
JOURNAL OF BACTERIOLOGY, Feb. 1978, p. 802-810
0021-9193/78/0133-0802$02.00/0
Copyright O 1978 American Society for Microbiology

Vol. 133, No. 2

Printed in U.S.A.

Structural Features of Normal and Complemented Forms of
the Neurospora Isopropylmalate Isomerase

VERNON E. REICHENBECHER, JR., AND S. R. GROSS*

Division of Genetics, Department ofBiochemistry, Duke University, Durham, North Carolina 27710

Received for publication 17 August 1977

The isopropylmalate isomerase (EC 4.2.1.33) ofNeurospora crassa is a globular
protein consisting of a single polypeptide chain with a molecular weight of about
90,000. The isomerase cannot easily be freed of a contaminating protease which
cleaves the enzyme into two major fragments, one of approximately 56,000 and
the other 37,000 daltons. This suggests that the folded polypeptide chain may
contain some hinge point or loop exposed on the surface which makes it suscep-
tible to proteolytic attack. Most of the isomerase activity extracted from the
wild-type strain is in monomer form. However, a small fraction of the activity in
crude extracts is found in multimeric aggregates, and the active isomerase
extracted from complementing leu-2 heterokaryons consists entirely of dimers
and higher multimers. These observations suggest that, though active as a
monomer, a significant fraction of the normal enzyme might be organized in
multimeric form within the cell.

The purification and structural characteriza-
tion of the isopropylmalate isomerase (the isom-
erase) of Neurospora crassa was undertaken
primarily to obtain the elementary information,
such as the size and number of subunits of the
functional enzyme, necessary for the analysis of
the regulatory mechanism governing its synthe-
sis. Two striking features of the genetics of isom-
erase synthesis and function, however, made a
study of the subunit structure of the functional
enzyme particularly compelling. First, leu-3 mu-
tants produce very little isomerase activity (12).
Although extensive genetic and biochemical
analyses strongly suggested that the leu-2 gene
is the structural gene for the isomerase and that
leu-3 is a gene that specifies a positive regulatory
element necessary for isomerase synthesis (20),
the gnawing possibility existed that the enzyme
might be a heteromultimer containing polypep-
tides derived from the leu-3 gene as well as the
leu-2 gene.
The second feature of the functional genetics

of the isomerase that required structural analy-
sis of the enzyme is the high frequency and
pattern of interallelic complementation dis-
played by isomerase-deficient mutants. A circu-
lar complementation map containing 18 func-
tional segments has been derived from pairwise
interactions of leu-2 mutants in heterokaryons
(11). The observation made earlier that the pur-
ified functional enzyme is a monomer appeared
in conflict with the currently accepted notion
that complementation involves subunit interac-
tions of multimeric proteins (5). This forced us

to determine the subunit structure of the func-
tional enzyme produced by complementing pairs
of leu-2 mutants. In conformance with current
orthodoxy, however, all ofthe enzymatic activity
produced by prototrophic leu-2 heterokaryons
was found associated with multimeric forms of
the enzyme.

MATERIALS AND METHODS
Biological. The strains of N. crassa used in this

study were constructed in this laboratory. Crosses
were performed at 250C on synthetic crossing medium
supplemented with the growth factors required by the
protoperithecial parent, and the sorbose plating
method was used for the isolation of segregants (8).
Heterokaryons were formed by the method of Kash-
miri and Gross (16). Mycelia were routinely obtained
for biochemical analysis after growth in 2-liter Fern-
bach flasks containing 1 liter of synthetic medium as
described by Polacco and Gross (20). When larger
amounts of mycelia were required, growth was in 30
liters of medium at 340C with vigorous aeration. Leu-
cine auxotrophs were grown in medium supplemented
with 150 ug of L-leucine per ml.

Preparation of extracts. Ammonium sulfate pre-
cipitates were prepared by the method of Gross (12),
using 0.1 M potassium phosphate buffer, pH 6.0, con-
taining 0.2 mM L-leucine. A Polytron homogenizer
was used instead of a blender to shear the mycelia
before sonic treatment. Protamine sulfate (7.5 mg per
g [wet weight] of mycelia) was added immediately
after sonic disruption rather than after the first cen-
trifugation.
Enzyme assay. Crude ammonium sulfate pellets

were dissolved in 0.1 M potassium phosphate buffer,
pH 6.0, containing 3 M glycerol, 1 mM dithiothreitol,
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and 0.2 mM L-leucine. Although the isomerase has
been shown to be inactivated by several sulfhydryl-
containing reagents (14), dithiothreitol at this pH and
concentration has little, if any, effect on isomerase
activity. Assays were performed after removal of de-
bris by centrifugation for 1 h at 100,000 x g. The
assay of isomerase activity and definition of specific
activity is as described by Gross (13). All assays were
performed at 34°C in a Gilford spectrophotometer.
Protein concentration was determined spectrophoto-
metrically.

Preparation of leucine-Sepharose. Leucine-
Sepharose was prepared by the method of Cuatrecasas
(6). A 100-ml amount of washed Sepharose 4B was
mixed with an equal volume of water, and 30 g of
crushed cyanogen bromide was added at once with
stirring. The pH was raised to 11 with 8 M NaOH
and maintained there during the reaction. The tem-
perature was maintained at 20°C by addition of pieces
of ice. After about 0.5 h the reaction was complete
(indicated by the cessation of proton release). A large
amount of ice was added to the suspension, and the
Sepharose was washed with cold 0.1 M sodium borate
buffer, pH 9.5. The activated Sepharose was added
to a solution of 524 mg (4.0 mmol) of L-leucine in 100
ml of cold 0.1 M sodium borate buffer, pH 9.5. After
stirring at 4°C for 18 h, the leucine-Sepharose was
collected on a Buchner funnel, washed copiously with
water, and stored at 4°C in 0.02% sodium azide.

Polyacrylamide gel electrophoresis. Polyacryl-
amide gel electrophoresis of native isomerase was per-
formed by the method of Davis (7). Protein bands
were stained with Coomassie brilliant blue by the
method of Koenig et al. (17). Samples of denatured
enzyme for sodium dodecyl sulfate (SDS)-gel electro-
phoresis were prepared in the following way. Solid
guanidine hydrochloride was added to the enzyme
solution to a concentration of approximately 6 M
(about 50%, wt/vol). The samples were then dialyzed
overnight against 0.01 M sodium phosphate buffer,
pH 7.2, containing 6 M urea, 1% SDS, and 1% mercap-
toethanol, incubated at 370C for at least 2 h, and
heated in a boiling water bath for 1 min. A small
amount of bromophenol blue was added as a tracking
dye. When necessary, samples were stored at -20°C.
SDS electrophoresis of the denatured enzyme was
performed and stained with Coomassie brilliant blue
according to the procedure of Weber and Osborn (27).
Molecular-weight standards were rabbit phosphoryl-
ase a (92,000), bovine serum albumin (69,000), catalase
(60,000), ovalbumin (43,000), and yeast alcohol dehy-
drogenase (37,000).

Determination of sedimentation coefficients.
The sedimentation coefficient, s2o,, of the isomerase
was determined by the method of Martin and Ames
(18). Glycerol, rather than sucrose, gradients were
used, and centrifugation was performed in an SW36
rotor. Hemoglobin served as a standard protein of
known s2o.w = 4.3. Isomerase was assumed to have a
partial specific volume of 0.725 cm3/g.

Determination of Stokes radii. The Stokes ra-
dius of the isomerase was calculated from its elution
position on a Sephadex G-200 column (43 by 2.5 cm)
by the method of Siegel and Monty (22). Values for
the parameter r were calculated by the method of
Ackers (1).

Chemicals. a-Isopropylmalate (a-IPM) and ,f-IPM
were prepared by the method of Calvo and Gross (4).
Guanidine hydrochloride (extreme purity) was ob-
tained from Heico, Inc. All other chemicals were ob-
tained from standard commercial sources.

RESULTS
Purification of isopropylmalate isomer-

ase. The method adopted for purification of the
isomerase takes advantage of the fact that
strains of Neurospora which accumulate high
concentrations of a-IPM, the inducer of isom-
erase synthesis, produce large amounts of the
enzyme. The double mutant leu-411-'2 leu-1 is
such a strain. It overproduces a-IPM due to the
presence of a feedback insensitive a-IPM syn-
thase (EC 4.1.3.12) specified by leu-4FIl. It also
lacks the enzyme ,B-IPM dehydrogenase (EC
1.1.1.85) and thus accumulates a-IPM due to a
block in its utilization. Advantage is also taken
of the fact that glycerol and ammonium sulfate
stabilize the isomerase (3). High-ionic-strength
hydrophobic chromatography, which was used
by Bigelis and Umbarger for purification of yeast
isomerase (2), also proved extremely useful for
purification of the Neurospora enzyme.

Purification of the isomerase was accom-
plished in the following way. Mycelia (113 g,
wet weight) of leu-4"42 leu-1 were washed,
disrupted, freed of nucleic acids by precipitation
with protamine sulfate (as described above), and
fractionated by the addition of solid ammonium
sulfate. The protein that precipitated between
45 and 60% saturation contained the vast major-
ity of the isomerase activity. The precipitates
could be stored indefinitely at -20°C after col-
lection by centrifugation.
The 45 to 60% ammonium sulfate fraction was

dissolved in 65 ml of 0.1 M potassium acetate
buffer, pH 6.0. Acetone, cooled to below -20°C,
was added slowly with stirring until a 35%
(vol/vol) solution was obtained. The tempera-
ture was lowered to -15°C, and the precipitate
was removed by centrifugation. The acetone
concentration of the supernatant solution was
adjusted to 50%, and the solution was cooled to
-20°C. The precipitate formed was collected by
centrifugation.
The 35 to 50% acetone pellet was dissolved

in 100 ml of 0.1 M potassium phosphate buffer,
pH 6.0, containing 0.2 mM L-leucine and sub-
jected to a second ammoriium sulfate fractiona-
tion as above. The 45 to 60% saturated ammo-
nium sulfate precipitate II thus obtained was
dissolved in a minimal amount of 0.005 M po-
tassium phosphate buffer, pH 6.0, containing 3
M glycerol and desalted on a Sephadex G-25
column equilibrated with the same buffer, fol-
lowed by chromatography on a diethylamino-
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ethyl-cellulose (DE-52) column. The elution pat-
tern is presented in Fig. 1.
The fractions in the shaded region of the

activity peak of Fig. 1 were pooled, and enough
solid ammonium sulfate was added to bring the
solution to 40% saturation (1.6 M). The solution
was then applied to a leucine-Sepharose column
equilibrated with 0.1 M potassium phosphate
buffer, pH 6.0, containing 1.6 M ammonium
sulfate and 3 M glycerol and chromatographed
with a linearly decreasing ammonium sulfate
gradient. The fractions from the front half of
the isomerase activity peak were pooled, then
frozen and stored at -70°C (Fig. 2). The results
of a typical purification are summarized in Table
1.
Polyacrylamide gel electrophoresis. Poly-

acrylamide disc gel electrophoresis of purified
native isomerase from the shaded portion of Fig.
2 yielded a single band containing the vast ma-
jority of the applied protein (Fig. 3). Electropho-
resis of fractions from the unshaded portions of
Fig. 2 yielded an assortment of polypeptides,
some of which may have been hydrolytic prod-
ucts of the enzyme (see below). Attempts to
elute enzyme activity from these gels after elec-
trophoresis were unsuccessful. This is not sur-
prising, since the enzyme is unstable at the pH
at which electrophoresis was performed (pH 8.1
to 8.9).

SDS-disc gel electrophoresis of freshly puri-
fied denatured isomerase also showed a single
major band (Fig. 3). A plot of the logarithm of
the molecular weight versus the electrophoretic
mobility in SDS of the isomerase as compared
to proteins of known molecular weights yielded
an estimated molecular weight for the isomerase
of 92,000.

Purified isomerase that had been stored for
an extended period oftime showed a far different
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FIG. 1. DE-52 column chromatography of the
isomerase. The 1,00X0-ml linear gradient of 0.(X)5 to
0.20 Mpotassium phosphate, pH 6.0, contained 3 M
glycerol and was generated by an ISCO Dialagrad
pump. The column was 32 by 2cm, and each fr-action
contained 10 ml. Chromatography was performed at
40C.
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FIG. 2. Leucine-Sepharose column chromatogra-
phy ofthe isomerase. The material chromatographed
was from the shaded area of Fig. 1. The 500-ml
decreasing linear gradient of 1.6 to 0 M ammonium
sulfate in 0.1 Mpotassium phosphate buffer, pH 6.0,
containing 3 M glycerol was generated by an ISCO
Dialagrad pump. The column was 20 by 1.1 cm, and
each fraction contained 5 ml. Chromatography was
performned at 4°C. Fractions from the shaded area
were pooled and stored at - 70°C.

SDS-gel electrophoretic pattern. The patterns
obtained after various lengths of time at-~20°C
are presented in Fig. 4. (The samples do not
freeze at-~20°C due to the large amount of
glycerol and ammonium sulfate present.) The
intensity of the 92,000-dalton band gradually
diminis8hed with time, while new bands of 56,000
and 37,000 daltons increased in intensity. This
degradation, which was apparently due to the
presence ofa protease contaminant, was reduced
greatly by storage of the enzyme solution frozen
at -70oC. The guanidine hydrochloride treat-
ment routinely used in the preparation of sam-
ples for SDS-gel electrophoresis (see Materials
and Methods) was introduced in order to rapidly
denature the protease(s) and, thus, mincimize
proteolysis during sample preparation.
Degradation occurred much more rapidly at

higher temperatures. The 92,000-dalton band
almost completely disappeared after 4 to 8 h of
incubation at 340C. Degradation was inhibited
greatly by phenylmethylsulfonyl fluoride and
aprotiinn, both of which are inhibitors of serine
proteases (9, 29). The substrate, a-IPM, at a
concentration of lo-3 M did not inhibit degra-
dation. Treatment of the isomerase for shorter
periods of time with either trypsin or a-chymo-
trypsin yielded a 56,000-dalton fragment as the
major product. It is not clear whether the 37,000-
dalton fragment was produced or more rapidly
degraded by these proteases, since it did not
clearly show up on gels. This fragment, which
normally gave a rather weak, diffuse band on
SDS-gels (see Fig. 4), may have more sites sUs-
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TABLE 1. Isomerase purification

Volume Activity Protein Sp
of Purifica- Percent

(ml) (U) (mg) protein) tion factor recovery

Protamine sulfate supernatant 712 1,310,000 2,770 474 1 100
45-60% saturated (NH4)2SO4 pre- 65 1,170,000 650 1,800 3.80 89.3

cipitate
35-50% acetone precipitate 100 922,000 -a - - 70.4
45-60% saturated (NH4)2SO4 pre- 3.8 517,000 49.5 10,500 22.2 39.5

cipitate II
DE-52 column fractions 31-41 108 320,000 12.3 26,000 54.9 24.4
Leucine-Sepharose column, frac- 32.2 123,000 2.28 54,000 114 9.4

tions 26-32
a The protein determination for this sample is unreliable due to the presence of much insoluble material.

ceptible to protease action than the larger frag-
ment and, thus, be more sensitive to further
degradation.
Amino acid analysis. The amino acid com-

position of the isomerase, determined after acid
hydrolysis of the purified lyophilized protein,
was rather undistinguished (Table 2). The amino
terminus of the intact enzyme appeared to be
blocked, since no end group was detected by
the dansylation method (10, 28). Serine was
detected as the amino-terminal residue of the
purified large fragment (generated by the con-
taminating protease), while the small fragment
appeared heterogeneous, yielding phenylala-
nine, threonine, serine, and smaller amounts of
glycine and valine. The observed N-terminal
heterogeneity of the smaller fragment is not
surprising because it almost always appeared as
a diffuse band on SDS-gels, suggestive of size
heterogeneity. Since the dansylation method
yielded amino termini for both fragments while
none was detected for the intact polypeptide,
the blocked amino acid or peptide containing it
must have been cleaved off during hydrolysis.
Because of this, it is impossible to orient the
molecule with respect to the two fragments on
the basis of end group analysis.
Molecular weight of purified isomerase.

The sedimentation coefficient of purified isom-
erase was determined to be 5.6S by sedimenta-
tion velocity in a glycerol density gradient (Fig.
5). Hemoglobin (s2oww = 4.3) served as a marker
protein.
The Stokes radius of purified isomerase was

determined on the basis of its elution profile
from Sephadex G-200 by the method of Siegel
and Monty (22). The column was equilibrated
with 0.1 M potassium phosphate buffer, pH 6.0,
containing 3 M glycerol. Bacteriophage fl (pro-
vided by John Woolford) served as a marker
for the column void volume, while D-[LP4C]lactic
acid was a marker for the total internal volume
of the column accessible to solvent. Bovine se-

rum albumin served as a marker protein of
Stokes radius = 3.5 nm. By this method, purified
isomerase was determined to have a Stokes ra-
dius of 3.83 nm (Fig. 6).

Calculations based on equations 1 and 2 of
Siegel and Monty (22), using the experimentally
determined values for Stokes radius, s2o, and
an assumed partial specific volume consistent
with the amino acid composition of 0.725 cm3/g,
yielded a value of 88,500 as the molecular weight
of purified native isomerase. The frictional ratio,
f/fnin,,, of purified isomerase was calculated to be
1.30. Proteins with frictional ratios in this range
are considered to be globular.
The calculated molecular weight of 88,500

agrees well with the value 80,000 to 90,000 re-
ported previously using cruder isomerase prep-
arations (15). Equilibrium centrifugation data
on purified native isomerase could not be ob-
tained because the preparation was subject to
proteolysis by the protease contaminant under
the conditions of the centrifugation. However,
equilibrium centrifugation of purified isomerase
in 6 M guanidine hydrochloride indicated a mo-
lecular weight of approximately 87,000. Since
the molecular weight of the native isomerase
corresponds with the molecular weight of the
reduced, denatured isomerase as estimated from
SDS-gels, the purified native isomerase must be
monomeric in structure.
Enzyme derived from complementation

interactions. The structure of the isomerase is
specified by the leu-2 gene, and interallelic com-
plementation interactions between leu-2 mu-
tants are common. The complementation map
derived for leu-2 is circular (11). An enzyme
capable of activation by interallelic complemen-
tation interactions, however, would be expected
to be a multimeric protein, consisting of two or
more identical subunits (5). The data presented
above, however, indicate that the isomerase is
a monomer. Therefore, the properties of the
isomerase derived from complementing leu-2
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FIG. 3. Polyacrylamide gel electrophoresis ofpur-

ified isomerase. (A) Electrophoresis of the native en-

zyme in a 7.5% acrylamide gel at 2 mA per tube for
3 h at 4°C. The upper buffer chamber contained 0.05
M tris(hydroxymethyl)aminomethane-glycine, pH
8.9, and the lower buffer chamber contained 0.1
M tris(hydroxymethyl)aminomethane-hydrochloride,
pH 8.1. (B) SDS-gel electrophoresis ofdenaturedpur-
ified isomerase. The sample was prepared as de-
scribed in Materials and Methods. Electrophoresis
was performed at 3 mA per tube for 19 h at 25°C.
The 7.5% acrylamide gel contained 0.1 M sodium
phosphate buffer, pH 7, 0.02M disodium ethylenedi-
aminetetraacetic acid, 0.1% SDS, and 6 M urea. The
electrophoresis buffer contained 0.1 M sodium phos-
phate buffer, pH 7, 0.02Mdisodium ethylenediamine-
tetraacetic acid, and 0.1% SDS.

FIG. 4. Degradation of the isomerase during stor-
age. SDS-gel electrophoresis of samples of purified
isomerase stored as follows: (A) fresh preparation;
(B, C, D) after 8, 20, and 59 days ofstorage at-20° C.
Details of the electrophoresis were as described in
Fig. 3.

heterokaryons were compared with those of the
wild-type enzyme in order to reconcile the dif-
ference between the predicted and observed
structure.

Six leu-2 mutants which complement effi-
ciently were chosen for analysis from positions
on the complementation-map such that nine of
the possible pairwise combinations formed pro-
totrophic heterokaryons. The mutants and their

J. BACTERIOL.
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TABLE 2. Amino acid analysis ofpurified
isomerasea

Amefraction Residues/90,000-Amino acid Mole daltonodalton chain

Lys 0.0660 55.1
His 0.0218 18.2
Arg 0.0457 38.1
Asx 0.102 85.1
Thr 0.0649 54.1
Ser 0.0715 59.6
Glx 0.115 95.9
Pro 0.0452 37.7
Gly 0.0935 78.0
Ala 0.0946 78.9
Half-Cys 0.0147 12.3
Val 0.0627 52.3
Met 0.0201 16.8
Ile 0.0530 44.2
Leu 0.0687 57.3
Tyr 0.0207 17.3
Phe 0.0346 28.9
Trp 0.0058 4.8

a Values for serine and threonine were extrapolated
to zero time. Valine and isoleucine were determined
after 96 h of hydrolysis. Tryptophan was determined
after hydrolysis by methanesulfonic acid (47). Half-
cystine was determined as cysteic acid after performic
acid oxidation (28).

C 2
-

0.3 0.4
Fraction of Gradient

FIG. 5. Sedimentation velocity of the purified
isomerase in a glycerol gradient. A linear 10 to 30%
glycerol gradient in 0.1 M potassium phosphate
buffer, pH 6.0, was used. Bovine hemoglobin (Hb)
served as a marker protein and was determined by
its absorbance at 410 nm. Centrifugation was at
36,i000 rpm in an SW36 rotor for 36 h at 4°C. The
top of the gradient is at the left.

complementation groups (see reference 11 for
nomenclature) were: D189 (D28 group), D83
(D72 group), R86 (D19 group), D43 (D43 group),
D161 (D42 group), and DR1 (complementation
group unknown, but from the same region of
the map as D43 and D161). None of the six leu-
2 mutants as homokaryons produced more than
a trace of isomerase activity. Each of the leu-2
mutants was crossed with leu-4"'N in order to
insert the feedback-negative a-IPM synthase
into both sides of the heterokaryon to increase
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._
901

7D

0

00 5q

_ c

60 80 100 120 140 160220 240
Elution Volume (ml)

FIG. 6. Sephadex G-200 chromatography of puri-
fied isomerase. The arrows show the positions of the
elution peaks of fl bacteriophage, bovine serum al-
bumin (Bsa), and D-[U-'4Cliactic acid.

the endogenous production levels of the mutant
defective isomerase by relieving feedback inhi-
bition of a-IPM synthesis.

Properties ofthe isomerase from comple-
menting leu-2 heterokaryons. The first indi-
cation of a difference between the isomerase
produced by the heterokaryons and that of the
wild-type strain was that most of the isomerase
activity from heterokaryons precipitated at a

lower ammonium sulfate concentration (30 to
45% saturated) than the normal enzyme (45 to
60% saturated). The sedimentation coefficients
and Stokes radii of the isomerase in crude am-

monium sulfate fractions (30 to 45% saturated)
prepared from three ofthese heterokaryons were
determined. Each of the three presumed hybrid
enzymes yielded a single peak of activity upon
glycerol density gradient centrifugation of s2o,w
= 6.0 to 7.1 (Table 3). Sephadex G-200 chroma-
tography of extracts oftwo of the heterokaryons,
D43/D189 and DR1/D83, yielded single peaks
of activity at a position indicating a Stokes ra-

dius of about 6.8 nm (Fig. 7A and B). The third
extract, D161/R86, yielded a shoulder of activity
(peak II) in the 6.8-nm region, but the bulk of
the activity was found in a region (peak I) just
behind the void volume of the column (Fig. 70).
The Stokes radius of these aggregates was cal-
culated to be in the vicinity of 11.1 nm, but the
error is probably great because of lack of reso-

lution from the front. Activity associated with
aggregates of this size was not found after glyc-
erol density gradient centrifugation. Failure to
find the large aggregates after centrifugation
may be indicative of either size heterogeneity,
in which case the small amount of activity might
have been distributed widely in the gradient, or
dissociation of the large aggregates during den-

5 - Phage Bsa Lactic Acid

~O_A
P5-

0

_-5

01 I I I ;/ I
_
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TABLE 3. Properties of wild-type isomerase and
isomerase from complementing leu-2 heterokaryonsa

Stokes Mol
Source s20,w radius Mo f/fin

(nm)

Purified wild-type 5.6 3.83 88,500 1.30
isomerase

D43/D189 6.0 6.83 169,000 1.87
DR1/D83 7.1 6.78 199,000 1.76
D161/R86, peak II 6.5 6.88 185,000 1.83
D161/R86, peak I l.1b

All leu-2 mutants used in forming heterokaryons con-

tained the FLR92 allele of leu-4. The data shown for hetero-
karyons was obtained using crude 30 to 45% (NH4)2504 ex-

tracts.
h Rough estimate. The potential for error in this number

is great, since the enzyme peak eluted very close to the void
volume of the Sephadex G-200 column.

150 Phage BSA L

100 -

50

0 Dex BSA Lac

50

E

e BSA Lac
" exI I

40 80 120 "220
Elution Volume (ml)

FIG. 7. Sephadex G-200 chromatography of isom-
erase from complementing leu-2 heterokaryons. The
arrows show the positions of the elution peaks of fl
bacteriophage, blue dextran 2000 (Dex), bovine serum
albumin (BSA), and D-[U-_4C]lactic acid (Lac). The
30 to 45% saturated (NH4)2S04 extracts used were

obtained from the heterokaryons (A) D43/D189, (B)
DRl/D83, and (C) D161/R86.

sity gradient centrifugation.
The sedimentation coefficients and Stokes ra-

dii determined for the isomerase from each of
the three heterkaryons examined, along with
calculated molecular weights and frictional ra-
tios, are summarized in Table 3. Each hetero-
karyon contained an isomerase with a molecular

J. BACTERIOL.

weight about twice that of purified wild-type
isomerase. The frictional ratio of the "dimer"
isomerase from these heterokaryons was calcu-
lated to be about 1.8. This is significantly higher
than that usually obtained for globular proteins
(25, 26) and, assuming a normal degree of hydra-
tion, indicates that the dimer isomerase has a
highly elongated form. The monomeric form of
the isomerase had a frictional ratio of about 1.3,
which is in the normal range for globular pro-
teins. The large increase in the frictional ratio
yielded a low sedimentation coefficient for the
dimer which by coincidence was only slightly
larger than that of the monomer isomerase. This
coincidence misled Gross and Webster (15) to
the conclusion that the isomerase from comple-
menting leu-2 heterokaryons was the same size
as the normal enzyme.
Sephadex G-200 chromatography of

crude wild-type isomerase. Only the isomer-
ase monomer was observed in purified prepara-
tions of the wild-type enzyme. However, since
the bulk of the normal enzyme was found to
precipitate in the 45 to 60% saturated ammo-
nium sulfate fraction, it seemed likely that di-
mers and larger aggregates may have been dis-
carded during purification. To determine
whether dimers and higher multimers were pro-
duced in leu-2' strains, a 30 to 45% saturated
ammonium sulfate precipitate was prepared
from the leu-4F'I2 leu-1 double mutant, which
produces the normal isomerase in excess. The
elution profile of isomerase activity in the ex-
tract from a Sephadex G-200 column is shown
in Fig. 8. The majority of activity eluted in the

1lA 68.3A 38.3A
125-' 4

100 *

75 25S-510 2 5 7

(0
250-

E
0
,w 25-

C0 25 50 75 100 125 150 175
Elution Volume (ml)

FIG. 8. Sephadex G-200 chromatography of a
crude extract of wild-type isomerase. The 30 to 45%
saturated (NH2SO4 extract used was obtained from
a leu-4FLR"2 leu-1 double mutant. The arrows mark
the position expected for elution of molecules of the
indicated Stokes radii.
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monomer region (approximate Stokes radius of
3.8 nm), but some activity was found in the
dimer region (approximately 6.8 nm), and a peak
can be seen in the region of larger aggregates
(approximately 11.1 rum). Thus, at least a small
fraction of the normal enzyme can be found in
multimeric form.

DISCUSSION
The results presented here indicate that pur-

ified wild-type Neurospora isomerase is a glob-
ular protein consisting of a single polypeptide
chain with a molecular weight of about 90,000.
It seems likely that the folded polypeptide chain
contains some sort ofhinge point or loop exposed
on the surface of the protein, making it suscep-
tible to site-specific endolytic cleavage. The pur-
ified isomerase preparation used here was con-
taminated by a small amount of protease, which
cleaves the native enzyme into two major frag-
ments: one of 56,000 daltons and one less uni-
forn in size but averaging 37,000 daltons. This
cleavage pattern is at least partially reproduced
by both trypsin and chymotrypsin. The 37,000-
dalton proteolytic fragment may be especially
susceptible to further degradation, as evidenced
by its amino-terminal end group and apparent
size heterogeneity. The identity of the protease
naturally contaminating the purified isomerase
preparation is unknown, but its mode of action
and the fact that it is inhibited by serine protease
inhibitors are reminiscent of the alkaline endo-
peptidase of Neurospora studied by Siepen et
al. (23, 24).
Samples of isomerase in which approximately

75% of the enzyme molecules have been cleaved
have been found to retain a large fraction of the
original isomerase activity, and samples in which
all the molecules have been cleaved retained
about 30% of the original activity (unpublished
observations). Hence, either one of the proteo-
lytic fragments is enzymatically active by itself
or the two fragments can still associate to form
an active enzyme molecule even after the poly-
peptide backbone has been clipped.

Extensive genetic and physiological investi-
gations have shown that the product of the leu-
3 cistron is a positive regulatory element in-
volved in controlling the rate of synthesis of the
isomerase, the dehydrogenase, and the enzymes
of the isoleucine-valine biosynthetic pathway
(19, 20). Earlier speculation that leu-3 as well
as leu-2 contributed one or more polypeptide
subunits to the enzyme was based on the fact
that leu-3 mutants lack isomerase activity and
that the presence of a leu-3 allele inhibits inter-
allelic complementation interactions at the leu-
2 locus (11). The demonstration here that the

isomerase consists of only one kind of poly-
peptide chain provides further evidence against
the possibility that leu-3 contributes an addi-
tional subunit necessary for enzyme activity.
Similarly, since the yeast isomerase was found
to consist of a single polypeptide chain (3), it
seems likely that five of the six genes involved
in isomerase synthesis in yeast (21) have a reg-
ulatory rather than a structural role.
One of the perplexing problems of analyses

of the functional architecture of the cell is that
most enzymes must be extracted from their nat-
ural surroundings and purified before study. Ex-
traction and purification might be expected to
dissociate weakly associated aggregates and, as
a consequence, obscure subtle intermolecular
interactions of physiological importance. In the
absence of information about interallelic com-
plementation, the isolation of the isomerase as
a single functional polypeptide would not have
raised questions about the structural organiza-
tion of the enzyme in vivo. However, the fact
that complementation among leu-2 alleles is
common and often efficient (11) suggested the
likelihood that at least a fraction of the isomer-
ase in vivo exists as multimers of two or more
identical polypeptides (5). This notion was con-
firned by the observation that the active isom-
erase extracted from complementing leu-2 het-
erokaryons consisted entirely of dimers and
larger aggregates (higher multimers or msxed
complexes). Indeed, a closer examination of
crude enzyme preparations obtained from a
strain producing the normal enzyme revealed
that a small fraction of the activity can be found
as dimers and aggregates of higher multimeric
composition.
The question then arises of whether the en-

zyme functions normally within the cell in mul-
timeric form and is dissociated upon extraction
or whether, instead, the ratio of monomeric to
multimeric forms found in extracts is a reason-
able approximation of the state of aggregation
of the enzyme within the cell. Several observa-
tions suggest that dissociation is favored in vitro.
First, monomer-to-multimer transitions have
not been observed at any stage of purification
or analysis of the isomerase. Second, disaggre-
gation seems likely to account for failure to find
aggregates larger than dimers after glycerol den-
sity centrifugation. Finally, countless attempts
have been made, without success, to obtain in
vitro complementation using extracts from
strains that complement efficiently in vivo.
While these kinds of negative data are insuffi-
cient to resolve this problem, the complemen-
tation interaction is sufficient in itself to suggest
that a functionally significant portion of the
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isomerase is aggregated in vivo.
The consistence of the complementation in-

teraction and the complexity ofthe circular com-
plementation map derived for the isomerase (11)
suggests the involvement ofhighly specific struc-
tural interactions between aggregating mono-
mers. In fact, the high frictional ratio of the
dimers, which suggests that they have a much
more elongated structure than would be ex-

pected from the association of two globular sub-
units, is indicative of extensive conformational
changes upon aggregation. Thus the multimers
may have many more specific interacting con-
tact points than might have been expected from
interactions between globular subunits.
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