Mkn 348, but its location at the end of the
outermost, bright optical arm fits the con-
figuration predicted by the computer model
of Appleton ez al. Finally, the continuous H
I arms displayed in Fig. 1B and the observed
reversals in the H I velocities are also con-
sistent with this computer model. In combi-
nation, these observations provide strong
evidence that Mkn 348 has been subjected
to tidal perturbations and should therefore
be a good candidate for further study of
how such perturbations influence its active
galactic nucleus. Additional H I measure-
ments are needed to establish the link be-
tween NGC 266 and NGC 262, if any.
Because Mkn 348 presents a unique oppor-
tunity to study the mass in the far outer
regions of a galaxy by means of assumptions
very different from those involved in the
statistical studies of galaxy groups and pairs,
it is also essential that these observations be
followed by more detailed computer models
of this system.
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Mutants of Bovine Pancreatic Trypsin Inhibitor
Lacking Cysteines 14 and 38 Can Fold Properly

CARA BERMAN MARKS, HOSSEIN NADERI, PHYLLIS ANNE KOSEN,
IrwiN D. KUNTZ, STEPHEN ANDERSON*

It is a generally accepted principle of biology that a protein’s primary sequence is the
main determinant of its tertiary structure. However, the mechanism by which a protein
proceeds from an unfolded, disordered state to a folded, relatively well-ordered, native
conformation is obscure. Studies have been initiated to examine the “genetics” of
protein folding, with mutants of bovine pancreatic trypsin inhibitor (BPTT) being used
to explore the nature of the specific intramolecular interactions that direct this process.
Previous work with BPTI chemically modified at cysteines 14 and 38 indicated that
transient disulfide bond formation by these residues contributed to efficient folding at
25°C. In the present work, mutants of BPTI in which these cysteines were replaced by
alanines or threonines were made and the mutant proteins were produced by a
heterologous Escherichia coli expression system. At 25°C in vitro, the refolding
behavior of these mutants was characterized by a pronounced lag. However, when
expressed at 37°C in E. coli, or when refolded at 37° or 52°C in vitro, the mutant
proteins folded readily into the native conformation, albeit at a rate somewhat slower
than that exhibited by wild-type BPTI. These results indicate that, at physiological
temperatures, BPTI lacking cysteines 14 and 38 can refold quantitatively.

OVINE PANCREATIC TRYPSIN INHIB-

itor (BPTT) is a 58—amino acid basic

polypeptide that has three disulfide
bonds: Cys14/Cys38, Cys30/Cys51, and
Cys5/Cys55. When it is refolded from the
fully reduced form in vitro, it proceeds to its
native form via a series of preferred one- and
two-disulfide intermediates (1, 2). Cysteines
14 and 38, which form a disulfide bond in
the native molecule, participate in disulfide
bonding in the most abundant two-disulfide
intermediates (I, 3). Two of these two-
disulfide bond intermediates contain non-
native disulfide bonds, Cysl4/Cys5 or
Cys38/Cys5, in addition to the disulfide
Cys30/Cys51. Creighton (I) showed that
when cysteines 14 and 38 were blocked by
reduction and alkylation, the modified BPTI
could not readily regain its native conforma-
tion when refolded in vitro at 25°C. These
results suggested that non-native disulfide
bonds involving cysteines 14 and 38 were

components of a highly preferred pathway
for BPTI refolding (1, 3).

The above studies were open to the objec-
tion that the bulky alkylating agents used to
block cysteines 14 and 38 sterically inter-
fered with refolding. We therefore decided
to repeat this experiment with genetically
modified BPTIs in which cysteines 14 and
38 were replaced by alanines or threonines.
The mutant BPTI proteins were synthesized
by means of a heterologous expression and
secretion system in Escherichin coli that pro-
duces native, correctly folded BPTI (4).

The [Alal4,Ala38]BPTI and [Thrl4,
Thr38]BPTI mutants were expressed by E.
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coli at levels comparable to the level of wild-
type BPTI expression. Amino acid analyses
of the purified mutant proteins yielded com-
positions that were consistent with alanine
or threonine substitutions. The number of
cysteines per polypeptide chain was also
measured directly. The proteins were fully
reduced with dithiothreitol in the presence
of urea, alkylated with a mixture of iodoace-
tate and iodoacetamide, and analyzed by gel
electrophoresis (5). Four cysteines were
found in each mutant protein (Fig. 1). The
gel results and the amino acid compositions
also indicated that cleavage of the signal
sequence from the mutant preproteins had
occurred, similar to the processing observed
for wild-type BPTI secreted from E. coli (4).

To assess whether intact native disulfides
were present, we treated mutant and wild-

pe BPTIs with iodoacetate, dithiothreitol,
or urea (Table 1) (4). These treatments have
been used previously to detect BPTI refold-
ing intermediates in which particular disul-
fide bonds were missing (3, 4). The mutant
proteins were resistant to alkylation by iodo-
acetate in the presence of 8M urea (Fig. 2),
indicating that no free thiols were present
(3). The mutant proteins were also resistant
to reduction by dithiothreitol (Fig. 2), indi-
cating that although the Cys14/Cys38 disul-
fide was missing, the other two native disul-
fides were intact (1, 3). The presence of the
Cys30/Cys51 and Cys5/Cys55 disulfide
bonds was confirmed by two-dimensional
thin-layer chromatography (6).

By several other criteria the mutant pro-
teins appeared to have a native-like structure
similar to BPTI that had been selectively
reduced at the Cys14/Cys38 disulfide and
alkylated with iodoacetamide ([14-cam,38-
cam]BPTI). The mutants migrated with the
same mobility on polyacrylamide-urea gels
(7) as [l4-cam,38-cam]BPTI, and they
bound trypsin stoichiometrically (8, 9). The
mutant BPTIs exhibited thermal denatur-
ation transitions in the same temperature
range (60° to 62°C at pH 2.2) as that of [14-
cam,38-cam]BPTI (10, 11). Two-dimen-
sional nuclear magnetic resonance (NMR)
spectra of the mutant proteins also indicated
that, like [14-cam,38-cam]BPTI, they had
conformations similar to native BPTI, with
chemical shift differences localized in the
regions near residues 14 and 38 (10, 12).
In summary, these data showed that
the [Ala14,Ala38]BPTI and [Thrl4,Thr38]
BPTI mutants synthesized by E. coli were
closely related to native BPTI in conforma-
tion, indicating that at least under some
conditions in vivo BPTI does not need
cysteines 14 and 38 in order to fold proper-
ly.

To explore their properties further, we
studied the refolding of the mutant proteins
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Fig. 1. Quantitation of cysteines in wild-type
BPTI and [Thr14,Thr38]BPTI. The number of
cysteines in wild-type BPTI and the Thr14,Thr38
mutant were compared by the method of
Creighton (5). Wild-type (Trasylol, Bayer AG)
and mutant BPTIs were treated, at a concentra-
tion of 250 pg/ml, with 10mM tris-HCl (pH
8.0), 1 mM EDTA, 10 mM dithiothreitol, and
&M urea for 30 minutes at 37°C to fully reduce

Wild-type Thr 14Thr 38

IAA Mixture 1AM

IAA Mixture 1AM L L

and denature the molecules. The free thiols were then blockcd by adjustmg the samples to a final

concentration of 50 mM iodoacetate,

50 mM iodoacetamide, or 50 mM mixtures of these two

alkylating agents in various proportions. Alkylations proceeded at 25°C for 60 minutes in the dark.
Alkylated BPTI molecules containing different charges were then resolved by electrophoresis on a 15%
acrylamide—8M urea gel (5, 6). The heterogeneity engendered in the population by the mixed alkylation
resulted in a “ladder” of the variously charged species on the gel, enabling the number of cysteines per
polypeptide to be determined by inspection. Gels were stained in 10% trichloroacetic acid, 10%
sulfosalicylic acid, 0.1% Coomassie blue (5). Lanes: IAA, iodoacetate; IAM, iodoacetamide; mixture,
two samples from alkylation reactions containing various proportions of iodoacetate and iodoacetamide
(42 mM IAA + 8 mM IAM and 25 mM IAA + 25 mM IAM); L, ladder produced by pooling samples
from each reaction. Each lane represents approximately 2 pg of total protein. Numbers in the margin
represent the relative charge differences (negative electrode at the bottom of the gel). Similar results

were found for the Alal4,Ala38 mutant (21).

in vitro. The proteins were fully reduced,
then allowed to refold in the presence of
oxidized dithiothreitol or reduced and oxi-
dized glutathione. At various times the fold-
ing reactions were quenched with an excess
of iodoacetamide, and trypsin inhibition
assays were performed to measure regain of
the native conformation. Misfolded BPTI
molecules with incorrect disulfide bonds, as
well as molecules with reduced Cys5/Cys55
or Cys30/Cys51 disulfide bonds, are inactive
against trypsin when modified by alkylation
(1, 3, 13). Therefore, the iodoacetamide
quenching procedure followed by the activi-
ty assay effectively discriminated between
native-like molecules, in which the Cys5/
Cys55 and Cys30/Cys51 disulfide bonds
were present, and those with a non-native
disulfide bond configuration (14). Compa-
rable results were obtained when the poly-
acrylamide gel method of Creighton and
Goldenberg (3) was used to monitor refold-
ing (8).

The [Alal4,Ala38)BPTI did not refold at
25°C in 25 minutes in the presence of
oxidized dithiothreitol, in agreement with
the previous results of Creighton for [14-
cam,38-cam]BPTI (I). However, [Alal4,
Ala38]BPTI did refold at 37°C in the pres-

Fig. 2. Chemical probing of the disulfide status in
the [Thr14,Thr38]BPTI mutant. The treatments
described in Table 1 were carried out on the
Thr14,Thr38 mutant; the results of such treat-
ments on wild-type BPTI (summarized in Table
1) were described previously (4). A solution (250
pg/ml) of the mutant protein in 10 mM tris-HCl
(pH 8.0) containing 1 mM EDTA was incubated
in the presence of 8 urea, 10 mM dithiothreitol
(DTT), or both, for 30 minutes at 37°C. Alkyla-
tions were performed at 25°C for 60 minutes in
the presence of 50 mM iodoacetate (IAA). Sam-
ples from each reaction containing 5 pg of protein
were analyzed by gel electrophoresis as described
in Fig. 1. The charge difference corresponding to
the observed mobility shift is shown in the mar-

gin.

ence of oxidized dithiothreitol (6). In the
presence of the more potent oxidant, glu-
tathione, the [Alal4,Ala38]BPTI and
[Thr14,Thr38]BPTI mutants refolded ap-
proximately three times more slowly than
wild-type BPTI at 37°C (Fig. 3); [14-
cam,38-cam]BPTI behaved similarly (15).
Despite the decrease in the rate of refolding,
all three of the modified BPTIs could never-
theless readily regain the native conforma-
tion. Alanine has a small nonpolar side
chain, carboxyamidomethylcysteine a bulky
linear side chain, and threonine a branched
polar side chain, yet within the limits of
experimental error all three of the substitu-
tions yielded molecules with identical fold-
ing kinetics. These results strongly suggest
that the observed retardation of folding is
due primarily to the absence of cysteines 14

DTT
+ Urea No
urea, DTT, + treat-
IAA 1AA 1AA IAA ment
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Table 1. Susceptibility of correctly folded
[Thr14,Thr38]BPTI to urea and dithiothreitol
(DTT). Shown are the expected results for alkyla-
tions performed as described by Marks ez al.
(4). Actual results for wild-type and [Thrl4,
Thr38]BPTI are given in (4) and in Fig. 2,
respectively. The conditions used were similar to
those described by Creighton (1) and Creighton
and Goldenberg (3). IAA, iodoacetate.

Number of
alkylated
Treatment cysteines
Wild Thrl4,
type Thr38
IAA 0 0
Urea + IAA 0 0
DTT, then IAA 2 0
DTT + urea, then IJAA 6 4

and 38 rather than the exact chemical nature
of the substitution.

To investigate the temperature depen-
dence of the refolding rates, we also con-
ducted refolding reactions at 52° and 25°C.
At 52°C all the forms of BPTI refolded
faster than at 37°C, but the rates of mutant
refolding relative to wild-type BPTI were
similar to the results observed at 37°C (Fig.
3). At 25°C, however, the mutant BPTIs
showed a pronounced lag in their refolding
behavior (Fig. 3), similar to that reported
for BPTI alkylated at cysteines 14 and 38
).

Previous refolding studies on BPTI in
vitro revealed two-disulfide intermediates
having non-native disulfide bonds between

cysteine 5 and cysteines 14 or 38. Further-
more, two other predominant two-disulfide
intermediates ([Cys14/Cys38, Cys5/Cys55]
and [Cys14/Cys38, Cys30/Cys51]) contain
the native 14-38 pairing (1, 3). Our results
with genetically and chemically altered
BPTIs, in which cysteines 14 and 38 have
been replaced or modified, extend and clari-
fy these carlier observations. First, our re-
sults show that when cysteines 14 and 38 are
not present, BPTI readily folds into its
active native conformation at 37°C, both in
vitro and when expressed in a heterologous
system in vivo. Second, our results show
that the refolding of BPTI molecules that
are unable to form the Cys14/Cys38 disul-
fide bond is strongly temperature depen-
dent. During refolding of the mutant and
modified BPTIs at a low temperature, mole-
cules with native disulfide bonds and an
active conformation form only after an ini-
tial lag phase, whereas at physiological tem-
peratures or above the mutants refold with-
out a significant lag. Finally, there are no
discernible differences in the refolding be-
havior of BPTT alkylated at cysteines 14 and
38 and BPTT in which alanine or threonine
have been substituted for these residues.
Our results with BPTT at 37°C are similar
to the refolding data for the homologous
snake proteins, mamba inhibitors I and K, at
25°C (16). Inhibitors I and K with cysteines
14 and 38 blocked by alkylation readily
refold at 25°C, albeit at a rate severalfold
slower than the rates for unmodified inhibi-
tors. The refolding of the alkylated proteins

A 37°C B

52°C C 25°C

Amount active (%)

T

L 1 x4 1

Time (minutes)

Fig. 3. Refolding in vitro of [Alal4,Ala38]BPTI, [Thr14,Thr38]BPTI, and [14-cam,38-cam]BPTI.
Wild-type BPTI, the two mutants, and [14-cam,38-cam]BPTI [prepared as described by Creighton (1)]
were refolded in vitro by a modification of the method of Creighton and Goldenberg (3, 22, 23).
Trypsin inhibition assays were performed on the iodoacetamide-quenched samples to determine the
amount of active, refolded BPTI that was present (14). Each sample was diluted 1:100 into a solution
of 0.2M triethanolamine, 10 mA CaCl,, 10 pg/ml bovine trypsin and incubated for 15 minutes at 25°C
to allow trypsin:BPTI complex formation. N-a-benzoyl-pL-arginine-p-nitroanilide was then added to a
final concentration of 0.4 mg/ml and the activity due to uncomplexed trypsin was measured by
monitoring the change in absorbance at 405 nm as a function of time. Control experiments showed that
the small amount of residual iodoacetamide present (<1 mM) did not inhibit the trypsin. (A) The
percentage of the total BPTI present that was active against trypsin is plotted as a function of time of
refolding at 37°C. Symbols: @, wild type; O, [Thr14,Thr38]BPTI; O, [Alal4,Ala38]BPTI; A, BPTI
with cysteines 14 and 38 blocked by iodoacetamide alkylation. (B and C) Results of similar experiments
performed at 52° and 25°C, respectively. For the wild-type refolding experiments, similar results were
obtained with both natural BPTI (Trasylol, Bayer AG) and E. coli—derived material (4).
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apparently occurs via the direct formation of
the Cys30/Cys51 and Cys5/Cys55 disulfides
without the participation of non-native di-
sulfide bonds (16). Temperatures around
25°C are physiological for reptiles but not
for mammals. Therefore, homologous pro-
teins such as BPTI and inhibitors I and K
may have evolved to have similar, and pre-
sumably optimal, folding properties at or
near their respective physiological tempera-
tures. One of these properties may be an
allowance for a multiplicity of folding paths
(17, 18).

Among the many types of interatomic
interactions that stabilize protein tertiary
structures, the only covalent bonds that are
commonly found are disulfides. A necessary
and sufficient condition for the formation of
a protein disulfide is that, in the presence of
an appropriate oxidant, two cysteines are
brought together with the correct relative
geometry and spacing by the folding of the
polypeptide chain. It is meaningful to ask,
therefore, whether disulfide bonds merely
serve to mark chain interactions that are
driven by other forces, or whether the for-
mation of disulfides can actually redirect the
folding process. The roughly threefold de-
crease in the rate of refolding exhibited
by the [Alal4,Ala38]BPTI and [Thrl4,
Thr38]BPTI mutants indicates that the
overall activation energy barrier for the re-
folding reaction has been raised slightly
(15). Similar decreases in the rate of refold-
ing have been observed for bovine trypsino-
gen when disulfide bridges were removed by
chemical modification (19, 20). These re-
sults, together with the data for reduced and
alkylated mamba inhibitors (16), imply that
the formation of at least some disulfide
bonds can provide a modest driving force
for protein folding. There is no reason to
suppose, however, that all protein disulfides
will have this property.
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Superconductivity at 40 K in the Oxygen-Defect

Perovskites La,_,Sr,CuO,_

y

J. M. Tarascon, L. H. GReenNg, W. R. McKinnoN,* G. W. HuLL,

T. H. GEBALLET

Structural, magnetic, and electronic properties of compounds in the series La,_,Sr,
CuO,_, for 0.05 < x =< 1.1, with Ax = 0.025, were studied. Resistance, susceptibility,
Meissner, and shielding measurements have revealed superconductivity among several
members of the series. For x = 0.15, the transition temperature T, measured at the
midpoint of the resistive transition, is a maximum at 39.3 K with a width of 2 K. At
other compositions the transition is broader and occurs at a lower temperature.
Annealing the x = 0.15 sample in oxygen at 500°C increases T, to 40.3 K, while
annealing at the same temperature under vacaum suppresses the superconductivity.
These changes in oxygen content and T are reversible.

XYGEN-DEFECT PEROVSKITES HAVE

been studied for possible applica-

tions in electrocatalysis or oxygen
sensing because they absorb oxygen. Some
are also superconductors: the hexagonal al-
kali tungsten bronzes, with a critical tem-
perature T, = 6 K (1); SrTiO3; doped with
niobium, for which T, =1 K (2); and
BaPb,.,Bi,Os, for which T, = 13 K (3). In
all these metallic perovskites the conduction
bands are made up largely of oxygen p-
orbitals hybridized with metal s, p, or 4

Fig. 1. Lengths 2 and ¢ of the tetragonal unit cell
as a function of strontium composition, x, in
La,_,Sr,CuO,_,; circles are our work and
squares are from (16). Our error bars are twice the
standard deviation from a least-squares refine-
ment. For some x, more than one diffraction
pattern was refined. For both x = 0.15 and
x = 0.200 the highest value of 2 and the lowest
value of ¢ shown are for samples given different
treatments than the rest. Forx = 0.15 that sample
was annealed under vacuum for 24 hours; for
x = 0.2 that sample was annealed under oxygen
and cooled in 10 hours. These different treat-
ments did not change the lattice parameters by
more than the scatter between the other points at
those compositions.

13 MARCH 1987

orbitals (4). The nonintegral valence of the
metal in these compounds is sometimes
called mixed valence, a description that be-
comes more meaningful when the bands
become narrow with respect to correlation
or exchange energy.
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Recently Bednorz and Miiller (5) discov-
ered evidence for much higher T, (33 K) in
the barium-lanthanum-copper (Ba-La-Cu)
system. Shortly thereafter Bednorz ez al. (6)
and Ushida et 4l. (7, 8) independently con-
firmed superconductivity in the oxide
La,_,Ba,CuOy4_, with the K,NiF, struc-
ture. Chu et al. (9) later reported an onset
temperature for superconductivity of 52.5 K
for this material under pressure.

This oxide is one of a large family of
copper-oxide perovskites designated La-M-
Cu-O, with M = Ba, Sr, or Ca, character-
ized by the presence of Cu*? and Cu*>.
They were first synthesized by Longo and
Raccah (10), and their structure and trans-
port properties to 77 K were extensively
studied by Nguyen et al. (11, 12). The
superconductivity in the barium system
prompted us to study the strontium analog
La,_,Sr,CuQy_,, which has been reported
to be a solid solution for 0 <x < 1.1 (11).
[During the course of our work, other
groups also observed bulk superconductivity
in this system (13).] We show that the
compound with x = 0.15 has T, = 39.3 K
and a transition width of 2 K, and we
present evidence of sample inhomogeneity
or phase segregation that broadens and low-
ers T, at other compositions. We also show
that T, can be increased by annealing the
compounds under oxygen, suppressed by
annealing under vacuum, and that these
changes in T, with oxygen content are re-
versible. The highest T, measured to date is
on the x = 0.15 annealed sample, with a
resistive midpoint of 40.3 K.
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