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ABSTRACT. The X-ray crystal structure of carbamoyl phosphate synthetase (CPSEsoherichia coli

has unveiled the existence of two molecular tunnels within the heterodimeric enzyme. These two
interdomain tunnels connect the three distinct active sites within this remarkably complex protein and
apparently function as conduits for the transport of unstable reaction intermediates between successive
active sites. The operational significance of tmamonia tunnefor the migration of NH is supported
experimentally by isotope competition and protein modification. The passage of carbamate through the
carbamate tunnehas now been assessed by the insertion of site-directed structural blockages within this
tunnel. GIn-22, Ala-23, and Gly-575 from the large subunit of CPS were substituted by mutagenesis with
bulkier amino acids in an attempt to obstruct and/or hinder the passage of the unstable intermediate through
the carbamate tunnel. The structurally modified proteins G575L, A23L/G575S, and A23L/G575L exhibited

a substantially reduced rate of carbamoyl phosphate synthesis, but the rate of ATP turnover and glutamine
hydrolysis was not significantly altered. These data are consistent with a model for the catalytic mechanism
of CPS that requires the diffusion of carbamate through the interior of the enzyme from the site of synthesis
within the N-terminal domain of the large subunit to the site of phosphorylation within the C-terminal
domain. The partial reactions of CPS have not been significantly impaired by these mutations, and thus,
the catalytic machinery at the individual active sites has not been functionally perturbed.

Carbamoyl phosphate synthetase (CRSa heterodimeric  large subunit (residues 55®33) is utilized for the phos-
enzyme ¢3), composed of unequal sized subunits with phorylation of the carbamate intermediate. In addition to the
molecular weights of 42 000 and 118 000 (Figure 1). CPS overall reaction, CPS also catalyzes three partial reactions
catalyzes the synthesis of carbamoyl phosphate from bicar-as shown in eqs-24 (2).
bonate, ATP, and glutamine/ammonia as summarized in eq
1, and the individual chemical events are depicted in Scheme
1@).

glutamine+ H,O — glutamatet+ NH, (2)

MgATP + H,O0 — MgADP + P, 3
2MgATP + HCO,; + glutamine—

2MgADP + glutamatet P, + carbamoyl-P (1) MQADP + carbamoyl-P-~ MgATP + NH,CO,  (4)

. . - . . The X-ray crystal structure of CPS froEscherichia coli

The small subunit contains the binding site for glutamine, unveiled the existence of a molecular tunnel that k00 A

Where.'t is hydrolyzed to glu.tamate ‘T’md ammonia. The larger in length that connects three distinct active sites within the

subunit harpors two ATP binding sites Wlthm.tv.vo_homolo- protein @). This remarkable structural feature has been

%otus d_omle::n;. ;I'tr;]earbotxy phos_ghatemggmawnhm thgl proposed to be a molecular conduit for the transport of
“terminal half of the protein (residues-200) is responsible reactive intermediates between successive active sites. The

Lor thel pnospﬂorylztion .Of r?icarr]bogate, V.Vhelrﬁal? ¢]E'“‘; ammonia that is produced at the active site of the small
amoy! phosphate domawithin the C-terminal halfofthe g 1y it migrates through theemmonia tunneto the large

subunit where it reacts with the carboxy phosphate interme-
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1 Abbreviations: CPS, carbamoyl phosphate synthetase; GPATase, ; ;
glutamine phosphoribosylpyrophosphate amidotransferase; PRPP, phos-Srnall subunit to the large subunit has been supported by the
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indole 3-glycerol phosphate; PRA, phosphoribosylamine. the hydrolysis of *N]glutamine) relative toexternalam-
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Ficure 1: a-Carbon trace of the three-dimensional structure of
CPS fromE. coli. Active sites are highlighted as circles. The
ammonia tunnel is displayed in gray, and the carbamate tunnel is
in bright red. The small subunit is represented in magenta, and the
four major domains of the large subunit are displayed according to
the following color scheme; the carboxy phosphate domain in green,
the carbamoyl phosphate domain in blue, the oligomerization
domain in yellow, and the allosteric domain in red. The structure
was obtained from Thoden et aB)(
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monia (from >NH,%) into the final product, carbamoyl
phosphate4). More direct evidence for the channeling of
ammonia has been provided by the construction of mutants
designed to block the tunnel. Specific residues within the
interior wall of the molecular tunnel for ammonia were
sequentially mutated to bulkier amino acids in an attempt to
hinder and retard the passage of ammonia from the site of
production to the site of utilization5( 6). The catalytic
properties of two mutant enzymes, G359Y and G359F, were
consistent with the restricted transport or leakage of ammonia
through the tunnel.
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Ficure 2: Central core of the carbamate tunnel. The trace of the
molecular tunnel is highlighted in bright red. (A) Side view of the
carbamate tunnel where the top is near the active site within the
carboxy phosphate domain and the bottom is adjacent to the active
site within the carbamoy! phosphate domain. (B) View through the
carbamate tunnel from the carboxy phosphate domain toward the
carbamoyl phosphate domain. Coordinates were obtained from
Thoden et al. ).

bicarbonate during the synthesis of carbamoyl phospfiate (
The reported half-life of carbamate at neutral pH-i80 ms

(8). Therefore, the protection of this labile intermediate from
solvent decomposition is critical for the efficient synthesis
of carbamoyl phosphate. However, the functional significance
of the carbamate tunnel for the stabilization and transport
of carbamate has not been demonstrated experimentally. The
overall shape of thearbamatetunnel, which is located

Channeling of the carbamate intermediate between the twodirectly between the two homologous active sites within the
phosphorylation domains has been experimentally supportedarge subunit, is illustrated in Figure 2. Half of the 30 residues

by the absence of isotope incorporation from solvent into

that come together to form the core of the carbamate tunnel
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originate from the carboxy phosphate domain. The remaining 116 1; sequence Alignment of Homologous Residues that
15 amino acids are from the carbamoyl phosphate domain.compose the Carbamate TunnelEncoli

The average diameter of the tunnehig A, and the distance

. . . . N-terminal domain C-terminal domain
between the two active sites is31 A. In this paper, we o158 ASn570
have probed the direct transport of carbamate through the Val19 Afgrzsn
molecular tunnel that connects the two active sites within lle-20 lle-572
the large subunit by the construction and characterization of Gly-21 Gly-573
site-directed mutants. These alterations to the protein struc- Gl'“'zz Gl'”'574
ture were intended to obstruct the carbamate tunnel and é;s__zz?’a, (ﬁe}'557765
impede the delivery of carbamate from the carboxy phosphate Glu-25 Glu-577
domain to the carbamoyl phosphate domain within the large Phe-26 Phe-578
subunit of CPS. Ala-52 Glu-604

Met-378 Met-911

Ser-380 Ser-913

MATERIALS AND METHODS Val-381 Thr-914
) _ _ Gly-382 Gly-915
Materials. All chemicals and coupling enzymes were Glu-383 Glu-916

purchased fro_m. either Sigma or Aldrich, unless otherwise = aResidues in bold are-96% conserved among 61 prokaryotic
stated. Restriction enzymes were purchased from New organisms.
England Biolabs, angiffu DNA polymerase was acquired

from Promega. The clone for ornithine transcarbamoylase A (13). The interconnecting tunnel is approximately linear
was a generous gift from the laboratory of N. Allewell. in shape and is capped at each end by Arg-306 and Arg-
Mutagenesis and Protein Purificatiolite-directed mu- 848, The side chains of these two residues interact with the
tagenesis of CPS was performed as described previd@sly ( supstrate through ion pair formation with thephosphoryl
Oligonucleotide synthesis and DNA sequencing reactions group of the bound nucleotides. The central core of the
were performed by the Gene Technology Laboratory, Texas carbamate tunnel is composed of 30 residues, where one-
A&M University. The plasmids containing thearAB genes  paf of the amino acids originate from the carboxy phosphate
were fransformed in the RCS0 cell line &. coli for  gomain and the remaining residues are from the carbamoyl
expression of the wild-type and mutant forms of CPS. The phosphate domain. The identity of the residues that come
wild type and mutant variants of CPS were purified as together from each domain to form the carbamate tunnel is
previously described1(). presented in Table 1. The tunnel is reasonably symmetrical
Kinetic Measurements and Analysighe rate of ADP iy hoth amino acid composition and geometrical shape from
formation was measured using a pyruvate kinase/lactateand to end (Figure 2). The diameter of the tunnel entrance
dehydrogenase coupling system in the presence of thepear the carboxy phosphate domain~ig.0 A and then
allosteric activator ornithinelQ). The rate of ATP synthesis  narrows at a point near the intersection of Ala-23 and Val-
was measured with a hexokinase/glucose-6-phosphate desg where the diameteris3.3 A. The exit at the C-terminal
hydrogenase coupling system in the presence of ornithineeng of the carbamate tunnel has a diameter4f5 A.
(9). The synthesis of carbamoyl phosphate was assessed by The residues that line the interior of the central core of
measuring the rate of citrulline formation in a coupled assay the carbamate tunnel are predominantly nonionic amino
containing ornithine transcarbamoylase and ornithiti. ( acids, except for five glutamates and a lone arginine.
The kinetic parameters were determined by fitting the pHowever, the guanidinium group of Arg-571 is located
experimental data to eq 5, whekg:is the tumover number,  gytside of the carbamate tunnel. In contrast, the side chain
Km is the Michaelis constant, and is the substrate  carpoxylate groups of the five glutamic acid residues form
concentration. The data for the enhancement of ATP hy- nart of the interior wall of the carbamate tunnel (Figures 3
drolysis in the presence of a nitrogen source were fitted to gng 4). Glu-25, Glu-383, and Glu-604 are situated inside
eq 6 (L2). In this equationV, is the turnover number in the  the carbamate tunnel entrance near the active site within the
absence of a nitrogen source | (ammonia or glutamiKig),  carboxy phosphate domain, whereas Glu-577 and Glu-916
is the apparent activation constant, ané the ratio of the  are |ocated at the opposite end of the tunnel. Moreover, all
velocities in the presence and absence of a nitrogen sourcegf these glutamate residues are found on one side of the

In this casekeais expressed aaVo. interior wall of the carbamate tunnel, rather than randomly
dispersed (Figure 4). The opposite wall of the interior tunnel
ulE = (kMK + A) (5) space bears no significant charge, as expected from the
nonpolar amino acid composition. It is unclear how the
B = Vo(Ky + oy)/(K, + [1]) (6) unusual charge distribution within the tunnel interior facili-
tates the stabilization of the carbamate intermediate as it
RESULTS AND DISCUSSION passes from one end of the tunnel to the other. Carbamate is

very unstable at low pH, and thus, protonation of the
Carbamate TunnelA molecular tunnel connects the two intermediate must be avoided to prevent an uncoupling of
active sites contained within the carboxy phosphate andthe individual reaction sites from one anothdd) Two
carbamoyl phosphate domains of the large subunit of CPS.arginine residues, Arg-306 and Arg-848, are found at the
The length of the tunnel, as measured by the distanceextreme ends of the carbamate tunnel. The side chains of
between they-phosphoryl groups of the bound substrate these two residues may act as gatekeepers that regulate the
analogue, AMP-PNP, within each of these domainsy34 entry and exit of carbamate through the molecular pas-
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FiGure 4: Surface representation of thmer wall of the carbamate
tunnel. The surface is colored according to the electrostatic charges
where red represents negative charge and blue positive charge. This
figure was generated using the program Web Lab Viewer Pro.

molecular tunnel was tested by the construction of mutants
that were designed to disrupt the flow of molecules through
this tunnel. A variety of factors were considered in the
selection of residues for structural modification. To avoid
secondary structural perturbations to the catalytic residues
found within each of the two domains, residues located close
to either of the two active sites were eliminated as candidates
for mutagenesis. The side chains of the residues that orient
toward the inside of the carbamate tunnel were preferred over
residues whose side chains point outward from the tunnel
(Val-19, GIn-22, Arg-571, and GIn-574). Consequently, four
residues (Gly-21, Ala-23, Met-378, and Gly-575) were
chosen as the initial targets for the implementation of
structural defects within the carbamate tunnel. Seven single
mutants and three double mutants were constructed and their
kinetic properties measured. The direct detection of the
carbamate intermediate with CPS is not possible due to the
instability of carbamate. Therefore, success in blocking the
FiIGUre 3. Surface representation of the carbamate tunnel with the -grhbamate tunnel was ascertained by monitoring the kinetic

superposition of carbamate. The surface is colored according to - .
theF)ur?derIying atoms: red for oxygen and blue for nitrogen. Tghe properties for the overall synthesis of carbamoyl phosphate

same color scheme is used for carbamate, but the hydrogens ard? correlation with the partial reactions of the individual
depicted in light blue. Superposition of carbamate within the tunnel catalytic sites.
has been modeled using Insight Il, and the surface rendering has \et-378 was mutated to arginine in an attempt to block

been achieved using the computer program SPOCK. (A) View from . . .
the carbamoyl phosphate domain looking toward the carboxy the carbamate tunnel by increasing the length of the side

phosphate domain. (B) View from the carboxy phosphate domain chain. The M378R mutant had a reduced bicarbonate-
looking toward the carbamoyl phosphate domain. dependent ATPase activity (0.06's compared to that of
the wild-type enzyme (0.447%). Unfortunately, there was
no additional activation of ATP turnover in the presence of
sageway prior to the formation of the ultimate product, glutamine (data not shown). On the basis of the proximity
carbamoy! phosphate. of this residue to the active sitdt is highly likely that the
Consevation of Interior Tunnel Residueshe amino acids  introduction of an arginine residue at this location has
that constitute the interior walls of the carbamate tunnel are perturbed the active site in the carboxy phosphate domain.
highly conserved among bacteria, plants, and animals (TablesFurther mutations at this position were not pursued.
1 and 3). The five glutamate residues are fully conserved in  The backbone of Gly-21 forms part of the interior lining
E. coli, human, fruit fly, yeast, andrabidopsis In addition ~ of the carbamate tunnel. The mutation of this residue to either
to the five highly conserved glutamates, the amino acids serine or asparagine did not diminish the partial ATP
whose side chains point toward the tunnel interior also appearsynthesis reaction activity, and thus, the catalytic machinery
to be highly conserved (Ala-23, Met-378, and Met-911). \ithin the carbamoyl phosphate domain was not disrupted

There are also five glycine residues that constitute part of (Taple 2). The slight diminution in the enhancement of ATP
the carbamate tunnel, all of which are highly conserved

mong prok .
among prokaryotes - 2The side chain of Met-378 is 5.0 A from thephosphate of AMP-
Structural Blockages within the Carbamate Tunrigie PNP bound to the active site within the carboxy phosphate domain of

channeling of the carbamate intermediate through the interiorcarbamoyl phosphate synthetase.
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Table 2: Kinetic Properties of Mutant and Wild-Type CPS

HCO;™- carbamoyl
dependent glutamine-dependent NHs-dependent ATP phosphate
ATPase ATPase ATPase synthesis synthesis
kcat kcat KGln kcat KNHACI kcat KADP kcal
G G (mM) (s (mM) s (uM) s
wild type 0.44+0.01 6.0+0.2 (@ =13.6p 0.12+£0.01 52+0.2(@=11.8) 140+ 10 0.45+0.03 16+2 28+0.1
G21S 0.40+0.01 3.0£0.2@=7.5) 0.13£0.02 2.0+0.1(@=5.0) 93+ 11 0.53+0.06 6.7£0.4 2.1+ 0.05
G21N 0.63+£0.02 24+01@=3.8) 0.05£0.01 21+01@=33) 0.21+£0.01 0.44+-0.01 26+5 0.72+£ 0.02
A23L 1.0+£01 72+03@=7.2) 0.15+0.03 3.0+£0.1(@=3.0) 81+ 9 0.54+0.01 62+6 0.51+ 0.02
A23W 0.374+0.01 0.48+0.01 @ =1.3) 0.08:0.02 0.39+0.01 @ =1.1) 67£19 0.32+0.07 7.6+0.7 <0.002
G575A 0.35+£0.02 4.1+ 0.1@=11.9) 0.08£0.01 4.0+02@=11.4) 211+34 0.33+0.01 11+1 23+0.1
G575S 0.35:0.01 35+01@=9.8) 0.08+001 27+01@=7.6) 201+18 0.36+£0.01 22+3 0.95+ 0.04
G575L 0.14+0.01 2.0+£0.1@=14.4) 056+0.07 1.7£03@=12.1) 540+ 170 0.28+0.01 71+7 0.06+ 0.01
A23L/G575A 0.63+£0.01 4.0+0.1@=6.3) 0.11+£0.01 1.9+0.1@=29) 99+23 0.17+£0.01 19+3 0.30+ 0.02

A23L/G575S 0.95£0.03 3.8+£0.1(@®=4.0) 0.16£0.02 3.0+£0.1(@=3.1) 85+18 0.20+£0.01 38+5 0.064+ 0.006
A23L/G575L 0.18+£0.01 1.8+£0.1 (@ =10.1) 0.11+0.01 0.69+0.02 @ =3.8) 23+3 0.10+0.01 270+40 <0.00%

aa is an activation constant in ATPase activity for activation by a nitrogen source compared to the bicarbonate-dependent ATPd3etastay.
limit.

Table 3: Multiple Sequence Alignments of Amino Acids that Constitute a Portion of the Carbamate Tunnel from Bacteria, Plants, Humans,
Fruit Flies, and Yeast

E.coli K12

Arabidopsis thaliana
Homo sapiens

Drosophila melanogaster
Saccharomyces cerevisiae

a | etters with a black background represent residues that are very highly conserved in both prokaryotes and eukaryotes. Letters with a white
background represent residues that are weakly conserved in the carbamate tunnel (V19, F26, A52, andERS13.in

turnover by added glutamine (reflected byin Table 2) phate domain rather than from a malfunction in either active
indicates that there were only minor alterations to the site.
coupling of glutamine hydrolysis and bicarbonate phospho- The last residue to be mutated was Gly-575. This residue
rylation. The rate of carbamoyl phosphate formation by the is more than 20 A away from the active site for bicarbonate
mutant G21S is essentially the same as that of the wild-type phosphorylation and~14 A away from the carbamoyl
enzyme. However, G21N exhibited a 4-fold decrease in the phosphate binding site. The structural integrity of the
rate of glutamine-dependent carbamoyl phosphate synthesiscarbamoyl phosphate binding site in the C-terminal domain
The reduction in the rate of carbamoyl phosphate formation was tested using the partial ATP synthesis assay, which is
may have resulted from the blockage of the carbamate tunnelindependent of other partial reactions. Gly-575 is positionally
but the ratio of the extent of ADP to carbamoyl phosphate homologous to Ala-23 (Table 1). On the basis of the
formation increased to onky3:1. Therefore, if the diffusion ~ dimensions of the carbamate tunnel in the vicinity of this
of carbamate through this tunnel is diminished by these residue, a side chain larger than leucine would appear to be
mutations, it has not been enough to be kinetically significant. too big to fit without disruption of the surrounding residues.
The side chain of Ala-23 projects toward the inside of the Consequently, a series of single mutants (G575A, G575S,
carbamate tunnel (Figure 2). This residue was altered toand G575L) were constructed in an attempt to titrate the size
leucine and tryptophan to impose a steric barrier for the of side chain that could be accommodated before the active
passage of carbamate within the tunnel. The kinetic constantssite structures were structurally perturbed. The overall kinetic
for the partial ATP synthesis reaction showed no substantial properties of G575A are very similar to those of the wild-
change for the mutants A23L and A23W, relative to those type protein, while those of G575S are only slightly
for the wild-type enzyme. However, A23W displayed a perturbed. The mutant G575L has approximately one-third
considerable decrease in the rate of ATP hydrolysis in the of the bicarbonate-dependent ATPase activity of the wild-
presence of glutamine, and thus, there was no enhancemertype enzyme, although the activation of ATP turnover by
in rate, compared to the rate of bicarbonate-dependent ATPglutamine and ammonia is very similar to that observed with
turnover. This observation implies that the site for the the wild-type enzyme. The mutant G575L had a substantial
phosphorylation of bicarbonate has been structurally per- drop in the rate of carbamoyl phosphate synthesis (0.055
turbed and unresponsive to the addition of ammonia. The s™?), while the rate of the partial back reaction was only
A23L mutant exhibits ATPase activity comparable to that slightly diminished relative to that of the wild-type enzyme.
of the wild-type enzyme, with a reasonable activation in the The ratio of glutamine-dependent ATPase turnover to the
presence of glutamine. The rate of carbamoyl phosphaterate of carbamoyl phosphate synthesis-.1 for the wild
synthesis is~5-fold smaller than the wild-type activity. The type, and increases to 3.7 and 37 for G575S and G575L,
kinetic data suggest that this decrease in rate results fromrespectively (Figure 5). Collectively, these data are consistent
the inefficient supply of carbamate to the carbamoyl phos- with an inefficient passage of carbamate through the tunnel
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380 detected by steady-state rate measurements until the rate of
diffusion through the tunnel becomes attenuated by ap-
proximately 3 orders of magnitude.

The reaction rates of the three active sites are highly
synchronized in wild-type CPS. In most of the carbamate
tunnel mutants, the activation of ATP turnover by the
hydrolysis of glutamine is perturbed only moderately. The
ATP turnover for the A23L/G575L mutant is activated 10-

fold in the presence of glutamine, but there is no formation
of carbamoyl phosphate. Therefore, the double mutant has
not inhibited the synchronization of the catalytic activities
possessed by the small subunit and the site for the phos-
— ,_‘ —— ,_‘ : . phorylation of bicarbonate. These results are reminiscent of
A23L/ A23L/ A23L/ the results observed with a series of mutants designed to
G575 GS78S GSTSL block the passage of ammonia through éinemonia tunnel
FiGURE 5: Ratio of the amount of ATP hydrolyzed to the amount  With these mutants, the signal transduction between the small
of carbamoyl! phosphate synthesized per unit time for the wild type and large subunits remained intact and the rate of glutamine
and various mutants within the carbamate tunnel of CPS. hydrolysis was comparable to that of the wild type in the
channel-impaired mutants, G359Y and G35%¥. (These
] . ] _ mutants were able to use ammonia as a nitrogen source
to a degree that correlates with the size of the side chain during the synthesis of carbamoyl phosphate.
used as a replacement for glycine. Some Other Enzymes with Tunndlsyptophan synthase

A series of double mutants containing alterations at Ala- was the first enzyme shown to contain a molecular tunnel
23 and Gly-575 were constructed in an attempt to block the py X-ray crystallography¥6). The a-subunit catalyzes the
carbamate tunnel with even greater efficiency. The mutant cleavage of indole 3-glycerol phosphate (IGP) to indole and
A23L/G575A displayed a moderate change in catalytic glyceraldehyde 3-phosphate (G3P), whereasfdsaibunit
properties where the rate of carbamoyl phosphate synthesisatalyzes the condensation of indole and serdifg Transfer
decreases by a factor of2 relative to that of the A23L  of indole from thea-subunit to theS-subunit through a
mutant (Table 2). The A23L/G575S mutant had a substantial molecular tunnel that is 25 A in length has been experimen-
turnover of ATP, but the carbamoyl phosphate synthesis ratetally supported by kinetic characterization of channel-
decreased by more than 40-fold relative to that of the wild- impaired mutants, where Cys-170 was modified to the bulkier
type enzyme. Finally, in the case of the A23L/G575L mutant, phenylalanine §C170F) or tryptophan3C170W) (18). In
the carbamoyl phosphate synthesis rate is undetectable bupC170F, the channeling rate of indole decreased by more
the rate of the turnover of ATP is reduced by a factor of than 1 order of magnitude whereas communication between
only 3 compared to that of the wild-type protein. The ratio the o- and S-subunits appeared to be operative. However,
of the glutamine-dependent ATPase rate to the carbamoylin the SJC170W mutant, the channeling rate was reduced
phosphate synthesis rate is 13, 60, &R60 for the three  more than 1000-fold and the intersubunit coupling became
double mutants. With the A23L/G575L mutant, the catalytic impaired.
machinery at all three active site works reasonably well but  Glutamine phosphoribosylpyrophosphate amidotransferase
no carbamoyl phosphate is made. However, it should be (GPATase) has a molecular tunnel for facilitating the
noted that the value dé./Kn for the A23L/G575L mutant  transport of ammonia from the glutamine domain to the
in the partial back reaction has been reduced by a factor of PRPP domain, which are 20 A apat). Binding of PRPP
~75, relative to that of the wild-type enzyme. This reduction |owers theK,, for glutamine 100-fold, and increas®ax

in catalytic efficiency is larger than the product of the approximately 3-fold20). Interestingly, the existence of the
observed effects for the two single-site mutants. The distancemolecular tunnel appears to be transient, unlike CPS and

between thex-carbons of A23 and G575 is9.5 A, and tryptophan synthase. The enzyme exists either iropen
thus, there may be some cooperative interference uponconformation where the two active sites are approximately
mutation of both sites simultaneously. Nevertheless, these16 A apart and mostly solvent accessible or ilased
results are fully consistent with the effective blockage of the conformation, which is an active form of the enzym@<
tunnel for the passage of carbamate from one active site t021). Binding of PRPP triggers a conformational change from
the next. an open conformation to the closed one by closing a flexible
Although the steady-state rate constants for some of theloop in the PRPP domain, which forms the ammonia tunnel.
mutants described in this study do not appear to differ The kinetic characterization of the molecular tunnel has been
significantly from that of the wild-type enzyme, the micro- achieved through construction lebkytunnel mutants, where
scopic rate of carbamate transfer through the tunnel may havean amino acid lining the ammonia tunnel has been altered
been substantially reduced. The decreased rate of migratiorto one that has a smaller side chain resulting rokein the
may have been masked by a slower rate-determining stepwall of the tunnel. These mutants release ammonia into the
which has not been clearly identified for the wild-type CPS bulk solvent and reduce the rate of synthesis of PRA within
(14). A crude estimate of the rate constant for a one- the PRPP domair2(). In GPATase, channeling efficiency
dimensional diffusion of carbamate through a 31 A tunnel is closely related to interdomain signal transduction since
is 3 x 10* s71 (15). If this estimate is close to reality, then most of the leaky mutants exhibited a high&g, for
the blockage of the carbamate tunnel will not be able to be glutamine.
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