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There is an abundance of evidence that the structural gene for a protein controls
its primary amino acid sequence," 2 and there is strong evidence that the folding
of the polypeptide chain of ribonuclease is largely determined by the primary struc-
ture.' However, for relatively large proteins, especially those composed of more
than one polypeptide chain, it is not clear whether folding and polymerization are
entirely determined by primary structure or require additional information avail-
able within the cell. It has been suggested, for example, that both a chains of
hemoglobin are made on the same ribosome, are released as a dimer, and combine
in the cytoplasm with a similarly made f-chain dimer to form the complete hemo-
globin molecule.4
As part of a study of the synthesis and polymerization of the separate peptides

of a protein molecule, experiments have been carried out on the dimerization and
concurrent restoration of enzymatic activity of alkaline phosphatase inactivated by
reduction of disulfide bridges. This enzyme,5 purified from Escherichia coli, has
a molecular weight of 80,000 and in its native state appears to be a tightly folded
globular molecule. It is resistant to proteolysis by trypsin and chymotrypsin
and is stable at 850C for at least 30 min in the presence of 10-2 M Mg++. Enzy-
matic activity persists even after incubation in 6M urea, but a combined treatment
with urea and thioglycollic acid leads to reduction of disulfide bonds and makes the
resultant sulfhydryl groups on the molecule accessible to alkylation by iodoacetic
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acid. Alkylation leads to irreversible inactivation (denaturation). The denatured
material is stable in solution as a structure of molecular weight 40,000.6 Analysis
of the composition of the peptides produced by tryptic digestion of the protein has
demonstrated that the enzyme is composed of two subunits with apparently identi-
cal amino acid composition.6 The native enzyme contains two zinc atoms per
molecule7 and binds approximately two phosphate ions.8 Inhibition studies with
chelating agents and phosphate strongly indicate that both the zinc and the phos-
phate binding sites are at or near the active site. This suggests that the dimer
contains two active sites, but it is not known whether these sites are located on the
individual monomers as such or form a bridge between them.

It was found that enzyme which had been reduced with thioglycokic acid in urea
but not reacted with iodoacetic acid could be reactivated under oxidizing conditions.
In this paper, we report the kinetics of the reactivation process, the production of
hybrids between electrophoretically different mutant E. coli phosphatases, and the
production of intergeneric hybrids between the phosphatase produced by E. coli
and that produced by Serratia marcescens.
Methods and Materials.-Cell growth and enzyme purification: Cells were cultivated in a medium

containing 0.12 M Tris, 0.08M NaCi, 0.02M KC1, 0.02 Ml NH4Cl, 0.003M Na2SO4, 0.001M MgC12,
2 X 10-4 M CaC12, 2 X 10-6 M ZnC12, 0.5% glucose, and 0.5% Difco Bacto-peptone adjusted
to pH 7.5. The peptone contained the-only source of phosphate, in an amount such that growth
of the culture became phosphate limited at a cell density of about 5 X 108 ml. After 5 hr of growth
beyond the point of phosphate exhaustion, full enzyme production was achieved and the cells
were harvested and washed in Tris buffer M/15 pH 9.0. A cell suspension of about 1010 cells/ml
was held at 00; sucrose was added to 0.5 M, lysozyme to 0.1 mg/ml, and ethylenedinitrilotetra-
acetic acid to 0.002 M. After 10 min in the cold, magnesium sulfate was added to 0.01 M, and
the suspension was centrifuged at 12,000 X g for 20 min. The supernatant of this partial proto-
plasting, which contained most of the alkaline phosphatase in the cells,9 was dialyzed against
10-2 M Tris, pH 7.4, plus 10-3 M MgSO4 and was then purified by gradient elution from DEAE
cellulose. The material in the enzyme peak was at least 95% pure as judged by its specific enzy-
matic activity and by its behavior on starch gel electrophoresis.

Reduction: The protein was suspended in 6M urea at a concentration between 2 and 10 mg/ml.
After N2 had been bubbled through the solution for 20 min, neutralized redistilled thioglycollic
acid was added to a concentration of 0.175% and N2 bubbling was continued for 4 hr. This ma-
terial was frozen and stored at - 20'C. Storage over a period of several months did not change
the level of reactivation obtained.

Electrophoresis: Starch gel electrophoresis was carried out vertically by a modification of the
method of Smithies'0 for four to six hr with a gradient of approximately seven volts per centimeter.
The buffer used was 4 X 10-3 M Tris at pH 8.0. After electrophoresis the gels were sliced longi-
tudinally. One half was stained for phosphatase activity by a modification of the Gomori histo-
logical stain" for alkaline phosphatase. The staining solution contained 75 mg Nuclear Fast Red
B salt (National Aniline) and 25 mg a-naphthyl phosphate (Sigma) in a solution of 0.06% borax.
After development of color, the gels were fixed in a solution containing five parts methanol, five
parts water, and one part glacial acetic acid by volume. The second half of each gel was stained
for total protein with a 1% solution of Buffalo Black NBR (National Analine) in the above
fixative.
Enzymatic activity was measured by the rate of hydrolysis of p-nitrophenyl phosphate (NPP:

Sigma), 0.02% in 1 M Tris pH 8.0, as previously described.6
Standard buffer for reactivation contained 10-2 M Mg(C2H302)2, 6 X 10-2 M KC1, 2 X 10-6
M ZnC12, and 6 X 10-3 M mercaptoethanol in 10-2 M Tris pH 7.8.
Pronase-P (Streptomyces griseus protease) B grade, was obtained from the California Corpora-

tion for Biochemical Research. The usual incubation period was 30 min at 450C at a pronase
concentration of 10 ,g/ml in standard buffer.
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FIG. 1.-Recovery of enzymatic activity from reduced alka- tivity expressed as the per
line phosphatase as a function of time and protein concentra- cent of activity which would
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in the incubation mixture
were native enzyme. After a lag of several minutes, enzymatic activity increases,
reaching a maximum in approximately thirty minutes. The maximal rate of reac-
tivation is obtained at a concentration of 65 Ag/ml. At lower concentrations, both
the rate of reactivation and the final level of activity are correspondingly reduced,
indicating that a second irreversible competing reaction is taking place simultane-
ously. If we imagine the reactivation process as being the association of two inac-
tive monomers to form an active dimer, mediated by disulfide bond formation, this
second reaction might be the formation of those incorrect disulfide bridges which
would lead to irreversible denaturation of the protein. Increasing the concentra-
tion to 130 Ag/ml neither increases the rate nor abolishes the lag, indicating that
both the lag and the rate of reaction are controlled, not by collision of monomers,
but rather by the rate of folding and formation of correct secondary structure.

This is furthersubstantiated
by the strong temperature

40 / 370C dependence of the reactiva-

Z * t ?/ * 240 C tion process shown in Figure/ 2. Although the collision
30 2. - frequency would be only
*-I/~$ -.500C weakly dependent on the

t
20 - / / _

temperature, the reaction
20- does not proceed at a de-H

z tectable rate at 00C, even
n

*
1 after pre-incubation at370C10

* (Fig. 3). Pre-incubation at

7M/ 00 does not affect the rate
0 - , 1 00 at which reactivation pro-
0 30 60 120 180 240 (22 HRS) ceeds when the sample is

TIME (MINUTES) warmed to 370C.
FIG. 2.-Recovery of enzymatic activity from reduced alka- When mercaptoethanol is

line phosphatase as a function of temperature. Protein con-
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dimerize even in the pres- at 370C. B, incubated at 370C for 30 min, then at 00C.
ence of a high concentra- B2 incubated at 3700.
tion of heterologous protein.

Properties of reactivated material: Both native enzyme and reactivated protein
are stable for at least 30 min at 850C in the presence of 10-2 M Mg++ and are re-
sistant to proteolysis by pronase, which attacks the monomers and most of the other
cell proteins at a very rapid rate. They behave identically when reacted with an-
tiserum to native enzyme on Ouchterlony double diffusion plates and show the same
pattern of elution from DEAE cellulose. Thus, the reactivated material appears
to be the same as the native alkaline phosphatase by the above criteria.

Electrophoresis: Native alkaline phosphatase behaves as several electrophoreti-
cally different molecular species when the material is subjected to starch gel elec-
trophoresis.'2 The different bands have approximately equal enzymatic activity
per unit of protein. The phenomenon of multiple molecular electrophoretic forms
of a single enzyme has been observed in several other systems. 13 Single mutations
in the alkaline phosphatase structural gene which change the charge or the en-
zymatic activity of the protein affect all the bands identically, indicating that they
are all the product of the same gene.'2 Although the nature of the banding phe-
nomenon is not yet entirely understood, the factors responsible are unaffected by re-
duction and reactivation, since reactivated material exhibited the same banding
pattern as native enzyme. The invariance of pattern was also true in the case of
a preparation which had been enriched in a single band by fractionation on DEAE
cellulose (Fig. 4B). This constitutes additional proof of the identity of the native
and reactivated proteins.

Hybridization: From negative point mutations in the phosphatase structural
gene, pseudo-revertants have been selected2 which have full enzymatic activity, but
produce enzyme protein which is electrophoretically different from normal enzyme.
In some of these cases, the restoration of activity has been shown to be due to a
second mutation within the structural gene which results in the formation of an al-
tered but active protein.
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The alkaline phosphatases
purified from two such pseudo-

............._...........6revertants, one which moves
faster than the wild-type en-
zyme upon starch gel electro-
phoresis and one slower, were

reduced and reactivated under
the conditions described above.
When the reactivated enzymes

A .....B vwere mixed, no new bands ap-
FIG. 4.-Starch gel electrophoresis. A. Hybridiza- peared upon electrophoresis.

tion of pseudo-revertants (from left): 1. Pseudo- However when the reducedrevertant U24R3A, native. 2. Pseudo-revertant U24RA,
reduced and reactivated. 3. Pseudo-revertants U24R3A proteins from the two pseudo-
and UjjR3A; reduced and reactivated separately, then revertants were combined andmixed. 4. Pseudo-revertants U24R3A and UjjR3A;
reduced separately, mixed, then reactivated together. the reactivation was allowed to
5. Pseudo-revertant Uu1R3A, reduced and reactivated, proceed in the mixture, bands6. Pseudo-revertant U1iR3A, native.

B. Invariance of pattern after reduction and reac- of intermediate mobility ap-
tivation (from left). 1. Native E. coli alkaline phos- d in addition to thephatase. 2. Native E. coli alkaline phosphatase, peare
enriched for first strong band. 3. Sample number 2, bands characteristic of the
reduced and reactivated. pseudo-revertant enzymes (Fig.
4A), indicating the presence of a hybrid molecular species. The hybrid region
showed three strong bands, as did each of the two native enzymes in the prepara-
tions used. The production of the hybrid species confirms the conclusion that re-
duction and reactivation of the enzyme do involve the separation of component mon-
omers and the reformation of an active dimer.

Intergeneric hybridization: Experiments were performed using alkaline phos-
phatase from Serratia marcescens together with that from E. coli. The two or-
ganisms are classified in separate genera, and have respectively 58 and 50 mole
per cent guanine plus cytosine in their DNA.14 The enzyme produced by S. mar-
cescens is similar in many respects to E. coli alkaline phosphatase.15 The two en-
zymes are equally inhibited by inorganic phosphate; they are both stable at high
temperatures and have approximately the same turnover number for hydrolysis
of p-nitrophenyl phosphate. However, the amino acid sequence of these enzymes
is very different, as demonstrated (1) by the difference in their isoelectric points, (2)
by the fact that antiserum prepared against E. coli enzyme reacts with S. marcescens
enzyme with less than 1 per cent of the affinity with which it reacts with the E. coli
enzyme, and (3) by the fact that the fingerprints of the two enzymes after tryptic
digestion show that most of their peptides are different. When the E. coli gene is
introduced into S. marcescens by means of episomal transfer, it produces the normal
E. coli enzyme, which, as previously reported, shows that the genetic code is read in
the same way in these two organisms in spite of the different base composition of
their DNA.'5
When both the S. marcescens gene and the E. coli gene are present in active form

(P +) in the same cell, both enzymes are produced. In addition, enzymatically
active bands are found with electrophoretic mobility intermediate between those of
the two parental strains (Fig. 5A, number 5) at a position where a mixture of the
two parental enzymes (Fig. 5A, number 3) shows no activity. This indicates that
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A C
FIG. 5.-Starch gel electrophoresis. A. Patterns of E. coli-S. marcescens hybrid strains:

1. S. marcescens, wild type. 2. E. coli, wild type. 3. Mixture of numbers 1 and 2. 4.
Hybrid: S. marcescens P - with episome carrying E. coli P +. 5. Hybrid: S. marcescens P +
with episome carrying E. coli P+.

B. Intergeneric hybridization (from left): 1. E. coli wild type, native. 2. E. coli pseudo-
revertant U4RA, native. 3. E. coli pseudo-revertant U24R3A, reduced and reactivated. 4.
B. coli pseudo-revertant U24RA and S. marcescens wild type; reduced separately, then mixed and
reactivated. 5. E. coli pseudo-revertant U:24R,3A and S. marcescens wild type; reduced and
reactivated separately, then mixed. 6. S. marcescens wild type, reduced and reactivated- 7.
S. marcescens wild type, native.

C. Intergeneric complementation (from left): 1. S. marcescens wild type. 2. Hybrid,
S. marcescens P- with episome carrying E. coli P +. 3. E. coli wild type.

within the cell a hybrid enzyme can be produced by the combination of one mono-
mer of the E. coli type with one monomer of the S. marcescens type. The S. mar-
cescens enzyme can be reduced and reactivated under the same conditions used for
the E. coli enzyme, and it shows the same invariance of pattern upon electrophoresis
after reactivation. We performed an in vitro hybridization experiment similar to
that described in the preceding section (Fig. 4A), using S. marcescens phosphatase
and enzyme from the fast moving pseudo-revertant. When the two enzymes were
reduced separately and mixed and reactivation was allowed to proceed, enzymati-
cally active bands with intermediate mobility were obtained (Fig. 5B), as was the
case with the two E. coli pseudo-revertants. These results indicate that, either
in vivo or in vitro, a dimer can be produced which contains one chain of the E. coli
type and one chain of the S. marcescen-s type. Furthermore, they imply that, at
least in the case of alkaline phosphatase, dimerization takes place after the mono-
mers have left the ribosomes upon which they were synthesized.

Complementation: We have also used episomal transfer to introduce the E. coli
phosphatase gene into an S. marcescens mutant (isolated by E. Lin using ethyl-
methane sulfonate as a mutagen) in which the level of S. marcescens phosphatase
activity is less than one one-hundredth that of the wild-type (Pj). When an ex-
tract from the partial zygote is examined by electrophoresis, we see bands with
mobility characteristic of E. coli enzyme. In addition, however, there are bands
which move more slowly than those of the E. coli enzyme. These bands are in the
precise position expected for an E. coli- S. marce-scens hybrid, i.e., their mobilities
correspond to those of the hybrid produced when both the E. coli and S. marcescens
genes are functioning normally in the same cell and are enzymatically active (Fig.
5A , number 4, and Fig. 5C). Thus, the E. coli gene product has rescued the prod-
uct of the S. marcescens gene to form active enzyme. This phenomenon is anal-
ogous to the genetic complementation observed in many other systems in which two
different genes contribute to the formation of an active enzyme.
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Discussion and Summary.-The concentration of monomers at which dimeriza-
tion proceeds to its maximum extent is about 65 ,g/ml. This concentration cor-
responds to approximately 100 monomer units per cell. But if, as seems likely,16
the dimerization takes place either at the cell membrane or between it and the cell
wall, then 65 ,4g/ml would correspond to only ten or fewer monomer units in the
essential region of each cell. Thus, the required concentration does not seem to be
excessively high for a cell which can make approximately half a million phosphatase
molecules per cell per generation. However, maximum reactivation is not obtained
in vitro for a time of the order of an hour, whereas pulse labeling experiments in vivo
indicate that the completed dimer is formed within the cell in a time of approxi-
mately five seconds. 16 Thus, the in vitro conditions for dimerization differ consider-
ably from those within the cell. The higher in vivo rate probably does not reflect
a higher collision frequency, because higher concentrations in vitro do not result in
more rapid reactivation. In addition, calculations of the collision frequency in-
dicate that two molecules of the size of the phosphatase monomers would collide
randomly with a frequency which is many orders of magnitude greater than the
rate observed in the reactivation process.

Since four sulfhydryl residues can be titrated with iodoacetic acid on each re-
duced monomer, '7 it is likely that reactivation requires the reformation of at least
some disulfide bonds. There is no evidence to indicate whether any of these di-
sulfide bonds are between chains, or whether they are all within the same chain and
are necessary for a specific monomer configuration which allows the formation of a
stable molecule. The fact that the reactivation process does not occur in the ab-
sence of mercaptoethanol suggests that disulfide bonds leading to inactive configura-
tions can form in vitro and that, with the help of mercaptoethanol, disulfide ex-
changes can occur with sufficient frequency to allow the enzyme to come to its most
stable configuration. The same conclusions were reached by Anfinsen et al.3
from their experiments on the reactivation of reduced ribonuclease.
Very little information is obtained from these experiments as to the nature of the

multiple banding found in starch gel electrophoresis. Evidently, the peptide chain
which is controlled by the structural gene can exist in several alternate states with
respect to net charge, perhaps due to the addition of one or more small molecules
without appreciable variation in molecular weight. However, the nature and func-
tion of these alternate statesis not yet understood.
Both in vivo and in vitro, enzymatically active hybrids are found, the subunits of

which are determined by different genes and therefore synthesized on different tem-
plates. This result supports the hypothesis that genetic complementation can
result from the action of two different structural genes, each producing one mono-
mer of an enzymatically active hybrid, as suggested by Finchaml8 and Brenner.'9
The formation of an active E. coli-S. marcescens hybrid indicates that these pro-

teins possess similar secondary structure, despite their compositional and immuno-
logical differences. In view of the different nucleotide composition of the DNA of
the two organisms, this leads to the hypothesis that the only mutations in the al-
kaline phosphatase gene which survived the evolutionary changes in DNA nu-
cleotide sequence were those in which enzymatic activity, and therefore the second-
ary structure of the enzyme, remained substantially unaltered. This is not sur-
prising in view of the ease with which one obtains E. coli pseudo-revertants produc-



VOL. 48, 1962 BIOCHEMISTRY: LEVINTHAL ET AL. 1237

ing altered but fully active enzymes which are genetically different from wild-type
at two mutational sites. We thus conclude that the evolutionary constraints im-
posed upon the protein, as it evolved from the state in which it existed in the pri-
mordial bacterium which gave rise to Escherichia and Serratia, permitted only those
amino acid changes which maintained the integrity of the active site and of the
configuration necessary for dimerization.
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