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Complex from Escherichia coli. Subunit Stoichiometry

and Size of the Catalytic Unit*
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ABSTRACT: The subunit size of the threonine-sensitive asparto-
kinase-homoserine dehydrogenase complex from a dere-
pressed mutant of Escherichia coli (TIR-8) has been studied
using sodium dodecyl sulfate acrylamide gel disc electro-
phoresis, gel filtration in 6 M guanidine hydrochloride, and
equilibrium sedimentation under mild dissociating conditions.
Data from all three of these methods indicate a monomer
molecular weight of approximately 90,000. These results
indicate that the enzyme, as normally isolated, is composed of
four subunits. Gel filtration and a variety of sedimentation
techniques have been used to examine the extent of subunit
aggregation both in the absence of biological ligands and
under catalytic conditions. In the absence of ligands the
enzyme exists in an association-dissociation equilibrium
which tends toward dissociation at high pH and low tempera-
ture. In the presence of ligands, under catalytic conditions,

Tle threonine sensitive aspartokinase-homoserine de-
hydrogenase complex (AK-HSDH-I)! from Escherichia coli
is a polymeric enzyme carrying two catalytic functions
(aspartokinase and homoserine dehydrogenase) and a regula-
tory function (susceptibility to the feedback inhibitor, L-
threonine) (Patte et al., 1966). Until recently the complex was
thought to be a 360,000 oligomer composed of six subunits
(Truffa-Bachi et al., 1969), This subunit stoichiometry was
supported by several observations (summarized by Cohen,
1969) including equilibrium sedimentation in 6 M guanidine
hydrochloride and stoichiometry of NADP binding. Recently,
however, Clark and Ogilvie (1972), Starnes er al. (1972), and I
(unpublished observations) independently observed that the
subunits exhibit a molecular weight of 80,000-90,000 on
sodium dodecyl sulfate acrylamide gel electrophoresis. Starnes
et al. (1972) also reinvestigated the equilibrium sedimentation
behavior in 6 M guanidine hydrochloride and obtained a
subunit molecular weight of 80,000 rather than 60,000.
Clark and Ogilvie (1972) examined the NADP binding stoi-
chiometry and obtained 2 moles bound per mole of enzyme
rather than 3 moles as reported earlier (Janin ez al., 1969).
Because most methods for determining subunit size or ligand
stoichiometry depend on experimental quantities such as
partial specific volume or molar extinction coefficient and
because the recent results were in direct conflict with earlier
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the extent of association depends on the reaction conditions.
Under conditions for the two forward reactions (aspartate to
aspartyl phosphate and aspartic semialdehyde to homoserine)
both the partition coefficient with Sephadex G-200 and the
sedimentation coefficient are those of the tetramer. These
coefficients do not change upon the addition of the feedback
inhibitor, L-threonine. Under conditions for the homoserine
dehydrogenase reaction in the reverse direction, the partition
and sedimentation coefficients indicate an average molecular
size smaller than the tetramer. The addition of L-threonine
to the reverse reaction mixture causes a return of hydrody-
namic properties toward those of the tetramer. Although the
feedback inhibitor stabilizes the tetrameric form of the
threonine-sensitive aspartokinase—homoserine dehydrogenase
complex it is unlikely that differences in the state of aggrega-
tion play a role in the biological control mechanism.

reports, it seemed necessary to extend the investigation of
subunit size to other methods. Sodium dodecy! sulfate disc
electrophoresis and guanidine-HCI gel filtration are two inde-
pendent measures of subunit size which appear to depend
almost entirely on polypeptide chain length. This paper
describes results obtained by these two methods and in addi-
tion, results of velocity sedimentation and equilibrium sedi-
mentation in dilute salt solutions where estimates of partial
specific volume are more reliable. ?

Because AK-HSDH-I appears to dissociate to functional
subunits when placed in buffers which do not contain biologi-
cally effective ligands (Wampler er al., 1970) it was of interest
to determine the state of subunit aggregation under catalytic
conditions and to investigate the possibility that feedback
inhibition might involve changes in aggregation state.

Experimental Procedure

Bovine serum albumin, ovalbumin, 3-galactosidase, and
chymotrypsinogen were obtained from Mann Research
Laboratories. Catalase and phosphorylase a were obtained
from Sigma Chemical Co. Calf skin tropocollagen was the
generous gift of Dr. Robert Church. Guanidine hydrochloride
was Schwarz-Mann Ultra Pure and the 4%; agarose gel was
Bio-Gel A-15m (Bio-Rad Laboratories). AK-HSDH-I was
purified from a derepressed mutant of E. coli K-12 (for a

2 After this paper was submitted for publication my attention was
called to a paper, then in press (Falcoz-Kelly et al., 1972), in which the
subunit stoichiometry of AK~HSDH-I from E. coli K-12 is investigated
by several independent methods, They conclude that the enzyme is com-
posed of four identical subunits. A discussion of the relationship be-
tween the previous data which supported six subunits and the present
data can be found in that paper.
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description of this mutant, see Szentirmai et a/. (1968)) which
was the generous gift of Dr. H. E. Umbarger. The purification
procedure (Truffa-Bachi et al., 1968) yielded enzyme which
was greater than 959 pure as judged by specific activity.
Aspartic semialdehyde was prepared by the ozonolysis of allyl-
glycine as described by Black and Wright (1955).

Activity of the AK-HSDH-I complex was measured in
three ways. Aspartokinase activity was measured by coupling
ADP production to the oxidation of NADH through pyruvate
kinase and lactic dehydrogenase as described previously
(Wampler and Westhead, 1968). Homoserine dehydrogenase
activity was measured in the forward or reverse directions
by following the oxidation or reduction of triphosphopyridine
nucleotide essentially as described by Truffa-Bachi er al.
(1966a) and Ogilvie er al. (1969). The composition of the three
reaction mixtures and of buffer A are compared in Table1.?

Gel Filtration. For the determination of subunit size, gel
filtration experiments were conducted as described by Fish
et al. (1969) except that 10~2 M dithiothreitol was used in the
pretreatment step to reduce disulfide bonds and 10— M dithio-
threitol was used in the eluting solvent instead of 0.1 M -
mercaptoethanol.

To measure the size of the catalytic species, enzyme was
mixed with Blue Dextran and either L-tryptophan or L-{!*C]-
valine and passed through a 0.9 X 27 cm column of Sephadex
G-200 at a flow rate of 2.1 ml/hr. The partition coefficient
(Kq4) was calculated from the relationship

Ko =WVe = VIV, — Vo) ¢))]
where V. is the elution position of enzyme activity, V; is the
elution position of Blue Dextran and ¥, is the elution position
of the amino acid. The middle of the leading edge (half-
maximum height) was taken as the elution position.

Sedimentation Analysis. Boundary sedimentation was con-
ducted by standard methods (Chervenka, 1969) using a photo-
electric scanner. The half-height of the sedimenting boundary
was taken as the measure of radial position.

Activity sedimentation was conducted as described by
Cohen ez al. (1967) and Cohen and Mire (1971), again using
the scanner. In this method, sedimentation coefficients can be
calculated either from: (1) the midpoint of the reaction
boundary, (2) the peak of the difference between successive
boundaries, (3) corrected differences between successive
boundaries, or (4) the position of the sedimenting enzyme
sample. When the enzyme sediments as a single band, the
first three methods give essentially the same sedimentation
coefficient. The fourth method, however, is less direct and
can give a considerably different sedimentation coefficient
under certain conditions. This last method is described in
more detail in the Appendix. Except where indicated, activity
sedimentation coefficients were calculated from the midpoint
of the reaction boundary.

Sedimentation coefficients were corrected to standard condi-
tions as described by Chervenka (1969). This correction was
greatest in activity sedimentation since the assay mixtures
contained 0.67 M salt in the forward reaction and 0.81 m salt
in the reverse reaction. In these cases an approximate correc-
tion was made by treating the data as if all of the salt were

¢ The extinction coefficient used to calculate protein concentrations
in this paper is apparently incorrect, Falcoz-Kelly et al. (1972) report
an extinction coefficient of 0.63 cm?/mg at 278 nm. Using the new
value results in a 272 decrease in all of the protein concentrations
and a 37 % increase in specific activities.

TABLE 1: Composition
Mixtures.

of Buffer A and the Three Reaction

Concentrations (mm)

Buffer Asp— ASA — Hse —

Component A Asp~P Hse ASA
Tris (Cl7) 127 51.4 90.3
Phosphate (K ™) 20
Aspartate (K1) 11.4
Na.ATP 3.7
MgOAc; 2 52 1.8
EDTA 2 1.8
KCl 150 Lyl 617 722
Homoserine (Hse) 29
Aspartic semialdehyde 1.5

(ASA)

NADH 0.26
NADP 0.62
NADPH 0.2
Phosphoenolpyruvate 3
L-Threonine 0.5 a a
Dithiothreitol 0.1
pH 6.8 7.5 7.5 9.0
Temperature (°C) 30 30 30
Sepecific activity® 9 63 2.3
Threonine sensitivity? 98 80 60

? Enzyme sensitivity to L-threonine was tested by adding
L-threonine to the reaction mixture to give a final concentra-
" tion of 5.6 mM. Sensitivity is expressed as per cent inhibition
at this concentration. ? Specific activity is expressed as umoles
of product formed per mg of protein per min. The protein
concentration was estimated from absorbancy at 278 nm,
using an extinction coefficient of 0.46 absorbance unit/
(cm?mg) (Truffa-Bachi et al., 1968).

KCl, using density and viscosity values from the International
Critical Tables (National Research Council, 1926). Corrections
for the forward reaction ranged from 1.081 at 20° to 1.070 at
25° and in the reverse reaction from 1,100 at 20° to 1.086 at
25°,

High-speed equilibrium sedimentation was conducted using
the scanner and stepping motor as described previously
(Wampler, 1971).

Results

Subunit Stoichiomerry. Using collagen (100,000), phos-
phorylase a (92,500), bovine serum albumin (68,000), oval-
bumin (45,000), and chymotrypsinogen (25,700) as markers,
AK-HSDH-I had an electrophoretic mobility in sodium
dodecy! sulfate acrylamide gels (497 acrylamide) correspond-
ing to a molecular weight between 83,000 and 85,000 (method
of Weber and Osborn, 1969). The data are not presented here
since they do not differ significantly from those reported by
Clark and Ogilvie (1972) or Starnes et al. (1972).

Using bovine serum albumin (68,000) and §-galactosidase
(130,000) as markers, gel filtration in 6 M guanidine hydro-
chloride gave a molecular weight of 93,000 for AK-HSDH-1
subunits. AK-HSDH-I which had been treated with [*4C]N-
ethylmaleimide was also subjected to gel filtration using 0.1 M
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FIGURE 1: Sedimentation coefficients as a function of pH. Sedi-
mentation was conducted in double-sector cells using scanning
optics between 19 and 23° at 48,000 rpm. Experiments were con-
ducted in 0.2 M buffer both in the presence (open symbols) and
absence (filled symbols) of 0.1 M sodium chloride. The buffers used
were: sodium acetate (%), Pipes (A), Tes (@), L-glycine (#), Caps
(€), and L-lysine (7).

B-mercaptoethanol as the reducing agent and phosphorylase a
(92,500) and catalase (62,500) as the markers. The peak of the
radioactivity profile eluted immediately after the phosphoryl-
ase ¢ peak indicating a molecular weight between 85,000 and
90,000.

It has been shown that AK-HSDH-I tends to dissociate in
buffers which do not contain biologically effective ligands
(substrates, potassium ion, or L-threonine) but in these solu-
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FIGURE 2: Equilibrium sedimentation at pH 11. Sedimentation was
in 0.02 M lysine buffer containing 0.1 M NaCl using a 3-cm, double~
sector centerpiece. The data were analyzed using the computer
program developed by Roark and Yphantis (1969) which gives
reduced molecular weights (o). Molecular weights (left ordinate)
were calculated from the ¢ values (right ordinate) as described by
Roark and Yphantis (1969). Error estimates are indicated by ver-
tical bars except where they would confuse the data presentation.
In section b the error bars at concentrations below 0.1 mg/ml are
for oy only. (a) 18° and 16,000 rpm, molwt = 33,332¢; (b) 7° and
14,000 rpm, mol wt = 42,254¢.
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FIGURE 3: Two-species plot of data from equilibrium sedimentation
at 18° and 16,000 rpm. Experimental conditions as in Figure 2a. The
curved line indicates the locus of points which would be given by
samples that are homogeneous with respect to molecular weight
(Myx = My-). Data extrapolated to this line give estimates of the
monomer and oligomer molecular weights. The two straight lines
in the figure are calculated lines for a 90,000 subunit involved in
monomer-trimer and monomer-tetramer associations. The M,..
vs. 1/M, symbols are drawn to indicate the size of the error estimate

for those data. Only data with an error estimate less than +:3°7 of
the molecular weight average at that point are included.

tions the enzyme is in an association—dissociation equilibrium
so that the monomer molecular weight is not easily estimated
(Wampler et al., 1970). In an attempt to find a mild dissociat-
ing solvent which would lead to a large proportion of mono-
mers, the sedimentation coefficient of AK-~-HSDH-I was
measured at several pH values from 5.7 to 12 in the presence
and absence of 0.1 M NaCl. At pH 5.7, 6.0, and 6.5 the mixture
sedimented with two boundaries. At pH 5.7 and 6.0 the faster
boundary (which accounted for 20-409 of the sample) sedi-
mented in less than the 8-min interval between scans. From
scans that were taken as the rotor approached full speed,
approximate sedimentation coefficients were calculated to be
in excess of 120 S at pH 5.7 and greater than 60 S in pH 6.0.
At pH 6.5 the faster boundaries (which accounted for 10-20%
of the sample) exhibited sedimentation coefficients of 32 and
38 S in Tes and Pipes buffers, respectively. The sedimentation
coefficients of the slower boundaries are indicated in Figure 1.

Because dissociation appears to be favored at high pH,
equilibrium sedimentation was conducted in 0.02 M lysine
buffer containing 0.1 M NaCl at pH 11. Scans were taken at
18° and 16,000 rpm (Figure 2a) and then the chamber was
cooled to 7° and the rotor speed was reduced to 14,000 rpm
(Figure 2b). At this elevated pH and particularly at the
lower temperature, the tendency for association was greatly
reduced so that a reasonable estimate of the monomer molec-
ular weight could be made. Roark and Yphantis (1969)
have presented a graphical method for analyzing association
equilibria which involve only two species (monomer—dimers,
monomer-trimers, etc.). This method gives an estimate
of the largest and smallest members of the equilibrium as well
as an estimte of the association stoichiometry. Their method
is particularly useful in this case since prior knowledge of the
monomer molecular weight is not required. Two-species plots
(e.g., Figure 3) of the data in Figure 2 indicate that the associa-
tion reaction is complex (involving more than two species)
and may include aggregates larger than the tetramer.
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TABLE I1: Partition Coefficients of AK-HSDH-I with Sephadex G-200 under Catalytic Conditions.

Homoserine Dehydrogenase

Reverse Reaction

Aspartokinase Forward Reaction No Thr 5.6 mm Thr Buffer A Tes Buffer
ug? K4 ue K4 ue K4 ug Kq ug Kq KE K4
7.5 0.072 7.5 0.183
15 0.081 15 0.092 15 0.070
30 0.180 45 0.094
75 0.051 75 0.145 150 0.070 75 0.191
300 0.064 300 0.052 450 0.195

¢ ug refers to the quantity of enzyme applied to the column (see footnote 3). The definition of Kj is given in eq 1. The com-
position of buffer A and the reaction mixtures are given in Table I. Tes buffer is 0.02 N Na-Tes (pH 8.0) containing 10~4 M

dithiothreitol.

Size of the Catalytic Species. In order to investigate the
state of aggregation of the active enzyme, gel filtration exper-
iments were conducted under assay conditions. The results
of several experiments are summarized in Table II. Under
catalytic conditions for the two forward reactions the parti-
tion coefficient for the complex (K4 = 0.05-0.08) is indis-
tinguishable from that of the tetramer in buffer A (Kq =
0.05-0.07). Under conditions for the reverse reaction, how-
ever, the partition coefficient (Kq = 0.15-0.18) is similar to
that of the enzyme in Tes buffer at pH 8.0 (K3 = 0.19). The
addition of L-threonine to the reverse homoserine dehydro-
genase reaction mixture caused a return to the partition co-
efficient of the tetramer (K3 = 0.09). The amounts of enzyme
given in Table II refer to the amount of enzyme in the sample
(120 ul) applied to the column. The enzyme concentration
in the effluent fractions can also be calculated from enzyme
activity as compared to another enzyme solution diluted to
a similar concentration in the column buffer when gel filtra-
tion was begun. When this is done the peaks of the enzyme
concentration curves range from 1.5 ug/ml (7.5 ug applied)
to 117 ug/ml (300 ug applied).

The sedimentation coefficient of the tetramer was deter-
mined by boundary sedimentation at three loading concentra-
tions in buffer A in a four-place rotor. Scans were made at
230 nm (0.5 mg/ml), 278 nm (1.8 mg/ml), and 250 nm (4.5
mg/ml). The use of mirror optics eliminated the need to change
optical settings between scans. The resulting s . values
ranged between 10.9and 11.2S.

The sedimentation coefficient of the functioning enzyme
was then investigated by activity sedimentation and the re-
sults are presented in Table III. Under catalytic conditions
for the forward homoserine dehydrogenase reaction, the
sedimentation coefficients ranged between 9.2 and 10.7 S
and gave some indication of positive concentration depen-
dence. For the reverse reaction sedimentation coefficients
ranged between 7.0 and 7.6 S, again with the suggestion of a
small concentration dependence. This lower sedimentation
coefficient does not appear to be due simply to the higher pH
of the reverse reaction mixture. When enzyme was sedimented
through a reverse reaction mixture which had been adjusted
to pH 7.8 the sedimentation coefficient was 7.9 S. The addi-
tion of 5.6 mMm L-threonine to the reverse reaction mixture
(at pH 9) caused an increase in these sedimentation coefficients

while the addition of L-threonine had little effect on sedimenta-
tion behavior in the forward direction.

Analysis of Activity Sedimentation Data. As Cohen and
Mire (1971) have pointed out, the technique of activity sedi-
mentation gives artificially high sedimentation coefficients
if too much enzyme is used so that the change in optical den-
sity is due primarily to the leading edge of the enzyme band.
This artifact can be reduced by using a higher rotor speed so
that the assay mixture is exposed to enzyme for less time and
the sedimenting band has less time to diffuse. To test the pos-
sibility that the changing position of the reaction boundary
at 48,000 rpm did not accurately describe the sedimentation
of enzyme, 10 ul of a 60-ug/mi solution of AK-HSDH-I was
subjected to activity sedimentation at 68,000 rpm in a single-
sector band forming cell through the reverse homoserine
dehydrogenase reaction mixture and the enzyme concentra-
tion at each radial position was calculated as described in the
Appendix. The results are presented in Figure 4. A sedimenta-
tion coefficient was calculated from the changing position
of the peak of the enzyme concentration curve and compared
to the results from reaction boundary calculations. The data

TABLE m: Sedimentation Coefficients of AK-HSDH-I under
Homoserine Dehydrogenase Reaction Conditions.

Forward Reaction Reverse Reaction

No Thr 5.6 mMm Thr No Thr 5.6 mM Thr
820, w 820, w 820, w §20,w
Concn® (S) Concn (S) Concn (S) Conen (S)
3 9.2

6 10.1 6 9.9 6 7.2
15 10.7 15 10.4 15 7.0 15 9.2
150 10.3 60 7.3 30 9.2
150 7.6 150 10.4

@ Concentrations are ug of enzyme/ml in the centerpiece
well. The average concentration of enzyme in the sedimenting
band is approximately one-tenth that of the layered enzyme
as described in the text.
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FIGURE 4: Distribution of enzyme during activity sedimentation.
Enzyme concentration (expressed as ug/ml) was calulated from
the change in optical density over the 4-or 6-min interval between
scans as described in the text. Every other set of calculations is pre-
sented in filled symbols to facilitate reading the figure.

are presented in Figure 5. The resulting sedimentation co-
efficients were 7.6 S by the reaction boundary method and
7.9 S by the peak of enzyme concentration method. A sim-
ilar experiment at 48,000 rpm and the same loading concentra-
tion of enzyme gave a sedimentation coefficient of 7.5 S.

Calculations of enzyme concentration were also made for
a sample sedimented through the forward homoserine dehy-
drogenase reaction mixture at 48,000 rpm. In this case the
loading concentration was 6 ug/ml and approximately 8097
of the TPNH was consumed during sedimentation. The re-
sulting sedimentation coefficients were 10.6 S by boundary
half-heights and 9.9 S by enzyme concentration.

The average enzyme concentration in the sedimenting band
can be estimated from the data in Figure 4. If the enzyme
follows a Gaussian distribution, the average concentration
will be found at 0.67 standard deviation from the radial posi-
tion of the enzyme peak and the concentration will be 0.80
times the concentration at the peak. Using this approximation
the average enzyme concentrations of the five curves in Figure
4 are 6.3, 5.8, 5.8, 5.6, and 5.4 ug per ml or approximately
one-tenth of the concentration layered on the reaction mixture.
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FIGURE 5: Calculation of sedimentation coefficients by two meth-
ods. The points represent the change in radial position of the re-
action boundary (C) and the peak of enzyme concentration (@)
illustrated in Figure 4.
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FIGURE 6: Enzyme stability in the three reaction mixtures. Enzyme
was stored in either the aspartokinase assay mixture (A), the for-
ward homoserine dehydrogenase assay mixture (O) or the reverse
homoserine dehydrogenase assay mixture (R) and then assayed for
aspartokinase (A) or homoserine dehydrogenase activity in the
forward direction (B) or the reverse direction (C). The numbers
refer to the per cent inhibition by 5.6 mm L-threonine.

The total amount of enzyme in the sedimenting band can
also be calculated from the enzyme concentration distribution
and used as an independent check on the accuracy of the
calculations which produced the enzyme concentration curves.
An element of the sector-shaped cell between radial positions
riand r. has an approximate volume

V o~ r’Ar tan fp (2)

where 1/ is the radial position of the center of the element,
Ar is the distance from 7 to ry, @ is the sector angle, and p is
the path length of the cell. If Ar is small, the amount of enzyme
in the element (E,,) can be calculated from

Es, = VE ~ r’Artan OpF 3)

where £ is the mean enzyme concentration over the interval
Ar. The total enzyme (E;) is related to Ea, as the total area
(Ay) of the curve is related to the area between r; and ro(As4,).
Thus

Et = AtEAr’,"JAAy (4)

In the example illustrated in Figure 4, the total enzyme put
into the centerpiece well was 1.2 pg and values of E; from the
five curves were 0.77, 0.81,0.93, 0.77, and 0.90 ug. This means
that approximately 70 % of the enzyme put into the well could
be accounted for in the sedimenting band.

Enzyme Stability under Caralytic Condirions. Since both
sedimentation and gel filtration experiments last for 60-90
min, it was important to investigate enzyme stability under
assay conditions. To do this, enzyme was diluted into the
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three reaction mixtures and at various times samples were
taken and assayed for one of the three activities and for sen-
sitivity to the feedback inhibitor. This activity was compared
to that obtained from enzyme which had been kept in buffer
A. (The aspartokinase, forward homoserine dehydrogenase
and reverse homoserine dehydrogenase activities are 98, 80,
and 609 inhibited by L-threonine when kept in buffer A.)
The results are presented in Figure 6 where each panel (A,
B, or C) refers to one of the three enzymatic activities while
the different symbols indicate the reaction mixture in which
the enzyme was stored.

Although the enzyme was relatively stable with respect to
all three activities when it was stored in the reaction mixtures
for the two forward reactions (Figure 6), when stored in the
reaction mixture for the reverse reaction it lost 40-50% of
both aspartokinase and forward homoserine dehydrogenase
activities within the first hour (sections A and B). However,
at least 809 of the activity for the reverse homoserine dehy-
drogenase reaction was retained for several hours in all three
reaction mixtures (section C). The initial dip which was ob-
served in measuring the reverse homoserine dehydrogenase
activity was reproducible although in another set of exper-
iments it occurred at 90 rather than 20 min.

In eight of the nine situations, conditions which main-
tained activity also maintained sensitivity to the feedback
inhibitor. The one exception was that enzyme stored in the
reverse reaction mixture lost 65% of its threonine sensitivity
when assayed in the reverse direction, while losing only 20 %7, of
its ability to catalyze the reverse reaction.

Discussion

It is now apparent that AK-HSDH-I from E. coli, as nor-
mally purified, in buffer A, is a tetramer. The molecular
weight estimate of 360,000 for this “native” form is quite
reliable since the sedimentation pattern in buffer A shows
neither heterogeneity nor nonideality (Truffa-Bachi et al.,
1968; Wampler et al., 1970). Subunit molecular weight esti-
mates by sodium dodecyl sulfate acrylamide gel electrophor-
esis and guanidine-HC] gel filtration appear to depend only
on polypeptide chain length (Tung and Knight, 1971) and
thus offer a measure which depends only on the reliability
of the marker molecular weights. Equilibrium sedimentation
in dilute salts avoids the hazards of estimating partial specific
volumes in 6 M guanidine-HCI. Results from all three of these
methods give a monomer molecular weight very close to
90,000, thus establishing a tetrameric structure.

A stoichiometry of four subunits per oligomer requires
a reinterpretation of the data which suggested that stable
dimers were formed in Tes buffer at pH 8 (Wampler et al.,
1970). Since that work was published computer programs
have become available which permit a statistical analysis of
equilibrium data. When the data in Figure 3 of Wampler
er al. (1970) were processed by the computer program of
Roark and Yphantis (1969), it became apparent that dissocia-
tion did not stop at the dimer stage but the protein was in
an association equilibrium throughout the centrifuge cell.
Therefore, in the absence of allosteric ligands, the enzyme
appears to be in an associating equilibrium both at pH 8 and 11.

Results of both activity sedimentation and gel filtration
indicate that the predominant form of the enzyme directing
catalysis in the biosynthetic direction is the tetramer. The
slight decrease in sedimentation coefficient might be due
either to a limited, reversible dissociation or to a change in
conformation. Whatever the source of this difference, the

addition of L-threonine causes no change in the sedimenta-
tion behavior. (Similar results under noncatalytic conditions
were also obtained by Janin er al., 1969.) Therefore, to the
extent that these conditions preserve the intracellular enzyme
structure, it seems unlikely that metabolic control of threo-
nine synthesis in E. coli involves an association—dissocia-
tion reaction of the AK-HSDH-I complex. In fact, the only
times aggregates larger than 11 S have been reported are in
the absence of threonine (Cohen ez al. (1967), Wampler et al.
(1970), and this report) or after mercuribenzoate treatment
(Truffa-Bachi er al., 1966a ; Barber and Bright 1968).

Under conditions for the reverse homoserine dehydro-
genase reaction the enzyme quickly dissociates to a form which
behaves much like enzyme in Tes buffer at pH 8. The fact
that the sedimentation coefficient does not change during
activity sedimentation (Figure 5) indicates that the enzyme
dissociates to a stable structure (or equilibrium) within the
15-30 min required for the enzyme to sediment fully into the
reaction mixture.

The observation that L-threonine shifts the structure to a
more aggregated form is of dubious metabolic significance
since feedback control is for metabolic flux in the opposite
direction. It is more likely another illustration of the fact
that L-threonine (like moderate pH and moderate tempera-
ture) tends to stabilize the enzyme against disaggregation, as
has been observed in several laboratories (Patte et al., 1963;
Barber and Bright, 1968; Cunningham et al., 1968; Wampler
and Westhead, 1968).

There is little information concerning the mechanism of
feedback control of aspartokinase or homoserine dehydro-
genase activities in other organisms. When homoserine dehy-
drogenase isolated from Rhodospirillum rubrum was diluted
into a buffer which did not contain substrates or inhibitor,
the enzyme dissociated into subunits which retained activity
but had lost threonine sensitivity (Mankovitz and Segal,
1969). However, these results may not be related to meta-
bolic control. Similar dissociation and desensitization have
been observed with AK-HSDH-I from E. coli. In the case
of the E. coli enzyme, however, subunit formation and de-
sensitization are observed only in the reverse reaction mix-
ture or when biological ligands are removed (Truffa-Bachi
et al., 1966b; Wampler et al., 1970) or when the enzyme is
treated with mercurials (Truffa-Bachi er al., 1966a). Threo-
nine, the feedback inhibitor, protects against both effects.
In Pseudomonas fluorescence, by contrast, feedback inhibition
of aspartokinase by L-threonine appears to involve the for-
mation of an inactive aggregate (Dungan and Datta, 1972).

The AK-HSDH-I complex can exist in several functional
forms. The fact that substrates of one reaction inhibit the
other has been interpreted by Cohen et al., (1967a) as in-
dicating that the two forward reactions are catalyzed by two
different forms of the enzyme. Spectral studies (Janin and
Cohen, 1969; Heck and Truffa-Bachi, 1970) and stopped-
flow experiments (Barber and Bright, 1968; Janin and Iwat-
subo, 1969) have investigated the transition from the two
active forms to an inhibited form of the enzyme. In the
reverse reaction mixture the enzyme is converted to a form
which is smaller than the tetramer and although the enzyme
retains activity for the homoserine dehydrogenase reaction
in the reverse direction, the specific activity for both forward
reactions decreases by 40-80 % as does the sensitivity to feed-
back inhibition (Figure 6). Whether this differential change in
specific activity and threonine sensitivity is simply the result
of enzyme dissociation or due to some other structural
changes remains to be determined.
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FIGURE 7: Reaction velocity as a function of the extent of reaction
at four enzyme concentrations. Experimental details are given in
the text.

Because the enzyme can exist in several different forms
kinetic results from the reverse reaction should not be used
to infer catalytic and control mechanisms for the biosyn-
thetic reactions. Furthermore, interpretations of experi-
ments which investigate the role of ligands in changing struc-
ture or activity must consider not only allosteric interactions
but also association—dissociation reactions and the slow loss
of threonine sensitivity.

Appendix

The calculation of sedimentation coefficients from the reac-
tion boundary in activity sedimentation is reliable only if:
(1) the substrate concentrations remain saturating through-
out the course of the reaction, (2) the products are not in-
hibitory (or do not accumulate to an appreciable extent),
(3) the concentration of sedimenting enzyme is a Gaussian
function of radial position, and (4) the specific activity re-
mains constant. As Cohen and Mire (1971) have pointed out,
the method may not be reliable at high enzyme concentra-
tions where an appreciable extent of reaction occurs during
sedimentation. One way to avoid this problem is to calculate
the enzyme concentration at each radial position and thus
measure the sedimentation coefficient of the enzyme itself.
This calculation of enzyme concentration from the change in
optical density requires two important corrections, one for
the sedimentation and diffusion of NADPH between successive
scans and another for nonlinearity of the reaction (the velocity
of the reaction decreases as it approaches equilibrium).

The correction for sedimentation and diffusion uses eq 43—
45 in Cohen et al. (1967b) which are repeated here as eq
1A-3A. In these equations N'q(r,T) is the corrected optical
density at radius r and time 7, N'(+'T — 6) is the measured

N/, T) = fridr’(E'rr) ™" 2nA) T2 N'(r', T — 6) X

exp{ —(r — E'r’)}2A'} (1A)

E = exp{25’w26} (2A)

Al = (D'[s'w®)E'? ~ 1) >~ 4D'8 (3A)
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optical density at radius »’ and time T — 6, « is the angular
velocity and 26 is the time interval between successive scans.
The sedimentation and diffusion coefficients of the small
molecule being observed (NADPH in this case) are s’ and D',
respectively. Equation 1A can be solved at each radial posi-
tion by integration according to eq 4A where/ = O and i = j

N = =S
T eran S E

’./‘L.N/

— (r=L'%"32,2A7 (4A)

are the first and last radial positions in the series. Since this
equation assumes that N' = 0 if no value is given, it is neces-
sary to include data in the plateau region in order to generate
an accurate correction through the boundary.

When the corrected optical densities are subtracted from
the optical densities measured 26 sec later, the change in
optical density due to the enzymatic reaction (AN';) is ob-
tained. In order to calculate the enzyme concentration from
AN’y it is necessary to establish the relationship between
the stage of the reaction, the enzyme concentration and AN’
because the amount of enzyme required to give a particular
AN’y changes as the substrate concentration decreases and
the product concentration increases. This relationship is
approximated by letting several concentrations of enzyme
catalyze the reaction for an extended period of time and then
plotting AN’ as a function of the extent of reaction (starting
optical density). Such a plot is given in Figure 7. By inter-
polating between the lines of Figure 7 it is possible to estimate
the amount of enzyme required to give each ANy (Figure 4)
and thus to calculate the sedimentation coefficient from the
change in peak position.
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Haloacetol Phosphates. A Comparative Study of the Active
Sites of Yeast and Muscle Triose Phosphate Isomeraset

I. L. Norton and F. C. Hartman*

ABSTRACT: A procedure is described for purifying triose phos-
phate isomerase from Bakers’ yeast to homogeneity in 35-40 77
yields. This enzyme, like the corresponding enzyme from
rabbit muscle, is inactivated by the substrate analog, 3-chloro-
acetol phosphate, via selective esterification of a single
glutamyl +y-carboxylate. The amino acid sequence around

Haloacetol phosphates are active-site-specific reagents
for triose phosphate isomerase. In the case of the
isomerase from both rabbit and chicken muscle, inactivation
results from a highly selective esterification of a single glutamyl
v-carboxylate (Hartman, 1970a; Coulson e al., 1970). The
unusual reactivity of this carboxylate and the observation
that chloroacetol phosphate inactivates triose phosphate
isomerase from diverse species led Hartman (1971) to postu-
late that the carboxylate is probably functional in catalysis.
Comparative studies on enzymes with the same function but
from different species can be pertinent to ascertaining whether
a given amino acid residue is catalytically essential. The
validity of this statement resides in numerous examples
supporting the concept that active-site regions of enzymes
have been conserved during evolution; i.e., residues involved

t From the Biology Division, Oak Ridge National Laboratory, Oak
Ridge, Tennessee 37830. Received July 3, 1972. This is paper V in a
series; paper 1V (Paterson et al,, 1972) appeared in Biochemistry 11,
2070. A preliminary account of this work has appeared (Hartman and
Norton, 1972). Research sponsored by the U. S. Atomic Energy Com-
mission under contract with the Union Carbide Corp.

this reactive residue (Ala-Tyr-Glu-Pro-Val-Trp) is identical
with that found in the rabbit muscle enzyme. Sequence
homologies between the segments containing the active-site
glutamyl residue in these two diverse species, rabbit and yeast,
suggest that the carboxyl group is functional in catalysis.

in catalysis are species invariant, and the primary sequences
adjacent to these residues are highly homologous (Smith,
1970). Therefore, as a further test of the functional signifi-
cance of the active-site glutamyl residue, we have characterized
the site of yeast triose phosphate isomerase that is modified
by 3-chloroacetol phosphate.

Experimental Section

Materials. NADH, pL-glyceraldehyde 3-phosphate (as the
dimethyl ketal), and glycerophosphate dehydrogenase were
obtained from Boehringer Mannheim Corp. Trypsin treated
with L-(tosylamido-2-phenyl)ethyl chloromethyl ketone, DFP-
treated carboxypeptidase, and pepsin were products of Wor-
thington Biochemical Corp. *?POCl; and NaB®H, were pur-
chased from Ammersham-Searle Corp. Ultra-Pure biological
grades of ammonium sulfate and guanidine hydrochloride
were purchased from Schwarz-Mann. Phenyl isothiocyanate
and trifluoroacetic acid were obtained from Aldrich Chemical
Co. Chloroacetol phosphate was synthesized as described
previously (Hartman, 1970b); the 3?P-labeled reagent (initial
specific radioactivity of 1.28 X 10¢ cpm/umole) was prepared
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