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The double point mutant F34W/W140F of staphylococcal nuclease was created and then
characterized by far and near-UV CD, size-exclusion chromatography, ANS-binding fluo-
rescence. The results show that this mutant has properties consistent with the classical
definition of a molten globule, i.e., substantial secondary structure but no unique tight
packing of tertiary structure, a relatively compact size and a larger exposed hydropho-
bic surface area as compared with the wild type enzyme, indicating that a molten glob-
ule can occur under physiological conditions. However, the activity assay showed that
the mutant still maintains wild-type levels of activity. To further clarify the mechanism
of the substrate-induced reactivation, enzymatic parameters such as K", K.PNA, K C2,
K,c, K;»i, and V_,_were determined, showing that all the parameters of this mutant
are similar to those of the wild type enzyme. The results indicate that the F34W/W140F
mutant has a similar substrate affinity to the wild type enzyme, and the functional con-
formation can be restored by substrate binding, which corresponds to the conforma-
tional adjustment capability of the mutant upon binding to ligands pdTp and Ca?*. The
severely disrupted tertiary structure and high activity of the mutant indicate that it is
highly competent to fold to its functional conformation. The results suggest that the pri-
mary structure can only guide the mutant to a molten globule state and that ligand-
binding causes the mutant to fold further into its functionally active conformation, indi-

cating that ligand-binding plays an important role in protein folding and catalysis.

Key words: folding, ligands-binding, molten globule, mutant, staphylococc‘al nuclease.

Molten globules have been extensively studied as general
intermediates in protein folding, and their presence is
widely accepted (I-4). However, the stable molten globule
states of globular proteins were usually obtained at acid
pH, high temperature, and intermediate concentrations of
strong denaturants (1, 5), at which most proteins lose their
activities. A question of interest is whether they can gain
their functional conformations, and, if they do, what is the
driving force. Fortunately, some proteins, such as a-lactal-
bumin (6, 7) and p21"™ protein (8), have been found to
exhibit some properties of molten globules after the re-
moval of their ligands at neutral pH, i.e., the removal of the
ligands completely releases side chain packing but leaves
substantial secondary structure. Furthermore, the restora-
tion of the native conformation occurs upon binding to
ligands. However, these proteins can not easily be used to
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trace the function expression following conformational res-
toration. A model protein that is in a molten globule state
and able to fold into a functional conformation upon ligand
binding is needed for studying the folding and binding
mechanisms and to show the generality of the molten glob-
ule formation.

Staphylococcal nuclease (SNase) is a well-known protein
used for studies of protein folding (9-14). Ca2* is necessary
for its DNA or RNA hydrolyzing activity, and thymidine
3',5"-bisphosphate (pdTp) is a competitive inhibitor and
substrate analogue of SNase (15). The ternary complex of
SNase-Ca?*-pdTp is usually used as a model of SNase in
the catalytic state (13, 14). In this paper, the F34W/W140F
mutant of SNase was created and its structural properties
were characterized by far and near-UV CD, ANS-binding
fluorescence, and size-exclusion chromatography experi-
ments. The results show that the mutant has all the prop-
erties of a molten globule, however, the enzymatic parame-
ter measurements show that the mutant has similar or
only slightly smaller values for K,,”N K VA K\ C K,°,
K™ and V__, indicating that the mutant has similar
functional properties to the wild type SNase. The results
clearly suggest that a molten globule can occur under phys-
iological conditions and the functional expression of the
mutant is mediated through ligand (substrate) binding.
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EXPERIMENTAL PROCEDURES

Materials—Plasmid pBVS-1 for the expression of SNase
was constructed by Jing et al. (16). The mutants were cre-
ated using a PCR technique and confirmed by DNA se-
quencing. All the proteins used here contained six extra
amino acid residues at the N-terminus, which have no
effect on the SNase properties (17). The proteins were ex-
pressed and purified according to Jing et al. (16). The
purity of the proteins was confirmed by SDS-PAGE to be
greater than 95%. Protein concentration was determined
according to Gill and Hippel (18). 1-Anilinonaphthalene-8-
sulfonate (ANS) and salmon sperm DNA were purchased
from Sigma and pdTp was purchased from Pharmacia. All
other reagents were of analytical grade.

Methods—Circular dichroism spectra were obtained on a
Jasco-700 spectropolarimeter at 25°C using a 0.1 mm path-
length for the peptide region with a protein concentration
of 0.3 mg/ml, and a 10 mm pathlength for the aromatic
region with protein concentration of 1 mg/ml in 30 mM
Tris-HCI, pH 7.4. Eight scans, taken at scan speeds of 50
nm/min and bandwidths of 1 nm, were averaged and cor-
rected for the buffer baseline. The apparent dissociation
constant of pdTp (K;*™) was determined by titration of the
binary complex of the mutant and Ca?* with pdTp accord-
ing to the methods described by Zhou and Jing (19).

Size-exclusion chromatography was carried out on a Bio-
Rad Biologic chromatography workstation with a Superose-
12 column. Each sample containing a specified concentra-
tion of protein in 30 mM Tris-HCl, pH 7.4, was applied to
the column and eluted with the same buffer at a flow-rate
of 0.4 ml/min at 25°C. The effluent was monitored at 280
nm. Stokes radii were determined after calibration with
four proteins whose radii are known from the literature
(bovine serum albumin, ovalbumin, chymotrypsinogen, and
ribonuclease A) according to Uversky’s method (20).

ANS-binding fluorescence emission spectra were mea-
sured with a Hitachi F4010 spectrofluorometer at 25°C.
Each sample contained 60 uM ANS and 5 .M protein in 30
mM Tris-HCl, pH 7.4. The excitation wavelength was 345
nm and the slit width was 10 nm.

Nuclease activity was measured with a UV1601 spectro-
photometer at 25°C by observing the increase in absor-
bance at 260 nm upon the addition of enzyme to 1 ml of a
solution containing 50 pg/ml denatured salmon sperm
DNA/30 mM Tris-HCl, pH 7.4/10 mM CaClL,. One unit is
defined as an increase of 1 OD/min (21). The kinetic param-
eters of the mutant and the wild type SNase were obtained
by analyzing the initial velocity of the reactions according
to the methods described by Serpersu et al. (22).

RESULTS

Near and Far-UV CD Spectra of SNase and Its F34W/
WI140F Mutant—The mean residue ellipticity at 222 nm
(61,05 .y in far-UV CD usually represents the secondary
structure content, especially the characteristics of the a-
helical conformation. The ellipticity in the near-UV CD
region reflects the asymmetry of the environment of the
aromatic groups and is usually considered as an index of
the uniqueness of protein tertiary structure. Figure 1A
shows the far-UV CD spectra of the F34W/W140F mutant
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in the presence and absence of ligands. It can be seen that
the secondary structure of the F34W/W140F mutant is less
than that of the wild type SNase but much greater than
that of the wild type SNase in 6 M GuHC], indicating the
partially folded secondary structure of the mutant. How-
ever, the relative value of {6],,, ,, for the mutant is 68%
that of wild type SNase. The a-helix content in a stable
acid—induced molten globule-like state of wild type SNase

" is 64% that of the native state (5). Thus, the mutant still

retains substantial secondary structure. Upon increasing
the pdTp concentration in the presence of 10 mM CaCl,
the far-UV spectrum of the F34W/W140F mutant changed
greatly and became almost the same as that of the wild
type SNase at 60 pM pdTp and 10 mM Ca?*. This suggests
that ligand binding induces the partially folded mutant to
fold further into a native-like structure showing that the
mutant is in a competent state.

The apparent dissociation constant of pdTp (K™) was
determined by titration of the binary complex of the mu-
tant and Ca?* with pdTp according the methods described
by Zhou and Jing (19). The value of K™ for the mutant is.
10.9 = 2.4 puM, which is very similar to that ofswild type
SNase (13.1 = 5.8 uM), suggesting that this mutgnt is sim-

H 11%01 papeo

[61x10° deg.cm?.dmol”

[
B

2102 ‘T JegoR0 uo AR Bupd fe Bioseunopioxoq)

T T T T
180 200 210 220 230

Wavelength (nm)

250

-100 4

[6] deg.cm®.dmol-
3

-1204

T T L
250 260 270 280 290 300 310

Wavelength (nm)

Fig. 1. (A) Far-UV CD spectra of the F34W/W14F mutant and
wild type SNase under different conditions. Protein concentra-
tion was 0.3 mg/ml in 30 mM Tris-HC], pH 7.4. The spectra were
measured at 25°C, and the sample cell pathlength was 0.1 mm.
(—) F34W/W140F; (—) F34W/W140F in the presence of 60 pM
pdTp and 10 mM Ca?*; (------ ) wild type SNase; (——) wild type
SNase in 6 M GuHCl. (B) Near-UV CD spectra of the F34W/
W140F, F34W, and W140F mutants and wild type SNase under
different conditions. Protein concentration is 1.0 mg/ml in 30 mM
Tris-HCl, pH 7.4. The spectra were measured at 25°C, and the sam-
ple cell pathlength was 10 mm. (—) F34W/W140F; (—) wild type
SNase; (- )} F34W; (—--) W140F; (—) wild type SNase in 6 M Gu-
HCIL.
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ilar to the wild type SNase in terms of pdTp binding.

It can be seen from Fig. 1B that the near-UV CD spec-
trum of the F34W/W140F mutant is similar to that of
SNase in 6 M GuHCI, suggesting a disruption of the tight
packing around the aromatic chains and a lack of rigid ter-
tiary structure in the mutant. The wild type SNase has a
single Trp at position 140, which would make a significant
contribution to the near-UV CD spectra. Therefore, we ex-
amined the near-UV spectra of the two single mutants,
F34W and W140F, as controls. Mutant W140F shows a
very similar near-UV CD spectrum to wild type SNase,
while mutant F34W shows a much shallower near-UV CD
spectrum than either wild type SNase or mutant W140F,
Fig. 1B, even though it has two tryptophan residues at
positions 34 and 140. These results clearly show that the
loss in the near-UV CD is not due to the residue substitu-
tion, but reflects a loss of tertiary structure in the case of
the double point mutant F34W/W140F. Because of the
strong absorption of pdTp in the near-UV region, we did
not measure the near-UV CD spectra of SNase and the mu-
tant in the presence of ligands. However, the high activity
of the mutant suggests that it must adopt a specific tertiary
structure in the presence of substrate since the specific
functional expression requires a specific tertiary structure.
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Fig. 2. (A) The calibration curve for Superose-12 column with
bovine serum albumin, ovalbumin, chymotrypsinogen, ribo-
nuclease A. The curve was obtained as described in the text. Pro-
tein concentration is 0.2 mg/ml. (B) The Stokes radii of the
F34W/W140F mutant and the wild type SNase at different
protein concentrations. (m) the F34W/W140F mutant; (e) the
wild type SNase. All chromatography was carried out in 30 mM
Tris-HCI, pH 7.4, at a flow-rate of 0.4 ml/min at 25°C. The effluent
was monitored at 280 nm.
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Size-Exclusion Chromatography Results—The Stokes
radius can be used as an indicator of compactness and
molecular size of globular proteins. After calibration accord-
ing to Uversky’s method (20), the equation below was used
to calculate the Stokes radii of the proteins:

1000/V,, = (1.2957 = 0.0091) =R, + (43.7997 * 0.2465)

where R, is the Stokes radius and V,, is the elution volume.
The value of V,; is the product of Retention time and flow-
rate. The chromatogram for the calibration is shown in Fig.
2A.

The Stokes radii of the wild type SNase and the F34W/
W140F mutant are 21.5 * 0.1 and 25.0 = 0.1 A, respec-
tively, at protein concentrations from 0.2 to 2 mg/ml. These
values indicate that the mutant is loose to some extent.
However, the Stokes radius of the mutant is only 16%
larger than that of the wild type SNase showing that it still
has a relatively compact molecular size as compared with
the Stokes radius of 37.2 A for the unfolded wild type
SNase (4, 23). It is noteworthy that the Stokes radius of the
mutant seems to show a protein concentration dependence
at concentrations greater than 2 mg/ml, giving a Stokes
radius of 30.5 A at 20 mg/ml, while the wild type SNase
shows no detectable increase in the Stokes radius over a
concentration range of 0.2 to 20 mg/ml, as shown in Fig.
2B. This phenomenon was also observed by Kataoka et al.
when they characterized apo-a-lactalbumin, which is a typ-
ical molten globule (24). They found that the increase in the
gyration radius (R,) of apo-a-lactalbumin with increasing
protein concentration is not due to aggregation and pro-
posed that it should come from different surface properties
that lead to differences in the interparticle interference
effect (24).

Because of the high absorbance background of pdTp, the
Stokes radius of the mutant in the presence of pdTp can
not be measured in this way. However, a comparison of the
chromatographic behaviors of the mutant and wild type
SNase indicates that the surface properties of the mutant
are quite different from those of the wild type SNase.
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Fig. 3. ANS fluorescence spectra in the presence of the F34W/
W140F mutant and wild type SNase under different condi-
tions. Each sample contained 60 pM ANS and 5 pM protein in 30
mM Tris-HCl, pH 7.4. The spectra were measured at 25°C. The exci-
tation wavelength was 345 nm and the slit width was 10 nm. From
top to bottom: F34W/W140F mutant alone; F34W/W140F mutant
with 60 uM pdTp and 10 mM Ca?*; wild type SNase alone; wild type
SNase with 60 pM pdTp and 10 mM Ca?* (dotted line) and 60 pM
ANS itself.
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TABLE 1. Enzymatic parameters of the wild type SNase and F34W/W140F mutant.

K, PNAe K DNA® Koo K4 K »Toe Voo
(pg/ml) (ng/mh) (nM) (nM) (nM) (AAbs-mg*-min™)

Wild type SNase 4.31 0.2 187 £24 129 * 21 47 £ 15 13.1 + 5.8 683 + 41

F34W/W140F mutant 4.09 0.1 11511 111 + 31 250 = 11 10.9 = 24 595 = 20

2K PNA is the Michaelis constant for DNA at saturating [DNA] "K;"* (the dissociation constant) is the K, for DNA extrapolated to zero
[Ca®**]. °K\C* is the Michaelis constant for Ca®* at saturating [DNA] K, is the K, of Ca?* extrapolated to zero [DNA]. °K;»™ is the disso-
ciation constant of the binary complex of the mutant and Ca?* with pdTp. 'K#™ of the wild type SNase is from Serpersu et al. (22).

ANS-Binding Fluorescence Spectra of SNase and Its
F34W /W140F Mutant—ANS is used as a hydrophobic fluo-
rescence probe to measure changes in the surface hydro-
phobicity of proteins (25). The increase in ANS-binding
fluorescence intensity reflects the exposure of the hydro-
phobic side chains of proteins. The F34W/W140F mutant
shows a considerable increase in ANS fluorescence inten-
sity and a significant blue-shift compared with the wild
type SNase, Fig. 3, indicating that the mutant has a unique
hydrophobic surface area that usually appears in molten
globules. The results correspond to those of the size-exclu-
sion chromatography. It is interesting that the mutant has
a lower fluorescence intensity with a red-shift when bound
by pdTp and Ca?*, Fig. 3, indicating that ligand binding
induces changes in the surface hydrophobicity of the
mutant. This means that ligand binding at the local bind-
ing site can cause the exposed hydrophobic side chains of
the mutant to be reburied in the interior of the molecule,
which further shows that the mutant is in a competent
state.

Enzymatic Parameters of the Wild Type SNase and Its
F34W | W140F Mutant—To clarify further the mechanism
of the substrate-induced reactivation, the enzymatic para-
meters were measured and are listed in Table I. Surpris-
ingly, the mutant has similar or only slightly lower values
for K,PNA, KP4 K\©2, K%, K4 and V. compared with
the wild type SNase, although the tertiary structure of the
mutant is disrupted as shown in Fig. 1B. The similarity of
the kinetic parameters between the mutant and wild type
SNase shows that they have similar substrate or ligand
affinities, and that the functional conformation of the mu-
tant can be restored by substrate (ligand) binding. This also
explains why the mutant has almost the same activity as
the wild type enzyme.

DISCUSSION

As described above, the partially folded F34W/W140F mu-
tant has a substantial secondary structure but no unique
tight packing of the tertiary structure, a relatively compact
size and a larger exposed hydrophobic surface area com-
pared with the wild type SNase. All the conformational
properties characterize the mutant as being in a molten
globule state. It is known that molten globules usually
occur when proteins are denatured by acid pH, high tem-
perature, or intermediate concentrations of strong denatur-
ants (I). However, the present experiments show that a
molten globule can also occur under physiological condi-
tions due to amino acid substitutions in a protein molecule.
Of particular interest is the finding that a mutant enzyme
in a molten globule state shows a specific activity very simi-
lar to that of the wild type protein. It is generally accepted
that the structural uniqueness of proteins determines their
biological function. However, the fact that the F34W/

W140F mutant does not have a unique tertiary structure
but does have high activity raises the question: what is the
structural basis for the functional activity of such a pro-
tein? A reasonable explanation is that the F34W/W140F
mutant as a molten globule is highly competent to fold into
a functional conformation in the presence of substrate as
shown by the conformational changes in the presence of its
ligands, pdTp and Ca?*, as monitored by the CD spectra
and ANS-binding fluorescence, which indicates that ligand-
binding induces the partially folded enzyme to fold further
into a native-like structure. This competent property of the
mutant enables it to regain high activity upon binding the
substrate. o
Flanagan et al. characterized a truncated Staghylococcal
nuclease that lacks 13 amino acids from the carbpxyl termi-
nus of the original 149-amino acid sequence nuclear
magnetic resonance, circular dichroism, and smatl-angle X-
ray scattering measurements (26). The results sHowed that
the truncated nuclease is a denatured, partly m%)lded mol-
ecule that lacks a persistent secondary strucgure but is
compact under physiological conditions. The trigicated nu-
clease shows wild-type levels of activity in the gresence of
calcium and is found to fold into a native-like cc%formation
in the presence of pdTp, a similar result to that Seen for the
F34W/W140F mutant described above. Ermacorg et al. also
reported another truncated nuclease that lackg 14 amino
acids from the carboxyl terminus of the nucleage and has
the same characteristics as the truncated ngyrlease de-
scribed by Flanagan et al. (26). However, sinc€ the large
truncated nucleases are not in neither a native' or a com-
pletely unfolded state, there is some doubt as o whether
the truncated nucleases are in the molten glgbule state
(26-32). Recently we studied the structural features of a
family of C-terminally truncated nucleases with different
peptide chain lengths by comparing the changegin confor-
mation during peptide chain extension of SNage. The re-
sults showed that a truncated SNase that lacks: 28 amino
acids from the carboxyl terminus of the nucledse has the
typical properties of a molten globule state, an® the trun-
cated nucleases that lack 13 or 14 amino acids from the
carboxyl terminus of the nuclease do not represent the mol-
ten globule state but lie between the molten globule and
native states. This can be characterized as a post-molten
globule state, although the large truncated nucleases have
some of the properties of a molten globule, such as a rela-
tively pronounced secondary structure and compact size, as
well as a relatively higher ANS-binding fluorescence (28).
Recently Kataoka et al. further examined the structural
properties of two types of molten globule forms of a-lactal-
bumin, the apo-a-lactalbumin at neutral pH and the acid
molten globule, using small-angle X-ray scattering mea-
surements (24). They revealed that the radius of gyration
for the native holo-protein was 15.7 A, but the two molten
globules both had radii of gyration of 17.2 A. The maximum
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dimension of the molecule was also increased from 50 Ain
the native state to 60 A for the molten globules, indicating
that the molten globule is not as compact as the native
state, a different finding from that reported prevously by
Dolgikh et al. (33, 34). As shown above, the Stokes radius
(R, for the native SNase is 21.5 * 0.1 A, but the F34W/
W140F mutant has a Stokes radius of 25.0 = 0.1 A. The
increase in R, also indicates that the molten globule state
of the F34W/W140F mutant is not as compact as the native
state of SNase as the increase in R, is comparable to the
increase in R, described by Kataoka et al. (24).

Finally, the substrate- (or ligand-) induced restoration of
the structure and function of the F34W/W140F mutant also
suggests that the amino acid sequence of the mutant may
only contain information to direct the formation of a molten
globule state. Further folding of the mutant is driven by
ligand or substrate binding to form the functionally active
conformation as described by Zhang and Matthews (8). As
an in-creasing number of biologically important proteins
and protein domains have been found to be only partially
structured or unstructured (unfolded) under physiological
conditions, and ligand or substrate binding plays an impor-
tant role in their structural formation and functional
expression (35), the concept that ligand binding is required
to drive the formation of a specific tertiary structure or
functionally active conformation, as explained by Tsai et al.
(36, 37) using a different hypotheses, will become widely
accepted.
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