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Catalytically Active Monomer and Dimer Forms of Rat Liver 
Carbamoyl-Phosphate Synthetase? 
C. J. Lusty 

ABSTRACT: Purified carbamoyl-phosphate synthetase of rat 
liver is shown to exist in a state of rapid, reversible mono- 
mer-dimer equilibrium. The allosteric activator N-acetyl+ 
glutamate displaces the equilibrium toward monomer forma- 
tion. This effect is observed over a range of initial protein 
concentrations of 0.02-5 mg/mL. Measurements of Stokes 
radii by analytical gel chromatography indicate that at con- 
centrations less than 0.1 mg/mL at 25 OC in the presence of 
all the substrates the enzyme exists as a monomer of 160000 
molecular weight. A gel chromatographic method was de- 
veloped to identify the active form of carbamoyl-phosphate 
synthetase. On the basis of analysis of the ADP boundary 
formed during gel chromatography, the monomer is established 
to be catalytically active. Active enzyme centrifugation studies 
confirm that the monomer is a reactive species and suggest 
that the dimer also functions catalytically. Under the con- 
ditions of the usual enzyme assay, carbamoyl-phosphate 

C a r  bamo yl-phosphat e synthetase I catalyzes the formation 
of carbamoyl phosphate, the first step of arginine and urea 
biosynthesis, from ammonia, bicarbonate, and two molecules 
of ATP. Carbamoyl-phosphate synthetase activity is absolutely 
dependent on the presence of catalytic amounts of N-acetyl- 
L-glutamate (Hall et al., 1958). The activation by acetyl- 
glutamate has been suggested to be allosteric in nature, as 
evidenced by acetylglutamateinduced conformational changes 
of the enzyme (Guthohrlein & Knappe, 1968). 

It is now generally recognized that the monomer molecular 
weight of mammalian carbamoyl-phosphate synthetase as 
measured in sodium dodecyl sulfate (Clarke, 1976; Lusty, 
1978a) or guanidine hydrochloride (Lusty, 1978a) is 160 000. 
The question of the active form of the enzyme has still not been 
satisfactorily answered. In the absence of acetylglutamate, 
7.5s and 11s forms of the purified rat liver enzyme have been 
reported to be in chemical equilibrium (Virden, 1972). In the 
presence of acetylglutamate, depending on the temperature, 
carbamoyl-phosphate synthetase has been reported to sediment 
at 7.5 S (at 5 "C) (Guthohrlein & Knappe, 1968; Virden, 
1972) or at 11.3 S (at 30 "C) (Guthohrlein & Knappe, 1968). 
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synthetase is mainly in the monomer form. Activation by 
acetylglutamate can occur at the level of the monomer and 
is not coupled to dissociation since the enzyme dissociates at 
low concentrations even in the absence of acetylglutamate. The 
stoichiometry of the association is observed directly in the 
electron microscope. The dimensions of the negatively stained 
particles of the enzyme in the pr&nce or absence of substrates 
correspond to monomers and dimers, assuming the molecule 
to be a prolate ellipse. The number of monomers observed 
in the presence of substrate represents 86% of the total number 
of enzyme molecules. The average molecular weight calculated 
from the numbers of particles seen in negatively stained 
specimens of carbamoyl-phosphate synthetase is 182 000. 
Electron microscope studies provide independent evidence for 
monomer-dimer interactions and show that under the con- 
ditions examined the enzyme is mainly in the monomer form. 

In order to understand the catalytic and regulatory mech- 
anism of the enzyme, it is of critical importance to know the 
physical size of the catalytic unit. The studies described here 
were intended to measure the size of the catalytically active 
rat liver carbamoyl-phosphate synthetase and to examine the 
effect of the allosteric activator N-acetylglutamate on the 
physical properties of the enzyme. Analytical gel chroma- 
tography at 25 and 4 OC together with sedimentation velocity 
measurements was employed to study acetylglutamate-inducsd 
dissociation of the enzyme. Active enzyme centrifugation and 
the measurement of the boundary position of the carbamoyl 
phosphate and ADP formed during gel chromatography were 
used to demonstrate that the monomer is a catalytically active 
species. 

Experimental Procedures 
Materials. N-Acetyl-L-glutamate, citrulline, and ornithine 

were Fluka products obtained from Tridom Chemical Inc. 
ATP and ADP were purchased from SchwarzIMann; carba- 
moyl phosphate (dilithium salt), phenol red, sodium salt, and 
sodium azide were from Sigma Chemical Co. Glycerol was 
obtained from Matheson Coleman and Bell. Other biochem- 
ical reagents were of the highest purity commercially available. 
Sephadex G-200 and Blue Dextran 2000 were obtained from 
Pharmacia. The proteins used for calibration of the molecular 
sieving columns were obtained from Sigma Chemical Co., 
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for enzyme activity and protein or from recorder tracings of 
the absorbance at 280 nm of the column effluent. The volume 
of the enzyme sample applied to the column was 1.75 mL. 
Purified carbamoyl-phosphate synthetase was used without 
prior desalting; samples (1-20 mg) of the protein were diluted 
with the column elution buffer which also contained Blue 
Dextran (1 mg) and DNP-alanine (0.1 mg). The void volume, 
Vo, and the internal volume, vi, were determined from the 
elution volumes of Blue Dextran 2000 and DNP-alanine. The 
void volume of the column varied less than 0.5 mL in each 
set of experiments. The partition coefficients were calculated 
according to the method of Ackers (1964) with the equation 
Kd = (V, - V , ) / v .  The Stokes radii of samples of carba- 
moyl-phosphate synthetase were calculated from the distri- 
bution coefficient, Kd, by use of the known value of the gel 
pore radius, r, according to the formula of Ackers (1964). The 
gel pore radius, r, was determined from the elution volumes 
and Stokes radii, a,  of the following standard proteins: apo- 
ferritin, 79 8, (Rothen, 1944); fumarase, 52.9 8, (Cecil & 
Ogston, 1952); yeast alcohol dehydrogenase, 45.5 8, (Ackers, 
1964; Hayes & Velick, 1954; Sytkowski, 1977); pig heart 
diaphorase, 43 8, (Massey et al., 1962); bovine serum albumin, 
36.1 A (Tanford, 1961). The average gel pore radii were 
calculated from the data obtained for the calibrating proteins 
under each set of experimental conditions. At 25 OC, the 
average value of r of Sephadex G-200 equilibrated with 
Tris-acetate buffer which contained substrates was 179 f 6 
A. 

In one series of experiments, the elution boundaries of the 
products, carbamoyl phosphate, ADP, and Pi, formed on the 
column during chromatography of the enzyme in the presence 
of added substrates were determined. In these experiments, 
where measurements were made of carbamoyl phosphate, 
ADP, and Pi in each fraction, the column effluent was 
quenched by mixing with an equal volume of 80 mM EDTA 
to prevent further conversion of substrates. The EDTA so- 
lution was separately pumped and mixed with the effluent in 
a three-way valve (Omnifit). The fractions were held at 0 OC 
in an ice bath and assayed for carbamoyl phosphate or ADP 
as soon as possible. The amount of carbamoyl phosphate in 
0.2-mL aliquots of each fraction was determined by measuring 
the citrulline formed after enzymatic conversion of carbamoyl 
phosphate with ornithine and an excess of ornithine trans- 
carbamylase. Pi was extracted from 1 .O-mL samples of each 
fraction by adding 2 mL of cold 1 N H2S04, 0.75 mL of 10% 
ammonium molybdate, and 1 mL of isobutyl alcohol/benzene 
(1 : 1) followed by vigorous shaking for 20 s on a Vortex mixer. 
The concentration of Pi in aliquots (0.2-0.5 mL) of the organic 
layer was determined colorimetrically by reduction with SnCI2 
(Lindberg & Ernster, 1956). ADP formation was determined 
in the following manner. To aliquots (0.2-1.0 mL) of the 
column fractions was added 0.1 mL of 2 N HC1 to denature 
the enzyme. After the samples stood for 10 min at 0 OC, they 
were neutralized with 0.1 mL of 2 M Tris, and 0.1 mL of 0.5 
M magnesium acetate was added to reduce the concentration 
of EDTA. ADP concentration was determined by adding 
aliquots (0.1-1.0 mL) of the samples to 2.9-2.0 mL of a 
reaction mixture that contained 0.1 M Tris-acetate, pH 7.6, 
0.06 M KC1, 0.02 M MgS04, 0.5 mM phosphoenolpyruvate, 
0.15 mM NADH, and 30 pg/mL lactic dehydrogenase (500 
units/mg). The net decrease in absorbance at 340 nm was 
determined after adding 50 pg of pyruvate kinase (200 un- 
its/mg). All of the assay values of the ADP and Pi formed 
were corrected for nonenzymatic degradation of ATP, which 
was less than 2%. 

Worthington Biochemicals, and Boehringer-Mannheim. Pig 
heart diaphorase (type 111, Sigma) was further purified by 
chromatography on a column of calcium phosphate gel-cel- 
lulose (Williams et al., 1967). Ornithine transcarbamylase 
was purified from rat liver mitochondria as previous described 
(Lusty, 1978a; Lusty et al., 1979). The specific activity of 
the fractions used in the coupled assay was 100-300 units/mg 
of protein. Solutions and buffers were prepared as described 
previously (Lusty, 1978a). 

Preparation of Carbamoyl-Phosphate Synthetase. Car- 
bamoyl-phosphate synthetase was purified from rat liver 
mitochondria as described previously (Lusty, 1978a). The 
specific activity of the enzyme was 3.6 pmol of carbamoyl-P 
formed min ' (mg of protein)-' at 37 OC. The enzyme was 
stored at -70 "C in a buffer containing Tris-acetate,' I'/2 = 
0.05, pH 7.6 (25 "C), 2 M ammonium sulfate, 0.3 M sodium 
acetate, and 2 mM dithioerythritol. The purified enzyme was 
stable indefinitely under these conditions. Samples of the 
enzyme (100 pL) were desalted by centrifugation through 
1 -mL columns of Sephadex G-50 equilibrated with the desired 
buffer, as described by Penefsky (1977). 

Determinalion of Protein and Enzyme Activity. Protein 
concentration was determined from the absorbance at 280 nm, 
assuming that AEt  is 1.0 per mg of protein. Protein con- 
centration was also determined with Coomassie Brilliant Blue 
G-250 in a total volume of 3 mL according to the method of 
Sedmak & Grossberg (1  977). using carbamoyl-phosphate 
synthetase as a standard. 

Carbamoyl-phosphate synthetase activity was measured in 
the coupled reaction with ornithine transcarbamylase (Mar- 
shall et al., 1958). The reaction mixture, in a final volume 
of 0.5 mL, contained Bis-Tris-acetate, I'/2 = 0.05, pH 7.2, 
5 pmol of ATP, sodium salt, 7.5 pmol of magnesium acetate, 
2.5 pmol of sodium acetylglutamate, 25 pmol of NH4HC03, 
1.5 pmol of ornithine hydrochloride, and 7 units of ornithine 
transcarbamylase. The reaction was started by adding 
0.001-0.01 unit of enzyme. After incubation for 10 min at 
37 "C, the reaction was stopped by adding 2.0 mL of acid 
reagent, and citrulline formation was determined according 
to the method of Ceriotti & Gazzaniga (1966) as previously 
described (Guthohrlein & Knappe, 1968). Citrulline con- 
centration was determined from the absorbance at 464 nm, 
using an absorption coefficient of 37 800 M-' cm-l (Snodgrass 
& Parry, 1969). One unit of enzyme is defined as that amount 
which catalyzes the formation of 1 pmol of carbamoyl phos- 
phate in 1 min at 37 OC. Specific activity is equivalent to units 
per milligram of protein. 

Analytical Gel Chromatography. Gel chromatography was 
performed at 4 and 25 OC on a column (1.6 X 170 cm) of 
Sephadex G-200 as described by Ackers (1964). The column 
was equilibrated with Tris-acetate, I'/2 = 0.05, pH 7.6 (25 
OC), containing 2 or 5 mM dithioerythritol and 0.05% sodium 
azide. Other additions to the buffer are given in Table I and 
in the legends to the figures. The column was eluted at a flow 
rate of 13.4 mL/h maintained by a peristaltic pump, and 
fractions of about 2 mL were collected with an LKB RediRac 
with pump control. The volume of the fractions was deter- 
mined by weighing and was found to be constant within f0.02 
mL. The absorbance of the column effluent was monitored 
at 280 nm with a Brinkmann UV monitor and recorder. 
Elution volumes of samples or reference proteins were de- 
termined either by assaying aliquots of the collected fractions 

Abbreviations used: Tris, tris(hydroxymethy1)aminomethane; Bis- 
Tris, 1,3-bis [ [tris( hydroxymethyl)methyl]amino]propane; DNP-alanine, 
dinitrophen ylalanine. 
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When the amount of carbamoyl phosphate synthesized on 
the column was plotted vs. the volume of column effluent, the 
leading boundary formed by the carbamoyl phosphate corre- 
sponded to the protein boundary. Analysis of Pi, however, 
showed that Pi was in excess of carbamoyl phosphate, indi- 
cating that most of the carbamoyl phosphate was being hy- 
drolyzed during development of the column. Based on the 
plateau values of carbamoyl phosphate and Pi, 68% of the 
carbamoyl phosphate was broken down. This was confirmed 
by measurements of ADP levels in the plateau region. ADP 
concentration equaled the sum of the carbamoyl phosphate 
and Pi concentrations. Since ADP was stable during the course 
of the experiment, and nonenzymatic breakdown of ATP was 
negligible, the ADP boundary was utilized to determine the 
elution volume of the reacting enzyme species in gel chro- 
matography. 

Sedimentation Velocity Measurements. Sedimentation 
velocity experiments were performed in a Spinco Model E 
analytical ultracentrifuge equipped with ultraviolet optics and 
an automatic scanner. Sedimentation velocity coefficents were 
measured over a wide range of initial protein concentrations 
by band sedimentation and boundary sedimentation in 12- and 
30-mm double-sector centerpieces. The enzyme was desalted 
on small columns of Sephadex G-50 equilibrated with Tris- 
acetate, pH 7.6, r/2 = 0.1, containing 2 mM dithioerythritol. 
Immediately prior to the experiment, samples for sedimenta- 
tion analysis were prepared by dilution of the protein with the 
desired solvent. The compositions of the solvents are given 
in Table I and the legends to the figures. Sodium azide was 
not added to solutions for sedimentation analysis. Protein 
concentration was determined from the absorbance at 280 nm, 
or in the case of dilute samples by the Coomassie Blue method. 
In the boundary sedimentation experiments, samples were 
centrifuged in the An-D rotor at 48 230 rpm. Absorbance 
scans at 280 nm (100-500 mV/cm) were recorded by using 
minimum suppression at the fastest scan speed and 25 mm/s 
chart speed at 2- or 4-min intervals. In the experiments where 
the addition of ATP to the solvent contributed to the absor- 
bance at 280 nm, the scanner was operated at 290-298 nm, 
depending on the protein concentration of the sample. 

In band sedimentation experiments, samples were centri- 
fuged in 12-mm Vinograd type double-sector centerpieces. The 
enzyme (5 pL) in 5% glycerol containing 1 mM Tris and 5 
mM dithiothreitol was layered onto 0.35 mL of a sedimen- 
tation column containing 10% glycerol, Tris-acetate, I'/2 = 
0.1, pH 7.8, and 1 mM dithioerythritol plus and minus sub- 
strates. After acceleration to 60 000 rpm, absorbance scans 
at 280 nm (100-200 mV/cm) were recorded at the fastest scan 
speed and 25 mm/s chart speed at 1-min intervals. All sed- 
imentation velocity experiments were conducted at 25 f 0.1 
OC. 

The duration of the experiments was 20-60 min. For each 
experiment, a plot of the log of recorder deflection vs. the 
distance from the axis of rotation was linear. Observed sed- 
imentation coefficients were calculated from the rate of 
movement of the midpoints of the sedimenting boundaries by 
least-squares fit of the data and were corrected for the densities 
and viscosities of the solvents. The partial specific volume of 
carbamoyl-phosphate synthetase was taken to be 0.74; this 
value was calculated from the amino acid compostion of the 
protein (Clarke, 1976). Since at high concentrations of gly- 
cerol the buoyancy term (1 - Up) will increase, b2 was increased 
by 0.006 and 0.010 mL/g (Lee et al., 1979) in the experiments 
with 10% and 20% glycerol, respectively. When the corrections 
for Oz and the measured viscosities of glycerol were applied, 

the sedimentation coefficients of fumarase (a nondissociating 
protein) measured in solutions of 10% and 20% glycerol were 
in excellent agreement with the literature values. 

Reacting Enzyme Sedimentation. Active enzyme centri- 
fugation studies were performed according to the method of 
Cohen et al. (1967) (Cohen & Mire, 1971; Claverie et al., 
1975; Cohen & Claverie, 1975; Claverie, 1976). The exper- 
imental conditions and precautions necessary to obtain valid 
results with this method have been discussed by a number of 
investigators (Taylor et al., 1972; Kemper & Everse, 1973; 
Shill et al., 1974). During sedimentation, carbamoyl-phos- 
phate synthetase activity was followed spectrophotometrically 
by coupling the enzyme reaction with phenol red. The acid 
produced during carbamoyl phosphate synthesis or, in the 
absence of NH4+, during acetylglutamate-dependent, bi- 
carbonate-dependent ATP hydrolysis was measured by the 
change in the absorbance of phenol red at 560 nm. Glycerol 
(10%) was added to stabilize the sedimenting boundaries. For 
the overall reaction, the assay mixtures contained 10% glycerol, 
Tris-acetate, pH 7.8, I'/2 = 0,001, 10 or 20 mM ATP, 15 or 
25 mM magnesium acetate (added in 5 mM excess of ATP), 
5 mM acetylglutamate, 20 rnM potassium acetate, 10-40 mM 
NH4HC03, 3 mM dithioerythritol, and 25 pM phenol red (pK, 
= 7.9). The pH of the reaction mixture was adjusted to pH 
7.8 with dilute NaOH. The ATPase reaction was measured 
in reaction mixtures that contained 10% glycerol, Tris-acetate, 
pH 7.8, I'/2 = 0.001, 10 or 20 mM ATP, 9 or 18 mM man- 
ganese acetate, 10-20 mM KHC03, 30-40 mM potassium 
acetate, 5 mM acetylglutamate, 3 mM dithioerythritol, and 
25 pM phenol red. The reaction mixtures adjusted to pH 7.8 
had an initial ASb0 of about 1. In preliminary experiments, 
it was found that the decrease in absorbance at 560 nm was 
first order with respect to the amount of H+ added to the 
reaction mixtures. This relation is presumably due to pK 
differences between the dye and the components of the assay 
mixtures that acted as buffers (Lowry et al., 1954; Segel, 
1973,  mainly ammonium bicarbonate, but also MgATPz-. 
The MSa/pmol of H+ varied, depending on the concentration 
of MgATPz- and NH4HC03. At 4 mM MgATPz- and 5 mM 
NH4HC03, the was 0.5/pmol of H'. The corre- 
sponding values for NH4HC03 concentrations of 10 and 20 
mM were 0.28 and 0.1 per pmol of H+, respectively. It was 
determined that for each set of conditions provided a 
true measurement of the amount of carbamoyl phosphate 
formed. The assay conditions and the range of enzyme con- 
centrations were chosen so that in the cuvette H+ production 
was linear for 90 min, and the final pH of the reaction mixtures 
was not less than pH 7.2, still in the optimum range of enzyme 
activity and in the buffering range of phenol red. The total 
ApH was dependent on the composition of the reaction mix- 
ture. Absorbance changes at 560 nm were nearly proportional 
to the amount of enzyme added up to = 0.26. The active 
enzyme centrifugation method, however, could be used only 
in a narrow range of protein concentrations (2-6 pg of enzyme) 
when the overall enzyme reaction was measured. Valid sed- 
imentation data could be obtained over a wider range of en- 
zyme concentrations by measuring the partial reaction, ace- 
tylglutamate-dependent, bicarbonate-dependent ATPase 
(Lusty, 1978b). 

Sedimentation coefficients were determined from the rate 
of sedimentation of the midpoint of the substrate depletion 
boundary (Taylor et al., 1972; Kemper & Everse, 1973) or 
the midpoints of the difference curves constructed from suc- 
cessive sedimentation boundaries (Cohen & Mire, 1971; Taylor 
et al., 1972). Values of sow calculated by the two procedures 
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agreed within k0.5 S .  In some experiments where very low 
enzyme concentrations were employed, the trailing plateau that 
should be observed behind the sedimenting enzyme protein 
failed to form. In these experiments, sob& was calculated by 
the method of difference curves. In all cases, the values of 
s,bd were corrected for the densities and viscosities of the 
reaction mixtures. The correction factor was 1.22. No cor- 
rection was made for the increase in the buoyancy term, since 
the correction (+0.2 S) was within the error inherent in the 
active enzyme centrifugation method (f0.5 S) (Cohen et al., 
1967). Even a 10% underestimation of the sedimentation 
coefficient would not change the interpretation of the exper- 
iments. 

The densities and viscosities of the solvents and reaction 
mixtures were determined experimentally at 25.0 f 0.05 OC 
with a Model DMA 02 C densitometer (Anton Paar, Graz). 
The viscosities of the solvents relative to water were measured 
at 25.0 OC in 5-mL Ostwald viscometers. 

Electron Microscopy. Carbamoyl-phosphate synthetase was 
desalted just prior to the electron microscope experiments by 
Sephadex centrifugation. Samples of the enzyme (1 mg/mL) 
in Tris-acetate, pH 7.6, r / 2  = 0.05, 2 mM dithioerythritol, 
and 0.5% glycerol were diluted to final concentrations of 
10-100 pg/mL with the desired solvents. The enzyme prep- 
arations were immediately applied by the drop method (Horne, 
1967; Haschemeyer, 1970) to thin carbon films on 400-mesh 
copper grids. Samples (5-10 pL) of the enzyme were placed 
on the grids with a micropipet and allowed to stand for 1 min. 
The excess was drained to a thin film by touching with a 
wetted tissue. A drop (5 p L )  of 0.3% phosphotungstic acid 
(titrated to pH 7 with KOH) was added to the grid and al- 
lowed to stand for 2 min. The excess stain was drained as 
above, and the grid was allowed to air-day. Several other 
negative stains (uranyl acetate, sodium silicotungstate, and 
ammonium molybdate) were tried, but the best contrast was 
achieved with potassium phosphotungstate. The underlying 
assumption of the staining procedure used is that the molecules 
undergo minimal morphological changes after the initial ab- 
sorption to the carbon film (Haschemeyers, 1970). In some 
experiments, a monolayer of octanol was put on the surface 
of the stain droplet to improve spreading and deposition of the 
stain (Gordon, 1972). About 0.5 pL of a solution of octanol 
in hexane (0.015% w/v) was delivered to the surface of the 
stain from a Hamilton microsyringe. Negatively stained 
preparations of carbamoyl-phosphate synthetase were exam- 
ined with a Phillips EM 300 electron microscope equipped with 
an anticontamination device and operated with a 30-pm ob- 
jective aperture at an accelerating voltage of 80 kV. Images 
were recorded for 2 s on Kodak Electron Image Film (No. 
4463) in a through-focus series at an instrumental magnifi- 
cation of 40 500-52 000. Although the photographs taken in 
the near-focal region had less contrast, the granularity of the 
phase image was reduced to about 10 A (Haschemeyer, 1970). 
The magnification of the microscope was calibrated with a 
carbon grating replica (54 864 lines/in.). Measurements of 
the negatively stained particles were taken from photographic 
enlargements of the electron micrographs by using a Bausch 
and Lomb 7X magnifying glass calibrated in divisions of 0.1 
mm . 
Results 

Sedimentation Velocity Measurements of Carbamoyl- 
Phosphate Synthetase. The molecular weight of native car- 
bamoyl-phosphate synthetase is dependent on the protein 
concentration and on the composition of the solvent. Sedi- 
mentation velocity measurements of carbamoyl-phosphate 
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FIGURE 1 : Sedimentation velocity of carbamoyl-phosphate synthetase 
in Tris-acetate, pH 7.6, ionic strength 0.1, containing 2 mM di- 
thioerythritol at 25 'C. The sedimentation coefficients represented 
by (0) are taken from the data of Virden (1972). 

synthetase were made at 25 O C  in Tris-acetate, pH 7.6, I'/2 
= 0.1, which contained 2 mM dithioerythritol. A single 
sedimentation boundary was observed in all of the experiments. 
As the initial concentration was increased, the boundary region 
narrowed and the boundary curves became sharper, a feature 
characteristic of concentration-dependent sedimentation 
(Vinograd & Bruner, 1966a). The calculated sedimentation 
coefficients (Figure 1) rose steeply with initial concentration, 
passed through a maximum at 0.3 mg/mL, and then decreased 
with increasing concentration as a consequence of hydrody- 
namic effects. The marked concentration dependence of the 
sedimentation coefficients of the enzyme in the range 0.02-0.3 
mg/mL was not observed in previous studies (Virden, 1972), 
where all the measurements were made at concentrations of 
carbamoyl-phosphate synthetase above 1 mg/mL. In the 
concentration range of 1-1.5 mg/mL, the sedimentation 
coefficients determined in the present study are in excellent 
agreement with those previously reported (Virden, 1972) (see 
Figure 1). The concentration dependence of the sedimentation 
coefficients and the single, integral sedimentation boundaries 
are in accordance with the behavior of a monomer-dimer 
system in rapid chemical equilibrium predicted by the Gilbert 
theory (Gilbert, 1955, 1959). The distinctive shape of the plot 
of sedimentation coefficient vs. concentration is also charac- 
teristic of association-dissociation (Gilbert, 1960; Gilbert & 
Gilbert, 1961). The sedimentation coefficient of the mono- 
meric molecule can be obtained by extrapolation of the 
downward part of the curve to zero concentration. Since the 
height of the maximum is a function of kg, the product of the 
protein dissociation constant ( k )  and the hydrodynamic con- 
stant [here defined as g, cf. Gilbert (1955, 1959, 1960) and 
Gilbert & Gilbert (1961)], extrapolation of the ascending part 
of the curve to zero concentration does not give the sedi- 
mentation coefficient of the dimer but rather gives an estimate 
of the sedimentation velocity somewhere between the monomer 
and dimer (Gilbert, 1960; Gilbert & Gilbert, 1961). When 
the observed sedimentation coefficients in Figure 1 are ex- 
trapolated to zero concentration, a value of sio,,, of 7.65 f 0.1 
is obtained for the monomer. With the assumption that the 
monomer is an anhydrated sphere and that the dimer is a 
prolate ellipsoid with a volume equal to twice that of the 
monomer, and a major semiaxis equal to the diameter of the 
monomer, the sedimentation coefficient of the dimer was es- 
timated from the relation sp = s & ~ /  1.044 (Gilbert, 1959) 
taking into account the changes in weight (2*13) and shape 
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FIGURE 2: Concentration dependence of Kd of carbamoyl-phosphate 
synthetase in the presence of substrates at 25 OC. The enzyme (1.7 
mL) was chromatographed in the presence of Tris-acetate, pH 7.6, 
I'/2 = 0.05,2 or 20 mM ATP, 7 or 25 mM magnesium acetate, 50 
mM NH4HC03, 3 mM sodium acetylglutamate, 2 mM dithio- 
erythritol, and 0.05% sodium azide. Concentration is the concentration 
measured in the peak maximum: (0) 2 mM ATP (0) 20 mM ATP. 
(A) Sedimentation coefficients of the enzyme measured by boundary 
sedimentation in the same reaction mixture (2 mM ATP) at 25 OC. 
In these experiments, concentration refers to initial concentration. 
The details of gel chromatography and centrifugation are given under 
Experimental Procedures. 

[ 1/1.044] (Perrin, 1936) of the monomer and dimer. A value 
of 11.6 f 0.15 S is calculated for the dimer. The earlier 
reported value of 10.8 S (Virden, 1972) for the dimer is 
probably an underestimate. The actual determination of an 
accurate value of the sedimentation coefficient for the car- 
bamoyl-phosphate synthetase dimer presents a problem, since 
it can be calculated that after correction for hydrodynamic 
effects (Virden, 1972), even at an initial concentration of 30 
mg/mL, the rat liver enzyme is not completely polymerized. 
Attempts to maximize dimer formation or to stabilize the 
dimer by the addition of high concentrations of salts (e.g., 
ammonium sulfate plus sodium acetate) resulted in the for- 
mation of oligomers ( n  2 4 )  (Lusty, 1978a). However, the 
evidence for a chemical equilibrium between monomer and 
dimer is rather compelling. Simple dilution of the enzyme 
from a concentration of 0.25 to 0.025 mg/mL resulted in a 
decrease in the sedimentation coefficient from 10.8 to 8.3 S. 
Only a single boundary without any suggestion of a shoulder 
or inflexion is observed in both boundary sedimentation and 
gel elution patterns over a wide range of protein concentrations. 
Furthermore, the equilibrium can be perturbed by substrates 
and the allosteric activator, N-acetylglutamate. 

Influence of Substrates and N-Acetylglutamate on Mono- 
mer-Dimer Transitions. The apparent molecular weight of 
carbamoyl-phosphate synthetase was determined at  25 OC in 
the presence of substrates by molecular sieve chromatography 
and sedimentation velocity measurements. The concentration 
dependence of the partition coefficient, Kd, of the enzyme in 
the presence of saturating amounts of acetylglutamate, 
NH4HC03, and 2 or 20 mM MgATP2- is shown in Figure 2. 
Also shown are the sedimentation coefficients of the protein, 
determined under the same experimental conditions by 
boundary sedimentation. In the gel chromatography exper- 
iments, concentration refers to milligrams per milliliter of 
protein in the peak. At concentrations of less than 0.1 mg/mL 
in the peak, dissociation appeared to be complete. Extrapo- 
lation of the measured Kd to zero concentration provides a 
value of Kd from which a Stokes radius for the monomer of 
48.0 f 0.8 A was calculated. By use of the Stokes-Einstein 
equation, the value of D$w calculated for the monomer from 
the Stokes radius is (4.46 f 0.07) X lo-' cm-* s-*. 

At low protein concentrations (<0.1 mg/mL), the enzyme 
eluted as a nearly symmetrical peak. As the initial concen- 
tration was increased, the leading edge of the peak became 
steeper, and the trailing side was slightly skewed, indicating 

that the equilibrium was displaced toward dissociation as the 
protein moved down the column. Since the experiments were 
carried out with small (1.7 mL) sample volumes relative to 
the column volume, the elution volume (V,) is not a quanti- 
tative weight average of the monomer and dimer in the peak. 
Thus, at  high concentrations, Kd deviates from the line de- 
scribed by the sedimentation coefficients. Although the data 
do not allow estimation of a dissociation constant for the 
monomer-dimer interconversion, the concentration dependence 
of Kd is consistent with a reversible equilibrium and indicates 
that the addition of substrates displaces the equilibrium in 
favor of monomer. This conclusion is supported by the sed- 
imentation data presented in Figures 1 and 2. Comparison 
of the curves of sedimentation coefficient as a function of 
concentration in the presence and absence of substrates shows 
that the addition of substrates leads to dissociation and results 
in a lower maximum and a change in the shape of the curve. 
For example, at a concentration of 0.10 mg/mL, the sedi- 
mentation coefficient of the enzyme in the presence of sub- 
strates is 7.8 S compared to a value of 10.1 S determined in 
the absence of substrates. 

In order to correlate the physical size of carbamoyl-phos- 
phate synthetase with catalytic activity, and to determine the 
effects of substrates on the degree of association of the enzyme 
under conditions approximating those of the usual enzyme 
assay, the molecular weight determinations were made at  low 
protein concentrations (<lo0 pg) in the presence of various 
substrates and cofactors. Apparent molecular weights were 
calculated from the Stokes radii and sedimentation coefficients 
also determined under the same experimental conditions by 
boundary centrifugation. The results of the experiments are 
presented in Table I. The protein concentrations reported 
in the table are those measured in the peak maxima and 
correspond to the initial concentrations used for sedimentation 
analysis. In the absence of substrates, the enzyme behaved 
as an equilibrium mixture with apparent molecular weights 
of 250000 and 195 000 at protein concentrations of 0.075 and 
0.01 8 mg/mL, respectively. The enzyme was completely 
dissociated to the monomer in the presence of acetylglutamate 
alone. Further additions of ATP, Mg2+, and NH4HC03 had 
little effect on the size and physical properties of the enzyme. 
Increasing the concentration of MgATP2- up to 20 mM did 
not reverse the dissociation. When acetylglutamate was 
omitted, the addition of only the substrates ATP, Mg2+, and 
NH4HC03 resulted in a partial depolymerization as evidenced 
by a decrease in the molecular weight of the enzyme to that 
of a mixture with an apparent molecular weight of about 
206 000. Glycerol up to 20% did not stabilize the dimer form 
of the enzyme. Unlike the bacterial carbamoyl-phosphate 
synthetase (Matthews & Anderson, 1972; Abdelal & Ingra- 
ham, 1975; Trotta et al., 1974), whose polymerization is in- 
duced by ornithine and potassium phosphate, this effect was 
not seen with the rat liver enzyme at  a concentration of 0.1 
mg/mL. 

Frictional coefficients for the monomer were calculated from 
the average Stokes radii. The value of 1.33 obtained is in the 
range of other globular proteins. There was no substantial 
effect of temperature on the elution volume of carbamoyl- 
phosphate synthetase in solutions of Tris-acetate, pH 7.6, I'/2 
= 0.1, containing 2 mM dithioerythritol; the Stokes radius 
determined at  4 OC was the same as that measured at  25 OC. 

Size of the Catalytic Unit. The finding that at  concen- 
trations less than 0.1 mg/mL, the Stokes radius of the enzyme 
chromatographed in the presence of substrates is the same as 
that of monomeric carbamoyl-phosphate synthetase suggested 
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Table I:  Stokes Radii 6) and Molecular Weight of Carbamoyl-Phosphate Synthetase in the Presence of Various Salts 
and Substrates at 25 "Ca 
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none 

3 mM acetylglutamate 

3 mM acetylglutamate, 2 mM ATP, 7 mM Mg2+, 
and 50 mM NH,HCO, 

3 mM acetylglutamate, 20 mM ATP, 25 mM 
Mg", and 50 mM NH,HCO, 

2 mM ATP, 7 mM Mg", and 50 mM 
NH,HCO, 

20% glycerol 

3 mM acetylglutamate, 2 mM ATP, 7 mM 

0.1 M potassium phosphate, pH 7.6, and 

Mgz+. 50 mM NH,HCO,, and 20% glycerol 

10 mM ornithine 

0.075 
0.018 

0.062 
0.070 
0.100 

0.105 
0.133 
0.050 
0.038 

0.050 
0.085 

0.105 

0.10 

0.090 

0.09 

1.42 59.4 
1.39 53.4 

48.4 
47.4 

1.33 48.6 

41.4 
1.33 48.3 

47.9 
48.7 

48.5 
48.5 

1.38 54.OC 
1.32 50.7 

1.48 59.4 * 1 

1.35 50.3 

1.39 58.1 

9.70 ?; 0.08 
8.4 f 0.1 

7.67 ?; 0.33 

7.78 t 0.33 

8.78 t 0.44 

8.45 f 0.21 

8.07 2 0.34 

9.77 i 0.06 

2 5 1 0 0 0 i  2000 
195 000 f 2 000 

160500 i 8 OOOb 

162 000 i 7 OOOb 

206 000 i 10 000 
194 000 ?; 10 000 

218 000 f 6400  

176 000 t 7 000 

247 000 f 2 000 

a The composition of the elution buffer was Tris-acetate, pH 7.6, r / 2  = 0.05, 2 or 5 mM dithioerythritol, and 0.05% sodium azide. The 
sedimentation coefficients were determined by boundary centrifugation in 12- or 30-mm double-sector centerpieces. The protein concen- 
tration observed in the peak after elution was used in the corresponding sedimentation analysis. The s values given are the mean i root 
mean square of the standard deviation obtained from_ least-squares analyses of three to  five determinations. 
was calculated from the equation Mw = 6nNas/(l - u p ) .  The frictional coefficient,flf,, was calculated from-the equationf/fo = a /  
[3iTM,,,pp/(4n"3] l',. 

the peaks oi protein and enzyme activity were not coincident. The values of 54.0 and 50.7 A were calculated from the Kd of the protein 
and enzyme activity peaks, respectively. 

The apparent molecular weight 

In this experiment, The mean value of a obtained from the experiments shown was used to  calculate Mw,app. 

that the monomer is catalytically active. This was verified by 
analyzing the elution boundary of the ADP formed during gel 
chromatography of the enzyme in the presence of all of the 
substrates, as described under Experimental Procedures. The 
sample (0.050 mg/mL) was applied to the column in a volume 
of 100 mL, so that the protein eluted as a broad band with 
a concentration in the plateau equal to the initial concentration. 
The elution profile in Figure 3 shows that the elution 
boundaries of the protein were nearly symmetrical. In gel 
chromatography when a large sample volume is used to 
maintain a plateau concentration, the midpoints (corresponding 
to V,) of the leading and trailing boundaries correspond to the 
weight average of the protein in the plateau, and plots of the 
first derivative of the trailing boundary are comparable to 
patterns obtained by sedimentation analysis (Winzor & 
Scheraga, 1963). Plots of the first derivatives of the boundaries 
show that the trailing boundary is slightly more diffuse than 
the leading boundary (Figure 3), indicating that the protein 
is not associating (Winzor & Scheraga, 1963). The partition 
coefficients, Kdr obtained from the elution volumes of the 
leading and trailing boundaries of the protein correspond to 
Stokes radii of 48.4 A, the same as that of the monomer. 
Figure 3 also shows the leading boundary of the ADP formed 
on the column, and a plot of its first derivative. The midpoint 
of the ADP boundary corresponds precisely to the midpoint 
of the protein boundary. It can be calculated that the amount 
of ADP formed on the column during chromatography is the 
amount expected, assuming the enzyme to be fully active. The 
coincidence of the ADP and protein boundaries indicated that 
the monomer is enzymatically active. 

The gel chromatographic method described here is a useful 
method to determine the size of catalytically active species, 
since the theoretical basis is the same as that of active enzyme 

I> I 

centrifugation (Claverie, 1976). The gel filtration methodhas 
the advantage that the leading boundary of the protein and 

the leading boundary of the products of the reaction formed 
during chromatography are obtained in the same analysis. A 
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FIGURE 4: Tracings of a series of absorbance scam taken during active 
enzyme sedimentation of carbamoyl-phosphate synthetase. (A) The 
decrease in absorbance at 560 nm of phenol red was used to observe 
H+ production during overall carbamoyl-phosphate synthesis. The 
enzyme (2.34 pg) in a volume of 5 pL was sedimented through a 
solution column containing 5 mM ATP, 10 mM magnesium acetate, 
20 mM potassium acetate, 5 mM sodium acetylglutamate, 20 mM 
NH4HC03, 3 mM dithioerythritol, and 25 pM phenol red at 60000 
rpm, at 25 OC. (B) H+ production observed during bicarbonate- 
dependent ATP hydrolysis in the absence of ammonia. The enzyme 
(22.7 pg) in a volume of 5 pL was layered on a sedimentation solution 
column containing 10% glycerol, 10 mM ATP, 10 mM manganese 
acetate, 5 mM sodium acetylglutamate, 10 mM KHC03, 30 mM 
potassium acetate, 3 mM dithioerythritol, and 25 pM phenol red and 
centrifuged at 60 000 rpm, at 25 OC. Absorbance scans at 560 nm 
were taken at 1-min intervals; other conditions were scan speed, fastest; 
chart speed, 25 mm/s; suppression, 1/4; 100 mV/cm; 0-1.0 optical 
density range. Successive scanner traces are superimposed on the 
zero time scanner trace. The interval between traces is 2 min because 
alternate traces have been omitted. The arrow indicates the direction 
of sedimentation. 

disadvantage of the method is that the product distribution 
in the trailing boundary is obscured due to sieving, and analysis 
of the first derivative of the trailing boundary to look for 
evidence of more than one reacting species would probably not 
be informative. Despite this drawback, evidence for interac- 
tions can still be obtained from analysis of the trailing 
boundary of the protein peak. 

Active Enzyme Sedimentation. The studies on the active 
form of carbamoyl-phosphate synthetase with the gel chro- 
matographic method had the disadvantage that 11-12 h were 
required before catalytic activity could be assayed. It was 
therefore important to demonstrate the catalytically active 
monomer in experiments of short duration which more nearly 
approximate the conditions of a normal enzyme assay. 
Moreover, it was of interest to determine whether the monomer 
exists at  enzyme concentrations approaching those of rat liver 
mitochondria (Clarke, 1976; Lusty, 1978a; Raijman & Jones, 
1976) and whether the dimer is also enzymatically active. This 
was attempted by active enzyme centrifugation studies in 
which the active enzyme boundary was observed within a few 
minutes following contact of the enzyme with the reaction 
mixture. The sedimentation ' of carbamoyl-phosphate 
synthetase could be followed by measuring H+ production 
resulting from ATP utilization either in net carbamoyl 
phosphate synthesis or in the acetylglutamate- and bi- 
carbonate-dependent ATPase. The latter partial reaction is 
especially useful since it allows the sedimentation properties 
of the active enzyme to be estimated over a wide range of 
initial protein concentrations. In the first experiments, the 
sedimentation coefficients of the active species were determined 
by following H+ production during carbamoyl phosphate 
formation. For technical reasons, this proved difficult. The 
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FIGURE 5 :  Concentration dependence of the sedimentation velocity 
of carbamoyl-phosphate synthetase in the presence of substrates at  
25 OC. Concentration dependence of the sedimentation velocity of 
the reacting species was determined by active enzyme centrifugation. 
(0) Sedimentation coefficients determined by boundary sedimentation 
of the enzyme in Tris-acetate, pH 7.6, I'/2 = 0.05, 3 mM sodium 
acetylglutamate, 2 mM ATP, 7 mM magnesium acetate, 50 mM 
NH4HC03, and 2 mM dithioerythritol. (0) Boundary sedimentation 
experiments showing the sedimentation velocity of the enzyme in 
Tris-acetate, pH 7.6, I'/2 = 0.05, 5 mM sodium acetylglutamate, 
2 mM ATP, 1.8 mM manganese acetate, 20 mM KHC03, 10 mM 
potassium acetate, and 2 mM dithioerythritol. Concentration refers 
to initial concentration. (0) Sedimentation velocity of the active species 
determined by measuring H+ production during carbamoyl phosphate 
synthesis. The enzyme (2-7 pg in 5 pL) was layered onto solution 
columns containing 10% glycerol, 1 mM Tris-acetate, pH 7.8,4-20 
mM ATP, 9-25 mM magnesium acetate, 5 mM sodium acetyl- 
glutamate, 10-40 mM NH4HC03, 2 mM dithioerythritol, and 25 
pM phenol red. (A) Sedimentation velocity of the active species 
determined by measuring Ht production during acetylglutamate- and 
bicarbonate-dependent ATP hydrolysis in the absence of ammonia. 
The enzyme (7-80 pg in 5 pL) was layered onto solution columns 
containing 10% glycerol, 1 mM Tris-acetate, pH 7.8, 10 or 20 mM 
ATP, 9 or 18 mM manganese acetate, 20 mM KHC03, 10 mM 
potassium acetate, 5 mM sodium acetylglutamate, 3 mM dithio- 
erythritol, and 25 pM phenol red. The pH of the reaction mixtures 
was 7.8. In the active enzyme centrifugation experiments, concen- 
tration is the concentration (0.3 c,) calculated to be in the band 
maximum midway through the experiment ( t  = 5 min). The conditions 
of centrifugation was as described in the legend of Figure 4. 

changes in the absorbance at 560 nm were proportional to the 
amount of enzyme added only over a narrow range of 2-6 pg 
of protein. Increasing the amount of protein led to spuriously 
high sedimentation coefficients. This was due to depletion of 
substrates by the leading edge of the sedimenting enzyme band, 
as seen when tracings of the sedimenting band (recorded at  
280 nm) were laid over the substrate-product boundaries. 
Substrate buffering effects set a lower limit on the amount 
of enzyme that could produce a change in absorbance during 
sedimentation. The substrate-product boundaries of sedi- 
menting bands of enzyme, 2.3 pg in the overall reaction and 
23 pg in the acetylglutamate- and bicarbonate-dependent 
ATPase, are shown in Figure 4. The sedimentation coeffi- 
cients of the active enzyme species calculated from the mid- 
points of the sedimenting boundaries are 8.7 and 8.6 f 0.25 
S, respectively. The concentration dependence of the sedi- 
mentation coefficients of carbamoyl-phosphate synthetase 
measured by active enzyme sedimentation is summarized in 
Figure 5 .  The upper curve shows the sedimentation coeffi- 
cients of the enzyme determined by boundary sedimentation 
as a function of initial concentration. The open circles rep- 
resent the sedimentation coefficients of the enzyme determined 
by active enzyme centrifugation by measuring H+ produced 
during carbamoyl phosphate synthesis. Within the concen- 
tration range 2-6 pg of protein, all of the sedimentation values 
fell on the line described by boundary sedimentation. In the 
active enzyme sedimentation experiments, concentration refers 
to the average protein concentration in the sedimenting band, 
which was taken to be 0.3 of the initial concentration. This 
factor was determined from the area of the sedimenting band 
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FIGURE 6: Tracings of absorbance scans at 280 nm taken during band 
sedimentation of carbamoyl-phosphate synthetase in 10% glycerol in 
the presence and absence of substrates. (A) Without added substrates. 
The enzyme (28 pg) in a volume of 15 pL was sedimented through 
a solution column containing 20% glycerol, Tris-acetate, pH 7.8, I'/2 
= 0.1, and 1 mM dithioerythritol. The absorbance at 280 nm was 
recorded after sedimentation at 56000 rpm, at 25 O C ,  for 10 min. 
(B) With added substrates. The enzyme (15.4 pg) in a volume of 
5 pL was centrifuged through a solution column containing 10% 
glycerol, 20 mM NH,HC03, 20 mM potassium acetate, 25 mM 
magnesium acetate, 5 mM sodium acetylglutamate, and 1 mM di- 
thioerythritol. The absorbance scan at 280 nm was recorded after 
sedimentation at 60000 rpm, at 25 O C ,  for 9 min. (C) The enzyme 
(6.6 pg) was centrifuged exactly as described in (B). The absorbance 
scan was recorded after centrifugation at 60000 rpm for 8 min. 
Sedimentation is from left to right. 

measured on scanner traces (midway through the run) and 
corresponds to the value given by Vinograd & Bruner (1 966b). 
The curvature of the plots in Figure 5, however, was not 
significantly affected by the precise value of the dilution factor 
within the range 0.2-0.4 q. The lower cume in Figure 5 shows 
the concentration dependence of the sedimentation coefficients 
determined by active enzyme centrifugation with the ATPase 
assay. 

The shape of the sedimenting boundaries (Figure 6) in the 
band sedimentation experiments indicated that sedimentation 
was concentration dependent. As the band moves, dilution 
of the leading edge causes the maximum to move more slowly 
than the leading edge, which gives appearance of broadened 
leading and sharpened trailing boundaries (Vinograd & 
Bruner, 1966a). Depending on the magnitude of the product 
of the hydrodynamic constant and the concentration in the 
band maximum, gc,, it was found that the sedimentation 
velocity of the maximum will be lower than the actual sedi- 
mentation coefficient (Vinograd & Bruner, 1966a). This effect 
could account for the disparity in the sedimentation coefficients 
determined by band sedimentation and boundary sedimenta- 
tion shown in the two curves in Figure 5 .  The sedimentation 
data in Figure 5 suggest that the reacting species sediments 
with the same concentration dependence as the protein mea- 
sured by moving boundary sedimentation. Measured during 
carbamoyl phosphate synthesis, the active species sedimented 
with a velocity of 7.8 S at a concentration of 0.12 mg/mL, 
and 9.3 S at a concentration of 0.36 mg/mL. Extrapolation 
of the sedimentation coefficients to zero concentration gives 
a value of 7.6, which corresponds to the sedimentation 
coefficient of the monomer. The concentration dependence 
of the sedimentation coefficients of the active species measured 
during the ATPase reaction also corresponds closely to those 
determined by boundary sedimentation in the concentration 
range 0.6-5 mg/mL. The increase in the sedimentation 

coefficient of the active enzyme species over the concentration 
range 0.1-4 mg/mL is consistent with concentration-dependent 
sedimentation of catalytically active monomers in equilibrium 
with dimers. Dissociation of the enzyme in the presence of 
substrates appears to be rapid and reversible,2 since single 
sedimenting boundaries were observed in both boundary sed- 
imentation and band sedimentation experiments. By analysis 
of the sedimenting substrate-product boundaries obtained by 
active enzyme centrifugation, it should be possible to obtain 
some information about the enzymatic activity of the dimer 
as well as the monomer. By consideration of the most likely 
situation, that of a reacting monomer-reacting dimer, if the 
equilibrium is rapid relative to the rate of sedimentation, a 
single sedimenting substrate-product boundary will be ob- 
served; on the other hand, if the equilibrium is slow relative 
to sedimentation, two separate moving boundaries should be 
observed. The invisible sedimenting monomer and dimer 
species will be evident from difference curves constructed from 
the product boundaries (Cohen & Claverie, 1975). In the case 
of a reacting monomer-inactive dimer, only a single sub- 
strate-product boundary will be observed, but this boundary 
will exhibit a long leading edge, indicating the presence of an 
invisible (inactive) and fast sedimenting component. Unless 
the activities of the monomer and dimer differed significantly, 
the case active monomer-less active dimer would be difficult 
to distinguish in these experiments. 

Inspection of the sedimenting product boundaries in Figure 
4 shows that H+ production in both the overall reaction and 
in the ATPase generates single, integral boundaries with no 
hint of a shoulder or inflexion. Difference curves constructed 
from the boundary in Figure 4A (0.12 mg/mL in the band 
maximum, at a time corresponding to the midpoint of the run) 
were nearly symmetrical and fell to the base line without 
evidence of inflexion or trailing. Difference curves constructed 
from the sedimenting boundary in the ATPase reaction (1.38 
mg/mL in the band maximum) were similar to the shape of 
the sedimenting band shown in Figure 6. The trailing 
boundary was sharpened in the same way, and spreading of 
the leading boundary was observed, as a consequence of 
changing s during sedimentation. The concentration depen- 
dence of the sedimenting boundaries makes interpretation 
difficult, but, at  the same time, it is clear that the sedimen- 
tation of the active species accurately reflects the sedimentation 
of the total protein. Thus, the results are consistent with an 
enzymatically active dimer, but, since we have been unable 
to find conditions to stabilize the dimeric form, this must 
remain a tentative conclusion. 

Electron Microscopy. Electron microscopy studies were 
undertaken to directly observe the stoichiometry of association 
of carbamoyl-phosphate synthetase in the presence and absence 
of acetylglutamate and substrates, and to obtain some infor- 
mation about the size and geometry of the subunits. Micro- 
graphs of negatively stained preparations of the enzyme (25 
pg/mL) in Tris-acetate, pH 7.6, r/2 = 0.05, and 1 mM 
dithioerythritol (with and without substrates) showed images 
of molecules of two distinctly different sizes, which correspond 
in dimensions to monomers and dimers. The photograph 
(Figure 7) shows carbamoyl-phosphate synthetase in the 
presence of added substrates. It appears that the monomer 
is asymmetric, with average dimensions of 69 f 8 A along the 
minor axis and 80 f 7 A along the major axis. The average 
dimensions of the dimers were 72 f 12 and 122 f 22 A along 
the minor and major axes, respectively. The axial ratios of 

* The sedimentation experiments were of short duration (10-20 min), 
so that irreversible denaturation of the enzyme was not a problem. 
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FIGURE 7: Electron micrmwpe images of rat liver carbamoyl- 
phosphate synthetase (25 &nL) in Tris-acctate, pH 7.6, r/2 = 
0.05, 3 mM acetylglutamate. 10 mM ATP, 15 mM magnesium 
acetate, 50 m M  ",Ha3, 2 mM dithioerythritol, and 0.5% glycerol. 
The preparation was negatively stained with phosphotungstate. 
Micrograph shows isolated molecules corresponding in dimensions 
to monomers and dimers. 187200X. 

monomers and dimers of the given dimensions are 1.16 and 
1.69, respectively. In addition to monomers and dimers, oc- 
casional particles measuring 69 x 1%-2210 A were seen. These 
were distinctly larger than monomers and dimers. The larger 
particles did not appear to be artifactual aggregates on the 
grids. Particles with dimensions larger than these of monomers 
and dimers were also observed when the enzyme was diluted 
in buffer containing 1 M ammonium sulfate. Images of these 
particles measured 125 X 172 A; no substructure was dis- 
cernible. Other larger stmctures were also seen. Particles of 
the enzyme dissociated with acetylglutamate in the absence 
of other substrates possessed elongations giving the appearance 
of tails. Small 50-A particles appeared to be end-on views. 
These shapes, however, were too indistinct to contribute much 
information about the structure of the enzyme. It could be 
that monomers dissociated with acetylglutamate alone undergo 
significant changes in size and shape. 

The molecular weights of the monomer and dimer correlate 
reasonably well with the dimensions of the negatively stained 
particles. The exact shape of carbamoyl-phosphate synthetase 
cannot be discerned in the micrographs. With the assumption 
that the enzyme is an ellipsoid with dimensions of 69 X 80 
A, molecular weights of 162000 and 188000 are calculated 
for prolate and oblate ellipses, respectively. The diameter of 
an approximately spherical molecule with a molecular weight 
of 160000 and a partial specific volume of 0.74 would be 
nearly 72 A. This value is close to the average diameter of 
the 69 X 80 A particle. Molecular weights of 269000 and 
456 000 are obtained from the dimensions of the dimer, as- 
suming prolate and oblate ellipses, respectively. The latter 
particle weight is much larger than that found by physical 
measurements, which implies that the dimers are prolate el- 
lipsoids. 

The average molecular weight of the enzyme can be cal- 
culated from the numbers of particles seen in negatively stained 
preparations of carbamoyl-phosphate synthetase (Table 11). 
Since in the absence of substrates dissociation to monomers 
occurs by dilution (Table I, Figure I), it is not possible to make 
a conclusion about the effect of substrates on dissociation of 
the enzyme. In all of the micrographs examined, the monomer 
was predominant. Direct visualization of the enzyme in the 
electron microscope was limited by the amount of enzyme that 
could be applied to the grid. At concentrations of protein 
greater than 100 wgg/mL, fields contained so many molecules 

Table 11: Apparent Number-Average Molecular Weight of 
Carbamoyl-Phosphate Synthetase Calculated from the Number 
of Monomers and Dimers Observed in Electron Micrographs" 

dimensions (A) 
no. of - 

conditions particles 60-80 120-160 Mnapp 
without substrates 

25 Irg/mL 60b 47 I 2  196 000 
100 rg/mL 104 82 22 203 000 

25 IrgImL 121 104 17 182500 
100 pg/mL 146 118 28 191 000 

The enzyme was diluted in Tris-acetate, pH 7.6, r / 2  = 0.05, 
containing 2 mM dithioerythritol with or without substrates (10 
mM ATP, 15 mM magnesium acetate, 3 mM sodium acetylgluta- 
mate, and 50 mM NH,HCO,l lo the concentrations indicated in 
the table. Specimens were prepared for electron microscopy and 
stained with 0.3% potassium phosphotungstate as described under 
Experimental Rocedures. In this experiment, one large particle 
(69 X 222 A) was also observed and has been included in the cal- 
culations. 

that images could not be identified as individual monomers 
or dimers. Under the conditions of the experiments in the 
table, which favor monomer formation, the molecular weights 
calculated from the numbers of monomers and dimers in a 
representative field are in accord with the results of ultra- 
centrifugation, gel filtration, and active enzyme centrifugation. 
At a concentration of 25 pgg/mL in the presence of substrates, 
the average molecular weight of the enzyme was 182500. The 
number of monomers represented 86% of the total number of 
enzyme molecules. The remaining 14% were dimers. Thus, 
electron microscope studies provide independent evidence, 
apart from physical studies, to support the idea that the en- 
zyme exists as a mixture of monomers and dimers and that 
the enzyme is predominantly in monomer form at low protein 
concentrations. 
Discussion 

In the studies described in the present paper, it is shown that 
at 25 OC in Tris-acetate buffers rat liver carbamoyl-phosphate 
synthetase consists of monomers and dimers in rapid equi- 
librium. In the concentration range of 20-250 wgg/mL, the 
equilibrium is perturbed by slight differences in the compo- 
sition of the solvent. Addition of the positive allosteric effector 
N-acetylglutamate causes carbamoyl-phosphate synthetase to 
dissociate under the conditions normally used in the kinetic 
assay. The resultant monomer form of the enzyme is cata- 
lytially active. In the present studies, even at high initial 
concentrations (2-5 mg/mL) of protein, the presence of sat- 
urating concentrations of acetylglutamate favors monomer 
formation. Even though these concentrations are still below 
the concentrations (8C-160 mg/mL) calculated to exist in the 
mitochondria (Clarke, 1976; Lusty, 1978a; Raijman & Jones, 
1976). they are high enough to suggest that the monomer form 
could exist in vivo. Dissociation if it occurs in vivo would be 
limited by the intramitochondrial concentration of acetyl- 
glutamate, which is -1W M (Shigesada & Tatibama, 1971). 

Active enzyme centrifugation analyses also indicated that 
the dimer is catalytically active. Although attempts were made 
to estimate the specific activity of the dimer relative to that 
of the monomer, this proved technically difficult. In the range 
0.002-1 mg/mL, increasing the protein concentration resulted 
in only a small (15-20%) decrease in the specific activity of 
the enzyme. It is possible to state, however, that the monomer 
is maximally active. It is of interest that the glutamine-re- 
quiring carbamoyl-phosphate synthetase of Escherichia coli 
has also been reported to be catalytically active as both a 
monomer and an oligomer (Anderson, 1977; Powers et al., 

with substrates 
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FIGURE 8: Simplified scheme to explain the effect of substrates and 
acetylglutamate on oligomeric structure and enzyme stability. 

1980). Since rat liver carbamoyl-phosphate synthetase exists 
primarily as the monomer at low protein concentrations, al- 
losteric activation of the enzyme by acetylglutamate can occur 
at the level of the monomer, apparently unmediated by subunit 
interactions. In this regard, also, the mammalian carbamo- 
yl-phosphate synthetase resembles the bacterial enzyme. 
Carbamoyl-phosphate synthetase from Pseudomonas aeru- 
ginosa PAO1, which like the E.  coli enzyme is regulated by 
UMP and ornithine, exists as a monomer in the presence or 
absence of  ligand^,^ suggesting that catalytic and allosteric 
behavior is unrelated to the polymeric state and can occur at 
the monomeric level. 

A summary of our present knowledge of the oligomeric 
structure of rat liver carbamoyl-phosphate synthetase and its 
relation to catalytic activity and enzyme stability is shown in 
Figure 8. The enzyme can exist in at least three oligomeric 
forms, which can assume two conformations, involving sulf- 
hydryl groups and differing in stability (Lusty, 1978a; Novoa 
& Grisolia, 1964). One conformation is attained in dilute 
buffer and the absence of acetylglutamate and substrates. 
Under these conditions, the enzyme undergoes concentra- 
tion-dependent monomer-dimer interconversions, all forms 
being unstable (Lusty, 1978a; Novoa & Grisolia, 1964). The 
addition of glycerol, salts, or substrates stabilizes both dimer 
and monomer and shifts the equilibrium toward the monomer 
(Guthohrlein & Knappe, 1968; Lusty, 1978a; present paper). 
In the presence of high concentrations of (NH4)$04 (plus 
sodium acetate), the enzyme in the more stable conformation 
has a tendency to form oligomers ( n  1 4). Under these 
conditions also, both monomer and oligomer are catalytically 
inactive in the absence of acetylglutamate (Lusty, 1978a,b). 
The interaction of acetylglutamate with the monomer form, 
possible also with the dimer, yields the catalytically active and 
most unstable configuration (Lusty, 1978a; Novoa & Grisolia, 
1964). 

Carbamoyl-phosphate synthetase has all of the properties 
predicted by Monod et al. (1965) for positive V-type allosteric 
enzymes. Thus, the allosteric ligand exerts a direct effect on 
the catalytic activity, rather than on the affinity of the enzyme 
for its substrates, and cooperative substrate interactions should 
not be observed. The model further predicts that the allosteric 
ligand will act as a specific dissociative or associative agent. 
Carbamoyl-phosphate synthetase does not exhibit cooperative 
substrate interactions (Lusty, 1978a,b). In addition, acetyl- 
glutamate, as shown in this study, appears to act as a specific 
allosteric dissociating agent. 

The interaction of allosteric ligands with proteins that un- 
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dergo association-dissociation has been described in terms of 
the following two mechanisms (Kegeles & Cann, 1978). In 
the first, the allosteric modifier is assumed to bind preferen- 
tially to the dimeric enzyme to form an intermediate enzyme 
complex. If the interactions between the subunits are weak, 
the induced change in conformation is sufficient to cause 
dissociation of the complex to monomers. According to the 
second mechanism, the dissociation constant of the protein is 
increased due to a preferential binding of the allosteric ligand 
to the monomer. Although the two mechanisms cannot be 
distinguished by sedimentation analysis, at least for systems 
in rapid equilibrium (Kegeles & Cann, 1978), much of the 
results obtained with carbamoyl-phosphate synthetase suggests 
that acetylglutamate has a stronger binding affinity for the 
monomer. Interaction of the protein with acetylglutamate may 
lead to the formation of the catalytic site. The activation of 
the catalytic site by acetylglutamate could result either from 
the activation of a group on the enzyme that is part of the 
catalytic process or from a conformational rearrangement of 
active-site substructures that generates the catalytic site. 

The gel chromatographic method used in the present studies 
to demonstrate the active form of carbamoyl-phosphate 
synthetase could be more generally applied to identify the 
active form of enzymes, especially those which cannot be 
assayed spectrophotometrically and, therefore, are not 
adaptable to active enzyme centrifugation analysis. 
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Reactivity of Human Leukocyte Elastase and Porcine Pancreatic 
Elastase toward Peptide 4-Nitroanilides Containing Model Desmosine 
Residues. Evidence That Human Leukocyte Elastase Is Selective for 
Cross-Linked Regions of Elastint 
Akira Yasutake and James C. Powers* 

ABSTRACT: Elastin contains a number of cross-linking amino 
acid residues such as desmosine and isodesmosine which are 
primarily hydrophobic in character, but have a positively 
charged pyridinium ring. These cross-linking residues are 
formed by the action of lysyl oxidase upon Lys residues in 
tropoelastin, a precursor of elastin. A series of tetrapeptide 
4-nitroanilides which contain Lys and a series of modified 
lysine residues were synthesized. The modified lysine residues 
[ccarbobenzyloxy (Z), ebenzoyl (Bz), e-benzimidoyl (Bim), 
and e-2-picolinoyl (Pic)] have various characteristics of des- 
mosine and isodesmosine residues, such as a positive charge, 
a hydrophobic aromatic ring, or a pyridine ring. The reactivity 
of the tetrapeptide 4-nitroanilides containing the model des- 
mosine residues at P4, P3, or P2 with human leukocyte (HL) 
and porcine pancreatic (PP) elastase was measured at pH 7.5 

E l a s t i n  is a flexible, highly cross-linked protein found in high 
quantities in mammalian lung and arteries. The chemical 
structure of elastin is not yet known, but the fragmentary data 
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and 25 OC. HL elastase exhibited high reactivity toward the 
substrates with P4 or P3 hydrophobic groups (Z, Bz, or Pic), 
and MeO-Suc-Lys(Pic)-Ala-Pro-Val-NA is 7 times more re- 
active than the previous best H L  elastase substrate, MeO- 
Suc-Ala-Ala-Pro-Val-NA. The major change occurred in KM 
values. The substrates containing Lys residues were either 
nonreactive or poor. Except for two substrates with P2 hy- 
drophobic residues (Bz and Pic), PP elastase was less reactive 
toward the substrates containing model desmosine residues 
than toward MeO-Suc-Ala-Ala-Pro-Val-NA. The data sup- 
port the hypothesis that HL elastase cleaves elastin selectively 
near cross-linking residues. The results also indicate that H L  
elastase binds tightly to these regions and would be poorly 
effective toward regions of elastin or tropoelastin which contain 
Lys residues. 

available indicate that elastin has long sequences of small 
aliphatic amino acid residues such as Gly, Ala, Val, and Pro 
(Gray et al., 1973; Sandberg et al., 1977). Mature cross-linked 
elastin is formed by the action of lysyl oxidase on the soluble 
precursor protein tropoelastin. Lysyl residues of tropoelastin 
are oxidized to a-aminoadipic b-semialdehyde residues which 
then condense with each other and with Lys residues to form 
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