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ABSTRACT: The onlycis-proline residue inEscherichia coliaspartate transcarbamoylase has been replaced
by alanine using site-specific mutagenesis. The Pro268fAla enzyme exhibits a 40-fold reduction in enzyme
activity and decreased substrate affinity toward carbamoyl phosphate and aspartate compared to the
corresponding values for the wild-type enzyme. The concentration of the bisubstrate analogueN-
phosphonacetyl-L-aspartate (PALA) required to activate the mutant enzyme to the same extent as the
wild-type enzyme is significantly increased. The heterotropic effects of ATP and CTP upon the Pro268fAla
enzyme are also altered. Crystal structures of the Pro268fAla enzyme in both T- and R-states show that
the cis-peptidyl linkage between Leu267 and Ala268 is maintained. However, the tertiary structure of
both the catalytic and regulatory chains has been altered by the amino acid substitution, and the mobility
of the active-site residues is increased for the R-state structure of Pro268fAla enzyme as comparison
with the wild-type R-state structure. These structural changes are responsible for the loss of enzyme activity.
Thus, Pro268 is required for the proper positioning of catalytically critical residues in the active site and
is important for the formation of the high-activity high-affinity R-state ofE. coliaspartate transcarbamoylase.

The peptide bond (C-N) in proteins is rigid and planar.
The hydrogen of the amino group is nearly always located
opposite to the oxygen of the carbonyl group, in the trans
configuration (1), whereas the cis configuration of peptide
bonds rarely occurs in proteins due to the steric conflicts
with adjacent amino acid residues (2, 3). In the survey of
structures deposited in the Protein Data Bank, 0.05% of the
amide (X-non Pro) bonds are cis, while the occurrence of
cis imide (X-Pro) peptide bonds is more frequent, at 6.5%
(2). Proline is unique among the amino acids with its five-
membered ring. Comparing the spatial conformation of cis
and trans bonds, the atoms of the proline residue adjacent
to theR-carbon of the preceding residue are quite similar in
either configuration. In addition, the energy barrier for the
trans to cis isomerization is about 13 kcal/mol for imide
bonds, significantly lower than about 20 kcal/mol for amide
bonds (4). Structurally, proline in the cis conformation allows
unusual main-chain conformations, usually forming the
classic type VIa and VIb turns as described by Lewis et al.
(5). However, the functional significance of proline in the
cis conformation is unclear.

Aspartate transcarbamoylase fromEscherichia coli(EC
2.1.3.2) is an allosteric enzyme which catalyzes the com-
mitted step in the biosynthesis of pyrimidines. It catalyzes
the transcarbamoylation reaction betweenL-aspartate and
carbamoyl phosphate to formN-carbamoyl-L-aspartate and
inorganic phosphate (6, 7). The E. coli enzyme exhibits a
sigmoidal saturation curve for aspartate indicating coopera-
tive aspartate binding. The enzyme is also heterotropically
regulated. CTP, the end-product of the pyrimidine pathway,
inhibits the enzyme; UTP inhibits the enzyme synergistically
in the presence of CTP; while ATP, the end-product of the
parallel purine pathway, activates the enzyme (8-10).

The E. coli holoenzyme (Mr 310 000) is a dodecamer,
composed of two catalytic trimers (Mr 33 000 for each chain)
and three regulatory dimers (Mr 17 000 for each chain). The
catalytic chain is composed of two structural domains, the
aspartate domain (Asp) and the carbamoyl phosphate domain
(CP),1 which are involved in the binding of aspartate and
carbamoyl phosphate, respectively. The regulatory chain is
also composed of two domains, the allosteric (Al) and the
zinc domains, which are involved in the binding of the
allosteric effectors and zinc, respectively (see Figure 1).

The enzyme exists in at least two structural and functional
states. In the absence of substrates, the enzyme exists in a
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low-activity low-affinity state (T-state), which is converted
into a high-activity high-affinity enzyme (R-state) upon the
binding of substrates or certain substrate analogues. The
structural and functional properties of aspartate transcar-
bamoylase have been reviewed in detail (11-15).

E. coli aspartate transcarbamoylase has one cis-peptide
bond in each of the catalytic chains, between Leu267 and
Pro268. Besides theE. coli enzyme, the crystal structure of
B. subtilis enzyme has also been solved (16). However,
because of the low resolution of the structure (3.0 Å), only
the positions of theR-carbon atoms were deposited in the
Protein Data Bank (code 2AT2), and therefore, the confor-
mation of the equivalent proline residue is unknown. This
proline residue is not only conserved in all the known
aspartate transcarbamoylases but also in the partially ho-
mologous enzyme ornithine transcarbamoylase. Both en-
zymes catalyze a similar transcarbamoylation reaction and
have high sequence homology (17, 18). In the ornithine
transcarbamoylases, the equivalent proline is located in an
absolutely conserved HCLP sequence motif (19), and is in
the cis conformation in all known crystal structures of these
enzymes (20-23) (with PDB code 1ORT, 1AKM, 1A1S,
and 1OTH, respectively).

Thecis-proline, residue 268, inE. coli aspartate transcar-
bamoylase is located at the active site. The carbonyl oxygen
of the preceding residue, Leu267, interacts with the nitrogen
of the bisubstrate analogueN-phosphonacetyl-L-aspartate
(PALA) (24-26) bound in the active site, and several active-
site residues interact with the ring of thecis-proline. The
equivalentcis-proline residue is located in a similar environ-
ment in the crystal structures ofE. coli (27) and human
ornithine transcarbamoylase (23) liganded with its bisubstrate
analogueN-phosphonacetyl-L-ornithine.

In this work, Pro268 ofE. coli aspartate transcarbamoylase
has been replaced by alanine using site-specific mutagenesis

to investigate the functional role of thiscis-proline residue.
Alanine was chosen because it has the smallest side chain
among the chiral amino acids. Replacement of othercis-
proline residues has produced either acis-nonproline peptide
bond (28, 29) or isomerization to a trans conformer with
changes in the local backbone conformation (30). The only
crystal structure of acis-proline to alanine mutant reported
is for human carbonic anhydrase II (28). The cis-peptidyl
linkage was retained in thecis-Pro202fAla mutant of
carbonic anhydrase and the CO2 hydrase activity and affinity
for sulfonamide inhibitors were virtually identical to those
of the wild-type enzyme.

Here we report a kinetic characterization of the Pro268fAla
mutant of E. coli aspartate transcarbamoylase as well as
crystal structures of the mutant enzyme in the unligated
T-state and in the PALA ligated R-state.

EXPERIMENTAL PROCEDURES

Materials.Agar, ampicillin, ATP, CTP, carbamoyl phos-
phate, N-carbamoyl-L-aspartate, 2-mercaptoethanol, poly-
(ethylene glycol) 1450, potassium dihydrogen phosphate, and
uracil were obtained from Sigma Chemical Co. Q-Sepharose
Fast Flow resin, ampicillin, Tris, restriction endonucleases,
Thermo Sequenase radiolabeled terminator cycle sequencing
kit, and T4 DNA ligase were obtained from Amersham
Pharmacia Biotech. QIAprep Spin Plasmid kit was purchased
from Qiagen, Inc., and Geneclean Spin kit was purchased
from BIO 101 Inc. Sodium dodecyl sulfate was purchased
from Bio-Rad Laboratories. Carbamoyl phosphate dilithium
salt, obtained from Sigma, was purified before use by
precipitation from 50% (v/v) ethanol and was stored desic-
cated at-20 °C (8). Casamino acids, yeast extract, and
tryptone were obtained from Difco. Enzyme-grade am-
monium sulfate and electrophoresis-grade acrylamide were
purchased from ICN Biomedicals. Antipyrine was obtained
from Kodak. The DNA oligomer used for the mutagenesis
was purchased from Operon Technologies, Inc.

Site-Specific Mutagenesis.The Pro268 to alanine mutant
of E. coli aspartate transcarbamoylase was constructed by
introducing specific base changes in thepyrB gene using
the Kunkel method (31, 32). The uracil-containing single-
stranded DNA required was obtained by infection ofE. coli
strain CJ236 containing the phagemid pEK152 (33) with the
helper phage M13K07 (34). Selection of the mutations was
performed directly by double-strand dideoxy sequencing (35).

Recloning and Confirmation of the Mutations.After the
mutation was verified, a DNA fragment containing the
mutation was removed with the restriction enzymesBstEII
andBglII and inserted into the plasmid pEK54 (36) that had
the corresponding section of the wild-type gene removed.
Following construction of the plasmid (pEK412 for
Pro268fAla), the region inserted into pEK154 was se-
quenced to verify that only the mutation at position 268 had
occurred.

Purification of the Wild-Type and Pro268fAla Enzymes.
The wild-type and mutant enzymes were isolated as described
by Nowlan and Kantrowitz (37) from E. coli strain EK1104
containing pEK2 (38) and pEK412, respectively. The purity
of the enzyme was judged by SDS-PAGE (39) stained with
Coomassie Blue.

Determination of Protein Concentration.The concentration
of pure wild-type enzyme was determined by absorbance

FIGURE 1: Schematic representation of the quaternary structure of
aspartate transcarbamoylase viewed down the 3-fold axis (55). The
six catalytic (C) and regulatory (R) chains are numbered. Catalytic
chains C1-C2-C3 and C4-C5-C6 correspond to the two catalytic
subunits, while the regulatory chains R1-R6, R2-R5, and R3-
R6 correspond to the three regulatory subunits. Each catalytic chain
is composed of an aspartate (Asp) and a carbamoyl phosphate (CP)
domain. Each regulatory chain is composed of an allosteric (Al)
and a zinc (Zn) domain.
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measurements at 280 nm with an extinction coefficient of
0.59 cm2/mg. The protein concentration of the mutant
enzyme was determined by the Bio-Rad version of Brad-
ford’s dye-binding assay using the wild-type enzyme as
standard (40).

Aspartate Transcarbamoylase Assay.The aspartate trans-
carbamoylase activity was measured at 25°C by the
colorimetric method in 0.05 M Tris-acetate buffer, pH 8.3
(41).

Crystallization.Crystals of the T-state Pro268fAla mutant
were obtained by the hanging-drop method. Single crystals
were obtained by mixing 24 mg/mL of the Pro268fAla
enzyme, in a 1:1 ratio (v/v), with a solution of 14% (w/v)
PEG 1450 and 20 mM Hepes, pH 7.0. The rhombohedral
crystals, which took about 1 month to grow at 20°C, were
about 0.6× 0.6 × 0.3 mm3.

The R-state crystals were grown in dialysis buttons using
an enzyme concentration of 7.5 mg/mL submerged in buffer
containing 1 mM PALA, 20 mM maleic acid, and 3 mM
sodium azide at pH 5.75, similar to the condition described
by Ke et al. (25). The rodlike crystals, 1.6× 0.6× 0.6 mm3

in size, formed overnight at 20°C. The morphology of the
crystals was very sensitive to pH. A difference of only 0.02
pH determined whether nicely formed single crystals or
twined crystals were obtained.

Data Collection and Structure Refinement.The diffraction
data were collected at room temperature at the crystal-
lographic facility in the Chemistry Department of Boston
College on two multiwire area detectors from Area Detector
Systems mounted on a Rigaku RU-200 rotating anode
generator operated at 50 kV and 150 mA. A DEC-Alpha
3300 computer controlled the data collection. Diffraction data
were processed by software provided by Area Detector
Systems (42).

The initial model for the T-state structure of the
Pro268fAla enzyme was derived from the coordinates of
the wild-type structure ofE. coli aspartate transcarbamoylase
in space groupR32, kindly provided to us by Drs. Nolte
and Lipscomb. The initial model for the R-state structure
was the structure of theE. coli enzyme with PALA bound
determined to 2.1 Å (26). All of the water molecules in the
initial models were removed. The refinements were carried
out on Silicon Graphics Indigo II computers at Boston
College using IMPLOR (PolyVision, Inc. Hopedale, MA),
a Korn shell script driven program which automates the
refinement steps running on XPLOR (43). IMPLOR works
by setting the desired number of test sets (in our case four)
to monitorRfree at all stages of the refinement. One data set
was used for one particular step to avoid overfitting and the
refinement step is accepted only if theRfree decreases and
the difference betweenR andRfree does not increase. Water
molecules are automatically added in IMPLOR from the
difference map. New water molecule positions are derived
and accepted if they are at a reasonable hydrogen-bonding
distance with other atoms in the model. Water molecules
with temperature factors higher than 79.9 were deleted.

After each round of refinement, the model was checked
and manually corrected against the 2Fo - Fc andFo - Fc

maps using the program O (44) and for stereochemical
consistency with PROCHECK (45). Refinement was con-
sidered complete when theRfree could not be reduced further.
The X-ray diffraction data and refinement statistics are

summarized in Table 1. The final structure of the T-state
Pro268fAla enzyme has 246 water molecules withR-factors
18.2/24.2% (Rwork/Rfree), while the R-state Pro268fAla
structure has 1012 water molecules withR-factors 19.6/
23.2% (Rwork/Rfree).

Structure Comparisons.The method for comparing the
mutant structures with PDB deposited T (PDB code 6AT1)
and R (PDB code 1D09) structures of aspartate transcar-
bamoylase has been described in detail by Jin et al. (26).
The planar angles were calculated in QUANTA (Biosym/
MSI) by using three points, namely the centers of gravity of
two domains of a structure and a carefully chosen hinge.

RESULTS

Steady-State Kinetics of the Wild-Type and Pro268fAla
Enzymes.The replacement of Pro268 with alanine of the
catalytic chain of aspartate transcarbamoylase results in a
40-fold reduction in the observed maximal velocity as
compared to the wild-type enzyme. The aspartate concentra-
tion at half of the maximal velocity, [Asp]0.5, is increased
by 15-fold, while the carbamoyl phosphate concentration at
half of the maximal velocity, [CP]0.5, is increased by 18-
fold. In addition, the aspartate cooperativity, as measured
by the Hill coefficient (nH) is reduced significantly from
nH ) 2.8 for the wild-type tonH ) 1.6 for the Pro268fAla
enzyme. A complete summary of the kinetic parameters is
given in Table 2.

Comparison of the PALA Effect on the Wild-Type and
Pro268fAla Enzymes.At subsaturating concentrations of
aspartate and saturating concentrations of carbamoyl phos-
phate, low concentrations of PALA activate the enzyme. This
activation is due to the PALA-induced shift of the enzyme

Table 1: Data Collection and Refinement Summary of the T-state
and R-state of Pro268fAla Enzyme

T-state R-state

data collection
resolution (Å) 2.7 2.3
space group R3 P321
unit cell (Å) a ) b ) 129.87 a ) b ) 122.11

c ) 198.34 c ) 156.21
Rmerge

a (%) 7.3 6.8
completeness (%) 99.9 97.8
unique reflections 34 422 58 790
redundancy 3.2 4.4

refinement
resolution (Å) 8-2.7 8-2.3
sigma cutoff (σ) 2 2
reflections 29 421 57 236
non-hydrogen protein atoms 7230 7230
water molecules 246 1012
averageB (main chain/side

chain, Å2)
A chain 22.5/25.7 26.4/28.5
B chain 44.6/46.9 48.3/51.2
C chain 22.5/26.2 20.7/23.0
D chain 44.5/46.5 48.1/51.5

R-factor (%)
Rwork 18.2 19.6
Rfree 24.2 23.2

RMS deviations from ideal
bonds (Å) 0.012 0.013
angles (deg) 1.86 1.74
dihedrals (deg) 25.6 25.3
improper (deg) 1.57 1.69

a Rmerge ) ΣhklΣi|Imean - Ii|ΣhklΣiI i.
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from the low-activity low-affinity T-state to the high-activity
high-affinity R-state. However, at higher concentrations of
PALA, the activation is reduced due to competitive binding
of PALA to the active sites. The shape of the PALA
saturation curve for the Pro268fAla enzyme is very similar
to that for the wild-type enzyme (data not shown), with an
initial activation of the enzyme activity at low PALA
concentrations followed by inhibition of the enzyme activity
at high PALA concentrations. The maximal activation
induced by PALA is very similar for the wild-type and the
Pro268fAla enzymes; however, the concentration of PALA
necessary to maximally activate the Pro268fAla enzyme
is increased by 233-fold as comparing to that for wild-type
enzyme. The increased concentration of PALA necessary to
maximally activate the Pro268fAla enzyme indicates a
significantly reduced affinity for the bisubstrate analogue.

ATP and CTP Effect on the Wild-Type and Pro268fAla
Enzymes.The replacement of Pro268 by alanine of the
catalytic chain also alters the response of the enzyme to the
allosteric regulators, ATP and CTP (Figure 2). Although the
shape of the activation or inhibition curves are very similar,
ATP activates the Pro268fAla enzyme to a lesser extent,
and CTP inhibits the Pro268fAla enzyme to a greater extent
than the wild-type enzyme.

Confirmation of the Pro268fAla Mutant at Residue 268.
Figure 3 shows theFo - Fc omit map for the C1 chain of
the P268A•R structure. The map was calculated with
XPLOR by omitting residues 267-269. Thecis-peptidyl
linkage is maintained between Leu267 and Ala268 in the
P268A•R structure even though Pro268 has been replaced
by Ala. The electron density at residue 268 also confirmed
that this position was mutated to alanine. Similar results were
also observed in the C6 chain of the P268A•R structure
and both the C1 and C6 chains of the P268A•T structure
(data not shown).

Main-Chain Comparison between the Pro268fAla and
Corresponding Wild-Type Structures.The overall structure
of the R-state Pro268fAla enzyme was highly similar to
that of the R-state structure of the wild-type enzyme (PDB
code 1D09), both determined in space groupP321. To
compare these two structures in more detail, each of the
domains in the two independently determined catalytic and
regulatory chains (C1:R1 and C6:R6) were superimposed
separately. Only theR-carbon coordinates were selected for

comparison, with loop and turn regions excluded due to their
flexible nature and the significant variations between struc-
tures. The corresponding RMS deviations are reported in
Table 3. The CP domains have the least structural divergence
while the allosteric domains have the most.

A similar comparison was made for the T-state Pro268fAla
structure in space groupR3 and the wild-type structure (PDB
code 6AT1) in space groupP321. The RMS deviations
between these two structures are 2-fold larger than the
corresponding deviations of the R-state structures (see Table
3).

Table 2: Kinetic Parameters for the Wild-Type and Pro268fAla
Enzymesa

enzyme
maximal velocityb

(mmol/h‚mg)
[Asp]0.5

c

(mM) nH

[CP]0.5
d

(mM)

wild-type 19.6 11.6 2.8 0.2
Pro268fAla 0.5 171.8 1.6 3.6

a The kinetic reactions for the wild-type and the Pro268fAla
enzymes were carried out at 25°C in 50 mM Tris-acetate buffer, pH
8.3. For the aspartate saturation curves, carbamoyl phosphate was at a
saturating concentration, 5 mM for wild-type enzyme, and 15 mM for
the Pro268fAla enzyme. For the carbamoyl phosphate curves, aspartate
was at a saturating concentration, 30 mM for wild-type enzyme and
375 mM for Pro268fAla enzyme.b Maximal observed specific activity
is measured in units of mmole of carbamoyl aspartate formed per hour
per milligram of enzyme.c [Asp]0.5 is the aspartate concentration at
half of the maximal observed specific activity.d [CP]0.5 is the carbamoyl
phosphate concentration at half of the maximal observed specific
activity.

FIGURE 2: Influence of (A) ATP and (B) CTP on the activity of
the wild-type (O) and Pro268fAla (0) enzymes. Colorimetric
assays were performed at 25°C in 50 mM Tris-acetate buffer, pH
8.3 at half of the [Asp]0.5 for the respective enzyme (6 mM for the
wild-type enzyme and 85 mM for the mutant enzyme) and a
saturating concentration of carbamoyl phosphate (4.8 mM for the
wild-type enzyme and 15 mM for the mutant enzyme). Error bars
correspond to the standard deviation.

Table 3: Individual Domain Alignments between the Pro268fAla
and Wild-Type Structuresa

RMS1 Deviations(Å),R-carbons
catalytic

chain/state CP domain Asp domain

C1/R 0.25 0.30
C1/T 0.47 0.52
C6/R 0.21 0.23
C6/T 0.49 0.54

regulatory
chain/state allosteric domain zinc domain

R1/R 0.59 0.32
R1/T 0.87 0.49
R6/R 0.46 0.35
R6/T 1.04 0.48

a The R-state structure of the Pro268fAla enzyme is compared to
the PDB file 1D09, while the T-state structure of Pro268fAla enzyme
is compared to the PDB file 6AT1. In the calculation of the RMS
deviation, the following range of residues (only CR atoms) was used:
CP domain, 5-32, 37-74, 87-140, 292-305; Asp domain, 141-
231, 248-269, 273-291; Allosteric domain, 15-48, 56-100; Zn
domain, 101-128, 134-149. Because of their relative mobility, the
N- and C-termini as well as loop regions were not included in these
calculations.
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Geometrical and Conformational Analysis for the Struc-
tures of Pro268fAla and Wild-Type Enzymes.To compare
the wild-type and mutant structures in more detail, the planar
angle between domains was calculated (26). The planar angle
represents the degree to which two domains are open. The
planar angles between all pairs of domains have been
calculated, as described in the Experimental Procedures, and
are presented in Table 4. The angles between the CP and
Asp domains for both the R-state structures (P268A•R and
1D09) are smaller than the corresponding angles in the
T-state structures (P268A•T and 6AT1). The angles between
CP and Asp domains are greater in the P268A•T structure
than in the 6AT1 structure for both the C1 and C6 chains.
In the R-state structures, the angles between CP and Asp
domains for C1 and C6 are less symmetric in the P268A•R
structure than in the wild-type 1D09 structure. The angles
between the CP and Zn domains are highly similar in all
structures. The angle between the CP and Zn domains is more
open in C1:R1 than in C6:R6 in 6AT1, but less open in
P268A•T. The angles between the Zn and Al domains are
also different for the mutant and wild-type structures. These
domains are less open in the P268A•T structure than in the
6AT1 structure, while the P268A•R structure exhibits a
larger opening in the R1 chain and a similar opening in the
R6 chain when compared to the 1D09 structure. The angles
between the two Al domains are slightly smaller in the two

mutant structures than in the corresponding wild-type
structures (see Table 4).

PALA-Binding Site in P268A•R and 1D09 Structures.The
active sites of aspartate transcarbamoylase are located at the
cleft between CP and Asp domains at the interface with an
adjacent catalytic chain. Residues that interact with PALA
include Thr53, Arg54, Thr55, Arg105, His134, Arg167,
Arg229, Gln231, and Leu267 along with Ser80 and Lys84
from the adjacent catalytic chain. The mutation of Pro268
to alanine changed the tertiary structure of the enzyme-
inhibitor complex. In the P268A•R structure, the PALA
molecule moved further away from the helix that contains
residues 52-55 and closer to the loop containing Leu267.
These changes are shown in Figure 4, when the atoms of
the PALA molecule were aligned. There was also a shift
and rotation of the active site residues in P268A•R
compared with those in 1D09.

EnVironment Around Residue 268.As shown in Figure 4,
the location of Pro268 is critical for catalysis. Pro268 is next
to Leu267, an active-site residue that interacts with the
nitrogen atom of PALA through its carbonyl group. The
guanidino group of Arg54 interacts with the side chain of
Glu86 from an adjacent chain. The side chains of both
residues pack against one side of the ring of Pro268, while
the side chain of Arg229 is located on the other side. The
side chain of Lys84 from an adjacent chain is parallel to the
ring of Pro268 against the side of the ring. Arg229 interacts
with both Pro268 and Lys84. Ser80 is on the other side of
Lys84 relative to Arg229, not far from Pro268. Shown in
Table 5 is a comparison of the distances of these intricately
related residues in the P268A•R and 1D09 structures. When
Pro268 is mutated to alanine, many of these interactions are
lost due to the elimination of the ring, and the distances
between different atoms around residue 268 also change.

B-Factors Comparison for P268A•R and 1D09. B-Factors
reflect the mobility of atoms, atoms with higherB-factors
have higher mobility than those with lowerB-factors. Table
6 lists the averageB-factors for main-chain and side-chain
atoms for each chain in the P268A•R and 1D09 structures.
As expected the main-chain atoms have lowerB-factors than
the side-chain atoms. The averageB-factors of the atoms of

FIGURE 3: Stereodiagram of the simulated-annealing-omit electron density map in the 268 region of the P268A•R structure. Superimposed
on the omit map are the structural models for the P268A•R (thick line) and wild-type (thin line) enzymes. The map was calculated from
the final model with residues 267-269 omitted and contoured at 1σ. The electron density map for the P268A•R structure confirms that
residue 268 was mutated to alanine. Note that the general shape of the loop in the wild-type and mutant structures is very similar.

Table 4: Planar Angle Comparison for the Structures of the
Pro268fAla and the Wild-Type Aspartate Transcarbamoylasesa

planar angles between domainsa (deg)
domains in

comparisona 6AT1 P268A•T 1D09 P268A•R

Asp1-CP1 134.1 138.5 127.7 129.4
Asp6-CP6 135.7 137.0 128.4 125.9
CP1-Zn1 111.2 110.1 111.2 111.5
CP6-Zn6 111.3 109.8 110.8 112.2
Zn1-Al1 105.6 100.1 104.6 107.0
Zn6-Al6 105.6 101.7 103.2 103.1
Al1-Al6 153.3 152.7 155.8 155.0
a The number after the domain name corresponds to the particular

chain in the asymmetric unit.b See Experimental Procedures section
for definition of the planar angle.
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the catalytic chains in the two structures are very similar
while the averageB-factors of the atoms are lower in the
P268A•R structure for the regulatory chains. The average
B-factor for all atoms of the P268A•R structure is 32.97
Å2, slightly lower than 35.00 Å2 for the 1D09 structure. Also
shown in Table 6 is a comparison of theB-factors for the
residues in the active site including Ser52-Thr55, Ser80,
Lys84, Arg105, His134, Arg167, Arg229, Gln231, and
Pro266-Arg269. For these residues, theB-factors for the
main-chain atoms are higher than the side-chain atoms. The
averageB-factors for the chosen atoms of the P268A•R
structure are 5 Å2 higher than that of the 1D09 structure.

DISCUSSION

The occurrence of acis-peptidyl linkage is rather uncom-
mon in proteins (2). However, in all known crystal structures
of both aspartate and ornithine transcarbamoylases, the
conserved residue Pro268 exists in the cis conformation. As
seen in Figure 4, Pro268 is located close to the active site,
and therefore, it was of interest to determine if the cis

configuration of this amino acid is important for either
structural stabilization or the function of aspartate transcar-
bamoylase.

When Pro268 is mutated to alanine, the functional proper-
ties of the enzyme are dramatically altered. Catalytic activity
decreases 40-fold, and the affinity of the enzyme for both
of its substrates as well as the bisubstrate analogue PALA
is decreased substantially (see Table 2). Homotropic coop-
erativity is reduced but not eliminated as verified by the
ability of inhibitor PALA to activate the mutant enzyme to
the same extent as the wild-type enzyme. These results
indicate that the alanine substitution at position 268 does
not hinder the ability of the mutant enzyme to undergo the
allosteric transition from the T to the R-state; however, the
Pro268fAla enzyme requires a 233-fold higher concentra-
tion of PALA to achieve maximal activation, indicating the
mutation has induced a significant loss of affinity for this
analogue. The dramatic decrease in catalytic activity as well

FIGURE 4: Superposition of the C1 chain active-site between the P268A•R (thick line) and the wild-type enzymes (thin line) in the R-state
with PALA bound. Residues labeled with an asterisk (*) come from an adjacent catalytic chain. For the figure, the PALA molecules in the
two structures were superimposed. Although the general shape of the loop containing residue 268 did not change, the relative positions of
some of the active-site residues that interact with PALA are shifted and rotated a little between the two structures.

Table 5: Comparison of Distances for Residues Surround Residue
268 in the P268A•R and 1D09 Structures

C1 distance (Å) C6 distance (Å)

atom atom 1D09 P268A•R 1D09 P268A•R

268•N Arg54•CZ 4.41 4.70 4.04 3.96
268•CB Arg229•CD 5.11 4.89 4.62 5.06
Pro268•CG Arg229•CD 3.95 4.52
268•CB Lys84•CB 4.50 4.50 4.43 4.37
Pro268•CG Lys84•CD 3.71 3.60
Pro268•CD Lys84•CD 3.81 3.91
268•CB Ser80•CB 4.44 4.48 4.68 4.65
Pro268•CG Ser80•CB 4.09 3.73
268•CB Glu86•CD 3.34 3.57 3.78 3.20
Pro268•CD PALA•C5 4.17 3.93
Arg229•CZ Lys84•CD 3.54 3.87 3.57 3.67
Ser80•CB Lys84•CD 3.98 3.74 4.21 3.99
Lys84•NZ PALA•N1 4.03 3.84 4.08 4.09

Table 6: Comparison of theB-Factors for the P268A•R and
Wild-Type R-State Structures

chain name P268A•R 1D09

averageB-factors of the atoms for each chain (Å2)
(main chain/side chain)

C1 26.35/28.49 25.07/28.46
C6 20.71/23.05 20.22/23.82
R1 48.19/51.29 52.56/59.38
R6 47.99/51.56 54.26/59.65
overall 31.65/34.36 32.81/37.29
all protein atoms 32.97 35.00

averageB-factors for the residues at the active sitea (Å2)
(main chain/side chain)

C1 19.27/18.11 14.57/11.63
C6 17.03/14.79 11.93/10.10
overall 18.19/16.51 13.30/10.90
all atoms 17.29 12.00

a The residues at the active site included Ser52-Thr55, Ser80, Lys84,
Arg105, His134, Arg167, Arg229, Gln231, and Pro266-Arg269.
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as the affinity of the enzyme for its substrates suggests that
the replacement of Pro268 by alanine is causing structural
alterations.

To determine if the replacement of Pro268 by alanine
causes alterations to either the tertiary or quaternary structure
of aspartate transcarbamoylase, the three-dimensional struc-
ture of the Pro268fAla enzyme was determined in the
absence and presence of PALA. As seen in Figure 3, the
cis-peptidyl linkage is still preserved between Leu267 and
Ala268. The conformation of the loop containing thecis-
peptidyl linkage is essentially the same in both the mutant
and wild-type structures (Figure 4). The retention of the
conformation of this loop suggests that the intra- and
intermolecular interactions around residue 268 play an
important role in stabilizing the cis conformation.

The strategically important location of cis Pro268 within
the active-site area suggests that even subtle alterations in
the local environment of this region may dramatically
influence the function of the enzyme. The cis conformation
at this location is a necessary requirement to orient the loop
in this region so that the main-chain nitrogen atom of Leu267
is directed toward the active site for the binding of substrates.
Pro268 also maintains the integrity of the active site by
interacting with Arg229, Arg54 of the same chain and Lys84,
Ser80, and Glu86 of the adjacent chain (Figure 4). As has
been determined by site-specific mutagenesis experiments,
these active-site residues are essential for substrate binding
and/or enzyme activity. Arg229 interacts with the substrate
aspartate and also stabilizes Lys84 from a neighboring
catalytic chain. Substitution of Arg229 by Ala decreases
enzyme activity by 10 000-fold and the affinity for aspartate
by 2-fold (46). When Arg54 was replaced by alanine, the
resulting mutant enzyme exhibited an approximately 17 000-
fold reduction in enzyme activity with little change in
substrate affinity (47).

Mutation of Pro268 to alanine does not alter the general
conformation of the loop containing residue 268. However,
the loss of the interactions between the ring of Pro268 and
residues within the active site results in a decrease in the
stability of these residues in the R-state mutant structure as
compared to the wild-type structure (see Table 5). This is
reflected by the 5 Å2 increase in the averageB-factors for
the atoms of the active-site residues in the mutant structure
when compared to the averageB-factors for the atoms of
the active-site residues in the 1D09 structure (Table 6). A
similar decrease in stability was reported for the Pro202 to
alanine mutant of carbonic anhydrase II (28), although the
mutation did not alter the hydrase activity of the enzyme.
Increasing the mobility of the active-site residues in the
Pro268fAla mutant may be one factor for the observed
decrease in substrate affinity and enzyme activity. Thus,
proline at residue 268 is most likely required for properly
positioning the active-site residues to achieve high activity
and high substrate affinity.

The replacement of Pro268 by alanine may also alter the
ability of Lys84 to function in catalysis. Upon the basis of
the 1D09 structure, Jin et al. (26) modeled the transition state
into the R-state structure of the enzyme. This transition-state
model suggests that theε-amino group of Lys84 acts as a
base to accept the proton from the amino group of aspartate
as the tetrahedral intermediate is formed (26). The change
in the character of the peptide bond due to the Pro268 to

Ala substitution results in a charge redistribution, which
would result in an alteration in the polarity of the carbonyl
oxygen. This oxygen was found to be important for binding
and polarization of the tetrahedral transition state (26).
Furthermore, the closeness of theε-amino group of Lys84
to the cis peptidyl bond may also influence its pKa.
Alterations to either the position or pKa of ε-amino group of
Lys84 would influence both catalysis, substrate, and PALA
binding as is observed for the Pro268fAla enzyme.

As has been well established, the tertiary and quaternary
structural changes are crucial for the activity and regulatory
properties of aspartate transcarbamoylase. The catalytic
mechanism for the transcarbamoylase reaction is ordered with
carbamoyl phosphate binding before aspartate andN-
carbamoyl-L-aspartate leaving before phosphate (48). Evi-
dence from small-angle X-ray solution scattering (49) as well
as ultraviolet (50) and circular dichroism spectroscopy (51)
indicates that the binding of carbamoyl phosphate induces
local conformational changes priming the binding site of
aspartate, while the binding of aspartate results in the large
quaternary conformational change. During the quaternary
conformational change, the enzyme undergoes a significant
expansion along the 3-fold axis amounting to approximately
11 Å. Along with this expansion along the 3-fold axis, the
upper and lower catalytic subunits rotate about the 3-fold
axis and the regulatory subunits rotate about their respective
2-fold axes. In addition to these quaternary conformational
changes, there are also alterations in the relative positions
of the domains of both the catalytic and regulatory chains.
The CP and Asp domains of the catalytic chain and Al and
Zn domains of regulatory chain undergo domain closure,
while the two allosteric domains of the adjacent regulatory
chains undergo domain opening (see Table 4, 6AT1 and
1D09). The single point mutation at residue 268 does not
alter the ability of the enzyme to undergo the structural
transition from the T to the R-state. The P268A•T and
P268A•R structures are overall similar to the corresponding
T and R-states of the wild-type enzyme, with just relatively
small alterations of individual side chains and small move-
ments of the domains. A comparison of the T-state structures
of the mutant and wild-type enzymes reveals that there are
structural changes within each domain (Table 3) and in the
relative positions of the domains (Table 4, 6AT1 and
P268A•T). These differences may come from different
crystal-packing environments arising from the different space
groups of the wild-type and mutant structures. Without a
T-state crystal structure in theR3 space group, it is
impossible at this point to distinguish the different contribut-
ing sources. For the R-state structure, the differences between
P268A•R and 1D09 structures are caused by the mutation,
since they are crystallized under the same conditions and in
the same space group. The conformation of each domain is
very similar for the R-state structures of the mutant and wild-
type enzymes. The RMS deviations reported in Table 3 are
comparable to the values obtained when two wild-type
aspartate transcarbamoylase structures with PALA bound are
compared (26). However, the tertiary structure of the mutant
enzyme has considerable changes in regard to the relative
positions of the domains with respect to one another. As
shown in Table 4, the angle between the CP and Asp domains
is more open in C1 and less open in C6 of the mutant
structure compared to the wild-type structure, while the angle
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between the Al and Zn domains is more open in the R1 chain
of the mutant structure. Thus, the asymmetry between C1:
R1 and C6:R6 is increased by the mutation of residue 268.
As stated above, the relative locations of domains are critical
for the activity of the enzyme. These tertiary structure
changes result in changes in the orientation and the distance
between active-site residues to the PALA molecule (Figure
4), which must in turn result in the decrease of substrate
affinity and enzyme activity. In the P268A•R structure, the
relative positions of the residues surrounding the active site
do not change significantly in comparison with the 1D09
structure (Table 5). This may be caused by the strong
interaction between the enzyme and the bisubstrate analogue
PALA. In both the P268A•R and 1D09 structures, the
B-factors for the side-chain atoms of the active-site residues
are lower than that for the main-chain atoms (see Table 6).
This indicates that the side-chain atoms of the active-site
residues are less mobile than the main-chains atoms because
they are “locked” by their interactions with PALA. However,
the higherB-factors for the atoms (all atoms) of the active-
site residues in the P268A•R structure may directly reflect
the weakened binding of the bisubstrate analogue.

The combination of the weaker activation by ATP and
stronger inhibition by CTP may be interpreted as a stabiliza-
tion of the functional R-state with significantly diminished
affinity for the transition state. However, the changes in the
relative positions of the domains within the quaternary
organization of the mutant enzyme point out that the
structural R-state of the mutant enzyme is not identical to
that of the wild-type enzyme. In the R-state structure of the
mutant enzyme, the angle between the allosteric domains of
the regulatory chains is more closed as compared to the wild-
type enzyme as well as the angle between the domains in
the catalytic chains, indicating an incomplete transition to
the structural R-state. All these data provide evidence that
the structural changes are extensive and that a global
mechanism is responsible for propagation of the heterotropic
response rather than a series of localized structural changes.

In this study, we have investigated the requirement for a
cis-peptidyl linkage inE. coli aspartate transcarbamoylase
by site-specific mutagenesis, enzyme kinetics, and protein
crystallography. Our results suggest that thecis-peptidyl
linkage between Leu267 and Pro268 in aspartate transcar-
bamoylase is essential for preserving the integrity of the
active site for high enzyme activity, substrate affinity, as well
as for keeping the proper tertiary structure of the enzyme
for heterotropic signal transmission.
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