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ABSTRACT: The interactions necessary for stabilizing the folding of the N-terminal large -subdomain and the
C-terminal small a-subdomain of staphylococcal nuclease (SNase) were investigated by an approach of
fragment complementation. Two SNase fragments, namely, SNasel21 and SNase(111—143) containing
1—121 and 111—143 residues, respectively, of native SNase, were used in this study since the sequences of the
two fragments correspond to that of the - and a-subdomains of SNase. SNasel21 is a largely unfolded
fragment whereas SNase(111—143) is a structureless fragment. The recognition process and efficiency of
complementation of SNasel21 and SNase(111—143) fragments were studied by NMR and various
biochemical and biophysical methods. SNase121 and SNase(111—143) can recognize each other and recover
their native conformations on binding, restoring the active site and the ability to degrade DNA. The
SNasel121:SNase(111—143) complex showed a nuclease activity up to 30% that of native SNase. The final
rigid structures of SNase121 and SNase(111—143) fragments having the folded native-like 5-subdomain and
a-subdomain structures of SNase, respectively, in the complex form simultaneously with the complex
stabilization. Studies with the mutant SNasel21 and SNase(111—143) fragments reveal that the sequence
elements which are essential for recognition and efficient complementation of the two fragments are also
necessary for recovering the native-like interactions at the binding interface between them. The interfragment
interactions that induce the structural complementation of SNasel21 and SNase(111—143) likely reflect the
tertiary interactions necessary to stabilize the folding of both - and a-subdomains in the native SNase.

Fragment complementation for certain single domain proteins
presents as a sensitive phenomenon, that the fragments cleaved
from native protein have the ability to form a folded noncovalent
complex which frequently exhibits both native-like structure and
function. This phenomenon was used in studies of protein folding
and in analyzing the essential recognition elements for stable
folding. Folding complementation of protein fragments pro-
duced by limited proteolytic cleavage or genetic methods has
been studied under both in vivo and in vitro conditions (/—4). In
1959, Richards and Vithayathil reported that the mixture of two
enzymically inactive components of modified ribonuclease can
recover almost the full enzymic activity (5). In 1977, recovery
of ribonuclease activity by complementation of fragments of
barnase was reported. Activity is restored to barnase(I—102)
by combination with barnase(99—108) or barnase(88—110)
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obtained from trypsin digests of native protein (6). In following
years, more reports about fragment complementation appeared,
for example, two fragments of chymotrypsin inhibitor-2 (CI-2"),
namely, CI-2(20—59) and CI-2(60—83), associate (Kg = 42 nM)
to yield a complex that has fluorescence and circular dichroism
(CD) spectra identical to those of uncleaved CI-2. The recovered
native-like structure of the complex showed the ability to inhibit
chymotrypsin (7). 9 and 5 kDa fragments of the N-terminal SH2
domain from the p85a. subunit of phosphatidylinositol 3’ kinase
can fold into a native-like structure on binding to create a
noncovalent complex, which retains limited biological activity
and can bind their target peptide (8, 9). Recently, it was
demonstrated that the AroA enzyme and its glyphosate tolerance
activities can be directly reconstituted from two separate inactive
AroA fragments under both in vivo and in vitro conditions (10).

Staphylococcal nuclease (SNase) has been extensively studied
as a model system for protein folding. An early study has
reported that fragments of SNase containing residues 6—48
(SNase(6—48)) and residues 49—149 and 50—149 (SNase(49,
50—149)) were produced by trypsin in the presence of pdTp
(thymidine 3',5'-bisphosphate) and Ca>". Neither of these frag-
ments alone showed enzymatic activity or folded structure. The
association of SNase(6—48) with SNase(49, 50—149) regenerated
enzymatic activity 8—10% of the activity of the native level (1, 11).
The approximate enzymatic activity can be restored also to the
complex of SNase(1—126) with SNase(49, 50—149), SNase-
(99—149) or SNase(111—149) and the complex of SNase(1—123)
with SNase(114—149) isolated from trypsin digests (/2—74). Two
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types of complexes formed from SNase(1—126) and SNase-
(50—149) were determined, and the factors involved in the
formation of these complexes were analyzed (15). Of them, the
complex of the fragments SNase(6—48) and SNase(49—149) has
been crystallized in the presence of pdTp and Ca’>'. X-ray
diffraction analysis of the crystals has shown that the structure
of the complex closely resembles that of the crystal of nuclease in
the presence of pdTp and Ca>" (16). However, these studies did
not report the nature of the interactions involved in the fragment
recognition process and the mechanism of fragment complemen-
tation on the basis of complex structure.

Our previous studies have indicated that the N-terminal 1—110
residues fragment of SNase (SNasell0) is largely unfolded.
However, the G88W and V66W single mutations and the
cosmotrophic effect of a small organic osmolyte TMAO
(trimethylamine N-oxide) can make SNasell0 to fold into
a native-like f-subdomain conformation which comprises a
“B-barrel” region and two helices al and a2 (17). Moreover,
elongation of chain length of the SNase110 fragment from K110
up to E135 of the helix a3 in SNase can restore largely the
nuclease activity and native-like fold (/8). For ascertaining the
role of the C-terminal small segment containing the helix a3 of
SNase (named C-terminal o-subdomain) in stabilization of the
N-terminal -subdomain containing the “f-barrel” region and
helices al and o2 of SNase, it is necessary to identify and
characterize the interactions between two corresponding frag-
ments.

In the present study, we have purified the N-terminal 1—121
residue fragment SNasel21 and C-terminal 111—143 residue
fragment SNase(111—143) and their mutant variants. Sequences
of SNasel21 and SNase(111—143) fragments correspond to that
of the f- and a-subdomain of SNase, respectively. We have
adopted an approach of fragment complementation to investi-
gate the nature of the interactions between the two fragments.
The SNasel21:SNase(111—143) complex formation was verified
by various biochemical and biophysical methods. The nuclease
activities of the noncovalent complexes formed by the mutant
N-terminal with the mutant C-terminal fragments were screened,
and the solution structure of SNase121:SNase(111—143) com-
plex was determined by multidimensional NMR spectroscopy.
The mechanism of highly efficient structural complementation
of SNasel21 with SNase(111—143) having up to 30% of the
nuclease activity was addressed.

MATERIALS AND METHODS

Protein Production. The N-terminal large fragments of
SNase, namely, SNasel21, SNasel 16, and SNasel 10 containing
residues 1—121, 1—116, and 1—110, respectively, were expressed
and purified according to the procedures described pre-
viously (19). The plasmids for SNasel21 and SNasel10 have
been constructed in this lab. For constructing SNase116 plasmid,
gene of SNasel16 was cloned into a pET-3d expression vector
with Ncol and BamHI restriction enzyme sites.

Genetic construction, expression and purification of the C-
terminal fragment SNase(111—143) containing residues 111—143
were described in the previous report (20). Gene manipulations
for SNase(107—143) having extra residues 107—110 at the N-
terminus of SNase(111—143), and for SNase(118—143), SNase-
(119—143), and SNase(120—143) lacking the N-terminal residues
111=117, 111—118, and 111—119 of SNase(111—143), followed
the protocols used for SNase(111—143). The plasmid construc-
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tions for N118G-, N119G-, T120A-, E122A-, R126L-, S128A-,
E129A-, E135A-, N138G-, W140A-, W140F-, and S141A mu-
tant SNase(111—143) fragments were achieved by site-directed
mutagenesis of the gene of SNase(111—143).

Uniformly "N- and/or '*C-labeled proteins were obtained by
growth in M9 minimal media containing '"NH,4Cl and/or [**C]-
glucose as the sole nitrogen and/or carbon sources, respectively.
The purity of proteins was checked by SDS—PAGE to ensure a
single band.

Nuclease Activity Assay. The enzyme activities for hydro-
lysis of single-stranded DNA were measured for full-length
SNase, free SNasel21, SNasel21:SNase(111—143) complex,
mixtures of SNasel21 and mutant variants of SNase(111—143),
and mixtures of various N-terminal large and C-terminal short
SNase fragments with different chain lengths. The measurements
were performed at 25 °C with a Shimadzu UV-250 spectro-
photometer by monitoring the increase in absorbance at 260 nm.
The single-strand salmon sperm DNA, obtained by boiling
salmon sperm DNA at 100 °C for 30 min and rapidly cooled
on ice, was used as a substrate of measurements. The activity
assay was achieved according to the method described by
Cautrecasas et al. (21).

Far-UV CD Measurement. Far-UV CD spectra (200—
250 nm) were recorded on a Jasco 720 spectropolarimeter at 25
°C for full-length SNase, free SNasel21 and SNase(111—143),
and the mixture of SNasel2l and SNase(111—143). Protein
concentration was 0.4 mg/mL in 20 mM Tris-HCI buffer (pH
7.4). A quartz cuvette with 1.0 mm path length was employed in
the measurements. Four scans were averaged for each measure-
ment.

Fluorescence Measurements. The fluorescence emission
spectra of residue W140 in the SNase(111—143) were used to
monitor the conformational changes of SNase(111—143) upon
addition of SNasel21 in the sample. The tryptophan fluorescence
titration spectra were recorded on a Hitachi F4500 fluorescence
spectrophotometer at an excitation wavelength of 300 nm (slit
width, 5 nm) and an emission wavelength of 300—400 nm (slit
width, 5 nm). A circulating water bath was used to maintain the
sample temperature at 298 K. The fluorescence titration experi-
ments were performed by adding the increased amounts of
SNasel21 from a stock solution of 5.1 mg/mL (=375.3 uM)
protein in 20 mM Tris-HCI (pH 7.4) to a | mL SNase(111—143)
sample containing 3 uM protein and 20 mM Tris-HCI (pH 7.4) in
a 1 cm cell. Changes in fluorescence upon addition of the
SNasel21 stock solution were measured. The experimental data
were fitted to the equation

[Aiot] + [Biot] + K4
F = Fmin 2

t tot ’ M
_\/([Am]le ] + Ka) _[Atot][3t01]> o] (1)

where [A4] 1s the SNase(111—143) concentration, [By] is the
total SNasel21 concentration for each measurement, F is the
measured fluorescence intensity of the complex at the desired
SNasel21 concentration, and F,,,, and Fy,;, are the maximal and
minimal fluorescence intensity of the complex, respectively.
Nonlinear regression curve fitting was carried out for fitting
the experimental data to the equation with F,,,, Finin and Ky as
fitted parameters (22, 23). Since the total volume of SNasel21
(25 uL) added in the solution is much smaller than the sample
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volume (1 mL), the change in protein concentration as a result of
SNasel21 addition was very small and can be ignored.

Size-Exclusion Chromatography. Size-exclusion chromato-
graphy was used to elute the mixture of SNasel21 and SNase-
(111—143) and mixture of SNasel10 and SNase(111—143)in 1:1
stoichiometric ratio as well as free SNase121, SNasel10, SNase-
(111—143), and native SNase. The protein concentration was
1.0 mM. Gel filtration chromatography was carried out on a Bio-
Sil HPLC size exclusion column (Bio-Rad), equilibrated with gel
filtration buffer (20 mM Tris-HCI buffer, pH 7.0, 100 mM KCI).
Samples were prepared by dissolving proteins in buffer (50 mM
Tris-HCI, 100 mM KCI, pH 7.0), and were eluted with the sample
buffer. The column was run at 4 °C with a flow rate of 1.0 mL/
min. The effluent of each sample was monitored by measuring
absorbance at 280 nm.

NMR Titration Experiments. In order to characterize the
binding features of SNasel21 and SNase(111—143) during the
formation of their native-like conformations in the complex,
titration of SNase121 with SNase(111—143) and reverse titration
were monitored by 2D 'H—'"N HSQC spectra of titrated
SNasel21 and SNase(111—143). The 2D '"H—""N HSQC spectra
of 0.5 mM ""N-labeled SNasel21 were acquired at 0.1, 0.2, 0.3,
0.4,0.5,0.6,0.7,0.8, and 1.0 mM unlabeled SNase(111—143). In
the reverse titration experiments, the concentration of SNase-
(111—143) was fixed at 0.5 mM, and 2D "H—""N HSQC spectra
of SNase(111—143) were recorded at the increased amounts (0.1,
0.2,0.3,04,0.5,0.6,0.7,0.9, 1.1 mM) of unlabeled SNasel21.

NMR Spectroscopy. The SNase fragments and fragment
mixtures used in the corresponding experiments were dissolved in
aqueous solution containing 50 mM deuterated acetate buffer
(pH 5.0), 100 mM KCI, and 0.01% (w/v) NaN;. Mixtures of the
N- and C-terminal SNase fragments were composed of 1.0 mM
isotope-labeled N-terminal SNase fragments and unlabeled C-
terminal SNase fragments in 1:1 stoichiometric ratio or vice versa.
The SNasel21:SNase(111—143) complexes were prepared by
mixing 1.0 mM isotope-labeled SNasel21 or SNase(111—143)
with 5% excess unlabeled SNase(111—143) or SNasel21, respec-
tively.

All NMR experiments were run on a Bruker DMX 600
spectrometer equipped with a triple-resonance cryo-probe at
300 K. The 3D '"H-"*C—'"N HNCACB, CBCA(CO)NH, C-
(CO)NH-TOCSY, HN(CA)CO, HNCO, H(CCO)NH-TOCSY,
and the 3D 'H-""N and '"H-"°C TOCSY-HSQC (,, = 60 ms)
and NOESY-HSQC (z,, = 130 ms) experiments were performed
for assignments of backbone and side-chain 'H, '°N, and "C
resonances and intramolecular NOE connectivities in the com-
plex. The binding surface of SNase121:SNase(111—143) complex
was detected in H,O using modified 4D '*C,'H-HMQC-NOE-
SY-"N,'H-HSQC experiment at mixing time of 150 ms, and
the intermolecular NOEs were detected in D,O using 3D
w-filter-NOESY-"C,'H-HSQC experiment at mixing time of
130 ms (24).

Backbone N 7, and 7> and 'H—'""N NOE relaxation
parameters were measured for SNasel121:SNase(111—143) com-
plex as well as native SNase using standard experiments (25, 26).
For SNasel21:SNase(111—143) complex, 7; relaxation decay
was sampled at time points of 10, 30, 80, 160, 280, 380, 530, 760,
1200, and 1600 ms, T, decay was sampled at time points of 8.48,
16.96,25.44,33.92, 50.88, 67.84, 84.8, 101.76, 118.72, 135.68, and
152.64 ms, T} and T, measurements used a recycle delay of 2.5 s,
and NOE measurements used a delay time of 7s followed by a 'H
saturation of 3 s. For native SNase, the relaxation measurements
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were performed using a similar experimental setup, except the T
measurements which were performed using the delay times of 20,
62, 142, 282, 382, 522, 822, 1202, and 1602 ms. Analyses of '°N
relaxation data and parameters of backbone internal motions
were performed following the methods described previously
(27, 28). The Ry/R ratios of a set of residues selected by excluding
residues with very high R, and low NOE values ( <0.7) were used
to determine the rotational diffusion tensors that describe the
overall tumbling. Optimization of the rotational diffusion and
the model-free parameters against the experimental data was
performed using TENSOR version 2.0 (29). Model selection is
based on extensive F-statistical testing and implemented in
TENSOR version 2.0 (30—32).

All NMR data were processed and analyzed using FELIX98
(Accelrys Inc.). The data points in each indirect dimension were
usually doubled by linear prediction before zero filling to the
appropriate size. 90° to 60° shifted square sine bell apodizations
were used for all three dimensions prior to Fourier transforma-
tion.

Structure Calculation. All assigned intramolecular NOEs
were grouped into five classes of distance restraints: 1.8—2.5 A,
1.8-3.5 A, 1.8—-4.5 A, 1.8-5.5 A, and 1.8-6.0 A. All inter-
molecular NOEs were grouped into 1.8—5.5 A and 1.8—6.0 A
distance restraints. Intramolecular backbone hydrogen bond
restraints were generated from the secondary structural elements
of the complex based on the backbone chemical shift data and
NOE patterns (short HN—O distances). The hydrogen bond
restrictions were applied very loosely: the distance restraints of
O---Hand O---Nin hydrogen bond were set to 2.0 +0.5 A and
3.0 £ 0.5 A. Backbone torsion angle restraints were obtained
using the program TALOS (33) and imposed only for those
residues that exhibited TALOS reliability scores of 10. The
solution structures of SNasel21:SNase(111—143) complex were
calculated with the program CNS 1.2 (34). A family of 200
structures was generated, and 50 structures with lowest energies
were selected and refined in explicit water (35) using RECOORD-
Script (36), from which a final set of the 20 structures with lowest
energies was considered for use in the analysis of structural
statistics. Structural analysis and statistics were obtained using
programs MOLMOL (37) and PROCHECK-NMR (38).

RESULTS

Nuclease Activities of Mixtures of the SNase Fragments.
The functional complementation of the SNase fragments was
assessed by measuring the nuclease activity. The nuclease activity
was measured for mixtures of the N-terminal large fragments
(SNasel21, SNasel 16, and SNasel10) with the C-terminal small
fragments, namely, SNase(107—143), SNase(111—143), SNase-
(118—143), SNase(119—143), and SNase(120—143), and for
SNasel21 with various mutants of SNase(111—143) (Table 1).
The free SNasel21 showed 7% of the nuclease activity of the
native level since the DNA binding can induce the folding of
SNasel21 during the nuclease activity assay. However, the
nuclease activity of SNasel21 mixed with SNase(111—143) was
resumed up to 30% of the activity of the native level. All other
mixtures showed lower nuclease activities compared to the
mixture of SNasel2l and SNase(111—143). The mixtures of
SNasel21 with SNase(118—143), SNase(119—143), and SNase-
(120—143) can restore only 19%, 9%, and 6% nuclease activities
to SNasel21, respectively. These revealed that residues preceding
N119 of SNase(111—143) are required for restoring the nuclease
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Table 1: Relative Nuclease Activities of Mixtures of Various N- and C-
Terminal SNase Fragments to the Activity of SNase?

SNase fragment mixture rel act. (%)

SNasel21 + SNase(111—143) 30
SNasel21 + SNase(118—143) 19
SNasel21 + SNase(119—143) 9
SNasel21 + SNase(120—143) 6
SNasel16 + SNase(111—143) 5.5
SNasel16 + SNase(118—143) 3.5
SNasel10 + SNase(107—143) 3
SNasel10 + SNase(111—143) 2
SNasel21 7
SNasel21 + [N138G]SNase(111—143) 24
SNasel21 + [S128A]SNase(111—143) 23
SNasel21 + [S141A]SNase(111—143) 18
SNasel21 + [T120A]SNase(111—143) 17
SNasel21 + [E135A]SNase(111—143) 13
SNasel21 + [N118G]SNase(111—143) 12
SNasel21 + [N119G]SNase(111—143) 12
SNasel21 + [E122A]SNase(111—143) 10
SNasel21 + [R126L]SNase(111—143) 10
SNasel21 + [E129A]SNase(111—143) 9
SNasel21 + [W140F]SNase(111—143) 9
SNasel21 + [W140A]SNase(111—143) 6

“The enzyme activity of SNasel21 is listed for comparison.

activity of the SNasel2l and SNase(111—143) mixture, espe-
cially, residues P117—N119 of SNase(111—143) played an im-
portant role in resuming up a higher nuclease activity of
SNasel21 in the mixture. SNasel10 in mixture with SNase-
(111—143) or even with SNase(107—143) showed only 2—3% of
native nuclease activity. However, SNasel16 in mixture with
SNase(111—143) or even with SNase(118—143) can yield 5.5%
and 3.5% of native nuclease activity, respectively. This implies
that residues VI11—-K116 of SNasel21 are important for re-
storation of the active site in the mixture with the C-terminal
fragments. Moreover, some mutations of SNase(111—143) re-
duced largely the nuclease activity of the SNase121 and SNase-
(111—143) mixture. Therefore, SNasel21 can associate with
SNase(111—143) in the mixture through noncovalent interac-
tions, forming a most native-like active site for degrading both
DNA and RNA among all other mixtures, and these noncovalent
interactions may be disturbed by amino acid replacement in the
sequence of SNase(111—143).

Complementation of the N- and C-Terminal SNase
Fragments in the Mixture. Complementation of the N- and
C-terminal SNase fragments in the mixture can be detected using
2D 'H—""N HSQC spectra of the corresponding fragments in the
mixture. Figure 1 shows the 2D 'H—"N HSQC spectra of two
SNase fragments, SNasel21 and SNase(111—143), in the free
state and in the mixture. The free SNasel21 was in the largely
unfolded state which was in exchange with partially folded
states (/8), whereas free SNase(111—143) has nonordered con-
formation in aqueous solution (20). The 2D 'H—""N HSQC
spectrum of '"N-labeled SNasel21 in mixture with unlabeled
SNase(111—143) showed the cross peaks of amide resonances
distributed in the whole spectral region (Figure 1A), whereas the
cross peaks of free SNasel21 crowded a narrow range of 7.8—8.8
ppm of 'Hy resonances in the spectrum (Figure 1B). This
revealed that SNasel21 in the mixture likely adopted a native-
like 5-subdomain conformation of SNase, as many of the unique
dispersed cross peaks observed for resonances in the spectrum of
native SNase (Figure 1C) or in the spectrum of folded G8§W
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mutant SNasel21 (G88W121) (Figure 1F) are recovered in the
spectrum of SNasel21 in the mixture (Figure 1A). The "’N-
labeled SNase(111—143) in mixture with unlabeled SNasel21
showed dispersed cross peaks in the spectrum (Figure 1D),
representing a folded conformation. However, the amide proton
resonances for free SNase(111—143) showed little chemical shift
dispersion (Figure 1E), indicating a largely unfolded conforma-
tion of the fragment. Therefore, SNasel21 can structurally
complement with SNase(111—143).

SNasel10 in the mixture with SNase(111—143) provided a 2D
"H—"SN HSQC spectrum identical to the spectrum obtained for
free SNasel10, revealing that SNase(111—143) has no capability
to associate with SNasel10 (Figure 1A,B in the Supporting
Information). SNasel16 upon mixing with SNase(111—143)
generated a spectrum showing broad resonances in the center
of the spectrum (Figure 1C in the Supporting Information),
which indicated the presence of a small amount of unfolded
protein in the sample. Similar to the mixture of SNasel16 and
SNase(111—143), SNasel21 mixed with SNase(118—143),
SNase(119—143), and SNase(120—143) provided spectra with
increased number of broad resonances squeezed in the center of
the spectrum of SNasel21 (Figure ID—F in the Supporting
Information), indicating a certain amount of unfolded SNasel21
in these mixtures. Therefore, residues V111-K116 and
P117—N119 are the essential C- and N-terminal segments for
N-terminal f-subdomain and C-terminal a-subdomain frag-
ments of SNase, respectively, to have a high efficiency of the
complementation in the mixture. The best complementation was
obtained with the fragments SNasel21 and SNase(111—143).

The SNasel21:SNase(111—143) Complex Has a Na-
tive-like Conformation. To detect whether a SNasel121:SNase-
(111—143) noncovalent complex is formed, the size-exclusion
experiment was performed with a sample of an equal molar ratio
of SNasel21/SNase(111—143). The size-exclusion chromato-
grams were also taken for free SNasel21 and SNase(111—143)
as well as native SNase. The chromatogram of SNasel21 and
SNase(111—143) mixture showed a major peak with a retention
time of ~16.4 min and a weak minor peak at ~14.3 min, which is
almost identical to the chromatogram of native SNase (Figure 2).
This means the mixture was eluted from the gel filtration column
as a single protein species. Due to a larger size of structureless
SNase(111—143) in solution despite its smaller molecular weight,
the free SNase(111—143) eluted at ~14.1 min much earlier than
both the native SNase and the mixture of SNasel21 and SNase-
(111—143), whereas free SNase121 eluted at 15.9 min (Figure 2).
Thus, SNasel2] and SNase(111—143) can form a complex
having a folded conformation similar to that of native SNase.
However, the chromatogram of SNasel110 and SNase(111—143)
mixture was largely different from those of SNasel21:SNase-
(111—143) complex and native SNase (Figure 2 in the Supporting
Information), indicating that noncovalent complex was not
formed in the SNasel10 and SNase(111—143) mixture.

The CD spectrum of the SNasel121:SNase(111—143) complex
is largely different from the spectra of free SNasel2l and
SNase(111—143), showing two negative minima at about 208
and 222 nm. The overall shape of the complex spectrum
resembles the spectrum of native SNase (Figure 3 in the
Supporting Information). The fluorescence measurements indi-
cated that association of fragments SNasel2l and SNase-
(111—143) leads to a shift in the fluorescence emission
spectrum with a maximum at 336 nm, resembling the emission
spectrum of native SNase. Moreover, the relative molar intensity
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FIGURE 1: 2D "H—""N HSQC spectra of free SNasel121 and SNase(111—143) and the mixture of two fragments. The spectra of native SNase
and G88W mutant SNasel21 (G88W121) are given for comparative analysis. (A) '’N-Labeled SNase121 mixed with unlabeled SNase(111—143).
(B) Free SNasel21. (C) Full-length SNase. (D) *N-Labeled SNase(111—143) mixed with unlabeled SNasel21. (E) Free SNase(111—143).
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and SNase(111—143) from size-exclusion chromatography. For
comparison, the chromatograms of free SNasel2l and SNase-
(111—143) as well as SNase are provided.

of the emission of the complex at 336 nm reached up to
approximately 27.6% of native SNase at 336 nm (Figure 4A in
the Supporting Information). These evidenced again that the
SNasel21 and SNase(111—143) fragments can form a noncova-
lent complex having a native-like conformation upon associa-
tion.

Binding Features of SNasel21 and SNase(111—143) in
the Complex. To elucidate how the binding of SNasel121 and
SNase(111—143) to each other induces SNasel2l and SNase-
(111—143) resuming their native conformations, namely, the

p- and a-subdomain conformations of SNase, respectively, a
series of 2D 'H—""N HSQC spectra of '°N-labeled SNase121 and
SNase(111—143) were recorded in the presence of increased
amounts of unlabeled SNase(111—143) and SNasel21, respec-
tively. Interestingly, in the titration of '"N-labeled SNase121 with
unlabeled SNase(111—143), the 2D 'H—""N HSQC spectra of
SNasel21 did not show any shift of resonance signals as the
concentration of SNase(111—143) was increased (Figure 3).
Upon addition of 0.1 mM SNase(111—143), some cross peaks
in the narrow spectral region (7.8—8.8 ppm) of "Hy resonances
decreased in intensity and new cross peaks appeared at different
dispersed positions in the 2D HSQC spectrum of SNasel21.
Apparently, the newly appeared cross peaks should belong to the
SNase(111—143)-bound state of SNasel121. During the titration,
these cross peaks did not show any shifting, and their intensities
were increased with increasing of SNase(111—143) concentra-
tions and reached constant at a SNase(111—143)/SNasel21 ratio
above 1.

In the titration of "N-labeled SNase(111—143) with unlabeled
SNasel21, the 2D "H—""N HSQC spectrum of SNase(111—143)
at 0. mM SNasel2] is very similar to those of unfolded
SNase(111—143) (Figure 5A in the Supporting Information,
and Figure 1E). Upon addition of 0.2 mM SNasel21, the weak
resonance signals for SNase(111—143) appeared in the spectrum,
which showed a dispersion pattern similar to the signal displace-
ment in the 2D HSQC spectrum of SNase(111—143) in the
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FIGURE 3: Titration of "*N-labeled SNase121 with unlabeled SNase-
(111—143). The 2D "H—"°N HSQC spectra of 0.5 mM SNasel21
were acquired by titration with SNase(111—143) of increased con-
centrations: 0.1 (A), 0.2 (B), 0.3 (C), 0.4 (D), 0.5 (E), and 0.8 (F) mM.

complex (Figure 5B in the Supporting Information, and Figure 1D).
Clearly, the resonance signals for both SNase(111—143) in the
free unfolded state and in the SNase121-bound state showed up
in the titration spectra. With the increase of SNasel21 concen-
trations, the intensities of signals from SNase(111—143) in the
SNasel21-bound state were increasing whereas those from the
free unfolded SNase(111—143) were decreasing (Figure SC—F in
the Supporting Information).

The above observed phenomenon that the newly appeared
dispersed cross peaks showed no shifting in the titration spectra
indicated that SNasel21 and SNase(111—143) in the free and
bound states were in slow exchange at the NMR time scale, which
suggested a tight binding between them. The fluorescence titra-
tions were carried out to estimate the dissociation constant (Ky)
between SNasel21 and SNase(111—143) (Figure 4B in the
Supporting Information) (22, 23). The obtained Ky value of the
SNasel121:SNase(111—143) complex is about 0.36 £ 0.09 uM.
Therefore, fragments SNasel21 and SNase(111—143) associate
tightly to form a stable noncovalent complex.

Solution Structure of the SNasel2l:SNase(111—143)
Complex. Assignments of 'H, °C, and "N resonances and
intramolecular NOEs of SNase121 and SNase(111—143) in the
complex and intermolecular NOEs between SNasel21 and
SNase(111—143) have been identified. Figure 6 in the Supporting
Information shows the assignments of amide resonances for
SNasel21 and SNase(111—143) in the complex. Intermolecular
NOE:s between side chains of the residues at the binding interface
were detected for the complex samples containing '*C-labeled
SNase121 and unlabeled SNase(111—143) and vice versa (Table 1
in the Supporting Information). The main-chain to main-chain
and main-chain to side-chain intermolecular NOEs between
residues involved in the binding interface were also obtained
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FIGURE 4: The stereoview of the solution structure of SNasel21:
SNase(111—143) complex. (A) Superposition of the 20 lowest energy
conformers calculated for the complex. The backbone of SNase121 is
shown in blue, those of SNase(111—143) in green. (B) Ribbon
structure of a representative conformer of the complex (SNasel21
in blue and SNase(111—143) in green) superimposed to structure of
native SNase (silver gray). The residues 1—6 and 117—121 of
SNasel21 and the residues 111—116 of SNase(111—143) in the
complex, and the residues 1—6 and 144—149 of native SNase as well,
are not shown. In panel B, the loops showing different conformations
in the blue vs silver gray structure are the pdTp-binding loop and the
Q-loop.

unambiguously by manual assignments using 'H—'°"N NOESY-
HSQC spectra (Table 2 in the Supporting Information).

The solution structure of the SNasel21:SNase(111—143)
complex was calculated using the intramolecular and intermole-
cular NOE-derived restraints in combination with the intramo-
lecular dihedral angle and hydrogen bond restraints. Figure 4A
shows the superposition of the 20 lowest energy SNasel2l:
SNase(111—143) complexes. PROCHECK-NMR analysis (39)
showed a good backbone conformational regularity for 80.4% of
all residues in the most favored regions. Detailed structural
statistics and analysis of the ensemble of SNasel21:SNase-
(111—143) complex are summarized in Table 2. The overall
structure of the SNase121:SNase(111—143) complex is essentially
the same as those of full-length SNase (PDB code: 1JOO) except
the loop of residues V111—H121 of SNase. The solution structure
of SNasel21 in the complex has a conformation almost identical
to the conformation of the f-subdomain of SNase except the C-
terminal region of residues K116—HI121 in the fragment
SNasel21. The structure of SNase(111—143) in the complex
contains an a-helix of residues E122—K136 with a C-terminal
loop of residues L137—D143, which is very similar to the
conformation of the a-subdomain of native SNase except the
N-terminal region of residues V111—Y115 in the fragment
SNase(111—143) (Figure 4B). Therefore, the SNasel2l and
SNase(111—143) fragments have the folded native-like 5-sub-
domain and a-subdomain structures of SNase, respectively, in
the complex, and the SNasel21:SNase(111—143) complex struc-
ture is essentially the same as the tertiary structure of native
SNase.

Binding Surfaces between SNasel2l and SNase-
(111—143). The interactions between SNasel2]1 and SNase-
(111—143) in the complex are mediated by the surface residues in
both fragments. Residues constituting the binding interface
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between SNasel2l and SNase(111—143) were determined by
heteronuclear NMR experiments. The cross peaks shown in
Figures 7A and 7B in the Supporting Information correspond
to the surface residues of SNasel21 and SNase(111—143) in the
complex, respectively (Figure 7C in the Supporting Information).
The close contacting residues at the interface between SNasel21
and SNase(111—143) were also identified using distance cutoff
<5.5 A (Tables 1 and 2 in the Supporting Information).
Mapping of these residues to the structure of SNasel21:SNase-
(111—143) complex (Figure 5A) suggested that the interaction

Table 2: NMR-Derived Geometrical Restraints and Structural Statistics
for the Family of 20 Structures of SNasel121:SNase(111—143) Complex

SNase

SNasel2l (111—143) complex

NMR Structural Restraints

intraresidue NOEs (/i — j| = 0) 887 319

sequential NOEs (i — j| = 1) 494 167
medium-range NOEs (|i — j| = 2—4) 152 96

long-range NOEs (/i —j| > 4) 427 23

total NOEs 1960 605
intermolecular NOEs 71
hydrogen bond restraints 42 15

dihedral angle restraints: ¢, 9 each 76, 77 16, 16

No. of Restraint Violations (Maximal Violation)

0(0.273 A)
0 (4.94°)

distance restraint >0.3 A
dihedral > 5°

Ramachandram Analysis (% Residues)

most favored regions 80.4%
additional allowed regions 15.7%
generously allowed regions 1.7%
disallowed regions 2.1%

Average Rms Deviations from the Mean“:

backbone heavy-agoms (A) 0.59 +£0.11
All heavy atoms (A) .12+ 0.12

“ For secondary structure region: 8—11, 13—17, 22—26, 31—35, 39—41,
58—69, 72—76, 90—93, 99—106, 109—111, 122—136.
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surface comprised three regions. The first is mainly composed of
residues Y115—TI120 in the N-terminal region of SNase-
(111—143) and the portions (residues D77—Q80) of the pdTp-
binding loop (p-loop, D77—L189) as well as residues in the
segment V111—K116 of SNasel21. The second consists of the
helix a3 (E122—K136) in SNase(111—143) and the helix a2
(V99—Q106) and the short strand 38 (A109—V111) as well as
L38 and A112 in SNasel21 (Figure 5A,B). The third is between
the segment (residues Q106—A109) linking the helix a2 and the
strand 38 in SNasel21 and the C-terminal loop of L137—E142 in
SNase(111—143) (Figure 5A,C).

In the three surface regions, the residues involved in the main-
chain and side-chain contact interactions are as follows. In the
first region, residues K78 and G79 in the p-loop of SNasel21 are
placed closely to residues N118 and T120 in the N-terminal loop
of SNase(111—143). In addition, residue N118 of SNase-
(I11—143) is close to residues V114, Y115, and K116 of
SNasel21 (Figure 5A, and Tables 1 and 2 in the Supporting
Information). For the second region, residues E101, V104, R105,
and Q106 in the helix a2 and V111 in the strand 58 of SNase121
have close contacts with residues L125, R126, S128, and E129 in
the helix a3 of SNase(111—143). According to the complex
structure and the close contacts of L125 with L38 and V111,
the hydrophobic side chain of L125 of SNase(111—143) points
into a hydrophobic cluster which is composed of L3§, V104,
V111, and A112 of SNasel21 in this region (Figure 5B, and
Tables 1 and 2 in the Supporting Information). Residues G107,
L108, and A109 of SNasel21 and A132, L137, N138, 1139, and
W140 of SNase(111—143) have close contacts in the third region.
The pyrrole ring of W140 is surrounded by the hydrophobic side
chains of G107, L108, A109, A132, L137, and 1139 and the long
hydrophobic side chains (C—¢) of amphiphilic residues K110
and K133 in the complex structure (Figure 5C, and Tables | and 2
in the Supporting Information).

Backbone Dynamics of SNasel21:SNase(111—143) Com-
plex. In order to characterize the internal motions of SNasel21:
SNase(111—143) complex, the R; and R, relaxation rates and
"H—"5N NOEs were determined for both '*N-labeled SNase121
and SNase(111—143) in the complex. The relaxation para-
meters R;, R,, and "H—">N NOEs of SNase121:SNase(111—143)

FIGURE 5: Representation of binding surface in the SNase121:SNase(111—143) complex. (A) Surface representation of the binding regions
mapped to SNasel21 in the complex. Residues in the p-loop are colored blue, residues Y113—K116 are colored orange, magenta color indicates
the residues in the strand 8, and yellow color indicates the residues in the helix o2. The linker between the helix a2 and the strand /38 is colored red.
Residues L38 and A112 are colored cyan. Backbone of SNase(111—143)is represented by a green ribbon. (B) View on the second binding region of
SNase(111—143) to SNasel21 in the complex. Backbones are represented by ribbon, and amino acid residues are shown with their side chain. In
SNasel21, backbone of the strand 58 and the helix a2 and hydrophilic residues are colored in cyan, and hydrophobic residues in yellow. Residue
L38isin purple. SNase(111—143) backbone and residues are colored in green. Residue L125is highlighted in red. (C) View on the region including
the segment linking the helix 02 and the strand 8 (cyan) in SNase121 and the C-terminal loop of L137—E142 (green) in SNase(111—143). Residue

W140 is highlighted in red.
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FIGURE 6: Sequence variation of '°N relaxation parameters and model-free parameters of SNase121:SNase(111—143) complex. Data for °N-
labeled SNase121 in the complex with unlabeled SNase(111—143) are colored in red. Data for '’N-labeled SNase(111—143) in the complex with
unlabeled SNasel21 are colored in green. The relaxation parameters of SNase are provided (black) for comparison. Positions of the secondary

structures are marked at the top of the diagrams.

complex are given in Figure 6. Sequence variations of these
relaxation parameters were observed for the Q-loop (P42—P56)
and both N- and C-terminal regions of fragment SNase121, and
also for the N- and C-terminal segments of fragment SNase-
(111—143) in the complex. The N- and C-terminal regions of
residues preceding residue E10 and following residue Y113,
respectively, in SNasel21 and of residues preceding P117 and
following residue S141, respectively, in SNase(111—143) were
flexible with 'H—""N NOE values <0.6. In the Q-loop, several
detectable residues of SNasel21 showed the "H—'N NOE values
<0.4. The ordinary secondary structural elements and the p-loop
in SNasel21 and the helix oz in SNase(111—143) have higher
"H—"SN NOE values ( > 0.7), reflecting the highly restricted high-
frequency motions of these regions. The R; and R, rates for
SNasel21 and SNase(111—143) in the complex were fairly
constant within the regular secondary structural regions, having
the average values of 1.12 £ 0.04 and 14.79 £ 0.71, respectively,
for SNasel21 and 1.13 + 0.06 and 14.79 + 0.58, respectively, for
SNase(111—143). However, similar to both terminal regions in
SNasel21 and SNase(111—143), the residues in Q-loop have
higher than the average values of R; but lower than the average
value of R,. This indicated that the backbone of secondary
structural regions in SNasel21 exhibited low internal mobility
whereas those of Q-loop was less ordered and exhibited large
amplitude motion on the sub-nanosecond time scale.

The relaxation parameters of SNasel21:SNase(111—143)
complex were analyzed by the Lipari—Szabo model-free formal-
ism (40, 41). The determined correlation time for overall rota-

Table 3: Global Tumbling Dynamic Parameters Optimized from Model-
Free Analysis

SNase SNasel21:SNase(111—143)
m (ns) 9.91 +0.029 11.14 £+ 0.036
Dy/Dy 1.31 £0.019 1.17 £0.018
0 (deg) 24.77 £ 1.97 —104.84 £ 3.95
¢ (deg) 175.24 £4.90 13591 £ 4.86

tional motion (r,) and axially symmetric diffusion tensor
components and the angles (# and ¢) for SNasel21:SNase-
(111—143) complex are listed in Table 3. Figure 6 shows the
obtained model-free parameters S% 7., and R.y. Examination of
the general order parameters (S°) indicated that residues in the
sequence regions E10—D40 and A58—V114 of SNasel2] and
NI119—E141 of SNase(111—143) in the complex have an average
$? value of 0.84 + 0.03. This implies that the backbone of the
secondary structural regions in the complex exhibits restricted
internal mobility. However, the Q-loop of SNasel2l in the
complex is highly flexible with low motional restriction, as
reflected by the fact that some contiguous residues in this loop
have S* values well below 0.4 and 7 times in the range 800—1200
ps. Both flexible terminal regions of SNasel2l and SNase-
(111—143) in the complex have gradually decreased S* values
and 7, times exceeding 500 ps.

The relaxation data of SNasel21 and SNase(111—143) in the
complex clearly demonstrated that the backbone internal mo-
tions of the complex were very similar to that of native SNase,
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except the Q-loop of SNasel21 and C- and N-terminal regions of
SNasel21 and SNase(111—143), respectively (Figure 6). This
indicated that the stability of folded SNasel2l and SNase-
(111—143) fragments in the complex is similar to that of the
corresponding structural regions in native SNase. Therefore, the
final rigid structure of each of SNasel21 and SNase(111—143)
fragments in the complex forms simultaneously with complex
stabilization. It is likely that the native-like backbone mobility
plays a role in structural adaptability at the binding interface of
the two fragments in the recognition process.

DISCUSSION

Crucial Elements for Structural Complementation of the
Two Fragments. The largely unfolded SNasel121 and structure-
less SNase(111—143) can recognize each other and recover their
native conformations upon mixing, restoring the active site and
the ability to degrade DNA. This indicates that each fragment is
strongly influenced by the presence of the other, and some
interfering communications must occur through the recognition
elements of SNasel2l and SNase(111—143). The important
elements for recognition and complementation of the two frag-
ments should be identified in the three regions of the binding
interface in the SNasel21:SNase(111—143) complex.

(a) V111—KI116 of SNasel2l and Pl117—NI119 of
SNase(111—143) Are the Two Segments Essential for
Functional Complementation. In the structure of native
SNase, a loop of residues A112—H121 links the short strand
B8 (A109—V111) of the N-terminal S-subdomain and the helix
o3 (E122—K136) of the C-terminal o-subdomain of the protein,
which forms a DNA binding cleft with the p-loop (42). Within a
turn of residues Y115—N118 around the X-prolyl bond
K116—P117 in the A112—H121 loop, the close contacts (using
the distance cutoff of 5.5 A) were identified between the back-
bone heavy atoms of residues Y115—P117, K116—NI118, and
Y115—NI118 (42, 43). It would appear from the structural
information of native SNase that residues in the A112—H121
loop should be shared between fragments SNase121 and SNase-
(111—143) in the noncovalent complex. Thus, the complemen-
tary N-terminal large and C-terminal small SNase fragments
must contain A112—K116 and P117—H121 sequences, respec-
tively, in order to reactivate the complex. This implies that these
residues, or their near-neighbors, or both, must be held firmly in
the two fragments in order to form an essential part of the active
site in the complex structure.

For the SNasel21:SNase(111—143) complex, the close con-
tacts of residue N118 of SNase(111—143) with residues V114,
Y115, and K116 of SNasel2l were obtained (Table 2 in the
Supporting Information). Besides, the nuclease activity of the
complex can be resumed up to 30% of the activity of the native
level. It means segments A112—K116 and P117—HI21 of
SNasel21 and SNase(111—143), respectively, together can be a
mimic A112—H121 loop in the complex, and thus can restore the
binding cleft with the p-loop of SNasel21 for more efficiently
degrading DNA. As revealed by measuring the nuclease activity
and by the NMR experiments, SNase1 10 containing no residues
VI11-K116 in the sequence showed only residual nuclease
activity while mixed up with SNase(111—143). SNase(119—143)
and SNase(120—143) shortening residues P117—N118 and P117-
N118-N119 at the N-terminal, respectively, in the complex with
SNasel21 can yield the nuclease activity only at the level of the
free SNasel121. Therefore, residues V111-K116 and P117—N119
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are the two essential recognition segments of SNasel21 and
SNase(111—143), respectively, for functional complementation
of these two SNase fragments.

(b) Residue W 140 Is Crucial for Highly Efficient Com-
plementation of SNase(111—143) to SNasel21. Residue
W140 is surrounded by the hydrophobic residues G107, L108,
A109, A132, L137, and 1139 as well as two amphiphilic residues
K110 and K133 in the native SNase. In the SNasel21:SNase-
(111—143) complex, W140 is placed in the similar hydrophobic
environment which, however, is formed by G107, L108, A109,
and K110 from SNasel21 and A132, K133, L137, and 1139 from
SNase(111—143) (Figure 5C). For clarifying the role of W140 in
the recognition process of the two fragments, residue W140 was
mutated in SNase(111—143). Indeed, the recognition process of
SNase(111—143) with SNasel21 was influenced by mutation of
tryptophan at sequence position 140 of SNase(111—143). The
W140A mutant SNase(111—143) ([W140A]SNase(111—143)) in
mixture with SNasel21 can restore only 6% nuclease activities
(Table 1), and the 2D "H—""N HSQC spectrum of SNasel21 in
the mixture with [W140A]SNase(111—143) is very similar to the
spectrum of the free SNasel21 (Figure 8A,B in the Supporting
Information), showing two sets of cross peaks for residues G29,
K70, and D95 in the 2D HSQC spectrum. As was reported, the
conformational heterogeneity of SNasel2l in solution was
represented by two sets of cross peaks for residues G29, K70,
and D95 in the 2D HSQC spectrum which is linked with the
prolyl cis—trans isomerization of the K116—P117 bond (/8).
Apparently, [W140A]SNase(111—143) is incapable of structu-
rally complementing SNasel21. This may because the substitu-
tion of tryptophan with alanine removes the aromatic side chain
at position 140 of SNase(111—143), and changes the local
structure suitable for W140. When W140 was substituted by a
phenylalanine, the [W140F]SNase(111—143) can restore 9%
nuclease activity to mixture (Table 1). Moreover, SNase121 has
different partially folded conformations upon mixing with
[W140F]SNase(111—143) as shown by the 2D HSQC spectrum
of SNasel2l in the complex (Figure 8C in the Supporting
Information). When the concentration of [W140F]SNase(111—
143) was increased and reached a 1:2 molar ratio of SNasel21/
[W140F]SNase(111—143), the 2D "H—"N HSQC spectrum of
SNase121 in the complex showed only one cross peak for each of
G29, K70, and D95 (Figure 8D in the Supporting Information),
indicating stabilized conformation of SNasel21 in the complex.
However, broad resonances in the center of the spectrum of
SNasel21 in the complex indicated that the capability of struc-
tural complementation of [W140F]SNase(111—143) to SNasel121
is lower. Probably, the aromatic side chain of phenylalanine
cannot fit well the local structure of residue 140 in the complex.
On the other hand, the cation—x interactions between the
aromatic side chain and cationic side chain of Lys or Arg
contribute largely to protein folding and stability alongside
the hydrophobic interactions, and Trp is the most likely of the
aromatics to be involved in a cation—sx interaction (44).
The detected cation—x interactions between W140—K133
and W140—K110 in the SNasel21:SNase(111—143) complex
(Table 3 in the Supporting Information) should play an impor-
tant role in recognition of the two fragments. Therefore, W140
of SNase(111—143) is essential to permit the high efficiency
of complementation of SNase(111—143) to SNasel2l, and
the complementation of these two fragments appears to be
very sensitive to the local structural details at sequence position
of 140.
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(¢) Stable Native-like Conformation of the Helix o3 in
SNase(111—143) Is Required for Recognition Process.
SNase(111—143) contains a sequence region (E122—K136) con-
structing the helix o3 of native SNase. E129 and K133 are the two
residues located on the same face of the helix o3 in the structure of
native SNase. As was indicated, the side-chain to side-chain
lactam bridge of (i, i + 4) spaced residues glutamic-lysine can
induce or stabilize helical structure in peptides (49, 46). Actually,
characteristic of a nascent helix was observed for peptide
corresponding to residues E129—E142 of SNase in aqueous
solution (47). This implies that the interactions between the side
chains of E129 and K133 in SNase(111—143) could stabilize the
helical structure in the corresponding segment. The E129A
mutation of SNase(111—143) destroyed this lactam bridge,
resulting in destabilization of the helix conformation. As a result,
only 9% of native nuclease activity can be obtained for the
mixture of SNasel2l and [E129A]SNase(111—143) (Table 1).
The 2D "H—'N HSQC spectra obtained for SNasel21 in the
mixture with [E129A]SNase(111—143) (Figure 9 in the Support-
ing Information) demonstrate similar features as observed for
SNasel21 in the mixture with [W140F]SNase(111—143) (Figure
8C,D in the Supporting Information). In addition, E122 and
R126 are the two residues located on the same face of the helix as,
and the ionic interactions between the side chains of E122 and
R126 (43) can also play a role in stabilizing the structure of the
helix a3 in native SNase. E122A or R126L mutations may
destroy the native-like interactions between them and destabilize
the helix conformation in SNase(111—143), giving only 10% of
native nuclease activity in the complex (Table 1). Therefore, a
stable native-like conformation of the helix oz in SNase-
(111—143) is required for recognition process of SNasel21 and
SNase(111—143).

Interaction-Induced Structural Complementation of the
Two SNase Fragments. (a) Native-like Tertiary Interac-
tions at the Binding Interface. As is shown by the above
analysis, the tight association of SNase121 with SNase(111—143)
in forming a stable complex is sensitive to the crucial elements in
the three surface regions of the binding interface between the two
fragments. It is likely that the crucial native-like tertiary interac-
tions between the residues of these elements are involved in the
fragment recognition process and in the stabilization of the
complex.

In the first surface region of the binding interface, the inter-
molecular NOEs between residues N118—T120 of SNase-
(111—143) and residues D77—G79 of SNasel21 were identified
in the SNase121:SNase(111—143) complex (Tables 1 and 2 in the
Supporting Information). Actually, residues P117—T120 of the
A112—H121 loop are coupled with residues D77—Q80 of the p-
loop through N1180d;—G79N, N118Nd,—Q800, T1200G1—
D770D2, and T120N—D770D1 hydrogen-bonding interactions
in native SNase (43). Therefore, the intermolecular interactions
between residues N118—T120 of SNase(111—143) and residues
D77—-G79 of SNasel21 should contribute to the functional
complementation of the two fragments. This is supported by
the mutations of residues N118—T120 in SNase(111—143). The
NI118G, N119G, and T120A mutant SNase(111—143) reduced
the nuclease activities of the corresponding complexes compared
to that of the SNasel21:SNase(111—143) complex, having nucle-
ase activities of 12%, 12%, and 17%, respectively, of the activity
of the native level (Table 1). It implies that the native-like tertiary
interactions could be established between residues N118—T120
of SNase(111—143) and residues D77—G79 of the p-loop of
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SNasel21 in the first surface region of the binding interface in the
complex.

In the second surface region of the binding interface, the
intermolecular NOEs of residues from the helix a2 and strand 58
in SNase121 with residues from helix o3 in SNase(111—143) were
identified in the complex (Tables 1 and 2 in the Supporting
Information). Besides, mutation of residues S128, E129, and
E135 from helix a3 of SNase(111—143) results in the reduction of
both the nuclease activities of the mutant complexes (Table 1)
and the efficiency of the fragment complementation as shown by
the corresponding 2D "H—""N HSQC spectra of SNase121 in the
mixture with [E129A]SNase(111—143) (Figure 9 in the Support-
ing Information) and with [E135A]SNase(111—143) (Figure 10
in the Supporting Information). It would appear from this
information that some type of interchain interactions exists in
the noncovalent SNasel21:SNase(111—143). As was shown, the
hydrogen-bonding interactions of residues S128, E135, and E129
from the helix o3 with residues E101 and R105 from the helix a2
and residue V111 from the strand S8, respectively, contribute
greatly to the stabilization of the folding of both helices 03 and a2
in the native SNase (48). Therefore, it is likely that the recovering
of the stable conformations of both the helices a3 and o2 in the
complex is contributed by native-like tertiary interactions be-
tween the helices a3 and o2 and the strand 58 at the binding
interface of the SNasel21:SNase(111—143) complex.

In the third surface region of the binding interface, residues
L137, 1139 and W140 from the C-terminal loop L137—D143 of
SNase(111—143) are in close contact with residues Q106, G107,
L108, and K110 from SNasel21. Besides, the intermolecular
NOE between residues N138 of SNase(111—143) and Y54
connecting to the N-terminal of helix o2 in SNasel2l was
determined (Tables 1 and 2 in the Supporting Information). This
implies that a native-like local structure of W140 may exist in the
complex (Figure 5C). In the native SNase, the stacking interac-
tions between the pyrrole ring of W140 and the surrounding
hydrophobic residues play a crucial role in anchoring the C-
terminal small a-subdomain on the N-terminal large 5-subdo-
main (48, 49). Moreover, the side chains of N138 and S141 form
hydrogen bonds with residues Q106 and Y 54, respectively, in the
native SNase (48), which may play a role in maintain the local
structure of W140 and, therefore, the proper hydrophobic
environment for W140. For SNasel21:SNase(111—143) com-
plex, the nuclease activity was reduced not only by mutation of
W140 but also by mutations of N138 and S141 in SNase-
(111—143). The substitution of glycine and alanine for asparagine
and serine at positions of 138 and 141, respectively, may disturb
the native-like local structure of W140, and further disturb the
native-like interactions of W140 with hydrophobic residues in
this local structural region of the complex, resulting in the
reduction of the enzyme activity (Table 1). Therefore, the
native-like hydrophobic stacking interactions of W140 from
SNase(111—143) with surrounding residues from both fragments
serve as an anchoring force for specific association of SNasel21
and SNase(111—143) in the complex.

(b) Mechanism of Achieving a Structural Complementa-
tion of the Two Fragments. Asis revealed by the analysis of the
experimental data, formation of the stable SNasel21:SNase-
(111—143) noncovalent complex occurred through an early
suggested folding-on-binding event (9). The intrinsic native-like
structural propensity of SNase121 and SNase(111—143) plays a
role in such a refolding event. As was reported previously, the
inherent native-like tertiary interactions persist in SNase121, and
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SNasel21 has the intrinsic tendency to form a native-like 5-barrel
conformation in aqueous solution. Amino acid substitutions
enhancing the local hydrophobic interactions can drive SNase121
to fold into a native-like f-subdomain (78). SNase(111—143) has
a low conformational preference for helix structure. The amino
acid composition of segment E122—K136 shows high intrinsic
helical propensity (20), and a helix-turn conformation of the
peptide E129—E142 similar to that in native SNase can be
induced by 30—40% 2,2,2-trifluoroethanol (47). Clearly, the
two individual fragments can refold to the native-like structures
by promoting the inherent local or nonlocal native-like interac-
tions which persist in the fragments. Therefore, the refolding
events of the two fragments possessing the conformational
preference for native-like structures would benefit from the
native-like long-range interactions at the binding interface be-
tween the two fragments. In other words, the native-like tertiary
interactions at the binding interface induce structural comple-
mentation of the two SNase fragments. On the other hand, the
native-like interactions at the binding interface between
SNasel121 and SNase(111—143) are established through transient
contact of the residues from both fragments in the recognition
process. Residues involved in the native-like interactions require
a local environment similar to that in native SNase. Changing the
amino acid type or removing some residues in such a local
environment largely influences the establishment of the native-
like interactions, and further the structural complementation.
This can be seen in the discussion of the crucial elements for
structural complementation. Apparently, the increasing specific
native-like conformations and establishing the native-like inter-
actions at the binding interface are the two concomitant pro-
cesses.

Like SNasel121 and SNase(111—143), all the early reported
SNase fragments isolated from trypsin digests for complementa-
tion study (I, 1/—14) possess the potential local or nonlocal
nucleation sites and the intrinsic native-like structural propensity
for “B-barrel” structure, [S-sheet-like structure, or a-helix
(18, 20, 50). Since the intrinsic local and nonlocal interactions
in these potential nucleation sites are insufficient to stabilize the
folding of the fragment due to the shortage of relevant long-range
interactions from other part of the protein, the association of the
complementary fragments generates the additional long-range
interactions facilitating the stabilized folding of the fragments.

From the above analysis, fragments SNasel21 and SNase-
(111—143) can achieve highly efficient structural complementa-
tion because they fulfill two requirements: First, the two
fragments have intrinsic structural propensity; second, the two
fragments provide necessary sequence elements for recognition at
the binding interface between them. The elements essential for
recognition and efficient complementation of the two fragments
are also crucial for establishing the native-like interactions at the
binding interface of the complex. The structural complementa-
tion is induced by the native-like long-range interactions between
the two complementary fragments. In consequence, the inter-
fragment interactions that induce the structural complementa-
tion of SNasel21 and SNase(111—143) likely reflect the tertiary
interactions necessary to stabilize the folding of both - and
a-subdomains in the native SNase.

SUPPORTING INFORMATION AVAILABLE

Ten figures and two tables. This material is available free of
charge via the Internet at http://pubs.acs.org.

Geng et al.
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