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ABSTRACT. The three-dimensional structure of bovine pancreatic (bp) DNase revealed that its N- and
C-termini form an antiparalleb-sheet structure. The involvement of thilssheet structure in the active
protein folding of bpDNase was thus investigated via a series of deletion and substitution variants. Several
substitution variants of N-terminal Leul and C-terminal Leu259, and one variant with only the last Thr260
deleted, remained fully active. However, the other deletion variants, in whidi® 2mino acid residues

were removed from the C- or N-terminus, all lost the DNase activity. The results indicated that the backbone
hydrogen bonding in the antiparall8tsheet, rather than the side-chain interactions, is crucial for the
correct protein folding. When the deletion variants were complemented with synthetic peptides of the
deleted N- or C-terminal sequences, the DNase activity was generated. The highest DNase activity was
generated when the C-terminal 10-residue-deleted brDNasd{-260) was admixed with the C-terminal
10-residue peptide (peptide C10) in a molar ratio of 1:400. The noncovalent binding between brDNase-
(A251-260) and peptide C10 exhibited a dissociation constant o#M8 Circular dichroism spectra
showed that the deletion variants were partially folded with mainly helical structures and that admixture
with corresponding peptides facilitated their folding into the nativefikeheet-rich structure. Thermal
denaturation profiles also revealed that the transition temperature for brDNAse{260) was increased

from 55 to 63°C after incubation with peptide C10. The folding activation process for the deletion variant
occurred in two stages, and €awvas required.

Bovine pancreatic deoxyribonuclease | (opDNaskEaves C-terminal amino acid residues was very likely due to the
double-stranded DNA with no nucleotide sequence specific- loss of the stabilizing effect contributed by the antiparallel
ity (1). The enzyme is a compadct,s-protein with ap- f-sheet structure. Furthermore, alignment of the N- and
proximate dimensions of 4% 40 x 35 A (2). The chain C-terminal amino acid sequences of DNases from various
fold is shown in Figure 13). In this three-dimensional  species (Figure 2) revealed that residues within the two
structure, the C- and N-termini are in close proximity with terminal fragments were well conserved and that most of
the backbone hydrogen bond forming an antipargisheet the polypeptide chains were 260 amino acid residues in
structure. Factors contributing to the stability of the enzyme length. However, DNases from pig)( dog @), rat ),
are the intramolecular hydrogen bonds, salt bridges, two mouse 10), chicken 1), and snake 12) contained a
disulfide bonds 4), and the two structurally bound &a dipeptide protruding at the C-terminus, while amphibian
atoms B). DNases were characterized by an additional C-terminal

We have previously showrb) that removal of the two  fragment of 70 amino acids with a unique cysteine-rich
C-terminal amino acid residues of bpDNase led to the stretch (3). Thus, heterogeneity at the C-terminus beyond
inactivation of the enzyme, suggesting the critical role of residue 260 was not an unusual phenomenon among species
the C-terminal sequence in the final active protein folding. and probably would not affect the DNase activity.

The loss of the DNase activity by removal of the tWo | the present study, we addressed the important roles of
the N- and C-terminal antiparallgf-sheet structure of
T This work was supported in part by Grant NSC 90-2311-B-002- ppDNase through analyses of a series of substitution and
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brDNase(L259X), the brDNase substitution variants of Leul and that the information necessary for the active folding of

Leu259, respectively; brDNase(L1X/L259X), doubly substituted vari- bpDNase was written, in part, in the N- and C-terminal
ants; SDS, sodium dodecyl sulfate; PAGE, polyacrylamide gel elec- - O
trophoresis; CD, circular dichroism; TFA, trifluoroacetic acith, sequences. The folding activation process appeared to occur

transition temperatureq, dissociation constant. in two stages, and Gawas required.
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FiGure 1: Stereoview of the X-ray structure of bpDNase showing

the interactions between the N- and C-terminal fragments.The stereo

presentation was based on the crystal structure of Oefner and Suckhé N- and C-terminal antiparallgtsheet structure was shown
with the amino acid side chains! Bnd C indicate the N- and C-termini, respectively. Inset: The distance between the side chains of Leul

and Leu259 is 3.57 (3.6) A.

1 10 250 259 260

Bovine LKIAAFNIRT...... SDHYPVEVTLT
Ovine LKIAAFNIRT...... SDHYPVEVTLT
Porcine LRIAAFNIRT...... SDHYPVEVTLKRA
Human LKIAAFNIQT...... SDHYPVEVMLK
Canine LRMAAEFNIRT...... SDHYPVEVTLKRA
Rabbit LKIAAENIRS...... SDHYPVEVTLA
Rat LRIAAFNIRT...... SDHYPVEVTLRKT
Mouse LRIAAFNIRT...... SDHYPVEVTLRKI
Chicken LRISAFNIRT...... SDHFPVEVTLKAR
Snake LRIGAENIRA...... SDHFPVEVTLKST
Frog LKIASEFNIQR...... SDHYPVEVELY.....
Fish LLLGAFNIKS...... SDHFPVEVKLS

FiGure 2: Sequence alignment of the N- and C-terminal fragments
of DNases from various species. Sequences were taken from bovine
ovine, porcine 7), human 50), canine 8), rat ), mouse 10),
rabbit (1), chicken (1), snake 12), frog (13), and fish £2)
DNases. The invariable Leul and Leu259 are in bold type.

MATERIALS AND METHODS

Materials. The native bpDNase (code DP) was purchased
from Worthington Biochemical Corp. and further purified
as previously describe®), Calf thymus DNA was obtained
from Sigma. All other reagents were of analytical grade.

Site-Directed Mutagenesi$he gene encoding bpDNase
has been cloned into pET15b as previously describedt(
was used as the wild-type template for site-directed mu-
tagenesis by PCRL4) with the synthesized primers. The
oligonucleotides used for construction of the brDNase
variants were listed in Table S1 (see Supporting Information).
The 3 reverse primers for the C-terminal deletion and

Leu259 substitution variants were used with thédsward
primer (B-GCTGGCCATGGCCCTGAAGATAG-3) con-
taining the Ncd site. The 5 forward primers for the
N-terminal deletion and Leul substitution variants were used
with the 3 reverse primer (5SCTGGACTCGARAGG-
GACTTATGTC-3) containing thexhd site. The sequences
for the restriction enzyme sites were written in italics. The
genes encoding the variants were cloned intoNlee and
Xhd sites of pET15b. The entire mutated genes were
sequenced to confirm the presence of the mutation sites and
to ensure no alterations at other sites.

Expression and Purification of the Recombinant Proteins.
For protein expression, the plasmids were transformed into
the Escherichia colstrain BL21(DE3)pLysE. The expressed
proteins with DNase activities [brDNase(WT), brDNase-
(A260), brDNasefl1), brDNase(L259A), brDNase(L259I),
brDNase(L259Y), brDNase(L1D/L259K), and brDNase-
(L1K/L259D)] causecE. colicells to lyse, resulting in release
of the proteins into growth media. After a brief centrifugation
of the growth media, the supernatant fractions were used as
the sources for a standard purification procedure as pre-
viously described 4). The cell pellets containing the
expressed proteins in inclusion bodies [brDNASE9—-260)
~ brDNasefA251—-260), brDNasef1—2) ~ brDNaseA1—

11), brDNase(L259D), brDNase(L259K), brDNase(L1D),
and brDNase(L1K)] were washed extensively and were
shown to contain the proteins with purity greater than 95%.
The protein purity was checked by SBBAGE (15) with
silver staining 16) (Figure 3).



N- and C-Termini of bpDNase in Protein Folding Biochemistry, Vol. 43, No. 33, 2004.0655

A brDNase variants B brDNase variants C brDNase variants
- REEEESLZLEZ . ERNRRRRRRE o EZZZERER
g aaaa a0 XxXgX I S o0 oo oo a B o Rob e s oo
o > - <0 X LE © - A R S S W =] & =
=z L] =z R RERERN z -]
w © © nl B a2 @ 2 o ®
kO
874 r
88 -
48 -
Coomassie
Blue-Stained ' T - - - - - - - | J—_— - — S a—a—-————-——-
25—
145 -
108 —
7T -
50 —
Zymogram | - &

281 —

208 —

Ficure 3: SDS-PAGE and zymogram analyses of the purified proteins. (A) The Leul and Leu259 substitution variants. (B) The C-terminal
deletion variants. (C) The N-terminal deletion variants. Each lane contained) 1 total protein. Purified bpDNase was loaded as a
control. Upper panel: Coomassie blue-stained gels. Lower panel: zymogram analyses according to Lack8)ef\lllgéls were run

under nonreducing conditions.

DNase and Protein Assay§he DNase activity was (660.77 Da); peptide C10, DHYPVEVTLT (1173.29 Da);
guantitated on the basis of the hyperchromicity due to DNA peptide C10A, DAYPVEVTLT (1107.23 Da)] were synthe-
hydrolysis (7). Unless otherwise stated, the assay buffer sized on a solid-phase peptide synthesizer (Model 433A;
was 0.1 M Tris-HCI (pH 7.0), containing 10 mM Ca{C10 Applied Biosystems). The C-terminal Fmoc amino acid for
mM MnCl,, and 0.05 mg/mL calf thymus DNA. One unit each peptide was loaded on a hydroxymethyl resin (Wang
causes an increase of 1 absorbance unit at 260 nm in 1 mLresin, 1.0 mmol/g substitution) using the dicyclohexylcar-
of assay medium at 28C. For calculation of specific  bodiimide/4-{,N'-dimethylamino)pyridine strategy in dichlo-
activities, the values of protein concentrations were deter- romethane. Capping was accomplished with acetic anhydride
mined using the Bio-Rad protein assay kits (Bio-Rad in the presence of diisopropylethylamine. Single coupling
Laboratories) on the basis of the method of Bradfdt8) ( was carried out for each residue using the FastMoc chemistry
with bovine serum albumin as standard. (HBTU/HOB activation strategy). The resin weight gain was

Soluble Form of the Recombinant Proteins Obtained from 70—80% relative to the theoretical. For the cleavage of
Inclusion BodiesThe pellets of the recombinant proteins in  peptide N10, a solution containing 0.75 g of phenol, 0.5 mL
the inclusion bodies were normally dissolved in 6 M of H,O, 0.5 mL of thioanisole, 0.25 mL of ethylethanedithiol,
guanidine hydrochloride and then dialyzed against &<Ca and 10 mL of TFA was used. For the cleavage of the rest of
containing buffer (10 mM Tris-HCI, pH 7.0) to remove the the peptides, the standard solution of 95% TFA was
denaturing agent. The proteins thus treated were soluble.employed. The crude peptides were separated from the resin
However, when the pellets were dissolvadiM guanidine by filtration with glass funnels. The filtrates were reduced
hydrochloride and then dialyzed against thé'Claee buffer, to a small volume with a rotary evaporator. The peptides
the proteins were precipitated. To obtain a soluble form in were precipitated from diethyl ether and lyophilized to yield
the C&*-free buffer, we employed a lower concentration of white solid powders. The purity of the peptides was checked
the protein (0.1 mg/mL) and a higher pH (pH 8.5) dialysis by reversed-phase HPLC with a linear gradient of water
buffer at the beginning and then gradually decreased to pH (0.1% TFA)-80% acetonitrile (0.08% TFA). The amino acid
7.0. By this manner, little precipitate was observed, and the analyses of the peptides, as described previoublywere
solutions were used directly for further studies. carried out to further confirm the purity. The resulting

CD MeasurementdJnless otherwise stated, all of the CD peptides were used directly since the purity was greater than
measurements were carried out at room temperature using ®5%.

Jasco J-715 spectropolarimeteriwét 1 mmoptical path cell

over a range of 196260 nm, with 1 s response time and 20 RESULTS

nm/min scan speed. All spectra were the average of five The Leul and Leu259 Substitution Variaritke intramo-
scans at an interval of 1 nm. Prior to calculation of the final lecular contact distance between the side chains of Leul and
ellipticity, all spectra were smoothed and corrected for buffer Leu259 was 3.6 A (Figure 1, inset), and their backbone had
blanks. In peptide complementation experiments, all spectramain-chain hydrogen bonding within the N- and C-terminal
were further corrected by subtracting the peptide referenceantiparalle|3-sheet structure. Because Leul and Leu259 were
spectra. The CD intensities are expressed as molar ellipticitiesinvariable in the sequence alignment (Figure 2) and removal
(deg cn? dmoi™Y). The percentage of secondary structures of the C-terminal Leu-Thr dipeptide caused the loss of the
was calculated using the method of Wu et aB)(and Chen DNase activity 6), we thus investigated the degree of
et al. 0). involvement of Leul and Leu259 in the final folding of

Chemical Synthesis of Peptiddhe peptides for comple- bpDNase through a series of substitution variants.
mentation studies [peptide N6, LKIAAF (661.84 Da); peptide  Three of the C-terminal substitution variants [brDNase-
N10, LKIAAFNIRT (1146.40 Da); peptide C6, VEVTLT  (L259A), brDNase(L259I) and brDNase(L259Y)], expressed
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Table 1: Activities of bpDNase and the Active brDNase Variants
DNase protein specific
activity? concn activity expressed 801
DNase form  (units/mL) (mg/mL) (units/mg) protein ir? e
>
bpDNase 207.&2.1 0.213 975.8:9.6 tissue 2 ~
brDNasef260) 145.0+2.8 0.169 858.6:8.7 media & 01 %
brDNase{1) 128.0+3.5 0.138 926.& 12.4 media & H
brDNase(L259A) 120.A42.5 0.129 935.4 19.3 media Z i
brDNase(L2591) 136.21.2 0.141 969.3 8.8 media O 401 H
brDNase(L259Y) 142225 0.148 964.6- 16.9 media 2 5
brDNase(L259D) 94.&4.5 0.120 783.3:37.9 inclusion < s
bodies & 20
brDNase(L259K) 83.A42.9 0.098 853.% 29.3 inclusion N
bOdleS 45 50 55 60 65 70 75 80 85
brDNase(L1D)  105.6:0.8 0.124 846.86.6 inclusion 0 Tempersiure, C N
_ bodies 20 30 40 50 60 70 80
brDNase(L1K) 1134 2.6 0.135 842.:19.4 inclusion
bodies Temperature, °C

brIID_lglgS%LlD/ 176.7£34 0197 896.817.3 media FicURe 4: Thermal inactivation profiles for the substitution variants.
) The purified bpDNase or a recombinant protein in a 20 mM Tris-
brlil;lggg(LlK/ 159.7£2.9 0.166 961.8:17.3 media HCI (pH 7.5) buffer containing 10 mM Cagivas heated at the
) specified temperature for 10 min and cooled immediately on ice.
aThe DNase activity was expressed as the average of triplicates. DNase activities were then measured using the hyperchromicity
bThe proteins expressed in the inclusion bodies B.5tg) were assay with an estimated error of 5%. Inset: First derivative of the
dissolved in 2QuL of 6 M guanidine hydrochloride and then diluted relative DNase activities for locating,. Symbols: ®, bpDNase;
10-fold into 100 mM Tris-HCI (pH 7.0) containing 10 mM CaCAfter O, brDNase(L259D)y, brDNase(L1K);v, brDNase(L1D/L259K);
1 h, a 10uL aliquot of the diluted solution was removed for M, brDNase(L1K/L259D).
measurement of DNase activity using the hyperchromicity assay.

the removal of the C-terminal amino acid residues with
carboxypeptidase A. In the present study, we also obtained
in the growth media, were fully active (Table 1). The other similar information through a series of C-terminal deletion
two variants [brDNase(L259D) and brDNase(L259K)], albeit variants. The brDNasA@60), losing only the last Thr260,
expressed in the inclusion bodies, were DNase active asremained active (Table 1). However, the expressed proteins
evidenced by zymogram analyses (Figure 3A) and were ableof other deletion variants, with the polypeptide chairsi®
to generate 8687% of DNase activities (Table 1). The two  amino acid residues shorter, were found in the inclusion
N-terminal substitution variants of Leul [brDNase(L1D) and hodies and were not DNase active as shown by zymogram
brDNase(L1K)] were also expressed in the inclusion bodies. analyses (Figures 3B).
Similar to their Leu259 counterparts, both were DNase active  The hypothesis that both N- and C-terminal fragments
by zymogram analyses (Figure 3A) and had-88% of  were involved in the stabilization of the DNase molecule
DNase activities as measured by the hyperchromicity assaywas confirmed by another deletion series of the N-terminus.
(Table 1). Except for brDNase{1) with almost full DNase activity as
An assessment of the side-chain interactions between Leulmeasured by the hyperchromicity assay (Table 1) and as
and Leu259 was obtained from two doubly mutated variants evidenced by zymogram analysis (Figure 3C), the rest of
[brDNase(L1D/L259K) and brDNase(L1K/L259D)] with the  the deletion variants were all expressed in the inclusion
side-chain charge-to-charge attraction. The two variants werebodies and were not DNase active (Figure 3C). Because the
almost fully active by the hyperchromicity assay (Table 1) 5 forward primer was designed to contain the restriction
and were shown to be DNase active by zymogram analysessite ofNcd (CCATGG), a Met-Ala dipeptide was thus added
(Figure 3A). To gain further insight into the effect of the to the N-terminus of the biosynthesized polypeptide chain.
side-chain interactions between Leul and Leu259 in bpD- To acknowledge the final protein obtained, we subjected the
Nase, we performed thermal stability studies on the substitu-recombinant proteins to N-terminal protein sequence analy-
tion variants. As shown in Figure 4, the brDNase(L259D) ses. Three of the purified N-terminal deletion variants
and brDNase(L1K) variants, each with a substituted charged[brDNase1), brDNasef1—3), and brDNase{1—8)] alll
residue, were inactivated atTa of 60 °C in contrast to 66  showed PTH-Ala with quantitative yields in the first Edman
°C for the native bpDNase. The decreased transition tem-degradation cycle (data not shown). Thus, the N-terminal
perature indicated that the substitution of a hydrophobic with first amino acid residue fMet was essentially removed in alll
a polar residue reduced the protein stability. On the other instances during or after the polypeptide was synthesized in
hand, &l of 65—66 °C for the two doubly mutated variants  E. coli. With Ala as the new N-terminal residue, brDNase-
[brDNase(L1D/L259K) and brDNase(L1K/L259D)] revealed (A1) was actually brDNase(L1A), and brDNaAd(2)
that the charge-to-charge attraction could contribute to the should be brDNas&(1/K2A), and presumably the rest of
protein stability. It is thus concluded that the side-chain the N-terminal variants had Ala as the N-terminus. The fact
interaction between Leul and Leu259, though affecting the that brDNase(L1A) was fully active while the DNase activity
initial protein folding and resulting in the inclusion bodies, was completely lost in brDNas&({/K2A) indicated that the
has no effect in achieving the final active enzyme folding backbone hydrogen bonding in the N- and C-terminal
from the 6 M guanidine hydrochloride-dissolved proteins. antiparallel -sheet structure, rather than the side-chain
The Deletion VariantsThe C-terminal sequence crucial interactions between Leul and Leu259, is crucial for the
for the activity of bpDNase®) was previously shown by  correct folding.
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Peptide Complementationfhe C-terminal 10-residue-
deleted variant [orDNasA@51—-260)] was not DNase active
(Figure 5A) using the hyperchromicity assay and as shown
by zymogram analyses (Figure 3B). When this deletion
variant was incubated with the C-terminal 10-residue peptide
(peptide C10), DNase activities were generated and increased
with time, reaching a plateau at ali@ih (Figure 5A). The
saturation profile (Figure 5B) exhibited a maximum activa-
tion at approximately 8&@M (400 equiv) peptide C10, and
a double reciprocal plot was obtained from the same data
and was used to obtalty (Figure 5B, inset). The maximum
recoverable DNase activities aid for all of the deletion Y
variant-synthetic peptide complexes were summarized in 0
Table 2. Among all of the combinations, peptide C10
interacting with the brDNasa&@51—-260) variant had the
lowestKy of 48 uM. Peptide C6, missing the catalytic residue
His252 1), was unable to generate the DNase activity with
brDNasef251—-260). Peptide N6, without the substrate
binding residue Arg92?2), was also unable to generate the
DNase activity with brDNas&(1—10) or brDNasef1—-11).

As shown in Figure 5A, the formation of the brDNase-
(A251-260)—peptide C10 complex was a slow process in
a time scale of hours, suggesting a likely involvement of
protein conformational changes. To determine whether such
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changes could be reversed, they were subjected to the studies & > ,uf{/ -l
of the dissociation kinetics of the complex. Figure 5C showed popics 10wt
that the dissociation of peptide C10 from the complex was o " " o e

indeed slow as well. The,, for the dissociation was
calculated to be approximately 6.9 min.

CD SpectraThe CD spectrum (Figure 6A) of the native
bpDNase showed a broad minimum centered at about 215
nm and a strong positive maximum at 198 nm with a
crossover point at 204 nm, indicating the presence of mainly
a f3-sheet conformation. Similar CD spectra were observed
in brDNase(WT) and the active, single amino acid deleted
brDNase(260) variant (Figure 6A) as well as all of the
active Leul and Leu259 substitution variants (data not
shown). When the polypeptide chains were further shortened
with loss of DNase activities, their CD spectra (Figure 6A)
displayed an intense negative maximum at 208 nm, a weak
negative band at 220 nm, and a positive band at 193 nm, . . ‘
showing an apparent increasenithelix and random structure 0 10 N 30 20
accompanied by a decreasefirsheet and turn structure. Time, min
On the basis of the CD spectra, the percentages of SecondarglGURE 5: Kinetic and saturation profiles for the brDNa&@61—

structures for all the deletion and substitution variants were 280) variant complemented with peptide C10. All DNase activities

. . - were measured using the hyperchromicity assay. (A) Kinetics for
calculated and summarized in Table 3. The estimated yhe interaction between brDNage&l51—260) and peptide C10. The
amounts of the secondary structure for all of the Leul and prDNasefA251-260) variant (0.2:M) in 20 mM Tris-HCI (pH

Leu259 substitution variants were very similar to those of 7.5) containing 10 mM Cd was incubated at room temperature
the native bpDNase. with peptide C10. At selected time intervals, an aliquot was removed
racidiia. ; _ and assayed for DNase activities. Concentrations of peptide C10:
_ The 10 residue-deleted variant, erNaS%l_ _260), by ®, 0,M: O, 104M: ¥, 20uM: ¥, 40 M: W, 804M: O, 1604M.
itself, displayed a CD spectrum of a double minimum at 208 (B) The saturation curve for peptide C10. Various concentrations
and 220 nm and a positive band at 193 nm, a characteristicof peptide C10 were incubated with Q& brDNase(A251—260)
of ana-helix-rich conformation (Figure 6B). Upon incuba- at room temperature f@ h and then assayed for DNase activities.
tion with the 10-residue peptide C10 for more than 4 h, the Inset: the double reciprocal plot for calculation &&. (C)

L . Dissociation kinetics for the brDNasef251—-260) variant-peptide
two distinct bands at 208 and 220 nm changed into one broadz complex. The brDNas&@51—-260) variant (0.24M) was

negative trough centered at 215 nm, and a positive bandincubated with peptide C10 (8aM) for 8 h, and then the mixture
shifted to 198 nm with increasing crossover points from 200 (100 L) was placed through a Sephadex G-25 column 0.6

to 204 nm. These spectral changes indicated that the structur€m). Fractions of 5@l were collected, and the fraction showing

of the deletion variant, upon peptide C10 binding, shifted the highest DNase activity was selected and assayed for DNase

int f i ith heet ied b activities at the various time intervals. The time shown in the figure
into & conformation with morg-sheets accompanied by included the lagging time required to reach the slope for measuring

reduction of either random or helical contents. Similar the DNase ac[i\/ity (0-515 m|n) Time zero was the time when
changes also took place when the N-terminal deletion variant,the sample was applied onto the column.

Peptide C10 concentration, uM

10 )

log(Relative DNase Activity Remaining, %) ()
/
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Table 2: Maximum Recoverable DNase Activity aldd for the Peptide-brDNase Variant Complexgs

peptide C10 peptide C6 peptide N10  peptide N6 peptide C10A
(DHYPVEVTLT) (VEVTLT) (LKIAAFNIRT)  (LKIAAF) (DAYPVEVTLT)
max max max max max
recov recov recov recov recov
recombinant DNase Kq DNase Ky recombinant DNase Kg; DNase Ky recombinant DNase Kqg
protein act. (%) (uM) act. (%) (uM) protein act. (%) (uM) act. (%) (uM) protein act. (%) (uM)
brDNase{\259—-260) 10 103 3 275 brDNas&(—2) 10 134 4 164 brDNase no DNase activity
(A251-260)
brDNase(\258—260) 17 90 5 148 brDNasA(@—3) 15 118 5 139
brDNase(\257—-260) 25 86 8 87 brDNasA(—8) 72 76 11 113
brDNase(\256—-260) 48 59 10 80 brDNasA(—10) 83 68 0 ND
brDNase{(\255-260) 67 52 17 54 brDNasa(@—11) 88 57 0 ND
brDNasefA251—-260) 83 48 0 ND

aThe reaction mixture containing 0;@1 brDNases and 9160 uM synthetic peptides in 100 mM Tris-HCI (pH 7.0) was incubated at room
temperature fo8 h and assayed for DNase activities. Plots such as Figure 5B for the other variants were also obtained to calculate the rest of the
values, including<q. ® ND, not determined.

40

A Table 3: Percentages of Secondary Structures in bpDNase and the
30 $5 brDNase Variants Based on CD Measurements
7h o-helix p-sheet turn random
20 4 DNase form (%) %) (%) (%) DNase
bpDNase-3B 29 51 14 6
10 1 bpDNase 36 55 6 3 active
brDNase(WT) 34 54 9 3 active
0 brDNase260) 35 53 8 4 active
brDNase259-260) 41 34 8 17 inactive
-10 1 brDNase258—-260) 44 33 5 18 inactive
brDNase(257—260) 45 32 5 18 inactive
—~ 20 brDNase(256—260) 48 30 3 19 inactive
= brDNase(255-260) 49 29 4 19 inactive
£ %0 brDNase(\251—-260) 55 24 1 20 inactive
T 200 210 220 230 240 250 260  brDNasef1l) 33 54 6 7 active
> brDNasef1—2) 40 35 6 19 inactive
° brDNasef1—3) 42 35 4 17 inactive
© brDNasefA1—8) 47 30 5 19  inactive
= brDNase(1—-10) 52 25 4 19 inactive
= brDNasef1—11) 53 23 4 20  inactive
brDNase(L259A) 35 51 9 5 active
brDNase(L259l) 36 51 8 5 active
brDNase(L259Y) 36 50 9 5 active
brDNase(L259D) 38 46 10 6 active
brDNase(L259K) 38 46 11 5 active
brDNase(L1D) 39 46 10 5 active
brDNase(L1K) 39 a7 10 5 active
brDNase(L1D/L259K) 35 51 11 3 active
brDNase(L1K/L259D) 34 51 10 4 active
2The secondary structure content was derived from the crystal
structure of bpDNase (RCSB Protein Data Bank ID 3DNI).
-30 .

1% 20 210 220 20 20 20 260 2). However, the CD spectra (data not shown) revealed that

Wavelength (nm) the protein structure shifted into a conformation with more
Ficure 6: CD spectra for bpDNase and the recombinant proteings-sheets4 h after addition of peptide C10A, suggesting that

All of the spectra were collected with 3:8.0 uM proteins in 10 peptide C10A was bound to the deletion variant but without
mM Tris-HCI, pH 7.0, containing 10 mM Ca. (A) Spectra: @, the DNase activity

bpDNase;O, brDNase(WT); v, brDNasefA260); v, brDNase- . . . .
(A259-260): M, brDNasef258-260); 0, brDNasef257—260): Thermal Stability. Thermal denaturation profiles (Figure
#, brDNasef256-260); ¢, brDNasefA255-260); A, brDNase-  7) showed al, of 65 °C for bpDNase and only 53C for
(A251-260). (B) The brDNase&(251-260) variant complemented the deletion variant, brDNas&251-260), suggesting that
;Vggitﬁ’gﬁt'cﬂepgégégog%)-fc?geigar;:iﬁ _t{D’g'gsrneﬁ]?gl_S%e"%)i?n?Eer removal of the last 10 amino acid residues had a great effect
1hO2h® 4h <8 h;A’, oah T ' on the thgrmal stab|I|§y. Howgver, when b'rDNaSE(:“»l—

260) was incubated with peptide C10, a shiffleffrom 55
brDNasefA1—11), was complemented with the N-terminalto 63 °C was observed, indicating the increase of protein
10-residue peptide N10 (data not shown). stability upon peptide binding.

When the deletion variant, brDNaa&{51—-260), was Role of C&" in the Folding Actiation ProcessTwo cal-
incubated for 24 h with 400 equiv of peptide C10A (a peptidecium atoms play a structural role in bpDNagg, @nd Ca"
in which the catalytically essential His residue in peptidés required for the active conformatio8)( Calcium ions can

C10 was replaced by Ala), no activation was observed (Tablerotect bpDNase from inactivation h§-mercaptoethanol
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(23) or proteases4) and can induce a significant amount
of conformational 25) and hydrodynamic changegf).
Thus, C&" plays an important role in not only the protein
structure but also the DNase activity. Therefore, understand-
ing the C&" involvement in the folding activation of the
deletion variants with the complementary peptides is of equal
importance.

The CD spectrum (Figure 8A) of brDNag¥t51—-260)
in a C&*-free buffer showed an intense negative peak around
200 nm, typical of a random coil structure, indicating that
the recombinant protein without €awas in an unfolded
conformation. However, when €awas added, a rapid
folding was observed within 2 min with a CD spectrum
o s a0 s e 10 s displaying a structure rich in-helix. This spectrum was very
similar to that obtained from brDNasg251—-260) in the

FiGure 7: Thermal denaturation profiles for peptide complemen Cat"-containing buffer (Figure 8A). After incubation for

: - : " . : .
tation. The CD of the proteins (4/M) in 10 mM Tris-HCI (pH more tha 4 h with (_:é » admixiure V.Vlth peptide C_ZlO further
7.0) containing 10 mM C& was monitored at 215 nm. The temp-  facilitated the folding of the protein into a mainfi+sheet
erature was increased at a rate of 0Imin using a jacketed cell  structure with DNase activity. Moreover, the thermal dena-
of 1 mm optical path length. For peptide complementation A5 turation profile of brDNase{251—-260) in the Céa-free

proteins and 50@M peptides were incubated at room temperature ; ; ;
for 20 h prior to heating. Symbols®, bpDNase;O, brDNase- buffer, monitored by the CD signal (Figure 88), showed a

(A251-260): o, brDNasef251—260) complemented with peptide gradual change without a sharp transition temperature,

A([);120m, 10° deg e dmol ™)

[6]y15,(10”° deg cm? dmol™)

Temperature, °C

C10. Inset: The first derivative of the three curves to lockie indicative of a structure with random coils.
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FiGURE 8: Role of C&" in the folding activation process. The buffer referred to is 10 mM Tris-HCI, pH 7.0. (A) CD spe@trarDNase-
(A251-260) in the Cé'-free buffer;O, 35 s after addition of 10 mM C&; v, 50 s afteryv, 65 s afterM, 80 s after[d, 95 s after:®, 110

s after; O, 125 s after;a, 140 s after;A, 4 h after an extra addition of peptide C10 (50M). (B) Thermal denaturation profile for
brDNasef251-260) in the Ca"-free buffer. Data were collected by monitoring the CD signal at 197 nm. (C) CD spectra for brDNase-
(A251—-260) upon incubation with peptide C10 followed by the addition of 10 mM+*Ca&ymbols: @, in the C&"-free buffer and without
peptide C100, 4 h after addition of peptide C10 (5@M); ¥, 1 min after an extra addition of 10 mM &€a v, 2.5 min afterl, 10 min
after;d, 30 min after;®, 1 h after;O, 2 h after;a, 4 h after;a, 8 h after. (D) CD spectra for bpDNas@, in the C&"-free buffer;O,

30 s after addition of 10 mM CG&; v, 1 min after;v, 2 min after;®, 5 min after;d, 10 min after;®, 20 min after;<, 30 min after;a,

40 min after;a, 60 min after. The bpDNase in the €dree buffer was prepared by dissolving the purified bpDNaseu@sin 300uL

of 6 M guanidine hydrochloride and then dialyzed against th&"@ae buffer.
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When peptide C10 was added to brDNa&s2§1—260) in buffer, it formed a partially folded structure rich ixhelix
the C&t-free buffer, the CD spectrum of random coils first and slowly folded to the mainlg-sheet structure upon
remained unchanged for 4 h, indicating no interactions complementation with peptide C10 (Scheme lll). Likewise,
between the protein and the peptide. When 10 mN¥ @aas when the guanidine hydrochloride-denatured bpDNase was
then added to the same reaction mixture, a folding processdialyzed against a Ca-containing buffer, the unfolded
was observed, as evidenced by the CD spectrum (Figure 8C)protein could be refolded back to the nativelike structure with
These observations suggested that the deletion variantfull DNase activity (Scheme IV).

probably with the assistance of €afolded to a helix-rich One large “essential” disulfide loop (C17&8209) and one
structure rapidly within 2 min and then slowly folded to the small “nonessential” disulfide bond (C16C104) were
mainly 5-sheet structure after peptide C10 binding. previously studied for their involvements in the bpDNase

Whether the folding pathway involving €ais the same  activities, and the reduction of the essential disulfide could
for the truncated polypeptide of the deletion variant as for result in the complete loss of DNase activi®3]. In the
the intact polypeptide of bpDNAse must be answered in order present study, because there were no dimers or higher
to gain a full understanding of the active protein folding. oligomers formed in all of the active and inactive variants,
Thus, bpDNase (0.1 mg/mL) was first denatured in 6 M as shown on SDSPAGE under nonreducing conditions
guanidine hydrochloride and then dialyzed against &Ca  (Figure 3), brDNase variants with full DNase activities were
free buffer (10 mM Tris-HCI, pH 7.0) to remove the presumed to have correctly paired intrachain disulfide bonds
denaturant. As shown in Figure 8D, the CD spectra for this similar to those in native bpDNase. For the inactive variants
Ca*-free, denatured bpDNase displayed an intense negativelmostly unfolded), whether the loss of the activity was due
maximum around 193 nm, a small positive signal at 198 nm, to the mispairing of the disulfides was unclear.
and a minor broad negative trough between 210 and 220 Earlier studies on bpDNasé)(have shown that the intact
nm with a crossover point at 204 nm, indicating a turn-rich C-terminus is crucial for the active conformation of the
structure with somes-pleated sheets. According to the enzyme. It was accessible to carboxypeptidase A only after
secondary structure estimation, the structure consisted of 45%denaturation by 0.005% SDS, and removal of Thr260 and
turn, 35%g-sheet, 17% random coil, and an unusually low Leu259 thereafter by carboxypeptidase A led to almost
helix content of 3%. These observations indicated that the complete inactivation of the enzyme. Although several
denatured bpDNase was unable to refold back to the correcthydrogen-bonding contacts were observed in the residue,
conformation without the assistance of 2Caand this Thr260, resulting in inaccessibility to carboxypeptidase A,
misfolded protein was inactive as assayed with the hyper-its removal did not affect the activity as shown in the
chromicity assay. However, when 10 mMTavas added  brDNase(260) variant. However, deletion of one more
back, the CD spectrum exhibited significant increases in both amino acid residue, as in the brDNa&269-260) variant,
the a-helix andg-sheet structures after 10 min, with about produced a completely inactive protein. These observations
15% reactivation of the DNase activity. After 1 h, the CD can be rationalized by the fact that the next amino acid
spectrum of the estimated secondary structures returned taesidue, Leu259, is part of sheet2) and its removal would
that of the native bpDNase with 85% DNase activity. disrupt the hydrogen bonding in the center of this sheet

(between strands A and P) and thereby destabilize the

DISCUSSION structure. Therefore, these results further support the hy-

For clarity, the critical roles of CGa in the folding pothesis that the C-terminal motif is critical to the active
activation of the deletion variant, brDNag&{51—-260), by protein folding of bpDNase by forming the antiparallel
peptide C10 as well as the refolding of the guanidine S-sheet structure with the N-terminal motif.
hydrochloride-denatured bpDNase to the active conformation An E. coliRNase H variant lacking the C-terminal E-helix
are summarized and presented as schemes (see Figure 9). fiolded cooperatively as a subdomain and retained a weak
Scheme |, brDNas&(251—-260) in a C&'-free buffer was Mn?*-dependent activity27). A peptide corresponding to
in an unfolded conformation, and upon addition, a the deleted E-helix was intrinsically helical and stimulated
partially folded structure rich ina-helix was formed. the activity of the deletion variant with &4 of 50 uM.
Incubation with peptide C10 further facilitated the folding Moreover, studies have also shown that a variant deleted of
of the polypeptide to a mainlg-sheet structure with DNase the 12 C-terminal residues of yeast phosphoglycerate kinase
activity. However, when peptide C10 was added to brDNase- folded in a conformation very similar to that of the wild-
(A251-260) in the C&-free buffer, the unfolded structure type protein but exhibited a very low activity. The addition
remained unchanged because there were no interaction®f the missing peptide provoked a 40-fold increase in enzyme
between the protein and peptide C10. However, upott Ca activity at saturation, with &4 of 80 uM determined 28).
addition, the deletion variant, probably with the assistance In our present studies, peptide C10 interacting with the
of C&", rapidly folded to a helix-rich structure and then brDNasef251-260) variant yielded aKq of 48 uM,
slowly folded to the mainly3-sheet structure upon comple- comparable to the values obtained in the peptide comple-
mentation with peptide C10. In Scheme II, the guanidine mentation studies of RNase H and phosphoglycerate kinase.
hydrochloride-denatured bpDNase was not able to refold bpRNase A, in which 49 C-terminal amino acid residues
back to the correct conformation in the absence &fCand were removed, had as much as 90% RNase activity reacti-
this misfolded protein was inactive. Again, addition of€Ca  vated by admixing with C-terminal peptides of 94 residues
facilitated the refolding of the misfolded protein to the (29—33). bpDNase, where 26 C-terminal residues were
nativelike structure with full regain of DNase activity. When removed by carboxypeptidase A, regenerated only about 2%
the C-terminal deletion variant [orDNage?51—260)] in 6 DNase activities upon incubation with a 15-residue C-
M guanidine hydrochloride was dialyzed in a’Gaontaining terminal peptide®). In the present study, we improved the



N- and C-Termini of bpDNase in Protein Folding Biochemistry, Vol. 43, No. 33, 2004.0661

Scheme |
brDNase(/.251-260)

Dialysis against ’"’(‘H‘J\ - rc ’g
Ca™-tree buffer } P V- §*: S+ Peptide C10 y “q
—_— - o *

4 ’ [

s

&M Guanidine-HE| Pat
s > B A s
Bodies __ _’l:-""'. _fvj,l;rg‘; &:\*ﬁ\;‘)
o LS & {‘; , o
Unfolded Unfolded Partially folded Native
(Inactive) (Inactive) (Inactive) (Active)

wpuua c10
&5 Ca” .
¢ n At
' +Ca® /,{ (& %ia
: Peptide C10

—_—

{5 s¥
Unfolded Partially folded
Scheme 1l (Inactive) (Inactive)
bpDNase
L]
[1 .@ ,3 o \) Dialysis against C’G\ﬁ +Cat r‘ " gje
~ ks &M Guanidine-HC! A 57 ca™ree butter j s i L%
- ) Fﬂ A, -
&t Ty ) ——————— vy —_— I 1 b Wy €
‘yc:‘__‘\’;}j;\_t ) ,l g N Jal 3 x;-;\__i v
@ - J Ga
Native Unfolded Mis-folded Native
(Active) (Inactive) {Inactive) (Active)

Scheme Il

brDNase(/.251-260)

- — Dialysis against ,','% _ u 99
c & M Guanidine-HCI } /S5, ca™ -containing buffer f gg 5 + Peptide C10 fo “g
> - N —— 'y S —— o
Bodies S “/ e r'w‘ £ '?1‘31' o
|l (ge 272 S E T
- g

g Wit
Unfolded Partially folded lall:qlalti\re
(Inactive) (Inactive) (Active)
Scheme IV
bpDNase

o3 rt-_"’g

| Dialysis against by
"'.,“7\ ;;‘ "? &M Guanidine-HCI A 5. ca® containing buffer r_V: >
J e S | — —_— ¢

5,;;\‘\;‘. qs\-? C:‘:.\é Y
=y i bm ¥
Native Unfolded Native
(Active) (Inactive) (Active)

Ficure 9: Schemes illustrating the roles of €an the folding activation of the deletion variant, brDNa&261—-260), complemented
with peptide C10 and in the refolding reactivation of the guanidine hydrochloride-denatured bpDNase.

experiment in bpDNase by using the C-terminal deletion full enzyme activity 28). However, side-chain packing of
variants complemented with synthetic peptides. Almost a full the N- and C-terminal helices was a critical early event in
activation was observed by the complementation of brDNase-the folding of cytochromec and was responsible for the
(A251—260) with peptide C10 and by the complementation formation of a partially folded intermediat8%). The N- and
of brDNaseA1—11) with peptide N10 (Figure 5 and Table C-terminal fragments of bpDNase are in close proximity,
2). The results suggested that the subdomain of the deletionand the main-chain hydrogen bonding in the N- and
variants maintained affinity for the complementary peptides. C-terminal antiparallej3-sheet structure was found to be
Peptide C10A, very similar to peptide C10, in which the crucial for achieving the efficient packing into its active
catalytically essential His252 was replaced by alanine, could conformation, as shown in the deletion and substitution
also facilitate brDNas&(251—260) to fold into a nativelike  variants (Figures 3).
fB-sheet-rich structure, but it failed to activate the deletion A protein must be folded to be functional following its
variant (Table 2), indicating that this type of peptide biosynthesis on the ribosome. A newly synthesized polypep-
interaction possessed a certain degree of specificity. tide that converts itself into a uniquely folded structure,
Thornton and Siband&4¢) have pointed out that the N-  depending on the amino acid sequence, and has the ability
and C-terminal regions in globular proteins are often located to perform an enzymatic function by changing random
in close proximity and are less frequently involved in activity molecular motion into a self-organized protein structure is
but fulfill a structural role by stabilizing the tertiary structure therefore an evolutionary result. The C-terminal residues are
to provide a framework for the active site. The C-terminal the last to be added in the protein biosynthetic pathway, and
motif of yeast phosphoglycerate kinase was not necessaryin many instances they have a determining role in the active
for most of the initial folding steps except to lock the protein folding. Thus, the C-terminal region often participates
C-domain on the N-domain, thus ensuring the expression ofin protein folding, structural stability, and in some cases
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enzymatic activity as shown in ribonuclease 29{33),
ribonuclease HZ7), ribonuclease S3@), staphylococcal
nuclease 37), phosphoglycerate kinasgg), cytochromec
(35), glutathione transferase3§), creatine kinase 30),
thymidylate synthetaset(), and lipase 41). Furthermore,
the C-terminal residues may be involved in chaperone
activity and oligomerization. For example, C-terminal trun-
cation variants ofxA-crystallin were found in diabetic rat
and human lenses with their chaperone activity severely
affected 42), and a C-terminal deletion of neuronalsy-
nuclein led to the facilitated aggregation with the elimination

Chen et al.

was the folding associated with €abinding for acquisition

of a partially folded intermediate with mainly helical
structures. The second stage was the formation of a structure
rich in 8-sheet upon peptide C10 binding followed by a tight
packing of the preformed secondary structure segments to
lead to the final native structure through the formation of
the N- and C-terminal antiparall@gtsheets.

The fact that the Géa-induced conformational changes are
slow (25) may explain the slow activation of the deletion
variant by the complementary peptide. Results from the slow
dissociation rate for the brDNageZ51—-260) variant-

of chaperone activity, resulting in the pathogenesis of peptide C10 complex (Figure 5C) also provided evidence
Parkinson’s diseasd3®). In the present study, we addressed that once the complex was formed, the N- and C-terminal
the importance of the C-terminal motif in the active folding antiparallel3-sheet structure was tightly packed as shown
of bpDNase using a deletion variant complemented with a by the increase i, (Figure 7). Thus, CA participates in
peptide corresponding to the deleted portion of the C- the folding activation process of the deletion variant (Figure
terminus and in the participation of His252 at the active site. 9) by stabilizing the partially folded species, facilitating the
The circularly permuted proteins, which arose through the formation of the N- and C-terminal antiparalf¢isheets, and
ligation of the N- and C-termini and the subsequent cleavage enabling the efficient conversion of the polypeptide into its

at another site to produce new termini, have been demon-

strated 44). These permuted proteins often folded into stable,
functional conformations, very similar to the native protein,
albeit at slower rates. The circularly permuted proteins have
also been reported to occur naturalds) at the level of
posttranslational modifications or events at the gene level,
although it is improbable that circular permutations will prove
to be a very frequent event in the evolution of protein genes.
A prerequisite for the formation of a circularly permuted
protein was the proximity of the N- and C-termini in the
folded protein domain. In our present study, the N- and
C-termini of bpDNase, though located in close proximity
similar to those of the circularly permuted proteins, were
proved to play a determining role in the active protein folding
by antiparallels-sheet formation.

The existence of partially folded intermediates may be
essential for proteins to fold in a biologically meaningful
time scale. Although partially folded intermediates have been

observed in larger proteins, they are generally not detectable

in the kinetic folding of smaller proteins. Recent native state

hydrogen-exchange studies suggest that partially folded

intermediates, escaping detection by conventional kinetic
methods, may exist behind the rate-limiting transition state

in small proteins. Hydrogen-exchange experiments showed

that cytochromec (46) under native conditions reversibly
unfolded in a multistep manner. The step from one inter-
mediate to the next is determined by the intrinsically

cooperative nature of secondary structural elements, which
is retained in the sequence of the protein. Folding uses the

same pathway in the reverse direction, moving from the
unfolded to the native state through relatively discrete

intermediates by the sequential addition of nativelike second-
ary structural units. Studies have also shown that some
species can have extensive nativelike secondary structure in

the absence of well-defined tertiary interactions. These
species are frequently known as molten globues.(For a

number of proteins, similar species have been found to be

stable at equilibrium under mild denaturing conditions, such
as acidic pH values or low concentrations of guanidine
hydrochloride 48, 49). As evidenced by the peptide comple-
mentation (Figure 5) and CD (Figures 6 and 8) studies, the
folding activation process of the C-terminal deletion variant,
brDNase251—-260), occurred in two stages. The first stage

packed native structure.
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