as a white solid, which was
the three-dimensional folds of papain and the N-terminal recrystallized from dioxane/water: 1.2 g, 76%; mp 2229°C [lit.172

glutamine-utilizing domain of glutamine PRPP-(thosphori- 227.5-229°C]; [a]?% +38.8 (c = 1.28 1 M AcOH) [Iit.” [o]?p
bosylpyrophosphate) amidotransferase are clearly different. ;35 » (¢ = 054 1M AcOH)J; IR (KBr) v 2959, 2122, 1618, 1588,
Therefore, it seems likely that the active sites of these two 1414 1342, 1314, 1210, 1150, 1085, 1011&mH NMR (D,0, 500
families of enzymes has arisen through convergent evolution MHz) 6 2.17-2.29 (2 H, dg,J = 7.2, 10.6 Hz), 2.69 (2 H, dt,3 4.3,
and that the functional equivalence of GIn-19 in papain and 7.5 Hz), 3.79 (1 H, tJ = 6.7 Hz);3C NMR (DO, 75.4 MHz) 13.24
Asn-74 in AS-B is dictated by the chemical nature of the (t), 26.00 (), 53.04 (d), 119.79 (s), 172.74 (s); HRMS (Cl)léxact
transition states and intermediates that are formed during thiol- mass calcd for €4oN.O; requires 129.066, found 129.0687e (rel
catalyzed amide hydrolysis. Our studies provide further evi- intensity) 129 (100), 83 (42). Anal. Calcd for{€N.O,): C, 46.87;
dence for the hypothesis that chemistry places strict limits on H: 8-29: N, 21.86. Found: C, 46.85; H, 6.45; N, 21.70.
the nature of catalytic residues in enzyme active sites and are__EXPréssion and Purification of WT AS-B and the N74A and

. . . : N74D AS-B Mutants. Full experimental details of the construction,
consistent with recent observations concerning members of the

. . ) . expression, and purification of the proteins used in these studies have
enolase superfamily, in which anions are formed adjacent t0 e, published previousk 14

carboxylic moieties using chemically equivalent residfes. Kinetic Characterization of the Glutaminase Activities of WT
Finally, our ability to reengineer the catalytic activity of the AS-B and the N74A and N74D AS-B Mutants. (a) The glutaminase

N-terminal AS-B domain by mutation of a critical active site activities of WT AS-B and the N74A AS-B mutant were assayed using

residue, in a similar manner to that reported for papaimygests @ spectroscopic proceddteas previously describétiexcept that all

a strategy by which the modification of a single residue might reactions were carrieql out usir_lg 100 mM Bis-Tr_is/lOO mM Tris-HCI

be employed to obtain enzymes with altered activity. Hence, @S buffer. (b) Glutamine was incubated at ‘& with 8 mM MgCl,

if an intermediate in the mechanism underlying WT activity 2"d thé N74D AS-B mutant (80g) was incubated at a concentration

be identified that i ¢ It t th th of 2.5 mM in 100 mM Bis-Tris/100 mM Tris-HCI adjusted to pH 6.5.
can be identihe atis common to an alternate pathway, tNeN 1pq 414 reaction volume was 13Q.. At various times (0, 45, 90,

replacement of the protein side chain can be used to bias;3s ang 180 min), an aliquot (28) of the mixture was taken and
partitioning of the intermediate to introduce a new activity. In  reaction terminated by boiling. Samples were filtered throughen2

the example reported here, mutagenesis of Asn-74 affects theilter and derivatized with phenylisothiocyanate (PITC). The glutamine
tetrahedral intermediate that is common to the mechanisms ofand glutamate derivatives were separated by HPLC and quantitated
nitrile hydration and amide hydrolysis. It is possible that such spectroscopically. This assay procedure can detect less than 100 pmol
an evolutionary mechanism has been operative in generatingof product under standard conditions.

the mechanistic diversity observed in the enzymes of the enolase Enzyme Inhibition Assays. (a) The ability of wild type AS-B to
superfamily. employ 1 as a substrate in asparagine synthesis was assayed by

incubating 10 mM nitrilel with 5.6 «g of enzyme, 10 mM aspartate,
. . 5 mM ATP, and 8 mM Mgd in 100 mM HEPES buffer at pH 7.0
Experimental Section (100uL total reaction volume) for 15 min at 3. After the reaction
Melting points were recorded using a Fishdphns melting point ~ Was terminated by boiling, no pyrophosphate production could be
apparatus and are uncorrected. Chemical shifts are reported in ppmdetected in a coupled assay system (Sigma Technical bulletin number
(6) downfield of tetramethylsilane as an internal referented (). B1-100), indicating tr_]al'w_a.s not asubstrate_ for the synthetase activity
Splitting patterns are abbreviated as follows: s, singlet; d, doublet; t, ©f €nzyme. (b) The inhibition of the glutaminase activity of WT AS-B
triplet; g, quartet; m, multiplet. Combustion analyses for C, H, and N PY 1 was determined by measuring glutamate production using the
were determined in the Microanalysis Facility in the Department of féaction of glutamate dehydrogenease in the presence of NAD
Chemistry, University of Florida. Analytical thin-layer chromatography ~Standard curves were obtained in the presence and absence ofinitrile
(TLC) was performed on silica gel 60F-245 plates, unless otherwise and showed that the nitrile dlq not affect the activity qf glutamate
stated. Flash chromatography was performed by standard méthods defydrogenase. In these studies, WT AS-B (1g) was incubated
on Davisil grade 633 type 60 A silica gel (20825 mesh). All solvents ~ for 15 min at 37°C with 8 mM MgCk in HEPES buffer, pH 7 (total
were purified by distillation before use. Chemical compounds were Volume 100uL), at various glutamine concentrations (0.5, 0.75, 1.0,
purchased from Aldrich and used without further purification. 1.5, 3.0, 5.0, and 7.5 mM). Nitrile concentrations of 0, 0.1, 0.3, and
2-((Carbobenzoxy)amino)-4-cyanobutyric Acid (3). This material 0.5 mM were employed in determining the inhibition constantslfor

: . : Reaction mixtures were added to 380 of the coupling reagent (300
was prepared, frol-(carbobenzoxy)glutamin®, using the literature . .
proceduré/2as a colorless oil in quantitative yield: IR (CHEL) 3421, mM glycine, 250 mM hydrazine pH 9, 1 mM ADP, 1.6 mM NAD

3026 2954 2250. 1720. 1509. 1453 1344. 1228. 1052 NMR and 2.2 U glutamate dehydrogenase) and incubated for 10 min at room
(CDél3 500’ MHz)’é‘» 1 99’_2 08’(1 H ;n) 2 2'92 32' (1H ’m) 239 temperature. The solution absorbance was measured at 340 nm, and
242 (2,H m), 4.414 '44 a H m) 5'10 ('2 H s).5 79 (1’H d‘|=.7 8 the amount of glutamate present was determined from a standard curve.

Hz), 7.31-7.37 (5 H, m), 10.39 (1 H, br s}3C NMR (CDCk, 75.4 All assays were performed in triplicate. In the inhibition studies at
MH’z) 6 13 '53 ) 27‘ 937(t) '52 55 (c;l) 67 ‘39 (), 118.71 (é) 1.28 og PH 8, identical conditions were employed except that the buffer was
(d), 128.29 (d), 128.50 (d), 135.65 (), 156.24 (), 173.94 (s); HRMS 100 mM Tris-HCI and 2.5«g of WT AS-B was present. (c) The

(FAB H*) exact mass calcd for:g@H:sN>O, requires 263.1032, found inhibition of the glutaminase activity of the N74D AS-B mutant by
263.1031;mVe (rel intensity) 263 (36), 91 (100). ' was determined as described for the WT enzyme. In these studies, the

2-Amino-4-cyanobutyric Acid (1). The protected nitrile3 (1.33 N74A AS-B mutant (14.%g) was incubated for 15 min at 3T with

g, 5.07 mmol) was dissolved in dry EtOH (10 mL) together with 1,4- 8|mM MgCl in HEPES buﬁgr, pl(-)| Z (g)t?)m 8/0|Urge 180.), at vgrlogs
cyclohexadiene (2.4 mL). After 10% Pd/C (680 mg) as catalyst was g_ut_amlne concentratlons (0.1,0.2,03, 0.4, 0.5, 0.75, and 1. mM).
Nitrile concentrations of 0, 0.1, 0.3, and 0.5 mM were employed in

(29) (a) Babbitt, P. C.; Hasson, M. S.; Wedekind, J. E.; Palmer, D. R. fjeterm_ining the inhibition constants far All assays were performed

J.; Barrett, W. C.; Reed, G. H.; Rayment, |.; Ringe, D.; Kenyon, G. L.; N duplicate.

Gerlt, J. A.Biochemistry1996 35, 16489-16501. (b) Babbitt, P. C.; Kinetic Characterization of the Nitrile Hydratase Activity of WT

Mrachko, G. T.; Hasson, M. S.; Huisman, G. W,; Kolter, R.; Ringe, D.; AS-B and the N74D AS-B Mutant. (a) Nitrile 1 was incubated with

Petsko, G. A.; Kenyon, G. L.; Gerlt, J. &ciencel995 267, 1159-1161.
(30) still, W. C.; Kahn, M.; Mitra, A.J. Org. Chem 1978 43, 2923~ (31) Brent, E.; Bergmeyer, H. U. IMethods of Enzymatic Analysis

2925. Bergmeyer, H. U., Ed.; Academic Press: New York, 1974; pp +7048.
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8 mM MgCl, and the N74D AS-B mutant (7.mg) at varying acetic acid (TCA), and the resulting samples were filtered through a 2
concentrations (0:23.0 mM) in 100 mM Bis-Tris/100 mM Tris-HCI um filter and derivatized by reaction with phenylisothiocyanate (PITC).
adjusted to pH 6.5, 7.5, or 8.25. The total reaction volume was 50 The PITC derivative of glutamine was separated by HPLC, and the
uL. After 20 min, the reaction was terminated by boiling for 3 min, amount was quantitated spectroscopically. This assay procedure can
and the samples were filtered through ar@ filter and derivatized by detect less than 100 pmol of product under our standard conditions.
reaction with phenylisothiocyanate (PITC). The PITC derivative of

glutamine was separated by HPLC, and the amount was quantitated Acknowledgment. This work was supported by grant CA-
spectroscopically. Values dfw and ke for 1 were obtained by 28725 from the National Cancer Institute, National Institutes
nonlinear regression fitting of initial velocity data to the Michaelis of Health, DHSS. We thank Stephen Goble for technical
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San Diego, CA). In control experiments, the production of glutamine 0\ osions with Steven Benner (University of Florida), Thomas

was found to be linear at reaction times of up to 30 min. (b) Nittile . . . .
was incubated with 8 mM MgGland WT AS-B (25ug) at a Soper (University of Florida), and Jo Davisson (Purdue

concentration of 2.5 mM in 100 mM Bis-Tris/100 mM Tris-HCI, University).
adjusted to pH 6.5, for 3, 6, and 24 h. The total reaction volume
was 50uL. Reactions were terminated by the addition of 4% trichloro- JA9613668



