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Abstract

The replacement of Arg-54 by Alain the active site of Escherichia coli aspartate transcarbamoylase causes a 17,000-
fold loss of activity but does not significantly influence the binding of substrates or substrate analogs (Stebbins,
J.W., Xu, W., & Kantrowitz, E.R., 1989, Biochemistry 28, 2592-2600). In the X-ray structure of the wild-type
enzyme, Arg-54 interacts with both the anhydride oxygen and a phosphate oxygen of carbamoyl phosphate (CP)
(Gouaux, J.E. & Lipscomb, W.N., 1988, Proc. Natl. Acad. Sci. USA 85, 4205-4208). The Arg-54 —» Ala enzyme
was crystallized in the presence of the transition state analog N-phosphonoacetyl-L-aspartate (PALA), data were
collected to a resolution limit of 2.8 A, and the structure was solved by molecular replacement. The analysis of
the refined structure (R factor = 0.18) indicates that the substitution did not cause any significant alterations to
the active site, except that the side chain of the arginine was replaced by two water molecules. ' P-NMR studies
indicate that the binding of CP to the wild-type catalytic subunit produces an upfield chemical shift that cannot
reflect a significant change in the ionization state of the CP but rather indicates that there are perturbations in
the electronic environment around the phosphate moiety when CP binds to the enzyme. The pH dependence of
this upfield shift for bound CP indicates that the catalytic subunit undergoes a conformational change with a
pK, ~ 7.7 upon CP binding. Furthermore, the linewidth of the 3'P signal of CP bound to the Arg-54 — Ala en-
zyme is significantly narrower than that of CP bound to the wild-type catalytic subunit at any pH, although the
change in chemical shift for the CP bound to the mutant enzyme is unaltered. 3'P-NMR studies of PALA com-
plexed to the wild-type catalytic subunit indicate that the phosphonate group of the bound PALA exists as the
dianion at pH 7.0 and 8.8, whereas in the Arg-54 — Ala catalytic subunit the phosphonate group of the bound
PALA exists as the monoanion at pH 7.0 and 8.8. Thus, the side chain of Arg-54 is essential for the proper ioniza-
tion of the phosphonate group of PALA and by analogy the phosphate group in the transition state. These data
support the previously proposed proton transfer mechanism, in which a fully ionized phosphate group in the tran-
sition state accepts a proton during catalysis.
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Abbreviations: T and R states, tense and relaxed states of the enzyme
having low and high affinity, respectively, for the substrates; pam, phos-
phonoacetamide; mal, malonate; CP, carbamoyl phosphate; PALA,
N-phosphonoacetyl-L-aspartate; Rpum,mal Structure, the X-ray structure
of aspartate transcarbamoylase determined in the presence of pam and
mal (Gouaux et al., 1990); Rpay 4 structure, the X-ray structure of as-
partate transcarbamoylase determined in the presence of PALA (Krause
et al., 1987); Arg-54 — Ala, the mutant enzyme in which Arg-54 of the
catalytic chain of aspartate transcarbamoylase has been replaced by Ala.

Aspartate transcarbamoylase (EC 2.1.3.2) catalyzes the
reaction between CP and r-aspartate to form N-carbam-
oyl-L-aspartate and inorganic phosphate (Jones et al.,
1955; Reichard & Hanshoff, 1956). The carbamoyl aspar-
tate thus formed proceeds through the pyrimidine biosyn-
thetic pathway ultimately leading to the formation of the
pyrimidine nucleotides. In Escherichia coli, aspartate
transcarbamoylase is an allosteric enzyme exhibiting ho-
motropic cooperativity with respect to both substrates
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(Gerhart & Pardee, 1962; Bethell et al., 1968), heterotro-
pic inhibition by CTP (Yates & Pardee, 1956), which is
enhanced by UTP (Wild et al., 1989), and heterotropic ac-
tivation by ATP (Gerhart & Pardee, 1962, 1963; Bethell
et al., 1968), the product of the parallel purine biosynthetic
pathway.

The E. coli holoenzyme is composed of 12 polypeptide
chains of two types. There are six 33,000-Da chains that
exist as two trimers and six 17,000-Da chains that exist as
three dimers. Each of the trimers contains three active sites
shared across the boundary between two adjacent cata-
lytic chains (Monaco et al., 1978; Krause et al., 1985;
Robey & Schachman, 1985; Wente & Schachman, 1987).
Each of the smaller or regulatory chains contains one bind-
ing site for the regulatory nucleotides that is approximately
60 A from the active site.

X-ray crystallography has been utilized to determine the
structure of the enzyme in both the absence and presence
of substrates, substrate analogs, and the regulatory nu-
cleotides (Krause et al., 1987; Kim et al., 1987; Gouaux
& Lipscomb, 1988, 1990; Ke et al., 1988; Gouaux et al.,
1990; Stevens et al., 1991). In particular, the residues in-
teracting with the substrates have been identified from
structures of the enzyme determined in the presence of
PALA, a bisubstrate analog (Krause et al., 1987; Keetal.,
1988) (see Kinemage 1), CP and succinate (Gouaux &
Lipscomb, 1988), as well as pam and mal (Gouaux et al.,
1990).

The binding of the substrates to one or more of the ac-
tive sites causes the quaternary conformational change
that converts the enzyme from the T to the R allosteric
state. The T to R conformational change also results in
significant reorientation of amino acid side chains that in-
teract with the substrates (see Kinemage 2), thus creating
the high activity, high affinity active site characteristic of
the R state of the enzyme. Although the X-ray structures
of the enzyme with active site ligands bound have identi-
fied the side chains interacting with the substrates, site-
specific mutagenesis experiments have been necessary to
distinguish those side chains that affect catalysis from
those involved in substrate binding alone. Every side chain
that interacts specifically with the substrates has now been
replaced by at least one amino acid (Robey et al., 1986;
Stebbins et al., 1989, 1990; Xu & Kantrowitz, 1989, 1991).
However, these studies have not been able to identify a
specific side chain acting as a general base or as a proton
transfer agent in the catalytic mechanism. These results
support the proposal of Gouaux et al. (1987) that there
is a direct proton transfer between the amino group of as-
partate and the leaving phosphate group.

Of all the side chains that interact with the substrates,
the removal of Arg-54 results in the largest reduction in
catalytic activity, approximately 17,000-fold for the ho-
loenzyme and 72,000-fold for the isolated catalytic sub-
unit (Stebbins et al., 1989). The guanidinium group of the
side chain of Arg-54 interacts specifically with the anhy-
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dride oxygen as well as a terminal phosphate oxygen of
CP (Gouaux & Lipscomb, 1988). Even though these in-
teractions seem to be involved in CP binding, the bind-
ing affinities of CP and PALA are altered only marginally
by loss of these specific side chain contacts with Arg-54
(Stebbins et al., 1989). Thus, the side chain of Arg-54
seems to affect only catalysis and to contribute little to
substrate binding. In order to better understand the func-
tion of the side chain of Arg-54, we report here both the
X-ray structure of the Arg-54 — Ala enzyme in the pres-
ence of the transition state analog PALA, as well as NMR
experiments monitoring the phosphorus of CP and of
PALA bound to the catalytic subunits of wild-type and
the Arg-54 — Ala enzymes.

Results

Structure of the Arg-54 - Ala
aspartate transcarbamoylase

The Arg-54 — Ala enzyme, in the presence of PALA, crys-
tallized in the P321 space group with unit cell dimensions
ofa=b=122.3Aand c=156.6 A. This is the same space
group and almost identical unit cell dimensions as ob-
served for the wild-type enzyme, crystallized either in the
presence of PALA, a=b=122.2A,c=156.2 A (Krause
et al., 1987), pam and mal (Gouaux & Lipscomb, 1990),
or CP and succinate (Gouaux & Lipscomb, 1988). The
crystals of the Arg-54 — Ala enzyme diffracted to a reso-
lution limit of between 2.6 and 2.8 A depending upon the
particular crystal. Using three crystals, a data set that was
98% complete was collected to 2.8 A with 6.9-fold redun-
dancy. Molecular replacement yielded a structure that was
refined to an R-factor of 0.18. The root mean square (rms)
deviation for bonds was 0.012 A and that for angles was
3.1°.

Comparison of the wild-type and the Arg-54 — Ala
aspartate transcarbamoylases

On the quaternary level, the structure of the Arg-54- Ala
enzyme is very similar to the structure of the wild-type en-
zyme in the R-state. On the tertiary level, a comparison
of the positions of the a-carbons reveals that no substan-
tial deviations occur between the a-carbons of the mutant
and the wild-type structures. For example, Figure 1 shows
the deviations in a-carbon positions for one of the cata-
lytic chains between the mutant and wild-type structures.
Except at the C-terminus of the catalytic chain, a region
of poor electron density, the a-carbon deviations are gen-
erally less than 0.85 A, and the average rms deviations of
a-carbons is 0.24 A. For the entire structure, the only
places where deviations exceed 1 A are in regions of poor
electron density in both the wild-type and mutant struc-
tures, such as the 80s and 240s loop regions.
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Fig. 1. The a-carbon displacement between the Arg-54 — Ala enzyme
complexed with PALA and the wild-type enzyme complexed with PALA
(Ke et al., 1988). Shown are the distances for the Cl catalytic chain af-
ter superposition of the two structures.

The F, — F. electron-density map calculated after
omission of the amino acid at position 54 in the catalytic
chain is shown in Figure 2. The omit map clearly shows
that electron density extends no further than the 8-carbon
of the side chain of residue 54. Therefore, the X-ray struc-
ture indicates that an alanine residue has replaced the ar-
ginine at position 54 in the mutant enzyme.

The omit map also showed a number of water molecules
in the area of the active site. Those water molecules in the
active site region having electron density at least 3¢ were
added to the model during the final stages of refinement.
Two of these water molecules were in positions previously
occupied by the guanidinium nitrogens of Arg-54. Thus,
the removal of Arg-54 from the active site of aspartate
transcarbamoylase does not substantially alter the three-
dimensional structure of the enzyme but does result in a
more aqueous environment in the active site region (see
Fig. 3 and Kinemage 3).
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31p studies of CP bound to the
wild-type catalytic subunit

The chemical shift and linewidth of CP when bound to
the catalytic subunit of the enzyme reflect the electronic
environment of the phosphorus and are sensitive to even
small conformational changes of the enzyme near the
phosphorus. The high sensitivity is due to the fact that the
3P chemical shift of CP moves downfield ~5.3 ppm
(~640 Hz at this field strength) when the second phosphate
hydrogen is removed (pK, = 4.9) (see Fig. 4A, inset).
Even though, for most of the pH range used in the subse-
quent NMR studies with enzyme, free CP has an invari-
ant chemical shift (—444 Hz or —3.66 ppm) and a —2
charge, when wild-type catalytic subunit is added to form
the catalytic subunit-CP complex the 'P signal of CP
moves upfield. In two distinct regions the chemical shift
is constant, although different from free CP (see Fig. 4A);
below pH 7.5 the bound shift is —468 Hz (—3.86 ppm);
and above pH 8.4 the bound shift is —452 Hz (—3.72
ppm). The change in the CP shift when bound to the cat-
alytic subunit (0.2 ppm upfield) cannot reflect a signifi-
cant change in the ionization state of the ligand since
protonation of the phosphate would yield a 5.3-ppm up-
field shift. Although a detailed interpretation of this
change in chemical shift upon ligand binding is not pos-
sible, it indicates that there are perturbations in the elec-
tronic environment around the phosphate moiety when
CP binds to the enzyme. An upfield shift was previously
observed for CP binding to the catalytic subunit at pH 7
(Roberts et al., 1976), although the magnitude differed
somewhat from that observed in the present study. The
pH dependence of the change in the chemical shift of
bound CP indicates that the catalytic subunit undergoes
a conformational change with a pK, of ~7.7. Further-
more, the chemical shift of the bound CP on the high pH
side of the pK,, is closer to that of free ligand in solution.

Evidence for such a conformational change that affects

Fig. 2. Stereo view of the active site re-
gion of the Arg-54 — Alaenzyme. PALA
and the side chains of His-134, Arg-105,
and Ala-54 are shown in bold. In addi-
tion, the position of the Arg-54 side chain
in the structure of the wild-type enzyme
complexed with PALA is shown after su-
perposition of the two structures (dashed
line). Also shown is the electron-density
map (F, — F_), contoured at 3.50, cal-
culated with the Ala-54 residue omitted.
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the binding of CP can also be garnered from the linewidth,
calculated for CP bound to the wild-type catalytic sub-
unit. To a first approximation, one can assume fast ex-
change between the bound and free environments. The
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Fig. 4. The pH dependence of the CP 3'P chemical shift (Hz from in-
organic phosphate as zero) and linewidth (bound minus free). The inset
in A shows the chemical shift of 20 mM CP and 50% D,0O as a func-
tion of pH. The CP (A) bound chemical shifts and (B) bound linewidths
extrapolated from the observed ' P parameters as a function of the ra-
tio of ligand to enzyme active sites (assuming fast exchange) are shown
as a function of pH: O, free ligand; O, CP bound to wild-type catalytic
subunit; @, CP bound to Arg-54 — Ala catalytic subunit; @, CP bound
to wild-type catalytic subunit in the presence of 10 mM succinate.

J.W. Stebbins et al.

Fig. 3. Stereo view of the active site
region of the wild-type (light) and the
Arg-54 — Ala (dark) enzymes with PALA
bound. The C1 catalytic chains of the
wild-type and mutant structures were su-
perimposed based on a rigid body least-
squares alignment of the a-carbons of the
two structures. In the Arg-54 — Ala struc-
ture, residue 54 is shown in bold, and the
water molecules (with hydrogens) in the
active site region are shown with dashed
lines.

observed linewidth is then the weighted average of free and
bound ligand linewidths. The pH dependence of this pa-
rameter for CP bound to the wild-type enzyme is shown
in Figure 4B (open circles); a maximum in bound linewidth
appears between pH 7 and 7.5. For fast exchange, the
value of the bound linewidth that is extrapolated from this
treatment has a term that includes the lifetime of the com-
plex as well as T,. If the exchange rate is slower, such
that the system is in the intermediate exchange regime, fur-
ther broadening of the observed resonance occurs. The
bound linewidth is now described by a more complex ex-
pression with a term containing the square of the chemi-
cal shift for the bound ligand (Swift & Connick, 1962).
Although the data include ~20% error in the determina-
tion of these linewidths, one can easily see that the line-
width of the bound CP is a function of pH (see Fig. 4B).
Below pH 7 and above pH 8.7 the increase in the linewidth
from free to bound CP is ~20 Hz. Between pH 7.5 and
8.5 the bound linewidth increases two-fold. The linewidth
of the bound CP is largest where the chemical shift is great-
est. Hence exchange broadening does contribute to the ob-
served linewidth of CP.

31p studies of CP bound to the Arg-54 — Ala
catalytic subunit

The Arg-54 — Ala catalytic subunit-CP complex exhibits
similar 3!P chemical shift behavior as a function of pH
(Fig. 4A, filled squares), as does the wild-type catalytic
subunit. However, the increased linewidth at ~pH 7.5 is
not observed (Fig. 4B, filled squares). In fact, the line-
width for CP bound to the Arg-54 — Ala catalytic sub-
unit is significantly narrower than for the ligand bound
to the wild-type catalytic subunit at any pH. The chemi-
cal shift is the same for CP bound to the wild-type and
the Arg-54— Ala catalytic subunits, whereas the linewidths
are different, implying that the Arg-54 interactions with
the phosphate group normally retard the exchange be-
tween the free and the bound forms of CP. Other groups
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at the active site of the enzyme must be responsible for
the change in the chemical shift upon CP binding and the
altered electronic environment of the phosphate.

31p studies of CP bound to the wild-type
and Arg-54 — Ala catalytic subunits
in the presence of succinate

When 10 mM succinate is added to form a ternary com-
plex with CP and the wild-type catalytic subunit, the
chemical shift and linewidths no longer sense the confor-
mational change of the catalytic subunit. The chemical
shift (Fig. 4A, filled circles) is ~4 Hz upfield from that
of free CP from pH 6.5 to 9, hence the electronic envi-
ronment of bound CP in this complex is comparable to
that of free CP in solution. The linewidth for bound CP
in the presence of succinate does not show the increase
at a pH of ~7.5 observed in the absence of succinate
(Fig. 4B, filled circles). This behavior would be expected
because in an intermediate exchange regime the chemical
shift contributes to the observed linewidth, and the term
for the chemical shift of CP has been significantly de-
creased, from 20 Hz to 4 Hz. The behavior of the chemi-
cal shift of CP bound to the Arg-54 — Ala and wild-type
catalytic subunits is the same when succinate is added, and
again the linewidth is significantly narrower in the mutant
catalytic subunit, consistent with a transition to a fast ex-
change regime. In the ternary complex, there is no signif-
icant electronic difference between CP bound to the
wild-type or to the Arg-54 — Ala catalytic subunits.

3P studies of PALA bound to the
wild-type catalytic subunit

The active site environment during catalysis cannot be
sensed with 3'P-NMR studies of CP and succinate bound
to the enzyme, but it can be explored using the transition
state analog PALA. The pK, of the PALA phosphonate
group can be measured from the pH dependence of its
3'P chemical shift. As shown in Figure 5, over the pH
range between 4 to 10 the chemical shift moves upfield by
2.2 ppm. The singly charged phosphonate has a charac-
teristic chemical shift of 14.4 ppm, whereas the shift of
the doubly ionized phosphonate is 12.2 ppm. From these
data a pK, of 7.5 is extracted for generation of the dian-
ionic form of the phosphonate group. A comparable pK,,
was derived from '*C-NMR studies of PALA as a func-
tion of pH (Roberts ¢t al., 1976).

If PALA is bound to the wild-type catalytic subunit and
examined at pH 7 and pH 8.8, information should be pro-
vided on the ionization state of the bound phosphonate.
In a similar fashion the ionization state of that group when
bound to mutant catalytic subunit can also be determined
and compared to the data for the wild-type catalytic sub-
unit. The binding constant of PALA to the wild-type cat-
alytic subunit is 27 nM (Collins & Stark, 1971). Given this
tight binding, free and bound PALA are likely to be in
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Fig. 5. The pH dependence of the PALA *'P chemical shift between
pH 2 and 12. Solutions containing approximately 20 mM PALA and 50%
D,0 were adjusted to various pH values with either NaOH or HCl at
ambient temperature. After each pH adjustment the chemical shift was
determined.

slow exchange and two discrete resonances should be de-
tected. Upon the addition of 2 mM or higher concentra-
tions of PALA to the wild-type catalytic subunit (1 mM
in active sites) at pH 7 two resonances are observed: a
narrow one ~ 14 ppm, which is the chemical shift of the
free PALA at this pH, and a second broader resonance
at 12.2 ppm, the chemical shift of the completely ionized
bound phosphonate (see Fig. 6A). The linewidth of the
bound PALA is ~80 Hz, indicating that the phosphonate
group is significantly immobilized (free PALA has a line-
width of ~5 Hz under these conditions). When the wild-
type catalytic subunit is incubated with PALA at pH 8.8,
both the sharp (free) and broader (bound) resonances
overlap (see Fig. 6B) at 12.2 ppm, the chemical shift for
the doubly ionized species. Therefore, at either pH 7.0 or
8.8, when PALA is bound to the wild-type catalytic sub-
unit it exists with its phosphonate group fully ionized.
Slow exchange of free and bound PALA *'P resonances
at pH 7.0 has been observed previously (Cohen & Schach-
man, 1986), and the chemical shift of the bound PALA
phosphonate indicated it was bound as the dianion. In ear-
lier studies with !'3C-carbonyl-labeled PALA bound to
the catalytic subunit at pH 7, slow exchange was also ob-
served with a downfield shift for the enzyme-bound spe-
cies (Roberts et al., 1976). Interpretation in these earlier
studies of the '*C shift was ambiguous because the phos-
phonate ionization could not be distinguished from hy-
drogen bonding to the carbonyl. In light of these 3'P
experiments, the 1*C PALA shift can be reinterpreted as
arising from a preference of the catalytic subunit for the
doubly ionized phosphonate group of PALA.

3P studies of PALA bound to
the Arg-54 — Ala catalytic subunit

The Arg-54 — Ala catalytic subunit also shows slow ex-
change between free and bound PALA on the NMR
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Fig. 6. 3'P (121.4 MHz) spectra of wild-type (A, B) and Arg-54 — Ala
(C, D) catalytic subunits (1 mM in active sites) in the presence of
(A) 1.5mM PALA, pH 7 (line broadening = 10 Hz); (B) 2 mM PALA,
pH 8.8 (line broadening = 4 Hz); (C) 2mM PALA, pH 7 (line broaden-
ing = 4 Hz); and (D) 2 mM PALA, pH 8.8 (line broadening = 10 Hz).
In A an expanded scale trace is also shown for the region between 13.5
and 10 ppm. The *'P chemical shift of PALA is approximately 14.4 ppm
and 12.2 ppm when it exists as the monoanion and dianion, respectively
(see Fig. 5).

time-scale. When the Arg-54 — Ala catalytic subunit is at
pH 7, both free and bound PALA have a chemical shift
of approximately 14 ppm, hence the bound phosphonate
group has a single negative charge (see Fig. 6C). The ob-
served resonance with overlapping free and bound PALA
is asymmetric, indicating that the free and bound species
have slightly different chemical shifts. The sharp (free)
PALA resonance is slightly upfield, consistent with the
fact that at this pH some doubly charged phosphonate is
in fast exchange with the singly charged free species. At
pH 8.8, while free PALA exists with a doubly ionized
phosphonate, the chemical shift of the bound PALA is
observed at approximately 14 ppm, indicating that the
phosphonate is singly ionized (see Fig. 6D). Therefore, the
replacement of the arginine with an alanine has dramati-
cally altered the ionization state of the enzyme-bound
PALA.

Discussion

Site-specific mutagenesis has been used extensively to
probe the active site of aspartate transcarbamoylase. In
fact, every one of the side chains that forms specific in-
teractions with the substrates has been replaced one or
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Fig. 7. Comparison of activity of wild-type (WT) aspartate transcar-
bamoylase holoenzyme with single amino acid substitution mutants in
the active site of the enzyme. For the mutant enzymes, the one-letter
amino acid code before the residue number corresponds to the amino
acid in the wild-type enzyme, and the one-letter amino acid code after
the residue number corresponds to the amino acid in the mutant enzyme.
The activities of each of the enzymes were calculated as a percentage of
the wild-type activity under the particular conditions reported and plot-
ted here as the log. The data for the H134A and K84Q enzymes were
obtained at pH 7.0 (Robey et al., 1986), and the data for the S80A, S52A
(Xu & Kantrowitz, 1991), T55A (Xu & Kantrowitz, 1989), the Q137A,
R105A, R54A (Stebbins et al., 1989), the R167Q, Q231L (Stebbins
et al., 1990), and the R229A (Middleton et al., 1989) enzymes were de-
termined at pH 8.3.

more times (Robey et al., 1986; Stebbins et al., 1989, 1990;
Xu & Kantrowitz, 1989, 1991) (see Fig. 7), and their role
in catalysis has been inferred (see Table 2). The replace-
ment of Arg-54 by alanine results in a reduction in maxi-
mal velocity of 17,000-fold and 72,000-fold for the mutant
holoenzyme and catalytic subunit, respectively (see Ta-
ble 1 and Stebbins et al. [1989]). The side chain of Arg-54

Table 1. Comparison of the kinetic parameters of the
wild-type and the Arg-54 — Ala enzymes at pH 8.32

Vonas” Sy [SI5% op
Holoenzyme (mmol-h~!-mg~") (mM) (mM) nﬁs" ng
Wild type 17 1.8 02 22 20
Arg-54 - Ala 0.001 26 0.2 1 1
VIﬂﬂX K’ﬁsp K’EP kCﬂf/Krﬁsp

Catalytic subunit (mmol-h~'-mg~!) (mM) (mM) (¢~!-mM™)

Wild type 25.9 6.7 0.02 372
Arg-54 - Ala 0.00036 83 0.09 0.0004

a Kinetic data were determined in 0.05 M Tris-acetate buffer pH 8.3
at 25 °C for the wild-type and the Arg-54 — Ala holoenzymes and cata-
lytic subunits (Stebbins et al., 1989).

®V,.qx Tepresents the maximal observed specific activity from the
aspartate saturation curve.
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Table 2. Role of active site residues in catalysis
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Protein Interaction?® Proposed function Mutation Reference

Ser-52 OG OP1 Orient CP S52F Robey et al., 1986
S52H Wente & Schachman, 1987
S52A Xu & Kantrowitz, 1991

Thr-53 NH OP2 Neutralize PO,~

Arg-54 NH OP2 Neutralize PO, ™, promote release of PO,~ from transition state R54A Stebbins et al., 1989

Arg-54 NH1 oP2

Arg-54 NE OoP2

Thr-55 NH OP3 Polarize CO of CP TSSA Xu & Kantrowitz, 1989

Thr-55 OG1 OP3, 05

Arg-105 NH1 OP1 Polarize CO of CP R105A Stebbins et al., 1989

Arg-105 NH1 OP3 Neutralize PO, ™

Arg-105 NH2 05

His-134 NE2 0s Polarize CO of CP H134A Robey et al., 1986

Gln-137 OE2P N1 Polarize CO of CP QI37A Stebbins et al., 1989

Arg-167 NH2 o3 Orient transition state R167Q Stebbins et al., 1990

Arg-229 NE 01, 02 Binding and stabilization of the transition state R229A Middleton et al., 1989

Arg-229 NH1 02

GIn-231 NE2 01 Orient aspartate, cooperativity Q231L Stebbins et al., 1990

Lys-84 NZ OP1 Cooperativity, neutralize PO~ K84Q Robey et al., 1986
K84R Robey et al., 1986

Ser-80 OG OP1 Cooperativity S80A Xu & Kantrowitz, 1991

Pro-266 O N1 Orient aspartate

Leu-267 O N1 Orient aspartate

2 Interactions between aspartate transcarbamoylase and PALA are based on the Rps) 4 structure (Ke et al., 1988). The abbreviations used for

the atoms of the PALA molecule are shown below.

O <oP1>

0Q<05>

(0<03>

\

c —0 <04>
HC

]
O_<0P2>'"‘CH2/C HN-v> (;.HZ

O<0P3>

C
/ §0<02>

QO <01>

® Differences between PALA ligation and CP + succinate ligation are observed near Gln-137 (Gouaux & Lipscomb, 1988).

interacts specifically with the anhydride oxygen as well as
a terminal phosphate oxygen of CP (Gouaux & Lipscomb,
1988). Nevertheless, the replacement of Arg-54 does not
substantially alter the binding of CP or the bisubstrate an-
alog PALA (see Table 1 and Stebbins et al. [1989]). The
relatively unaltered binding of substrates and substrate an-
alogs suggests either that the side chain of Arg-54 is not
strongly involved in substrate binding, that its contribu-
tion to binding is compensated by the displacement of
water from the active active as the substrate binds, or
that it serves a catalytic function in the transition state.
Therefore, to further evaluate the role of the side chain
of Arg-54 in the catalytic mechanism of aspartate trans-
carbamoylase we have performed additional studies on
the Arg-54 — Ala enzyme by X-ray crystallography and
by 3'P-NMR.

The three-dimensional structure
of the Arg-54 — Ala enzyme

In order to verify that the replacement of Arg-54 by ala-
nine did not induce any substantial alterations to the
three-dimensional structure, which could lead to loss of
activity, the structure of the Arg-54 — Ala enzyme com-
plexed with PALA was determined to 2.8 A resolution.
Comparison of the wild-type and the Arg-54 — Ala struc-
tures reveals that the replacement of Arg-54 by alanine
does not cause any substantial alterations to the three-
dimensional structure of the enzyme. The average rms de-
viation of a-carbons between the mutant and wild-type
structures is 0.24 A and 0.52 A for the catalytic and regu-
latory chains, respectively. As seen in Figure 3 and Kine-
mage 3, the active site regions of the two structures are



1442

virtually identical except for the actual replacement of
Arg-54 by alanine in the mutant structure and for an al-
teration in the water structure in the active site. The cav-
ity left by the loss of the side chain of Arg-54 is partially
filled by two ordered water molecules that are positioned
near the location of the guanidinium nitrogens of Arg-54.

CP binding site

3P NMR experiments indicate that the ionic environ-
ment near the phosphate group of bound CP is similar for
both the wild-type and Arg-54 — Ala catalytic subunits.
Analysis of the chemical shift of bound CP indicates that
a conformational change, which alters the phosphate en-
vironment, occurs in the wild-type catalytic subunit when
CP binds. The same conformational change is sensed by
3'P-NMR when CP binds to the Arg-54 — Ala catalytic
subunit. However, the phosphate group of CP was seen
to have greater mobility in the Arg-54 — Ala enzyme-CP
complex than in the wild-type enzyme-CP complex. If the
phosphate group of CP is acting as a general base in the
reaction, then the side chain of Arg-54 may stabilize a cat-
alytically important orientation of the substrate. In the
crystal structure of the Arg-54 — Ala holoenzyme in the
presence of PALA several water molecules replace the ar-
ginine side chain, but it is unlikely that these are sufficient
to orient CP in the same fashion. The above results sug-
gest that the side chain of Arg-54 functions in the wild-
type active site to stabilize the phosphate group of CP in
a position and with a state of ionization that may be im-
portant for catalysis.

The effective ionic environment of the
Arg-54 — Ala and wild-type active sites

In order to probe further the interactions of PALA with
the wild-type and the Arg-54 — Ala enzymes, 3'P-NMR
spectroscopy was utilized. Although the physical location
of bound PALA is the same, the interaction of PALA with
these two enzymes is quite different. In the case of the
wild-type enzyme, bound PALA exists as a dianion at both
pH 7.0 and pH 8.8 (see Fig. 6A,B). Although the dian-
ion would be the expected form in solution at pH 8.8, at
pH 7.0 the predominant form of PALA would be the
monoanion (see Fig. 5). For the Arg-54 - Ala enzyme the
situation is different. At pH 7.0, the bound PALA exists
as the monoanion as would be expected based on the ion-
ization of free PALA in solution; but at pH 8.8, the bound
PALA still exists as the monoanion (see Fig. 6C,D), even
though free PALA exists as the dianion at this pH (see
Fig. 5). Therefore, the wild-type enzyme is stabilizing the
bound PALA as the dianion at both pH values, whereas
the mutant is stabilizing the bound PALA as the mono-
anion also at both pH values. The observation that PALA
binds to the enzyme as the dianion at pH 7.0 confirms pre-
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vious experiments by NMR (Cohen & Schachman, 1986)
and potentiometry (Allewell et al., 1979).

The above experiments demonstrate that the replace-
ment of Arg-54 by an alanine dramatically alters the pX,
of the phosphonate group of PALA in the enzyme-ligand
complex. The ionic environment about the phosphonate
group of the bisubstrate analog PALA should closely re-
flect the ionic environment of the active site during catal-
ysis. A proposed decrease in pK,, of the phosphate group
of CP during catalysis is the only physical/structural al-
teration in the extremely low activity Arg-54 — Ala en-
zyme, as compared to the wild-type enzyme. The above
results indicate that the side chain of Arg-54 functions in
the wild-type active site to create an ionic environment that
is important for catalysis.

Although the electronic microenvironment is similar
for CP bound to both enzymes, the 3'P-NMR studies
showed greater mobility of the phosphate group of CP
when bound to the Arg-54— Ala catalytic subunit. In the
crystal structure of the wild-type enzyme, determined with
CP and succinate bound (Gouaux & Lipscomb, 1988),
Arg-54 interacts with a phosphate oxygen and the anhy-
dride oxygen. If intramolecular proton transfer to either
(or both) of these is necessary for catalysis, and Arg-54
stabilizes a particular orientation and ionization state of
the substrate, then replacement of the Arg-54 side chain
would cause a significant drop in catalytic efficiency. In
the crystal structure of the Arg-54 — Ala enzyme two wa-
ter molecules replace the guanidinium portion of the ar-
ginine side chain, but it is unlikely that these are sufficient
to orient CP in the same fashion. Therefore, the alteration
in the ionic environment {including the state of ionization)
and/or the greater mobility of the phosphate of CP, upon
the replacement of Arg-54 by Ala, can be used to ratio-
nalize the greatly reduced activity of the Arg-54 — Ala
enzyme.

Catalysis

Based on the results reported here, as well as many previ-
ous studies, more details of the catalytic mechanism can
now be described. The binding of the substrates, CP and
aspartate, to aspartate transcarbamoylase is ordered such
that CP binds before aspartate (Porter et al., 1969; We-
dler & Gasser, 1974; Hsuanyu & Wedler, 1987). The 3'P-
NMR experiments reported here provide additional
evidence for conformational changes associated with the
binding of CP, effects of which have also been observed
by CD (Griffin et al., 1972), sedimentation (Kirshner &
Schachman, 1971, 1973), and UV difference spectroscopy
(Collins & Stark, 1969). In addition, the structure of the
T form bound to pam shows the conformational changes
due to the binding of an analog of CP (Gouaux & Lip-
scomb, 1990). The importance of conformational changes
for the binding of aspartate and for catalysis has been as-
certained from site-specific mutations in the CP binding



Role of Arg-54 in aspartate transcarbamoylase

site. Mutations of Thr-55 — Ala (Xu & Kantrowitz, 1989),
Arg-105 — Ala (Stebbins et al., 1989), GIn-137 — Ala (Steb-
bins et al., 1989), and Ser-52 — Ala (Xu & Kantrowitz,
1991) all alter the conformational changes associated with
CP binding, and, moreover, the mutant enzymes have
significantly reduced catalytic activity and affinity for as-
partate. Thus, the binding of CP and the associated con-
formational changes not only result in activation of CP
but also create the binding site for aspartate.

The binding of aspartate to the enzyme-CP complex
also induces a conformational change, which has been
observed by sedimentation studies (Kirshner & Schach-
man, 1971, 1973; Howlett & Schachman, 1977), ultravi-
olet difference spectroscopy (Collins & Stark, 1969, 1971),
circular dichroism (Griffin et al., 1973), and directly by
crystallography using substrate analogs (Gouaux & Lip-
scomb, 1988; Ke et al., 1988; Gouaux et al., 1990) (see Ki-
nemage 4). On the tertiary level this conformational
change results in the closure of the two domains of the
catalytic chain, and orientation of residues such as Arg-
229, Arg-167, GIn-231 and Lys-84 into their catalytically
active positions (Gouaux & Lipscomb, 1990; Gouaux
et al., 1990; Stevens et al., 1990) (see Kinemage 2). The
X-ray structural data (Ke et al., 1988) and the NMR ex-
periments with PALA reported here suggest that in the
transition state the phosphate of CP is held very tightly
in the active site of the enzyme by specific interactions that
are capable of effectively distributing or neutralizing the
charge on the dianionic CP (see Fig. 8). This charge neu-
tralization would also dramatically enhance the leaving
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group potential of the phosphate. Other groups in the ac-
tive site such as His-134, Arg-105, Thr-55, and perhaps
GIn-137 are all involved in activating the carbonyl carbon
for nucleophilic attack by aspartate. However, in order
for nucleophilic attack to occur, aspartate at physiologi-
cal pH must lose one amino proton prior to or during ca-
talysis. In enzymic catalysis, deprotonation of substrates
is generally accomplished by two mechanisms: first, pro-
ton transfer to a functional group or groups on the en-
zyme; second, exclusive binding of the deprotonated form
of the substrate. Coincident with the former case is a pH-
dependent substrate binding, in which there is a change
in substrate affinity at pH values near the pK, or pK,’s
of a group or groups involved in proton transfer. Kinetic
experiments, which determined affinity constants of the
wild-type and His-134 — Asn enzymes for aspartate and
succinate as a function of pH, suggest that aspartate is not
deprotonated by the enzyme-CP complex (Xi et al., 1990).
Therefore, the amino group of aspartate may be bound
in a deprotonated form.

Following aspartate binding, catalysis has been pro-
posed to proceed through a tetrahedral intermediate about
the carbonyl carbon (Gouaux et al., 1987). As seen in Fig-
ure 8, the breakdown of this tetrahedral intermediate re-
quires the loss of one proton to make the amide. Although
the disposition of the first proton that is lost from aspar-
tate (*H;N— - H,N—) is uncertain, the transfer of the
second proton directly to the leaving phosphate would ef-
ficiently neutralize the charge being formed on the leav-
ing group. If the phosphate group in the above mechanism

Lyss4 Lys84
Arg105-----.... - ro- - Arg105--------. o}
o) o)
O / 0 ( \/O
_/\p \C/\NH \Pp r —/P/ 0
o7\ 2 o™y £ W, o7 I
. — .. OH
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/N\H — H \ HN
" \CH He~cn \
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Fig. 8. Schematic diagram of the catalytic mechanism of aspartate transcarbamoylase. Only those side chains involved in charge
neutralization of either the phosphate of CP or the carboxylates of aspartate are indicated specifically. The binding of CP to
the CP domain of the catalytic chain induces conformational changes that allow the high affinity binding of aspartate. The bind-
ing of aspartate to the aspartate domain of the catalytic chain induces both tertiary and quaternary conformational changes
resulting in the conversion of the enzyme from the T to the R state. The positive charges surrounding the phosphate of CP neu-
tralize its charge. The *'P-NMR experiments indicate that PALA binds to the wild-type enzyme as the dianion at pH 7 even
though in free solution PALA exists as the monoanion. Site-specific mutagenesis experiments have failed to identify any side
chains in the active site region acting as a general base. These results, in conjunction with the NMR data reported here, add
additional support the mechanism proposed by Gouaux et al. (1987) that there is a direct transfer of a proton from the amino
group of aspartate to the phosphate leaving group in the tetrahedral intermediate.
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is acting as a general base, then its protonation state may
influence the rate of both the breakdown of the catalytic
intermediate and the overall reaction. The transfer of the
aspartate proton directly to the leaving phosphate is sup-
ported by site-specific mutagenesis and other experiments
that have failed to identify a residue in the active site of
the enzyme that could act as a general base to accept the
proton from the aspartate.

What is the pK,, of the phosphate group in the tetra-
hedral intermediate? To a first approximation, the pX,,
of this phosphate group should lie between the pK,, of the
substrate and pK, of the product, i.e., the pK, of the
monoanion of CP (pK, = 4.9) and the pK,, of the mono-
anion inorganic phosphate (pK, = 7.2), respectively. The
stabilization of the more protonated forms of ligands con-
taining phosphate in the Arg-54 — Ala enzyme, in contrast
to the behavior of the wild-type enzyme, implies some de-
gree of protonation of the phosphate in the tetrahedral
intermediate. The observed change in the environment
near the phosphate of the tetrahedral intermediate and the
possible protonation of its phosphate group provides a ra-
tionale for the extremely low activity of the Arg-54 —
Ala enzyme. Similarly, the substitution of an alanine for
Arg-54, which concomitantly causes extreme low activ-
ity and protonation of the phosphate group, if extrapo-
lated to the tetrahedral intermediate, lends strong support
to the mechanism of intramolecular proton proposed by
Gouaux et al. (1987). Further studies are needed however
to establish to what degree the steps in the reaction are
consecutive or concerted.

In summary, the >'P-NMR results reported here indi-
cate that Arg-54 is crucial in binding and immobilizing the
phosphate moiety when CP is the sole ligand of the en-
zyme. Arg-54 is also critical for maintaining the high neg-
ative charge on the phosphate group in a pseudotransition
state. If Arg-54 has the same function in the actual tran-
sition state, it presumably makes the phosphate group an
acceptor for intramolecular transfer of an aspartate pro-
ton in the reaction.

Materials and methods

Chemicals

CP, D,0, L-aspartate, potassium dihydrogen phosphate,
imidazole, maleic acid, sodium azide, N-ethylmorpholine,
and Tris were purchased from Sigma. The CP was puri-
fied by precipitation from 50% (v/v) ethanol and stored
desiccated at —20 °C (Gerhart & Pardee, 1962). PALA was
a gift of the National Cancer Institute.

Enzyme purification

The wild-type and Arg-54 — Ala holoenzyme and catalytic
subunits were purified as previously described (Stebbins
et al., 1989).
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Crystal growth, data collection, and reduction

Crystals of the Arg-54 — Ala aspartate transcarbamoyl-
ase were grown in the presence of PALA under the con-
ditions previously reported (Krause et al., 1987).
Hexagonal bars with approximate dimensions of 0.6 x
0.6 X 2 mm grew after about 1 week.

Collection of the diffraction data was accomplished
using the Crystallographic Facility in the Chemistry De-
partment of Boston College. One multiwire proportional
chamber (Hamlin et al., 1981) was used and the CuK« ra-
diation was obtained with a graphite monochrometer.
Data were collected using the San Diego Multiwire MARK
111 system, which was driven by a Micro VAX3500 com-
puter and linked to a Rigaku RU-200 rotating-anode gen-
erator gperated at 50 kV and 150 mA.

In the data collection process, the crystals were mounted
in sealed glass capillaries and aligned on a goniostat. The
detector was set at a distance of 78 cm from the crystal,
and a helium pathway was employed between the detec-
tor and the crystal to eliminate the effects of air scatter-
ing. The intensities of diffraction maxima were measured
using an w scan at stepsize intervals of 0.1°. The radia-
tion damage and crystal decay were calculated using a ra-
tio of the averaged intensity for the same diffraction zone
at an initial time and a later time. A crystal was replaced
when the relative decay of the average intensity was 16%
or greater. The distance between the detector and the crys-
tals permitted measurement of diffraction maxima to
2.73 A resolution. Of the 33,922 unique reflections pos-
sible to 2.8 A, 33,351 reflections were coilected with an
average redundancy of 6.9. Data analysis was accom-
plished using the software provided by San Diego Multi-
wire (Howard et al., 1985). After correction for Lorentz
and polarization effects, the symmetry-related reflections
were identified according to the space group P321 and
were merged together and sorted. A scale factor was cal-
culated for multiple measurements and symmetry-related
reflections. Those measurements deviating substantially
from the average for a particular reflection were manu-
ally deleted. This scaling and editing procedure was re-
peated until the scaling R-factor converged.

The crystal structure was solved by using the molecu-
lar replacement method, employing as the initial model
the Rpam, mar Structure (Gouaux & Lipscomb, 1990) with
the pam, mal, solvent, and the side chain of residue 54
deleted. This structure was used because it was the best
structure of the R state of the enzyme available at the time.
The initial R-factor was 0.26. After positional refinement,
simulated annealing was employed followed by Powell
minimization using the program XPLOR (Polygen Cor-
poration) running on an IBM RISC/6000 computer. Elec-
tron-density maps were calculated (F, — F.), and the
PALA molecule was built into the electron density at the
active site starting initially with the coordinates of PALA
from the Rpay a structure (Krause et al., 1987) using the
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structural analysis and refinement (STAR) software that
is part of QUANTA (Polygen Corporation). At this stage,
two to three water molecules were also placed in density
in the active site region. After positional refinement (100
steps) and restrained B-factor refinement using XPLOR,
electron density maps (2F, — F,) as well as omit maps
(F, — F.) with residue 54 omitted were calculated. After
additional water molecules were added to the active site
region, the model was subjected to two cycles of refine-
ment; each cycle consisted of positional refinement (100
steps) followed by restrained B-factor refinement. The fi-
nal R-factor was 0.18.

NMR sample preparation

Prior to NMR spectroscopy the enzymes were exhaustively
dialyzed into either 100 mM imidazole-acetate or 100 mM
Tris-acetate buffers, which contained 2 mM 2-mercapto-
ethanol and 0.2 mM EDTA. The pH range of these buff-
ers varied from 6.5 to 8.9. Following dialysis the enzyme
samples were concentrated using a Amicon microconcen-
trator in a clinical centrifuge. After determination of pro-
tein concentration, the enzymes were then diluted into the
buffers described above. These buffers also contained 20-
50% D,O and in some cases PALA or succinate. Final
concentrations in these samples ranged from 1 mM to
2 mM in active sites, 1.5 to 5 mM in PALA, and 10 mM
in succinate. In some cases microliter aliquots from a buff-
ered solution of 20 mM CP were added during NMR spec-
tral acquisition.

NMR spectroscopy

"H-noise-decoupled 3'P-NMR (121.4 MHz) spectra were
obtained with a Varian Unity 300 spectrometer. Typical
parameters included a 2,521-Hz sweep width, 4K data
points, 4.7 us pulse (~30° flip angle), 0.8 s recycle time.
Free induction decays were processed with 4 Hz line broad-
ening. The temperature was maintained at 25 °C. For the
CP spectra, 200-750 transients were collected. CP stock
solution (20-100 L) was added to an enzyme solution
with 1 mM catalytic sites at the indicated pH. This cov-
ered the range of 2-12 mM CP. To judge the effect of suc-
cinate the same experiment was repeated, but with 10 mM
succinate present. Chemical shifts for bound ligands were
determined from the slope in a plot of 8,,s — 8y, the
chemical shift difference between free CP and that in the
presence of enzyme, versus E,/CP,, the total moles of
active sites divided by the total moles of CP. The linewidth
of the signal for bound ligand in this system was estimated
as the slope in a plot of Avg,s — Avg vs. Eo/CPy. Errors
in estimated linewidths were as much as 20%.

For 3'P-NMR experiments of the catalytic subunit in
the presence of PALA, the sweep width was increased to
8,000 Hz (8,000 data points), and the recycle time to 1 s.
Approximately 10,000-40,000 transients were collected
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and a linebroadening of 4-10 Hz was used. All spectra
were referenced to external inorganic phosphate at 0 Hz.!
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