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A series of N-terminal fragments of staphylococcal nuclease with different chain lengths
has been taken as an in vitro nascent peptide folding model. Previous studies have
shown that nascent peptide folding of the nuclease may begin early in the synthetic pro-
cess with the content of ordered secondary structure increases with increasing peptide
chain length, and that conformational adjustments are observed at certain stages dur-
ing nascent peptide folding. Here, we focus attention on the conformational changes in
the later stage of nascent peptide folding of the nuclease when the N-terminal fragment
elongates nearly to the C-terminus of the nuclease in order to determine the role of the
C-terminal region of the nuclease in the formation of the integrated conformation of the
nuclease. We compared the conformational features of SNase R and its larger N-terminal
fragments SNR135, SNR139, SNR140, and SNR141 using circular dichroism spectra,
ANS-binding fluorescence and intrinsic fluorescence spectra. The results show that
Trpl40 is important for the enrichment of ordered secondary structure and for produc-
ing a greater ability to fold into a native-like conformation, but Serl41 is essential for
the formation of the integrated conformation of the nuclease with a tightly packed ter-
tiary structure. Note that the addition of only one residue to the C-terminus of elongat-
ing peptide chain can cause a dramatic change in conformation. The data also show the
occurrence of continuous adjustments in conformation during peptide elongation, even
after a rigid tertiary structure has formed, suggesting that the last eight residues (resi-
dues 142-149), which are disordered at the C-terminus of the nuclease, also possess a
structural role, forming the native tertiary structure to provide a framework for the ac-
tive site, even though they are remote from the active site in both sequence and spatial
structure.
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Staphylococcal nuclease (SNase A, EC 3.1.4.7) is a small the C-terminal truncated fragments of the enzyme have
globular protein of 149 amino acid residues containing no been used as a model to study the nascent peptide folding
disulfide bonds or cysteines, and its crystal structure has process by different physico-chemical methods (14—18). Re-
been determined to high resolution (1, 2). The nuclease has cently, the conformational features of seven N-terminal
been widely used as a model for studies of protein folding fragments of SNase R, ue., SNR52, SNR79, SNR102,
(3-12). Staphylococcal nuclease R (SNase R) is an analogue SNR110, SNR121, SNR135, and SNR141, which extend
of SNase A, in which a hexapeptide (DPTVYS) is appended from residues -6-52, -6-79, -6-102, -6-110, -6-121, - 6 -
to the alanine of SNase A. The additional residues of SNase 135, and -6-141, respectively, have been compared. The re-
R are disordered in solution and have no discernible effect suits indicate that the ordered secondary structures of the
on the remainder of the molecule or its activity (£>, 13). fragments increase with increasing peptide length, and
Since the C-terminal truncated fragments of the N-tenni- there are apparent conformation adjustments during pep-
nal extended enzyme are somehow more easily isolated and tide elongation (16-18). We have found that although the
purified from host cells than their wild type counterparts, conformation of SNR135 is partially unfolded, it is able to

fold into a native-like state in the presence of ligands, pdTp
1 This work was supported by grants (NOS 95-YU-15 and 39570170) and Ca2+. There are drastic changes in conformation when
from the China Committee for Science and Technology. the polypeptide grows from SNR135 to SNR141, Le., the
1 To whom correspondence should be addressed Tel. +86-10- further addition of six residues (residues 136-141) to the C-
64888493, Fax: +86-10-64872026, E-mail: JingenxGpubhceast.cn. terminus of SNR135 transforms the more flexible confor-
"?*. .. OXI o , , , , . nr. • i J- i. mation into a stable and integrated conformation, which is
Abbreviations: SNase, Staphylococcal nuclease; CD, circular dichro- . . ,, . . . Vl\. ^ TI . ,
ism; UV, ultraviolet; GdnHCl, guamdine hydrochlor.de; pdTp, thy- aha03t ^e SBme M ihat o f ^ B**3™ enzyme. Hu et aL
midine-3',5'-bisphosphate;ANS, l-andinonaphthalene-8-sulfate. pointed that Trpl40, which is the only tryptophan residue

and is located near the C-terminus buried in the hydropho-
© 2000 by The Japanese Biochemical Society bic contact surfaces of the three helices of the nuclease,
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plays a key role in maintaining the structural integrity of
the helices and active sites (19). To address what happens
during peptide elongation from residue 135 to 141, and
which amino acid residues in the C-terminal region are
important for the formation of the integrated conformation
of the nuclease, and whether the C-terminal eight amino
acid residues (residues 142-149) are still involved in the
formation of the native conformation, two additional N-ter-
minal fragments of SNase R, SNR139 and SNR140, which
extend from residues -6-139 and -6-140, respectively,
were constructed and expressed. The conformational fea-
tures of SNR135, SNR139, SNE140, SNR141, and SNase R
were studied by circular dichroism, intrinsic tryptophan
fluorescence, ANS-binding fluorescence and the unfolding-
refolding behaviors of the polypeptides. The results indicate
that the tryptophan 140 is important, but that serine 141 is
essential for the formation of the integrated conformation
of staphylococcal nuclease, and that conformational adjust-
ments occur even after the rigid tertiary structure of the
nuclease has formed during peptide elongation.

MATERIALS AND METHODS

Expression and Purification of Protein Samples—Two
ochre mutations (TAA) at positions 140,141 along SNase R
gene were created by polymerase chain reaction (PCR), and
verified by DNA sequencing. The mutant gene encoding
each of the N-terminal fragment sequences was then
inserted into an expression vector, pBV221, as described
previously (13). The SNase R and its N-terminal fragments
were expressed in Escherichia coli DH5a cells harboring
the appropriate recombinant plasmid, and purified as de-
scribed by Jing et al. (18). The purified protein samples ap-
peared as single bands on SDS-15%-polyacrylamide gel.
Protein concentration was determined by the methods de-
scribed by Zhou et al (20).

Aiulinonaphthalence-8-sulfonate (1,8-ANS, Sigma) was
used as a hydrophobic fluorescence probe to monitor the
surface hydrophobicity of the proteins. Thymidine-3',5'-bis-
phosphate (pdTp), a competitive inhibitor of the nuclease,
was purchased from Pharmacia. pdTp binds at the active
site of the nuclease forming a ternary complex of the nu-
clease with Ca2+ (1, 2). Guanidine hydrochloride (GdnHCl,
ultra pure) was purchased from Life Technologies. All other
reagents were of analytical grade.

Enzyme Activity—The enzyme activity of SNase R and
its fragments for the hydrolysis of single-stranded DNA
was measured at 25*C in a reaction mixture containing 20
mM Tris-HCl, pH 7.4, 10 mM CaCLj, and 50 jig-ml"1 dena-
tured salmon sperm DNA monitored with a Shimadzu UV-
250 spectrophotometer according to the method described
by Cuatrecasas (21).

Circular Dichroism (CD) Measurements—CD were made
with a Jasco J-720 spectropolarimeter. The samples were
scanned from 250-190 nm in a quartz cuvette with a 1.0
mm path length. The concentration of each sample was 25
JJLM in 20 mM Tris-HCl buffer, pH 7.4. The same conditions
were also used to study the effect of pdTp on the CD spec-
tra of the N-terminal fragments. The concentration of pdTp
was the same as that of the proteins, and the Ca2+ concen-
tration was 10 mM. The CD spectra data were reported as
mean residue elliptdcity by taking 112 Da as the mean resi-
due mass.

Fluorescence Measurements—Fluorescence measure-
ments were made with a Hitachi F4010 spectro-fluorimeter
at an excitation wavelength of 295 nm for tryptophan fluo-
rescence at 25*C. The slit width was 5 nm.

Unfolding Studies—SNase R and its N-terminal frag-
ments were incubated with the required concentration of
GdnHCl at 4'C overnight in 20 mM Tris-HCl buffer, pH
7 4, for the reaction to reach completion as indicated by no
further CD changes. The concentration of each sample was
25 (JLM and 2.5 \xM for CD and fluorescence determinations,
respectively.

Refolding Studies—Each of the proteins was first dena-
tured in 6 M GdnHCl at 4'C overnight, then diluted into
different concentrations of GdnHCl in 20 mM Tns-HCl, pH
7.4, and kept 4*C until reaction reached completion. The
final concentration of each sample was also 25 (JLM and 2.5
JJLM for CD and fluorescence determinations, respectively.
Changes in the ellipticity at 222 nm, and in the emission
intensity at 335 nm for tryptophan, and the shift in the
emission maximum of the intrinsic fluorescence were used
to indicate protein unfolding and refolding, respectively. All
measurements were taken at 25*C.

ANS-Binding Fluorescence—ANS-binding fluorescence
was used to study the changes in the surface hydrophobic-
ity of SNase R and its fragments. Each sample contained
50 (JLM 1,8-ANS and 5 \xM of protein in 20 mM Tris-HCl
buffer, pH 7.4. Fluorescence spectra were obtained with a
Hitachi F4010 spectro-fluorimeter at 25'C. The excitation
wavelength was 345 nm, and the slit width was 10 nm.

RESULTS

Activity—The specific activities of the N-terminal frag-
ments and the effect of NaCl concentration on their activi-
ties are shown in Fig. 1. The activity of SNase R in 20 mM
Tris-HCl (pH 7.4) is 732 unitmg"1, and the activity values
of SNR135, SNR139, SNR140, SNR141 are 28.4, 42.6, 45.9,
and 76% of SNase R, respectively, indicating that the activ-
ity increases with increasing peptide chain length. It is
worth noting that like SNase R, SNR140, and SNR141 are
activated with increasing concentrations of NaCl, and their

1400.

NaCl (M)
Fig. 1. Effects of different concentrations of NaCl on the ac-
tivity of SNase R and its N-terminal fragments. The activity
was measured under the conditions described in the text SNR135
(•), SNR139 (o), SNR140 (•), SNR141 (A), SNase R (•)
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activities reach a maximum at 0.3 M NaCl. However, such
activation is not observed for SNR139 and SNR135, and
their activities are dramatically inhibited with increasing
concentrations of NaCl, suggesting that the conformational
state of SNR140 and SNR141 is much closer to that of
SNase R than that of SNR135 and SNR139 in the presence
of substrate. Note that the addition of Trpl40 to SNR139
causes the activation of SNR140 by NaCl, suggesting that
Tip 140 is important for the formation of the native confor-
mation of the nuclease.

Shot-tie's experiment showed that the wild type nuclease
(1-149) is also activated by increasing concentrations of
NaCl, but the maximal activation occcurred at 0.15 M
NaCl in Tris-HCl buffer, pH 8.8 (9), instead of 0.3 M NaCl
at pH 7.4 as described in our experiment. The difference in
the maximal activation concentration of NaCl shows that it
may be related to the pH value of the reaction buffer.

Circular Dichroism—The ellipticity in the far-UV region,
and especially at 222 run, is usually considered as an index
of the content of a-helix in a protein (22). The far-UV CD
spectra of SNase R and its N-terminal fragments are
shown in Fig. 2. The [6]^ m values of SNR135, SNR139,
SNR140, and SNR141 are 44.5, 54.2, 75, and 99% of SNase
R, respectively, indicating that the ordered secondary struc-
tures increase with the growth of the peptide chain. It is
worth noting that there are larger changes in the contents
of secondary structure from SNR139 to SNR140 to
SNR141, and the spectrum of SNR141 is almost the same
as that of SNase R, in which there are two apparent nega-
tive peaks at 208 nm and 222 run. The results show that
Trpl40 is important for the enrichment of the ordered sec-
ondary structure of the polypeptide, but that Serl41 is
essential for the polypeptide to gam its secondary struc-
tural integrity, especially for the structural integrity of the
helices.

Thymidine 3',5'-bisphosphate (pdTp) is a competitive
inhibitor of SNase R As a binding ligand at the active site
of the nuclease, it is involved m the formation of the ter-
nary complex of the nuclease with Ca2+ (23). pdTp binding
can make larger N-terminal fragments of the nuclease fold
into a native-like conformation in the presence of Ca2+ (9,
18). Previous results showed that [OJ^ m of SNR135
increases with increasing pdTp concentration, and that a
sufficient amount of pdTp (molar ratio of pdTp to SNR135

190 200 210 220 230 240 250
Wavelength (nm)

Fig. 2 Far-UV CD spectra of SNase R and its N-terminal frag-
ments. The samples were treated as described in the text SNR135
(•—), SNR139 (—), SNR140 ( ), SNR141 ( — ) , and SNase R

s 1) can make the CD spectra of SNR135 similar to that of
SNase R with two negative peaks at 208 and 222 nm. The
elliptiaty values at 208 and 222 nm of SNR135 reach max-
ima when the molar ratio of pdTp to SNR135 is greater
than 4, but never reach the magnitude of the values of
SNase R (14). Here, pdTp binding is used as an indicator of
the adjustable ability of the conformations of SNR135,
SNR139, and SNR140 fragments. As shown in Fig. 3, pdTp
binding (molar ratio of pdTp to each fragment = 1:1) can
make the CD spectra of SNR135, SNR139, and SNR140
like that of SNase R with negative peaks at 208 and 222
run. The [GJ^ „„ values for the fragments increase from
SNR135 to SNR140; however, [6]^ ^ of SNR140 is almost
as the same as that of SNase R. This suggests that the abil-
ity to fold into a native-like state in the presence of pdTp
and Ca2+ increases from SNR135 to SNR140, and that the
addition of Trpl40 to SNR139 leads to SNR140 having a
much greater ability to fold into a native-like state, con-
firming the important effect of Trpl40 on the formation of
the secondary structure of the nuclease.

ANS Fluorescence Spectra in the Presence of N-Terminal
Fragments of SNase R—The difference in surface hydro-
phobicity reflects changes in the exposure of hydrophobic
protein side-chains, and changes in the extent of exposure
of hydrophobic side-chains reflect the folding of a protein
molecule (24). Differences in surface hydrophobicity among
the N-terminal fragments of SNase R were studied using

190 200 210 220 230 240 250
Wavelength(nm)

Fig. 3 Far-UV CD spectra of SNase R and its N-terminal frag-
ments in the presence of 10 mM Ca*+ and pdTp. The experi-
mental conditions are described in the text Protein concentration:
25 |iM, the molecular ratio of pdTp to each fragment is 1:1. CD spec-
tra of the fragments (—), CD spectra of the fragments in the pres-
ence of pdTp and Ca2+ (•—), CD spectra of SNase R ( ).
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ANS fluorescence. Figure 4 shows the ANS fluorescence
emission spectra in the presence of SNase R and its N-ter-
minal fragments. There is an apparent decrease in fluores-
cence intensity with a red shift in the fluorescence maxi-
mum from SNR135 to SNase R. The ANS fluorescence
spectrum with SNR135 is very similar to that of ANS with
SNR139, which corresponds well with their activity
changes at 0.3 M NaCL The ANS fluorescence spectrum
with SNR141 is almost the same as that of ANS with
SNase R. The fluorescence intensity and shift m the fluo-
rescence maximum for ANS in the presence of SNR140 are
between those for SNR135/SNR139 and SNR141/SNase R.
All these results indicate that the surface hydrophobicity of
the fragments decreases with increasing peptide chain
length. In other words, the folding extent of the fragments
increases with increasing peptide chain length. It is worth
noting that compared with the surface hydrophobicity of
SNR139, the surface hydrophobicity of SNR140, and espe-
cially SNR141, undergoes an apparent change, showing
that there is a greater conformation adjustment from
SNR139 to SNR140, and especially from SNR140 to
SNR141. The results indicate that residue Trpl40 and
especially, Serl41 are important for the formation of the
integrated conformation of the nuclease.

Change in EUipticity at 222 nm of SNase R and Its N-
Terminal Fragments during Unfolding and Refolding in
GdnHCl—The conformational changes of SNase R and its
N-terminal fragments during unfolding and refolding in
different concentrations of GdnHCl were monitored by
measuring the changes in mean residue ellipticity at 222
nm ([G]^ nJ. As shown m Fig. 5, like SNase R, there is no
discernible change in the [BJ^ ^ for SNR141 up to 0.6 M
GdnHCl, and then the [6]^ ^ of SNR141 decreases

80-

2
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O
W
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450 500 550 600

Wavelength (nm)
Fig. 4. ANS fluorescence emission spectra in the presence of
SNase R and its N-terminal fragments. Each sample contained
50 (iM of ANS and 5 JJLM of each protein in 20 mM Tns-HCl (pH
7.4) The fluorescence spectra were measured after incubation of the
samples for 20 min at 25"C, at an excitation wavelength of 345 nm,
and a slit width of 10 nm. Spectra for ANS with SNR135 (o),
SNR139 (•), SNR140 (T), SNR141 (A), SNase R (•), and 1,8-ANS it-
self (—)

sharply at GdnHCl concentrations from 0.6 to 1.0 M. The
unfolding curves are very cooperative for both SNase R and
SNR141. However, a marked decrease in [O]^ „„, has
already taken place for SNR140, SNR139, and SNR135 at
GdnHCl concentrations above 0.1 M, and the [B]^ „„ of
SNR140, SNR139, and SNR135 decrease gradually with
increasing GdnHCl concentration with no distinct transi-
tion region, Fig. 5. These results show that although the
addition of Trpl40 makes SNR140 more stable than
SNR139, SNR140 is still much less stable than SNR141.
By comparing the unfolding curve of SNR140 with that of
SNR141, it can be seen that the addition of only one amino
acid residue (Serl41) to the C-terminus of SNR140 trans-
forms the unfolding pattern from uncooperative for SNR-
140 to fully cooperative as the full length enzyme for SNR-
141, indicating that Serl41 is very important for the con-
formational stability and integrity of the nuclease.

The refolding of SNase R and its N-terminal fragments
was also studied. AD of them can refold to their initial
states. The refolding curves coincide with the unfolding
curves (data not shown), which are also cooperative for
SNase R and SNR141, and uncooperative for SNR140,
SNR139, and SNR135.

Changes in the Intrinsic Fluorescence of SNase R and Its
N-Terminal Fragments during Unfolding and Refolding in
GdnHCl—SNase R contains a single tryptophan residue at
position 140 (Trpl40), buried in a hydrophobic environ-
ment (1, 2). Chen and Tsong pointed out that the fluores-
cence changes of Trpl40 may reflect changes in the overall
conformation of the nuclease in denaturants (25). To inves-
tigate the effect of Trpl40 on the conformational formation
and integrity of the nuclease during peptide elongation, the
intrinsic tryptophan fluorescence of SNase R and its N-ter-
minal fragments, as well as changes during unfolding and
refolding in GdnHCl, were compared. The fluorescence

1 0-

0 0
1 2 3 4

Guanidine (M)
Fig. 5. Changes in ellipticity at 222 nm ([Bl^ _ ) of SNase R
and its N-terminal fragments in different concentrations of
GdnHCl. Protein concentration was 25 JLM. Changes in elhptiaty
at 222 nm during unfolding were measured under the conditions de-
scribed in the text The ordinate indicates relative changes in elhp-
ticity at 222 run, and the point of SNase R at 0 M GdnHCl (12 2 x
103 deg cm1 dmoh1) was regarded as 1 0. Other [8]^,,,,, values on the
unfolding curves were compared with that of SNase R at 0 M Gdn-
HCl. SNR135 (•), SNR139 (o), SNR140 U), SNR141 (A), SNase R
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Fig 6. Tryptophan fluorescence emission spectra of SNase R
( ), SNR141 (—), and SNR140 (—). Each sample contained 3
nM of each protein in 20 mM Tns-HCl buffer (pH 7.4) The experi-
mental conditions are described in the text; the excitation wave-
length was 295 nm, and the slit width was 5 nm.

emission spectra of SNase R, SNR141, and SNR140 are
shown in Fig. 6. Compared with the spectrum of SNase R,
the fluorescence intensity of SNR140 apparently decreases
with a red shift in the fluorescence mmrimiim, but the
intensity of SNR141 is greater than that of SNase R with
little red shift. The results indicate that the conformation of
SNR140 is much looser than that of SNase R, but that the
conformation of SNR141 seems more compact than that of
SNase R, consistent with the observation that SNR141 has
a smaller Stokes radius than SNase R (15). The difference
in their fluorescence spectra at least reflect the change in
the environment tryptophan residue 140 in these mole-
cules, showing that the conformation from SNR140 to
SNR141 and further to SNase R should pass through ap-
parent stages of conformational adjustments. The changes
in the intrinsic fluorescence of SNase R and its N-terminal
fragments during unfolding and refolding in GdnHCl are
shown in Fig. 7. Like the unfolding and refolding curves
monitored by [Q]^ rm, both SNase R and SNR141 have the
same unfolding and refolding patterns with a highly coop-
erative transition region, indicating that a rigid tertiary
structure has already formed when the peptide chain elon-
gates to SNR141, although there are still some differences
in conformation between SNR141 and the full length en-
zyme as described above However, the fluorescence of
SNR140 decreases gradually with increasing GdnHCl con-
centration, and no distinct transition region appears.
Another difference in their fluorescence changes during
unfolding is that the red shift in the emission maximum for
SNR140 appears at a much lower GdnHCl concentration
compared with either SNase R or SNR141, indicating a less
stable conformation of SNR140.

DISCUSSION

One important approach to exploring the mechanism of
nascent peptide folding is to study the conformational fea-
tures of a series of N-terminal fragments of a protein with
different chain lengths. This will reveal the dynamic pro-
cess of nascent peptide folding during peptide chain elonga-
tion and provide further understanding of the pathway of

Guanldine (M)
Fig. 7. Changes in tryptophan fluorescence of SNase R (•),
SNR141 (o), and SNR140 (•) in different concentrations of
GdnHCl. Experimental conditions are described in the text.
Changes in the intrinsic fluorescence at 335 nm for tryptophan were
taken to indicate protein unfolding, The refolding of the proteins is
reversible (data not shown). The ordinate indicates relative fluores-
cence, and the point of SNase R at 0 M GdnHCl was regarded as 1.0.
Other fluorescence values on the unfolding curves were compared
with that of SNase R at 0 M GdnHCl. The excitation wavelength
was 295 nm, and the slit width was 5 nm.

nascent peptide folding (26). Shortle et al. used a series of
four fragments of staphylococcal nuclease extending over
residues 1 to 103, 1 to 112, 1 to 128, and 1 to 136, as a
model for the denatured state of the nuclease to examine
residual structure in the truncated fragments at equilib-
rium. The far-UV CD spectra of all four fragments sug-
gested the presence of small to moderate amounts of re-
sidual structure (9). Furthermore, the authers used nuclear
magnetic resonance (NMR), and small angle X-ray scatter-
ing measurements to characterize the structure and dyna-
mics of some partially folded larger fragments of the nu-
clease, such as SNasej.iag and SNaseA13L1. Their experi-
ments demonstrated that the most persistent elements of
structure in the fragments are native-like, suggesting that
the nuclease may fold by a hierarchical mechanism (10,27,
28). We use a family of N-terminal fragments of SNase R
with different peptide chain lengths as an in vitro nascent
peptide folding model to study the relationship between the
formation of the native conformation and the functional
expression of polypeptides during elongation of the peptide
chain. Previous experiments have demonstrated that the
nascent peptide folding of staphylococcal nuclease may
begin early in the synthetic process, that the content of
ordered secondary structures increases with increasing
peptide chain length, and that conformational adjustments
are observed at certain stages during nascent peptide fold-
ing (14, 17, 18). That the content of ordered secondary
structure increases with increasing peptide chain length
agrees closely with Shortlela report (9). In the present re-
port, we focus attention on the conformational changes that
occur at later stages of nascent peptide folding of the
nuclease when the N-terminal fragment elongates nearly
to the C-terminus of the nuclease to find which amino acid
residues are important for the formation of an integrated
conformation. For this, we compared the conformational
features of SNase R and its N-terminal fragments,
SNR135, SNR139, SNR140, and SNR141.

VoL 128, No. 1,2000
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Trpl40 Is Important, but Serl41 Is Essential for the For-
mation of the Integrated Conformation of the Nuclease—As
described above, the activity assay in the presence of differ-
ent concentrations of NaCl, Fig. 1, divides the proteins into
two groups: SNR135/SNR139, which are inhibited by NaCl,
and SNR140/SNR141/SNase R which are activated at 0.3
M NaCl. These phenomena indicate that the conforma-
tional state of SNR140 is much closer to that of SNase R in
the presence of substrate, suggesting that Trpl40 is impor-
tant for the formation of the active conformation of the
nuclease, although the activation level is less than that of
SNase R. This result corresponds well with the finding that
SNR140 has much a greater ability to fold into a native-
like state in the presence of ligands, Fig. 3, as compared
with SNR135 and SNR139.

The CD spectra and ANS-fluorescence spectra clearly
divide the proteins into three conformational groups. The
conformations of SNR135/SNR139 are in a partially un-
folded state with more disordered structure, Fig. 2, and
more hydrophobic residues exposure, Fig 4, although they
are able to fold into the native-like state in the presence of
ligands, Fig. 3. The conformation of SNR141 m both sec-
ondary structure content and in surface hydrophobicity is
the same as the full-length nudease. The conformation of
SNR140 is between SNR135/SNR139 and SNR141/SNase
R; adding Trpl40 to the C-terminus of SNR139 causes the
polypeptide SNR140 to gain more ordered secondary struc-
ture. The far-UV CD spectrum of SNR140 seems to have
two negative peaks at 208 and 222 nm which represent
typical a-helix conformation. The conformational features
of SNR140 indicate the roles played by Trpl40 in the integ-
rity of the helices during peptide folding, Fig. 2. The addi-
tion of Trpl40 also results in the exposure of some hydro-
phobic side chains buried in the interior of the polypeptide
SNR140, although the surface hydrophobicity does not
reach the level of SNR141 or the full-length enzyme SNase
R.

Although the addition of Trpl40 to the C-terminus of
SNR139 largely enriches the amount of ordered secondary
structure of SNR140 and decreases the exposure of its hy-
drophobic side chains, giving SNR140 a much greater abil-
ity to fold into a native-like active conformation, the unfold-
ing and refolding behaviors of SNase R and its N-terminal
fragments, SNR140 and SNR141, in GdnHCl as monitored
by both CD and intrinsic fluorescence spectra show that
SNase R and SNR141 have the same unfolding and refold-
ing patterns with high cooperativity. In contrast, there is no
distinct transition region in the conformation changes of
SNR140, just like SNR135 and SNR139. The unfolding and
refolding cooperativity dearly indicates that a highly pack-
ed tertiary structure does not appear until the N-terminal
fragment of the nudease elongates to SNR141. Taken to-
gether, the above results show that Trpl40 plays an impor-
tant role in the conformation, especially in the enrichment
of the ordered secondary structure during peptide elonga-
tion, but that Serl41 is essential for the formation of the
integrated conformation of the nudease.

The crystal structure of SNase shows that different
hydrogen bonds play important roles in maintaining the
integrated conformation (1, 2). As described by Loll and
Lattman, the side chain of Asnl38 hydrogen bonds to the
carbonyl oxygen of residue GlnlO6, helping to "tack down"
a-helix 3 to the main body of the nudease (i). In the view of

the fact that the addition of Serl41 to the C-terminus of
SNR140 transforms the partially unfolded polypeptide
SNR140 to such a conformational state with a tightly
packed tertiary structure, SNR141, hydrogen bonds be-
tween Serl41 and other residues in the nudease should be
key factors in the conformational integrity of the nudease.
There are three hydrogen bonds between Serl41 and other
residues, ue., the main chain of Serl41 to the main chain of
Asnl38, the side chain of Serl41 to the main chain of
Asnl38, and the side chain of Serl41 to the side chain of
Tyr54, which may play a stabilizing role in the formation of
the hydrogen bond between the side chain of Asnl38 and
the carbonyl oxygen of GlnlO6 and in maintaining the inte-
grated conformation of the nudease It is obvious that the
deletion of residue Serl41 in the case of SNR140, elimi-
nates the hydrogen bonds between Serl41 and the other
residues indicated above, which severely affects the forma-
tion of the integrated conformation of SNR140. The sole
tryptophan residue in the nudease, Trpl40, involves two
reverse turn formations, t e , a type II' turn (137-140) and a
type I turn (138-141), and is located near the C-terminus,
buried in the hydrophobic contact surfaces of the three heli-
ces of the nudease. Sudi hydrophobic interaction also plays
a key role in enriching the ordered secondary structure of
the nuclease. As compared with the intrinsic fluorescence
spectrum of SNase R, Fig. 6, the fluorescence intensity of
SNR140 apparently decreases with a red shift in the fluo-
rescence maximum, showing a change in the hydrophobic
environment of Trpl40 in SNR140. This phenomenon indi-
cates that the hydrogen bonds between Serl41 and other
residues may also play important roles in maintaining
Trpl40 in a favorably hydrophobic environment

Continuous Conformational Adjustments Are Necessary
for the Formation of the Native Conformation during Pep-
tide Elongation, Even after the Rigid Tertiary Structure Has
Formed—Previous experiments have demonstrated that
conformation adjustments are necessary for the formation
of the native conformation during nascent peptide folding
(16-18). Here we show the conformational changes as the
N-terminal fragment elongates nearly to the C-terminus of
the nuclease. As described above, there is no apparent con-
formational change when the peptide elongates from SNR-
135 to SNR139, both of which are m a partially unfolded
state with more disordered secondary structures as com-
pared with larger N-terminal fragments. However, there
are larger changes in conformation when the peptide elon-
gates from SNR139 to SNR140, and even more during
elongation from SNR140 to SNR141 as described above.
Note that the addition of only one residue to the C-termi-
nus of the elongating peptide chain can cause dramatic
changes in the conformation of the peptide For instance,
the addition of Serl41 to the C-terminus of SNR140 trans-
forms the partially unfolded polypeptide SNR140 to a con-
formational state with a tightly packed tertiary structure,
SNR141. As shown above, the tightly packed tertiary struc-
ture of the nudease appears when the peptide elongates to
SNR141. A question is whether there is a conformational
adjustment when the peptide elongates from SNR141 to
the full length nudease. The differences between SNR141
and SNase R in both the tryptophan fluorescence emission
spectrum and the unfolding and refolding pattern, Fig. 6
and Fig. 7, provide evidence in addition to the indirect evi-
dence deduced from the activity changes from SNR141 to

J Biochem.

 at Peking U
niversity on O

ctober 1, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/


Formation of the Integrated Conformation of Staphylococcal Nuclease 119

SNase K {16-18). Besides the above evidence, the crystal
structure of SNR141 also shows some differences between
SNR141 and the full length nuclease (29). For example, the
side chain of Tyrll3 turns toward the inside of the active
pocket of the nuclease in the case of SNR141, instead of
toward outside in the case of the full length enzyme. All the
results indicate that there are continuous adjustments in
conformation during nascent peptdde folding, even after the
native-like rigid tertiary structure has formed, suggesting
that the last eight residues (residues 142-149) at the C-ter-
minus of the nuclease have structure roles, forming the
native tertiary structure to provide a framework for the
active site, even though they are remote from the active
site in both sequence and spatial structure, from which it
appears that the C-terminal region is involved in the full
active expression of the nuclease.
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